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Abstract

This dissertation deals with the wireless full-duplex relaying networks where
the relay node is employed with energy harvesting (EH) capability. First,
various communication and harvesting protocols are investigated, includ-
ing amplify-and-forward (AF) and decode-and-forward (DF) for relaying
strategies, and time-switching (TSR) and power-splitting (PSR) for EH. In
particular, I provide the derived closed-form expressions describing key
performance factors, including outage probability (OP), throughput, Er-
godic capacity, and study the impact of configuration parameters such as
channel conditions, transmit power, energy harvesting protocol parame-
ters, etc. on the overall system performance.

Secondly, this dissertation aims to study the impact of antenna configura-
tions on the outage probability and throughput, which are two key per-
formance factors of EH-based wireless full-duplex relaying networks. Re-
garding antenna configurations for EH, two configurations for antennas at
the relay node are considered, namely, using single-antenna configuration
or two-antenna configuration for collecting the energy from source nodes,
while only one antenna is used to forward the information signal to the
destination. To further enhance the system performance, multiple-input
multiple-output (MIMO) communication scheme is also considered in my
dissertation, especially, three diverse techniques, i.e., Zero Forcing at Trans-
mitter (TZF), Zero Forcing at Receiver (RZF), and Maximal Ratio Combin-
ing (MRC), which are employed to strengthen the performance of MIMO
system.

Finally, this dissertation deals with the performance analyses of the en-
ergy harvesting based full-duplex relay networks for various transmission
modes including instantaneous, delay-limited and delay-tolerant transmis-
sions. Specifically, the outage probability and the throughput for the pro-
posed system as the functions of all system parameters such as the position
of relay nodes, the data transmission rate, the noise at the source and relay
as well as the energy conversion factor are derived. Based on the analyses,
optimal energy harvesting parameters and best communication strategy for
the presented model are proposed. All analytical results are validated by
Monte Carlo simulations.

Keywords
Wireless relay networks, energy harvesting, delay-limited transmission, de-
lay tolerant transmission, full-duplex transmission, half-duplex transmis-
sion, amplify-and-forward strategy, decode-and-forward strategy.
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Abstrakt

Tato dizertační práce se zabývá bezdrátovými plně duplexními relay sítěmi,
kde je užíván relay uzel se schopností získávat energii z okolí, dále jako
EH (Energy harvesting). Nejprve jsou zkoumány různé komunikační a EH
protokoly, včetně amplify-and-forward (AF) a decode-and-forward (DF)
pro strategie předávání a time-switching (TSR) a power-splitting (PSR) pro
získávání energie. Zejména poskytuji odvozená vyjádření v uzavřené formě
popisující klíčové výkonnostní charakteristiky vč. pravděpodobnosti vý-
padku (OP), propustnosti, ergodické kapacity a studii vlivu konfiguračních
parametrů jako jsou podmínky kanálu, vysílací výkon, parametry EH pro-
tokolů atd. na výkonnost systému.

Dále si tato disertační práce klade za cíl prozkoumat dopad konfigurací an-
tén na propustnost a pravděpodobnost výpadku přenosu zpráv, což jsou
dva klíčové faktory bezdrátových plně duplexních relay sítí založených na
EH. Pokud jde o konfiguraci antény pro EH, uvažují se dvě konfigurace
antén v uzlu relé, a to použití s jednou anténou nebo konfigurace s dvěma
anténami pro získávání energie ze zdrojových uzlů, zatímco k odeslání in-
formace do cíle je používána jedna. Pro další zvýšení výkonu systému je
v mé disertační práci uvažováno také komunikační schéma s více vstupy
a více výstupy (MIMO), zejména tři různé techniky TZF (Zero Forcing at
Transmitte), RZF (Zero Forcing at Receiver) a nakonec MRC (Maximal Ra-
tio Combining), které se používají ke zvýšení výkonu systému MIMO.

Nakonec se tato dizertace zabývá výkonnostními analýzami různých přeno-
sových režimů plně duplexních realy sítí založených na EH, a to pro přenosy
okamžité, limitované zpožděním a tolerantní ke zpoždění. Konkrétně je
odvozena pravděpodobnost výpadku přenosu zpráv a propustnost pro navr-
žený systém pomocí funkce všech systémových parametrů jako je např.
umístění uzlů, přenosová rychlost, šum zdroje a relay uzlu a rovněž také
faktor přeměny energie. Na základě analýz jsou navrženy optimální EH
parametry a nejlepší komunikační strategie pro předložený model. Všechny
analytické výsledky jsou validovány simulacemi metodou Monte Carlo.

Klíčová slova
Bezdrátové relay sítě, získávání energie, přenos limitovaný zpožděním, přenos
toleratní ke zpoždění, plně duplexní přenos, poloduplexní přenos, strategie
zesil a přepošli, strategie dekóduj a přepošli.
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1 Introduction

1.1 Motivation and goals

With the setting of today’s world, there are certain ways in which social
development will require to vary in the way that mobile and wireless in-
formation networks are utilised. Basic electronic services will keep being
developed fast and become more dynamic. The mobile and wireless infor-
mation networks will transmit on-demand information and entertainment
with supper high data rate. Therefore, those developments will trigger an
explosion of mobile and wireless traffic quantity.

Not long ago, the study method towards 5G has been developed based on
the evolution of new wireless conceptions that are designed to respond to
the challenging demand of utilization, which the present wireless access
networks cannot help. Amazingly, relied on the latest radio conceptions
such as massive MIMO, relaying networks, device-to-device communica-
tion, the renovation models will permit 5G to achieve the expected inten-
sification in the mobile data quantity, meanwhile widening the range of
application areas that mobile communications can help beyond this year.
Energy efficient communication means something different from what it
did a decade ago.

From a communication network designer’s point of view, what do energy
harvesting networks bring to us? Communication with energy harvesting
nodes that consists of green, self-supplied nodes with extended network
lifetime, is a relatively new field with increasing interest.

In this report, I deploy a low-complexity protocol for two-way relaying net-
works, in which the relay node amplifies or decodes the received signal
and then transfers it to the destination. A formulation and examination
of the outage probability and the throughput for the proposed full-duplex
energy harvesting enabled relaying networks with instantaneous, delay-
limited, and delay-tolerant modes, will also be conducted. Besides, I com-
pare the performance of transmission methods and then derive the solution
for some optimization problems. Our mathematical and simulation anal-
yses provide the information on how the performance of communications
changes with respect to residual SI and energy harvesting efficiency factors.

1.2 The dissertation structure

This dissertation is organized as follows: Section 2 presents the background
of the dissertation, Section 3 determines the aims of the proposed research,
and Section 4 shows the State-of-the-Art. Section 5 introduces performance
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analysis of energy harvesting protocol for full-duplex relay networks. Sec-
tion 6 is focused on the study of energy harvesting performance in full-
duplex relay networks with various antenna configurations at the relay.
Section 7 analyses energy harvesting performance for various transmission
modes. Last but not least, section 8 contains a conclusion and future work
plans. The references and candidate’s published research papers are at the
end of the thesis.
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2 Background

This chapter provides background knowledge for understanding the goals
of the dissertation. In particular, Section 2.1 introduces the background in-
formation on 5G in the general and energy harvesting in specific.

2.1 5G mobile communications and energy harvesting

5G Technology stands for 5th generation mobile technique. It defines the
next main stage of mobile telecommunication standards over the current
4G ones. Users have never witnessed such a high quality technique before.
The 5G technology involve all sort of progressive characters making it into
the strongest and most requested technique in the near future.

Wireless system designers have been facing the continuously increasing de-
mand for high data rates and mobility required by new wireless applica-
tions. Therefore, they have started research on fifth generation wireless
systems that are expected to be deployed beyond this year [1]. In this
section, I will report potential cellular architectures and promising tech-
nologies for 5G wireless communication systems, such as massive MIMO,
energy-efficient communications, small-cell networks, and mm Wave com-
munications.

2.1.1 Novel radio access technologies (RAT)

GFDM / FBMC / NOMA / SCMA

Today’s latest cellular technology, i.e., LTE, relies on orthogonal frequency
division multiplexing (OFDM). While its advantages have been proven for
years, there are shortcomings that prevent it from satisfying the vast de-
mand of 5G networks. These include spectral leakage, sensitivity to car-
rier frequency offsets and constrained bandwidth efficiency due to a lot of
cyclic prefixes. Therefore, novel concepts for multi-carrier communication
are researched, and schemes like filter bank multi-carrier (FBMC) [2] and
generalized frequency division multiplexing (GFDM) [3], are considered in
the research community.

GFDM scheme offers more flexibility by ordering the data in a two-sized
time-frequency block structure, introducing flexible pulse shaping for the
individual sub-carriers and potentially reducing the amount of CP when
comparing to the amount of useful data.

In contrast to OFDM where orthogonality must be ensured for all the car-
riers, FBMC requires orthogonality for the neighboring sub-channels only.
In fact, OFDM exploits a given frequency bandwidth with a number of car-
riers, while FBMC divides the transmission channel associated with this
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given bandwidth into a number of sub-channels. In order to fully exploit
the channel bandwidth, the modulation in the sub-channels must adapt
to the neighbour orthogonality constraint and offset quadrature amplitude
modulation (OQAM) is used to that purpose. The combination of filter
banks with OQAM modulation leads to the maximum bit rate, without the
need for a guard time or cyclic prefix as in OFDM [2].

Multiple access in 5G mobile networks is an emerging research topic, since
it is the key technology for the next generation network to keep pace with
the exponential growth of mobile data and multimedia traffic. Non-orthogo
-nal multiple accesses (NOMA) has recently received considerable attention
as a promising candidate for 5G multiple access [4]. Particularly, NOMA
uses the power domain for multiple access, where different users are served
at different power levels. The users with better channel conditions employ
successive interference cancellation (SIC) to remove the messages intended
for other users before decoding their own.

Sparse code multiple accesses (SCMA) is a new frequency domain non-
orthogonal multiple-access technique which can improve spectral efficiency
of wireless radio access. With SCMA, different incoming data streams are
directly mapped to code words of different multi-dimensional cookbooks,
where each code word represents a spread transmission layer. Multiple
SCMA layers share the same time-frequency resources of OFDM [5].

2.1.2 Massive MIMO

Massive makes a clean break with current practice through the use of a very
large number of service antennas (e.g., hundreds or thousands) that are
operated fully coherently and conformably. Extra antennas can support by
focusing the transmission and reception of signal energy into ever-smaller
regions of space. This brings huge improvements in throughput and energy
efficiency, in particularly when combined with simultaneous scheduling of
many user terminals [6; 7].

2.1.3 Millimeter Wave communication

Millimeter Wave is a promising technology for future cellular systems. Since
a limited spectrum is available for commercially cellular systems, much re-
search has focused on increasing spectral efficiency by using OFDM, MIMO,
efficient channel coding, and interference coordination. Network density
has also been studied to increase area spectral efficiency, including the use
of heterogeneous infrastructure (maco-, pico-, femto-cells, relays, distributed
antennas) but increased spectral efficiency is not enough to guarantee high
per-user data rates. The alternative is a more extended spectrum. Millime-
ter wave (mm Wave) cellular systems, operating in the 10-300GHz band,
appear to be a promising candidate for next-generation cellular systems by
which multiple gigabit-per-second data rates can be supported [8].

Enabling mm Wave cellular systems in practice, however, requires prop-
erly dealing with the channel impairments and propagation characteristics
of the high frequency band. The main propagation-related obstacles in real-
izing mm Wave cellular are that free-space path loss is much larger in mm
Wave due to the higher carrier frequency, scattering is less significant which
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reduce the available diversity, and non-line-of-sight paths are weaker mak-
ing blockage and coverage holes more pronounced. Furthermore, the noise
power is larger due to the use of larger bandwidth channels.

2.1.4 Small-cell networks

A key enabling technology to support a high data rate service scenario ap-
pears to be a small cell network [1]. Theoretically it is known that, when a
network is in the interference-limited regime, spectral efficiency per area in-
creases linearly with the number of small cells. From the viewpoint of spa-
tial domain; however, there are huge differences in wireless channel char-
acteristics between small cell networks (e.g., outdoor-to-indoor or indoor-
to-indoor) and conventional macro cell networks. First, the elevation angle
of the ray propagation becomes highly influential. Second, various channel
environments may occur in a small cell network. Hence, not only the den-
sity of the network is needed but also the small cell technologies that reflect
the above issues are enhancing the network performance and fulfilling 5G
target.

2.1.5 Cloud RAN

Leveraging cloud-based computing infrastructure to implement the Radio
Access Network (RAN) functionality and possibly virtue base station pro-
cessing would enable new forms of scheduling and coordinated multi-point
transmissions, while leveraging the many advantages of cloud infrastruc-
ture, such as shared resources, reliability, and greener and lower cost oper-
ation [9]. From a network architectures perspective, Cloud RAN enables
semi-centralized scheduling and network resource allocation algorithms
which can lead to increased network performance in throughput, and re-
liability.

2.1.6 Device-to-device (D2D) communications

While the conventional cellular architecture consists of connections from
base stations to user equipment, 5G systems may well rely upon a two-tier
architecture consisting of a macro-cell tier for base station to device com-
munication, and a second device tier for device to device (D2D) communi-
cations. Such architectures are a hybrid of conventional cellular and adhoc
designs [10].

2.1.7 Energy harvesting

Energy-harvesting technologies are fundamental in enabling the realization
of "zero-power" wireless sensors and implementing the Internet-of-Things
(IoT) and machine-to-machine (M2M) communication. Their increasing
utilization in low-power and power-efficient sensors and electronics could
potentially find application in 5G cellular networks [11].

Energy harvesting is a promising solution to maintain the lifetimes of wire-
less systems. The performance of wireless information systems is tied by
the limit battery life of wireless equipment which is the reason why EH
method has drawn remarkable attention lastly. Energy collected from the
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ambient environment (i.e., wind, heat, solar, etc.) can be utilized to pro-
long the system lifetime. Replacing these batteries made much costly, haz-
ardous, unhoped and unreal. Therefore, energy harvesting from RF signals
has been investigated. Especially, wireless powered communications with
the helping of relays, which are equipped with energy harvesting capabil-
ity, has drawn a lot of attention recently. This will be the focus of this disser-
tation. We extract the closed-form expression of the instantaneous through-
put and then compare them together by applying time switching based re-
laying (TSR) protocol and Amplify-and-Forward (AF) scheme. An essential
result can be found distinctly that the time-switching factor, the position of
a relay, the noise coefficient at a relay, the energy conversion efficiency as
well as the target rate in TSR act on their throughput in [12] and through
utilizing the time switching based relaying (TSR) protocol and Decode-and-
Forward (DF) model, we extract the approximate clause of the outage prob-
ability and after that work out the maximal throughput of delay-limited
and delay-tolerant models. A worth outcome can be taken evidently that
the noise coefficient, the time-switching factor, the target rate as well as the
position of relay in TSR effected the maximal throughput [13].

2.2 Wireless power communications

Radiation wireless power transfer (WPT) is a promising technology to pro-
vide cost-effective and real-time power supplies to wireless devices. Al-
though radiation WPT shares many similar characteristics with the exten-
sively studied wireless information transfer or communication, they also
differ significantly in terms of design objectives, transmitter/receiver archi-
tectures and hardware constraints, etc.

Radiation WPT has a wide range of applications, spanning from low-power
wireless charging with devices such as radio frequency identification (RFID)
tags, wireless sensors, Internet of Things (IoT) devices, and consumer elec-
tronics (smart phones, laptops, household robots, etc.), to high-power ap-
plications such as microwave powered aircraft [14] as well as solar power
satellite (SPS) [15]. Encouragingly, several startup companies such as Ener-
gous (Wattup) [16] and Ossia (Cota) [17].

2.3 Full-duplex and half-duplex relaying network

Traditional relay systems operate in a half-duplex mode, where the source-
to relay and the relay-to-destination links are kept orthogonal by either fre-
quency division or time division multiplexing. On the other hand, in the
full-duplex mode, the source and relay can share a common time-frequency
signal-space, so that the relay can transmit and receive simultaneously over
the same frequency band. Theoretically, half-duplex operation causes loss
of spectral efficiency since the capacity achieved in the full-duplex mode
can be twice as that of the half-duplex mode. However, full-duplex opera-
tion is difficult to implement in practice, because of the significant amount
of self-interference observed at the receiving antenna as a result of the sig-
nal from the transmitting antenna of the same node in [18].
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3 State-of-the-Art

The normal energy-constrained communication networks have a limited
lifetime for operating, and in order to keep the network operating con-
stantly, the frequently replacement of battery is carried out. However, this
is inconvenient, costly and sometimes impossible, so the energy harvesting
technique, in which network nodes dredge energy from ambient sources
such as sun, wind or wave vibration, has drawn a huge attention, especially
when it brings out a cheaper solution to maintain the lifetime of wireless
communication networks. Nevertheless, the amount of energy collected
from nature is accidental and based upon some uncontrollable coefficients
like the weather condition. An effective method that remedies this precious
limits is to scavenge energy from artificially radio frequency (RF) electro-
magnetic radiation as in [19; 20].

As RF signals can bring both information and power, there has been a great
explosion of research operations in the domain of simultaneous wireless
information and power transfer (SWIPT). In the leading jobs on SWIPT by
Varshney [21] and Grover [22], the fundamental trade-off between the ca-
pacity and energy was investigated. Then in [23], real structures, i.e., time-
switching and power-splitting, for SWIPT systems were offered, and the
maximal transfer covariant attaining the rate-energy region was extracted.

The impact of incomplete channel state information (CSI) at the transmit-
ter was indicated in [24]. Recently, the well-innovating structures of rate-
energy area were suggested in [25; 26]. Furthermore, the energy effect of
OFDMA networks with SWIPT was considered in [27], and the application
of SWIPT in multi-user and cellular networks was given in [28; 29]. Along-
side with the above jobs which mostly concentrate in single-stage scenario,
using discontinued relays to make RF EH and information transmission,
has also induced great interest. The work in [30] studied the symbol er-
ror rate of relay selective modes in cooperation systems, where energy-
constrained relay nodes with the limit power reservation were based on
some outside charging structure to help the information transfer.

In [31], the authors investigated the throughput performance of an AF relay
network for both time-switching and power-splitting protocols, and then,
the same authors extended the analysis to the proper time-switching pro-
tocol in [32]. The throughput of the DF throughput relays systems was
studied in [33], meanwhile the power distribution strategies for DF relay
systems with multiple source-destination pairs were examined in [34].

In addition, the performance of EH based cooperation networks with ran-
domly allocated users was surveyed in [35- 37]. It is worth indicating that
all these jobs were restricted to the HD relay mode, where the relay node
cannot be collect and transfer information simultaneously in the same fre-
quency band.
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The HD structure is broadly accepted in normal wireless relay networks,
because it can simplify the network design and execution; nevertheless, it
suffers from remarkable loss in spectrum efficiency. With the development
of antenna techniques and signal processing ability, in an attempt to re-
store the spectral loss, FD relaying scheme, in which the relay node collects
and transfers simultaneously in the same frequency band, has drawn large
amount of research interest of the authors in [38 - 43].

Nonetheless, to the best of the authors’s knowledge, there has not been
any work surveyed to the applied area of FD relaying in RF EH based net-
works. Motivated by this fact, I concentrate on a source-relay-destination
two-stage scenario that the relay is energized through RF energy harvest-
ing, and study the performance of FD transfer in terms of the network
throughput in a RF EH based relay network. For FD relaying, I investi-
gate various antenna configurations, i.e., the relay is equipped with two
antennas, one for data transfer and one for data receiver, or just one an-
tenna. Moreover, the time-switching protocol and power-splitting protocol
are both employed in this part.

Finally, I investigate the throughput of both AF and DF relaying strategies,
and characterize the fundamental trade-off between EH duration and in-
formation transfer duration. Specially, focusing on how the time-switching
factor is maximized, three different information transfer modes are con-
sidered, so called, instantaneous transmission, delay-constrained transmis-
sion, and delay-tolerant transmission modes. In order to show the effi-
ciency of the FD relay structure, the comparison with the HD relay structure
is also presented. The main conclusion of this dissertation is that FD relay-
ing system is an interesting and promising solution to enhance the through-
put of RF EH based relay networks.
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4 Aims

This part enumerates the concrete goals and an outline plan of each section
of the research suggested.

4.1 Aim 1: provide the basic performance analysis for
full-duplex relaying networks where the relay is
equipped with energy harvesting technology

Relaying networks are the effective way to combat the performance degra-
dation caused by fading, shadowing, and path loss. Full-duplex (FD) relay
network has the potential to realize the successful information exchange
of two sources and more spectral efficiency than conventional half-duplex
(HD) technique. When comparing to the HD mode, the FD mode has higher
capacity in practical channel conditions. Alternatively, the FD mode can
tolerate high loop interference power while achieving the same capacity as
the half-duplex mode. The main disadvantage of FD communication is the
self-interference from own node transmission, which is much larger than
signal of interest from the distant node. To help the communication node
that can transmit and receive signals over the same frequency band, many
techniques of suppressing self-interference have been proposed in [44-46].

Energy harvesting (EH) based on ambient radio frequency (RF) has recently
become advanced method to prolong the lifetime of the wireless networks.
The first goal of my research is to integrate the energy harvesting tech-
nology with the full-duplex relaying networks. By applying time switch-
ing based relaying (TSR) protocol for both Amplify-and-Forward (AF) and
Decode-and-forward (DF) relaying schemes, I derive the closed-form ex-
pression of the outage probability and hence compute the optimal through-
put. An important result can be seen clearly that the time switching factor
in TSR impacts is on the optimal throughput. Finally, numerical results
show an efficient relaying strategy in full-duplex cooperative networks.

To have a better view of the proposed method, I also compare the perfor-
mance of energy harvesting protocols applied for FD relaying networks to
the one applied for the HD relaying networks, both by analysis and numer-
ical simulation.

9



Tam Nguyen Kieu
PhD Thesis

4.2 Aim 2: extend the basic performance analysis to
various models of full-duplex relaying networks,
in particular, one-antenna versus two-antenna con-
figuration

As mentioned in the previous section, the relay node in the FD relaying net-
works is normally equipped with two antennas, one for receiving and one
for transmitting signals, which creates the self-interference from own trans-
mission of the relay. When the TSR energy harvesting protocol is applied,
there are alternative methods to use only one antenna or both antennas to
harvest energy.

The second contribution of my dissertation is to provide the thorough anal-
ysis of the impact of different configurations of relay antennas to the perfor-
mance of FD relay networks which employ the energy harvesting technol-
ogy. In particular, I compare the performance of at least two cases: (1) only
one antenna is used to collect energy from the source, while the other is
used for information forwarding and (2) both antennas are exploited to col-
lect energy, while only one of them used to transmit the information signal.
In both two cases, analytic expressions are derived for outage probability
and throughput of the network. Based on these formulas, the impact of
various parameters such as time-switching factor, noise coefficient, relay
position, energy transfer efficiency is carefully studied. It is illustrated that
using both relay antennas for energy harvesting is always profitable, and
the throughput gain is most significant when fraction of source energy is
small. For further goal, I’m going to investigate other relay and antenna
configurations for FD relay networks in the support of energy harvesting.

4.3 Aim 3: extend the performance analysis to vari-
ous transmission mode, including instantaneous
transmission, delay-limited transmission, and de-
layed tolerant transmission modes

For FD relaying networks, the communication between the source node
and the relay as well as the destination can be divided into three commu-
nication modes [47]: instantaneous transmission, delay-limited transmis-
sion, and delayed tolerant transmission. For the purpose of performance
analysis, these three communication modes can be distinguished from the
others based on the availability of the channel state information (CSI) at
the relay (in fact, CSI is assumed to be known at the destination). For
the instantaneous transmission mode, the optimal time switching factor is
updated for each channel realization, which is computed by a centralized
entity having access to the global instantaneous CSI. On the other hand,
for the delay-limited transmission and delay-tolerant transmission modes,
only the channel statistics are required to compute the optimal time switch-
ing factor [47]. For delay-limited transmission, the source transmits at a
constant rate, which may subject to outage due to the random fading of the
wireless channel. In the delay-tolerant (DT) context, the source transfers at
any unchanged rate upper bounded by the ergodic capacity.
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For the third goal of this dissertation, I continue to extend the performance
analysis of energy harvesting in FD relaying networks, by comparing the
system performance in three communication modes as mentioned above.
Similar to the second goal, here I aim to derive the mathematical closed-
form or approximated expression for the throughput of the system at three
transmission modes. Based on these formulas, a rigorously comparative
analysis on these modes is provided. The analysis results match well with
numerical results based on Monte-Carlo simulation.
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5 Performance analysis of
energy harvesting protocol for
full-duplex relay networks

This chapter discusses my process to achieve Aim 1 in Chapter 4. Here,
I study different approaches to obtain a low-complexity protocol for wire-
less full-duplex relaying wireless networks, in which the relay nodes are
equipped by EH technology. Specifically, closed-form expressions of out-
age probability and throughput of the considered system have been derived
rigorously for different energy harvesting strategies, different communica-
tion schemes as listed below:

• Energy harvesting protocols: two protocols are investigated, includ-
ing TSR [TNK07; TNK10; TNK14; TNK18; TNK22] and PSR [TNK19].

• Relaying protocols: AF [TNK11; TNK13-TNK15; TNK18; TNK19]
and DF [TNK10; TNK12; TNK20; TNK21].

• Different antenna configurations: single-antenna or two-antenna [TNK08].

• Transmission modes: instantaneous [TNK01; TNK09] , delay-limited,
and delay-tolerant [TNK20].

• Different channel conditions: Rayleigh channel [TNK03], Nakagami-
m channel [TNK05; TNK06], hardware impairment [TNK04; TNK11;
TNK17], with the presence of eavesdropper [TNK05; TNK06].

• Different communication strategies to enhance the outage performance:
NOMA [TNK03; TNK05; TNK06; TNK17], MIMO [TNK04; TNK05;
TNK06], relay selection [TNK15; TNK16], cognitive radio networks
TNK16], power beacon aided [TNK17].

Our mathematical analysis and numerical simulation show how communi-
cation performance changes due to the impact of residual SI and EH param-
eters. The optimal time-switching factor of EH FD system is also obtained
by our analysis [TNK02]. To have a better view of the proposed method, I
will also make a comparison between the performance of energy harvest-
ing protocol that is applied for FD relaying networks to the one that is ap-
plied for HD relaying networks, both by analysis and numerical simulation
[TNK01]; [TNK10]; [TNK12].

