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Abstract

Relaying improves reliability and extends coverage range in wireless systems. Amplify-
and-forward (AF) and decode-and-forward (DF) are two main relaying protocols. In con-
ventional wireless systems, we assume that all communicating nodes are connected by
continuous power sources or infinite storage batteries. In practice, most of the nodes are
powered by batteries having finite storage which need to be recharged or replaced re-
peatedly in order to sustain the communication process. This may not be favorable in
applications where energy-constrained nodes are not easily accessible or other convenient
methods are available to provide power. Recently, radio frequency (RF)-based wireless
power transfer to energy-constrained nodes has attracted the interest of a vast group of
researchers. Performance analysis of both conventional and wireless powered (WP) relay
systems is an important area of research which aims to investigate capability and reliabil-
ity of the systems. In this thesis, we present the performance analysis of three-node DF
relay systems when i) all nodes are conventionally powered by continuous power sources,
ii) source node transfers wireless power to the energy-constrained relay node, and iii) RF
signal radiated by the relay node powers the energy-constrained source node. In all three
systems, the relay node operates in half-duplex mode and each node is equipped with a

single antenna.

For the analysis, we consider average symbol error rate (SER) as the performance
metric. We have derived the average SER expressions for all three systems and validated
them by simulation results. Asymptotic average SER expressions are also obtained to
simplify the analysis at high signal-to-noise ratio and analyze the diversity order of the
systems. Data is modulated using M-ary phase-shift keying (M-PSK) or orthogonal M-
ary frequency-shift keying (M-FSK) modulation schemes. M-PSK modulated data is
coherently detected at the receiving ends, whereas noncoherent detection is considered

for M-FSK modulated data. We have considered different fading environments for the
Abstract-TH-2151_ 136102001



analysis.

The average SER of the conventional relay system is investigated under k—p and
n—p fading for M-PSK modulated data. The relay node employs selective DF protocol.
Selective DF and fixed DF are two sub-categories of DF protocol. In selective DF, relay
forwards only the correctly decoded data to the destination, whereas in fixed DF all the
data received at the relay are forwarded. The direct link between the source and the
destination node (SD link) exists and the two signals arriving at the destination node
from source and the relay node are combined using maximum ratio combining (MRC)
principle. The asymptotic average SERs are used to analyze optimal transmission power

allocation at the source and the relay node.

Next, we propose a transmission technique for a WP three-node selective DF relay
system where energy-constrained relay node is wirelessly powered by the source node.
The end-to-end transmission occurs in three slots. The energy consumption in each slot
is different. For the analysis, we consider two scenarios when a) SD link exists and b)
SD link is deeply faded and hence ignored. In the first scenario, two signals arriving at
the destination node via SD and relayed links are combined using equal-gain combining
(EGC) principle. EGC performs close to MRC for reduced complexity. The average SERs
of this system have been analyzed under Nakagami-m fading for M-PSK modulated data.
The derived asymptotic average SER expressions are used to allocate optimal resources,

namely, energy, power and time in different transmission slots.

Performance of the WP relay system, where the source node is energy-constrained
and wirelessly powered by the relay node is also analyzed under Nakagami-m and x—pu
shadowed fading. The relay node employs fixed DF protocol. SD link is assumed to be
in deep fade. We investigate the average SER of this system for M-PSK and M-FSK
modulated data. The asymptotic average SERs are used to analyze the optimal relay

location.
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1. Introduction

Relaying offers advantage in terms of increased coverage range and reliable communication. It
finds application in communication networks including device-to-device communication, wireless body
area networks, wireless sensor networks, Internet-of-things (IoT) entities, such as smart homes and
medical implants, etc. In some applications nodes are physically unreachable and therefore, recharg-
ing and replacing batteries at the nodes when exhausted is not always feasible. In recent years, radio
frequency (RF)-based wireless energy harvesting (EH) is considered as an effective solution for pro-
viding monitored energy to energy-constrained nodes. It has attracted the interest of a vast group of
researchers. Wireless EH in relay systems is also a prominent area of research. In this thesis, we study
the performance of relay systems when nodes transmit using i) continuous energy supply and ii) energy
harvested from RF signal transmitted by the other nodes in the system. We analyze the performance
of the relay systems under various fading environments. Before proceeding to the contributions of this
thesis, we briefly take an overview of wireless communications and discuss fading channel modeling,

relaying, and wireless EH.

1.1 An Overview of Wireless Communications

Signals transmitted over wireless propagation medium get affected by deteriorating effects of fad-
ing, which adversely affects the performance of wireless communication systems. Fading is basically
categorized as large-scale fading and small-scale fading. Power dissipated and attenuation in the re-
ceived signal due to propagation over a long distance is described by large-scale fading. Large-scale
fading is sub-categorized as i) path loss, which delineates the reduction in power of the received signals,
and ii) shadowing, which is caused by objects obstructing the propagation of signals. Further, due to
scattering, reflection, and diffraction in the propagation medium, multiple replicas of the signal arrive
at the destination/receiver. These replicas arrive via different paths with dissimilar delays and hence
cause rapid fluctuations in the received signals amplitude and phase over a small distance or time
duration. This fluctuation is described as small-scale fading. Due to the overlap of delayed multipath
at the receiver side, there is spreading of signals energy over time. If the signals energy interferes
with adjacent signals, then the fading is termed as frequency-selective fading, otherwise, it is called
frequency non-selective/flat fading. These sub-categories of smallscale fading are characterized by the
time-spreading phenomenon of fading channels. Based on the time-varying nature of the channel,

small-scale fading can be further categorized as time-selective/fast fading and slow fading. Fast fading
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1.1 An Overview of Wireless Communications

implies the scenarios when the channel changes frequently over the symbol duration, while in slow

fading the channel varies slowly over the symbol duration.

1.1.1 Transmission and Reception Over Fading Channels

In digital communication systems, transmitting nodes send data over wireless propagation media
by altering the attributes of the carrier signal. This alteration scheme is widely known as modulation.
If data changes amplitude, frequency, or phase of the carrier signal, it is called amplitude-shift keying
(ASK), frequency-shift keying (FSK), or phase-shift keying (PSK) modulated data, respectively [1].
There exist modulation schemes which alter more than one attributes of the carrier signal to transmit
the data. Such schemes are generally called hybrid modulation schemes. An example of such schemes
is quadrature amplitude modulation (QAM) in which data modulates amplitude and phase of the car-
rier signal. Depending on whether the knowledge of carrier phase is required or not at the receiver for
detection, modulation schemes are classified as coherent and noncoherent modulations, respectively.
PSK and QAM are examples of coherent modulation schemes, while differential PSK (DPSK) mod-
ulation is an example of noncoherent modulation schemes. In DPSK modulation scheme, the phase
of the data is shifted relative to the previous data. FSK modulated data can be detected coherently
and noncoherently as well. Coherent modulation schemes are bandwidth efficient and provide better
performance compared to noncoherent modulation schemes at an increased receiver design complexity.
Noncoherent modulation schemes are power efficient and have simple receiver designs but suffer from
poor performance as compared to the coherent modulation schemes. Data can be transmitted in the
form of bits or by grouping bits as symbols. This leads to multi-level modulation. If m > 1 bits
are grouped, there are M = 2™ levels and the corresponding used modulation scheme is termed as
M-ary ASK (M-ASK), -FSK (M-FSK), -PSK (M-PSK), -QAM (M-QAM), and -DPSK (M-DPSK).
Let the constellation is defined by S = {s1,..., s}, where sy is the ¢t symbol for £ =1,2,..., M.
The grouping of bits is done for efficient utilization of the available resources, namely, power and
bandwidth.

In a communication system comprising one source node and one destination node, consider ¢(t) =
Acexp (9(2mf.t +0.)) be the baseband representation of the carrier signal, where t represents time,
9=1+/—1, and A, f., and 0. are the carrier signal’s amplitude, frequency, and phase, respectively. The

baseband equivalent of the modulating data signal is represented as s(t) = a(t) exp(y(f(t)t + 0(t))),
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0 <t < T, where T is symbol duration, a(t), f(t) and 6(¢) are data signal’s amplitude, frequency

and phase, respectively. A generalized form of the transmitted signal in passband domain is given by

D(t) = Re(s(t) exp (527t +0.) ), (1.1)

where Re(-) represents the real part. Due to disturbances present in the propagating medium, multiple
copies of D(t) arrives with different amplitude and delay at the receiving node. The received passband

signal is represented as [2]

R(t) = an(t)D(t —7a(t)) + N (1), (1.2)
where n is the count of received copies, ay,(t) is amplitude of the nth copy, 7,(t) is the delay, and N (t)

represents the induced noise. Using (1.1) and (1.2), the received signal can be represented as

R(t) = Re <Z an(t)d(t — 7, (t)) exp(—727 forn(t)) exp (327 fot + 90))> + N(t). (1.3)

The baseband equivalent of the received signal can be represented as [3, Appendix A2.4]

r(®) = > (@alt) exp((@n(t)))) st = 7a(®)) exp(30.) +n(t), (14)

n

where 6, is the phase error introduced due to the imperfect synchronization at the receiver, ¢, (t) =
—27 fo7,(t) is the phase disturbance induced by fading, and n(t) = N (t) exp(—7(27 fot+6,)) is complex
noise component usually modeled using Gaussian distribution.

For delays 7,(t) << T, (1.4) can be given by

rt) = 3 (an(®) explsa(®) ) s(t) explhe) +nlt), (1.52)

n

= g(t)s(t) exp(s6e) + n(t), (1.5b)

where g(t) = >, (an(t) exp(3(¢n(t))) corresponds to fading. For coherent detection, f. = 0 is desirable
for the best attainable performance, whereas this phase error does not affect the performance of
noncoherent modulation schemes. At the receiver, r(t) is processed through matched filter(s) or
correlator(s) to achieve the maximum energy, based on which the detection of the transmitted symbol

is performed [3].
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The fading gain g(t) = h(t)/x(t)d=? includes the effects of small-scale fading h(t) and large-scale
fading x(¢)d=". x(t) and d~" represent shadowing and path-loss, respectively where d (in meter) is
the distance between transmitting and receiving nodes and v is path-loss exponent. In this thesis,
we consider that the effects of shadowing is relatively small and can be sufficiently described by the
path-loss incurred. Hence, the fading gain can be represented as g(t) = h(t)v/d—?. In what follows,
we refer to small-scale fading simply as fading. This consideration is general in the literature when
the fluctuations in the received signal due to small-scale fading dominate over shadowing [4]. As such,

we can write (1.5) on ignoring! 0. as

r(t) = Vd—h(t)s(t) + n(t). (1.6)

Note that, (1.5) is resulted considering that 7,,(t) << Ts. The spread of multipaths over time
is described by delay spread, o4 = f(7,,(t)), where f(-) is a function of delays, and its frequency
counterpart is called coherence bandwidth, B. o« 1/04 [4]. Representing signal bandwidth as Bs; =
2/Ts, the relation 7, (t) << T is equivalent to By < B., that is, the signal bandwidth is smaller than
the coherence bandwidth and the channel gain remains constant for all the frequency components of
the signal. This implies that the channel is flat faded. The channel is frequency selective if signal
bandwidth is greater than the coherence bandwidth, that is, Bs; > B, and hence, channel gain is
different for different frequency components of the signal. Furthermore, the time over which the
channel condition changes is described by coherence time, T,.. If the channel remains constant during
T, that is, Ty < T, then it is called slow fading channel. Otherwise, if Ty > T., the channel is
fast fading. For slow fading channel, h(¢) in (1.6) can be simply represented by h assuming that the
channel does not change over the symbol duration. Furthermore, the sampled output of the matched

filter(s) (or the output of the correlator(s)) used for the decision can be given by

r=VdVhs+n. (1.7)

1.1.2 Fading Channel Modeling

In the literature, there exist many models to characterize the fading environments. The unbounded

path-loss model d~" in (1.6) is widely adopted in the literature. This model is not valid for small values

19, can be ignored considering that there is no phase error in case of coherent detection and it does not affect the
performance of noncoherent schemes.
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of d due to the singularity at d = 0, thus bounded path-loss model is proposed [5]. For small d, bounded
path-loss model is more effective when nodes are randomly deployed, which may cause some of the
transmitting and receiving node pairs coincide and result in d = 0 [6]. However, in communication
systems consisting of a few number of nodes with deterministic node location, unbounded path-loss
model can be adopted ignoring the analysis for small d. In this thesis, we adopt the unbounded path-
loss model. Methods such as two-ray model, two-slope two-ray model, etc., can be used to measure
the path-loss incurred between a pair of transmitting and receiving nodes. Furthermore, attenuation
occurred at reference distance plays an important role in measuring the path-loss [7]. However, in this
thesis, we assume unity reference distance attenuation, which is a common practice in the literature.

Shadowing is basically modeled using lognormal and gamma distributions [4,8,9]. On the other
hand, a variety of distributions can be used to model the small-scale fading. The channel gain
h =3, anexp(9¢n) = X + Y, where X and Y respectively represent in-phase and quadrature
components; the channel can be modeled using complex Gaussian distribution employing the central
limit theorem for sufficiently large n. If there is no line-of-sight (LOS) component, the fading ampli-
tude |h| follows Rayleigh distribution. In presence of LOS component, the fading amplitude is modeled
using Rician distribution. Figures 1.1(a) and (b) show the power delay profile of Rayleigh and Rician
fading channels, respectively. Rayleigh and Rician models consider all mutipaths as a single cluster.
There can be scenarios when multipaths arrive in clusters. Multipaths within a cluster possess similar
delay but among different clusters, the delay is relatively large. Such scenarios can be modeled using
Nakagami-m distribution [10]. The power delay profile for this model is shown in Figures 1.1 (¢). The
Nakagami-m fading parameter m > 1/2 characterizes the number of clusters. Non-integer values of m
correspond to the correlation between in-phase and quadrature components. Nakagami-m fading is a
generalized model which includes? Rayleigh fading when m = 1 and approximates Rician fading for
m > 1. It provides a good fit to some experimental data of radio channels but may deviate adequately
for the other data.

In [11], two more generalized fading models k—p and n—pu are proposed to characterize the en-
vironments with and without LOS components, respectively. These generalized models characterize
the non-homogeneous scattering field and provide a better fit to the experimental data. Moreover,
these models unify fading models including one-sided Gaussian, Hoyt, Rayleigh, Rician, Nakagami-m.

The power delay profiles for k—u and n—pu fading channels are represented in Figures 1.1(d) and (e),

2 Also, one-sided Gaussian fading and Hoyt fading for m = 1/2 and 1/2 < m < 1, respectively.
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Figure 1.1: Power delay profile of different fading channels (red dashed lines: LOS components, blue solid
lines: non LOS components).

respectively.

The parameters k, n, and p are real quantities. The parameter k in k—u fading represents the ratio

of power in the LOS components and power in the diffused (non-LOS) components. The parameter
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Table 1.1: Special cases of k—pu shadowed fading model.

rk—p fading n—p fading k—p shadowed fading
. k—0,u=1or
Rayleigh k—0,u=1 n=1pu=0.5 -
m =1, B = 1
=1, u=m/2or k—0, u=mor
Nakagami-m K—=0,u=m ! a / £
n—0,p=m m=m, jp=m
Nakagami-n (Rician) =1 k=K p=1m=o0
Nakagami-g (Hoyt) nw=0.5 E—(1—=¢%/2¢* p=1,m=05
) ) n—0, u=0.5or k— 0, u=0.5o0r
One-sided Gaussian | k — 0, 4 = 0.5 F
n—o0, u=0.5 m = 0.5, u=10.5
rk—p fading Ky K= K, L = fi, M = 00
n—p fading 7, k= (1-=n)/2n, p=2pm=p
Rician shadowed E=K, p=1,m=m

7 in n—p fading describes the correlation between in-phase and quadrature components or the power
imbalance between these components. The parameter g > 0 in both fading models characterizes the
number of clusters, and its non-integer values correspond to the correlation among clusters. In [12],
rk—p shadowed fading is proposed to characterize the environment having shadowed LOS components.
Using experimental setup in [13] and [14], it is shown that k—p fading and ~—p shadowed fading
provide a good fit to empirical data in body-to-body communication networks and device-to-device
communication networks, respectively. Table 1.1 lists the mapping of the generalized fading models
to the other fading models [15]. In Table 1.1, the parameters k, #, and m correspond to the fading
parameters for k—p shadowed fading. Parameters x and p are defined in the same manner as the
parameters x and p in k—pu fading. The parameter m captures the shadowing effect. Moreover, the
parameters g and K are the fading parameters of Hoyt fading and Rician fading, respectively.

In the literature, many more fading models have been reported to describe specific wireless envi-
ronments. In [16], two waves with diffuse power (TWDP) fading model is proposed to describe typical
narrow-band receiver operations. In [17], a—u distribution is suggested which considers non-linearity
of the propagation medium. Further, k—pu extreme fading model is proposed in [18] to describe the

environments such as airplanes, trains, buses, and shopping malls.
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1.1.3 Combating the Effects of Fading

The deteriorating effects of fading can be minimized by means of various techniques explored in
the literature [2,19-21]. Equalization methods, orthogonal frequency division multiplexing (OFDM),
vector encoding, etc., are useful in minimizing the degradation effects of frequency-selective fading
channels [19]. Techniques such as robust modulation, signal redundancy, coding, and interleaving,
etc., can be effective in mitigating the effects of time-selective fading channels [2,20,21]. If the channel
is both frequency-selective and time-selective then conventional OFDM along with polyphase filtering
and partial-response coding can be utilized to mitigate the distortion incurred [2]. Degradation in
systems performance due to flat fading can be mitigated by employing various diversity techniques.
Diversity techniques take advantage of randomness in the channel which enables to provide redundant
copies of the source data at the destination(s). This can be accomplished in various ways, for example,
by transmitting the source data in multiple time slots or frequency bands, using multiple antennas at
transmitting and /or receiving nodes, etc.

Employing multiple antennas at communicating nodes can improve the systems performance con-
siderably. Diversity gain is usually considered to measure the improvement in the performance with
an increase in the number of antennas. Depending on the number of antennas at the transmitting and
receiving nodes communication systems can be categorized as multiple-input single-output (MISO)
systems, single-output multiple-input (SIMO) systems, and multiple-input multiple-output (MIMO)
systems. In MISO, transmitting nodes are equipped with more than one antenna and receiving nodes
uses a single antenna. On the other side, single antenna at transmitting nodes and multiple antennas
at the receiving nodes are employed in SIMO systems. In MIMO systems, both transmitting and
receiving nodes are equipped with multiple antennas. MISO and SIMO systems can provide improved

diversity gain whereas, MIMO systems can additionally provide enhanced transmission data rate [19].

1.1.4 Performance Analysis

The performance analysis of wireless communication systems is broadly categorized under infor-
mation theoretic approach and communication theoretic approach. In information theoretic approach
mainly outage probability, outage capacity, ergodic capacity, and throughput are considered as the
performance metrics. On the other hand, average bit error rate (BER) and average symbol error rate

(SER) are the main performance metrics in communication theoretic approach. Information theoretic
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approach takes transmission data rate into consideration, whereas communication theoretic approach
considers modulation, demodulation, and detection of data. The performance analysis based on the
latter approach provides better insights and is more reliable.

Average SER of communication systems are basically analyzed using i) cumulative distribution
function (CDF), ii) probability density function (PDF), and iii) moment generating function (MGF)
based approaches. Given the conditional SER, the average SER is obtained using the CDF, PDF, and
MGF of the instantaneous received signal-to-noise ratio (SNR). These three approaches produce the
same analytical results and can be chosen depending on the mathematical complexity involved in the

analysis.

1.2 An Overview of Relay Systems

Employing multiple antennas at the transmitting and/or receiving nodes can assist in mitigating
the effects of fading. In communication networks, such as wireless sensor networks, IoT entities,
wireless body area network, etc., installation of multiple antennas at nodes may not be feasible due to
hardware size constraints. In such scenarios, extra nodes can be deployed between the transmitting
and receiving nodes to improve the end-to-end performance. These extra nodes are generally called
relays and can form virtual antenna array in order to improve the diversity gain [22]. In communication
systems like cellular networks, fixing multiple antennas at nodes (including relays) can further enhance
the systems performance [23,24]. In systems where relay nodes are introduced between the source and
destination nodes to improve the diversity gain are known as parallel relay systems. Scenarios can also
exist when the destination node is not in the coverage range of the source node or the channel between
source and destination is blocked such that the source data cannot be conveyed to the destination.
Under such circumstances, multiple relay nodes can be arranged in between source and destination
nodes such that the source data is communicated to the destination in multiple hops and hence the
coverage range is extended. The systems employing arrangement of relays in multiple hop fashion are
commonly known as multihop relay systems [25,26]. The hybrid arrangement of relay nodes is also
appealing when there is a requirement of diversity enhancement in individual hop [26]. In networks
such as device-to-device communications, usually user devices act as the relay and cooperate with each
other to convey their data to the destination(s). Such user devices are generally called cooperative

relays.
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The advantage of relaying in terms of improved performance comes at the cost of increased over-
head, which is caused by the requirement for additional channel state information (CSI), relay se-
lection, and coordination. The increment in overhead in relay systems results in higher end-to-end
delay as compared to point-to-point communications. In the literature, considerable efforts are made
to investigate methods for minimization of the end-to-end delay [27-29], etc. Particularly, in parallel
relay systems, the end-to-end delay can be minimized by appropriately modeling the transmission
duration, applying suitable relay selection methods, etc. [27,28]. The end-to-end delay in multihop
relay systems is minimum when relays are placed at an equal distance [29]. Usually, half-duplex mode
of operation is considered for the relays which imposes low system throughput. Schemes such as two-
way relaying [30], full-duplex relaying [31], mimicking full-duplex relaying [32], etc., can be useful in
improving the throughput, though this comes at the cost of increased system complexity. Network
coding in relaying systems is also a potential candidate in improving the system throughput [33-35].