12



Tam Nguyen Kieu
PhD Thesis

5.1 Wireless Information and Power Transfer for Full-
Duplex Relaying Networks: Performance Analy-
sis

Applications of renewable energy in the next-generation wireless networks
will bring huge benefits for continuing operation in mobile equipment.
Among energy sources including solar and wind power, power extracted
from radio-frequency (RF) signals in ambient transmitters can be consid-
ered as a replacement for traditional wired power grids. Energy harvested
from the natural environment is a promising approach to prolong the life-
time of energy-constrained wireless networks such as cellular networks or
wireless sensor networks. Simultaneous wireless information and power
transfer technology (SWIPT) becomes appealing candidates since it realizes
both useful information and energy from RF signals at the same time, and
thus potentially offers great convenience to mobile equipment. Varshney
first proposed the idea of transmitting information and energy simultane-
ously in [25]. Using a relay to facilitate RF energy harvesting and informa-
tion transfer that is can extend the transmission range and increased system
capacity has also drawn significant attention. In [31], the authors studied
the throughput performance of amplify and forward (AF) relaying system
for both time-switching and power-splitting protocols.
More importantly, relaying network is an effective way to combat the per-
formance degradation caused by fading, shadowing, and path loss. Full-
duplex (FD) relay network has the potential to realize the successful in-
formation exchange of two sources and more spectral efficiency the than
conventional half-duplex (HD) technique. When comparing to HD mode,
the FD mode has a higher capacity in practical channel conditions. Alterna-
tively, the FD mode can tolerate high loop interference power while achiev-
ing the same capacity as the half-duplex mode. The main disadvantage
of FD communication is the self-interference from the own transmission,
which is much larger than the signal of interest at the distant node. To help
the communication node transmit and receive signals over the same fre-
quency band, many techniques of suppressing self-interference have been
proposed in [44-46]. Unfortunately, the self-interference is residual due to
the limited technique. The residual interference still decreases system per-
formance. In fact, [52] indicates that the full-duplex mode is an attractive
choice for fixed relays provided that the loop interference power is main-
tained at a tolerable level. The authors in [53] presented a power allocation
strategy to maximize the sum-rate of the FD-two-way relaying system un-
der realistic residual self-interference.
Recently, a few research trends have been conducted in the FD relay sys-
tem in the context of the SWIPT. In [48], the throughput was analyzed for
three relay control schemes, including the maximum relay, optimal relay,
and target relay. Analytical expressions for outage probability and ergodic
capacity were also presented for this considered relay control scheme. Later
in [47], the authors considered two cases depending on the number of an-
tennas used for harvesting and demonstrated that employing both relay
antennas for energy harvesting is always beneficial, compared to the HD re-
laying architecture, results indicate that FD relaying can substantially boost
the system throughput. The author in [54; 55] analyzed the performance
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of two-way relaying networks under non-ideal hardware where is linearly
affected by impairment levels. However, there has not been any work re-
lated to optimal throughput having considered the application of one-way
FD relaying in RF energy harvesting systems.
Therefore, in this part, we analyze the outage probability of full-duplex re-
laying with the novel ability of energy harvesting and information transfer.
Based on the analytical expressions, the optimal throughput and energy
harvesting time are figured out.

5.1.1 System model

Let us consider a wireless dual-hop relay network with AF protocol system
illustrated in Fig. (5.1), in which the destination node can receive signals at
a long distance thanks to relaying node. The system consists of three nodes,
the source node denoted by S and the destination node denoted by D and
one relay node R. Each node has two antennas, one of them is responsible
for signal transmission and the other is responsible for signal reception. The
cooperative relay is assumed to be an energy-constrained device so that it
must harvest energy from the source, and use that energy to amplify and
forward the source information to the destination node. We assume that
the link between two sources is not available due to the deep shadowing
effect.

FIGURE 5.1: System model of one way full-duplex.

FIGURE 5.2: Illustration of the parameters of TSR protocol.
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The interference cancellation mechanism is adopted to mitigate the self-
interference. As the self-interference can not be eliminated, a certain amount
of self-interference remains. The residual self-interference channel at R is
denoted by h̃R. Let dj , j = 1, 2 denote the distance between S −R link and
R −D link respectively and hj , j = 1, 2 denote the channel coefficients be-
tween S−R link andR−D link respectively. The scheme used in this inves-
tigation is the Time Switching-based Relaying (TSR) protocol as described
in [31]. The main parameters of the protocol are expressed in Fig. (5.2).
Based on the TSR protocol proposed in [31], the communication process is
divided into two phases. In the first phase, energy is transferred from the
source to the relay with a duration of αT, (0 < α < 1) and in the second
phase, i.e, the remaining time of length, (1− α)T the duration of informa-
tion is transmitted, here α is time switching coefficient and T is the duration
of the considered signal block. During the energy harvesting phase, the re-
ceived signal at the relay is given as:

yR =

√
PS
dm1

h1xS + nR, (5.1)

where PS is the source transmission power, which is the same for both
sources, nR is the additive white Gaussian noise at R with zero-mean and
variance of σ2

n. Regarding wireless received power, the harvested energy at
the relay is given by [31]

Eh = ηαT
Ps|h1|2

dm1
, (5.2)

where m is the path loss exponent, η is the energy conversion efficiency,
h1, h2 are the channel coefficients between source-relay link and relay des-
tination link, respectively. In the information transfer phase, assume that
the source node transmits signal xS to R and R re-transmits signal xr to
the destination node xj , j = S,R have unit energy and zero–mean, i.e,

E
[
|xj |2

]
= 1 and E [xj ] = 0. Therefore, the received signal at the relay

under self-interference source is rewritten as:

yR =

√
PS
dm1

xSh1 + h̃RxR + nR, (5.3)

where h̃R is the residual self-interference factor at R. We assume that R
receives yR and in the next time slot,R uses the harvested energy to amplify
and forward yR. Hence, the magnification of the prior received signal, xR,
is:

xR = G
√
PRyR, (5.4)

where G is the amplification factor of R. Based on AF relaying scheme at
R, according to [41], the amplification factor is given by

G−1 =

√
PS
dm1
|h1|2 + PR

∣∣∣h̃R∣∣∣2 + σ2
n. (5.5)

It is worth noting that harvested power that helps operate the next hop
transmission, PR, is given by

PR =
Eh

(1− α)T
= µPS

|h1|2

dm1
, (5.6)
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where µ is defined as µ , αη
1−α .

Next, we obtain the received signal at the destination as

yD =
h2√
dm2

xR + nD, (5.7)

where nd is the Gaussian noise at destination node. By substituting Eq. (5.4),
Eq. (5.6) into Eq. (5.7), we can calculate the received signal as

yD (κ) =
h2√
dm2

G
√
PR

h1

√
PS√
dm1

xS︸ ︷︷ ︸
signal

+
h2√
dm2

G
√
PRh̃RxR︸ ︷︷ ︸

RSI

+
h2√
dm2

G
√
PRnR + nD︸ ︷︷ ︸

noise

.

(5.8)
In the above equations, the instantaneous received SINR from Sj through
R is determined as

γOW =
E
{
|signal|2

}
E
{
|noise|2

}
+ E

{
|RSI|2

} . (5.9)

By simple replacement, we obtain the new formula as

γ =

PS |h1|2PR|h2|2

dm1 d
m
2 PR|h̃R|

2

σ2
nPS |h1|

2

PR|h̃R|2dm1
+ PR|h2|2

dm2
+ σ2

n

. (5.10)

We assume that the channel gains |h1|2, |h2|2 are independent and identi-
cally distributed (i.i.d.) exponential random variables.

5.1.2 Outage Probability and Throughput Analysis

In this section, we analyze the outage probability of full-duplex one-way
relaying with energy-harvesting and information transfer. Based on analyt-
ical expressions, the throughput of this scheme is derived and the optimal
value of the time-switching factor for harvesting energy is also achieved.

Outage probability analysis

The outage probability of FD relaying network is calculated as

P
out

= Pr (γ ≤ Z) , (5.11)

where R is the target rate and Z = 2R − 1.
Proposition 1:
The outage probability of the energy harvesting enabled two way full-duplex
relay is derived as
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P_{_out}̂= Pr


PS |h1|2PR|h2|2

dm1 d
m
2 PR|\widetildehr|2

σ2
nPS |h1|

2

PR|\widetildehR|2dm1
+ PR|h2|2

dm2
+ σ2

n

< Z


= 1−

1/µZ∫
0

2

√√√√dm1 d
m
2 Z

(
σ2
n
µ + σ2

ny
)

λsλd (PS − µPSZy)
K1

2

√√√√ dm1 d
m
2 Z

(
σ2
n
µ + σ2

ny
)

λs lambdad (PS − µPSZy)

D,

(5.12)

where D = 1
λr
e−

y
λr dy and λs, λd, λr are the mean value of the exponential

random variables h1, h2,, h̃R, respectively and K1 (x) is Bessel function de-
fined as Eq. (8.423.1) in [49].
Proof:
We denote x = |h1|2|h2|2 and y =

∣∣∣h̃R∣∣∣2. Then we have:

P
out

=


Pr

x < dm1 d
m
2 Z

(
σ2n
µ

+σ2
ny

)
PS−µPSZy

 , y < 1
µZ .

1, y > 1
µZ .

(5.13)

Interestingly, the cumulative distribution function of x can be calculated by

Fx (a) = Pr (x < a) = 1− 2
√
a/λsλdK1

(
2
√
a/λsλd

)
, (5.14)

and fy (b) = (1/λr) e
(b/λr), y can be modeled with the Probability distribu-

tion function. Afterwards, the Proposition 1 is achieved after some simple
manipulations.

Optimal throughput analysis

In the Proposition 1, when the relay harvests energy from the source infor-
mation and uses that power to amplify and forward the source information
to the destination, the outage probability of the considered system is a func-
tion of the energy harvesting time factor α, and varies when α increase from
0 to 1. In the delay-limited transmission protocol, the transmitter is com-
municating at a fixed transmission rate R bits/sec/Hz and (1− α)T is the
effective communication time. Therefore, the throughput of the system is
obtained as

τ = (1− Pout)R (1− α) . (5.15)

Unfortunately, it is difficult to derive optimal throughput mathematically,
but we can obtain the optimal value by numerical methods as presented in
the next section.

5.1.3 Numerical results

In this section, we use the derived analytical results to plot the outage prob-
ability, optimal throughput, optimal energy harvesting time. We set the
source transmission rateR = 3, 4, 5 (bps/Hz), and hence, the outage SINR
threshold is given by Z = 2R − 1. The energy harvesting efficiency is set
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to be η = 1, the path loss exponent is set to be m = 3. For simplicity, we
set the distance d1 = d2 = 1. Also, we set λs = λd = 1;λr = 0.1. It can be
seen from Fig. (5.3) that the outage probability varies with a different value
of time-switching factor α. The outage probability is 1 when α = 0, α = 1
and this is the worst performance of the system. The outage is minimum
approximately at α = 0.75, R = 3. As we can observe, the analysis curves
match perfectly with simulation curves.
As your observation, Fig. (5.4) examines the impact of energy harvesting
time α on the optimal throughput of systems. The throughput is maxi-
mized approximately at α = 0.36 for R = 4, and τ ≈ 1.45 is the optimal
throughput. The throughput increases as α increases from 0 to optimal
value α∗, however, it starts decreasing as α increases over its optimal value.
This is because the values of α are smaller than the optimal α∗, there is less
time for information transmission. Consequently, less time for forwarding
the signal and smaller values of throughput are observed at the destination
node due to outage probability increases. On the other hand, for the values
of α greater than the optimal α∗, more time is wasted on energy harvesting
and less time is available for information transmission. As a result, smaller
throughput results are at the destination node due to a smaller value of
(1− α).

FIGURE 5.3: Outage probability of FD energy-aware relay-
ing network.
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FIGURE 5.4: Optimal throughput of FD relaying.

In this part, we have proposed a full-duplex relaying network with wire-
less energy harvesting and information transfer protocol, where an energy-
constrained relay node harvests energy from the received RF signal and
uses that harvested energy to forward the source message to the other sources.
To determine the achievable throughput, analytical expressions for the out-
age probability, and the optimal value of energy harvesting time in TSR
protocol can be found by simulation.

5.2 An Optimal Analysis in Wireless Powered Full-
duplex Relaying Network

The use of the regenerated energy in the next-generation wireless systems
such as 5G cellular networks will bring about the considerable profits for
the continuous operation in the wireless devices. Together with the other
power resources such as solar and wind energy, the power which is drawn
from the radio-frequency (RF) signals in the surrounding transmitters can
be counted as the changes for the normal wired energy networks. Such en-
ergy harvested from the natural environment is a promising approach to
maintain the lifetime of the energy-constrained wireless systems in [56].
The simultaneous wireless information and power transfer (SWIPT) for the
two-way relay transmission network, in which two resources reciprocate
communication together over a power collecting relay is considered. By
examining the time-switching (TS) relay receiving structure, the TS-based
two-way relaying (TS-TWR) protocol was also introduced in [57].
In those cases, a view of SWIPT networks with a special concentration on
the hardware performance of rectifying circuits and real techniques which
get the SWIPT in the areas of the time, space, energy, the antennas as well
as the profits of a potential implementation of the SWIPT techniques in ad-
vanced information systems in the context of the source distribution and
cooperative knowledge wireless systems was presented in [58- 60].
Moreover, a cognitive wireless network with one primary user (PU) and
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one secondary user (SU) and their transmitters operate with TSR is consid-
ered. The SU, which collects the power solely from the surrounding wire-
less signals, employs a save-then-transmit protocol. In that way, a scenario,
the SUs maximal cooperation strategic method, called, maximal decision
(to decide to work with the PU or not) and the maximal act (to consume
how much time on the power collection and to distribute how much en-
ergy for the cooperative relay) is studied by previous works as in [61- 65].
On the other hand, an amplify-and-forward (AF) relaying system, in that,
the power-constrained relay node, which collected the power from the re-
ceiving RF signal, utilized that collected power to transmit the source in-
formation to the target, is studied. Relied on the time switching and power
splitting receiving structures, two relaying protocols: i) the time switching
based relaying (TSR) protocol and ii) the power splitting-based relaying
(PSR) protocol are suggested, to collect the required energy to support the
forwarding by the relay. Promoted by a model based on the classical cog-
nitive radio (CR) system, an unprecedented way for the radio networks
existing at the same time where the lower-energy mobiles in a second sys-
tem, named, the secondary transmitters (STs), collects the surrounding RF
energy from transferring by the transceiver operating neighboring places in
the main system, named, primary transmitters (PTs), whereas occasionally
accessing the spectrum authorized to PTs is studied. A random-geometry
model, in which PTs and STs are allocated as the independent homogeneous
Poisson point processes (HPPPs) and communicated with their potential
transceivers at the familiar spaces, was proposed in [31; 66; 68-72].
In fact, the authors in [52] indicated that the full-duplex mode is an attrac-
tive choice for fixed relays, provided that the loop interference power is
maintained at a tolerable level. In addition, the authors in [53] presented
the power allocation strategy to maximize the sum-rate of the FD-two-way
relaying system under the realistic residual self-interference (RSI).
Recently, few research trends have been conducted in the FD relay sys-
tem in the context of the SWIPT scheme. In [51], the throughput is ana-
lyzed for three relay control schemes, including the maximum relay, opti-
mal relay, and target relay. Analytical expressions for the outage probability
and ergodic capacity are also presented for these considered relays control
schemes. However, no work related to the optimal throughput has been
considered for the application of a one-way FD relay in systems with RF
energy harvesting.
Therefore, in this part, we analyze the outage probability and the through-
put of full-duplex relaying with the novel ability of the simultaneous en-
ergy harvesting and information transfer. Based on these analytical expres-
sions, the best model for optimal energy efficiency is given.
Our contribution in this part is to find out the optimal time fraction αmax
value. From this result, we can recommend an optimal model for energy
harvesting full-duplex relaying networks and prove that it satisfies the con-
ditions for deployment in future cellular networks.

5.2.1 Optimal point for throughput

By simple replacement from Eq. (5.10), we get new formula as

γD =
γSDΩα(1− α)

(1− α)2 + Ω2α2γLIγSD + σ2ηαγLI(1− α)
, (5.16)
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or γD = a1α(1−α)
a2α2+a3α+1

.
with 

a1 = γSDΩ
a2 = 1 + Ω2γLIγSD − σ2ΩγLI ,
a3 = 2 + σ2ΩγLI

(5.17)

and

γSD =
Ps|h|2|g|2

dm1 d
m
2 σ

2
= SINS

|h|2|g|2

dm1 d
m
2

, (5.18)

where SINS = Ps
σ2 , γLI = |

≈
f |2
σ2 . We find α to maximize SNR, subject to

0 < α < 1, taken the fact that γD(α) is a concave function. The optimal
value can be found by solving the equation.

∂γ

∂α
= 0. (5.19)

After some manipulations, we get:{
α1 = −1+

√
1+a2+a3

a2+a3
,

α2 = −1−
√

1+a2+a3
a2+a3

,
(5.20)

and see that only α1 satisfies the condition 0 < α < 1. By substituting α1

into Eq. (5.16), we obtain:

γDmax = C1C2
A1+B1

,

where

A1 = (3 + Ω2γLIγSD)A2.

A2 = ((1 + Ω2γLIγSD − σ2ΩγLI)(−1 +
√

3 + Ω2γLIγSD).

B1 = (2 + σ2ΩγLI)(−1 +
√

3 + Ω2γLIγSD) +B2.
B2 = 3 + Ω2γLIγSD)).

C1 = γSDΩ(−1 +
√

3 + Ω2γLIγSD).

C2 = (4 + Ω2γLIγSD −
√

3 + Ω2γLIγSD).

(5.21)

5.2.2 Numerical Results

In this section, we use the derived analytical results to plot the outage prob-
ability, the optimal throughput, the optimal energy harvesting time. We
set the source transmission rate R = 3 (bps/Hz), and hence the outage
SINR threshold is given by Z = 2R − 1. The energy harvesting efficiency
is set to be Ω = 0.4 (eliminate Fig. (5.7), Fig. (5.8)), σ2 = 0.1 (exclude
Fig. (5.9)), the path loss exponent is set to be m = 3. For simplicity, we
set the distance d1 = d2 = 1 (exclude Fig. (5.5) and Fig. (5.6)). Also, we
set λs = λd = 1;λr = 0.1, unless it is stated in different special cases. As
we can observe, the analysis curves match perfectly with simulation curves.
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FIGURE 5.5: Outage probability of FD energy-aware relay-
ing network versus distance.

From Fig. (5.5), the outage probability varies for different scenarios of time
factor α values. The outage probability is minimized at approximately
α = αmax. Whenever α is as smaller than αmax, the higher the outage prob-
ability is. And the same thing happens when α > αmax. In Fig. (5.6), it is
clear that the throughput at α ≤ 0.1 is better than that of αmax. Of course,
αmax is the best value satisfying maximal SNR and remaining the accept-
able outage probability when we employ this model.
In the above figures, we can see that the outage probability increases when
d1 increases and gets the maximum value at the midway point. The closer
to the resource node the relay is, the smaller the outage probability gets.
The thing happens reversely to the throughput. So the closer resource the
relay locates, the better performance we get. In Fig. (5.7), the smaller Ω, the
bigger outage probability, and this outage probability decreases when Ω in-
creases. Moreover, we had seen that α affects to the outage probability, the
smaller α is, the bigger outage probability we have. For the throughput, we
have the opposite result in Fig. (5.8).
In general, we can see that with α smaller than αmax, its throughput is better
than that of αmax. It is believed that because when α is as smaller, as bigger
the information quantity is sent to the destination but its outage probability
is very high, so that the operation of the system may be stopped at a higher
level. The second reason is that when α is smaller, the necessary energy
that is harvested by the relay does not have enough power to transmit the
signal to the destination node. So, considering all the things, we find one
thing that the model has the best performance for both maximal SNR and
optimal throughput only with αmax.
The same scenarios occur when we investigate the outage probability and
the throughput with respect to parameter σ, in Fig. (5.9). The bigger σ, the
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bigger outage probability and the smaller throughput. Here, there is a lit-
tle different thing, α is smaller or bigger than αmax, the bigger the outage
probability is but when α ≤ 0.1, its throughput is better than that of αmax.

FIGURE 5.6: Throughput of FD relaying versus distance.

FIGURE 5.7: Outage probability of FD relaying network
versus Ω.
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FIGURE 5.8: Throughput of FD relaying versusΩ.

In this part, we have proposed a full-duplex relaying network with wire-
less energy harvesting and information transfer protocol, where an energy-
constrained relay node harvests energy from the received RF signal and
uses that harvested energy to forward the source signal to the destination
in delay-limited mode. In order to determine the achievable outage proba-
bility and throughput, the analytical expressions for the outage probability
and throughput following the optimal value of the energy harvesting time
in AF scheme of TSR protocol can be found by the simulation. As a result,
we can see that the model deployed with αmax becomes the optimal model
that achieves the best performance.

24



Tam Nguyen Kieu
PhD Thesis

FIGURE 5.9: Outage probability of FD relaying network
versus σ.

5.3 A Performance Analysis of AF and DF Mode in En-
ergy Harvesting Full-Duplex Relay

In recent years, several radio system applications that require long lifetime
are facing with an obstructive challenge on energy consumption. In order
to determine the throughput, a delay-limited transmission mode is usually
used to derive analytical expressions for outage probability and through-
put. The simultaneous wireless information and power transfer (SWIPT)
for two-way relaying has been introduced, in which two resources com-
municate together over a power-collecting relay. By examining the time
switching relay (TSR) receiving structure, the TS-based two-way relaying
(TS-TWR) protocol is introduced [57- 59; 61].
There has been researching that deeply studied the interference from sec-
ondary uses (SUs) to primary receivers (PTs) and from PTs to SUs in cog-
nitive radio networks. The secondary users are not only able to transmit a
packet on a licensed channel to a primary user when the selected channel
is idle or occupied by the primary user but also able to harvest RF (radio
frequency) energy from the primary users’ transmissions when the channel
is busy [31; 33; 63; 64].
In another situation, we investigate a decode-and-forward (DF) amplify-
and forward (AF) relaying system relied on radio power collection. The
power-constrained relay node early collects power over radio-frequency
(RF) signals from the source node [68; 70; 79].
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5.3.1 DF mode

With DF, the relay decodes signal before re-transmitting it. So the transmit-
ted signal from the relay can be expressed as follows.

xR(i) =

{
KyR[i− τ ] with AF ,√
PR
PS
xS [i− τ ] with DF,

(5.22)

where τ accounts for the time delay occurred by relay processing.

By substituting Eq. (5.22), into Eq. (5.7), we get the received signal at the
destination node as

yDFD =
g√
dm2

(√
PR
PS

xR(i− τ)

)
+ nD. (5.23)

Through some simple calculations, we get a new formula as

γFDDF = min

 1

ρ|
≺
f |

2 ,
ρPS |h|2|g|2

dm1 d
m
2 σ

2

 . (5.24)

Proposition 2:
The outage probability of the energy-harvesting-enabled two-way full-duplex
relaying with DF protocol is derived as

PDFOout = 1−
(

1− e
1

ρλrZ

)(
2

√
σ2dm1 d

m
2 Z

ρλsλdPS

)
K1

(
2

√
σ2dm1 d

m
2 Z

ρλsλdPS

)
. (5.25)

Proof:
The cumulative distribution function of x is computed by

Fx (b) = Pr (x ≤ b) = 1− 2
√
b/λsλdK1

(
2
√
b/λsλd

)
, (5.26)

and y can be modeled with the probability distribution function fy (c) =
(1/λr) e

(−c/λr).

We define x = |h|2|g|2 and y =

∣∣∣∣≺f ∣∣∣∣2. From Eq. (5.24), we get:

PFDFout = Pr

(
min

(
1

ρy
,
ρPSx

dm1 d
m
2 σ

2

)
≤ Z

)
. (5.27)

Then

PFDFout = 1− Pr
(

1

ρy
≥ Z

)
Pr

(
ρPSx

dm1 d
m
2 σ

2
≥ Z

)
, (5.28)

where Pr
(

1
ρy ≥ Z

)
= Pr

(
1
ρZ ≥ y

)
=

1
ρZ∫
0

fy(t)dt = 1
λr

1
ρZ∫
0

e−
t
λr dt,

and Pr
(

ρPSx
dm1 d

m
2 σ

2 ≥ Z
)

= 1− Pr
(
x ≤ Zdm1 d

m
2 σ

2

ρPS

)
= 1− Fx

(
Zdm1 d

m
2 σ

2

ρPS

)
.

Based on Eq. (5.26), we have a desired result after some manual calculations
and then the Proposition 2 is got through some simple manipulations.
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5.3.2 Numerical results

In this section, we employ the derived results from analysis to offer percep-
tion into the variety of design options. The energy harvesting efficiency is
set to be η = 1, the path loss exponent is set to be m = 3. For simplicity, we
set λs = λd = 1;λr = 0.1 and d1 = d2 = 1 (except Fig. (5.12), Fig. (5.13)) as
well as σ = 1 (except Fig. (5.10) and Fig. (5.11)).

FIGURE 5.10: Outage probability of AF and DF relaying
versus σ.

In Fig. (5.10) and Fig. (5.11), the outage probability of the DF model is still
better than the AF model but its throughput is worse than AF. This is due
to noise at the relay node that has an impact on system performance.
The same thing happens in Fig. (5.12) and Fig. (5.13), as bigger σ, as worse
the outage probability of two models gets. We can see clearly that the out-
age probability of the DF model is better than that of the AF model, slightly
and its throughput is better than, too. This is easy to explain because of
noise at the relay node, which has an impact on system performance.
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FIGURE 5.11: Throughput of AF and DF relaying versus σ.

FIGURE 5.12: Outage probability of AF and DF model ver-
sus distant.

In this part, the mathematical and numerical analysis have shown practi-
cal insight of full-duplex relaying system in term of the effect of different
system parameters on the performance of wireless energy collecting and in-
formation processing system, which employs AF and DF relay modes. The
throughput results in this paper account for the upper bound on the real-
istically attainable throughput. Moreover, we also find that the AF model
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outperforms the DF model in the delay-limited scheme of full-duplex re-
laying network.

FIGURE 5.13: Throughput of AF and DF model versus dis-
tant.

5.4 A Performance Analysis of a Propagation Two-Hop
Model in the Cooperative Relaying Network

Using the physical model in life, at present, brings a lot of benefits, espe-
cially in the communication area. The EH protocol with a two-hop model
has emerged as a promising suitable technology with wireless cooperation
as well as the sensory systems to operate in the surrounding environment
with the technical and economic limitations. The employment of the energy
harvesters, instead of the normal power sources, in wireless cooperative
communication, was considered in [57; 72]. For the aim of the presentation,
the basic three-node Gaussian relay channel with the relaying system, in
which the source and relay nodes transfer the data with the energy drawn
from the energy-collecting sources is investigated by the authors in [37; 58],
where an efficient secure relay beamforming (SRB) algorithm to firstly gets
the time fraction rates in an allocated manner and after that interactively
adjust to the transfer beam and the AF factors, is also devised in [69; 70].
Furthermore, the RF energy harvesting technology is a promising model to
keep the operations of the wireless networks. In cognitive radio systems,
a second user can be installed with the RF energy harvesting capacity [29;
61]. Such a network where the second user can make the channel access to
transmit a packet or to harvest the RF energy when the selected channel is
idle or occupied by the first user is also investigated in [62; 63], respectively.
In this part, we consider a wireless two-hop relaying system employing TSR
protocol to build a simultaneous wireless power and information trans-
fer (SWIPT) scheme. To optimize the outage probability and to maximize
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the throughput, we use a numerical method to study system performance.
Here, it can be seen clearly that the DF model outperforms that of the AF
model.