The relay nodes basically employ amplify-and-forward (AF) and decode-and-forward (DF') proto-
cols to process the received signal. In AF, relays simply amplify the received signal with some gain and
forward it further, whereas in DF, they first decode the received data, re-encode it and then forward.
Depending on whether the gain by which relays forward the amplified signal is fixed or varying, AF
protocol is called fized-gain AF or variable-gain AF, respectively. Fixed AF requires no knowledge
of instantaneous channel state information (CSI), whereas CSI of source-to-relay links are required at
the relays in variable-gain AF. DF protocol is sub-categorized as fixzed DF and selective DF. In fixed
DF, relays forward all the decoded data, while in selective DF only the correctly decoded data is for-
warded. Correct decoding at the relay nodes can be accomplished using cyclic redundancy check codes
or threshold-based checking. AF protocol has lower complexity, whereas DF protocol outperforms AF
protocol at high SNRs [26,29].

1.2.1 Three-node Relay System

Three-node relay system has a relay node assisting the source and the destination nodes. In case
the direct link connecting the source to destination node is deeply faded, then the relay node is useful
for coverage extension. This arrangement of nodes is widely known as two-hop relay system. Further,
if the direct link exists, the relay node assist in improving the diversity gain by means of diversity

combining schemes such as selection combining (SC), equal-gain combining (EGC), and maximum
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Figure 1.2: System model and transmission technique of 1 x 1 system, 2 x 1 system and relaying system.

ratio combining (MRC) [36]. In two-hop relay system, fixed-gain AF may outperform variable-gain
AF at low to medium SNRs but exhibits relatively poor performance at high SNRs [37]. Fixed DF can
outperform AF (both fixed-gain and variable-gain) at low to medium SNRs, although at high SNRs,
these protocols perform identically [37]. In system with direct link, selective DF protocol possesses
better performance than the other protocols [22].

Performance Comparison of Selective DF: Here we compare the performance of a three-
node relay system with that of SISO (single-input and single-output) and MISO systems. Figure 1.2
presents the system model and transmission techniques for three systems: 1) SISO, where source node
S and destination node D are mounted with single antenna, 2) MISO, where node S is equipped with
two antenna and node D with single antenna, and 3) three-node relay system, where each node has a
single antenna. SISO and MISO systems are represented by 1x1 system and 2x1 system, respectively.

In the relay system, the relay node R employs selective DF protocol and operates in half-duplex mode.
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Figure 1.3: Average SER comparison of a three-node selective DF relay system with direct transmission and
2 x 1 MISO system for BPSK modulated data under Rayleigh fading.

The direct link between the source and destination nodes exists and the two signals arriving at the
destination via the direct link and relayed link are combined using MRC principle. Each transmission
requires 1" time. Hence, the relaying system requires a total 27" time of the end-to-end transmission.
This causes a reduction in throughput by half as compared to the other two systems. The total
transmission power in each system is taken as P. In 1x1 system, node S transmits with power P
whereas in 2x1 system, each transmitting antenna at node S transmit with power P/2. In the relay
system, source and relay nodes transmit with power P/2. The background noise is assumed to be
additive white Gaussian noise (AWGN) with mean zero and variance Ny. The mean power of the
fading gain is assumed to be unity. Hence, the received SNR is P/Ny. Data is considered to be binary
PSK (BPSK) modulated and the fading environment is modeled by Rayleigh distribution. These three
systems are emulated in MATLAB and the corresponding simulated average SER results are presented in
Figure 1.3. We assume unit transmission time duration, that is, T'= 1 for simulation. In Figure 1.3,
we observe that the diversity gain of 2x 1 system is better than that of the other two systems. The
relay system exhibits diversity gain close to 2x1 system. 1x1 system possesses diversity order (DO) of

one, whereas the other two systems have a DO of two. DO is diversity gain at high SNRs and can be
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interpreted as the negative slope of average SER versus SNR curves on the log-log scale. We conclude
that the performance of a communication system having a source and a destination, each equipped
with a single antenna can be improved considerably by introducing a relay node in the system. The
relay system and 2 x 1 MISO system perform close and both have DO of two.

Conventionally, it is assumed that nodes are powered by infinite energy capacity or rechargeable
batteries. Although, in practice, energy storage is finite and in some applications communicating
nodes are physically unreachable for recharging and replacing batteries when exhausted. In such
circumstances, the end-to-end communication terminates if there is no sufficient amount of energy at
any of the transmitting nodes. Renewable energy resources, such as wind, solar, mechanical vibration,
etc., are looked upon as prominent solutions for scavenging energy at the energy-constrained nodes
and extending the communication lifetime [38]. Though the quantity of energy arrival is dependent on
geography, weather and many other factors, which make these resources unpredictable and unreliable
[39]. This limits the applicability of these energy harvesting (EH) solutions when there is a requirement
to transmit vital information but harnessed energy is insufficient to support the communication.
Wireless EH in such scenarios is being considered as an effective solution for providing energy to
energy-constrained nodes when required. It has attracted the interest of a vast group of researchers.
Wireless EH in relay systems is also a prominent area of research [40,41]. In the next section, we

briefly discuss about wireless EH and its applicability in communication systems.

1.3 Wireless Energy Harvesting

Wireless EH or wireless power transfer (WPT) is attractive and promising as it can provide seam-
less, constant and controllable on-demand power to energy-constrained nodes. WPT can be accom-
plished in near-field and far-field of electromagnetic wave [39]. Near-field WPT relies on the coupling
of magnetic fields of electromagnetic waves between two coils and EH is feasible over a tiny air-gap
between the coils, typically few centimeters. The WPT distance can be increased for a reduced EH
efficiency. Inductive coupling due to the magnetic field and magnetic resonance coupling are the two
major techniques for near-field WPT. Far-field WPT enables EH over distances in the range of meters
using electric field of the electromagnetic wave. Near-field WPT is non-radiative in nature. Whereas,
far-field WPT is radiative which can have hazardous effects on the human body hence regularization

of power transmission limit is required. Due to its capability to provide power to nodes located at

Abstract-TH-2151_136102001

14



1.3 Wireless Energy Harvesting

longer distances, far-field or radio-frequency (RF)/microwave-based EH looks more attractive in com-
munication networks. Next, we discuss the past developments and major technical breakthroughs in

WPT before focusing our attention to the applicability of far-field WPT in communication networks.

1.3.1 Background and Technical Breakthroughs

Wireless media are conventionally exploited to transmit information from transmitters to receivers.
Several experimental demonstrations have been reported in the literature over years in an attempt
to make WPT possible [39]. The first confirmed experimentation of WPT was accomplished by H.
R. Hertz in 1888. He used induction coils to transfer power over a tiny air-gap. Later, at the end
of the 19th century, N. Tesla performed experiments to transfer wireless power over longer distances.
Specifically, he realized transmission of 10% Volts of electric power over 48 miles to light 200 bulbs and
run an electric motor. Due to limited technology and therefore possibilities of hazardous effects of the
high electric voltage on human beings and surroundings, further advancement and commercialization
were shelved at that time. Long distance WPT again came into attention after the invention of
magnetron in 1920s and 1930s. But still, the problem remained with the inability to harvest energy.
Later, in 1964, W. C. Brown realized conversion of microwave energy in electric energy using rectenna
and demonstrated WPT to a model helicopter. In 1968, the concept of WPT was introduced to
satellite systems where solar energy is collected at satellites and then it is transmitted back to the
earth through electromagnetic waves. In 1971, M. Cardullo patented first modern radio-frequency

identification (RFID).

1.3.1.1 Near-Field Wireless EH

In the past decade, products launched for WPT has made it a reality from the theories. (i standard
developed by Wireless Power Consortium in 2008 is capable of WPT using inductive coupling at a
distance up to 4 centimeters [42]. It targets to provide wireless power to mobile devices. Mobile
device manufacturers, namely, Apple, Asus, HTC, Huawei, LG Electronics, Motorola Mobility, Nokia,
Samsung, are working with the Qi standard. Rezence standard developed by Alliance for Wireless
Power (A4WP) in 2012 is a competitor of Qi standard. Rezence is based on the principles of magnetic
resonance and supports WPT of up to 50 Watt over a distance of 5 centimeters [43]. In 2015,
Rezence merged with Power Matters Alliance (PMA) to form AirFuel Alliance, which standardizes

WPT technology for a range of devices including smartphone, laptops, and wearables [44]. Open Dots
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is another competitor of Qi standards and uses conductive charging method for WPT. WiTtricity
technology is founded in 2007 following the demonstration of wirelessly lighting a 60 Watt bulb placed
at a distance of 2.5 meters [45]. It uses magnetic resonance coupling for WPT and mainly targets to
provide wireless power solutions to electric vehicles. The company has collaborated with car makers

Audi, BMW, Chrysler, Jaguar, Nissan, and Toyota.

1.3.1.2 Far-Field Wireless EH

WPT via RF signal enables to wirelessly power energy-constrained nodes located at larger distances
when compared to the WPT via coupling. Yet no standardization for RF-based WPT exists. But
companies, namely, Cota, Pawercast, and Energous, have launched products capable of transferring
power at long distances. Founded in 2008, Cota system works similar to Wi-Fi, except it transmits
wireless power instead of data [46]. It is capable to transmit 1 Watt power which can be delivered at few
meters distance. Powercast system is established in 2011 and uses Powercast transmitters to transmit
wireless power and charge Prodcast receivers [47]. Powercaster and PowerSpot are the two Federal
Communications Commission (FCC) approved transmitters launched by Powercast for consumer use.
In 2015, Energous demonstrated powering an iPhone at 15 feet distance and has developed WattUp
transmitter and receiver exchanging power within 30 feet envelope. WattUp products target to provide
wireless power in far-field and near-field as well [48].

Recent standardizations and commercialization of products for WPT has made wireless EH at
energy-constrained nodes a reality by opening promising directions for further development. RF-
based EH is more attractive in communication networks because of its capability to provide wireless
power to devices located at larger distances. Conventionally, it is considered that RF signals can only
be used for wireless information transfer (WIT). In 2008, L. R. Varshney suggested that RF signals
can be utilized to transport wireless information along with wireless power using information-energy
tradeoff [49]. This has attracted the interest of a vast group of researchers who are working towards
enabling the realization of EH using the ambient and/or dedicated RF signals at energy-constrained
nodes.

The state-of-the-art technologies and products are capable of delivering wireless power in the range
of milliwatt and microwatt [50]. This makes WPT feasible in communication networks supporting
low power devices and sensors, such as wireless sensor networks, wireless body area networks, IoT

entities, etc. In existing cellular networks, most of the devices are complied with 4G standards.
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Such devices require power typically in the range of a few hundred milliwatt [50], which cannot be
adhered by the present WPT technologies and products. Furthermore, devices complying 5G standards
are set for deployment world-wide by 2020. Batteries, hard-wiring, and increased connectivity of
heterogeneous devices in 5G networks would not be able to keep up with the requirements for wireless
EH [46]. Although, it is expected that the further advancement in WPT will comply with the high
power requirement in cellular network devices and other similar devices. Among various technologies,
distributed laser charging (DLC) would play important role in enabling deliver high power wirelessly

[51]. In this regard, wireless EH is considered as a key technology for Beyond 5G cellular networks [52].

1.3.2 Wireless Power Transfer in Communication Networks

Communication networks enabled with WIT and WPT are basically categorized by simultaneous
wireless information and power transfer (SWIPT) networks and wireless powered communication
networks (WPCNs). In SWIPT networks, the RF signals transmitted by nodes are processed for
simultaneous WIT and WPT. Time-switching (TS) and power-splitting (PS) are two practical receiver
designs used for simultaneous information decoding (ID) and EH at receiving nodes [53,54]. In
WPCNs, different RF signals are used for WIT and WPT, and energy-constrained nodes switch over
time to choose between ID and EH modes. The works in [55-57] provides a study of WPNCs. The
RF signal received at energy-constrained nodes is processed through a rectenna which can convert
electromagnetic energy into electric energy. The electric energy can be used for further operations.

Next, an overview on conversion of electromagnetic energy into electric energy is provided.

1.3.2.1 RF-based EH

Electromagnetic energy can be converted into electrical energy by employing rectenna at the
energy-constrained nodes. Rectenna is basically formed by concatenating antenna and rectifier. Fig-
ure 1.4 illustrates a basic RF-based energy receiver. The received RF signal y(¢) at the antenna is
processed through the rectifier, which comprises of a diode and a low pass filter. The output of the
rectifier is direct current (DC) which is managed by a power management unit for further utilization
of the electric energy.

The received signal y(t) over a flat fading channel, can be given using (1.5) as

y(t) = Re(g(0)s(t) exp (127 fet) ) + na(d), (1.8)
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Figure 1.4: RF-based energy receiver.

where n,(t) is the noise introduced by the antenna [53]. y(¢) is the input voltage to the diode, and

the corresponding output current can be represented as
i(t) = i (exp(vsy(t) — 1), (1.9)

where i, is diode saturation current and vy is reciprocal of the diode thermal voltage. Using Taylor

series expansion, (1.9) can be given by [53, eq. (6)]
[e.e]
i) = aly®)*, ap = isvs/k!. (1.10)
k=1

When i(t) passed through a low pass filter, all high-frequency components are filtered out and only
DC component remains at the output. The DC output can be used for further processing or energy
storage, which is handled by a power management unit. Assuming data is transmitted with power P,

the energy harvested over the symbol duration can be given by [53, eq. (14)]

Ej, = ¢|g|*PT, + N}, (1.11)

where ¢ € (0,1) is energy conversion efficiency and N{) is the total energy of antenna and rectifier
noise components, n,(t) and n,(t), respectively. N can be ignored for a small noise contribution.
The energy harvested at a node can be used in three different ways — harvest-use, harvest-store-use,
and harvest-use-store [58]. In harvest-use approach, the incoming energy is directly used to power
the communicating node. Harvest-store-use approach first stores the harvested energy in a buffer and

then activates communicating node for data transmission if a minimum amount of required energy is
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accumulated. In harvest-use-store approach, a fraction of the harvested energy is used to power the
communicating node and remaining fraction is stored in a buffer for later use.

Furthermore, (1.11) corresponds to a linear energy harvester. Although, due to nonlinearity of
diode(s), capacitors and inductors (in low pass filter block), linear energy harvester is not practical.
Modeling of nonlinear energy harvester is explored in [59-61]. The nonlinear model proposed in [59]
possesses analytical intractability and is simplified using a piecewise linear approximation suggested
in [62]. [60,61] focus on signal designing for WPT based on the nonlinearities of the energy harvester.

A detailed study of fundamental concepts and recent developments on WPT are provided in
[39, 63, 64]. Extensive research on systems employing WPT has been carried out in the literature
[65—67]. The main focus of the research comprises: improving EH circuitry and signal designing
[60,65]; proposing novel EH methods and systems [39,41,66-68]; analyzing the performance of systems
employing RF-based EH [41, 54, 69-71]. The performance analysis of systems involves examining
their capability and reliability in terms of achievable throughput, outage performance, error-rate

performance, etc.

1.4 Motivation of the Present Work

In three node systems, maximum DO can be exploited by employing AF and selective DF protocol
at the relay node. Out of the two, selective DF protocol performs better than the AF protocol [22].
Therefore, we have considered selective DF protocol at the relay node. Further, fading can have
severe effects on the performance of the wireless networks. The accuracy of analytical results depends
upon the accuracy with which the fading model fits with the experimental data and characterizes
the environment. Any deviation from the actual characteristics of the channel can accordingly cause
uncertainty in the analysis. Generalized fading models provide a better fit to the experimental data
under multiple scenarios. Following these motivations, in the first part of our work, we analyze the
average SER for a three-node selective DF relay system under k—p and n—p fading. Data is considered
to be M-PSK modulated. In literature, average SER of a three-node selective DF relay systems is
analyzed in [72] and [73] under Rayleigh fading and Nakagami-m fading, respectively.

In systems such as wireless sensor networks, body area network, etc., nodes may be physically
unaccessible in order to recharge or replace batteries [41]. This can permanently terminate the com-

munication between the nodes. Moreover, in applications such as device-to-device communication,
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the user relay may not be willing to use its own power for transmitting other user’s data [74]. In such
circumstances, wireless EH at the energy-constrained relay node can enable participation of nodes in
communication. In the literature, most of the works available on wireless powered (WP) relay systems
considers information theoretic approach for the analysis. In [71, 75, 76|, communication theoretic
analysis for SWIPT networks is explored. However, for three-node WPCNs the analysis is not present
in the literature. Communication theoretic analysis of such systems can be investigated to get better
insights. Under these motivations, we analyze the average SER of a WPCN where energy-constrained
relay node is wirelessly powered by the source node. Relay employs selective DF protocol and data is
M-PSK modulated. The analysis of the system under generalized 1 — i, k— u, and kK — pu shadowed fad-
ing has mathematical complexity. Hence, we consider that the system is affected under Nakagami-m
fading for simplified analysis.

In applications like medical implants, sensor networks, etc., source nodes may be physically un-
reachable and hence eventually drained batteries can obstruct the transmission of vital data [77]. The
communication lifetime can be extended if the energy-constrained source nodes are wirelessly powered
by other nodes in the network or dedicated power transmitter(s). We consider a dual-hop relay system
where energy-constrained source node harvests energy using the RF signal transmitted by the relay
node. Relay node employs fixed DF protocol. Nakagami-m and x — u shadowed fading models are
considered for performance analysis of the system. Data is considered to be M-PSK or orthogonal

M-FSK modulated.

1.5 Thesis Contributions

This thesis aims at communication theoretic performance analysis of conventional and WP three-
node DF relay system under different fading environments. All nodes are equipped with a single
antenna and operate in half-duplex mode. The main contributions of the thesis are summarized as
follows.

I. Conventional DF Relay System under x—pu and n—u Fading

We analyze the average SER of a conventional three-node selective DF relay system under gener-
alized k—p and n—p fading for M-PSK modulated data. We derive the high SNR approximation of
the average SER which is used to find the systems DO and optimal power allocation at the source

and relay nodes. Effects of modulation order, channel conditions, and node location on performance
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of the system are examined.

II. WP DF Relay System under Nakagami-m Fading (EH at Relay Node)

Next, we present the average SER analysis of a WP three-node selective DF relay system un-
der Nakagami-m fading for M-PSK modulated data. The relay node is energy-constrained and for
transmission, it relies on WPT by the source node. EH model is linear and harvest-use approach is
considered for processing harvested energy. We derive analytical average SER expressions and their
approximations at high SNR. The high SNR approximations are used to optimize resource allocation
in different slots and obtain DO of the system. For the analysis, two cases are considered i) the direct
link between the source and destination nodes exists and ii) the direct link is blocked. The two cases
are then compared with the conventional point-to-point communication. The effects of modulation
order, channel conditions, relay location on performance of the system are investigated.

ITI. WP DF relay system under Nakagami-m and x—p Shadowed Fading (EH at Source
Node)

Further, we consider that in a three-node relay system the source node is energy-constrained and
harvests energy using the RF signal transmitted by the relay node. We assume linear EH model em-
ploying harvest-use approach to process the harvested energy. The source node utilizes the harvested
energy for data transmission and relay node employs fixed DF protocol to process the received data.
The direct link between the source and destination nodes is assumed to be in deep fade and other
links are characterized by Nakagami-m or x—p shadowed fading. Data is considered to be M-PSK
modulated with coherent or orthogonal M-FSK modulated with non-coherent detection. We derive
average SER expressions for both the modulation schemes under two fading environments. High SNR
approximation of the average SERs are also derived which are used to analyze the DO and optimal
relay location. The effects of modulation schemes/order, channel conditions, and relay location on the

performance are analyzed.

1.6 Thesis Organization

This thesis is organized into seven chapters. The summary of each chapter is briefly outlined as

follows. A structural organization of the thesis is shown in Figure 1.5.

e Chapter 1: An overview of point-to-point wireless communication system, models of fading

channels, relay-based communication systems, and wireless EH are presented in this chapter.
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Figure 1.5: Thesis organization.

The fundamental concepts and terminologies defined in this chapter are used in later part of
the thesis. This chapter also briefs some of the existing work in the literature which motivated
our present work, summarizes the thesis contribution, and provides an outline of the thesis

organization.

e Chapter 2: This chapter lists works available in the literature on performance analysis of

conventional and WP relay systems.

e Chapter 3: In this chapter, we present average SER analysis of a conventional three-node DF
relay system under k—pu, n—p, and mixed k—p and n—p fading. Data is modulated using M-PSK
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scheme. The signals received at destination node from source and relay nodes are combined using
MRC principle. Analytical average SER expressions are derived in terms of fourth Lauricella
function. Asymptotic approximation of average SERs at high SNRs are also derived to simplify
the analysis and obtain the DO and optimal power allocation at source and relay nodes of the
system. Effects of channel conditions, modulation order, node location, and power allocation on

performance of the system are demonstrated using numerical examples.

e Chapter 4: In this chapter, we analyze average SER of a WP three-node DF relay system
under Nakagami-m fading. Data is M-PSK modulated. Relay node is energy-constrained and
wirelessly powered by the source node. We examined the performance for two cases i) source-
to-destination link exists and ii) source-to-destination link is blocked. In the former case, the
signals arriving from the source and relay nodes are combined using EGC principle. Analytical
average SER expressions are derived in terms of univariate Meijer-G function and bivariate Fox-
H function. For simplified analysis, an asymptotic approximation of the average SER is also
obtained which is used to find DO and optimal resource allocation. Effects of modulation order,
channel conditions, relay location on performance of the system with and without source-to-

destination link are investigated. Throughput of the system is also analyzed.

e Chapter 5: In this chapter, we consider a two-hop DF relay system where source node is
energy-constrained and relies on the energy harvested using the RF signal transmitted by the
relay node for data transmission. Nakagami-m and k—u shadowed fading are considered. Data is
modulated using either M-PSK or orthogonal M-FSK modulation scheme. M-PSK modulated
data is coherently detected at the receiving node, while noncoherent detection is performed for
orthogonal M-FSK modulated data. Average SER and its asymtotic approximation are derived
for the two modulation schemes. Asymptotic results are used to analyze DO and optimal relay
location of the system. Effects of modulation schemes/order, channel conditions, and relay

location on performance of the system are also investigated.

e Chapter 6: This chapter concludes the work done in the thesis and provides some suggestions

which may be considered for future research.
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2. Literature Review: Performance Analysis

In the previous chapter, we have discussed some of the works available in the literature on fading
channel models, relaying, and wireless EH. In this chapter, we further discuss some of the related

works on performance analysis of both conventional and WP relay systems.