5.4.1 Network Model

Our radio TSR system has two hops, in the first hop, a source, named, S,
transfers its information to a relay, named, R. In the next, the relay transmits
its received signal to the destination, named, D. Assuming that there is a
great distance between S and D, so there is no direct link connecting S and
D. A relay operating in TSR scheme uses the collected energy to transfer the
information to the destination, as given in Fig. (5.14), the distance between
S −R denoted by d1, and the distance between R−D denoted by d2.

FIGURE 5.14: Throughput of AF and DF model versus dis-
tant.

FIGURE 5.15: The parameters of TSR protocol.

As shown in the TSR protocol proposed in Fig. (5-15), the propagation pro-
cess has two slots. For the first slot, the energy transmits from S to R during
a time interval of αT, (0 < α < 1) and for the remaining time slot, (1− α)T
is employed to transmit data, (1− α)T/2 for the information transfer from
S to R, another (1− α)T/2 for information transmission from R to S. Here,
α is a time-switching factor and T is the duration of the entire signal block.

During the energy harvesting phase, the relay receiving signal at the relay
is:

yR =

√
PS
dm1

hxS + nR, (5.29)

where PS is the source transmission energy, nR is the additive white Gaus-
sian noise coefficient at R with zero-mean and variance of σ2

R.
The harvested power at the relay is given by [82]

Eh = ηαT
PS |h|2

dm1
, (5.30)
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wherem is the exponential path loss factor, η is the power conversion factor,
and h, g are the channel gain factors between the source-relay and the relay-
destination link.
In the information transfer phase, assume that S transfers the signal xS to
R and R forwards the signal xR to D. Both signals have unit energy and
zero–mean, i.e., E

[
|xj |2

]
= 1 and E [xj ] = 0, j = S,R, respectively. And

then the power transmitted by R is given as [83]

PR =
Eh

(1− α)T/2
= 2µPS

|h|2

dm1
, (5.31)

where µ = αη
1−α .

For AF scheme, we have:
xR = HyR, (5.32)

where H is an amplification coefficient determined by

H =

√
PR

PS
dm1
|h|2 + σ2

. (5.33)

Then, we get the received signal at destination as:

yD =
g√
dm2

xR + nD. (5.34)

For DF scheme, we get:

xR =

√
PR
PS

xR(i− τ). (5.35)

Following [20], we have:

yD =
g√
dm2

(√
PR
PS

xR(i− τ)

)
+ nD, (5.36)

where nD is the additive white Gaussian noise at the destination node with
zero-mean and variance of σ2

D = σ2
R = σ2, for simplicity.

On the other hand, the instantaneous received SINR at D through R is cal-
culated as

γ =
E
{
|signal|2

}
E
{
|noise|2

}
+ E

{
|RSI|2

} . (5.37)

So, through some simple calculations, we obtain:

γAF =

PS |h|2PR|g|2
dm1 d

m
2 σ

2

PS |h|2
σ2dm1

+ PR|g|2
dm2 σ

2 + 1
, (5.38)

and

γDF = min

(
PS |h|2

dm1 σ
2
,
2µPS |h|2|g|2

dm1 d
m
2 σ

2

)
. (5.39)
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5.4.2 Outage Probability and Throughput Analysis

In this section, we investigate the outage probability and the throughput of
two-hop relaying with energy harvesting and information transfer. Based
on analytical expressions, the outage probability and the throughput of this
model are extracted and the best model for the energy harvesting-based
relaying network is also obtained.

The Outage probability analysis

The outage probability of the two-hop relaying system in delay-limited
mode is computed as

Pout = Pr (γ ≤ Z) , (5.40)

where R is the transmission rate and Z = 2R − 1.
Proposition 3:
The outage probability of the energy harvesting enabled AF relay is ex-
tracted as

PAF = Pr


PS |h|

2PR|g|
2

dm1 dm2 σ2

PR|g|2

σ2dm2
+
PS |h|2

dm1 σ2
+1
≤ Z


= 1− 1

λS

∫∞
Z/PS

exp

− x
λS
−

Z(
xPS
σ2dm1

+1)

λD(
2µP2

S
x2

dm1 dm2 σ2
−

2µZP
S
x

dm1 dm2 σ2
)

 dx.

(5.41)

Proof:
We denote x = |h|2 and y = |g|2. Based on statistical property of cdf and

pdf fy (b) = (1/λr) e
(b/λr) and F|h|2 (b) = Pr

(
|h|2 ≤ b

)
= 1 − e

−b
λh , and from

Eq. (8.423.1) in [49], Proposition 3 is obtained after some simple manipula-
tions.

Assume that λh, λg are the mean of the exponential random variable |h|2, |g|2
and the channel gains |h|2, |g|2 are the independent and identically dis-
tributed (i.i.d.) exponential random variables.
Proposition 4:
The outage probability of the energy harvesting enabled DF relay is ex-
pressed as:

PDF = 1− e
σ2dm1 z

λsPS
− dm1

2λdµ − 1

λd

dm2
2µ∫

0

e
σ2dm1 dm2 z

2µλsPSx e
− x
λd dx. (5.42)

Proof:
From Eq. (5.39), Eq. (5.40), we get:

PDF = Pr

(
PS |h|2

dm1 σ
2

min

(
1,

2µ|g|2

dm2

)
≤ Z

)
. (5.43)

For the time being, from conditioning on y = min
(

1, 2µ|g|2
dm2

)
, we have

PDF = 1− e
σ2dm1 Z

λsPSy . Averaging over y provides the expected result.
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The throughput analysis

In Proposition 3 and Proposition 4, the outage probabilities of two mod-
els are investigated. In the delay-limited transmit protocol, the transmit-
ter propagates information at a fixed transmission rate R bits/sec/Hz and
(1− α)T is the effective information time. So, the throughput of the two-
hop system is given as:

τ = (1− Pout)R
(1− α)

2
. (5.44)

Unhappily, it is difficult to draw out the maximal throughput mathemati-
cally, but we can reach that value by the numerical method as illustrated in
the next section.

5.4.3 Numerical Results

In this section, we employ the derived analytical results to study the outage
probability as well as throughput of two models. We set the source trans-
mission rate R = 3 (bps/Hz), α = 0.3 (except for Fig. (5.16)). The energy
efficiency coefficient is set to be η = 0.4 (except for Fig. (5.18)), the path
loss exponent factor is set to be m = 3. For simplicity, we set the distance
d1 = d2 = 1 (except for Fig. (5.17)). Also, we set λs = λd = 1;λr = 0.1 and
PS(dB) = 10, σ2 = 0.1. These factors are chosen because they give the best
asymptotic curves.

FIGURE 5.16: The outage probability and throughput of AF
and DF model versus α.

Fig. (5.16) reveals that the time-switching factor affects system performance.
When α changes form 0 to 1, the outage probability and throughput of two
models also change. In this case, when α ≤ 0.4, the DF outage probability
is better than that of the AF model but when α ≥ 0.4, the curves of two
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models overlap. In both cases, the DF throughput is always better than that
of the AF model. This is proven that as big α, as much information to send
to the destination. This helps them to overcome the effect of the noise.

FIGURE 5.17: The outage probability and throughput of AF
and DF model versus d1.

Fig. (5.17) displays the outage probability and throughput of two models
versus the relay position. In the evaluation, we set d1 + d2 = 2, and d1

varies from 0 to 2. As described in Fig. (5.17), for both models, the best
outage probability is attained. Therefore, the relay is put close to the source
or destination to achieve the optimal outage probability. Two suggested
models have the worst outage probability at midway. Moreover, Fig. (5.17)
shows that the DF model gets the better outage probability performance
that of the AF model. Otherwise, the throughput of the DF model outper-
forms that of the AF one, it has the optimal value near the midway between
S and R. This is easy to understand because the noise near the relay has an
impact on system performance.
It can be shown in Fig. (5.18) that η has an impact on the outage probability
and throughput of both models. When η ≤ 0.65, the DF throughput and
outage probability are better than that of the AF model. But as η ≥ 0.65,
the interesting thing occurs, i. e, the curves of their outage probability and
throughput nearly coincide together. It is easy to explain because the big-
ger η is the more power at the relay helps them to send information to the
destination easily, not affected by noise.
In this part, we have investigated two-hop relaying systems with the radio
energy harvesting and information transfer protocol, in which an energy-
constrained relay node harvests the energy from the received RF signal and
employs that harvested power to forward the information to the destina-
tion. Hereby, their operation is compared. To determine the best model, the
analytical expressions for the outage probability and throughput in TSR

34



Tam Nguyen Kieu
PhD Thesis

protocol can be found by the simulation approach. As expected, through
simulations, it is known that the DF model outperforms AF one in a two-
hop relaying network, and the DF relaying system could normally improve
the throughput performance.

FIGURE 5.18: The outage probability and throughput of AF
and DF model versus η.

5.5 Summary

In this chapter, the performance of EH for the FD relaying network with
various antenna configurations and transmission protocols, including TSR
and PSR EH protocols as well as AF and DF relaying strategies, was inves-
tigated. Specifically, with the deployment of a low-complexity EH model
and the achievement of optimal TS ratio, the relay could operate continu-
ously without battery replacement or being charged by using the energy
collected from the received signal. Regarding system performance analy-
sis, we provided the close-form expressions for OP and throughput in the
above-mentioned protocols. On the other hand, a comparison between ana-
lytical and simulation results is conducted. Our simulation results matched
well with the exact expressions for OP. In addition, we also provided in-
sights into the impact of several parameters, i.e., the position of the relay, TS
ratio, PS ratio, the energy conversion factor on the system OP, and through-
put.
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6 Study of energy harvesting
performance in full-duplex
relay networks with various
antenna configurations at relay

This chapter shows the details of what have been carried out to achieve Aim
2 in Chapter 4. I also conduct the performance analysis of EH FD relaying
system in two different antenna configurations here. For the first antenna
configuration, the relay node uses one antenna to harvest energy from the
source node and another antenna to forward the information signal to the
destination. For the second configuration, both antennas at relay nodes are
employed to harvest energy from the sources during the EH phase, but
during the information transfer, only one is used to receive information
from the source while the other antenna is used to forward that informa-
tion to the destination. For both cases, analytical expressions are derived
for outage probability and throughput of the system. The impact of differ-
ent parameters such as the position of the relay, noise level at the relay and
destination, energy conversion factor, and TSR or PSR parameters on the
system performance are also studied in detail [TNK08; TNK09; TNK21].
To enhance the transmission efficiency, multiple-antenna configuration and
antenna selection algorithms are applied [TNK03; TNK05; TNK06; TNK16;
TNK17]. Besides, three diversified techniques are considered in my disser-
tation to better exploit the best quality from MIMO communications: TZF,
RZF, and MRC [TNK04].

6.1 A Performance Analysis in Energy Harvesting Full-
Duplex Relay with two antennas

In recent times, the radio system applications required longer lifetime ac-
tivities, so there is an impediment challenge on energy consumption. The
simultaneous wireless information and power transfer (SWIPT) for system-
decoded duplex relay model has been investigated from an information
theory viewpoint, in which two sources exchange information via energy
harvested. By considering the time -switching relay (TSR) mechanism, the
TS-based two-way relaying (TS-TWR) protocol has been given by the au-
thors in [31; 57-59].
Next, in [61; 63; 64; 68], careful researches have been conducted on the
noise from secondary uses (SUs) to primary receivers (PTs) and from PTs to
SUs. In cognitive radio networks, the secondary users are not only able to
transfer a packet on a channel licensed to a primary user when the selected
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channel is idle or taken place by the primary user but also harvest RF (radio
frequency) energy from the primary users’ transmissions when the channel
is busy.
Alternatively, in [33; 70; 79] the energy-constrained relay node early that
harvests energy over the radio-frequency (RF) signals sent by the source
node has been investigated.
In this part, we study a decode-and-forward (DF) and amplify-and forward
(AF) relaying systems based on radio energy harvesting and then compare
the performances. From that, we select a proper model to use depending
on specific conditions to obtain the best benefit.

6.1.1 System model

This section shows the Time Switching Relaying (TSR) protocol and investi-
gates the expressions for the outage probability and throughput, which are
derived for the delay-limited transmission mode. Here, we consider the
case in which two antennas at relay collect energy at the same time in the
energy harvesting stage.

FIGURE 6.1: System model of one way full-duplex relaying.

FIGURE 6.2: The parameters of TSR protocol.

As in Fig. (6.1), a proposed model has three nodes. We denote the source
node by S, the destination node by D, and the relay node by R. Two anten-
nas are set up at each node, one antenna is used for the signal transmission
and another one is used for the signal reception. The relay is assumed to

37



Tam Nguyen Kieu
PhD Thesis

be power-constrained equipment, so it could collect energy from the source
signals, and utilizes that power to transmit the information to the destina-
tion. Terms g0, g1, and g2 respectively represent the block-fading channel
gain from the source to the two-antennas relay and the relay to the desti-
nation. Besides, terms l0, l1, and l2 denote the distances from the source to
the two-antennas relay and from the relay to the destination, respectively.
For simplification, we assume l0 = l1. The system mode for TSR protocol is
shown in Fig. (6.2).

The information process is divided into two stages. At first, the energy
is transferred from the source to the relay within an interval of αT, (0 <
α < 1), and the remainder, (1− α)T is employed to convey the information
with α is a time switching factor and T is the duration of on a transmission
block as in [83]. During the energy harvesting stage, the received signal at
the relay node can be expressed as

yR =

√
PS
lm1

(
g0

g1

)
xS + nR, (6.1)

where PS is the source transmit power while m is the path loss exponent.
In this work, we assume a normalized path loss model to show the path
loss degradation effects on system performance. For simplicity, nR and nD
are zero mean additive white Gaussian noise (AWGN) with varianceN and
E
{
nRn

†
R

}
= NI with I is the identity matrix. Regarding the radio energy

harvested at the relay, we get:

Eh = ηαT
Ps(|g1|2 + |g0|2)

lm1
, (6.2)

where η is the energy conversion efficiency.
In the information transfer phase, the following [83], we assume that the
source node transfers the information signal xS to R and R forwards the
signal xR to the destination. The unit energy and zero mean are assumed,
i.e., E

[
|xS |2

]
= 1, E

[
|xR|2

]
= 1 and E [xS ] = 0, E [xR] = 0. So, we receive

the signal at the relay under the self-interference as:

yR =

√
PS
lm1
xS(g1 + g0) +

≺
gr + nR, (6.3)

where
≺
g r is the residual self-interference (RSI) component at R.

In this part, we investigate both AF and DF schemes in the duplex relaying
system. In the AF model, the relay magnifies signal with an amplification
factor:

K−1 =

√
PS
lm1

(|g1|2 + |g0|2) + PR

∣∣∣∣≺gr∣∣∣∣2 +N. (6.4)

For DF model, the relay decodes signal then re-transmits it to the destina-
tion. Hence, it can be better expressed as follows:

xR(i) =

{
K yR[i− τ ] with AF,√
PR
PS
xS [i− τ ] with DF,

(6.5)
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where τ accounts for the time delay due to relay processing.
It is worth seeing thatR uses all of the harvested energy to assist the activity
for the next transmission, so PR is given by

PR =
Eh

(1− α)T
= ρPS

(|g1|2 + |g0|2)

lm1
, (6.6)

where ρ is denoted as ρ = αη
1−α . Therefore, the received signal at the desti-

nation can be expressed as

yD(k) =
g2√
lm2
xr[k] + nD[k]. (6.7)

For AF, we have:

yD (k) =
g2√
lm2
K
√
PR

g1

√
PS√
lm1

xS︸ ︷︷ ︸
signal

+
g2√
lm2
K
√
PR
≺
grxR︸ ︷︷ ︸

RSI

+
g2√
lm2
K
√
PRnR + nD︸ ︷︷ ︸
noise

.

(6.8)
With DF, we obtain:

yD(t) =
√
PRg2xS(t− τ) + nD(t). (6.9)

In the previous results, we determine the instantaneous received SINR atD
over R as

γ =
E
{
|signal|2

}
E
{
|noise|2

}
+ E

{
|RSI|2

} . (6.10)

We get:

γAF =

PS |g1|2|g2|2

lm1 l
m
2

∣∣∣∣≺gr∣∣∣∣2
N |g1|2

ρPR(|g0|2+|g1|2)

∣∣∣∣≺gr∣∣∣∣2 + ρPS(|g0|2+|g1|2)|g2|2
lm1 l

m
2

+N
. (6.11)

Assume that the channel gains |g0|2, |g1|2, |g2|2 are independent and identi-
cally distributed (i.i.d.) exponential random variables.

6.1.2 The Outage Probability and Throughput Analysis

In this section, we compare the outage probability and throughput of the
full-duplex relaying with energy harvesting and information transmission
using AF and DF modes. Based on that analytical expressions, we can eas-
ily see that some factors have an impact on the performance of the system
and we can suggest using this method to deploy them in different situa-
tions.

The outage probability analysis

The outage probability of FD relaying network in the delay-limited mode
is computed in [83]

Pout = Pr (γ ≤ H) , (6.12)
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where R is a target rate and H = 2R − 1.
Proposition 5:
The outage probability of the one way full-duplex relay network with en-
ergy harvesting and AF protocol is given as

PAFout = 1−
∞∫

ρH

2
Nlm1 l

m
2 H

(
t
ρ + 1

)
λsλd (tPS − ρPSH)

K2

2

√√√√
2
Nlm1 l

m
2 H

(
t
ρ + 1

)
λsλd (tPS − ρPSH)

B(t),

(6.13)
where B(t) = (λr − (λr − 1

t )e
− 1
λrtdt, and λs, λd, λr are the mean value of

the exponential random variables g0, g1, g2,,
≺
g r, respectively and K2 (x) is

Bessel function defined as Eq. (8.423.1) in [91].
Proof:
We denote U = X+Y

Y and V = X + Y with X = |g0|2 and Y = |g1|2, where
U and V are established independent random variables. Interestingly, the
joint distribution function of X and Y is expressed as:

fX,Y (x, y) =
1

λ2
S

e
−x+y
λS , (6.14)

and on the other hand, we see that X = UV and Y = V (1 − U). Using
Jacobian transformer (U, V ) back to (X,Y ),

fU,V (u, v) =
v

λ2
S

e
− v
λS .

So we can see clearly that U and V are independent, and U is following the
uniform distribution with pdf : fU (u) = 1, 0 ≤ U < 1 and V is following the
gamma distribution with pdf :

fV (v) =
v

λ2
S

e
− v
λS .

At last, let W = V |g2|2 and T = U
≺
|gr|2

, FW (w) = 2 w
λSλD

K2(2
√

w
λSλD

),

FT (t) = λrt(1 − e−
1
λrt ) is got. From the statistical property of W and T ,

we get:

PAFout = Pr (γAF ≤ H) =

 Pr

(
W ≤

TH
ρ

+H
TPS

Nlm1 lm2
− HρPS
Nlm1 lm2

)
, T > ρH.

1, T < ρH.
(6.15)

We have an expected result after some simple manipulations.
Proposition 6:
The outage probability of the full-duplex relay network with energy har-
vesting and DF protocol is given as:

PDFout = 1− (1− ρλrH(1− e
−1
ρλrH ))× (

∞∫
ρH

2lm1 l
m
2 HN

λsλdρPSH
×K2

(
2
√

lm1 l
m
2 HN

λsλdρPSH

)
.

(6.16)

Proof:
Based on:

PDFout = Pr
{

min
{
T
ρ ,

ρPSW
lm1 l

m
2 N

}
≤ H

}
= 1− Pr(T ≥ ρH) Pr(W ≥ lm1 l

m
2 NH
ρPS

),
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and from the previous result, we get the desired result after some manual
calculations.

The Optimal throughput analysis

As we can see in Proposition 5 and Proposition 6, the outage probability
of the considered model is a function of the distance and noise power N .
In the delay-limited transmission mode, the transmitter is communicating
at a fixed transmission rate R bits/sec/Hz and (1− α)T is the effective
information transfer time. Hence, the throughput of the system is given as:

τ = (1− Pout)R
(1− α)T

T
. (6.17)

Unfortunately, it is hard to derive the optimal throughput mathematically,
but we can get this value by using the numerical method as presented in
the next part.

6.1.3 Simulation results

In this section, we employ the results from the derived analysis to offer the
perception of a variety of design options. The energy switching efficiency
is set to be η = 1, SNR = PS

N = 1dB, the path loss exponent is set to be
m = 3, the time fraction coefficient α is 0.3, the target transmission rate is
R = 3 (bps/Hz). For simplicity, we set λs = λd = 1;λr = 0.1 and l1 = l2 = 1
(except for Fig. (6.3), Fig. (6.4)) as well as N = 0.3 (except for Fig. (6.5) and
Fig. (6.6)). The reason we use these values is simply that if other values are
fixed, these will be the best parameters to make the curves corresponding
to two models asymptotic together.

FIGURE 6.3: Outage probability of AF and DF model versus
distance.
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As we can see from Fig. (6.3) and Fig. (6.4), the outage probability of the
AF model is better than that of DF model and its throughput is better, too.
As close to the middle, the outage probability of DF model is gradually in-
creasing but its throughput is decreasing. The nearer it gets to the S node,
the better the DF model is than that of the AF one but as the distance in-
creases, the contrary happens. This is easy to understand because the noise
had affected the system performance.
Furthermore, from the curves in Fig. (6.3) and Fig. (6.4), we get the cross-
over of two models at l1 = 0.3. The same thing happens in Fig. (6.5) and
Fig. (6.6), i.e., at a low noise regime, the outage probability of DF model
is still better than AF, but at a high noise regime, the AF model is better
than that of the DF model, and we have the cross-over at σ = 0.35. This
is because the noise at the relay node has affected its performance. As a
consequence, we can see that it depends on each practical situation that we
deploy a proper model to achieve the best results.
In this part, the mathematical analysis has shown practical insights into
the effect of different system parameters on the performance of the wire-
less energy harvesting and information transfer employing AF and DF re-
lay nodes. Another interesting thing, the throughput results in this pa-
per represent the upper bound on the realistically attainable throughput.
Moreover, we also find that the DF model outperforms that of the AF one
when the relay is deployed near the S node, i.e., l1 ≤ 0.3 or every place
has N ≤ 0.35. Otherwise, the AF model outperforms the DF model in
delay-limited scheme of full-duplex relaying networks. So, depending on
the perfect equipment as well as the position we have, we can decide to
deploy the proper model to get the best benefit.

FIGURE 6.4: Throughput of AF and DF model versus dis-
tance.
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FIGURE 6.5: Outage probability of AF and DF model versus
N.

FIGURE 6.6: Throughput of AF and DF model versus N.

6.2 A Performance Analysis in The One-Way Full-Duplex
Relaying Network

Energy harvesting (EH) approach based on surrounding radio frequency
(RF) has lately become the advanced approach to prolong the lifetime of
signals wireless systems.
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The authors in [59; 60; 92; 93] have studied the problem of throughput op-
timization in a two-stage energy harvesting in the AF relay network. It is
considered the harvested energy and the fading of system are available.
Moreover, the energy-constrained relay node position matter in an energy-
harvesting network in which the energy harvesting ability of the candidate
positions is given a priority. The object is to deploy a minimal number of
relay nodes, to get connected while making sure that the relay nodes collect
a considerable amount of surrounding energy as in [31; 33; 94; 95].
On the other hand, express in for the outage probability of the relay sup-
ported cognitive system is derived subject to the following energy-constr
-aints: 1) maximum energy that the source and the relay in the SU system
can transfer from the collected power, 2) the peak interference power from
the source and the relay in the SU system at the primary user (PU) system,
and 3) noise energy of the PU system at the relay-assisted SU system, as the
authors took out in [61 - 64].
Therefore, in this part, we study the outage probability and throughput
of the full-duplex relaying network with a new ability of energy harvest-
ing and information transfer. Based on the analytical expressions, outage
probability and throughput are investigated, and depending on the specific
situation, we can select the proper model to get the best outcomes.

FIGURE 6.7: System model of one way full-duplex relaying.

6.2.1 The System Model

As shown in Fig. (6.7), we propose an AF cooperative relaying system,
where the information is transmitted from the source node, S, to the target
node, D, via an energy-constrained intermediate relay node, R. All nodes
are set up with two antennas, one for transmitting the information, another
for receiving data. Assume that there is no direct link between the source
and the destination node so that AF relay supports the communication be-
tween source and destination. Firstly, the AF relay collects energy from the
source signal. After that, it employs the collected energy to forward the
information to the destination. The distances between S → R of two anten-
nas and R→ D are denoted by d0, d1 and d2, respectively.
Assume that the residual self-interference (RSI) channel at R, denoted by f ,
still exists because the interference cancellation mechanism is not perfect.
The model utilized in this study is Time Switching Relaying (TSR) protocol
as illustrated in Fig. (6.8).
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FIGURE 6.8: Illustration of the parameters of TSR protocol.

From Fig. (6.8), we can see that there are two phases to process the informa-
tion. First, the energy is transmitted from the source to the relay during an
interval of length αT, (0 < α < 1) and next, an interval of length (1− α)T
is used to transfer information, where α is a time switching factor, and T is
the duration of transmission block.
In the energy harvesting phase, at the relay, we get the received signal as

yR =

√
PS
dm0

h0xS + nR, (6.18)

where PS is source transmit power, nR is the additive white Gaussian noise
at R with the variance of σ2

r and zero-mean. In this paper, we study two
antennas configurations at R.

Only One Antenna Is Used to Collect Energy, Another Is Used for Trans-
ferring Information

Following [31], the harvested energy at the relay is given as

Eh = ηαT
Ps|h0|2

dm0
, (6.19)

where m is denoted the path loss exponent, η is the energy conversion ef-
ficiency, the channel gains are h0, h1, h2 as in Fig. (6.7). Assume that xS is
the signal transmitted from S to R and xR is the signal transmitted from R
to the destination. For simplicity, we assume they have the unit energy and
zero–mean, i.e., E

[
|xj |2

]
= 1 and E [xj ] = 0, j ∈ {S,R}, respectively. we

can write the signal at the relay as in [83]:

yR =

√
PS
dm0

xSh0 + fxR + nR. (6.20)

Now, assume that yR is received at R and in the next time slot, R uses the
harvested energy to amplify yR. So, xR is written as:

xR = KO

√
PRyR, (6.21)

where KO is the amplification factor at R.
Following [41], we have:

K−1
O =

√
PS
dm0
|h0|2 + PR|f |2 + σ2

r . (6.22)
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Because R uses all harvested energy and to assist the next information
transfer, PR can be expressed as:

PR =
Eh

(1− α)T
= µPS

|h0|2

dm0
, (6.23)

where µ ∼= αη
1−α and

yD =
h2√
dm2

xR + nD, (6.24)

where nD is the Gaussian noise at D with variance of σ2
d = σ2

r = N and
zero-mean.

By substituting Eq. (6.21), Eq. (6.31), Eq. (6.32) into Eq. (6.30), we get:

y0
D =

h2√
dm2

KO

√
PR

h0

√
PS√
dm0

xS︸ ︷︷ ︸
signal

+
h2√
dm2

KO

√
PRfxR︸ ︷︷ ︸

RSI

+
h2√
dm2

KO

√
PRnR + nD︸ ︷︷ ︸

noise

.

(6.25)
On the other hand, the instantaneous received SINR at S over R is calcu-
lated as

γ =
E
{
|signal|2

}
E
{
|noise|2

}
+ E

{
|RSI|2

} . (6.26)

After some simple calculations, a new formula is obtained:

γO =

PS |h0|2PR|h2|2

dm0 d
m
2 PR|f |

2

NPS |h0|2

PR|f |2dm0
+ PR|h2|2

dm2
+N

, (6.27)

where the channel gains |h0|2 and |h2|2 are independent and identically dis-
tributed (i.i.d.) exponential random variables.

Both Antennas Are Utilized to Harvest energy, But Only One Is Used to
Transmit The Information

Similar to the previous section, terms d1, and h1 denote the distance from
the source to the relay as well as the fading channel gain of a link between
the source and the remaining antenna at the relay. For simplicity, we as-
sume d0 = d1, and E

{
nRn

†
R

}
= NI where I is the identity matrix. The

received signal at the relay can be written as

yR =

√
PS
dm0

(
h0

h1

)
xS + nR, (6.28)

and

Eh = ηαT
Ps(|h0|2 + |h1|2)

dm0
. (6.29)

So, the signal at R can be rewritten as:

yR =

√
PS
dm0

xS(h0 + h1) + fxR + nR, (6.30)
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with

K−1
T =

√
PS
dm0

(|h0|2 + |h1|2) + PR|f |2 +N, (6.31)

and

PR =
Eh

(1− α)T
= µPS

(|h0|2 + |h1|2)

dm0
. (6.32)

By substituting Eq. (6.21), Eq. (6.31), Eq. (6.32) into Eq. (6.30), after some
calculations, we obtain:

yTD =
h2√
dm2

KT

√
PR

h0

√
PS√
dm0

xS︸ ︷︷ ︸
signal

+
h2√
dm2

KT

√
PRfxR︸ ︷︷ ︸

RSI

+
h2√
dm2

KT

√
PRnR +D︸ ︷︷ ︸

noise

,

(6.33)
where D = nd. Of course, a new formula can be obtained from Eq. (6.26)
and Eq. (6.33)

γT =

PS |h0|2|h2|2

dm0 d
m
2 |f |

2

N |h0|2

µPR(|h1|2+|h0|2)|f |2 + µPS(|h1|2+|h0|2)|h2|2
dm0 d

m
2

+N
. (6.34)

6.2.2 Outage Probability and Throughput Analysis

In this section, we consider the outage probability and throughput of full-
duplex relaying which employs energy harvesting and information trans-
fer. Based on analytical results, the outage probability and throughput of
two models are given. Next, we can find which model is better than the
other to apply them properly.

Outage Probability Analysis

The FD relaying network outage probability is computed in [48]

Pout = Pr (γ ≤ Z) , (6.35)

where we define R as the target transmission rate and Z = 2R − 1.
Proposition:
The single-antenna outage probability is found as:

POout = Pr


PS |h0|

2PR|h2|
2

dm0 dm2 PR|f |2

NPS |h0|2

PR|f |2d
m
0

+
PR|h2|2
dm2

+N
< Z

 = 1−
1/µZ∫

0

2

√
dm0 d

m
2 Z
(
N
µ

+Ny
)

λsλd(PS−µPSZy)

×K1

(
2

√
dm0 d

m
2 Z
(
N
µ

+Ny
)

λsλd(PS−µPSZy)

)
1
λr
e−

y
λr dy,

(6.36)
where λs, λd, λr are the mean value of the exponential random variables
h0, h1, h2,, f , respectively andK1 (x) is Bessel function defined as Eq. (8.423.1)
in [49].
Proof:
We define x = |h0|2|h2|2 and y = |f |2, then we obtain:

POout =

 Pr

{
x <

dm0 d
m
2 Z
(
N
µ

+Ny
)

PS−µPSZy

}
, y < 1

µZ .

1, y > 1
µZ .

(6.37)
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The cumulative distribution function of x can be calculated easily by

Fx (a) = Pr (x < a) = 1− 2
√
a/λsλdK1

(
2
√
a/λsλd

)
, (6.38)

and y can be described with probability distribution function
fy (b) = (1/λr) e

(b/λr). Finally, the Proposition is obtained through some
simple calculations.
Proposition:
The outage probability of the two-antenna protocol is derived as:

P Tout = 1−
∞∫

µZ

2
Ndm0 d

m
2 Z

(
t
µ + 1

)
λsλd (tPS − µPSZ)

K2

2

√√√√
2
Ndm0 d

m
2 Z

(
t
µ + 1

)
λsλd (tPS − µPSZ)

B(t),

(6.39)
where B(t) = (λr − (λr − 1

t )e
− 1
λrtdt

Proof:
We define M = X+Y

Y and N = X + Y when X = |h0|2 and Y = |h1|2. So,
M and N are also random variables. We can express the joint distribution
function of X and Y as:

fX,Y (x, y) =
1

λ2
S

e
−x+y
λS . (6.40)

Alternatively, we find that X = MN and Y = N(1−M).
By utilising Jacobian transformer (M,N) on to (X,Y ), we get

fM,N (m,n) =
n

λ2
S

e
− n
λS .

We can see clearly that M and N are independent, and M is following the
uniform distribution with pdf fM (m) = 1, 0 ≤ M < 1 and N is following
the gamma distribution with pdf ,

fN (n) =
n

λ2
S

e
− n
λS .

Finally, let W = N |g2|2 and T = M
|f |2 , we easily obtain:

FW (w) = 2 w
λSλD

K2(2
√

w
λSλD

), FT (t) = λrt(1− e−
1
λrt ).

From the statistical property of W and T , we have:

P Tout = Pr
(
γT ≤ Z

)
= Pr

W ≤ TZ
µ + Z

TPS
Ndm0 d

m
2
− ZµPS

Ndm0 d
m
2

 , T > µZ, (6.41)

The expected result is achieved after some simple manipulations.

Optimal Throughput Analysis

Following the above Proposition, the outage probability of two models,
where the relay harvests energy from the source signal and employs that
energy to amplify and forward the signal to the destination is a function of
the energy harvesting time factor α, and changes when α raises from 0 to
1. In the delay-limited transmission mode, the transmitter communicates

48



Tam Nguyen Kieu
PhD Thesis

at a fixed transmission rate R(bits/sec/Hz) and (1− α)T is the effective
transmission time. So, the throughput of the system is defined as in [31]:

τ = (1− Pout)R (1− α) . (6.42)

Unfortunately, it is hard to get the maximal throughput mathematically, but
we can get it by using numerical algorithms as introduced in the following
section.

6.2.3 Numerical Results

In this section, we utilize the derived analytical results to find the optimal
outage probability and throughput. We put the source transfer rate R =
3 (bps/Hz). The energy conversion efficiency is set to be η = 0.4 (except for
Fig. (6.17), Fig. (6.18)), the SNR = Ps

N = 5 dB, the path loss exponent is set
to be m = 3. For simplicity, we set the distance d0 = d2 = 1 (except for
Fig. (6.9), Fig. (6.10)). Also, we set λs = λd = 1;λr = 0.1, the noise power
N = 0.1 (except for Fig. (6.11), Fig. (6.12)), as well as the time switching
factor α is set to 0.3 (except for Fig. (6.15), Fig. (6.16)).

FIGURE 6.9: Outage probability of AFT and AFO model
versus distance.

It can be seen from Fig. (6.9) that the outage probability of the single-antenna
model decreases when relay position is far away from the source and it gets
the worst value at the midway between S and R. But for two-antenna con-
figuration, the contrary thing happens. it means as far the source is, as good
its outage probability gets. And it obtains the optimal value at the midway.
The outage probability of single-antenna configuration is better than that of
two-antenna configuration for d0 ≤ 0.5 or ≥ 1.5, but for d0 ≥ 0.5 or ≤ 1.5,
things are reversed. It is easy to understand because the farther the relay
is from the source or the destination, the smaller the transmit power is. So,
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the two antennas can collect more energy to make the information transfer
easier. But, if the transfer energy is big, i.e., the relay is near to the source
or the destination, the redundant amount of energy is harvested, which is
harmful because it makes the powerful loop back interference, this leads to
the degrade of system performance. There is a cross over at d0 = 0.5 or
d0 = 1.5 and at these points, the outage probability of two models is equal.

FIGURE 6.10: Throughput of AFT and AFO model versus
distance.

This is compatible with Fig. (6.10), meaning that at any point that a model
has its the outage probability better than, its throughput is better than the
other, too. Here, we also have the intersection point of two models being
the same as the previous figure. As analysed, when the delay is close to
the source or the destination, the performance of a simple-antenna config-
uration is better than that of two-antenna one. When the relay is far from
the source or the destination, the two-antennas mode configuration takes
advantage of the other.
Fig. (6.11), Fig. (6.12) reveal that the outage probability and throughput of
the two-antenna configuration are better than that of single-antenna config-
uration. When σ increases, the performance of two-antenna configuration
is enhanced, while the performance of single-antenna configuration is de-
graded.
As your observation, Fig. (6.13) examines the impact of the rate R on the
outage probability of two models. When R increases, the outage proba-
bilities of two antennas model decrease. However, the contrary situation
happens with a single-antenna configuration. This happens because when
R increases, more energy is harvested by the relay, which affects the perfor-
mance. It is noted that two-antenna configuration is normally better than
that of single-antenna configuration.
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FIGURE 6.11: Outage probability of AFT and AFO model
versus N.

FIGURE 6.12: Throughput of AFT and AFO model versus
N.

In practice, Fig. (6.14) gives us the fact that intuitively, according to Eq. (6.45),
the smaller the transfer rate is, the smaller the throughput is. When the
transfer rate is big, the outage probability raises dramatically, which again
decreases the throughput. So, for certain transfer energy, there is an exis-
tence of a transfer rate that provides the optimal throughput.
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FIGURE 6.13: Throughput of AFT and AFO model versus
R.

FIGURE 6.14: Throughput of AFT and AFO model versus
R.

Pleasantly, we find that the optimal transfer rate of the two-antenna config-
uration is better than that of the single-antenna configuration. This could
be explained easily because the loop back interference in two-antenna con-
figuration and the more harvested energy help it achieve better outage and
throughput performance than that of a single-antenna configuration for any
fixed transfer rate.
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Furthermore, Fig. (6.15) shows the outage probability curves versus the
time switching factor α. For two-antenna configuration, the smaller α is,
the better its outage probability gets. But as observed, the single-antenna
outage probability has a reverse trend.

FIGURE 6.15: Throughput of AFT and AFO model versus
α.

FIGURE 6.16: Throughput of AFT and AFO model versus
α.
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FIGURE 6.17: Throughput of AFT and AFO model versus
η.

FIGURE 6.18: Throughput of AFT and AFO model versus
η.

And as we can see in Fig. (6.16), the throughput of the two-antenna config-
uration matched the analysis beforehand. The throughput of singe-antenna
is different, it gets a better performance when α are smaller. This is because
when the values of α is small, there is more time for information transfer.
So, smaller values of throughput are got at the destination node because
its outage probability increases very much, i.e., the system may stop easily.
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As a result, it is noted that the two-antenna configuration outperforms the
single-antenna configuration. Furthermore, from the curves of Fig. (6.17),
the smaller η is, the greater but the outage probability of two-antenna con-
figuration gets but the reserve thing happens with the single-antenna con-
figuration. An illustrated 1n Fig. (6.18), we can see an interesting thing
that their throughput is unchanged. It is easy to know because the noise
at the relay impacted on their performances. As a consequence, depending
on each practical situation, we can deploy a proper model to achieve the
best results. In this part, we have investigated the outage probability and
throughput of FD relaying system with RF energy harvesting. Depending
on the number of antennas employed at the relay in the energy harvesting
stage, two different models have been considered. In both two cases, ana-
lytical expressions were derived for outage probability and throughput of
network. Based on that, the performance of two models depends on the
time switching factor, the noise power, the relay position, the transfer rate
as well as the energy conversion efficiency was studied. It was illustrated
that using both antennas for energy harvesting is always profitable, and the
throughput is higher when source transferred energy is small.
Furthermore, comparing two configurations, our results imply that the two-
antenna configuration can really promote the network throughput with the
previously considered cases. So, it is a promising solution for executing the
future RF energy harvesting cooperative networks.

6.3 A Performance Analysis of DF Model in the En-
ergy Harvesting Half-duplex and Full-Duplex Re-
lay Networks

The EH structure has been developed as a promising method, which is
suitable for the radio cooperative network as well as the sensor systems
to operate in the ambient environment that has limited resources. The ap-
plication of energy collectors, which can replace the normal power sources,
in wireless cooperative communication has also been considered. For the
illustrative purpose, the basic three-node Gaussian relay channel with DF
relaying, in which the source and relay nodes transmit the information us-
ing the energy harvested from the EH sources has been investigated in [33;
78; 96; 97].
Moreover, the technology of radio frequency energy collecting is a worth-
expecting model to sustain the activities of the wireless networks. For in-
stance, in a cognitive radio network, a secondary user can be equipped with
the RF energy harvesting function. Such a network where the secondary
user can access the channel to transmit information or to collect RF energy
when the selected channel is available or being used by the primary user,
respectively, has also been studied in [57; 59; 60].
In practice, the authors in [61; 88] had given the problem of energy-constrai
-ned relay node in an energy-harvesting network and then solved it.
On the other hand, the transmission of energy and information from the
source node to the relay node is executed by two methods, i) the TSR and
ii) the power splitting-based relaying (PSR). It has also been considered in
[38; 82], too.
The authors in [80; 89] considered the employment of collective energy, in
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place of traditional power sources, in wireless communication systems. The
classic three-node Gaussian relay channel with decode-and-forward (DF)
relaying, in which the source and relay nodes transfer using energy har-
vested from energy-harvesting sources has been studied.
Furthermore, a wireless-energized cooperative communication system com-
prising one hybrid access-point (AP), one source, and one relay has been
investigated. In contrary to common cooperative networks, the source and
relay in this considered network do not have their own power supply. They
must rely on energy collected from the source signals for their information
transmission as in [76; 77; 85; 87].
On the other hand, an energy collecting cognitive radio (CR) network that
operates in a slotted scheme, where the secondary user (SU) does not have
power supply and is used energy harvested from the surroundings, was ex-
amined. The SU can only employ either energy collecting, spectrum sens-
ing or information transfer at a time because of hardware restriction such
that a time frame is partitioned into three non-overlapping parts, as the au-
thors revealed in [62- 64].
So, in this paper, we consider the outage probability and throughput of the
full-duplex (FD) relaying network with a new capacity of energy collecting
and information transfer. Based on the analytical expressions, their outage
probability and throughput are studied from that depending on each prac-
tical condition, we can employ which model to achieve the most profit.
In this section, we examine a radio HD relaying and FD relaying system ap-
plying TSR protocol to perform the simultaneous wireless information and
power transfer (SWIPT) scheme in order to optimize the outage probability
and throughput.
The main content of this section is summarized. By comparing two tech-
niques of FD and HD relaying, our results show that based on the method
we used, we could evaluate the impact of the relay to determine optimal
outage probability and maximal throughput for an appropriately optimized
network.

FIGURE 6.19: The Frame diagram of TSR system.

6.3.1 Network Model

As observed in Fig. (6.19), we study a DF cooperative system, where the
data is transferred from the source node, called, S, to the destination node,
called, D, through an immediate relay node, R. Every node has two anten-
nas, one for transmitting the information, the rest for receiving information.
Assuming that between S and D, there does not exist of the contact link, due
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to the far distance. Therefore, that DF relay helped the direct connection be-
tween them. In the beginning, the DF relay harvests energy from the source
signal, and then, that collected energy is used to forward the information to
the destination d0, d1 and d2 are denoted for the distance between S → R
(two-antennas) and R→ D.

FIGURE 6.20: Illustration of the parameters of TSR protocol:
(a) The full-duplex model, (b) The half-duplex model.

Assuming that due to the imperfect interference cancellation structure is
perfected, the residual self-interference (RSI) channel at R exists and is de-
noted by f . With the TSR model in Fig. (6.20), the communication proce-
dure is split into two stages. At first, energy is transmitted from the source
and the relay in an interval of αT, (0 < α < 1) and in the second stage, in the
case of the full-duplex model, the remaining time (1− α)T is used to trans-
mit data, and in the case of the half-duplex, an interval of (1− α)T/2 for the
data receiving at the relay and the remaining time of length (1− α)T/2 is
used for transferring information from R to D in which α is time switching
factor and T is the duration of one transmission block.

6.3.2 The Full-Duplex Relaying Model

In this section, two-antenna configuration at R are investigated.

Only One Antenna Is Utilized to Harvest Power, The Other Is Utilized to
Transmit Information

From the energy harvesting scheduling, the received data at the relay is
given as:

yRFD =

√
PS
dm1

h1xS + nR, (6.43)
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where PS is source transmitted energy, nR is the additional white Gaussian
noise at R with zero-mean and variance of σ2

R.
The harvested energy at the relay is given by [82]:

Eh = ηαT
PS |h1|2

dm1
, (6.44)

where m is the path loss exponent, η is the energy conversion efficiency,
h0, h1, h2 are the channel gain factors of the source-relay (two-antenna) link
and the relay-destination link, respectively.
In the information transfer phase, suppose that the source node transmits
signal xS to R and R return the data xR to the destination node. These
signals are assumed to have unit energy and zero–mean, i.e., E

[
|xj |2

]
= 1

and E [xj ] = 0, xj , j ∈ {S,R} as in [83]. So, the received data at the relay
under residual self-interference is given as

yRFD =

√
PS
dm1

xSh1 + fxR + nR. (6.45)

It is widely known all energy harvested is used to support the information
in the next stage, so the transmit power by relay is given by

PRFD =
Eh

(1− α)T
= ρPS

|h1|2

dm1
, (6.46)

where ρ is defined as ρ = αη
1−α .

Then, we get the signal at the destination node:

yDFD =
h2√
dm2

xR + nD, (6.47)

where nD is the additional white Gaussian noise at destination node with
zero-mean and variance of σ2

D = σ2
R = σ2, for simplicity. Following [38],

we have:

xRFD =

√
PR
PS

xR(i− τ). (6.48)

By substituting Eq. (6.46), Eq. (6.48) into Eq. (6.47), we get the received sig-
nal at the destination node as

yDFD =
h2√
dm2

(√
PR
PS

xR(i− τ)

)
+ nD. (6.49)

Through some simple calculations, we get the new formula as:

γFDODF = min

(
1

ρ|f |2
,
ρPS |h1|2|h2|2

dm1 d
m
2 σ

2

)
. (6.50)

Assume that the channel gains |h0|2, |h1|2, |h2|2 are independent and iden-
tically distributed (i.i.d.) exponential random variables.
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Both Antennas Are Used to Collect Energy, But Only One Is Utilized to
Transfer The Information

Same as previous section, terms d0, and h0 denote the distance from the
source to the relay as well as the fading channel gain of the receiving an-
tenna at the relay. To simplify the issue, we assume: d0 = d1, andE

{
nRn

†
R

}
=

σ2I where I is identity matrix. The received signal at the relay can be found
as

yR =

√
PS
dm1

(
h0

h1

)
xS + nR, (6.51)

and

Eh = ηαT
Ps(|h0|2 + |h1.|2)

dm1
. (6.52)

So, the signal at R can be rewritten as

yR =

√
PS
dm1

xS(h0 + h1) + fxR + nR, (6.53)

where

PR =
Eh

(1− α)T
= ρPS

(|h0|2 + |h1|2)

dm1
. (6.54)

By using Eq. (6.49), a new formula can be obtained:

γTDF = min

{
|h1|2

ρ|f |2(|h1|2 + |h0|2)
,
ρPS(|h1|2 + |h0|2)|h2|2

dm1 d
m
2 σ

2

}
. (6.55)

6.3.3 The Half-duplex Relaying

Equivalent to the full-duplex model, in the half-duplex, we have:

yRHD =

√
PS
dm1

h1xS + nR, (6.56)

and

PRHD = 2ρPS
|h1|2

dm1
. (6.57)

After that, the received data at the destination is given as

yDHD =
h2√
dm2

xR + nD. (6.58)

By the same calculation method as above, we get:

γHDDF = min

(
PS |h1|2

dm1 σ
2
,
2ρPS |h1|2|h2|2

dm1 d
m
2 σ

2

)
. (6.59)

So, we examine the outage probability and the throughput of the half-
duplex and full-duplex relaying networks with simultaneous energy col-
lecting and information transmission. Based on analytical expressions, the
outage probability and throughput of two models are investigated thor-
oughly.
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The Outage Probability Analysis

The outage probability of the relaying system in the delay-limited transmis-
sion mode is computed as

Pout = Pr (γ ≤ Z) , (6.60)

where R is the target transmission rate and Z = 2R − 1.
Proposition:
The outage probability of the energy harvesting enabled one-way full-duplex
relay network with DF protocol is derived as:

PDFOout = 1−
(

1− e
1

ρλrZ

)(
2

√
σ2dm1 d

m
2 Z

ρλsλdPS

)
K1

(
2

√
σ2dm1 d

m
2 Z

ρλsλdPS

)
, (6.61)

where λs, λd, λr are the mean values of the exponential random variables
h1, h2, f , respectively andK1 (x) is the Bessel function denoted as Eq. (8.423.1)
in [49].
Proof:
The cumulative distribution function of x is computed by

Fx (b) = Pr (x ≤ b) = 1− 2
√
b/λsλdK1

(
2
√
b/λsλd

)
, (6.62)

and y can be modeled with the probability distribution function fy (c) =
(1/λr) e

(−c/λr).
We define x = |h1|2|h2|2 and y = |f |2, from Eq. (6.50), Eq. (6.60), we get:

PDFOout = Pr

(
min

(
1

ρy
,
ρPSx

dm1 d
m
2 σ

2

)
≤ Z

)
. (6.63)

Then

PFDFout = 1− Pr
(

1

ρy
≥ Z

)
Pr

(
ρPSx

dm1 d
m
2 σ

2
≥ Z

)
, (6.64)

where Pr
(

1
ρy ≥ Z

)
= Pr

(
1
ρZ ≥ y

)
=

1
ρZ∫
0

fy(t)dt = 1
λr

1
ρZ∫
0

e−
t
λr dt,

and Pr
(

ρPSx
dm1 d

m
2 σ

2 ≥ Z
)

= 1− Pr
(
x ≤ Zdm1 d

m
2 σ

2

ρPS

)
= 1− Fx

(
Zdm1 d

m
2 σ

2

ρPS

)
.

Based on Eq. (6.62), we obtain our desired result after some algebras, then
the proof of Proposition is computed
Proposition:
The outage probability of the two-antennas protocol is given as:

PDFTout = 1− (1− ρλrZ(1− e
−1
ρλrZ ))× (

2dm1 d
m
2 ZN

λsλdρPS
)×K2

(
2
√

dm1 d
m
2 ZN

λsλdρPS

)
,

(6.65)
where K2 (x) is Bessel function denoted as (8.423.1) in [49].
Proof:
We denote M = X+Y

Y and N = X + Y with X = |h0|2 and Y = |h1|2, where
M and N are built independent random variables. Now, we can illustrate
the joint distribution function of X and Y as:

fX,Y (x, y) =
1

λ2
S

e
−x+y
λS , (6.66)
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alternatively, we see thatX = MN and Y = N(1−M). Employing Jacobian
transformer (M,N) on to (X,Y ),

fM,N (m,n) =
n

λ2
S

e
− n
λS . (6.67)

It is obvious that M and N are independence, and M is set to follow the
uniform distribution with pdf , fM (m) = 1, 0 ≤ M < 1, and N is set up
following the gamma distribution with pdf :

fN (n) =
n

λ2
S

e
− n
λS . (6.68)

At last, let W = N |h2|2 and T = M
|f |2 , it is easy to get:

FW (w) = 2 w
λSλD

K2(2
√

w
λSλD

), FT (t) = λrt(1 − e−
1
λrt ). From the statistical

property of W and T , we obtain:

PDFTout = Pr
{

min
{
T
ρ ,

ρPSW
dm1 d

m
2 σ

2

}
≤ Z

}
= 1− Pr(T ≥ ρZ) Pr(W ≥ dm1 d

m
2 σ

2Z
ρPS

).

(6.69)
A desired result is achieved after some uncomplicated manipulations.
Proposition:
The outage probability of HD DF relaying networks is given by

PHDFout = 1− e
σ2dm1 z

λsPS
− dm1

2λdρ − 1

λd

dm2
2ρ∫

0

e
σ2dm1 dm2 z

2ρλsPSt e
− t
λd dt. (6.70)

Proof:
From Eq. (6.59), Eq. (6.60), we get:

PHDFout = Pr

(
PS |h1|2

dm1 σ
2

min

(
1,

2ρ|h2|2

dm2

)
≤ Z

)
. (6.71)

For the time being, by conditioning on t = min
(

1, 2ρ|h2|2
dm2

)
, we havePHDFout =

1− e
σ2dm1 Z

λsPSt . Averaging over t supplies the expected result.

The throughput analysis

In the above Proposition, the outage probability of two models, in which
the relay collects energy from the source data and utilizes that energy to
decode and transmit the information to the destination is a function of the
energy harvesting time factor α and varies when α raises from 0 to 1. In
the delay-limited transmission mode, the transmitter is sending at a fix rate
R bits/sec/Hz and (1− α)T is the effective communication time. So, the
throughput of the FD model is given as{

τODF =
(
1− PDFOout

)
R (1− α).

τTDF =
(
1− PDFTout

)
R (1− α) .