2.1 Conventional Relay Systems

Over the past two decades, performance analysis of conventional relay systems has been an in-
teresting area of research as relaying is looked upon as one of the prominent solutions for boosting
the performance of various state-of-the-art technologies. The research aims to analyze the perfor-
mance of multihop relaying [25,78,79], parallel relaying [80,81], two-way relaying [82-84], full-duplex
relaying [85-87], multiple access techniques in relaying [88,89], relay systems equipped with multiple
antennas [90,91], physical layer secrecy in relay systems [92-94], etc. Research work on relay systems,
such as i) full-duplex multihop relaying [95], ii) multihop MIMO [96], iii) multiple access techniques in
multiple antenna assisted relaying [97], multihop relaying [98], two-way relaying [99] and full-duplex
relaying [100, 101], ete is also reported in the literature. In this thesis, we mainly discuss the litera-
ture on performance analysis of one-way half-duplex relay systems where each node is equipped with
a single antenna. First, we present the early stage developments in relay-assisted wireless powered
communications systems. Then the literature on performance analysis of conventional AF and DF

relay systems under different fading environments is presented.

2.1.1 Initial Developments

In [37,102,103], Hasna and Alouini analyzed the outage performance of a two-hop AF relay system.
The results are also compared with the average BER of AF and fixed-DF protocols for binary DPSK
(BDPSK) modulated data. MGF based approach is used for the average BER analysis. Fixed-gain
and variable-gain AF relaying are considered in [102] and [37,103], respectively. The authors provide
analysis considering Rayleigh fading in [37,102]. Nakagami-m fading environment is assumed in [103]
and the analysis is presented in the presence of co-channel interferences. These works suggest that
fixed DF protocol performs better than AF protocol at low to medium SNRs. The performance of
fixed DF and AF protocols is comparable at high SNRs.

Laneman et. al. investigated outage performance of a cooperative relay system under Rayleigh
fading in [22]. The performance of different relaying protocols is compared. It is found that except
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fixed DF protocol, all other protocols, namely, selective DF, fixed-gain AF, and variable-gain AF,
can achieve full diversity. Also, among these protocols, selective DF protocol possesses the best
performance.

In a two-hop relay system with the direct link, full diversity cannot be exploited if fixed-gain DF re-
laying is employed. In order to achieve full diversity, optimal and suboptimal detectors are investigated
in [104,105]. Chen and Laneman considered a parallel relay system and studied optimal maximum like-
lihood (ML) detector for coherent and noncoherent binary FSK (BFSK) modulation schemes in [104].
ML detector is nonlinear and incurs mathematical intractability in the average error rate analysis. A
suboptimal detector with piecewise-linear (PL) combiner is used to approximate the ML detector to
derive the closed-form expression for the average BER. PL detector utilizes the knowledge of average
BER of source-to-relay link at the destination. In [105], Wang et. al. considered multihop-parallel
relay system and utilized the knowledge of instantaneous BER of source-to-relay links to propose
cooperative-MRC (C-MRC) detector. C-MRC provides low-complexity and high-performance com-
pared to PL detector and it is applicable to modulation schemes of higher constellation size. The

PDF-based approach is considered in [104,105] to analyze the performance under Rayleigh fading.

2.1.2 Conventional AF Relay Systems

Communication theoretic analysis of AF relaying is presented in [106,107]. In [106], Anghel and
Kaveh considered a parallel relay system under Rayleigh fading. They analyzed average SER for M-
PSK modulated data. Lower bound, upper bound, and asymptotic approximation of the average SER
are also presented. In [107], Shin and Song analyzed average SER of three-node (cooperative) AF
relay system for M-PSK modulated data. The destination node is equipped with multiple antennas
and the system is considered to be affected under Nakagami-m fading. In [106,107], signals arriving at
the destination node are combined using MRC principle and the performance is analyzed using MGF
based approach.

Performance of dual-hop AF relay systems under k—p and/or n—p fading is analyzed in [108-111].
In [108], Peppas et. al. investigated outage probability and average BER for binary modulation
schemes using CDF based approach. Mixed k—p and n—p fading are considered for the analysis.
In [109], Zhang et. al. derived high SNR approximations of ergodic capacity and cutoff rate (a

measure of effects of communication reliability on information rate) of the relay system under x—pu
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and n—p fading. Hussain ef. al. provide information theoretic and communication theoretic analysis
in [110]. CDF based approach is considered for the analysis of binary modulated data. In [111], Yang
et. al. investigated outage probability of a cognitive relay system in the presence of a primary user
under n—u fading.

In [112], Kodide et. al. analyzed outage probability of a parallel relay system considering k—pu

shadowed fading environment for AF and DF protocols.

2.1.3 Conventional DF Relay Systems

Su et. al. analyzed the average SER of a three-node selective DF relay system for M-PSK and
M-QAM modulated data in [72]. MGF based approach is considered for the analysis. High SNR
approximations of the average SER are obtained to analyze optimal transmission power at source
and relay nodes. In [113], Sadek et. al. consider parallel selective DF relay system and derived high
SNR approximation of the average SER for M-PSK modulated data. Rayleigh fading environment is
considered in [72,113].

In [73,114,115], performance analysis of three-node DF relay systems under Nakagmi-m fading
is investigated. In [114], Suraweera et. al. analyzed the outage probability of selective DF relaying.
In [115], Ikki and Ahmed found the average BER of fixed and selective DF relaying when data is
BPSK modulated. The communication theoretic analysis presented in [72] is extended by Lee and
Tsai in [73].

Performance analysis of two-hop DF relay systems under k—pu and n—p fading is explored in
[116-118]. Information theoretic analysis is presented by Li et. al. in [116] for the system affected under
k—p and n—p fading. In [117], Biswas and Chandra examined communication theoretic based energy
efficient relay node placement under n—pu fading. In [118], Peppas provided information theoretic
and communication theoretic analysis of the system in the presence of co-channel interference. All
the links are affected by n—u fading. Dixit and Sahu have explored the performance of selective DF
relay systems under generalized fading in [119-121]. In [119], outage probability and average BER, of
multihop relay system are analyzed under n—pu fading. Average BER of multihop relay system under
k—p fading is analyzed in [120]. PDF and CDF based approaches are used for the analysis in [119]
and [120], respectively. Data is M-QAM modulated in both works. In [121], outage probability of

parallel relay system is investigated under mixed n—u and k—p fading.
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In [122-124], the information theoretic performance of cognitive DF relay system under k—p
shadowed fading is examined. In [122,123], Kumar and Chouhan provided analysis for a single relay
assisted system. Poreddy et. al. considered parallel relays in [124]. Selective DF protocol is considered
in [122-124].

Table 2.1 presents a comparative study of related works on conventional DF relay systems. The
table indicates that no work is reported in the literature that provides average SER analysis of con-
ventional DF relay system under k—p, n—p, and k—p shadowed fading for M-PSK and M-FSK
modulation schemes. Note that, Fikadu et. al. has investigated the average SER of parallel DF
relay system under n—pu fading for M-PSK and M-QAM modulation schemes in [81]. In this thesis,

we present the average SER analysis under k—p and n—p fading for M-PSK modulation scheme in

Chapter 3.
Table 2.1: Performance analysis of conventional DF relay systems.

Reference System Protocol Analysis Modulation | Fading
Hasna and Alouini| Single relay Fixed DF* Communication | BDPSK Rayleigh
[37], 2003 Theoretic
Hasna and Alouini| Single relay Fixed DF* Communication | BDPSK Rayleigh
[102], 2004 Theoretic
Hasna and Alouini| Single relay Fixed DF* Communication | BDPSK Nakagami-m
[103], 2004 Theoretic
Laneman et. al. | Single relay Selective & | Information — Rayleigh
[22], 2004 Fixed DF Theoretic
Chen and Lane- | Parallel relays | Fixed DF Communication | BFSK Rayleigh
man [104], 2006 Theoretic
Wang et. al. | Multihop and | Fixed DF Communication | BFSK Rayleigh
[105], 2007 parallel relays Theoretic
Su et. al. [72], | Single relay Selective DF | Communication | M-PSK, Rayleigh
2005 Theoretic M-QAM
Sadek et. al. | Parallel relays | Selective DF | Communication | M-PSK Rayleigh
[113], 2005 Theoretic

Continued on the next page
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Table 2.1 — Continued from the previous page

Reference System Protocol Analysis Modulation | Fading
Suraweera et. al. | Parallel relays | Selective DF | Information — Nakagami-m
[114], 2006 Theoretic

Ikki and Ahmed | Single relay Selective & | Communication | BPSK Nakagami-m
[115], 2007 Fixed DF Theoretic

Lee and Tsai [73], | Single relay Selective DF | Communication | M-PSK, Nakagami-m
2009 Theoretic M-QAM

Li et. al [116], | Single relay Fixed DF Information — K— b, N— 4
2010 Theoretic

Biswas and Chan- | Single relay Selective DF | Communication | M-QAM n—u

dra [117], 2013 Theoretic

Peppas [118], | Single relay Fixed DF Communication | BPSK n—

2013 Theoretic#

Dixit and Sahu | Multihop re- | Selective DF | Communication | M-QAM n—u

[119], 2014 lays Theoretic?

Dixit and Sahu | Multihop re- | Selective DF | Communication | M-QAM K—

[120], 2017 lays Theoretic

Dixit and Sahu | Parallel relays | Selective DF | Information — K— Ly — 4
[121], 2017 Theoretic

Kodide et.  al. | Parallel relays | Fixed DF* Information — k—p  shad-
[112], 2016 Theoretic owed
Kumar and Chou- | Single relay, | Selective DF | Information — k—p  shad-
han [123], 2016 cognitive Theoretic owed
Poreddy et. al. | Parallel re- | Selective DF | Information — k—p  shad-
[124], 2017 lays, cognitive Theoretic owed

x Analysis of AF protocol is also provided.

# Information theoretic analysis is also presented.
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2.2 WP Relay Systems

In the previous section, we discussed some of the prominent works available in the literature
on performance analysis of conventional relay systems. Next, we list related works on performance
analysis of WP relay systems. In the literature on WP relay systems, it is generally considered
that relay node(s) is energy-constrained and wirelessly powered by the source node, interferers, or
dedicated power transmitters [41, 62,69, 70,125]. The idea is to involve relay node enabled by RF-
based EH in the communication process to extend the communication lifetime. Other scenario has
also been considered in the literature where the destination node is energy-constrained and wirelessly
powered by relay node, source node, and/or interferers to extend the communication lifetime [126,127].
In the literature, relatively less attention is given to systems where source node is energy-constrained.
The analysis of such systems is vital when energy-constrained source node(s) cannot support the
installation of batteries due to its size constraint. In [77,128,129], systems are considered where
energy-constrained source nodes rely on RF signal transmitted by the relay and/or destination nodes
for EH.

In the literature, scenarios is also considered when the communicating nodes provide wireless
power to different EH node(s) of the system [130]. In most of the works linear EH model and harvest-
use approach are considered to process the harvested energy. To incorporate more practical aspects
in the analysis, nonlinear EH models are considered in [62] and harvest-store-use in [131, 132] and
harvest-use-store in [133]. Performance analysis of various relaying systems, such as, supporting
MIMO [134], multiple access techniques [135], full-duplex [136], multihop [137], two-way [138], random
node deployment [139], etc., is also reported in literature. In this section, we mainly focus on the
performance analysis of the WP one-way relay systems where nodes operate in half-duplex mode. In
the works mentioned below, energy-constrained nodes employ harvest-use approach and linear energy
harvester and all communicating nodes are considered to be equipped with a single antenna unless
specified otherwise. The study is categorized as analysis of WP relay systems with energy-constrained

i) relay node(s) and ii) source node(s).

2.2.1 EH at Relay Node(s)

The existing works provide performance analysis of WP relay systems with energy-constrained

relay node(s) for both SWIPT networks and WPCNs.
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2.2.1.1 SWIPT Networks

TS and PS EH techniques for point-to-point communications [53,54] are explored by Nasir et. al.
in [41] to investigate the performance of two-hop AF relay system. Information theoretic approach is
considered for the analysis. Nasir et. al. further extended the analysis for two-hop DF protocol in [125].
In [69], Liu et. al. investigated the average SER of a parallel DF relay system where relays are energy-
constrained. Data is assumed to be modulated using M-DPSK and M-FSK modulation schemes
with noncoherent detection. Simulation based results using the proposed detectors are provided. Gu
and Aissa analyzed information theoretic performance of a WP DF relay system in the presence of
interferences in [70].

The analysis in [41, 69, 70, 125] is carried out for Rayleigh fading environment. Several works
are also available in the literature which consider Nakagami-m fading environment for the analysis
[71,75,76,140-142]. In [75], Tran et. al. analyzed outage probability and average SER of two-hop
AF relay system for M-PSK modulated data. The relay node is equipped with multiple antennas
when the source-to-relay link is Nakagami-m faded and the relay-to-destination link is Rayleigh faded.
In [140], Wand et. al. analyzed outage probability of the system when DF relay is equipped with
multiple antennas and the source-to-relay and relay-to-destination links are Nakagami-m faded. Chen
et. al. analyzed the performance of two-hop AF and DF relaying in the presence of interfering signals
using information theoretic approach in [141] and [142], respectively. In [76], Gao et. al. analyzed
performance of two-hop DF relay system using information theoretic and communication theoretic
approaches. Babaei etf. al. investigated average BER of AF and DF relaying for M-PSK and M-
QAM modulations in [71]. In [143], Ye et. al. analyzed performance of a two-hop DF relaying using
information theoretic approach when relay nodes are randomly deployed around the source node and
wirelessly powered by the destination node. Relay and destination nodes use multiple antennas for
reception.

The works in [144-147] consider generalized fading models for the analysis of WP DF relay systems.
Hussain et. al. provided information theoretic analysis under k—pu fading and n—p fading in [144]
and [145], respectively. In [144], the system consists of source and destination nodes equipped with
multiple antennas and multiple single antenna relays. Nonlinear energy harvester is considered in [145].
In [146], Badarneh et. al. presented information theoretic and communication theoretic analysis under

mixed k—p and n—p fading. Hussain et. al. analyzed information theoretic performance under k—pu
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shadowed fading in [147].

2.2.1.2 WPCNs

The Works in [57,148-151] provide information theoretic analysis of relay-assisted WPCNs under
Rayleigh fading. Haghifam et. al. in [148] analyzed the performance of two-hop DF relay system
considering the operational power consumption at the relay node. In [149], Ju and Zhang considered
a WPCN comprising of one hybrid access point (HAP) and two users. HAP transmits wireless power
to users in downlink and users cooperate with each other to transmit their data to the HAP in the
uplink. Time and power is optimized to maximize the sum-rate. Aboelwafa et. al. in [57] generalized
the analysis for multiple users and incorporated relay selection along with the optimal time and power
allocation. DF and AF relaying is considered in [149] and [57], respectively. Di et. al. in [150]
considered a WPCN consisting of one multiple antenna HAP and two single antenna users and jointly
optimized the energy beamforming, time and power allocation to maximize the sum-rate. The user
acting as relay employs DF protocol. In [151], Chen et. al. introduced a pricing mechanism to help
relay user to sell their excess energy. Harvest-use approach is considered in [57,149,150] to process
the incoming energy flow, while [151] considered the harvest-store-use approach.

Table 2.2 lists the works available in the literature that provide performance analysis of WP relay
systems where relay node(s) is energy-constrained, operates in half-duplex mode, and employs harvest-
use approach. Interfering signals are not considered in the listed work. We observe that no work is
found in the literature analyzing the average SER of DF relay assisted WPCNs. The table can also

be useful in finding other research gaps in this domain.

Table 2.2: Performance analysis of WP DF relay systems: EH at relay node(s).

Reference Network | System | Protocol Analysis Fading
Nasir et. al. | SWIPT Single AF Information theoretic Rayleigh
[41], 2013 relay

Nasir et. al. | SWIPT Single DF Information theoretic Rayleigh
[125], 2014 relay

Ye et. al. SWIPT Parallel DF Information theoretic Nakagami-m
[143], 2017 relays

Continued on the next page
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Table 2.2 — Continued from the previous page

Reference Network | System | Protocol Analysis Fading
Liu et. al. SWIPT Parallel DF Communication theoretic | Rayleigh
[69], 2016 relays (noncoherent M-DPSK &

M-FSK)
Tran et. al. | SWIPT Single AF Communication” theoretic | Rayleigh,
[75], 2015 relay (M-PSK) Nakagami-m
Wang et. al. | SWIPT Single DF Information theoretic Nakagami-m
[140], 2016 relay
Gao et al. | SWIPT Single DF Communication” theoretic | Nakagami-m
[76], 2017 relay (BPSK, BFSK, M-PAM)
Babaei et. al. | SWIPT Single AF & DF | Communication theoretic | Nakagami-m
[71], 2018 relay (M-PSK, M-QAM)
Hussain  et. | SWIPT Parallel DF Information theoretic K—
al. [144], relays
2018
Hussain  et. | SWIPT Single DF Information theoretic n—u
al. [145], relay
2018
Badarneh SWIPT Single DF Communication? theoretic | K—pu, n—pu
et. al. [146], relay (M-PSK, M-QAM)
2017
Hussain  et. | SWIPT Single DF Information theoretic k—p  shad-
al. [147], relay owed
2018
Haghifam WPCN Single DF Information theoretic Rayleigh
et. al. [148], relay
2016
Ju and | WPCN Single DF Information theoretic Rayleigh
Zhang [149], relay
2014

Continued on the next page
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Table 2.2 — Continued from the previous page

Reference Network | System | Protocol Analysis Fading
Aboelwafa WPCN Parallel AF Information theoretic Rayleigh
[57], 2017 relays
Di et. al. WPCN Single DF Information theoretic Rayleigh
[150], 2017 relay

# Information theoretic analysis is also presented.

2.2.2 EH at Source Node(s)

In [77,128,129,152,153], WPCNs are considered where energy-constrained source node(s) harvests
energy using the RF signals transmitted by relay and/or destination nodes. Information theoretic
approach is considered to investigate the performance of the system in terms of throughput. In [128§],
Chen et. al. considered a system with HAP, an energy-constrained source, and a relay. Relay
employs AF protocol and source is wirelessly powered by the relay and HAP. In [129], Huang and
Ansari considered a three-node DF relay system where energy-constrained source node relies on power
transmitted at relay for EH. Zlatanov et. al. provided analysis for a full-duplex DF relay system
in [152]. In [77], Yang et. al. considered a machine-to-machine communication enabled cellular
network where machine type gateways act as DF relay. Energy-constrained source nodes are wirelessly
powered by relays and adopt nonlinear EH model. In [77,128,129,152], the effect of fading is either
ignored or assumed constant. In a practical scenario, fading can have severe consequences on the
performance of the system and hence its effects cannot be ignored. Moreover, analytical results
obtained without considering fading can largely deviate from the actual outcome. Luo et. al. in [153]
considered mixed fading environment when source-to-relay and relay-to-destination links are Rician
and Rayleigh faded, respectively. The relay employs DF protocol to process the received source data,
and the source node harvests energy using the RF signal radiated by the relay. Harvest-use and
harvest-store-use EH approaches are considered in [77,153] and [128,129], respectively. Whereas, both
harvest-use and harvest-store-use approaches are considered in [152].

Table 2.3 lists the works available in the literature that provide performance analysis of WP relay

systems where source node(s) is energy-constrained. All the works listed here consider information
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Table 2.3: Performance analysis of WP DF relay systems: EH at source node(s).

Reference System model

Chen et. al. [128], 2014 | - AF relaying
- Fading gains are assumed constant

- Information theoretic analysis

Huang and Ansari [129], | - DF relaying
2016 - Fading gains are assumed constant

- Information theoretic analysis

Zlatanov et. al. [152], | - Full-duplex DF relaying
2017 - Nonfading, AWGN channels are considered

- Information theoretic analysis

Yang et. al. [77], 2018 | - Machine-to-machine enabled cellular network
- Gateways acting as relay emply DF protocol
- Effects of fading is ignored

- Information theoretic analysis

Luo et. al. [153], 2016 | - DF parallel relay system

- Rayleigh/Rician fading

- Information theoretic analysis

theoretic approach for analysis and fading is either ignored or assumed constant in most of them.

2.3 Summary

This chapter provides a thorough review of works on performance analysis of the conventional and
WP relay systems. We found the research gaps which are not addressed in the literature which include
average SER analysis of i) conventional relay systems under generalized fading and ii) WPCNs. This

work is carried out in the thesis.
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3. Conventional DF Relay System under x—p and n—p Fading

In this chapter, we consider a conventional three-node DF relay system where the direct link
between the source and destination nodes exists and the fading environment is modeled using k—pu
and n—p fading. MRC principle is employed to combine the two signal arriving at the destination

node via the direct and relayed paths. We provide communication theoretic analysis of the system.

3.1 Introduction

Performance analysis of conventional three-node DF system under Rayleigh fading is presented
in [72,154]. The analysis in [72] is further extended for Nakagami-m fading in [73]. Nakagami—m
distribution generalizes the fading model, however, it does not fit closely to the experimental data
for non-homogeneous environments [11]. More generalized fading models, k—p and n—p are proposed
in [11] for the non-homogeneous fading environments with LOS components and non-LOS component,
respectively. In [116-118], performance analysis of a two-hop conventional DF relay system is explored
for k—p and n—p fading models. The works in [116-118] ignore the presence of the direct link between
the source and destination nodes. If the direct link is considered, then the performance of the system
can be significantly improved by the means of diversity combining schemes.

The main contributions of this chapter are summarized as

e Average SER for M-PSK modulated data considering the fading environment is modeled using
k—p, n—p, and mixtures of the two fading models. The analysis can be generalized for a wide

range of channel conditions considering mixed fading scenario.

e Asymptotic approximations of the average SER are also obtained to get a better insight about
the dependence of performance on the fading parameters at high SNRs. Optimal transmission

power allocation at source and relay nodes is done using the asymptotic results.

The rest of the chapter is organized as follows. Section 3.2 describes the system model. Expressions
of the average SER and corresponding high SNR approximations are derived for k—p and n—pu fading
channels in Section 3.3. In Section 3.4, the expressions are deduced for mixed x—p and n—p faded
environment. The asymptotic average SER expressions are utilized for optimal power allocation and
DO analysis in Section 3.5. Numerical and simulation results are presented in Section 3.6. Section 3.7

gives some concluding remarks.
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3.2 System Model

Consider a relay system comprises of a source node S, a relay node R, and a destination node D.
All nodes are assumed to be powered by unobstructed supply or batteries having infinite storage. Each
node is equipped with a single antenna. The end-to-end transmission takes place in two-time slots,
Ty and Th. Both time slots are of equal duration, that implies T3 = Ts. Without loss of generality,
we assume 17 = To = 1. In the first time slot, node S broadcasts data with power Pg which can be
received at nodes R and D. Node R operates in half-duplex mode and employs selective DF protocol
to process the received data. The relay decodes the received data and if decoding is correct, the data
is re-encoded and then forwarded to the destination with power Pr in the second time slot. Correct
decoding at the relay node can be achieved by using cyclic-redundancy-check codes or threshold-based
checking [72,73]. The inter-node channels are independent, flat-slow faded, and modeled by either
k—pu or n—u fading.

Source S transmits M-PSK modulated data with equal energy and equal a priori probability. In
M-PSK, constellation S is given by & = exp (327(m — 1)/M), where m = 1,2,.... M and 7 = /—1.
Nodes S and R transmit symbol s with energy E[ss*] = 1, where s € S. E[-] denotes the expectation
operator and (-)* represents the complex conjugate. When symbol s is transmitted at the ith node,

the baseband signal received at the jth node in the kth time slot is given by

Ykj = 12 (dij)_aij hij S+ Nk, k=12, (3.1)

where i € {S, R}, j € {R,D}, ij € {SD, SR, RD}, P; is the power transmitted at the ith node, hij is
the channel fading coefficient of the 4j link, (d;;)~%% represents path loss of the ij link over distance
d;j (in meter) with path loss exponent «;; (ranging from 2 to 6 for wireless medium) and n;; is AWGN
with zero mean and Ny variance at the jth node. At the source node, the symbol is transmitted with
power Pg = Pg. If the relay node correctly decodes the received symbol, the power forwarded to the
destination node is P = P otherwise no transmission occurs and relay remains idle, that is Pr = 0.

The total power P is given by

P = Pg+ Pgr, for 0< Pg,Pr<P. (3.2)
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3. Conventional DF Relay System under x—p and n—p Fading

The two signals received at the destination node are combined using MRC principle [73, p. 1219]

Yy = wiy1,p + w2Y2,D, (3.3)

where wy = /Psh%p/No and we = /Prh}p/No. The data is detected at node R in the first slot

S — I max R *h* . 3.4

When node R detects incorrectly, then node D decides the data in the second slot using the decision

rule
5 = Re(p*h} . 3.5
§ arg {I;lea‘;( e(p RDyRD)} (3.5)
Otherwise, in case of correct detection at node R, node D applies the decision rule
; — R ( * ) : 3.6
B arg {glgg e(p'y } (3.6)

where y is given in (3.3).

Let the instantaneous SNRs of the SD, SR and RD links are

_ Pslhsp|?

75D = No(dsp)@sp’ 7%
_ Pslhggpl?

S R @)
_ Pglhgrp/?

TRP £ No(drp)@rp’ 37

respectively. The equivalent instantaneous SNR of the combined signal in (3.3) is given by

Ps|hspl? Prlhrpl|?
No(dsp)®sp~ No(drp)*rp

TMRC

= 7$p +YRD- (3.8)
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The PDF of instantaneous SNR ~;; under k—u and n—p fading is given by [155]

Hij+1 Hij—1
f%]’(%j) = Z]( Z]) Mijgll‘]) ES! eXP(-—ZJ( _“ZJ) ZJ)IMJ._1<2/L2']‘ —ZJ( _”Z]) Y (3.9)
exp(kijpig) (ki) 2 (Fij) 2 i i
and
2\/7_'( Lii Rig+1/2 (). Mg Yii pij—1/2 21453055 20 ViiVii
Sris (Vig) (i) (_172) _( Z]__)H/z exp | -1 Li-1/2 —L ) (3.10)
L(pag) (Vig )i =12 (53 )i Vij Vij

respectively where %;; = Elv;;] is the average SNR of ijth link, the parameters x;;, p;; and 7;; are
defined for the respective fading models in Table 1.1. In (3.10), v;; = (2 + n;; + 77;1))/47 Vij =
(771';1 — n4j)/4 for Format-1 (0 < n;; < 00) and v;; = 1/(1 — 77%)7 Vij = ni;/(1 — 7722]) for Format-
2 (=1 < m; < 1) [11]. In Format-1, n;; is power-ratio between in-phase and quadrature phase
components, whereas in Format-2 it represents correlation between in-phase and quadrature phase
components. In Table 1.1, the column for n—u fading corresponds to Format-1. For link mean power

Aij = E[|hij]?], the average SNR of ijth link is given by

_ PsAsp
D = R Sas i
h PsAsr
YSR = W and (3 1 ].b)
i B PrAsr
L No(drp)*rr” 1)

3.3 Performance Analysis under x—p and n—p Fading

In this section, exact average SER expressions are analyzed for k—p and n—p faded channels.
We consider the input symbol s to be M-PSK modulated with coherent detection. The end-to-end

average SER can be analyzed by averaging the conditional SER at node D given by [73, eq. (6)]
Pe(yireysr) = Pe(vsr)Pe(vsp) + Pe(nire)(1 — Pe(vsr))- (3.12)

In (3.12), the first summand corresponds to the possibility that if node R detects incorrectly, that is,
transmission over SR link is in error, then no transmission occurs at node R and detection at node D

is erroneous when node D incorrectly detects the symbol received over SD link. The second summand
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tells about the possibility that if node R decodes correctly, then it forwards the data to node D where
error occurs when the combined signal does not result in correct detection.

The SER averaging is done using MGF based approach [156, eq. (9.15)], that is,

(M—1)m

1 M g
P37¢ = _/0 M’Y¢( ) )dea (313)

sin“ 6

where g = sin?(7/M), ¢ € {SR,SD,MRC}, and M,(-) is the MGF of y. By splitting the integral
limits (0 to (M — 1)m/M) into two parts ranging from (0 to 7/2) and (7/2 to (M — 1)x/M), (3.13)
can be rewritten as

(M-1)=

Py = %/OEM ( 29>d0+1/z " Mw(ﬁ)da (3.14)
2

Equation (3.14) is used in the later part of this chapter to simplify the derivation for average SER.

Now, averaging (3.12) over the instantaneous SNRs vsr, 7sp, and ywmrc, we get
Pe = Pe,SRPe,SD + Pe,MRC(]- - Pe,SR) ) (315)

where P, sg = E[P.(vsr)|, Pe,sp = E[Pe(vsp)], and Peymrce = E[P.(yrc)]. Using (3.13), (3.15) is

written as

(M—1)m

(M-1)=
1 [ 1 [ g
o= (B (e @) (3 e () )

(M—1)x
M,,, (Sm 9) d@) (3.16)

1 (M—-1)m 1
M M
+ <;/0 Myre (Sln2 9) d0> <1 o ;/0

The MGFs of v;; for k—p and n—p faded links are given as [155]

(ki Hzg pig(1 + kij) Hia
M, (s) = exp(—kijfi ke < — (3.17)
o e Z(; pij(1+ kij) + 8%ij
d
. A2 (2 1% i) P\
M (s) = 1505 (2(vig — Vij)wij + $%i5) (3.18)
h (2(vij + Vij)pij + 57%5) ’
respectively.

Next, the average SER in (3.16) is obtained for k—pu and n—pu fading environment using (3.17) and
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(3.18), respectively.

3.3.1 Analytical Average SER

In this subsection, the average SER expressions are analyzed in the terms of fourth Lauricella

function of p-variables F' (Dp ) which is given as [157, eq. (20)]

1 a—1 c—a—1
(p) . . 1 t27 (1 - 1)
Fp(a,b1, by, 5 bpi €, @1, 22, ) = B(a,c—a)/o (1 —tay)br - (1 — tay)br

- Z (@) pmy (1)~ (Bp)mp 2™ - 2 , (3.19)

(M1, mp) (C)m1+...+mpm1! cemp!
b 9 p

where summation is p-fold, (), = I'(A 4+ v)/I'(\) is Pochhammer symbol,
1
Bla,y) — / 101 = pyu-lgy (3.20)
0

is beta function, and I'() is gamma function.

3.3.1.1 k—p Fading

The average SER of link ¢; € {SD, SR} under k—pu fading is analyzed by substituting (3.17) in

(3.14) as
o z WIS1) ™
2
P 3 exp( "”"%01“%01 3 ’*“’1"*01 ( / Z, (0:1)d6 + / Z¢1(9;l)d9>, (3.21)
1=0 0 3
where fipy +
N¢1(1+H¢1)
Zo (0:1) = o) . (3.22)
! (ﬂm (1 +Kp,) + 9%, /Sln2(9)

Integrals in (3.21) can be simplified by substituting cos?(f) = t in the first integral and cos?() =

tcos?((M — 1)w/M) in the second integral. Thus, we get
g g

P%Dl _ exp /15011“501 Z /1501N<P1 A’éfﬁl(/ t_1/2( ),um—i-l 1/2( _Acplt)_‘u”l_ldt
l:O 0
0

where w=cos? (/M) and

1
A, = “1%01( the) (3.24)
Ngm( + ’1501) + 9V
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Using (3.19), (3.23) is further simplified as

o

e K 1 1 1

Py = xp( ”W‘W Z “”1““”1 A““"l” <B<2, Ty 2> FY (2 Yoy + L fipy + 1+ 1, A¢1>
=

11 3
+COS< ) < ) D <2 ) — Hpy — U pg, +l§§avaAg01>>' (3.25)

Next, when the signal is perfectly detected at the relay node, the signal received at the destination
node is MRC of the direct and the relayed signals. As SD and RD links are independent, the MGF

of ymre is product of the MGF's of ygp and ygrp, that is,

M

TMRC

(s) = M

YSD

(8)Mypp (5)- (3.26)

Hence, the average SER P, virc can be analyzed using (3.17) and (3.26) in (3.14) for ¢ = MRC as

B RSDMSD )" (krRDIRD)"™
e MRC — Z Z llll2| exp KSDUSD + KRDMRD)

X (/2 ZSD(O;ll)ZRD(H;l2)d9+/
0 3

where Z,,(0;1) is defined in (3.22) for ¢ € {SD, RD}. By substituting cos?(#) =t in the first integral

(M—-1)m
M

Zsp(8;11)Zrp(0; l2)d9> . (3.27)

and cos?(0) = t cos?((M — 1)m/M) in the second integral and then using (3.19), (3.27) is simplified as

o uSD+l1 HRD+l2
(ksppsp) (krpprDp)2 A e 1 1
P, = — g E B =, l1+1 —
e, MRC 11 = 115! eXp(HSDNSDJrﬂRDuRD) (( (2 UsSp + UWRp + t1 4+ lo + 5

1 s 1
XFg) <§7,USD + 11, urD + l25 sp + prp + 11 + 12 + 17ASD7ARD>> + <COS<M>B<§7 1>

11 3
XF§)<—> — psp — prp — Ui — lo, pusp + 11, RD+Z2757W7WASD7WARD>>>7 (3.28)
where Ay, is defined in (3.24) for ¢ replaced by @2 € {SD, RD}.

The end-to-end average SER under k—p fading can be analyzed substituting (3.25) and (3.28) in
(3.15).

3.3.1.2 n—p Fading

When the system is under n—p fading, the average SER factor P, ,, is obtained by substituting
(3.18) in (3.14), and is given by
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E 9 Moy Moy
Py = l/2 Wi Ve ! do
e T 97 97
TJ0 2(vpy = Vi1 )iy + Sinf(lg) 2(vg; + Vipy bty + Sinf(lg)
(M—1)m 9 Heq Moy
L1 / / Wi Vo1 ! _ do, (3.29)
T3 2(vg, — Vipy )bty + S{??%) 2(vpy + Vi )iy + Sijzilg)

Substituting cos?(f) = t and cos? = tcos?((M — 1)m/M) respectively in the first and the second

integral, (3.29) can be simplified using (3.19) as

M.

vern—nlg) 1 1\ (2 (1
Pev@l = mT<B<§72HSO1 —|—§ F<D) 57”5017N<P1;2M501+1’O¢1’D901

T 1 11 3
+ cos <M>B<§7 1>F1()3) <§7 5_2/‘@17,“9017,“5013 §7W7W0¢17WD501>> ) (3.30)

where w = cos?((M — 1)7 /M),

441 Ve B

P1 1

) , 3.31a
RURU “(g) ((2(1@1 — L(pl) I 97801)(2(”901 i901) 97‘»91)) ( )

2 e Z
0@1 — (,Uﬂol ®1 )M@l _ and (331b)
2(”@1 - thl):usm + 9V,
D, = e tVolhs (3.31c)
o 2(“@1 + ng)ﬂem + 9V

For independent SD and RD links, the average SER factor P, \rc is obtained using (3.18) and
(3.26) in (3.14) for ¢ = MRC, followed by simplification of integrals having limits (0 to 7/2) and (7/2
to (M — 1)7/M) with substitutions cos?() =t and cos?(6) = tcos?((M — 1)7/M), respectively and

then applying (3.19) as

M ()M 1

_ _ 1 1 4
Poyre = —BS21E ~ np.n-p(9) <<B<§,2MSD+2NRD+§>Fé)<§aNSDaNSDaNRDaHRD§

us 1 1
2MSD+2MRD+1,CSD,DSD,CRD,DRD>> + <cos <M>B<§’ 1> F1(75) (57

1 3
5 2118D — 20LRD, LSD+ LSD» LRD s JARD'; §>W>WCSD>WDSD>WCRD7 WDRD)))» (3.32)

where M, n—u(9), Cp,, and Dy, are defined in (3.31a), (3.31b), and (3.31c), respectively for ¢,
replaced by o € {SD,RD}.
The end-to-end average SER for 7-u faded channels can be analyzed on substituting (3.30) and

(3.32) in (3.15).
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3.3.2 Asymptotic Average SER

We obtain high SNR approximation for the average SER expressions to simplify the system anal-

ysis. At high SNRs, (3.15) can be approximated as

P* = PlsrPlsp + Pore (3.33)

e e, e,

where Pei’% R Pei’% p» and P:’OMRC are the high SNR approximations of P, sr, Pe sp, and P, MRrc, respec-
tively, and derived below for the two fading types. The derivation requires high SNR approximation
of the MGFs (3.17) and (3.18).

3.3.2.1 k—p Fading
In case of k—p fading, the MGF in (3.17) is approximated for 7,, >> 1 as
(1 )\ Mg
M2 (s) ~ (M> exp (—pijki), ij € {SR,SD, RD}. (3.34)
87ij

The corresponding asymptotic average SER for ¢; € {SR, SD} link can be analyzed by substituting
(3.34) in (3.14) as

(M—1)7

0o eXP(_Ngm’ism) /%01(1""‘%1) Ao 2 sin2 Ky M sin2 Koy
P~ ( ) ( /O (sin2(6))"*1 b + /ﬂ/2 (sin2(0)) d9>.(3.35)

™ 9Ver

In (3.35), the first integral can be simplified using substitution cos?(9)=t and the relation (3.20) as
2 1. /1 1
/2 (sin2(0))"1do = —B(—,um v —). (3.36)
g 27\ 2 2

Similarly, the second integral can be simplified using substitution cos?(6) =t cos?((M — 1)7/M) and

the relation (3.19) as

(M—1)m
M

1 1 11
(sinz(ﬁ))wlde = 3 cos(%)B(a 1> Fg) <§, 5~ Mo g,w> . (3.37)

(VB

Using (3.36) and (3.37) in (3.35), we get

P® A exp(—ppi gy ) [ g (14 kg )\ B 1 1
o1 ~ 2 — 2 ) :ugm + 2
T 91

1 11 3
—|—cos<%>3<§,1> FY (5, 5~ Hor §,w>). (3.38)
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3.3 Performance Analysis under x—p and n—pu Fading

The high SNR approximation of P, yrc is obtained using (3.34), (3.26) and (3.14) for ¢ = MRC, ij
replaced by @9 € {SD, RD}, and then applying (3.36) and (3.37) as

~  _ exp(=URDKRD — USDKSD) <HRD(1 + ﬁRD))”R'D <,USD(1 + ESD)>”SD
e MRe 2m 9YRD 9YsD

1 1 T\ (1) /11 3
B( - - TNB( 20V FO( 2,2 —pmo — nsoi 2,0 )] 3.
><< <27NRD+HSD+2>+COS<M> <2,> D<2,2 KURD NSD;27W>> (3.39)

The end-to-end asymptotic average SER under k—pu fading can be analyzed using (3.38) and (3.39)

in (3.33) as

S AsrAsp AMre
@SR)MSR(?)/SD)MSD (fyRD)uRD (FYSD)MSD’

(3.40)

where

Ao, — XP(=psRESR) <MSR(1 + HSR)) ren
SR = 5
a g

1 1 T\ (1 (11 3
X (B (57#513 + 5) + COS<M>B<§’ 1> FD <§7 5 — KSR; 5,0))), (341)

A _ exp(—pspksp) (Msp(l + /-6517)) Hsp
e 5
™ g

1 1 m L e (L1 .3
X<B<§>ﬂSD+§> +COS<M>B<§,1>FD <§7§_HSD757W>>7 (3.42)

and

A _exp(—prpkrp — pspksp) (el + krD)\"” ((nsp(1+ ksp)\ P
MRC = o 3 B

1 1 s 1 m (11 .3
X<B<§>,URD+,USD+§> +COS<M>B<571>FD <§7§_ﬂRD_:uSDa§>w>>' (3.43)

3.3.2.2 n—u Fading

In case of n—pu fading, the high SNR approximation of MGF in (3.18) is

M° ~ 4,Uij'uz2j His ..
(s) =~ 257 , 1j€{SR,SD,RD}. (3.44)
ij
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3. Conventional DF Relay System under x—p and n—p Fading

Substituting (3.44) in (3.14), the average SER for ¢ € {SR, SD} link is given by

(M—1)m

1 47)@1/12 fen bl 4 g 4
o~ () ([Tt [T st ) (3.45)
’ ™ g,}/gol 0 z

2

which can be simplified using (3.36) and (3.37) as

1 [ Avg p2 e 1 1 s 1 (1l 1 3
P o~ —(—en) (B[ 5,2 - ) B(=1)F) (5, 5 = 2pp: 5,0 | - (34
e,p1 27T< 92,7301 27 Heoy + 2 + cos M 27 D 27 9 Heors 27(") (3 6)
The asymptotic expression of P{gc is derived using (3.44), (3.26), and (3.14) for ¢ = MRC, ij =
2, w2 € {SD,RD}, and then applying (3.36) and (3.37) as

poe o L (Wrpphp \" (dvsppip\"P
e~ o\ =y

1 1 T 1 m (11 3
><<B<2,2(NRD + psp) + 2> +cos<M>B<2,1>FD <272 2(MRD+MSD),2,w>>.(3.47)

The end-to-end asymptotic average SER for n—p fading can be obtained on substituting (3.46)
and (3.47) in (3.33) as

BsrBsp Buyre (3.48)

P> - = — = ;
€ (’YSR)2MSR(’YSD)2MSD (fyRD)QNRD (VSD)2NSD

where

1 [dvgppip \"S" 1 1 T 1 (11 3
= — ==& B(=,2 - S )B(=1)FY (2, = — 2usm; = 4
BSR o < 92 27 MSR"" B +cos Vi 27 D 27 9 HSR; 2,(.0 ) (3 9)

1 (dvsppdp \'sP 1 1 T 1 (11 3
Bsp = — | —52£ B(=,2 - B2 1)FY (2, = = 2usp; = 3.50
SD 27T< ;2 50 2Msp+5 | +eos| 77 5 1) Ip (55— 2pspi 550 | (3.50)

and

1 (dvgpptp "0 (dvsppdp \1SP
o1 g2 g2

1 1 m 1\ (11 3
X (B(Q,QMSD + 2> +COS<M>B<2,1>F<D <2, 5 2U8D; 2,w>>. (3.51)
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3.4 Performance Analysis under Mixed x—p and n—p Fading

3.4 Performance Analysis under Mixed x—pu and n—u Fading

In this section, the average SER of the relay system is analyzed when the three links connecting
source to destination are differently faded. For two kind of fading models, in mixed sense the three
links together can be affected in six ways, that is, three combinations of one link as k—pu faded and
other two links as n—pu faded and similarly three combinations of one link as n—p faded and other two
links as k—pu faded. We analyze the case where the SD link is n—p faded and the SR and RD links
are k— faded. This combination suggests that there is no LOS component in the SD link, while
LOS components exist in the other two links. In the same manner, the other five combinations of the
fading models can also be analyzed.