(6.72)

Also, the throughput of the HD system is given as

τHD =
(
1− PHDFout

)
R

(1− α)

2
. (6.73)

Unfortunately, it is difficult to calculate the maximal throughput mathemat-
ically, but we can achieve such value by the numerical analysis as demon-
strated in the next part.
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6.3.4 Numerical Results

In this part, by using Matlab, we visualize the critical results in investiga-
tion of outage probability as well as throughput of two DF models. We
fix the source transmission rate R = 3 (bps/Hz) (except for Fig. (6.27),
Fig. (6.28), Fig. (6.33), Fig. (6.34)), α = 0.3 (except for Fig. (6.35), Fig. (6.36))
and so the outage SINR threshold is given by Z = 2R − 1. The energy con-
version efficiency is fixed to be η = 0.4 (except for Fig. (6.23), Fig. (6.24)),
the path loss exponent is fixed to be m = 3. For simplicity, we set the dis-
tance d1 = d2 = 1 (except for Fig. (6.21), Fig. (6.22), Fig. (6.29), Fig. (6.30)).
Also, we set λs = λd = 1;λr = 0.1 and PS(dB) = 20, σ2 = 0.1 (except for
Fig. (6.25) and Fig. (6.26), Fig. (6.31), Fig. (6.32)). These values are chosen
because they make curves nearly asymptotic together.

FIGURE 6.21: The outage probability of FD and HD model
versus d1.

Fig. (6.21) shows the outage probability concerning with respect to the relay
position. In the simulation, we assume d1 + d2 = 2, and d1 varies from 0 to
2. As shown in Fig. (6.21), the best outage probability is got when the relay
is located near to the source or destination of the FD model. The suggested
FD model gets the worst outage probability at midway. Furthermore, in
Fig. (6.21) implies that half-duplex mode gets the outage probability better
than that of the FD model when d1 ≤ 0.6, i.e., the relay is deployed close to
the source. Otherwise, when d1 ≥ 0.6, the outage performance of FD mode
is better than that of the HD model. Their curves have the intersection at
d1 = 0.6. This is uncomplicated to explain because when d1 increases, d2

decreases and from Eq. (6.61), Eq. (6.70), we get this result.
As observed in Fig. (6.22), the throughput of full-duplex mode is greater
than that of the half-duplex one, as its outage probability is less than that of
HD one. We have this fact: when d1 increases, PRHD and PRFD decrease,
PHDout and PFDout decrease but not enough to make τHD better than τFD, as
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described in Eq. (6.72) and Eq. (6.73).

FIGURE 6.22: The throughput of FD and HD model versus
d1.

FIGURE 6.23: The outage probability of FD and HD model
versus η.
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FIGURE 6.24: The throughput of FD and HD model versus
η.

FIGURE 6.25: The outage probability of FD and HD model
versus σ.

As described in Fig. (6.23), Fig. (6.24), η can affect the outage probability
and throughput of both models. In Fig. (6.23), when η ≤ 0.2, the higher
the η is, the worse the HD outage probability gets. This model achieves the
worst value as η ∈ (0.2, 0.3). If η prevails over this space, the higher the η is,
the better the HD outage probability turns out. Meanwhile, for bigger η, the
FD outage probability is worse. This problem is not hard to explain. When
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η is big, more power is used to transfer the signal to the destination, so the
HD outage probability gets the better. On the contrary, for FD mode, high
power at the relay makes the noises operation. Hence its outage probability
turns worse.

FIGURE 6.26: The throughput of FD and HD model versus
σ.

FIGURE 6.27: The outage probability of FD and HD model
versus R.

This matter is illustrated in Fig. (6.24), the higher η, the better the HD
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throughput gets, but for FD mode, the circumstance is reserved. It is ob-
servable that two models have the intersection point at η = 0.6.
Fig. (6.25), Fig. (6.26) expose that the loop back interference has an effect on
system performance. In this case, when σ ≤ 0.5, the FD outage probability
is better than one of the HD modes. When σ ≥ 0.5, everything occurs dif-
ferently. In both cases, the FD throughput is always better than that of the
HD model. This also proves that the noise at the relay has a huge effect on
system operation.

FIGURE 6.28: The throughput of FD and HD model versus
R.

Besides, Fig. (6.27), Fig. (6.28) show the plots of outage probability and
throughput of two modes versus the achievement rate R. As we can see
in Fig. (6.27), as higher R, the outage probability of the FD model is down-
ward, meanwhile, the HD outage probability is increasing. When R ≤ 2,
the FD outage probability is better than the HD one, but this is reserved as
R ≥ 2. Eq. (6.61), Eq. (6.70), Eq. (6.72), Eq. (6.73) verify this each.
On the other hand, Fig. (6.28) is also suitable for the above issue, it means
the better outage probability gets, the better the throughput obtains. We
have the crossover of their throughput at R = 3.
It can be seen from Fig. (6.29), the outage probability of one model de-
creases when relay position is as far away from the source, and it gets the
worst value at the midway between S and D. The outage probability of
simple-antenna configuration is better than that of two-antennas configu-
ration when d1 ≤ 0.25 or ≥ 1.75. But when d1 ≥ 0.25 or ≤ 1.75, this is on
reserve. It is easy to explain because the farther the relay is from the source
or the destination, the smaller the transmit power is. So, the two-antenna
configuration can harvest more energy to carry out the information transfer,
easily. But, if the transmit energy is large, i.e., the relay is close to the source
or the destination, an unwanted amount of energy is collected, which is
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harmful because it creates a strong loop back interference, which reduces
the system performance.

FIGURE 6.29: Outage probability of DFT and DFO model
versus d1.

FIGURE 6.30: Throughput of DFT and DFO model versus
d1.

67



Tam Nguyen Kieu
PhD Thesis

FIGURE 6.31: Outage probability of DFT and DFO model
versus σ.

FIGURE 6.32: Throughput of DFT and DFO model versus
σ.

Fig. (6.30) shows that where the outage probability of the FD mode is better
than, their throughput is better than the throughput of HD mode, too. As
observed, when the relay is close to the source or the destination, perfor-
mance of simple-antenna configuration is better than that of two antennas
one, as the relay is far from the source or the destination, the two-antenna
one outperforms the other one. Fig. (6.31), Fig. (6.32) show that the outage
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probability and throughput of two-antenna configuration are better than
that of single-antenna configuration. The bigger σ, the worse their perfor-
mance. They get the worst value when noise is at the greatest point. This
is easy to understand because a higher noise level, can make more harmful
power, which causes interference to the transmission signal.

FIGURE 6.33: Outage probability of DFT and DFO model
versus R.

FIGURE 6.34: Throughput of DFT and DFO model versus
R.
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Moreover, Fig. (6.34) leads to the fact that visually, smaller transfer rate,
is corresponding to smaller throughput; it gets the best value at R = 3.
When the transmission rate ≥ 3, the outage probability raises dramatically,
which again decreases the throughput. Easily, we note that the throughput
of the two-antenna configuration is better than that of the simple-antenna
configuration. This could be explained easily because of the loop back inter-
ference in two-antenna configuration and more transmission energy makes
attaining the better outage probability and throughput performance than
that of single-antenna configuration for any fixed transmission rate.

FIGURE 6.35: Outage probability of DFT and DFO model
versus α.

As observed, Fig. (6.35), which affects the curves change depending on the
time switching factor α, which affects the performance of systems. When
α = 0.2, for single-antenna configuration, the bigger α is, the worse outage
probability gets. It gets the best value at α = 0.2. However, for two-antenna
configuration, as much α as good its outage probability gets. It is also no
difficult to understand, the noise they get to convert a greater amount of
energy, which is enough to help it to overcome the drawback of the power
splitting initially.
As we can see in Fig. (6.36), the throughput of the two-antenna configura-
tion matches the analysis as mentioned for Fig. (6.35), and the throughput
of single-antenna configuration does, either. It gets the best value when
α = 0.2. For the two-antenna configuration, the best value obtained at
α = 0.3. As a result, it is noted that the two-antenna configuration outper-
forms that of a single-antenna configuration.

70



Tam Nguyen Kieu
PhD Thesis

FIGURE 6.36: Throughput of DFT and DFO model versus
α.

In this part, we make the comparison between the half-duplex and full-
duplex relaying networks with radio energy harvesting and data exchange
protocol, in which a power-constrained relaying node harvests energy from
the received RF signal and utilize that energy to decode and transmit the
data to the destination. Thus, their operation is also compared. To recog-
nize the best communication scheme, the analytical expressions for outage
probability and throughput in TSR protocol can be derived and then veri-
fied by the Matlab simulation.
As expected, the simulations show that the full-duplex mode outperforms
the half-duplex one in some cases. In another case, the HD relaying system
could be better than that of the FD one. Also, we see that the performance of
the two-antenna configuration is better than that of a single-antenna config-
uration. So, based on our practical circumstance, we can determine which
model should be used to achieve the best benefit. The numerical analysis
in this article has also provided a practical vision to the impact of various
system parameters on the performance of wireless energy harvesting and
information transfer using DF relays nodes.

6.4 Analysis of MRT/MRC Diversity Techniques to En-
hance the Detection Performance for MIMO Sig-
nals in Full-Duplex Wireless Relay Networks with
Transceiver Hardware Impairment

In recent years, multiple-input multiple-output (MIMO) communication
systems have greatly attracted attention in both academia and industry be-
cause of their capability to boost up the system capacity [97]. In MIMO sys-
tems, multiple radio frequency (RF) signals are transmitted and received,
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thus hardware deployment and signal processing of these systems are very
complicated, especially for small-device mobile users. To tackle this is-
sue, maximal ratio transmission (MRT) at the transmitter and maximal ratio
combining (MRC) at the receiver have been proposed in literature such as
[98; 99]. These diversity techniques were considered as optimal or sub-
optimal solutions to improve the detection capability of MIMO RF signal
chains. MRT/MRC techniques can significantly enhance the system per-
formance to reach the full diversity order of MIMO systems. Please be no-
ticed that, besides the MRT technique, transmit antenna selection (TAS) is
also usually applied at the transmitter. However, the reports in [99; 100]
demonstrated that MRT provides maximum array gain when TAS only pro-
vides some array gain, but not necessarily maximum. Furthermore, at the
receiver, MRC has the best performance among different combining tech-
niques such as selection combining (SC), threshold combining (TC), switch
and stay combining (SSC) and equal-gain combining (EGC) [98- 101]. There-
fore, the usage 0f the MRT/MRC techniques becomes popularly in MIMO
communications.

On the other hand, the demand of big data exchanging in the context of
the Internet of things (IoT) devices and the Industry Revolution 4.0 has
triggered the emerging of various solutions to increase the system capac-
ity such as in-band full-duplex (FD) [102], non-orthogonal multiple access
(NOMA) [103; 104], or millimeter-wave communications [105; 106]. Be-
cause FD devices can transmit and receive signals simultaneously on the
same frequency band, thus, they can help double the system capacity com-
pared to half-duplex (HD) systems. Therefore, using the FD technique in
MIMO systems is inevitable for modern wireless networks, such as the
fifth-generation (5G) and beyond [107].

The main drawback of FD communication is the existence of self-interference
(SI), caused by the dominance of the power level of the transmitted signal
over the received signal at the FD node. To overcome this drawback, a vast
variety of self-interference cancellation techniques for full-duplex systems
have been proposed [39; 109]. The recent reports on MIMO-FD systems
have also investigated the system performance in case of imperfect self-
interference cancellation (SIC) at the FD devices [110- 116]. The topic of
MIMO full-duplex communication has been well studied in the literature,
not only about the advanced algorithms and detectors to enhance the over-
all performance but also on the various channel and hardware conditions,
including ideal hardware (ID) and hardware impairment (HI). In [110], the
performance of the MIMO-FD system with perfect hardware using amplify-
and-forward (AF) FD relay (FDR) has been analyzed in terms of outage
probability (OP) and ergodic capacity under the existence of co-channel in-
terference. Their results demonstrated that although the MIMO-FD system
suffers from co-channel interference, the FD technique can improve the sys-
tem performance, especially the capacity, compared to the HD communica-
tion mode. In [111], spatial modulation (SM) technique was introduced for
MIMO-FDR systems. Through mathematical analysis, the authors derived
the average error-probability of signal detection under the impact of RSI at
the FDR.

It is also noted that, in practical wireless communication systems, the HI
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due to the imperfect transceiver hardware cannot be avoided, especially in
the average-quality hardware components. Various works in the literature
demonstrated that HI could not be avoided in wireless systems, especially
for low-cost devices such as relays [117]. There are several types of HI, such
as phase oscillator noise, amplifier non-linearity, in-phase/quadrature im-
balance, quantization error [118- 121]. Large efforts have been made to mit-
igate the HI via compensation schemes at both the transmitter and receiver
using analog and digital signal processing. However, measurement results
after all compensation schemes in [115; 118-124] showed that the residual
impairments still exist as an additive distortion noise source. The work in
[40] considered the MIMO-FD system with imperfect hardware, in which
transmit and receive beamforming are applied to combat against the hard-
ware noise. The achievable sum-rate has been obtained from this analysis.
Other works such as [114-116] also analyzed the impact of the HI on the
spectral efficiency [114] or the achievable sum-rate [115; 116] of MIMO-FD
systems. These results, however, do not benchmark with the case of perfect
hardware to clearly indicate the effect of HI.

As the aforementioned works, MIMO-FD systems have been considered
in a variety of scenarios such as in [40; 110; 111; 114- 116; 125] for both
ideal and imperfect hardware, however, most of these works only investi-
gated the case that multiple antennas were deployed at the FDR, not at the
source and the destination, i.e., source and destination were single-antenna
devices. On the other hand, due to the complexity of MIMO-FD systems,
mathematical derivations were focused only on the achievable sum-rate or
capacity of the system. The other expressions such as the OP and symbol
error rate (SER) were not obtained, especially for the case of HI. In addition,
using multiple antennas at the source and the destination may significantly
improve the system performance, thanks to the support of diversity tech-
niques and signal processing algorithms, including MRT/MRC. However,
this idea was not fully investigated in previous works.

To tackle the above problems as well as provide an insightful view of MIMO-
FDR systems under HI condition, we consider in this paper the perfor-
mance of the MIMO-FDR systems under the effect of both HI and RSI.
Unlike previous works, we successfully derive the exact closed-form math-
ematical expressions of OP, system throughput, and SER of the considered
system. From our results, we can easily obtain the OP, throughput and SER
expressions of the MIMO-FDR system with perfect hardware and perfect
SIC. So that the system performance of the MIMO-FDR system in the case
of two imperfect factors can be compared with that in the case of none or
one imperfect factor. On the other hand, we indicate the data transmission
rates which are suitable for the considered MIMO-FDR system with the
presence of HI. The suggestions for proper usage of the transmit power to
save the energy for the MIMO-FDR system with HI are also derived from
our analysis. It is also noted that, in literature, besides the Rayleigh fading
channel model, the Weibull, Nakagami-m, the η − µ, κ − µ and the double
fading models have been investigated for wireless communication systems
[126-128]. However, in the paper, we focus on the effects of the HI and RSI
on the OP, throughput and SER with MRT/MRC techniques, which creates
more complexity in the analysis. Thus, for current work, we just considered
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the Rayleigh fading channel model in our analysis. In summary, the contri-
butions of the paper are listed as follows.

– We derive the system and signal detection model using MRT/MRC tech-
niques for MIMO-FDR under HI at all nodes. We aggregate the HI at the
transmitters and the receivers for consideration. Based on that the signal-
to-interference-plus-noise-and-distortion ratio (SINDR) of the MIMO-FDR
system with HI and RSI is derived for DF relaying strategy at the FDR node.

– We successfully obtain the exact closed-form expressions of outage prob-
ability, system throughput, and the symbol error rate of the proposed the
MIMO-FDR system under the impact of the HI and RSI over Rayleigh fad-
ing channel. From these expressions, we can easily obtain the expressions of
the MIMO-FDR system or/and the MIMO-HDR systems with perfect hard-
ware as a special case; and they can serve as a benchmark to evaluate the
effect of HI. The correctness of our analysis is confirmed by Monte-Carlo
simulations.

– We analyze the OP, system throughput and SER of the MIMO-FDR sys-
tem with HI and compare them to the corresponding values in the MIMO-
FDR system with ideal hardware. It is seen that HI has a strong impact
on the performance of MIMO-FDR systems, especially at high data trans-
mission rate regime. Thus, under the HI, the MIMO-FDR system is most
suitable for low or moderate data transmission rates because the impact
of HI and RSI becomes stronger for higher data transmission rates. The
combination of HI and RSI can create an error floor for the proposed sys-
tem, i.e., we cannot reduce the OP or SER less than some lower bounds. It
can be implied that due to the error floor, we should use suitable transmis-
sion power to save the energy for the MIMO-FDR system with HI. In other
words, based on certain values of the HI and RSI levels of the proposed
system, we can choose suitable data transmission rates and transmission
power for maintaining the performance and power efficiency of the pro-
posed system.

The rest of the paper is organized as follows. The system and signal mod-
els of the MRT/MRC MIMO-FDR system with HI are presented in Section
6.4.1. Then, the system performance in terms of OP and SER is derived
in Section 6.4.2. Numerical results and discussion are provided in detail
in Section 6.4.3. For reading convenience, a summary list of the frequently
used mathematical notations is given in Table [6.1].

6.4.1 System Model

Fig. 6.37 presents the block diagram of the MIMO-FDR system under HI,
where the source (S) has M transmit antennas communicates with the des-
tination (D) that has N receive antennas via the assistance of a relay (R),
which is equipped with two antennas, one for transmitting and the other
for receiving. Similar to [114], we assume that the antenna spacing is suffi-
ciently large so that the channels are spatially uncorrelated. We also assume
that the hardware impairments are uncorrelated among antennas. As pre-
sented in Fig. 6.37, S and D are HD devices while R is the FD device, thus
R can simultaneously transmit and receive signals in the same frequency
band. As a result, the self-interference (SI) from transmit antenna to receive
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TABLE 6.1: List of the frequently used mathematical nota-
tions.

Notation Description
PS, PR The average transmit power of S and R
Pr{A} The probability of an event A
Pout Outage probability
F (.) Cumulative distribution function (CDF)
f(.) Probability density function (PDF)

CN (µ, σ2)
Complex Gaussian distribution with mean µ and variance of
σ2

E {·} The expectation operator
G Complexity-accuracy trade-off parameter
hSR,hRD The channel vector of S–R and R–D links
η Noise caused by hardware impairments
k The HI level
l The RSI level
M The number of transmit antennas of S
N The number of receive antennas of D
SER Symbol error rate

antenna of R is generated unintentionally. To reduce the SI power in or-
der to improve system performance, all self-interference cancellation (SIC)
techniques such as passive suppression and active cancellation are applied
at R. It is also noted that although amplified-and-forward (AF) protocol
may be simpler to implement than decode-and-forward (DF) protocol, DF
relaying usually offer better performance than AF relaying [130]. In this
paper, the proposed system is affected by various negative factors, includ-
ing HI and RSI. Thus, DF relaying should be selected to improve system
performance.

Furthermore, in the paper, we assume that perfect channel state informa-
tion (CSI) is available at all nodes in the system. Before signal transmission,
channel estimation is performed by using pilot symbols. At the transmitter
S, pilot symbols are sent by M transmit antennas, and the received signals
at R from M transmit antennas of S are monitored. Then, R feeds back
the transmit weights related to the transmit antennas as well as the instan-
taneous SINDRs at R without feedback error or delay. Based on that, the
weights for M transmit antennas of S are fully calculated for the MRT tech-
nique [99- 101; 131]. Similarly, we obtain the weights for the MRC technique
at the receiver D. These assumptions may not fully reflect the practical
MIMO-FDR system behavior, however, we focus on mathematical analysis
by deriving the exact closed-form expressions of OP, throughput and SER
of the considered system under the impact of HI and RSI. For this reason,
we think that it is reasonable to assume the knowledge of all channels at
the transceivers.

It is obvious that the transmitted and received signals of the MIMO-FDR
system with HI are different from the ideal system. For example, at the
transmitter, e.g., at R, the transmitted signal is only xR in the case of the
ideal system while it is xR + ηt

R for the imperfect-hardware MIMO-FDR
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system, where ηt
R denotes the noise due to HI at the transmitter. It is similar

for the receivers, e.g., at R, the term ηr
R is added due to the receiver HI,

where ηr
R denotes the noise caused by the receiver at R. Similar model is

used for the transmitter S and the receiver D, i.e., the terms ηt
i are added at

ith transmit antenna of S (i = 1, 2, ...,M ) and the terms ηr
j are added at jth

receive antenna of D (j = 1, 2, ..., N ).
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FIGURE 6.37: Block diagram of the MIMO-FDR system
with HI.

The received signals at R is computed as

yR = hSR(xi + ηηηt
i) + ηr

R + hRR(xR + ηt
R) + zR, (6.74)

where hSR = [h1R h2R ... hMR] is the channel vector fromM transmit anten-
nas of S to the receive antenna of R, i = 1, 2, ...,M ; xi = [x1 x2 ... xM ]T is the
transmitted signal vector fromM transmit antennas of S; ηηηt

i = [ηt
1 η

t
2 ... η

t
M ]T

is HI noise vector that caused by the transmitter impairment; hRR is the SI
channel from the transmit antenna to receive antenna of R; xR is intended
transmitted signal at R; ηt

R and ηr
R are the HI noises due to the transmit-

ter and the receiver of R, respectively; zR is Gaussian noise at R which has
zero mean and variance of σ2

R, e.g., zR ∼ CN (0, σ2
R). Notice that the HI

noises due to the physical transceiver imperfection are caused by many
factors. At the transmitters, HI may be caused by in-phase/quadrature
(I/Q) imbalance, high power amplifier (HPA) non-linearity and phase oscil-
lator noise [122; 123; 132; 133]. At the receivers, the hardware imperfection
of low noise amplifier (LNA) and filters may distort the received signals
[123; 133]. Various compensation algorithms have been proposed to mit-
igate the transceiver HI, however, the residual impairment always exists
in the system [115; 122; 123; 134]. It is assumed that after applying com-
pensation algorithms, the residual HI noise is Gaussian distributed, e.g.,
ηηηt
i ∼ CN (0, (kt

S)2 PS
M ), ηt

R ∼ CN (0, (kt
R)2PR) for the transmitters S and R,

respectively and ηr
R ∼ CN (0, ‖hSR‖2(kr

R)2 PS
M ) for the receiver R. Herein,

kt
S, kt

R, and kr
R denote the HI levels at the transmitters S, R and the re-

ceiver R, respectively; PS
M is the average transmission power per antenna

of S and PR is the average transmission power of R. It can be seen from
Eq. (6.74) that the term hRR(xR + ηt

R) is the SI before applying various SIC
techniques. As mentioned above, all SIC techniques for FD devices, which
include passive suppression and active cancellation are applied at the FDR
of the hardware-impairment MIMO-FDR (HI-MIMO-FDR) system. First, in
the passive suppression, R may use directional isolation, absorptive shield-
ing, and cross-polarization to reduce SI power [135; 136]. Thanks to the sep-
arate antennas for signal transmission and reception, R can use advanced
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interference isolation techniques in the propagation domain to better re-
duce the SI leakage. Then, in active cancellation, the analog and digital
signal processing methods are applied at R. We assume that the FD device
can exploit the architectures for SIC in analog and digital domains such as
in [106; 107; 109]. By estimating the SI channel, R can subtract the SI sig-
nal from the received signal, especially in digital domain cancellation [39;
109; 110]. In fact, R definitely knows the transmit signal xR, so by using
the results of SI channel estimation of hRR, it can apply digital processing
methods to subtract the SI from the received signals [39; 109; 136]. How-
ever, SI cannot be removed completely due to the imperfect hardware and
imperfect SI channel estimation [136; 138]. Therefore, the residual SI still
exists in FDR device. In fact, the RSI at FDR (denoted by IR) can be mod-
eled as Gaussian distributed random variable with zero mean and variance
of γRSI, i.e., IR ∼ CN (0, γRSI), where γRSI = l2PR with l denotes the SIC
capability of FDR device [136; 139- 141].

Now, Eq. (6.74) can be rewritten as

yR = hSR(xi + ηηηt
i) + ηr

R + IR + zR. (6.75)

Then, R decodes the received signal and forwards it to D. The received
signal at D is expressed as

yD = hRD(xR + ηt
R) + ηηηr

j + zD, (6.76)

where hRD = [hR1 hR2 ... hRN ]T is channel vector from the transmit an-
tenna of R to N receive antennas of D; ηηηr

j = [ηr
1 η

r
2 ... η

r
N ]T (j = 1, 2, ..., N )

is HI noise vector that caused by the receiver impairment at D, i.e., ηηηr
j ∼

CN (0, ‖hRD‖2(kr
D)2PR) for the receiver D, where kr

D denotes the HI level at
the receiver D; zD is Gaussian noise vector at D with zero mean and vari-
ance of σ2

D, i.e., zD ∼ CN (0, σ2
D).

Based on Eq. (6.75) and Eq. (6.76), the instantaneous SINDR at R and D
(denoted by γR and γD, respectively) are computed as

γR =
‖hSR‖2 PS

M

‖hSR‖2(kt
S)

2 PS
M + ‖hSR‖2(kr

R)2 PS
M + γRSI + σ2

R

=
‖hSR‖2 PS

M

T1
, (6.77)

γD =
‖hRD‖2PR

‖hRD‖2(kt
R)2PR + ‖hRD‖2(kr

D)2PR + σ2
D

=
‖hRD‖2PR

‖hRD‖2k2
RDPR + σ2

D

,

(6.78)

where T1 = ‖hSR‖2k2
SR

PS
M + γRSI + σ2

R and k2
SR = (kt

S)2 + (kr
R)2 denotes the

aggregated HI level of both HI at the transmitter S (kt
S) and the receiver R

(kr
R); k2

RD = (kt
R)2 + (kr

D)2 denotes the aggregated HI level at both trans-
mitter R (kt

R) and receiver D (kr
D). Since the DF relaying strategy is applied

at FDR, the end-to-end SINDR (denoted by γe2e) of the MIMO-FDR system
under HI can be expressed as

γe2e = min{γR, γD}, (6.79)

where γR and γD are given as Eq. (6.77) and Eq. (6.78), respectively.
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6.4.2 Performance Analysis

In this section, the performance of the proposed MIMO-FDR system with
HI is analyzed through mathematical expressions of OP and SER. First, we
derive the exact closed-form expression of OP. Based on this expression, we
obtain the CDF of the end-to-end SINDR of the proposed system. Finally,
from this CDF, we get the exact closed-form expression of SER.

Outage Probability

The OP of the HI-MIMO-FDR system is calculated as the probability when
the instantaneous data transmission rate is lower than the predefined data
transmission rate [142]. Mathematically, we have:

Pout = Pr{R < R0}, (6.80)

whereR = log2(1+γe2e) andR0 are the instantaneous and predefined data
transmission rates of the considered system, respectively. As a result, we
get the probability as

Pout = Pr{log2(1 + γe2e) < R0} = Pr{γe2e < 2R0 − 1}
= Pr{min{γR, γD} < γth} = Pr{(γR < γth) ∪ (γD < γth)}, (6.81)

= Pr{min{γR, γD} < 2R0 − 1},

where γth = 2R0 − 1 denotes the SINDR threshold. It is noted that the
probability in Eq. (6.81) can be expressed as the probability of the event
that the outage occurs when S → R link is in an outage, or S → R link is
not in an outage but R→ D link is in an outage.