The average SER P, in mixed fading is obtained by substituting P. sr, P sp, and P. vrc for
respective fading in (3.15). For the considered mixed fading case, P, sg and P. gp can be evalu-
ated using (3.25) and (3.30), respectively. The analytical expression of P.yrce is derived as fallows.

Substituting the MGF's (3.17) (for ij = RD) and (3.18) (for ij = SD) in (3.26), we get the MGF

M. (s) = <4N%D”SD(2(USD —Vsp)usp + SIYSD)—1>/J'SD
YMRC (2(vsp + Vsp)usp + s7sp)

o0

(krDERD)! trp(1 + KRrD) #RDFE
— . 52
X exp(—KRDIRD) zE:o 0 mp( + RaD) + 5D (3.52)

Substituting (3.52) in (3.14) and solving the integrals using (3.19) with the help of substitutions
cos?(0) = t and cos?(0) = tcos?((M — 1)w/M) respectively in the integral with limit (0 to 7/2) and
(m/2 to (M — 1)n/M), we get

e —K M 00 I )
PeMRC = *p(—#RDHRD) M5 1 (9) > (KRDIED) A’fﬁ)f?*l<<3<

1
— 2 k —
o 2 i 5 HRD +2usp +k + 2>

1 s 1
xFE” <§,NRD + 1, usps psp; BrD + 2isp + 1+ 1,Agrp, Csp, DSD>> + (COS <M>B<§’ 1>

11 3
XF})A‘)(? 5~ HRD — 2psp — L pirp + 1, 1D, 1S D; §awaWARD7WCSD7WDSD>>> : (3.53)
where Agp and M., . (g) are defined in (3.24) (for ¢1 = RD) and (3.31a) (for ¢1 = SD), respec-
tively.

Similarly, the end-to-end asymptotic average SER can be analyzed on substituting Psp, Po%p,

and P}jpc for the given fading combination in (3.33). PXgp and P2y are derived as in (3.38) and
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3. Conventional DF Relay System under x—p and n—p Fading

3.46), respectively. P> is obtained on substituting approximate MGFs (3.34) and (3.44) in (3.26
e,MRC

and putting the resulting MGF in (3.14), followed by applying (3.36) and (3.37). We get

w  _ exp(—prpRRD) (m—w(l + kD) > e <4USDM%D> ner
c = — -
e MR 27 978D 9*Vsp

1 1 T 1 M1 1 3
X<B<§>ﬂRD+2,USD+§> +COS<M>B<§>1>FD <§a§ _)URD_2,USDa§>w>>' (3.54)

Hence, the end-to-end asymptotic average SER is given by

AsrBsp CMRC

P> ~ ;
€ (f‘ySR)#SR (f‘ySD)QHSD (WRD)#RD (fj/SD)MSD

(3.55)

where Agg, Bsp are defined as in (3.41), (3.50), respectively and

C _exp(—prpkrp) ((prD(1 + kRD) \"*P (sDpgp\ P

1 1 7 1 M (11 3
X <B<§>,URD + 2pusp + §> +COS<M>B<§>1>FD <§a 9 ~ HRD ~ 2usp; §’W>>- (3.56)

3.5 Optimal Power Allocation and Diversity Order

The derived end-to-end asymptotic average SER expressions can be used to allocate optimal power

at nodes S and R and obtain DO of the system.

3.5.1 Optimal Power Allocation

In relay systems, equal power allocation at transmitting nodes is generally considered, but this is
not energy efficient. Optimal power allocation is an efficient assignment and can improve performance
on the system significantly. Transmitting power at nodes can be optimally allocated if nodes have
partial knowledge of the CSI [72,73]. In this section, we have analyzed expressions for the optimal
power allocation at the source and the relay node for the given mixed faded relay system. The

asymptotic average SER expression in (3.55) is represented using (3.11) in terms of Ps and Pg as

—_ —_
=1 =2

FX(Ps: Pr) = Tpoymmsorien + (Pyytisn (Ppyinn” (3.57)
where KSR 2usp
Nn(d QSR /" Np(d asSD
=1 = AsrBsp <7°( sR) > <70( sD) ) (3.58)
ASR Asp
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3.5 Optimal Power Allocation and Diversity Order

and

(3.59)

NO(dRD)aRD > HURD <NO(dSD)aSD > 2usp
)\RD )\SD '

By = CMRG<

Applying the second order conditions [158] it is easy to show that (3.57) is a convex function of
(Ps, Pr) € [0, P], where P = Pg + Ppg is the total power used for the transmission. Using (3.57), the

power optimization problem can be formulated as

. = Zo
1%1,1191% (PS)QMSD-WSR 5 (PS)QMSD (PR)MRD (3'60)

subject to

P = Pg+ Pgp.
Now, using Lagrange’s method, the objective function is written as

—_ —_
=1 =2

(Pg)?#sptisr + (Pg)2#sp (Pg)HrD +APs + Pr—P). (3.61)

f(PS7PR7)‘)

On differentiating (3.61) with respect to Pg, Pr and A, and equating to zero, we get the relation in

terms of Pg as
E2P§°" (2uspP — (2usp + prp)Ps) = —Ei1(2usp + psr)(P — Ps)#r™t. (3.62)

Equation (3.62) is valid for 2uspP — (2usp + prp)Ps < 0, this gives ranges for Pg and Pgr as
25p/(21sp + prp)P < Ps < P and 0 < P < purp/(2usp + prp) P, respectively. For 25p > pirp,
the optimal power allotted to the source node will always be greater than P/2, whereas for 2ugsp <
lrp, the optimal power allotted to the source node can be less than P/2. On solving (3.62), we can
obtain the optimal power allotted at the source and the relay node.

For psr = wrp = 2usp = 0 and £ = Pg/Pgr, (3.62) can be written as
E80(6—1)—28, = 0. (3.63)

For ¢ = 1, the solutions of £ in (3.63) are

14+ +/1+851/Z2 1—+/1+8=21/=, (3.64)

2 ’ 2

§ p—
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3. Conventional DF Relay System under x—p and n—p Fading

Using (3.58) and (3.59), it can be shown that /1 + 8=; /25 > 1. Hence, the second solution which is

negative can be discarded. Using the relation P = Pg + Pr and (3.64), we get

14+/1+85,/E
Ps = — +8H1/H2P (3.65)
3+/1+8E1/Z;

and
2
Pr = — P, (3.66)
3+ V14+851/5
respectively.

Relation with the result existing in the literature: When all links are x—pu faded, then instead
of 2ugp in (3.57) we have pgp. On assuming p;; = 6, we can write the optimization equation for k—p
faded channels as (3.63). For p;; = 1, all the channels are Rician faded and the optimal power at the

source and the relay node is given by (3.65), in which

_ exp(=rsr+ krp) (14 ksr)Arp(dsr)™5" (01)27 (3.67)

21 (1+ krp)Asr(drp)®rp  Cy

wjw

where C; = B(0.5,1.5) + B(0.5, 1) cos(r/M)F)(0.5,~0.5; 1.5,w) and Cy = B(0.5,2.5) + B(0.5,1)
cos(ﬂ/M)Fg)(0.5,—1.5;1.5,w). Furthermore, as r;; tends to 0, the optimal power allocation ex-
pression reduces to [72, eqs. (21) (22)] for Rayleigh faded channels. Also, C; and Cy are same as A
and B defined in [72, eqgs. (16) and (17)].

The expressions of the optimal power for any value of fading parameters in kK—pu, 71—, and mixed
k—p and n—p faded channel can be obtained after appropriate changes in (3.62) and solving it in

mathematical softwares like MATHEMATICA, MAPLE, and MATLAB.

3.5.2 Diversity Order

If expression of the asymptotic average SER is known, then DO of the system can be analyzed

using [159, eq. (15)]
L ls(PE()
DO = - lim =5 <= (3.68)

Now, the end-to-end asymptotic average SER in (3.57) can be rewritten as

=/ —2 — =/ —2 —
o/ B =] (Ps/P) HSD—HSR :2(PS/P) HsD (PR/P) URD
e = ~Swsotisn + 2s D HRD ) (3.69)
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where ¥ = P/Ny, =) = Z1(Ng) " 2#sp=HsR and =) = Zp(Ny)~2#sp~#rp . Using (3.68) and (3.69), we

have

log (Ell(Ps/P)_%SD—HSR /7}/2HSD+HSR)

DO = min< — lim - ,
7700 log(7)
log (E/Q(PS/P)_QNSD (Pr/P)~H&D /72u5D+MRD)
— lim — (3.70)
700 log(7)

Solving (3.70), we get

DO = 2usp + min{,uSR, HRD}~ (3.71)
Similarly, we can obtain the DO when all links are x—p faded as

DO = usp+ min{uSR, ,uRD} (3.72)
and for n—pu faded channels as

DO = 2ugp + min{2usr, 2(rp}- (3.73)

3.6 Numerical Results

In this section, we present numerical results for average SER of the relay system under xk—p and
n—p fading channels. The system model described in Section 3.2 is emulated in MATLAB to get the
simulation results. The analytical results are obtained using the end-to-end average SER expressions
derived in Sections 3.3 and 3.4. The analytical expressions obtained for k—pu fading are in infinite
series form, however these series converge rapidly with increase in number of summation terms (V),
for example, N = 10 is sufficient to achieve accuracy up to 5th term of decimal. The corresponding
analysis is done for N = 15 for a better and assured accuracy. The channel gains are considered to be
normalized to unity, that is, Ajj(d;;) ™% = 1, unless otherwise stated.

The average SER versus SNR plots are shown in Figures 3.1 (a) and (b) for different modulation
orders under k—u and n—p fading, respectively. Analytical results under k—p fading are plotted using
(3.15), (3.25), (3.28), and under n—u fading using (3.15), (3.30), (3.32). Simulation results are found
to be in perfect agreement with analytical results, hence validating our analysis. Asymptotic results

are plotted using (3.40), (3.48), and (3.55) for K—u, n—p, and mixed k—p and n—p faded channels,
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Average SER
=
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Average SER
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Figure 3.1: Average SER performance of the relay system under xk—pu and n—pu fading for different modulation
orders.

respectively. We observe that asymptotic results provide good approximation at high SNRs.

Figure 3.2 presents performance comparison based on channel quality under k—p fading. Data
is considered to be 8-PSK modulated. In Figure 3.2 (a), the average SER is plotted for fixed pgp
and k;;, and varying psg and pgrp. In Figure 3.2 (a), we observe that the increment in performance
is more for increase in prp as compared to increase in pgr. In Figure 3.2 (b), u;; and k;; are kept
constant for SR and SD links, and varied for RD link. We observe that increase in purp has better
impact on performance than increase in kgp. The SR and RD links with greater values of fading
parameters x and p show better performance and among them the parameters of RD link dominate.
Moreover, increase in prp has better impact compared to increase in Krp.

In Figure 3.3, average SER is plotted for different channel conditions under n—pu fading. 4-PSK
modulation is considered. In Figure 3.3 (a), the average SER is plotted for fixed p;; and nsp, and
varying nsr and nrp. We find from the plots that the performance improvement is higher with increase
in ngp as compared to increase in nggr. In Figure 3.3 (b), parameters of SR and SD links are kept

constant and the effect of change in parameters of RD link is observed. As seen from plots, increase
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Figure 3.2: Average SER performance of 8-PSK under x—pu fading channels with different values of x;; and
Hig -

Figure 3.3: Average SER performance of 4-PSK under n—p fading channels with different values of n;; and
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in urp gives better performance as compared to increase in 7grp. The performance improvement is
more for increase in parameters of the RD link compared to increase in parameters of SR link, and
increase in urp has better impact compared to increase in nrp.

In Figure 3.4, the average SER results for the relay system with equal and optimal power allocation
are presented. Mixed fading environment is considered, where SD link is n—u faded and SR and RD
links are k—pu faded. 4-PSK and 8-PSK modulated data is considered in Figure 3.4 (a) and (b),
respectively. Optimal power allocated to nodes S and R are evaluated by implementing and solving
(3.61) in MATLAB. The results are also compared with that of direct transmission. Total transmission
power in relay system and direct transmission is considered same, that is, P. In both system, each
transmission requires equal duration, that implies relay system requires twice the time required in the
direct transmission. We observe in Figure 3.4 that for better SD link quality, direct transmission can
outperform the relay system with equal power allocation scheme. Although, optimal power allocation
in the relay system performs better than direct transmission under all channel conditions. It also
outperforms the equal power allocation in the relay system.

Assume Ny = 1, the variation in average SER in Figure 3.4 is with total transmission power P.
Furthermore, in (3.62), we can see that the optimal power allocated to node S, Ps depends on power
P and the channel conditions. Although, through numerical computation we observed that there is
not much variation in the optimal power-ratio Pg/P obtained for different values of P. Moreover, for a
wide range of channel conditions, the corresponding average SER is close to the average SER obtained
for P = 24 dB. In Figure 3.4, the curves with circle marker correspond to the average SER with
optimal power allocation that depends on P. The average SERs obtained for P = 24 dB are found to
overlap with the optimal curves, but not shown in the figure for the sake of clarity. In Figure 3.4, the
value x* = Pg/P corresponds to the optimal power allocated to node S for P = 24 dB. We observe
that for higher modulation order, the optimal power allotted to the source node increases (and hence
the optimal power allotted to the relay node decreases).

In order to compare the derived analytical results with those presented in [72] and [73], the average
SER of system with Nakagami-m faded channel and 4-PSK modulated data is shown in Figure 3.5.
n—p fading and k—p fading reduce to Nakagami-m fading for n;; = 1 (Format-1) and k;; — 0,

respectively. The results are shown for the mixed fading scenario! when psp = {0.25,0.5,0.75,1} and

1 8D link is under —pu fading and SR and RD links are under k—pu fading. SD link reduces to Nakagami-m fading
for ngp = 1 and SR and RD links correspond to Nakagami-m fading for ksr, krp — 0.
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Figure 3.4: Average SER versus average SNR, plots showing comparison of the relay system with optimal and

equal power allocation (PA) and direct transmission under mixed xk—p and n—p faded (SD link as n—pu, SR
and RD links as k—p faded).
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Figure 3.5: Average SER versus SNR plot for 4-PSK under Nakagami-m fading as a special case of the fixed
fading scenario.

Abstract-TH-2151_136102001

57



3. Conventional DF Relay System under x—p and n—p Fading
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Figure 3.6: Average SER versus source-to-relay distance for the relay system with equal and optimal PA under
mixed fading for different fading parameters, dsg + drp = dsp, dsp = 2 unit, a;; = 3, A; = 1.

usr, prp € {0.5,1.0,1.5,2}. Let the Nakagami-m fading parameters of the links be msp = 2usp,
msr = psr, and mrp = prp. Thus we have m;; € {0.5,1,1.5,2}. It can be noted that the plot for
different values of m;; resembles that for the corresponding value of the fading parameter m in [73,
Figure 3] for Nakagami-m fading. Furthermore, for m;; = 1 the plot resembles that in [72, Figure 4]
for Rayleigh fading environment. Moreover, the optimal fractions of total power allotted to the source
node is obtained as z* = Pg/P = 0.6270, which is identical to that obtained in [72, Figure 4]. This
suggests that the average SER expressions for Rayleigh fading and Nakagami-m fading can be traced
using expressions for the generalized fading models.

In Figure 3.6, the average SER is plotted with variation in source-to-relay distance for the relay
system with equal and optimal power allocation under different channel conditions. The nodes are
considered to be collinear and follow the relation dgr +drp = dgp. The results are shown for dgp = 2
unit, a;; = 3, and A\;; = 1. We observe that when power at nodes S and R are equally allocated then
the optimal relay location lies near midway with approximate distance ratio dgr/dsp = 0.6. This is

in accordance with the result in [160]. Furthermore, when power is optimally allocated and channel
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Table 3.1: Fraction of the total power allocated at the source node (Ps/P) in case of optimal power allocation
for 4-PSK modulated data under the considered mixed fading scenario, P = 24 dB, Ny = 1.

psr=1,kspr = 0; psp =0.5,nsp = 1 psp = 0.5,nsp = 1

wrp =0.5,kpp =0 urp =0.5,kpp =0 tsr =0.5,kgr =0

pwsp | nsp | Ps/P | usk |ksr | Ps/P | prp | krp | Ps/P
0.01 0.55511 0 0.80784 0 0.68339

0.25 0.1 0.55511 | 0.5 1 0.74548 | 0.5 1 0.68586
1 0.55511 4 0.70280 4 0.71252
0.01 0.68866 0 0.68866 0 0.60712

0.5 0.1 0.68866 | 1 1 0.68339 | 1 1 0.62704
1 0.68866 4 0.66894 4 0.78139
0.01 0.80784 0 0.67204 0 0.64977

1 0.1 0.80784 | 1.5 1 0.67010 | 1.5 1 0.68582
1 0.80784 4 0.66682 4 0.87797

condition improves, the optimal relay location moves toward the destination node. Similar observations
can be made for different values of dsp, a;;, and \;;.

In Table 3.1, the fraction of the total power allocated to the source node (Ps/P) in case of optimal
power allocation is tabulated corresponding to the parameters of the SD, SR, and RD link for 4-PSK
modulated data under the considered mixed fading case. Following observations can be made from the
table: i) Pg/P increases with increase in pgp but is not affected by change in ngp, ii) Ps/P decreases

with improvement in SR link quality, and iii) Ps/P increases with improvement in RD link quality.

3.7 Conclusion

We have deduced exact expressions of the average SER for a conventional DF system under k—p,
n—p, and mixed k—p and n—p fading when input data is M-PSK modulated. At high SNRs, asymp-
totic approximations of average SERs are also analyzed. Optimal power allocation expressions for the
power allotted to the source and the relay node are obtained. DO for the different fading types is
analyzed and the effect of distance on performance is traced. We observe that the performance im-

provement is more for increase in fading parameters of RD link when compared to increase in fading
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parameters of SR link. Also, among x and p parameters in k—pu fading and n and p parameters in
n—p fading, the improvement in performance with increase in p parameter dominates. The perfor-
mance for shorter SD links is better when compared to longer links. Also, the relative increment in
performance is more when the fading parameters of the SD link increases. In case of high SD link
quality, direct transmission may outperform communication using relay with equal power allocation
at source and relay node. However, the relaying system outperforms the direct transmission in case
of optimal power allocation at nodes, under all channel conditions. Furthermore, the power allotted
to the source node raises with the increase in the modulation order, decline in SR link quality, and

improvement in RD link quality.
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4. WP DF Relay System under Nakagami-m Fading: EH at Relay Node

The previous chapter provides the performance analysis of a conventional three-node DF relay
system. In conventional systems, nodes are considered to be powered by batteries which can be
replaced or recharged if drained. In systems, such as wireless sensor networks, wireless body networks,
etc., the nodes are generally inaccessible and therefore providing power with the aid of such batteries
may not be always feasible. In such a scenario, end-to-end communication is hampered if batteries
of the participating relay node(s) exhaust in-between the communication. Also, there could be a
possibility when the relay node(s) does not want to use its own power for relaying. Under such
circumstances, if the node can be supported by wireless EH methods, it may encourage participation
of the node in communication. In this chapter, we present communication theoretic analysis of a
relay-assisted WPCN under Nakagami-m fading for M-PSK modulated data. The energy-constrained

relay node is wirelessly powered by the source node.

4.1 Introduction

In the literature, performance analysis of WP networks is widely explored. In [41,70,125], the
performance of SWIPT networks is analyzed using the information theoretic approach. Energy-
constrained relay node harvests energy using the received RF signals radiated by the source node
and/or interferences. AF and DF protocols are considered in [41] and [70, 125], respectively. In [69)],
the average symbol-error-rate (SER) of parallel DF relaying SWIPT network with energy-constrained
relay nodes is given for the noncoherent M-DPSK and M-FSK modulation schemes. Information
theoretic analysis of WPCNs with AF and DF relaying is presented in [57] and [149], respectively.
The works done in [41,57,69,70,125,149] consider Rayleigh fading environment for the analysis. In a
practical scenario, wireless medium is lossy in nature and therefore the applicability of WP systems is
limited to short-range communications. Thus, the possibility that LOS components exist cannot be
ignored. Rician, k—pu, and k—p shadowed fading models are more applicable for short-range commu-
nications. However, analysis for these fading models is difficult and mathematically intractable under
some circumstances. Nakagami-m fading is a generalized model which is Rayleigh model for m = 1 and
approximates to Rician fading for m > 1. In [62,71,76,141-143], the performance of WP relay systems
under Nakagami-m fading is analyzed. Information theoretic analysis is carried out in [62,141-143]
whereas communication theoretic analysis is presented in [71]. [76] exhibit both information theoretic

and communication theoretic analyses. DF protocol is considered in [76,142,143], whereas AF protocol
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in [62,141]. Both AF and DF protocols are considered in [71]. These references provide performance
analysis of SWIPT networks. Moreover, the effect of direct link between the source and destination
is ignored. If the direct link exists and is considered for the analysis, performance of the system can
be significantly improved by employing diversity combining schemes at the destination node.