By applying [143] for the probability of two independent events, A and B,
we have:

Pr{A ∪ B} = Pr{A}+ Pr{B} − Pr{A}Pr{B}. (6.82)

The equation Eq. (6.81) can be expressed as

Pout =Pr{γR < γth}+ Pr{γD < γth} − Pr{γR < γth}Pr{γD < γth}. (6.83)

Based on Eq. (6.83), we can derive the OP of the considered MIMO-FDR
system under HI as in the following Theorem 1.
Theorem 1. The OP expression of the MRT/MRC MIMO-FDR system un-
der the impact of both HI and RSI over Rayleigh fading channel is ex-
pressed as

Pout =


1− exp[

−Mγth(γRSI+σ
2
R)

Ω1PS(1−k2SRγth)
−G1

γthσ
2
D

Ω2PR(1−k2RDγth)
]

if γth < min( 1
k2RD

, 1
k2SR

)

1 otherwise,

(6.84)

where G1 =
M−1∑
i=0

N−1∑
j=0

1
i!j! [

Mγth(γRSI+σ
2
R)

Ω1PS(1−k2SRγth)
]
i
[

γthσ
2
D

Ω2PR(1−k2RDγth)
]
j
, Ω1 = E{|h1R|2} =

E{|h2R|2} = ... = E{||hMR|2} and Ω2 = E{|hR1|2} = E{|hR2|2} = ... =
E{||hRN |2} are respectively the average channel gains of S-R and R-D links.
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Proof: To derive Eq. (6.84), we first obtain the probabilities Pr{γR < γth}
and Pr{γD < γth}. Since MRT is used for transmitting signals from S to R,
we have:

Pr{γR < γth} = Pr

{
‖hSR‖2 PS

M

‖hSR‖2k2
SR

PS
M + γRSI + σ2

R

< γth

}
. (6.85)

Now, we rewrite Eq. (6.85) as

Pr{γR < γth} = Pr

{
‖hSR‖2

PS

M
(1− k2

SRγth) < γth(γRSI + σ2
R)

}
. (6.86)

When 1 − k2
SRγth ≤ 0, or equivalently, γth ≥ 1

k2SR
the inequality inside the

probability in Eq. (6.86) always holds, due to the fact that ‖hSR‖2 PS
M (1 −

k2
SRγth) ≤ 0 while γth(γRSI + σ2

R) > 0. Therefore, we obtain Pr{γR < γth} =
1 when γth ≥ 1

k2SR
.

When 1 − k2
SRγth > 0, i.e., γth < 1

k2SR
, we can rewrite the probability in

Eq. (6.86) as

Pr{γR < γth} = Pr

{
‖hSR‖2 <

Mγth(γRSI + σ2
R)

PS(1− k2
SRγth)

}
. (6.87)

Since ‖hSR‖2 = |h1R|2+|h2R|2+...+|hMR|2, the probability density function
(PDF, f(.)) and the cumulative distribution function (CDF, F (.)) of ‖hSR‖2
are respectively given as [144]

F‖hSR‖2(x) = 1− exp
(
− x

Ω1

)M−1∑
i=0

1

i!

( x
Ω1

)i
, x ≥ 0, (6.88)

f‖hSR‖2(x) =
xM−1

ΩM
1 Γ(M)

exp
(
− x

Ω1

)
, x ≥ 0, (6.89)

where Γ(z) ,
∞∫
0

xz−1e−xdx is the gamma function [145].

By using Eq. (6.88), Eq. (6.87) can be rewritten as

Pr{γR < γth} = F‖hSR‖2(
Mγth(γRSI + σ2

R)

PS(1− k2
SRγth)

)= A1

A1 = 1− exp(−
Mγth(γRSI + σ2

R)

Ω1PS(1− k2
SRγth)

)

M−1∑
i=0

1

i!
(
Mγth(γRSI + σ2

R)

Ω1PS(1− k2
SRγth)

)
i

.

(6.90)

Pr{γR < γth} =

{
A1 if γth <

1
k2SR
.

1 if γth ≥ 1
k2SR
.

(6.91)
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By applying all above steps, we can obtain the probability Pr{γD < γth} as

Pr{γD < γth} =

{
1−B1 if γth <

1
k2RD

,

1 if γth ≥ 1
k2RD

,
(6.92)

where B1 = exp(− γthσ
2
D

Ω2PR(1−k2RDγth)
)
N−1∑
j=0

1
j!(

γthσ
2
D

Ω2PR(1−k2RDγth)
)
j
.

Finally, by substituting Eq. (6.91) and Eq. (6.92) into Eq. (6.83), the OP of the
MRT/MRC MIMO-FDR system under HI is obtained as in Eq. (6.84). This
completes the proof.

System Throughput

Besides the OP, another important parameter for the system performance
is system throughput. The system throughput (denoted by Tput) of the
MRT/MRC MIMO-FDR system under HI is calculated as

Tput = R(1− Pout), (6.93)

where R is the data transmission rate (bit/s/Hz); Pout is the OP of the
considered system which is given as in Eq. (6.84) in Theorem 1.

Symbol Error Rate

According to [142], the SER of the proposed MIMO-FDR system under HI
and with coherent detection as receivers is computed as

SER = aE{Q(
√
bγe2e)} =

a√
2π

∞∫
0

F
( t2
b

)
exp

(
− t2

2

)
dt, (6.94)

where (a, b) are a pair of parameters which depend on specific modula-
tion type, e.g. (a, b) = (1, 2) for binary phase-shift keying (BPSK) and
(a, b) = (2, 1) for 4-quadrature amplitude modulation (4-QAM) modula-

tions; Q(x) , 1√
2π

∞∫
x

exp
(
−u2

2

)
du is the Gaussian function; γe2e is the end-

to-end SINDR and F (.) is the CDF of the SINDR of the considered system.
By changing variable x = t2

b , Eq. (6.94) now becomes

SER =
a
√
b

2
√

2π

∞∫
0

exp
(
− bx

2

)
√
x

F (x)dx. (6.95)

From Eq. (6.95), we can claim the SER of the MRT/MRC MIMO-FDR sys-
tem under HI in the following Theorem 2.
Theorem 2. The SER expression of the MRT/MRC MIMO-FDR system
under the impact of both HI and RSI over Rayleigh fading channel is ex-
pressed as

SER = a
2 −

a
√
bπ

4
√

2Gk2

M−1∑
i=0

N−1∑
j=0

G∑
g=1

√
1−φ2g

i!j!
√

∆
E1E2, (6.96)
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where E1 = exp(− b∆
2 −

M(γRSI+σ
2
R)∆

Ω1PS(1−k2SR∆)
− σ2

D∆

Ω2PR(1−k2RD∆)
), k2 = max(k2

SR, k
2
RD),

∆ = 1
k2

(
1 + φg

)
; E2 = (

M(γRSI+σ
2
R)∆

Ω1PS(1−k2SR∆)
)
i
(

σ2
D∆

Ω2PR(1−k2RD∆)
)
j
, G is a complexity-

accuracy trade-off parameters [108]; φg = cos
(

(2g−1)π
2G

)
, Ω1 and Ω2 are de-

fined as in Theorem 1.

Proof: To derive the SER expression in Eq. (6.96), we first derive the CDF,
F (x), to substitute it into Eq. (6.95). From the definition of F (x) in [142],
i.e.,

F (x) = Pr{γe2e < x}. (6.97)

We can obtain F (x) from the OP of the MRT/MRC MIMO-FDR system
under HI by replacing γth with x in the OP expression. Therefore, we have:

F (x) =

{
1− exp(− M(γRSI+σ

2
R)x

Ω1PS(1−k2SRx)
− σ2

Dx

Ω2PR(1−k2RDx)
)E3 if x < 1

k2
,

1 if x ≥ 1
k2
,

(6.98)

where E3 =
M−1∑
i=0

N−1∑
j=0

1
i!j!(

M(γRSI+σ
2
R)x

Ω1PS(1−k2SRx)
)
i
(

σ2
Dx

Ω2PR(1−k2RDx)
)
j
.

By substituting Eq. (6.98) into Eq. (6.95), the SER can be calculated as

SER =
a
√
b

2
√

2π
[

1
k2∫

0

exp(− bx
2 )

√
x

(1− L1) L2dx+

∞∫
1
k2

exp(− bx
2 )

√
x

dx], (6.99)

where L1 = exp
(
− M(γRSI+σ

2
R)x

Ω1PS(1−k2SRx)
− σ2

Dx

Ω2PR(1−k2RDx)

)
,

L2 =
M−1∑
i=0

N−1∑
j=0

1
i!j!(

M(γRSI+σ
2
R)x

Ω1PS(1−k2SRx)
)
i
(

σ2
Dx

Ω2PR(1−k2RDx)
)
j
.

Now, we rewrite Eq. (6.99) as

SER = a
√
b

2
√

2π
[

1
k2∫
0

exp(− bx
2

)√
x

dx−
1
k2∫
0

1√
x

exp(N2)N3dx+
∞∫
1
k2

exp(− bx
2

)√
x

dx],

(6.100)

where N2 = − bx
2 −

M(γRSI+σ
2
R)x

Ω1PS(1−k2SRx)
− σ2

Dx

Ω2PR(1−k2RDx)
,

N3 =
M−1∑
i=0

N−1∑
j=0

1
i!j!(

M(γRSI+σ
2
R)x

Ω1PS(1−k2SRx)
)
i
(

σ2
Dx

Ω2PR(1−k2RDx)
)
j
.

By combining first and last terms in Eq. (6.100), we can rewrite Eq. (6.100)
as

SER =
a
√
b

2
√

2π


∞∫

0

exp(− bx
2 )

√
x

dx−

1
k2∫

0

1√
x

)A1A2dx

 , (6.101)

where A1 = exp
(
− bx

2 −
M(γRSI+σ

2
R)x

Ω1PS(1−k2SRx)
− σ2

Dx

Ω2PR(1−k2RDx)

)
,

A2 =
M−1∑
i=0

N−1∑
j=0

1
i!j!(

M(γRSI+σ
2
R)x

Ω1PS(1−k2SRx)
)
i
(

σ2
Dx

Ω2PR(1−k2RDx)
)
j
.
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Now, using Eq. [3.361.2] in [145], the first integral in Eq. (6.101) can be found
as

∞∫
0

exp
(
− bx

2

)
√
x

dx =

√
2π

b
. (6.102)

To evaluate Eq. (6.101), we apply the Gaussian-Chebyshev quadrature method
[108]. In particular, the second integral in Eq. (6.101) can be evaluated as

1
k2∫

0

1√
x

exp(−bx
2
−
M(γRSI + σ2

R)x

Ω1PS(1− k2
SRx)

−
σ2

Dx

Ω2PR(1− k2
RDx)

)

×
M−1∑
i=0

N−1∑
j=0

1

i!j!
(
M(γRSI + σ2

R)x

Ω1PS(1− k2
SRx)

)
i

(
σ2

Dx

Ω2PR(1− k2
RDx)

)
j

dx (6.103)

=
π

2Gk2

M−1∑
i=0

N−1∑
j=0

G∑
g=1

√
1− φ2

g

i!j!
√

∆
exp(−b∆

2
−
M(γRSI + σ2

R)∆

Ω1PS(1− k2
SR∆)

−H1)

× (
M(γRSI + σ2

R)∆

Ω1PS(1− k2
SR∆)

)
i

(
σ2

D∆

Ω2PR(1− k2
RD∆)

)
j

,

where H1 =
σ2

D∆

Ω2PR(1−k2RD∆)
, and k, φg, and ∆ are defined as in Theorem 2.

Finally, by substituting Eq. (6.102) and Eq. (6.103) into Eq. (6.101), the SER
of the MRT/MRC MIMO-FDR system under HI is obtained as Eq. (6.96) in
Theorem 2. The proof is now complete.

6.4.3 Numerical Results and Discussion

TABLE 6.2: Parameters for the system performance evalua-
tion.

Notations Parameter name
Fixed
value

Varying range

SNR Signal-to-noise ratio 30 dB 0→ 40 dB

σ2 Variance of Gaussian noise 1 none
Ω Average channel gain 1 none

(a, b) Modulation types (2, 1) (1, 2)

k HI level 0.15 0.05→ 0.3

l RSI level 0.15 0→ 0.3

M
Number of transmission antennas

of S
4 3, 5

N Number of reception antennas of D 4 5, 3
R Predefined data transmission rate 1 1→ 4

In this section, we investigate the performance of the MRT/MRC MIMO-
FDR system under the impact of many parameters such as HI and RSI lev-
els. This can be done based on the mathematical expressions in Theorem 1
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and Theorem 2 in the previous section. To evaluate the performance degra-
dation due to HI as well as to verify the correctness of our analysis, we also
conduct Monte Carlo simulations on the OP and SER of the MIMO-FDR
system with ideal hardware (denoted by “ID" on following figures) and
with HI (denoted by “HI" on following figures). In our simulations, we set
PS = PR = P ; σ2

R = σ2
D = σ2; kt

S = kr
R = kt

R = kr
D = k. The average channel

are normalized to Ω1 = Ω2 = 1 such as in [140; 141]. The average SNR is
defined as SNR = P/σ2. For ease of reading, we list the parameter values
for simulations in Tab. 6.2. It should be better to know that, in a practical
system, the transmit power and the HI levels at S,R, and D may be different
(PS 6= PR, kt

S 6= kr
R, kr

R 6= kt
R, kt

R 6= kr
D). Furthermore, the HI level ranges

from 0.08 to 0.175 for long term evolution (LTE) system [112].
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FIGURE 6.38: The OPs of the HI-MIMO-FDR system versus
the average SNR with k = l = 0.15,R = 1, 2, 3, 4 bit/s/Hz.

Fig. 6.38 illustrates the OPs of the MRT/MRC MIMO-FDR system with HI
versus the average SNR in comparison with the OPs of the MRT/MRC
MIMO-FDR system with ideal hardware. We use Eq. (6.84) in Theorem
1 to plot the analytical curves of the MIMO-FDR system with HI. It’s worth
noting that the simulation results perfectly match the analytical ones, which
confirms the correctness of our analysis. In addition, we also simulate the
OP of the considered system with TAS/SC (denoted by “T/S (Sim)" on
Fig. 6.38) to show the benefits of MRT/MRC. For example, when R = 1
bit/s/Hz and the target OP is OP = 10−4, we need to use SNR = 15 dB
for MRT/MRC and SNR = 25 dB for TAS/SC. In this case, the benefit of
MRT/MRC compared with TAS/SC is 10 dB in SNR. Fig. 6.38 clearly indi-
cates that the impact of HI is stronger at high data transmission rates. For
low data transmission rates, e.g.,R = 1, 2 bit/s/Hz, the difference between
the OPs of the HI and ID MIMO-FDR systems is negligible, especially in
the case of R = 1 bit/s/Hz. However, for higher data transmission rates,
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e.g.,R = 3, 4 bit/s/Hz, that difference becomes big and cannot be ignored.
Although both OPs of the HI and ID MIMO-FDR systems reach some out-
age floors at SNR = 40 dB in the case of R = 3 bit/s/Hz, the MIMO-FDR
system OP with the presence of HI can only be as low as OP = 15 × 10−3

while it can reach OP = 4 × 10−3 for the ideal hardware case. For higher
data transmission rate, such as R = 4 bit/s/Hz, the performance degrada-
tion due to HI becomes higher. Therefore, to maintain the OP performance
of the MIMO-FDR system in HI condition, it is necessary to regulate the
data transmission rate lower than 4 bit/s/Hz.
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FIGURE 6.39: The system throughput of the HI-MIMO-FDR
system with difference data transmission rates.

Fig. 6.39 compares the system throughput of the HI-MIMO-FDR system
with that of the ID-MIMO-FDR system, where the system throughput is
calculated as Eq. (6.93). It can be observed from Fig. 6.39 that the system
throughput of both HI and ID MIMO-FDR systems can reach the target
throughput of R = 1, 2, 3 bit/s/Hz. Also, system throughput in both HI
and ID cases can achieve similar throughput for R = 1, 2, 3 bit/s/Hz. But
for higher data transmission rate, e.g.,R = 4 bit/s/Hz, the system through-
put of the ID-MIMO-FDR system nearly reaches the target of 4 bit/s/Hz
when SNR = 40 dB while the system throughput of the HI-MIMO-FDR
system only reaches 1.6 bit/s/Hz. From Fig. 6.38 and Fig. 6.39, we can con-
clude that when the HI exists in the system, it is necessary to use a low data
transmission rate to avoid the performance and throughput degradation
for MRT/MRC MIMO-FDR system.
Fig. 6.40 displays the SER plots of the MRT/MRC MIMO-FDR system un-
der HI for two modulation types, e.g., BPSK (a = 1, b = 2) and 4-QAM
(a = 2, b = 1). Besides the SER results for the ID-MIMO-FDR system, we
also present the SER plot of the ID-MIMO-HDR system (perfect SIC, l = 0,
denoted by “ID-HD" on Fig. 6.40) to demonstrate the great impact of RSI

84



Tam Nguyen Kieu
PhD Thesis

on SER of the proposed system. In Fig. 6.40, the analytical curves are ob-
tained by using Eq. (6.96) in Theorem 2. Similar to OP, SER performance
of MRT/MRC MIMO-FDR system is also significantly reduced by HI, espe-
cially for higher order modulation such as 4-QAM. Furthermore, compared
to the case of perfect SIC (l = 0, ID-MIMO-HDR system), the RSI in the
case of imperfect SIC (l = 0.15, HI-and-ID-MIMO-FDR systems) greatly af-
fects the SER performance of the HI-and-ID-MIMO-FDR systems. We can
see that for the ID-MIMO-HDR system, SER goes down and avoids the er-
ror floor at a high SNR regime. However, this does not happen in other
cases. Specifically, SERs reach the error floor due to the impact of both HI
and RSI for the HI-MIMO-FDR system and due to the impact of RSI for the
ID-MIMO-FDR system.
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FIGURE 6.40: The SER of the HI-MIMO-FDR system using
BPSK and 4-QAM modulation schemes.

Fig. 6.41 demonstrates the impact of RSI on the SER performance of the HI-
MIMO-FDR system. In this figure, we set SNR = 30 dB. Notice that in the
case of l = 0, the SER in Fig. 6.41 becomes the SER of the HI-MIMO-HDR
system. It is obvious that in the case that the RSI level is small (l < 0.1), the
difference between two SERs (of HI-and-ID-MIMO-FDR systems) is very
large. However, this gap decreases when RSI increases. Particularly, in
the case of l = 0.3, SERs of the HI-and-ID-MIMO-FDR systems are nearly
the same. As a result, when RSI is small, the impact of HI on SER of HI-
MIMO-FDR system becomes more significant because the impact of RSI is
much smaller than that of HI. However, when RSI is larger, the impact of
HI on SER is much less than that of the RSI and can be negligible.
Fig. 6.42 expresses the impact of HI on SER of MRT/MRC MIMO-FDR sys-
tem for three values of the RSI, i.e., l = 0.1; 0.15; 0.2. It is noted that for RSI,
we can set l = 0 such as in Fig. 6.41, however, we cannot set k = 0 due
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to the term 1
k2

in Eq. (6.96). Therefore, we can obtain the SER of the HI-
MIMO-HDR system by replacing l = 0 in Eq. (6.96) but we cannot obtain
the SER of the ID-MIMO-HDR system or/and ID-MIMO-FDR system from
Eq. (6.96) because of the mathematical error occurring if the HI level is set
to k = 0. Fig. 6.42 indicates that when the HI level ranges in 0.05 ≤ k ≤ 0.1,
SER increases slowly. Thus, the impact of HI is not significant for this range
of HI. However, for a higher value range of HI, e.g., k > 0.1, SER rapidly
increases, which leads to a stronger impact of HI. It can be concluded that
beside applying all effective SIC techniques for FD communications, we
need to figure out various methods to suppress HI in the wireless commu-
nication system.
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FIGURE 6.41: The impact of the RSI on the SER perfor-
mance of the HI-MIMO-FDR system using 4-QAM modu-

lation, k = 0.15.

In Fig. 6.43, we consider the SER of MRT/MRC MIMO-FDR system under
HI in the case that the total number of transmit and receive antennas is a
constant, e.g., M + N = 8, where M is the number of transmit antennas at
S and N is the number of receive antennas at D. For three considered cases,
i.e., (M,N) = (5, 3); (4, 4) and (3, 5), SER in the case of (M,N) = (5, 3) is
the best while SER in the case of (M,N) = (3, 5) is the worst. These results
are reasonable for MRT/MRC MIMO-FDR system under HI. It is because
that the MRC technique improves the SER performance compared to MRT
technique for the same number of antennas. Therefore, the received signal
power at R is usually smaller than that at D, especially for HI case. Due to
the imperfect SIC, the RSI can reduce the received signal power at R, hence,
we usually have γR < γD when M ≤ N . To resolve this issue, we choose
the number of transmit antennas at S greater than the number of receive
antennas of D, e.g., M = 5, N = 3 to improve the SER performance of our
proposed system. MRT/MRC techniques are known as the good solutions
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to improve the performance and diversity order of wireless communication
systems, thus, applying these techniques for advanced wireless communi-
cation systems is essential.
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FIGURE 6.42: Impact of the HI on the SER performance
of the HI-MIMO-FDR system using 4-QAM modulation for

different values of the RSI.
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FIGURE 6.43: The SER of the HI-MIMO-FDR system with
various number of the transmission and reception antennas,

k = l = 0.15.
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In this paper, we mathematically analyzed the performance of MRT/MRC
MIMO-FDR system under the existence of HI and RSI by deriving the ana-
lytical expressions of outage probability, throughput, and the symbol error
rate of the system. Based on these closed-form expressions, we can investi-
gate the impact of various parameters on the performance of the proposed
system under HI and RSI conditions. Numerical results demonstrate that
the impact of HI is stronger for a higher data transmission rate system.
Where both HI and RSI co-exist in the system, the OP and SER performance
of the HI-MIMO-FDR system are lower-bounded by some error floor. Also,
the impact of HI is greater when RSI is small and vice versa. Furthermore,
by selecting the number of transmit antennas at the source larger than the
number of receive antennas at the destination, the system performance can
be significantly improved. This work can be extended further by consider-
ing the case of correlated antenna channels or by applying other techniques
to alleviate the effect of HI such as in [117] or [124].

6.5 Summary

In this chapter, we investigated the outage probability and throughput of
FD relaying based on RF energy harvesting. Depending on the number of
the relay antennas employed in the energy harvesting stage, two configu-
rations were considered: (1) Only one antenna was used to collect energy
from the source, while the other was used for information forwarding and
(2) Both antennas were exploited to collect energy, while only one of them
was applied to the information signal forwarding. In both cases, analyti-
cal expressions have been derived for outage probability and throughput
of this network. Generally, two-antenna configuration outperforms single-
antenna one. In addition, we also proposed multiple-antenna configuration
(MIMO communication scheme) with various diversity techniques for EH-
based FDRNs and derived the closed-form expression of OP.
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7 Analysis of energy
harvesting performance for
various transmission modes

In this chapter, we continue to extend the performance analysis of FDRNs
by studying the performance of the considered system in three transmission
modes: instantaneous transmission, delay-limited transmission, and delay-
tolerant transmission [TNK01; TNK09]. I derived the closed-form expres-
sions for OP and throughput of the considered system one more time, and
also search for the optimal EH parameter to maximize system throughput.
A rigorous comparative analysis for three transmission modes is provided
and from this analysis, it is found that the throughput performance in the
delay-limited transmission is lower than the one in delay-tolerant trans-
mission modes [TNK10; TNK18- TNK19]. Monte Carlo simulation results
confirmed the analytical results and also provided a better look insight the
difference between the performance of AF and DF schemes, in terms of OP
and throughput. For my considered model, DF relaying strategy can pro-
vide better performance than AF strategy.

7.1 An Instantaneous Transmission Mode Analysis in
The Half-Duplex and Full-Duplex Relaying Net-
work

For the instantaneous transmission mode, the optimal time switching factor
is updated for each channel realization, which is computed by a centralized
entity having access to the global instantaneous CSI. The results reported
in this sub-section have also been published.

The system model of full-duplex relay network in consideration is the same
as the single-antenna model introduced in the previous section. Hence, we
skip the description of the system model here because the instantaneous
CSI is known to the relay, we can derive the throughput of the system. The
following Propositions state the results for both FD relay networks and HD
relay networks for comparison.

The lifetime maintenance of a wireless network by energy harvested has
drawn a huge concern from many researchers in recent years. The simulta-
neous wireless information and power transfer (SWIPT) for the two-way
relay transmission from an information theory viewpoint, in which two
sources reciprocate communication over a power collecting relay is stud-
ied. By examining the time switching (TS) relaying structure, the TS-based
two-way relaying (TS-TWR) protocol as well as a secret information model
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for the simplex AF relay systems in the availability of several wiretaps are
introduced. Different from the popular relay systems, this relay is known
as “green”, i.e., it is energized by the power collected from the surrounding
environment as introduced in [57; 59; 85; 87].

Next, an amplify-and-forward (AF) relaying system is examined by the au-
thors in [31; 67; 69; 71], in which a power-constrained relay node collects
the power from the received RF signal and utilizes that collected power to
transmit the source information to the target. Based on the time switching
and power splitting receiving structures, two relaying protocols i) the TSR
protocol and ii) power splitting-based relaying (PSR) protocol are investi-
gated to offer the energy harvesting and information transfer at the relay.

On the other hand, the advantage of this solution lies in the fact that the
RF signals can carry energy and information at the same time. Thus, the
energy-constrained nodes can scavenge energy and process the information
simultaneously as shown in [21; 22; 90].

Now, in this part, we analyze the instantaneous throughput of the half-
duplex and full-duplex relaying system with the main ability of energy
harvesting and information transfer. Based on the analytical expressions,
their throughput performance is studied. Hereby we can conclude which
model is better to use them properly and get the most effect.

FIGURE 7.1: System model of one way half-duplex and full-
duplex relaying network.

7.1.1 System Model

We assume that a three-node network consisting of one source node defined
by S, one relay node defined by R, and one destination node defined by D.
Fig. (7.1) describes the network model. There is no direct link between the
source and the destination and their information can be exchanged through
the relay node. Every node is set up with one antenna (the relay operates
in FD mode is equipped with two antennas, one for transmission and the
other for reception). The source node always has data to transmit. The relay
node is not supplied by external energy and must harvest energy from the
environment in order to operate. Its operation adopts an energy harvest-
ing architecture and so it can directly convert the harvested energy to elec-
tric energy to operate its circuits. Due to the circuit hardware, the energy-
constraint relay node can not receive or transmit data and harvest energy
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simultaneously. The communication occurs in time basically with frame
duration T.

FIGURE 7.2: Time-switching architecture for a. The full-
duplex model b. The half-duplex model.

Based on the TSR protocol proposed in Fig. (7.2), the communication pro-
cess is divided into two phases. In the first phase, energy is transferred from
the source to the relay with a duration of αT, (0 < α < 1) and in the second
phase, the remaining time, (1− α)T is used to transmit information (in case
full-duplex) or (1−α)T

2 for information receiving at the relay, another (1−α)T
2

for the information transfer to the destination (in case half-duplex protocol).
Here α is the time switching factor.

We assume that all of the harvested energy can only be used for transmis-
sion. The relay node employs an AF relaying strategy and can operate ei-
ther in HD or FD mode. All of the wireless links exhibit fading and additive
white Gaussian noise (AWGN). The fading is assumed to be the Rayleigh
blocked fading, h, g, and f denoted the exponential channel power gains
for the link S − R, R − D and R − R (the loop interference from the relay
output to the relay input for the case of FD operation).

7.1.2 Full-Duplex Relaying Model

During the power harvesting period, the relay received signal is expressed
as

yR =

√
PS
dmS

hxS + n[R]
a + n[R]

c , (7.1)

where n[R]
a is the base-band additive white Gaussian noise (AWGN) due to

the receiving antenna at the relay node, n[R]
c is the sampled AWGN due to

RF band to base-band signal conversion and the source transmit power is
PS , the additive white Gaussian noise at R with zero-mean and variance of
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σ2
r is nR = n

[R]
a + n

[R]
c , and the collected energy at the is found by [31]

Eh = ηαT
PS |h|2

dmS
, (7.2)

where m is the exponential path loss coefficient, the power conversion fac-
tor is η.

In the remaining period, suppose that the source node transfers signal xS to
R and R re-transfers signal xR to the destination node. They have the unit
energy and zero mean, E

[
|xj |2

]
= 1 and E [xj ] = 0, where j ∈ {S,R}. So,

the relay received signal under the residual self-interference (RSI) source is
given as

yR =

√
PS
dmS

xSh+ fxR + nR, (7.3)

where f is the residual self-interference level at R. We assume R receives
yR and then, R utilizes that harvested energy to amplify and forward yR.
So, the previous received signal, xR, is:

xR = HyR, (7.4)

where H is the magnification efficiency of R.

Based on the AF relaying model at R, the magnification coefficient is given
by

H =

√
PR

PS
dmS
|h|2 + PR|f |2 + σ2

n

. (7.5)

It is deservedly finding that first, the relay harvests energy then assists the
action for the next stage transmission, so PR is taken by

PR =
Eh

(1− α)T
= µPS

|h|2

dmS
, (7.6)

where µ is denoted as µ = αη
1−α .

After that, the destination received signal is found as:

yD =
g√
dmR

xR + n[D]
a + n[D]

c , (7.7)

where nD = n
[D]
a + n

[D]
c is AWGN at the destination node with zero-mean

and variance of σ2
d = σ2

r = σ2, for simplicity.
By substituting Eq. (7.4), Eq. (7.5), Eq. (7.6) into Eq. (7.7), the received signal
can be computed as

yD =
g√
dm2

H
h
√
PS√
dmS

xS︸ ︷︷ ︸
signal

+
g√
dmR

HfxR︸ ︷︷ ︸
RSI

+
g√
dmR

HnR + nD.︸ ︷︷ ︸
noise

(7.8)

Through some simple substitutions, we get new formula in [83]

γFD =

PS |h|2PR|g|2

dmS d
m
RPR|f |

2

σ2PS |h|2
PR|f |2dmS

+ PR|g|2
dmR

+ σ2
. (7.9)

Here, we assume that the channel gains |h|2, |g|2 are independent and iden-
tically distributed (i.i.d.) exponential random variables.
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7.1.3 The Half- Duplex Relaying Network

Similar to full-duplex system, in the half duplex one, we obtain:

yRHD =

√
PS
dmS

hxS + nR, (7.10)

and the relay magnifies the input signal by an amplifying factor which is
express by

HHD =

√
PR

PS
dmS
|h|2 + σ2

, (7.11)

where PRHD = 2µPS
|h|2
dmS

. Next, we get the received signal at the destination
as

yDHD =
g√
dmR

xR + nD. (7.12)

By same calculations as above in the full-duplex section, we get:

γHD =

PS |h|2PR|g|2
dmS d

m
R σ

2

PS |h|2
σ2dmS

+ PR|g|2
dmR σ

2 + 1
. (7.13)

7.1.4 Throughput Analysis

In this section, we investigate the instantaneous throughput of the half-
duplex and full-duplex one-way relaying with energy harvesting and in-
formation transfer. Based on analytical expressions, the throughput of two
models is figured out, and we can evaluate their performance.
In the delay-limited transmission protocol, the transmitter is communicat-
ing at a fixed transmission rate R bits/ sec /Hz is and (1− α)T is the effec-
tive transmission time. So, the throughput of systems are obtained as

τFD = (1− α) log2(1 + γFD), (7.14)

for FD relaying network, and

τHD =
(1− α)

2
log2(1 + γHD), (7.15)

for HD relaying network.

Unluckily, it is hard to extract the instantaneous throughput mathemati-
cally, but we can get their performances by simulation as shown in the next
section.

7.1.5 Numerical Results

In this section, from the derived analytical results, we compare the instan-
taneous throughput of two systems. We set the source transmission rate
R = 3 (bps/Hz) (except for Fig. (7.7)), and Z = 2R − 1, the time-switching
factor is α = 0.3. The energy conversion efficiency is set to be η = 0.2 (ex-
cept for Fig. (7.5)), the path loss exponent factor is set to be m = 3. For
simplicity, we set the distance dS = dR = 1 (except for Fig. (7.4), dR is set to
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dS = 2 − dR). Also, we set λs = λd = 1;λr = 0.1 and σ2 = 0.1 (except for
Fig. (7.3)), SNR = PS

σ2 = 1dB.

FIGURE 7.3: Instantaneous throughput of HD and FD
energy-aware relaying network versus σ.

FIGURE 7.4: Instantaneous throughput of HD and FD
energy-aware relaying network versus dS .

It can be seen from Fig. (7.3), when σ increases, the throughput of full-
duplex system increases, meanwhile the throughput of half-duplex is con-
stant. This is because σ has a high influence on the performance of FD
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systems. Meanwhile, the HD system does not have any factor related to
interference, so its throughput is invariant when σ changes.
As we observe the process, Fig. (7.4) proves the impact of the position of a
relay on the instantaneous throughput of two systems. The throughput of
HD is high when the relay is close to the source node, when the relay is far
from the S node, the throughput of the HD model is as smaller than that of
the FD model. The throughput of the FD system increases as dS increases
from 0.4 to optimal value, however, it starts decreasing when dS passes over
this value. This is because the higher the value of dS is, the lower the value
of dR, becomes and this has an impact on system performance.
In Fig. (7.5), we can see clearly that the effect of the energy conversion ef-
ficiency on the performances of both systems. The throughput of the FD
model is better than that of the HD model. When η is big, the throughput
of both models is small, because noise at the relay has dramatic impact.
Similarly, for η ≥ 0.6, the throughput of two models is overlap because the
bigger the energy conversion efficiency gets, the more energy is harvested
at the relay. Therefore, there is more energy in the half-duplex model to
used to transfer information to the destination.

FIGURE 7.5: Instantaneous throughput of HD and FD
energy-aware relaying network versus η.

Fig. (7.6) reveals that the factor α has an impact on the throughput of both
systems evidently, the higher α is, the smaller their throughput is. This is
based on the fact that there is much information transferred to the destina-
tion when α decreases, or there is less time using for harvesting energy.
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FIGURE 7.6: Instantaneous throughput of HD and FD
energy-aware relaying network versus α .

FIGURE 7.7: Instantaneous throughput of FD energy-aware
relaying network versus R.

On the other hand, in Fig. (7.7), it can be seen from the curves that affect the
target rate on the performance of both systems. The bigger R is, the higher
the throughput is because when R is big, more energy is transferred to the
destination.
Intuitively, when the transfer rate is small, the throughput is small; when

96



Tam Nguyen Kieu
PhD Thesis

the transfer rate is large, it again degrades the throughput; so, for spe-
cial transmitted energy, there exists a transfer rate that gives maximum
throughput. Interestingly, we find that the optimal transfer rate for the HD
model is also smaller than that of the FD scheme. This could be explained
as follows: because the influence of the loop back noise in the FD scheme
as well as the doubled transfer energy in the HD scheme have an impact on
their performance.
In this part, a half-duplex and full-duplex relaying network with wireless
energy harvesting and information transfer protocol are studied, where an
energy-constrained relay node collects energy from the received RF signal
and utilizes that harvested energy to amplify and forward the information
to the destination. In order to verify the instantaneous throughput results.
The instantaneous throughput of two systems with TSR protocol can be ob-
tained by simulation.
From that, it has given real insights into the effect of various network pa-
rameters on the performance of wireless energy harvesting and information
transfer using AF relay nodes.

7.2 An AF Performance Analysis in the Energy Har-
vesting Relaying Network

The demand for wireless communication techniques in history will be mark
-ed by 5G networks delivering massive capacity in recent years. Accom-
pany with these milestones, an issue that is not less important and is a
requirement for prolonging the operation is not less important and is a re-
quirement prolonging the operation time of wireless systems, had attracted
many researchers in recent years. The common relay selections and energy
harvesting models for maximization of the throughput of amplify and for-
ward (AF) relaying communication system in which the source and the re-
lays are equipped with energy harvesting (EH) capability are investigated.
An optimization problem that can be solved by the common Bender’s anal-
ysis was formulated by the authors in [59; 60; 92; 93].

On the other hand, a system in which the second user can realize chan-
nel access to transfer a packet or collect radio frequency (RF) power on the
chosen channel, free or seized by the first user, was considered. A maxi-
mization formulation to get the channel access strategy for the second user
to optimize its throughput was proposed in [31; 33; 61; 94; 95].
Moreover, as we can see in [62- 64], the simultaneous wireless information
and power transfer (SWPIT) for network-coded two-way relay transmis-
sion, in which two resources exchange information with the help of en-
ergy harvesting relay was studied point of view. By examining the time
switching (TS) relaying protocol, the TS-based two-way relaying (TS-TWR)
scheme was also considered.
As a result, in this part, we analyze the outage probability and ergodic ca-
pacity as well as throughput of the delay-limited and delay-tolerant schemes
in the full-duplex relaying with the novel ability of energy harvesting and
information transfer. Hereby, I recommend the optimal model for each sit-
uation.
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7.2.1 System Model

Let consider a wireless two-hop relaying network with AF protocol as de-
scribed in Fig. (7.8). The model has three nodes, one source node S, one
destination node D, and one relay node R. Each node embraces two anten-
nas, one uses to transfer signal and the other is responsible for the signal
receiver. The cooperation relay is assumed to be energy-constrained equip-
ment so that it can collect energy from the source signals, and utilizes that
energy to amplify and forward the information to the destination. Assum-
ing that the link between source and destination does not exist by the deep
shadowing effect.

FIGURE 7.8: System model of one way full-duplex relaying.

FIGURE 7.9: The parameters of TSR protocol.

The interference cancellation mechanism is not perfect. Definitely, a certain
amount of interference still exists. The residual self-interference channel
at R is denoted by fR. Let d1, d2 denote the length between S − R link
and R − D link. Let h1, h2 be the channel gains of S − R and R − D
link, respectively. The model employed in this investigation is the Time
Switching-based Relaying (TSR) protocol. Its main parameters are illus-
trated in Fig. (7.9). For the above protocol, the communication process is
divided into two phases. In the earlier phase, the energy is transmitted from
the resource to the relay during an interval of duration αT , (0 < α < 1) and
in the next phase, which has the duration of (1− α)T is used to convey
information. Here, α is the time switching factor and T is the transmission
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time for one block. Then, the signal received at the relay is given as

yR =

√
PS
dm1

h1xS + nR, (7.16)

where m is the path loss factor and PS is the power transmitted by the
source, nR is the additive white Gaussian noise at R with zero-mean and
variance of σ2

R. Evidently, the harvested energy at the relay is determined
as

Eh = µαT
Ps|h1|2

dm1
, (7.17)

where µ is an energy conversion factor.
In the second phase, assuming that the source node transmits a message
signal xS to R and R forwards signal xR to the destination. They have
unit energy and zero–mean, i.e., E

[
|xS |2

]
= 1, E

[
|xR|2

]
= 1 and E [xS ] =

0, E [xR] = 0 as in [83]. Hence, the received signal at the relay with the
presence of residual self-interference now is:

yR =

√
PS
dm1

xSh1 + fR + nR, (7.18)

where fR is the residual self-interference factor at R. Assume that R re-
ceives yR and employs the harvested energy to amplify yR. As a result, the
amplified signal, xR, can be written as

xR = G
√
PRyR, (7.19)

where G is the amplification factor of R. Based on the AF relaying model at
R, G is rewritten as

G =

√
(
PS
dm1
|h1|2 + PR|fR|2 + σ2

R)
−1

. (7.20)

Given that harvested energy supports activities for the next phase trans-
mission, PR is expressed by

PR =
Eh

(1− α)T
= ϕPS

|h1|2

dm1
, (7.21)

where ϕ is defined as ϕ = αµ
1−α . Finally, we obtain the received signal at the

destination as

yD =
h2√
dm2

xR + nD, (7.22)

where nD is the Gaussian noise at the destination with zero-mean and vari-
ance of σ2

S = σ2
R = σ2, for simplicity. By substituting Eq. (7.19), Eq. (7.20),

Eq. (7.21) into Eq. (7.22), we get:
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E{|yD|2} = Ps|h1|2||h2|2(|fR|2)
−1

(dm1 )−1(dm2 )−1︸ ︷︷ ︸
Signal

+ PR|h2|2(dm2 )−1 + σ2︸ ︷︷ ︸
Noise

+Ps|h1|2(|fR|2)
−1

(dm1 )−1σ2(PR)−1︸ ︷︷ ︸
RSI

.

(7.23)
And, the instantaneous receiving SINR at S is specified in [31]

γD =
E
{
|signal|2

}
E
{
|noise|2

}
+ E

{
|RSI|2

} . (7.24)

A new formula is achieved after some simple algebras as

γD =

PS |h1|2PR|h2|2

dm1 d
m
2 PR|fR|

2

σ2PS |h1|2

PR|fR|2dm1
+ PR|h2|2

dm2
+ σ2

. (7.25)

Assuming that the channel gains |h1|2, |h2|2 are independent and identically
distributed exponential random variables.

7.2.2 The Outage Probability and Throughput Analysis

In this section, we study the outage probability and the throughput of full-
duplex one-way relaying with energy harvesting and information transfer.
Based on analytical expressions, the outage probability and the throughput
of the AF delay-limited and AF delay-tolerant schemes are given. Accord-
ingly, we can compare and evaluate them together. It can be seen that their
parameters have an impact on system operation. Then, we can suggest
which model is appropriate for use.

The outage probability analysis

The outage probability of FD relaying network is reckoned as

Pout = Pr (γ ≤ Z) , (7.26)

where R is a transfer rate and Z = 2R − 1.
Proposition:
The outage probability of the AF delay-limited scheme is given as PDLout =
Pr {γD < Z} = 1−A and

A =
1/ϕZ∫

0

2

√
dm1 d

m
2 Zσ

2
(

1
ϕ

+y
)

λsλdPS−ϕPSZy

×
K1

2

√√√√dm1 d
m
2 Zσ

2
(

1
ϕ + y

)
λsλdPS − ϕPSZy

 1

λr
e−

y
λr dy,

(7.27)
where λs, λd, λr are the mean value of the exponential random variables
h1, h2, fR, respectively andK1 (x) is Bessel function defined by Eq. (8.423.1)
in [49].
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Proof:
By denoting x = |h1|2|h2|2, y = |fR|2 and we obtain:

PDLout =

 Pr

{
x <

dm1 d
m
2 Zσ

2
(

1
ϕ

+y
)

PS−ϕPSZy

}
, y < 1

ϕZ ,

1, y > 1
ϕZ .

(7.28)

We can calculate the cumulative distribution function of x as

Fx (a) = Pr (x < a) = 1− 2
√
a/λsλdK1

(
2
√
a/λsλd

)
, (7.29)

and the probability distribution function of y as fy (b) = (1/λr) e
(b/λr). Fi-

nally, the Proposition is easily got after some simple calculations.
Proposition 7:
In the AF delay-tolerant scheme, we have:

RE =

G

1 3
3 1

ϕPSλsλd
σ2dm1 dm2

∣∣∣∣∣∣0, 1, 11


ln 2

+
1

λr ln 2

∞∫
0

G

1 3
3 1

(
ϕPSλsλd
σ2dm1 d

m
2

∣∣∣∣0, 1, 11

)
e
−y
λr dy,

(7.30)

where RE is the ergodic capacity of the DT system and G

m n
p q (x) is Mei-

jer G-function defined by Eq. (9.31) in [75].
Proof:
By denoting x = |h1|2|h2|2, y = |fR|2, the ergodic capacity can be expressed
as:

RE = E
{

log2

(
1 + ϕPSx

σ2dm1 d
m
2

)}
E
{

log2

(
1 + ϕ2PSxy

σ2dm1 d
m
2 (1+ϕy)

)}
. (7.31)

Besides, the probability density function (p.d.f.) of x is given by fX(x) =
2

λsλd
K0

(
2
√

x
λsλd

)
. The first item of Eq. (7.31) can be calculated as

E
{

log2

(
1 + ϕPSx

σ2dm1 d
m
2

)}
= 1

λsλd ln 2

∞∫
0

ln
(

1 + ϕPSx
σ2dm1 d

m
2

)
K0

(
2
√

x
λsλd

)
dx

= 1
λsλd ln 2

∞∫
0

G

1 2
2 2

(
ϕPSx
σ2dm1 d

m
2

∣∣∣∣ 1, 1
1, 0

)
×K0

(
2
√

x
λsλd

)
dx,

(7.32)
and I apply Eq. (8.4.6.5)] in [49], and then use the integral identity Eq. (7.821.3)]
in [49] to obtain

E

{
log2

(
1 +

ϕPSx

σ2dm1 d
m
2

)}
=

G

1 3
3 1

(
ϕPSλsλd
σ2dm1 d

m
2

∣∣∣∣0, 1, 11

)
ln 2

. (7.33)

Similarly, the second item of Eq. (7.31) can be given as

E
{

log2

(
1 + ϕPSxy

σ2dm1 d
m
2 (1+ϕy)

)}
=

G

1 3
3 1

(
ϕPSλsλdy

σ2dm1 d
m
2 (1+ϕy)

∣∣∣∣0, 1, 11

)
ln 2

. (7.34)

Finally, the Proposition 7 is achieved through some simple calculations.
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The throughput analysis

In the delay-limited (DL) transmission protocol, the transmitter is transfer-
ring at a fixed target rate Rbits/sec/Hz and (1− α)T is the effective trans-
mission time. Correspondingly, the throughput in the delay-limited mode
is obtained as

RDL = (1− α)(1− PDLout )R. (7.35)

In delay-tolerant (DT) mode, the source transfers at any fixed rate, which
is upper limited by the ergodic capacity. When the code word length is big
enough compared to the frame time, the code-word knows all the potential
realizations of the channel. Thus, the ergodic capacity becomes an appro-
priate metric. Assume that the residual loop back interference is considered
as the Gaussian noise. Therefore, the AF delay-tolerant throughput is as

RDT = (1− α)RE . (7.36)

Unfortunately, it is difficult to extract the optimal throughput mathemati-
cally, but we can obtain that value by simulation as introduced in the next
section.

7.2.3 Numerical Results

FIGURE 7.10: Outage probability and Ergodic capacity of
FD energy-aware relaying network versus distance.

In this section, we use the analytical results to derive the outage prob-
ability, the optimal throughput. We set the source transmission rate at
R = 3 (bps/Hz), therefore the outage SINR threshold is given by Z =
2R − 1. The energy conversion efficiency is set to be µ = 0.4 (except for
Fig. (7.12), Fig. (7.13)), σ2 = 0.1 (except for Fig. (7.14) and Fig. (7.15)),
the path loss exponent factor is set to be m = 3. For simplicity, we set
the distance d1 = d2 = 1 (except for Fig. (7.10) and Fig. (7.11)). Also,
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we set λs = λd = 1;λr = 0.1 and the time-switching factor α = 0.3,
SNR = P_s

σ2 = 2dB. These are the values that give us the best performance
if we fix other parameters.
From Fig. (7.10), the DL outage probability and the DT ergodic capacity are
plotted versus the position of relay. The DT ergodic capacity is minimized
at midway between the source and relay, it gets the best value near to the
relay, i.e., at a certain point that is about 0.3 far away to the source (if the
distance is smaller than this one, we do not have the ergodic capacity). This
is simple to understand, the DT expressions analyzed is the upper bound in
this paper, easily being affected by the transmit power or other interference
power. Of course, the closer the relay is to the source, the better its ergodic
capacity gets.
Moreover, Fig. (7.10) also reveals that the DL outage probability outper-
forms that of the DT one. We can see that its outage probability decreases
when d1 increases and gets the worst value at midway between the source
and the destination. The closer the relay is to the source node or the des-
tination, the better the outage probability achieves. As 1 ≥ d1 ≥ 0.8, the
thing is a difference. In particular, the DT ergodic capacity is better than
that of the DL outage probability, and the reason is that more noise at the
relay has an impact on the system operation. Two models have a cross-over
at d1 = 0.8. Here, the outage probabilities of two models are equal.

FIGURE 7.11: Throughput of FD relaying versus distance.

Consequently, as observed in Fig. (7.11), the DL throughput is better than
that of the DT throughput. The farther the relay is to the source, the smaller
the DL throughput gets. It obtains the minimum at the midway. Mean-
while, the ergodic capacity increases and gets the maximal value at the mid-
way between the source and the relay. This is compatible with the above
analysis in Fig. (7.10). Although when 1 ≥ d1 ≥ 0.8, the DT ergodic capacity
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is better than that of the DL one, but the DL throughput is still better than
that of the DT model. It is because the noise at the relay is not big enough
to help the DT model to overcome the DL one.
The same scenario occurs when we investigate the outage probability and
the ergodic capacity concerning the energy conversion factor µ, in Fig. (7.12).
The bigger µ is, the better the outage probability and the ergodic capacity
are. Here, when µ is greater than 0.4, the ergodic capacity starts to appear,
and it gradually becomes bad. This problem is not hard to explain. When
µ increases, energy at the relay increases. It makes the DL model to have
more energy to forward information to the destination. However, the more
energy at the relay, the more noise impacts on the DT transmission mode.
As a result, Fig. (7.13) shows that, the smaller µ, the smaller the throughput.
When µ increases, throughput increases. Moreover, we have seen that µ af-
fects the DT throughput, incredibly. The bigger µ is, the lower DT through-
put we have. This confirms that more power to forward the signal, we
obtain a high throughput at the destination.

FIGURE 7.12: Outage probability and ergodic capacity of
FD energy-aware relaying network versus µ.

A similar trend is observed in Fig. (7.14), for σ is smaller than 0.4 or bigger
than 0.6, we do not see egordic capacity (with the same reason as the previ-
ous part). The bigger the noise is, The better the ergodic capacity is and the
worse the outage probability we have. When σ ∈ [0.4, 0.5], the DT ergodic
capacity is worse than that of the DL one for remaining values as things
happen contrarily. This scenario demonstrates that noise has an significant
impact on system performance. We have the cross over of two transmission
modes at σ = 0.5, while the probabilities of two models are equal.
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FIGURE 7.13: Throughput of FD relaying versus µ.

FIGURE 7.14: Outage probability and Ergodic capacity of
FD energy-aware relaying network versus σ.

Finally, Fig. (7.15) shows that though σ is small or big, the DL throughput is
still better than that of the DT one. One again, it is proven that more noise at
the relay leads to the DL mode is better than that of the DT one (the reason
for this is the same as above).
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In this part, we have investigated a full-duplex relaying network with wire-
less energy harvesting and information transfer protocol, where an energy-
constrained relay node collects energy from the RF signal and employs that
collected energy to transmit the information signal to the destination in the
DL and DT mode. The analytical expressions of two modes for the TSR
protocol can be found by simulation. Here, we can see that the DL mode
becomes the better mode if we must select either one of two modes

FIGURE 7.15: Throughput of FD relaying versus σ.

7.3 Performance Analysis in the DF Full-Duplex Re-
lay Network

EH method relied on ambient radio frequency (RF) signals has recently pro-
vide the advanced method to keep the radio networks survive from leaking
of energy.

In this part, performance analysis for underlay cognitive DF relayed sys-
tems with the Nth best relay selection model over Nakagami-m fading
channels is presented. Both the maximum tolerated interference energy-
constraint and the maximum transfer energy limitation were studied in
[67]. Besides, the utilization of power collectors, in place of normal power
resources, in radio cooperative communication was considered by the au-
thors in [96]. The influence of hardware impairments in cognitive DF sys-
tem is standardized. More particularly, the derivation of signal-to-the noise-
and-distortion ratio (SNDR) at the relay and destination node of the cogni-
tive DF network are achieved in [84]. Among them, a DF relay system relied
on radio energy collecting and the energy-constrained relay node, which
first collects power over radio-frequency (RF) signals from the source node,
was also mentioned in [33].
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Moreover, an overview of the simultaneous wireless information and power
transfer (SWIPT) especially with a particular concern on the hardware re-
alization of circuits and real technologies that get SWIPT in the respect of
time, power, antennas, and space and the profits of a potentiality integra-
tion of SWIPT technologies in up-to-date information systems in the con-
text of source deployment and cooperation cognitive wireless systems were
talked in [57; 69]. On the other hand, a wireless-energized cooperative in-
formation system comprising one hybrid access-point (AP), one source, and
one relay was investigated. In contrary to normal cooperative networks, in
[77; 85], the source and relay in the considered system have no power sup-
ply.

In another advanced work, the second system with simultaneous SWIPT is
in a spectrum sharing context was presented. Mover especially, a secondary
user (SU) transmitter transmits to several SU receivers (SU-Rxs) under the
peak interference power constraint on the primary user receiver and the
SU optimum transfer energy limitation. A SU-Rx with the best channel
condition among a set of multiple SU-Rxs satisfying a threshold is selected
for information transfer was considered in [61; 62].

Therefore, in this part, we investigate the outage probability and through-
put of the full-duplex relay system with a new application of energy collect-
ing and information transfer. Based on the analytical expressions, system
outage probability and throughput are studied and according to the practi-
cal situation, we can suggest which model can attain the best gain.

FIGURE 7.16: System model of the full-duplex relaying.