In this chapter, performance analysis of a three-node relay-assisted WPCN is presented. The
end-to-end transmission is executed in three slots. In the first slot, the relay node is powered by the
source. In the next two slots, selective DF relaying is employed to transfer the information from the
source to the destination using the energy harvested in the first slot. The received SNRs are expressed
as the ratio of signal energy and noise power spectral density (PSD) [69], unlike in Chapter 4, where
these are defined as the ratio of signal power and noise power. By defining the SNRs in terms of
the energy ratio, the energy assigned for each slot can be optimized for the minimum average SER,
which in turn can be used to judiciously optimize the corresponding power transmitted or the slot
duration [161]. We consider two scenarios for the analysis i) direct link is present between the source
and the destination and ii) direct link is ignored. In the latter case, the direct link is considered
to be in deep fade. When a direct link exists, the two signals arriving at the destination via direct
and relayed links are combined using EGC scheme as it performs close to MRC for reduced system
complexity [36].

The main contributions of this chapter are summarized as

e Motivated by the WPT and WIT technique [55] for point-to-point communication in WPCN,
we propose a transmission technique for a relay assisted WPCN. Analytical expressions of the

average SER are derived for M-PSK modulated data under Nakagami-m fading environment.

e We also derive the asymptotic expression of the average SERs to simplify the analysis at high
SNRs. The high SNR approximations are utilized to find the optimal energy assigned for trans-
mission in each slot. Since energy is related to the power transmitted at a node and the slot
duration, the optimal energy expression can be judiciously used to optimize power and time for

the corresponding slot.
e We further analyze the DO and the throughput of the system.

e The effects of modulation order and fading parameters on system performance is also investi-
gated.
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Figure 4.1: Tlustration of the transmission technique.

Rest of the chapter is organized as follows. The system model is described in Section 4.2. Ex-
pressions for average SER and corresponding asymptotic approximations are obtained in Section 4.3.
In Section 4.4, asymptotic expressions are used to find the optimal energy assigned in different slots
for minimum SER, which then determines the corresponding optimal power and the slot duration. In
Section 4.5, DO and throughput are analyzed. Numerical results are presented in Section 4.6 and the

concluding remarks are written in Section 4.7.

4.2 System Model

We consider a three-node WPCN with EH at the relay node R. M-PSK modulated symbols
are communicated from the source node S to the destination node D. Each node is having a single
antenna. We assume half-duplex mode of communication. Each information symbol at the source is
communicated to the destination in a slot of duration 7" which is further divided in three time slots as
shown in Figure 4.1. In the first slot 77, wireless power P; transmitted by node S is used to harvest
energy at the energy-constrained node R. The second time slot 75 and the third time slot T3 are
equally divided (75 = T3) and are engaged in WIT. Let 7 be the fraction of 7" used for harvesting
energy. Then, the three time slots are T} = 7T and Ty = T3 = (1—7)T'/2. Node S broadcasts the data
in slot Ty with power P,. Selective DF is employed at node R, thus the received source data is checked
for its correctness. In case of correct reception, the relay R uses the harvested energy to forward the
re-encoded data to node D in slot T3 with power P3. Correct decoding at node R can be accomplished
by using threshold-based checking or cyclic-redundancy-check codes [72,73]. We consider harvest-use
approach to process the incoming energy flow [58,68].

We assume that the power consumption in operational circuits (like modulator, demodulator,

encoder, decoder, etc.) is comparatively smaller and therefore can be neglected [70,125]. The energy
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harvested at node R in 77 is completely used to forward the encoded data to node D. Data transmitted
is M-PSK modulated with equal a prior: probabilities. The M-PSK constellation S is given by
S =exp (922m(n —1)/M), where n = 1,2,..., M and j = v/—1. In the kth time slot, x; = /P, Tysy is
transmitted with energy Elxzpx}| = PyTy, where s, € S and k = 1,2,3. E[:] denotes the expectation

* represents the complex conjugate. We assume links between nodes S, R, and D are

operator and (-)
independent, slow-flat Nakagami-m faded, and link gains are assumed to be constant for time 7.

In the kth time slot, the baseband equivalent of the received RF signal at node j is given by
Ykj = P T}, dij_aij hij Sk + Ngj k=1,2,3, (4.1)

where i € {S, R}, j € {R, D}, h;; is the fading coefficient of the link connecting node i and node j
having mean power E[|h;;|*] = \;j, dij~®" represents path loss of the link between node i and j, d;;
is in meters with path loss exponent «;; ranging from 2 to 6, and ny; is additive white Gaussian noise
at node j having PSD Ny. For a comparatively small noise component, the harvested energy in T}

can be approximated as

Clhsr|* P Ty

E
f (dsr)*SR

(4.2)

where ( is energy conversion efficiency, ¢ € (0,1). In T3, s9 is transmitted at node S and selective DF
relaying is employed at node R in 73. This implies, if node R correctly decodes the symbol so, the
symbol is forwarded to the destination D with power P3 (= Egr/T3) in the time slot T3. Otherwise
node R remains idle (P3 = 0). The signals received at node D via direct and relay links on correct

decoding at the relay are combined in slot 75 using EGC [36] as

y = exp(—3Zhsp)y2p + exp(—1Zhrp)YsD

= < PyTy(dgp)~“sD |hSD|+\/P3T3(dRD)_aRD |hRD|> 59

+<exp(—jthD)ngp—I—eXp(—jéhRD)ngD) , (4.3)

where Z(-) represents the argument’s angle.

The data is detected at node R in slot T5 using the decision rule

>

= arg {I;léig( Re (p* exp(—jéhSR)ng) } . (4.4)
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If the detection is incorrect at node R, then node D decides the data in slot T3 using the decision rule
5 = arg {maég( Re (p* exp(—jéhRD)y;:,D) } . (4.5)
pe
Otherwise, in case of correct detection at node R, node D uses the decision rule
§ = ar maRe(*), 4.6
g { max Re(py } (4.6)

where y is given in (4.3).
The ratio of the power exponent of the equivalent signal and noise components in (4.3) gives the

equivalent instantaneous SNR at node D. That is

2
<\/P2T2(dSD)_aSD |hspl+/PsTs(drp)~“RD|hgrp |)

YEGC = 7
(exp(—JZhSD)nzp + exp(—thRD)n?)D)

= (Vl\hSD|+V2|hSRHhRD\)27 (4.7)

where v) = \/P2T2 (dsp)~¥sD /(2Np) and vy = \/§P1T1 (dsr)~%sr(dpp)~ “RD /(2Ny). The instanta-
neous SNRs of SR, RD, and SD links are given by

PyTs|hspl?
= —— < ol 4.8
(P1Th|hsr|*|hrp |
= , and 4.8b
YRR (dsp)*sn(drp)*RD No (4.85)
PyTy|hspl?
M 4.
Ysp (dsp)*SD Ny’ (4.8¢)
respectively. Owing to Nakagami-m fading, the PDF of the fading amplitude |h;;| is given by
me”\hij\?mﬁ—l m|h|2
(ki) = —2 — X —M> , 4.9
() = == e (-5 (49)

v

where m;; is Nakagami-m fading parameter of ij € {SR,SD, RD} link and I'(-) is gamma function.

The average link SNRs for the SR, RD, and SD links are obtained by taking expectation of the
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instantaneous link SNRs in (4.8) as

__ Psg
_ CPITi AsrARD

= 4.1
YRD (dsr)°5R (dpp )@ Ny and (4.10b)
__ PBPhhXsp
YsD = m ) (4.10c)

respectively.

Let P be the average transmission power required to communicate data from the source S to
the destination D. Then, the total energy consumed in the time slots 77, 15, and T3 is PT', where
T =T, +T5 +T3. The energy in the three slots are P17, P15, and P3T3, respectively. Since the
relay node is WP; energy harvested in the time slot 77 is used to forward the data at node R in Tj;.
That is, the relay does not consume any additional energy and therefore, we have PT = P11 + P>T5.

This can be rewritten as

1—17

TP1+< )PQZP or B1+06=1, (4.11)

where fractions of total energy consumed in 7} and 75 are given by

P,
£ = TFl and B

_1—7'&
2 P’

(4.12)

respectively.

We note that for P = P, = P (or 81 = 7) the analysis presented in this work for WPCN is reduced
to the analysis for TS based SWIPT network [71]. /1 = 7 corresponds to the time fraction of the
received signal allocated for EH and 3 = (1 — 7)/2 corresponds to the remaining time fraction used
for ID at the relay R in the SWIPT network. Hence, the optimization for energy fraction is reduced to
the optimization for time fraction. In [71], the analysis is presented for TS and PS based two-hop DF

relaying. Though, the corresponding optimization of time and power fractions is not provided there.

4.3 Performance Analysis

In this section, expressions of average SER are analyzed for the system when i) SD link assists in

data transmission and ii) SD link does not assist in data transmission because it is deeply faded. The
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4. WP DF Relay System under Nakagami-m Fading: EH at Relay Node

expressions are derived in the terms of univariate Meijer-G and bivariate Fox-H functions. Univariate

Meijer-G function is represented in single Mellin-Barnes integral form as [162, eq. (8.2.1.1)]

mi,m1
Gpl,th |:1’

Aty .-y Qpy 1 _
= — [ O(p)xz"Pdp, 4.13
bl,...,bql} 21y Je () P ( )

where C is the contour of the integration and

o(p) = H;n:ll L'(b; +p) H;gl I'(l—a; —p)
31'1:m1+1 F(l - b] _p) ?1=n1+1 F(aj +p)

The double Mellin-Barnes integral representation of bivariate Fox-H function is given as [163, eq.

(L.1)]

0, m (aj; a5, Aj)1, 01
P a1 ) 1(bj; @5, Bi) a
me, N2 (¢j,Ci)15 2 1 -

" = o [ [ w0nem@ey i, (111
P2, q2 ( (27Tj) Cy JCo

m3, n3

(
D3, 3 (f5: Fj)1,q3

where C; and Cq represent integral contours, and the definition of ¢(p,q), 61(p), and 03(q) is followed
from [163, eqs. (1.2), (1.3), and (1.3a)], respectively for p = —s and ¢ = —t. In this chapter, contours
of the integrals in (4.13) and (4.14) are lines® parallel to the imaginary axis. Therefore, it is possible
to numerically evaluate Meijer-G and bivariate Fox-H functions in mathematical softwares, such as
MATLAB and MATHEMATICA by performing line integration along the strip of analyticity (SoA) [164],
[165]. In the literature, different representations for the Meijer-G and the Fox-H functions are used.
In [163, eq. (1.1)], [166, eq. (9.301)], and [167], the SoA of the corresponding integrals is considered
to be in the left-half of the complex plane whereas in [162, egs. (8.2.1.1) and (8.3.1.1)] and [165], the
right-half of the complex plane is considered. In this chapter, we use (4.13) and (4.14), where SoA of

the integrals lies in the right-half of the complex plane.
LContours are loops ensuring poles of complex gamma functions in numerator of the integrand are separated to

guarantee the convergence of integrals [163,164].
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4.3.1 Analytical Average SER

The average SER for the two cases is analyzed using MGF based approach. The PDF and MGF

of vsr, Ysp, YrD, and ypgc are used in the intermediate steps of the analysis.

4.3.1.1 With SD Link

We analyze the end-to-end average SER for the case when SD link assists in data transmission and
the signals received from SD and RD links are combined using EGC principle (4.7) at the destination.

Therefore, using (4.7) the equivalent instantaneous SNR at the destination is
vece = (ti+t2)* ti=vilhsp| and ta=12|hsg||hrpl, (4.15)

where ¢t follows Nakagami-m distribution with fading parameter mgp and mean power 7; = E[(t1)2] =

Asp(v1)%. The PDF of t, is analyzed in Appendix A.1 as

2msrmRgpta
Imsr)I(mgrp)7y2

Jts (t2)

0 [mSRmRD(t2)2 (4.16)

27
0,2 =
V2

)
msg — 1, mrp — 1

where 7o = AsrArp(v2)%2. The PDFs of t; and ¢ are used in Appendix A.2 to analyze the PDF for
YeGc in (4.15), thus, the PDF is

0,0 _
msrmepyEGe |\ 01 (—352,2))
Y2
MSDMSRMRD YEGC 2,1 (—-1,2)
Freao(veee) r (mSD)T(mSR)T(mRD)%%H
M 1,2 (0,1),(-2,2)
2,2 (mSD_lal)v(_Ll)

(4.17)

Next, the end-to-end conditional SER at node D on selective DF relaying is given by (3.12)

P.(vsr;vsp,YEGe) = Pe(vsr)Pe(vsp) + (1 — Pe(ysr))Pe(vECC), (4.18)

where P, (v,) is the conditional SER and 7, is the instantaneous SNR of link ¢ € {SR,SD, EGC}.

The instantaneous SNRs vsgr, vsp, and yggc are defined in (4.8a), (4.8¢) and (4.7), respectively. The
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end-to-end average SER is obtained by taking expectation of (4.18), given by

P. = E[P.(vsp,Vsr,VEGC)]
= P.spPesp+ (1 —P.sr)Perace, (4.19)

where P, sp = E[P.(vsr)|, Pesp = E[P.(ysp)], and P.gcc = E[P.(vEcc)]. The expectation of

Pe.(7,) is obtained using the MGF based approach [156, eq. (9.15)], that is expressed as

(M—1)m
1 M g
P., = — M, (——=)db, 4.20
;P T /0 ’YAP <Sln2 9) ( )
where g = sin?(7/M) and M, (s) is MGF of v, given by
M) = [ explsrph () (4.21)

The MGF of the SR (or SD) link under Nakagami-m fading is given using [156, Table 2.2] as

B Yor \
= [14s2- : (4.22)
mtpl

M.

Ye1

where p1 € {SR,SD} and 7,, = PaTo),, (dy, ) %1 /Ny is the average SNR at the receiving node.
Substituting (4.22) in (4.20), the average SER of link ¢; can be expressed as
(M-1)m

1 [ 5 —Mepy
Py = —/0 . <1+%> do. (4.23)

T My, Sin

The closed-form expression for P, ., in (4.23) is given in [168, eq. (19)]. Similarly, the MGF of ygcc

at node D is given by

Mypao(s) = /0 exp(—sYEGe) fypac (YEGC)dVEGO (4.24)
where M, (s) is simplified using (4.14), (4.17), and (B.7) as
mgrmgp |\ 1>1 (—3;2,2))
572
2,1 (~1,2)
MSsPMSIRIMRD ) ,
M“/EGC(S) = P(mSD)F(mSR)F(mRD)’V1’7}’282H . (4.25)
msp 172 (mSR_171)7(mRD_171)
8:}/1 172 (07 1)7 (_27 2)
2,2 (mSD_171)7(_171)
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Using (4.20) and (4.25), an exact expression of the P, pgc can be obtained on splitting the limits of
integral in (4.20) into two parts ranging from (0 to 7/2) and (7/2 to (M — 1)w/M). The expression
can be written in terms of bivariate Fox-H function and trivariate Fox-H function [169, eq. (1.1)].
Trivariate Fox-H function is a triple contour integral, which has computational challenges in math-
ematical softwares like MATLAB. The issues are (i) identifying the SoA, which may not be straight
forward and (ii) long computation time. Therefore, we use an approximation of (4.20) to simplify
the numerical evaluation. The approximation can be obtained using the conditional SER expression
P.(7vy) =~ anQ(1/297,) mentioned in [19, Table 6.1], (4.24), and [156, eq. (4.2)]. That is
an 2 g

P, ~ 2 [, (m) dn, (4.26)

™ Jo

where ay; = 1 for M = 2 (BPSK modulation scheme) and ay; = 2 for M > 4. The approximation in
(4.26) is exact for BPSK and close for higher modulation orders. A simplified expression of P, pgc is

analyzed in Appendix A.3 on substituting (4.25) in (4.26) for ¢ = EGC as

msrmpp |\ 22 (—3;2,2),(—2;1,1)
972

2,1 =J,2
Popce ~ AMMSDMSEMED___p (=1,2) (427
2y/mT(msp)T(msr)L (mrp)Y1729 — 1,2 ] |(msr—1,1),(mpp —1,1)
9’71 1,2 (071)7(_272)

2,2 (mSD_17]-)7(—171)

An approximate expression of the end-to-end average SER can be obtained on substituting (4.23)

and (4.27) in (4.19).

4.3.1.2 Without SD Link

We analyze the end-to-end average SER for the system when SD link is deeply faded. Therefore,
data at the source S is transmitted using SR and RD links (SRD link) only. The data is correctly
decoded at the destination D only if it is correctly received over both SR and RD links. Thus, the

end-to-end conditional SER is given by

P.(vsr,vrp) = 1— (1= Pe(vsr))(1 — P.(vrD)), (4.28)
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where P.(7,,) is the conditional SER of ¢y € {SR,RD} link and ~,, is the corresponding instan-
taneous SNR defined as in (4.8a) and (4.8b). The end-to-end average SER is obtained by taking

expectation of (4.28) as

P. = E[P.(Ysr:YrD)]

= 1-(1-PF.sr)(1—P.rpD), (4.29)

where P, sr = E[P.(ysr)] and P. rpp = E[P:(vrp)]. Pe,sr is given in (4.23) for ¢; = SR and P, rp
is obtained using the MGF based approach. The PDF of the instantaneous link SNR vgzp = 2(t2)2,

where to = v2|hsr||hrp| is obtained using (4.16) as

MSRMRD 20 [mSRmRD'YRD
Nmsr)(mep)yrp AYRD

- ] : (4.30)

f’yRD(/YRD) msr — 1,mgp — 1

where yrp = 272. The corresponding MGF is obtained on substituting (4.30) in (4.21) and following
the steps adopted in Appendix A.1 as

MSRMRD
Nmsr)[(mrD)sYRrD

M‘/RD (s)

msr — 1,mrp — 1

2,0 [mSRmRD
0,2 =
SYRD

. ] (4.31)

An approximate and computationally efficient expression for the average SER of RD link can be

analyzed on substituting (4.31) in (4.26) for ¢ = RD. Therefore, P, rp is

an MSRMRD /”/2 sin?(6) G20 [mSRmRD sin?(6) ‘ 0
mT(msp)T(mrp) Jo  97rD 7 9VRD msr — 1,mgrp — 1

} . (4.32)

P. rp ~

A closed-form solution of (4.32) can be obtained using (4.13) and (A.11). Thus, we have

0,—-1/2
=1/ . (4.33)
msr — 1,mrp — 1,1

P. rp =~

)

ay MSRMRD 2.2 [mSRmRD
27l (msr)L(mrp)9¥rD 2| 99RD

An approximate expression of the end-to-end average SER is obtained on substituting (4.23) and

(4.33) in (4.29).