7.3.1 The System Model

As illustrated in Fig. (7.16), a DF relaying cooperative network is consid-
ered, where the information is transferred from the source node denoted
by S to the destination node denoted by D, via a power-constrained relay
node denoted by R. Every node has two antennas, one for the information
transmission, the other for the data receiving. Assume that between the
source and the destination node, there is not any direct link. A DF relay
helps the connection between source and destination. At first, the DF relay
receives energy from the source signals. Next, it uses the collected energy to
forward the information to D. The distance S → R and R→ D are denoted
by d1 and d2.
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FIGURE 7.17: The parameters of TSR protocol.

The residual self-interference (RSI) channel at R is denoted by hf , it exists
because the noise canceled technique is not perfect.

The model utilized in this paper is the Time Switching- Relaying (TSR) pro-
tocol as shown in Fig. (7.17).
As we can see in Fig. (7.17), there are two phases of the information trans-
fer process. Initially, energy is sent from S to R within a time slot of length
αT, (0 < α < 1). The next time slot, (1− α)T , is given to transfer in-
formation, where α is a time-switching factor, while, the duration pf each
communication frame is T .

In the energy harvesting phase, at R, we receive a signal

yR =

√
PS
dm1

hSxS + nR, (7.37)

where PS is the source transmit power, nR is the additive white Gaussian
noise at R with variance of σ2

r and zero-mean.

According to [13], the received energy at R is written as

Eh = ηαT
Ps|hS |2

dm1
, (7.38)

where m denotes the exponent path loss factor, η is the energy conversion
efficiency, the channel coefficients are hS , hR respectively like in Fig. (7.16).
Assuming that xS is the signal transferred from S toR and xR is re-transmitted
signals from R to D for simplicity, we set E

[
|xi|2

]
= 1 and E [xi] = 0,

j ∈ {S,R}, respectively. Another expression of received signal at R is given
as in [83]

yR =

√
PS
dm1

xShS + hRxR + nR. (7.39)

For DF mode, we have:

xR(i) =

√
PR
PS

xS [i− τ ]. (7.40)
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Here, R harvested energy and thence uses it to assists the communication
in the next phase, so PR is given as

PR =
Eh

(1− α)T
= µPS

|hS |2

dm1
, (7.41)

where µ ∼= αη
1−α ; and

yD =
hR√
dm2

(√
PR
PS

xS(i− τ)

)
+ nD, (7.42)

where nD is the Gaussian noise at D with variance of σ2
d = σ2

r = σ2 and
zero-mean.

Alternatively, the received SINR at D through R is given as

γ =
E
{
|signal|2

}
E
{
|noise|2

} . (7.43)

From there, a new formula is obtained after some simple calculations

γDF = min

(
1

µ|hf |2
,
µPS |hS |2|hR|2

dm1 d
m
2 σ

2

)
, (7.44)

where the channel gains |hS |2, |hR|2 and |hf |2 are independent and identi-
cally distributed (i.i.d.) exponent random variable.

7.3.2 Outage Probability and Throughput Analysis

In this section, we examine the outage probability and throughput of full-
duplex relay network with SWIPT. Based on analytical results, the outage
probabilities and throughput of two models are given. Finally, we can know
which model is better than the other order to use them properly.

The Outage Probability Analysis

The outage probability in the delay-limited (DL) mode is given as

PDL = Pr (γ ≤ Z) , (7.45)

where R1 is the transmission rate and Z = 2R1 − 1.

Proposition:
The outage probability of the DL mode is given as

PDL = 1−
(

1− e
1

µλrZ

)(
2

√
σ2dm1 d

m
2 Z

µλsλdPS

)
K1

(
2

√
σ2dm1 d

m
2 Z

µλsλdPS

)
, (7.46)

where λs, λd, λr are the average value of the exponent random variables, hS ,
hR, hf , respectively, andK1 (x) is Bessel function defined by Eq. (8.423.1) in
[49].
Proof:
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Base on the property of the statistics, the cumulative distribution function
of x is calculated by

Fx (b) = Pr (x ≤ b) = 1− 2
√
b/λsλdK1

(
2
√
b/λsλd

)
, (7.47)

and x can be set up with the probability distribution function fy (c) =
(1/λr) e

(c/λr).
We assign x = |hS |2|hR|2 and y = |hf |2, from Eq. (7.44), Eq. (7.45), we get:

PDL = Pr

(
min

(
1

µy
,
µPSx

dm1 d
m
2 σ

2

)
≤ Z

)
. (7.48)

So,

PDL = 1− Pr
(

1

µy
≥ Z

)
Pr

(
µPSx

dm1 d
m
2 σ

2
≥ Z

)
. (7.49)

After some manual calculations, the Proposition is proved.

In the delay-tolerant (DT) context, the source transfers data at any fixed
rate upper bounded by the ergodic capacity. As the code-word length is
sufficiently big compared to the frame duration, the code-word could see
all potential realizations of the channel. So, the ergodic capacity becomes a
suitable metric.
Proposition 8:

Similar to the above section, we have the ergodic capacity as

CDT =

∞∫
0

(1− e
−1
µλrt )

(
2
√

dm1 d
m
2 σ

2t
µPSλsλd

)
K1

(
2
√

dm1 d
m
2 σ

2t
µPSλsλd

)
(1 + t)ln2

dt. (7.50)

Proof:
Using the cumulative distribution function (c.d.f.) of the end-to-end SINR
in Eq. (7.46), the desired result can be achieved after some simple manipu-
lations.

The throughput analysis

In the Proposition, with the delay-limited transfer protocol, the transmitter
is transmitted at a fixed transmission rate R1bits/sec/Hz and (1− α)T is
the effective communication time. So, the throughput of the DL system can
be written as:

τDL = (1− Pout)R1 (1− α) . (7.51)

Also, by another definition, the throughput of the DT system is also given
as

τDT = (1− α)CDT . (7.52)

Unfortunately, it is difficult to derive the optimal throughput mathemati-
cally, but we can achieve that value by the numerical method as mentioned
in the next section.
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7.3.3 Numerical Results

In this part, we employ the derived analytical results to figure out the maxi-
mal throughput. We set the target rateR1 = 3 (bps/Hz) (except for Fig. (7.22)).
The energy conversion efficiency is set to η = 0.4 (except for Fig. (7.19)), the
SNR = Ps

N = 1 dB, the path loss exponent is set to m = 3. We set the
distance d1 = d2 = 1 (except for Fig. (7.18)), and λs = λd = 1;λr = 0.1, the
noise factor is σ2 = 0.1 (except for Fig. (7.20)), and the time switching factor
α is 0.3 (except for Fig. (7.21)).
From Fig. (7.18), we easily see that throughput of two models changes
when d1 changes. As shown in the figure, when the relay is close to S or
D, the throughput is better than that when the relay is far from S or D.
The throughput gets the worst value at midway between S and D. The DT
model takes advantage than the other because its transmission rate is inde-
pendent.

FIGURE 7.18: Throughput of DT and DL model versus dis-
tance.

Fig. (7.19) illustrates that the throughput of the DT models is remarkably
better as η increases. Meanwhile, the throughput of the DL model increases
slightly. Here, the throughput of the DT model is still better than that of the
DL model. The reason is the same as previous part.
Fig. (7.20) proves the impact of the noise level on the throughput perfor-
mance. When σ rises, the throughput decreases. This is because when
σ increases, we have the worse throughput, which is shown clearly from
Eq. (7.46), Eq. (7.50), Eq. (7.51), Eq. (7.52). It is also noting that throughput
of DT model is better than that of DL model.
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FIGURE 7.19: Throughput of DT and DL model versus η.

FIGURE 7.20: Throughput of DT and DL model versus σ.

Besides, Fig. (7.21) shows us the fact that the time switching factor con-
tributes significantly on the throughput performance. When α ≤ 0.4 or
α ≥ 0.4, the DT throughput decreases gradually; when α = 0.4, DT model
gets the best value. The same thing occurs with the DL model as α ≥ 0.3 or
α ≤ 0.3. And this model attains the best value at α = 0.3. With no excep-
tion, the throughput of the DT model is better than that of the DL one.

112



Tam Nguyen Kieu
PhD Thesis

FIGURE 7.21: Throughput of DT and DL model versus α.

FIGURE 7.22: Throughput of DT and DL model versus R1.

Moreover, Fig. (7.22) shows a plot versus the target rate R1. For the DL
model, its throughput gets the optimal value when R1 = 3. When R1 is
smaller or bigger than this value, its throughput decreases. But for the DT
model, the changes of R1 do not impact on the throughput. This can also
be explained easily because from Eq. (7.50), we can see that throughput ex-
pression do not containR1. The DT throughput is better than that of the DL
throughput, too.
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In this part, we have studied the DT and DL throughput of FD relaying in
RF energy harvesting network. The analytical expressions were derived for
the throughput of the system. From that, we can see the performance of the
two models is depending on the time-switching factor, the noise coefficient,
the relay position, the transmission rate as well as the energy conversion
efficiency. Furthermore, comparing between two models, our results show
that the DT model can promote the system throughput. So, it is an ex-
pecting measure for developing future RF energy harvesting cooperative
systems.

7.4 A Performance Analysis of an AF Two-hop Model
in the Energy Harvesting Relay Network

Lately, EH through RF signals has collected remarkable interest of the au-
thors in [26; 73]. A system where the secondary user can take channel access
to transfer a packet or to collect RF power when the selected channel is free
or withheld by the primary user was studied. An optimization algorithm
to get the channel access strategy for the secondary user to maximize its
throughput is presented by the authors in [74].

Besides, wireless-energized cooperative communication system compris-
ing of one hybrid access-point (AP), one source, and one relay is examined.
Contrary to normal cooperative networks, the source and relay in the con-
sidered system have no power supply. They need to rely on the energy
collected from the signals transmitted by the AP for their cooperative com-
munication transmission in [77].
On the other hand, a wireless EH and information transfer protocol in cog-
nitive relaying systems, where an EH based secondary system shares the
spectrum and collects power by exploiting the primary transmission was
also studied. Especially, the secondary transmitter can collect power from
the received primary signal and then conveys it along with the secondary
signal as introduced in [78].
In reality, the employment of radio information and energy transmission,
an advanced concept of EH, to radio cooperative systems was mentioned.
In particular, the focus is on a cooperation system in which a source con-
tacts with a destination with the aid of relays and the relays are casually set
up following to homogeneous Poisson point process as in [89].
An EH cognitive radio (CR) network working in a slotted mode, where the
secondary user (SU) does not have power supply and is energized by en-
ergy harvested from the surrounding environment is investigated. The SU
can only do either power collecting, spectrum sensing or data transmission
at a time due to hardware limitation such that a time slot is segmented into
three non-overlapping parts as considered in [62- 64; 97].
In this part, we study an AF wireless two-hop relay networks in TSR pro-
tocol to perform the simultaneous wireless power and information trans-
fer (SWIPT) mode. To maximize the throughput, we utilize the numerical
method and study the performance. Hereby, it can be seen clearly that the
DT transmission mode outperforms that of the DL one.
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FIGURE 7.23: The AF two-hop system.

7.4.1 Network Model

Let consider a TSR system with two hops and three nodes, a source denoted
by S, a relay by R, and the destination by D. Assume that there is no direct
link connecting S and D because of the distance between S and D is very far.
R operates in the TSR protocol, in which it employs the harvested energy
to transmit information to D, as shown in Fig. (7.23), the distance between
S −R denoted by d1, and the distance between R−D denoted by d2.

FIGURE 7.24: The parameters of TSR protocol.

As described in the TSR protocol proposed in Fig. (7.24), the communica-
tion process has two phases. Firstly, the energy is transmitted from S to
R within a time slot of αT, (0 < α < 1) and next, the remaining time slot
of (1− α)T is spent to convey information (1− α)T/2 from source to the
relay, the other (1− α)T/2 for information transfer from R to S, where α
is the time-switching factor and T is the total duration of one transmission
block.
In the energy harvesting phase, the received signal at R is given as

yR =

√
PS
dm1

hSxS + nR, (7.53)

where PS is source power, nR is the additive white Gaussian noise (AWGN)
at R with zero mean and variance of σ2

R.
So, the harvested energy at the relay is expressed by [82]

Eh = ηαT
PS |hS |2

dm1
, (7.54)

where m is the path loss exponent, η is the energy conversion efficiency,
hS , hR are the channel gains of the S-R and the R-D link.
In the next phase, supposing that S propagates information xS to R and R
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transmits information xR to D. Both signals have unit power and zero–mean,
i.e., E

[
|xi|2

]
= 1 and E [xi] = 0, with i ∈ {S,R}. The transmit power at R

is provided as in [83]

PR =
Eh

(1− α)T/2
= 2kPS

|hS |2

dm1
, (7.55)

where k = αη
1−α . For AF mode, we get:

xR = HyR, (7.56)

where H is an amplification factor, which is given by

H =

√
PR

PS
dm1
|hS |2 + σ2

. (7.57)

So, the required signal at destination is found as

yD =
hR√
dm2

xR + nD, (7.58)

where nD is the AWGN at D with a zero-mean and variance of σ2
D = σ2

R =
σ2, for simplicity.
Alternatively, the instantaneous received SINR at D over R is computed as

γ =
E
{
|signal|2

}
E
{
|noise|2

}
+ E

{
|RSI|2

} . (7.59)

So, from Eq. (7.55), Eq. (7.56), Eq. (7.57), Eq. (7.58), and Eq. (7.59), and
through some simple calculations, we get

γ =

PS |hS |2PR|hR|2
dm1 d

m
2 σ

2

PS |hS |2
σ2dm1

+ PR|hR|2
dm2 σ

2 + 1
. (7.60)

7.4.2 Outage Probability and Throughput Analysis

In this section, we investigate the throughput of the considered two-hop
relay network with EH. Through analytical expressions, the throughput of
DL and DT models are derived and the recommended model for the EH
relay system is achieved, too.

The Outage probability analysis

The outage probability of the AF two-hop relay network in DL mode is
calculated as

Pout = pr (γ ≤ Z) , (7.61)

where R is the transmission rate and Z = 2R − 1.
Proposition:
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The outage probability of the EH enabled AF relay network is derived as

Pout = pr


PS |hS |2PR|hR|2

dm1 dm2 σ2

PR|hR|2
σ2dm2

+
PS |hS |2
dm1 σ2

+1
≤ Z


= 1− 1

λS

∫∞
Z/PS

exp

− x
λS
−

Z(
xPS
σ2dm1

+1)

λD(
2kP2

S
x2

dm1 dm2 σ2
−

2kZP
S
x

dm1 dm2 σ2
)

 dx.

(7.62)

We set x = |hS |2 and y = |hR|2. Based on CDF and PDF of x are fy (b) =

(1/λD) e(−b/λD) and F|hS |2 (c) = Pr
(
|hS |2 ≤ c

)
= 1− e

−c
λS .

Proof:

Pout = pr


PS |hS |2PR|hR|2

dm1 dm2 σ2

PR|hR|2
σ2dm2

+
PS |hS |2
dm1 σ2

+1
≤ Z

 = pr
{
|hR|2 ≤ H

}

= 1−
∞∫
0

e

−
Z

(
xPS
σ2dm1

+1

)

λD

(
2kx2PS

2

σ2dm2 dm1
− 2kZxPS
σ2dm2 dm1

)
f|h|2(x)dx, .

(7.63)

where H =

 z

(
xPS
σ2dm1

+1

)
(

2kx2PS
2

σ2dm2 dm1
− 2kZxPS
σ2dm2 dm1

)
.

The Proposition is achieved easily after some simple manipulations, where
λS , λD are means of the exponential random variable |hS |2, |hR|2 and the
fading channel gains |hS |2, |hR|2 are the independent and identically dis-
tributed (i.i.d.) exponential random variables.
In DT mode, S propagates at any constant rate upper bounded by the er-
godic capacity. Meanwhile, the code-word length is rather large compared
to the transmission block, so the code-word could use all potential knowl-
edge of the channel. Consequently, ergodic capacity becomes a suitable
metric for system performance.
Proposition 9:
The ergodic capacity is expressed as

C =

G

1 4
4 2

(
2kPSλSλD
σ2dm1 d

m
2

∣∣∣∣0, 0, 1, 11, 0

)
ln 2

− e
dm2

2kλD

λS ln 2

∞∫
0

E1

(
σ2dm1 d

m
2 + PSxd

m
2

2kPSλDx

)
e
−x
λS ,

(7.64)

where x = |hS |2|hR|2, G

m n
p q (x) is the Meijer G-function, Eq. (9.301) in

[50], En(x) is the exponential integral function as Eq. (5.1.4) in [51].
Proof:
The achievable rate of the network can be alternatively calculated by

C = E

{
log2

(
1 +

2kPS |hS |2|hR|2

σ2dm1 d
m
2

)}
−E

{
log2

(
1 +

2kPS |hS |2|hR|2

σ2dm1 d
m
2 + PS |hS |2dm2

)}
.

(7.65)
Recall that PDF of x is express by

f(x) =
2

λSλD
K0

(
2

√
x

λSλD

)
, (7.66)
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where Kn(x) is the nth order modified Bessel function of the second kind of
Eq. (8.432.1) in [50].
The first term of Eq. (7.66) can be calculated as

C1 = E
{

log2

(
1 + 2kPS |hS |2|hR|2

σ2dm1 d
m
2

)}
=

G

1 4
4 2

 2kPSλSλD
σ2dm1 dm2

∣∣∣∣∣∣0, 0, 1, 11, 0


ln 2

= 2
λSλD

∞∫
0

G

1 2
2 2

(
kPSx

σ2dm1 d
m
2

∣∣∣∣1, 11, 0

)
K0

(
2
√

x
λSλD

)
dx,

(7.67)
from the relationship of Eq. (8.4.6.5) in [75] and by employing the integral
identity as in Eq. (7.821.3) in [49].
The second term, conditioned on |hR|2, is computed as

C2 = E
{{

log2

(
1 + 2kPS |hS |2

σ2dm1 d
m
2 +PS |hS |2dm2

|hR|2
)}}

H2 = E1

(
σ2dm1 d

m
2 +PS |hS |2dm2

2kPS |hS |2

)
.

=
e
σ2dm1 dm2 +PS |hS |

2dm2
2kPS |hS |2

ln 2
H2.

(7.68)
Then, by averaging Eq. (7.68) over |hS |2, we get the expected result.

The throughput analysis

In the above Proposition, the outage probability for the DL model is de-
rived. In the delay-limited transmit protocol, the transmitter propagates
information at a fixed transmission rate R bits/sec/Hz and (1− α)T is the
effective information time. So, the DL throughput of the two-hop network
is given as

τDL = (1− Pout)R
(1− α)

2
. (7.69)

Also, in Proposition 9, the throughput of the DT system is given as

τDT = C
(1− α)

2
. (7.70)

Unluckily, it is hard to derive the maximal throughput mathematically, but
we can get that value by the numerical approach as described in the next
part.

7.4.3 Numerical Results

In this section, we employ the derived analytical results to study the out-
age probability as well as the throughput of two models. We set the source
transmission rate R = 3 (bps/Hz) (except for Fig. (7.28)), α = 0.3 (except
for Fig. (7.27)). The energy conversion efficiency is set to be η = 0.4 (ex-
cept for Fig. (7.26)), the path loss exponent factor is set to be m = 3. For
simplicity, we set the distance d1 = d2 = 1 (except for Fig. (7.29)). Also,
we set λs = λd = 1;λr = 0.1 and PS(dB) = 10, σ2 = 0.1 (except for
Fig. (7.25)). These values are chosen because they provided the best asymp-
totic between curves.
Fig. (7.25) reveals that the noise coefficient has an impact on system perfor-
mance. When σ2 changes from 0 to 1, the throughput of two models also
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changes. The bigger the σ2 is, the smaller the throughput of two models,
gets. This proves the impact of noise on system performance. We can see
clearly that the throughput of the DT model is better than that of the DL
one.

FIGURE 7.25: The throughput of DL and DT model versus
σ2.

FIGURE 7.26: The throughput of DL and DT model versus
η.
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It can be shown in Fig. (7.26) that η also has effect on the throughput of both
models. The bigger η is, The bigger the throughput of two models gets, the
throughput of the DT model is better than that of the DL model. It is easy
to know for big η, more energy is available at the relay to help relay send
information to the destination easily.

FIGURE 7.27: The throughput of DL and DT model versus
α.

FIGURE 7.28: The throughput of DL and DT model versus
R.
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Fig. (7.27) also says that the time-switching factor has an impact on system
operation. When α changes from 0 to 1, the throughput of two modes also
alters. When α = 0.3, the two modes get the best value. The DT throughput
is always better than that of the DL mode.

FIGURE 7.29: The throughput of DL and DT model versus
d1.

As observed in Fig. (7.28), the curves tell us that the target transmission
rate affects system performance. When R changes, the throughput of the
two models also changes. For bigger R, the throughput of the DT mode
becomes smaller. Meanwhile, the throughput of the DL mode gets the best
value when R = 3. When R ≥ 5, the throughput of two models concurs
together. We can see that the throughput of the DT modes is better than
that of the DL one.
Fig. (7.29) illustrates the throughput of two models versus the relay po-
sition. In the assessment, we set d1 + d2 = 2, and d1 varies from 0 to
2. As shown in Fig. (7.29), for both models, the relay should be close to
the source to get the optimal throughput. Two suggested models have the
worst throughput performance at midway. The bigger d1 is, the smaller the
throughput of two models, gets. Moreover, Fig. (7.29) shows that the DT
mode gets the throughput performance better than that of the DL mode.
On the other hand, because of noise, when R is close to the destination, the
throughput values of two models have a little improvement and then de-
crease again. This is easy to understand because the noise near the relay
affects the system operation but it is not strong enough to promote signal.
In this part, we have studied two-hop relay networks with the wireless en-
ergy harvesting and information transmission protocol, in which an energy-
constrained relay node collects energy from the received RF signal and
spends that harvested energy to forward the information to the destina-
tion. Here, the performance in two modes is compared. To find out the
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appropriate mode, the analytical expressions of the throughput in TSR pro-
tocol are verified by the simulation.
As expected, through simulations, we easily see that the DT mode perfor-
mance outperforms that of DL one in the two-hop relay system, and the DT
relaying system can normally promote the throughput performance.

7.5 Summary

In this chapter, we studied the performance of the considered EH FD re-
laying network for three different transmission modes, namely instanta-
neous transmission, delay-limited transmission, and delay-tolerant trans-
mission. The mathematical closed-form expressions for the throughput of
the system at three transmission modes have been derived rigorously. The
simulation results verified that the DF relaying strategy outperforms the
AF one in most of the cases. Furthermore, the throughput value in delay-
tolerant mode was greater than that of delay-limited one. Last but not least,
the mathematical result matched well with the numerical one obtained by
Monte Carlo simulation.
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8 Conclusions and future work

In this dissertation, we have investigated the system performance of EH
for full-duplex relaying network based on TSR and PSR protocols, together
with AF and DF relaying strategies. All analytical outcomes are summa-
rized here. Furthermore, the possible shortcomings of this research as well
as potential development of my achieved results are also introduced.

8.1 Summary of results and insights

In Chapter 5, we investigate RF EH technology together with FDRNs to
fulfill Aim 1. Regarding the time switching factor, we can expose that there
exists an optimal value for each AF and DF mode, that provides the max-
imal throughput value. This value can also be found by the numerical
algorithm [TNK02]. It has been shown that the DF strategy outperforms
the AF one in most of the cases [TNK02; TNK08; TNK23]. It has been
verified that the full-duplex communication can provide huge improve-
ment on capacity so that it can satisfy the demand of 5G mobile networks
[TNK1; TNK10; TNK13].
Chapter 6 deals with the second aim of this dissertation, i.e., providing
the performance analysis of various antenna configurations at the relay
node in the considered systems, especially single-antenna configuration
versus two-antenna configuration. In other words, I studied the system
performance in two cases: (1) Only one antenna is used to collect energy
from the source, while the other is used for information forwarding and
(2) Both antennas are exploited to collect energy, while only one of them
is used to transmitting the information signal. In both two cases, analyt-
ical expressions have been derived for outage probability and through-
put of this network. Generally, two-antenna configuration outperforms
single-antenna one. However, the gap between these two models disap-
pears when the signal source is large enough [TNK08- TNK09; TNK22].
Furthermore, multiple-antenna configuration, i.e., MIMO, has also been
implemented to enhance the overall system performance. In particular,
three diversity techniques for MIMO have been investigated: Zero Forcing
at Transmitter (TZF), Zero Forcing (RZF), and Maximal Ratio Combining
(MRC) at the receiver [TNK03-TNK06].
Finally, for Aim 3 of the dissertation, the extension of performance analy-
sis of FDRNs for three transmission modes, namely: instantaneous, delay-
limited, delay-tolerant transfer, has been provided. The results verified
that DF strategy outperforms AF one in most of cases. The throughput
values in delay-tolerant mode are greater than that of delay-limited one
[TNK1; TNK10; TNK11; TNK19- TNK20]. From the mathematical analy-
sis, the impact of different parameters on the performance of the considered
system such as the position of the relay, the AWGN at the relay, the energy
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conversion factor as well as TSR or PSR parameters, has been studied in
detail. An interesting result is that a big scale of the potential gain given
by FD relaying with energy harvesting capability can be implemented with
only the knowledge of channel statistics and without the demand of instan-
taneous CSI. So, this is a hopeful solution for enforcing future RF energy
harvesting cooperation networks.

The important contributions of my dissertation can be summarized as fol-
lows. First, the performance of energy harvesting protocols for wireless
full-duplex relay networks in terms of outage probability and throughput
has been fully evaluated. The closed-form expressions of outage probabil-
ity and throughput have been derived for different energy harvesting pro-
tocols, different relaying strategy, different antenna configurations, and dif-
ferent transmission modes. Secondly, from the performance analysis, I have
provided the optimal energy harvesting parameters, including time switch-
ing and power splitting factors, as well as recommended the best commu-
nication strategies for EH-based full-duplex relay networks depending on
each specific channel conditions (Rayleigh, Nakagami-m, with hardware
impairment, etc.). Finally, I propose the integration of energy harvesting
with advanced techniques like NOMA or MIMO for full-duplex relay net-
works to improve the outage performance.

8.2 Future work

Development of an advanced system for EH full-duplex relaying network
is the expected contribution to the scientific community. The following is-
sues are considered as the extensions of my dissertation.
Regarding Aim 1, my investigation can be extended further by utilizing the
Rician fading channel instead of Rayleigh fading one. We can also optimize
the time-switching factor of TSR protocol in DF mode, and then compare
this value with the optimal point in AF mode, which we had found in a
past job. Another interesting work is to consider the hybrid TSR-PSR pro-
tocol to get higher efficiency.
Regarding Aim 2, we can extend my work with multiple-antenna configu-
ration for EH full-duplex relaying networks in which AF and DF schemes
will be studied in detail. And then, we compare the performance of hard-
ware impairment and ideal impairment with three diversity technologies
to improve system performance.
Finally, for Aim 3, to extend the work, the Rician fading channel can also
be considered. On the other hand, information security is another require-
ment for communications, which is proved why physical security in EH FD
relaying networks can be another research direction.
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