4.3.2 Asymptotic Average SER

In this subsection, high SNR approximations of the end-to-end average SER are analyzed for the

system with and without S'D link.
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4.3.2.1 With SD Link

The end-to-end average SER in (4.19) for 4, — oo is given by

P~ FlsrPlsp + Forae (4.34)

e e, e,

where Peofg R P;% p»> and PS%GC are the high SNR approximations of P, sr, Pe sp, and P, gac, respec-
tively. Now, P;’OS p and P;’OS r can be obtained using the high SNR approximation of MGF in (4.22),

that is, M, (s) = (594, /Mmy,) " #t and (4.26) as

PR, ~ C;Mr(m M) (mw )mm . (4.35)
VaL(1+me,) \ g7
In order to determine P %, we approximate PDF and MGF of yggc at high SNR. Since EGC
combines signal received via independent SD and RD links, PDF and MGF of ygac are approximated
at high SNR for each link individually.
The PDF in (4.16) is rewritten using (B.4) as

fnlty) = A)TSRTED D <mSRmRD><W>K <\/4mSRmRD(t2)2),(4.36)

I'(msr)T'(mgp) Y2 T Y Y2

where K, (y) is the r-th order modified Bessel’s function of the second kind. Now, using the relation
(B.6), (4.36) can be approximated for 7 — co. We find two cases while doing the approximation: a)
(mgr —mpp) =0 and b) |mgr — mgrp| > 0.

a) For (mgr — mprp) = 0:  Let mgr = mrp = m,, the approximation of (4.36) realized using

(B.6) is

—4(t2)(2m“‘1><(ma)2>m“1n %@)2 , (4.37)
2

R (YTR) N

Using (4.37) and A.6, an approximation of f,_..(vEcc) is analyzed in Appendix A.4 as

© o) ~ —2L0F 2msp)l@ma)(msp + ma) <m3D>m3D (ma)?\
Teact B0 T g p)D(1 + 2misp + 2ma)(D(ma))? \ 7 Yo
2
% <2Dn _ m —1In (W) ) (’YEGC)(mSD+ma_1), (4.38)
where In(G2) = i(z(zma —1))/(n(n + 2ma — 1)) and D,y = (2mgp+2my) il(r(n + 2msp + 2ma))
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/(nT'(1 4+ n+2mgp + 2m,)). The corresponding MGF is determined using (4.24), (4.38), (B.7) and
(B.9) as

Mycec(s)

2T (1 + 2mgp)T(2m)I(1 + msp + my) <m5D>mSD (ma)2 e
F(l + mSD)F(l + 2mgp + 2ma)(1“(ma))2 7

2(m 2
X <2Dn —(msp +mg) — m —In (%)), (4.39)

where (+) is digamma function [170, eq. (6.3.1)]. The high SNR approximation of P, ggc is obtained

using (4.26) and (4.39) followed by some algebraic manipulations. The resultant expression is

00 ~ (IMF(I + 2mSD)F(2ma)F(1/2 + mgp + ma)
&BGC VAL(1 +msp)T(1 4 2mgp + 2m,)(T(my,))>2

msp\"™SP ((maf\
X <f> AMRLS7 —¥Y(mgsp +mg + 1/2) + Y(mgsp + mg + 1)
[l0h1 972

—ap(msp +mg) — (; “In (M) + 2Dn>. (4.40)

msp + Ma) 972

We have used the relations foﬂ/2(sin2(9))mSD+m“d9 = (/7L (mgsp +mq +1/2)) /(2T (msp + ma + 1))
and (B.10) to obtain the outcome presented in (4.40).

b) For |msr —mpgrp| > 0: In this case, an approximation of (4.36) is obtained using (B.6) as

fR(t) ~ 2I'(|msr — mrp|) (mSRmRD>mb ()21 (4.41)
& L(msr)T(mrD) Y2 ’
where my = (msg +mgp — |msr —mgpl|)/2. Next, we obtain fy..(vecc) using (4.41) and adopting

steps followed for analyzing (4.38) as

(1 + 2msp)L(Imsr — mrp|)T'(2my)
F(l + mSD)F(WLSR)F(mRD)F(QmSD + me)

mgp\"SP (mspmrp\"" ety —1
x [ — ——— ]  (yac)msprm L (4.42)
il 72

f e (VEGC) &

Using (4.24) and (4.42), the approximate expression of MGF is written as

Mo (8) - F(l + QmSD)F(|mSR — mRD\)F(me)
TEGC F(l + mSD)F(mSR)F(mRD)F(QmSD + me)
mSD>mSD <mSRmRD>mRD

V1 Y2

XD(msp + my) ( (4.43)
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PX%ae can be analyzed using (4.26) and (4.43) as

apT' (14 2mgp)l(|lmsr — mep|)T(2my) T (msp + my)
270(1 + mgp)T(msg)T (mep)T'(2msp + 2my)

1 1 mSD My
3 (Bomep - m s 1) (Z2)"7 (moman Y™ g
2 2 9N 972

00
e,EGC

where B(z,y) = I'(z)I'(y)/I'(x + y) is beta function.
The high SNR approximations of Pr%ac for (msr —mpgp) = 0 and |mgr —mgp| > 0 in (4.40) and
(4.44), respectively are unified as

B ~ A1(B1 + p11n(2))
e,EGC (ﬁl)msD (,72);“

(4.45)

Ay, By, 1, and p; are defined for each case as follows

a) For (msgr —mpgp) = 0: p1 = mg, p1 = 1,

aMF(l aF 2m5D)F(2ma)F(1/2 +mgsp + ma)(msD)mSD (’m,a)2m“

A= T JRT (I + msp)T(L+ 2msp + 2mg)(D(img) g 55 e
and
B, = <—¢(msp + mq + 1/2) + p(msp + mg + 1) — (msp + mg)
_; — In <w> _|_2'Dn>'
(msp + ma) g

b) For |[mgsr — mgp| > 0: ug = my, p1 =0, By =1 and

Ar = B(1/2,mgp +mp + 1/2) (msp)™SP (msprmpp)™Sk

ay T (14 2mgp)T(lmsr — mrp|)T'(2my)T(msp + myp)
2nT(1 4+ msp)L(msr)L(mep)T(2msp + 2my)gmspTme”

Using (4.34), (4.35) and (4.45), asymptotic expression of the end-to-end average SER is given by

o Z A1(Bi + p1In(%2))
P = — = + —= - , 4.46
(¥sp)™SD (Ysr) ™SR (31)™SD (o)1 (4.46)

where
2 _ (@u)’T(1/2+mgp)L(1/2 + msr)(msp)™SD (msr)" Sk
! 47T (1 + msp)L (1 + msg)g™SDTMSR :
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4.3.2.2 Without SD Link

The high SNR approximation of the end-to-end SER in (4.29) is given by

where P;’OS r and P:"ED are the high SNR approximation of P, gg and P, rp, respectively. P;’OS R 18
same as (4.35) for p1 = SR and P)%, is determined using the high SNR approximation of the PDF
expression in (4.30). Now, to determine P>% ), ISep (vrp) is obtained using (4.30), (B.4) and (B.6)

for the cases: a) (msg —mprp) = 0 and b) |msg — mgrp| > 0 as

Ma— m)2\" )2
725 ()~ —ED) 1(( ‘”) In <74( 2 m) (1.48)

(T'(ma))* \ ArD YRD

and

Q

(4.49)

s T(Imsr — mrp|)(yrp)™ " (msrmrp\™
f'yRD(fYRD)

L(msr)L(mrp) YRD
respectively. The corresponding average SER, expressions for cases a) and b) can be analyzed on
adopting the steps followed to analyze (4.40) and (4.44), respectively. Thus, the unified expression of

P24 for the two cases can be written as

o  A2B2+p2In(Yrp))

e,RD ~ (S/RD)'UQ (450)

As, Ba, po, and s are defined for each case as follows

a) For (msgr —mgrp) = 0:  pg = mg, po = 1, Az = (ayT(1/2 + mgy)(ma)?™e) /(27 (ma)T(1 +
ma)g™), and By = —t)(my) — P(ma + 1/2) + ¢(mg + 1) — In(4(ma)?/g).

b) For |[mgr — mgp| > 0:  po =my, pa =0, Bo =1, and

Ay — aMF(|mSR — mRDDF(l/Q + mb)F(mb)(ngmRD)mb
? 2/ (msr) (mpp)L(L+ my)g™ms '

The asymptotic expression for the end-to-end average SER is obtained using (4.35), (4.47) and (4.50)

as

Z .AQ(BQ + p2 ln(ﬁRD))
P> ~ — + — , 4.51
(Ysr)™SR (YrD)H2 (4.51)

where

aml'(1/2 + mgr)(msg)™SR

Zy =
2 Qﬁf(l—l—mSR)ngR
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4.4 Resources Optimization

In this section, we optimize the fractions of the total energy assigned for slots 77 and 75, such
that the asymptotic average SER obtained in (4.46) and (4.51) are minimum. The optimal value of
energy is then used to determine the power transmitted in slots 77 and 715 and the corresponding slot
duration.

The asymptotic average SER of the system with and without SD link in (4.46) and (4.51), respec-
tively can be rewritten in terms of average link SNRs on considering? 41 = Jsp/2 and Jo = Yrp/2.

Therefore, P>° for the system with and without SD link are rewritten as

0o __ Z A1 (B1 + p11n (nCHB1/2))
P = (A7)™sD (BY)™SR(1—B;)™SDT™SR + (A% /275D (7G5 /2)1 (1 — By 5D (By ) (4.52)

and

Z5 As(Ba + p2In (nCyp1))
(BY)™SR(1 — B1)™SR (Cy)H=(Br)r=

P> = (4.53)

respectively, where 4 = PT/Ny and A, B, and C are channel gains of SD, SR, and SRD links,
respectively. The channel gains are defined as A = Agp/(dsp)“SP, B = Asg/(dsg)*SR, and C =
)\SR)\RD/((dSR)O‘SR(dRD)O‘RD). On applying the second-order conditions [158], it is easy to show
that (4.52) and (4.53) are convex functions of 51 € (0,1). This guarantees that an optimal value of 3y
exists in the range. We employ Golden-section search method [73] to identify optimal value of ; for
the system with and without SD link. The optimal value of 8 for the system with and without SD
link are denoted by f; and S, respectively.

Using (4.11), the optimal solution of the energy consumed in 75 is (1 — f3)), ¢« € {w,wo}. The
optimal power transmitted by node S in the first two slots and the corresponding slot duration can be
obtained using (4.12) and the optimal solution of energy for slots T} and T5. Considering the optimal
solution of 7 is same for all the slots, that is, 7% = 1/3, (or T} = Ty = T3 = T'/3); using (4.11) we get
P, + P, = 3P, which implies the power-ratios P;/P, P,/P € (0,3). Hence, using (4.12) the optimal
power allotted to slots 77 and 75 are given by P = 3387 P and Py = 335 P, respectively. Similarly,

considering the optimal solution of power transmitted in slots 77 and 75 is same, that is, P = P;

2Substituting 1 and v» from (4.7) into the definition of 7; and 72 in Section 4.3 and comparing the result with (4.10)
yield the relation between 41, ysp, ¥2, and Yrp.

Abstract-TH-2151_136102001

77



4. WP DF Relay System under Nakagami-m Fading: EH at Relay Node

(=2P/(1+417)), then the optimal time-ratio is obtained using (4.11) and (4.12) as 7* = 1 /(2 — 7).

4.4.1 Special Case: m;; = 1 (Rayleigh Fading)

If the system is Rayleigh faded, the corresponding asymptotic expression of average SER can be
realized by setting m;; = 1 in (4.52) and (4.53) for the system with and without SD link, respectively.
For fading parameter m;; = 1, we have p; =1, 1y =1, po = 2, and pp = 1 in (4.52) and (4.53). Also,
we get Z1 = (apr)?/(16¢2), Ay = apr/(16g2), By = 0.0769+1In(g) for (4.52) and Z5 = ayr/(4g), As =
an/(4g), Ba = —0.4228 + In(g) for (4.53). MATLAB is used to solve the digamma function () and
simplify these constants. The values In(G?) = il 2(n(n+1))" ~2and D, =4 fl(n(n +4))7 ~

n= n=

4 x 0.5208 are used to get the simplified form of B;. Thence, (4.52) and (4.53) can be written as

poo (an)? ap (D1 +In(51))

e F 16g2AB'72(1 B /81)2 + 492CAC’72(1 — B)A (4.54)
and
pe  — anr (IM(DQ + ln(ﬂl)) |
‘ 1gBy(1—By) | 49CCap (4.55)

respectively where D1 = (0.0769 + In(g(C7/2)) and Dy = (—0.4228 + In(g¢(C¥)). The optimal value

of 81 can be obtained by differentiating (4.54) and (4.55) with respect to 1 and equating it to zero,

that is,
(anr)? - GM((DI‘HH(BI))(l—ZﬁI) - (1_ﬁ1)) -0 (4.56)
8¢2AB2(1—f;)? 462CACH2(B1)2(1— 61 )2 - ’
and
au ay (=14 (De+In(B)))
4gBY(1—B1)? 49¢CH(B1)? - a7

respectively. Equations (4.56) and (4.57) have a logarithmic term, which makes it difficult to simplify
these equations to obtain the exact expression for optimal ;. Therefore, we use the least square (LS)
based approximation of In(5;) to obtain a suboptimal solution for 8;. In (4.56) and (4.57), In(5;)
can be approximated as In(51) ~ b1f1 + be, where the coefficients b; = 2.0209 and by = —1.7963

are evaluated in MATLAB using the relations of b; and by given in [171]. Thus, (4.56) and (4.57) are
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rewritten as

ay B (=14 b2+ D1+ (1 + by — 2(ba + D1))B1 — 2b1(B1)?) _ 0 (4.58)
2B(1-p41) CC(B)? .
and
1 —1+ Do+ by + b1/

_ 0, 4.59
B 5.7 ()2 459

respectively. Equations (4.58) and (4.59) are cubic polynomials of the form
(B + a(B)’ + 81 +¢ = 0, (4.60)

where the coefficients are defined as

a = (—=1-=3by+2(by+D1)— CanC/(2B))/(2b1),
b = (2+b1—3(b2+D1))/(2b1), and

Gl (— 1+ by +D1)/(2b1)
for the system with SD link and

a = ((—1+b2+D2)—2b1—CC/B)/bl,
b = (—2(—1+b2+D2)—|—b1)/b1, and

© = (—1+52+D2)/bl

for the system without SD link. We can see that the coefficients for the system with SD link are
independent of the channel quality of SD link. Hence, the suboptimal resource allocation is indepen-
dent of SD link quality under Rayleigh fading environment. Furthermore, the suboptimal resource
allocation for the system without SD link is independent of a;s, that is, modulation oder.

Coefficients a, b, and ¢ are real. Let U = (a® — 3b)/9 and V = (2a® — 9ab + 27c)/54, then at
high SNRs V2 < U? holds. The three real roots of (4.60) are obtained using [172, p. 179] as 11 =
~2y/Ucos(0/3) — a/3, B12 = —2V/U cos((0 + 27)/3) — a/3, and By 3 = —2v/U cos((0 — 27)/3) — a/3,
where 6 = arccos (V/ \/W) Hence, the suboptimal solution of 8; for the system with and without
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SD link denoted by 3, and 3, respectively can be obtained as

B =pB1e, if Bre€(0,1), for £={1,2,3}, € {w,wo}. (4.61)

Using (4.11) and (4.61), the suboptimal solution for the energy consumed in 75 is (1 — 3;"). Since, the
suboptimal value for the fraction of total energy consumed in 77 and 75 is known, the suboptimal power
and time for the respective slot can be found using (4.12). Similar to the optimal resource allocation
in case of Nakagami-m fading, we consider two cases when i) the three time slots are equally divided,
that is, 77 = To = T35 =T/3 or 7 = 1/3 and ii) power transmitted in slots 77 and 75 is same, that is,
P, = P,. In case i), the suboptimal power allocated in slots 77 and T can be obtained using (4.12) as
P1+ = 3ﬁfr P and P2Jr = 3ﬁ§L P, respectively. In case ii), the suboptimal value of 7 found using (4.11)
and (4.12) is 7+ = B /(2 — B;).

4.5 Diversity Order and Throughput

The analytical and asymptotic average SER expressions obtained in the earlier sections can be

used to investigate the DO and the throughput of the system.

4.5.1 Diversity Order

The asymptotic average SER expressions in (4.46) and (4.51) can be used to analyze the achievable

DO of the system with and without SD link, obtained using (3.68) as

DO; = min {mgp + MmgR, <msp + 1 — @) } (4.62)

and

D0x = min [ (s 20| s

respectively, where p = 1 for mgr = mgrp and p = 0 otherwise. At high SNRs, ¥ = PT/Nj is the
limiting variable in (4.62) and (4.63). Consider mgr = mpgp, then at high SNRs DO; and DOy vary
logarithmically with SNR and the maximum value is achieved when In(In(%))/In(¥) tends to 0. This
suggests that when the fading parameters of SR and RD links are identical, maximum DO is achieved

at a rate slower than that of the conventional relay systems [72,73].

Abstract-TH-2151_136102001

80



4.6 Numerical Results

4.5.2 Throughput

We define throughput for the system as
1—7 logo (M
¢ = ( . > < g22( )>(1—Pb), (4.64)

where (1 — 7)/2 is the fraction of total time used for non-repeated data transmission, that is, 15 /T,

(logy(M))/2 is the count of bits communicated per second per Hertz (bps/Hz) for the given modulation
order M [3, eq. (6.52)], and P, is the average BER at the destination. The average BER can be defined
in terms of average SER by P, =~ P,/logy(M ), where P, is the average end-to-end SER for the system.
In case of system without direct link, P, is obtained on substituting (4.23) and (4.33) in (4.29), whereas

for the system with direct link P, is found by putting (4.23) and (4.27) in (4.19). At high SNR, P, — 0,

£~ <1QT> <log22(M)>. (4.65)

Note that, throughput of the system employing the transmission technique given in Figure 4.1 is

thus

less than that of the conventional relay system by a factor of (1 — 7). Throughput of the conventional
relay system can be approximated as logy(M)/4. As 7 tends to 0, throughput of the system is close
to that of the conventional relay system. Furthermore, the throughput defined in (4.64) is a com-
munication theoretic performance metric and differs from that used in [41,125] and other references,
which measure the throughput as a function of information theoretic performance matrices, outage

probability, capacity, etc.

4.6 Numerical Results

In this section, numerical results for the performance metrics analyzed in Sections 4.3, 4.4, and 4.5
are plotted to examine the performance of the WP DF relay system. The expressions for the average
SER are derived in terms of univariate Meijer-G and bivariate Fox-H functions which are evaluated in
MATLAB 13a using the Mupad package and [165, Appendix], respectively. The system model described
in Section 4.2 is emulated in MATLAB to obtain the simulation results. Energy conversion efficiency
¢, time T', and channel gains are considered to be unity unless otherwise stated, thus ( =1, T' =1,
and \j;(d;j)~* = 1. ( =1 corresponds to maximum energy conversion efficiency. The noise PSD is
considered as Ny = 10~ watts per hertz (W /Hz) and the average transmission power P is represented

in dBm.
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Figure 4.2: Comparison of average SER for WP three-node DF relay system with and without direct (SD)
link with respect to average transmission power P.

Figure 4.2 compares the average SER performance of the WP DF relay system with and without
direct (SD) link with respect to the average transmission power P. The results are plotted for
modulation orders M = 2, 4, 8 and fading parameters msp = 1, mgg = 2.2, mgrp = 1.2. We
consider that the total transmission time is equally divided among all the three slots, that is, 7 = 1/3.
The power assigned to the source in 77 is assumed as P;/P = x = 1, therefore using (4.11) P,/P =
3 —x = 2. In case of the system with SD link, analytical results are computed by substituting (4.23)
and (4.27) in (4.19), whereas for the system without SD link average SER is plotted using (4.23),
(4.29), and (4.33). Simulation results are also shown and they are found to be in perfect agreement
with the analytical results, thus validating our analysis. The corresponding asymptotic results are
plotted using (4.46) and (4.51), and they are found to be close approximation of the average SER at
high SNRs. Note that, for [msr — mprp| = 0 asymptotic average SER may result in a relatively loose
bound.

In Figure 4.3, plots for average SER versus average transmission power are shown for different

fading parameters m;; and 4-PSK (M = 4) when direct link is considered. Slot durations and trans-
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Figure 4.3: Average SER versus average transmission power P with variation in fading parameters m,;.

mission power are assumed to be same as considered for Figure 4.2. In Figure 4.3, it is observed that
the average SER decreases with increase in m;;, implying improvement in performance of the system.
Also, the effect of increment in mggr is more on the system performance when compared to mgp.
This is because the increment in mggr corresponds to better connectivity between the source and the
relay. Thus, enhancing EH and the detection capability at node R. Increment in mprp corresponds to
better RD link quality, which adds to the system performance if data is correctly decoded at node R.
It can also be observed from the figure that there is a significant improvement in performance when
fading parameter of both SR and RD links increases.

In Figures 4.4 and 4.5, variation of average SER versus average transmission power is plotted for
the WP relay system with and without SD link for different value of 3. 4-PSK modulation scheme
(M = 4) is considered and fading parameters are taken as mgp = 1, mgr = 2, and mgrp = 2. In Figure
4.4, 7 is considered to be 1/3, that is, T3 = To = T3, and plots corresponding to different fractions
of total transmitted power in the first time slot z = P;/P are shown. Plot for optimal z*(= 34;)
is also shown in Figure 4.4. In Figure 4.5, power transmitted in slots 77 and 7% are considered to

be equal P, = P, and plots for different value of 7 are shown. Plot for optimal 7*(= 51/(2 — 37) is
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Figure 4.4: Variation of average SER with the average transmission power P for 7 = 1/3.
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Figure 4.5: Variation of average SER with the average transmission power P for P = Ps.
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also shown. We observe that the average SER for optimal resource allocation is minimum as seen in
Figures 4.4 and 4.5. It is also observed that the average SER for plots corresponding to optimal power
and optimal time allocation are same. This is because of the same optimal energy consumption in
the respective phases. Furthermore, values of * and 7* are smaller for the system with SD link than
that of the system without SD link. The reason is, presence of direct link offers diversity advance and
improves the performance of the system. Thus, reducing the optimal value of z* and 7* for the slot
T7. In this scenario, more energy can be assigned to the source for transmission in 75.

Variation of average SER for different dgg is shown in Figure 4.6 for average transmission power
P =20 dBm, z = 0.5, and 7 = 1/3. 4-PSK modulation scheme (M = 4) is considered and fading
parameters are taken as mgp = 0.6, mgr = 2.1, and mrp = 1.5. The three nodes are considered
to be coplanar, therefore dgr + drp > dgp. A pictorial representation of a two-dimensional nodes
placement and relay location is shown in Figure 4.7.3 In Figure 4.6, Nodes S and D are 2 unit apart
and the path loss exponent of all the links is considered to be a;; = 3. We further assume that each
link possesses unit mean power, that is, A\;; = 1. The analysis we present below follows for different
values of dgp, ajj, and \;; as well. It is observed from Figure 4.6 that the performance is better if
node R is located close to node S. The performance degrades when node R moves away from node
S and then improves when node R is close to node D. This is due to the fact that when node R is
close to node S, more energy can be harvested at R in slot 77, hence higher Pj5 is available at node R
for transmission in slot T3, covering a relatively farther destination. Similarly, when node R is close
to node D, relatively small energy can be stored at node R in slot 77, but the energy is sufficient for
communication to the destination. Since the distance drp is relatively smaller. Hence, the system
performs better when node R is close to either the source or the destination. We observe from Figure
4.6, the optimal location of node R is closer to node S [41,75]. Also, the improvement in performance
on the optimum resource allocation for different dggr is more in the system without SD link. The
crossover of curves suggests that on optimal resource allocation the system without SD link may

perform better than the system with SD link. The possibilities are more when node R is located close

3 In Figure 4.7, the inter-node distance follows the relation dsr + drp = Bdsp, B > 1. The three nodes are collinear
for 8 = 1, which is represented by path So. The non-collinear paths are represented by (1, 2 for B2 > p1 > 3, 5 > 1.
For any value of 8 other than unity there exist two paths, one in the upper half of the SD line and another in the lower
half. The analysis for the two paths corresponding to 81, 52 or any 8 > 1 remain same. A more compact two-dimensional
node placement has been considered in [126], where relay location follows an elliptical path. The consideration of nodes
placement as in Figure 4.7 provides relatively simplified analysis, as relay paths are controlled by a single factor 5. Note
that, the notations (1, B2 refer to relay paths only when we refer to Figure 4.7, otherwise they are meant for energy
fractions (4.12).
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Figure 4.6: Variation of average SER with dsg for dsg + drp = Bdsp, 8 = 1.1, dsg € (0,dsp), dsp = 2
unit.
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Figure 4.7: An illustration of a two-dimensional nodes placement and relay location.
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to node S. On optimal resource allocation the system with SD link outperforms the system without
SD link.

In Figure 4.8, average SER versus dgr plots are shown to check the variation in the optimal
relay location with change in the values of energy conversion efficiency, ¢ € {0.4,0.6,0.8,1.0}. The
system with SD link is considered and results are shown for 4-PSK modulated data. The nodes
placement, fading parameters, and values of P, x, 7 are considered as in Figure 4.6. We observe from
Figure 4.8 that the optimal relay location lies near the source node for all values of (. With increase
in ¢, the system’s performance improves and the relative improvement in the performance decreases.
Similar analysis follows for the system without SD link and the systems enabled with optimal resource
allocation.

Further, variation of average SER with dgp for different values of 5 € {1.0,1.1,1.3,1.5,1.7,1.9}
is shown in Figure 4.9. The system with SD link is considered. The modulation scheme, resource
allocation, and fading parameters are chosen as in Figures 4.6 and 4.8. Maximum energy conversion
efficiency is assumed, that is, ( = 1. We observe from Figure 4.9 that the system’s performance
degrades with increase in 3, as expected. Moreover, the optimal relay location lies near the source
node for all values of 8. Similar analysis follows for the system without SD link and the systems
enabled with optimal resource allocation.

In Figure 4.10, average SER of WP relaying system with and without SD link is plotted with P; /P
for Asg € {1,10}, Arp € {1,10}, Asp = 1, and 7 = 1/3. BPSK modulation scheme is considered and
fading parameters are taken as m;; = 1. The performance is compared with that of direct transmission
for mean power Agp = 1. Nodes are considered to be coplanar and node R is placed at dgr = 0.3dsp
for the node arrangement as in Figure 4.6. The path loss exponent of all the links is considered to be
equal, a;; = 3. The average transmission power for the WP relay system is taken as 20 dBm, which is
same as the transmission power in case of direct transmission. We consider equal total transmission
time for WP relaying and direct transmission.

In WP system, the power-ratio varies in the range P;/P € (0, 3), whereas it is constant for direct
transmission. Therefore, direct transmission exhibits constant average SER for different P;/P. For the
assumptions considered, it can be observed from the figure that the WP relaying system with SD link
outperforms the other two systems. Also, the WP relaying system without SD link performs better

than direct transmission for improved channel conditions. On optimal resource allocation (power in
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Figure 4.11: Plot for throughput versus 7 in WP DF relay system with and without SD link. Abbreviations:
ana. — analytical, sim. — simulation.
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4. WP DF Relay System under Nakagami-m Fading: EH at Relay Node

this case), the performance can be significantly improved when compared to direct transmission. This
analysis can be useful for power allocation in different time slots assimilating Federal Communications
Commission limits. A similar analysis can be followed for P; = P5, which can be useful in setting
different data transmission rate for varying channel conditions. Moreover, depending on the channel
conditions, the analysis can be used in deciding whether to transmit data directly from source to
destination or through the relay in presence or absence of SD link.

In Figure 4.11, we consider equal power allocation case (P} = P, = 2P/(1+ 7)) to plot throughput
in (4.64) versus 7 for WP system with and without SD link. Modulation orders M = 2, 4, 8, 16
are considered and fading parameter of each link is taken as m;; = 1. The deviation between the
analytical and the simulation results is because of the approximate relationship between the BER and
the SER. We observe from the plot that the throughput improves with increase in modulation order
M and the average transmission power (P). The system with SD link posses better throughput than
the system without SD link.

Table 4.1 compares the suboptimal solution (3;") obtained using (4.61) and the optimal solution
(B7) numerically evaluated solving (4.54) and (4.55) with the help of Golden-section search method
for the system with and without SD link under Rayleigh fading. Comparison is shown for BPSK
and 4-PSK modulation schemes with variation in P. The corresponding asymptotic average SERs
evaluated for ,Bfr and 37 are also shown. It is observed that the solutions ﬂf and 37 obtained using
these two methods are in close proximity and the difference reduces further with the increase in P.
Moreover, line search methods involve multiple iterations to find out the optimal solution and hence
can take long computational time. Therefore, (4.60) and (4.61) can be used to efficiently compute
suboptimal solutions of the energy assigned to each slot for minimum average SER under Rayleigh
fading. We further observe that the average SERs computed for ﬁfr and ] are same. Also, the
energy allocations and corresponding average SERs in the system without SD link are independent

of modulation order.

4.7 Conclusion

This chapter presents performance analysis of a three-node DF relay system with WP relay node.
Data is considered to be M-PSK modulated and channels are Nakagami-m faded. The data at source is
communicated to destination in three time slots; the first slot is employed for WPT and the other two

slots are used for WIT. The source node is assumed to have a dedicated power supply. The analysis is
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Table 4.1: Comparison of suboptimal (8;") and optimal (3;) energy allotted to slot 7} and corresponding
average SER under Rayleigh fading for A;;(d;;) ™% = 1.

Energy and P (dBm)
System M
average SER 10 15 20 25
B 0.3750 0.4123 0.4318 0.4440
P> 34x107% | 46 x107° | 58 x 1076 | 6.9 x 1077
2
B; 0.3778 0.4140 0.4329 0.4447
P 34x107% | 46 x1075 | 58 x 1076 | 6.9 x 1077
with SD link
s 0.3040 0.3753 0.4057 0.4236
il 22x1073 [ 32x107% | 42x 1075 | 5.1 x107¢
4
B; 0.3579 0.3975 0.4186 0.4321
P 22x 1073 | 32x 1074 [ 42x107° | 5.1 x 107©
’ 0.6189 0.6632 0.6929 0.7148
P> 21x1072 | 82x 1072 [ 3.0x 1073 | 1.1 x 1073
2
B; 0.6220 0.6646 0.6935 0.7151
without SD link
p 21x1072 | 82x107% [3.0x 1073 | 1.1 x 1073
. - 0.6189 0.6632 0.6929 0.7148
; 0.6220 0.6646 0.6935 0.7151

presented for the system with and without the SD link. We consider MGF based approach to analyze
the expressions of the average SER. High SNR approximations of the average SER are also obtained
to optimize the resources assigned for each slot and determine DO and throughput of the system. The
following observations are made: i) the system performs best on optimal resource allocation, ii) the
average SER and the throughput of the system enhance with increase in M, iii) increment in mgg
results in better performance when compared to increase in mpp, and iv) the performance improves if
the relay node is placed close to either source or destination; optimal results are achieved when relay is
placed close to source. The average SER and the throughput of the system with direct link is always
better when compared to the system without direct link for given energy assigned to each slot or on
optimal resource allocation. We also analyze suboptimal resource allocation for the special case when
m;; = 1, which corresponds to Rayleigh fading. The suboptimal and optimal resource allocation are

in close proximity at high SNRs.
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5. WP DF Relay System under Nakagami-m and x—u Shadowed Fading: EH at Source Node

In this chapter, we examine the average SER of a WP relay system where the source node is energy-
constrained and harvests energy using RF signal radiated by the relay node. The energy-constrained
source node needs to harvest energy before it starts transmitting data. The analysis for such systems
can be vital in applications like wireless sensor networks, wireless body area networks, machine-to-
machine communication, and internet of things (IoT) entities, such as, smart home, medical implant,

etc., [66,67].

5.1 Introduction

In the literature on wireless EH, relay node(s) are mostly considered to be energy-constrained
and wirelessly powered by source node(s), interferes, or dedicated power transmitter(s) [41,70,71,74].
However, in certain scenarios relay nodes can also be considered as energy suppliers when they are
in the range of source and destination node(s). In the literature, relatively less attention is given to
systems where source node is energy-constrained. In [77,128,129,152,153|, energy-constrained source
node(s) rely on RF signals transmitted at relay and/or destination node(s) for EH. The performance of
these systems is analyzed in terms of throughput. In [77,128,129,152], the performance is investigated
either ignoring fading or assuming it constant. In a practical scenario, fading cannot be ignored
due to its adverse effects on the performance. The analytical results obtained without considering
fading can largely deviate from the actual results. In [153], the analysis is provided considering mixed
Rayleigh and Rician fading environment. In this chapter, the average SER of the system is derived
on considering that the fading environment is modeled by Nakagami-m distribution, which is then
extended for k—p shadowed fading. We consider the direct link connecting the source and destination
is blocked. Data is either M-PSK or orthogonal M-FSK modulated and transmitted in two time
slots. Coherent detection is performed for M-PSK modulated data, while noncoherent detection for
orthogonal M-FSK modulated data. The relay node employs fixed DF protocol to decode the received
source data and forward the re-encoded data to the destination. Source and destination nodes are
considered to be located in the coverage range of the relay. Hence, both source and destination
simultaneously receive RF signal broadcasted by the relay. Source node utilizes the received RF signal
for EH, while destination node performs detection. The energy harvested at source is used for data
transmission in the following slot. The process is pursued in an iterative manner to transmit data

from source to destination. The main contributions of this chapter include:
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o Average SER analysis of a WP DF relay system under Nakagami-m and k—p shadowed fading
for M-PSK and orthogonal M-FSK modulated data.

e High SNR approximations of the average SERs to find the optimal relay location and DO of the

system.

e Examining the effects of modulation scheme/order, relay location, and fading parameters on

performance of the system.

Nakagami-m fading is a special case of k—u shadowed fading as shown in Table 1.1. Hence, the
analysis for the former can be traced from that for the latter with appropriate fading parameter
setting. However, we present analysis for the two fading models separately because the average SER
for k—u shadowed fading involves infinite series of integrals which can take long computational time
in mathematical softwares, such as, MATLAB. The average SER expressions for Nakagami-m fading
involves a single integral only, which is a relatively simpler form for computation in mathematical
softwares and obtaining asymptotic approximation and optimal relay location.

The organization of this chapter is as follows. In Section 5.2, the system model is described.
The system’s performance is investigated in terms of average SER in Section 5.3 and Section 5.4 for
Nakagami-m and x—pu shadowed fading, respectively. Optimal relay location and DO are also analyzed
in Section 5.3 and Section 5.4. Section 5.5 presents numerical results. Finally, conclusions are written

in Section 5.6.

5.2 System model

We consider a WPCN comprising an energy-constrained source node S, a relay node R, and a
destination node D. We assume half-duplex mode of communication and all nodes are equipped with
single antenna. The direct link between nodes S and D is considered to be deeply faded and hence
it is ignored. Relay R employs fixed DF protocol to process the received source data. Nodes S and
D lie in the coverage range of node R and hence the signal transmitted at node R is received at both
S and D. The system model is illustrated in Figure 5.1. We consider a traditional two-hop DF relay
system in this chapter, that is, node S transmits data to the node R in odd time slot and node R
relays data to node D in even time slot. In addition, node S harvests energy using RF signal received

in even time slot. Node S communicates data in the following odd slot using the harvested energy
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Figure 5.1: The system model and the transmission technique.

only. That is, in the odd time slot (2k — 1) (k is a positive integer), node S transmits data to node R
using energy harvested in the previous time slot. Further, in the even time slot 2k, node R broadcasts
RF signal which on reception at node S and node D is used for EH and detection, respectively. The
process is repeated in the following odd and even slots. We consider the slots are of equal duration.
For notational convenience, we refer odd and even time slots as Tp = [2(k — 1)Ts, (2k — 1)T;) and
T = [(2k — 1)Ts, 2kT5), respectively where T is symbol duration and k£ = 1,2, .. ..

We consider harvest-use approach to process the incoming energy flow [38,68]. Power consumptions
in operational circuits such as encoder, modulator, etc., is comparatively small and therefore can be
neglected [70,125]. Hence, the energy harvested at node S in even slots is entirely used to send data
sequentially to node R in odd slots. We consider two M-ary signaling schemes M-PSK and orthogonal
M-FSK for data transmission. At receiving nodes, coherent detection is performed for orthogonal
M-PSK and noncoherent detection for M-FSK. The symbols are transmitted with equal a priori
probability. The constellation S is given by S = {S1,...,Sam}, where Sp,..., Sy are the constellation
points corresponding to M symbols 1,..., M, respectively. In case of M-PSK, the constellation is
given by

Sm =exp (22r(m —-1)/M), m=1,...,M, (5.1)

where 3 = /—1. The orthogonal M-FSK constellation can be represented as

Sm=exp (127 (Afp)t), m=1,..., M, (5.2)

Abstract-TH-2151_136102001

96



5.2 System model

where A f,, denotes the shift of the mth frequency from the carrier such that

1 Ts 17 m=u
— [ S,Srdt =

(5.3)
T Jo 0, m#u

We assume links between nodes are independent and slow-flat Nakagami-m or x—p Shadowed faded.

The baseband equivalent of received RF signal at node R in slot Ty is given by

YSr = V/PsTs (dsg)~*s® hsgx+ng, (5.4)

where x € § is the symbol transmitted by node S with power Ps, hgp is the fading coefficient of SR
link, (dsg)™s® represents path loss of SR link, dgp is distance in meters with path loss exponent agp,
and ng is AWGN at node R. Here, Ps depends on the energy harvested at node S in the previous
even time slot. As node S relies for data transmission on the energy harvested in the previous slot, an
arbitrary RF signal can be transmitted by the relay (say, in time slot 7j) to start the communication.
Further, in the subsequent slot Ty, the baseband equivalent of signal communicated by node R to

node j is

yl; = \/PaT. ()= hg; 84n¥, j=5,D (5.5)

where 2 is the estimate of symbol = transmitted in slot T, Pr is power transmitted by node R, hg;
is the fading coefficient of Rj link, (dg;)*® represents path loss of Rj link, dr; is distance in meters
with path loss exponent apgj;, and njo is AWGN at node j. Path loss exponent ranges from 2 to 6
based on environmental conditions. The noise components n% and nf are independent of each other
and the channel fading coefficients. They are zero-mean complex Gaussian with PSD N.

For a comparatively small noise component, the energy harvested at node S in slot Tr can be
approximated as

_ CPRT |hgs|?

g~ ——rr——r 5.6
5 (drs)oms (56)

where ( is energy conversion efficiency. Since, Es = PsTs, (5.6) can be re-written as

_ CPr|hgs|?

Ps St S (5.7)

In case of M-PSK, the detected data & resulting from coherent detection at node R in slot Ty is
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obtained from the decision rule

& = arg { max Re (s*h5py$ , (5.8)
SRISR

seS

where Re(-) represents the real component of the argument. At the destination, we get the detected

symbol 7 in slot Tg, given by

i = arg {méaéc Re (s*hEDygD)} . (5.9)

In case of orthogonal M-FSK, the detected data & resulting from noncoherent detection at node R in

slot T is obtained from the decision rule
A x O |2
= , 5.10
& = arg {gléag |5*ySR| } (5.10)
and, finally, at the destination, we get the detected symbol 4 in slot T, given by
2 x E |2
= . 5.11
T arg{rgleagc |s yRD‘ } ( )

5.2.1 PDF and MGF of Instantaneous SNRs

The instantaneous received SNRs at nodes R and D can be expressed using (5.4), (5.5), and (5.7)

as

(PrTs|hrs|?|hsr|?

12
te (drs)*rs (dsr)*sk Ny and (5.12a)
PrTs|hgpl|?
YRD (drp)*"> Ny’ (5.12b)

respectively. On taking expectation of the instantaneous SNRs in (5.12), we can obtain the corre-

sponding average received SNRs as

_ CArRsAsRPRTS

VSR (dsn) 57 ams No and (5.13a)
_ Arp PRT;

D (drp)*#> Ny (>130)

In (5.13), the E[|h;;|?] = \ij is mean power of ij link is, where E[-] represents expectation operator.

The PDF and the MGF of vgr and vrp for Nakagami-m and k—pu shadowed fading are given below.
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They are used to analyze the average SERs in the later part this chapter.

5.2.1.1 Nakagami-m Fading

For Nakagami-m fading, the power variates of the channel coefficients |h;; |2 are gamma distributed

with PDF

(mg)™ |hyg ™0 mij|hijl
o(lhi]) = _Iiglhis |y 5.14
f|hu|2(‘ ]D F(m”)()\z])m” eXp )\z] ( )

where m;; is Nakagami-m fading parameter of link ij € {SR, RS, RD} and I'(-) is gamma function.
The instantaneous received SNRs given in (5.12a) and (5.12b) can be expressed as ysg = bsg|hrs|?
|hsr|? and Yyrp = brp|hrp|?, respectively where bsr = (PrTs/ (Nodrs®?ST*S%) and bpp = PrTs/

(Nodgp“®P). Using the relation for the PDF of the product of two random variables,

1

frsr(VsSR) = /o @f]h;{sp <%>fh513|2(t)dt, (5.15)

the PDF of ygp is obtained on substituting (5.14) and (B.14) in (5.15) as

MRS+TMSR

2 MRSMSRYSR z MRSMSRYSR
[ SR) = < — . 2, [ —=2 22 12% ) (5.16
vsr(5R) I'(mgr)T (mprs)ysr SR " SR (5.16)

where Ysr = bsrArsAsr and K,.(-) is the r-th order modified Bessel’s function of the second kind.

The PDF of ygp is obtained using the relation f.,,(Yrp) = 1/brD fin,,12(YRD/bRD) a3

(5.17)

mpp™EPypp™EP 1 MRDYRD
fyro(YRD) = =

I'(mgp)(YrD)™EP YRD

where Yrp = brpArp. The MGF of v, for ¢ € {SR, RD} is

M, (s) = /OOO exp(—svgp)f%@ (Vo) - (5.18)

Substituting (5.16) in (5.18) and using (B.15), we get the MGF of ysr as

mpstmgpr—1

MRSMSR 2 MRSMSR MRSMSR
M“/SR(S) = <—7> €xXp <2%> Wl*mRS*mRs MRSTMSR <—7>7 (5'19)
SYSR SYSR 2 ’ 2 SYSR

where W ,(-) is Whittaker’s function. Next, substituting (5.17) in (5.18) and using (B.7), the MGF
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of vgg is given by

= —IMRD
M, (s) = <1 n s;ii)) . (5.20)

The expression for MGF in (5.20) is a well known result.

5.2.1.2 k—pu Shadowed Fading

The PDF of the power variate for k—pu shadowed fading link gains is given by [12, eq. (4)]

| . & W,
H,.uljm,.mlj 1_’_/1 Hij h Hij
flhij‘Q(‘hij‘) v v ( l]) ‘ Z]‘

(i) Aig (g fig + mag)™a \ Nij

(1 A 2,1 A
X X <_NZJ( + Kij)| ZJ|> Ly <mijaﬂij§ pig” ki (1 + Kij )| m‘) . (5.21)
Aij (hijhij + mig) Nij

where r;; is the ratio of total power of the LOS components and the total power of non-LOS compo-
nents, f;; corresponds to the number of clusters, m;; captures the shadowing effect of the fading envi-
ronment, 1 F () represents confluent hypergeometric function [166, eq. (9.210.1)], and A;j; = E[|h;;|*]
is the mean power of |h;j|. Deriving the average SER using the PDF (5.21) requires dealing with
the integration of integrands involving confluent hypergeometric function. This makes it difficult to
derive the closed-form expression of the average SER for SR link. To simplify the derivation, we use
the series form representation of the PDF! given in [173]. In [173], the series form representation of

confluent hypergeometric function [166, eq. (9.210.1)] is used to get the PDF

n 15 l'n ij
Fingg2(high) =Y pijleiy) bt g |4~ exp(—cij|hij), (5.22)
(=0

where p;; and ¢;; are defined as

In ij
Pijl, = (mij )i, < Pijhi > < i >m] and ¢ = LU THG) Lt rii) (5 93)
L (g )t (pij)i, \ ijkij + mij Wijhij + i Aij

! Another series form representation of the PDF is provided in [15, eq. (12)] which requires computation of N moments

of h [15, eq. (11)], where N is number of terms in the series. Although, for small value of kijmu;;/m;; the series in [15, eq.
(12)] converges to the exact PDF faster than (5.22) but as k;jmus;/m;; increases it requires large N. For large N and
Kijmui; /m;ij, the higher order moments cannot be evaluated in MATLAB due to computational limitation and, hence,
for some cases [15, eq. (12)] can diverge from the exact PDF. This can be observed through numerical results, which
are included to avoid the deviation. We further observed that (5.22) does not converge to the exact PDF for higher

Kijmus; /msj, especially at tails. However, (5.22) is considered in this work due to the simplicity it offers in the analysis.
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with n =1 for ¢y = RS, n =2 for ij = SR, and n = 3 for ij = RD.
The PDF of g obtained by substituting (5.22) and (B.14) in (5.15) is

hitlotrrstirs

205K o= o <GSR"YSR> 2 ( /CLSR’YSR>
SR) = — S S — K, i 2,/ ———— |,(5.24
f’YSR('V ) NS § , E :pR A1 PSR, NS la+psr—li—pRrs YoR ( )

11=012=0

where Jsg = bspArsAsr and asr = prspsr(l + krs)(1 + ksr). The PDF of ygp is obtained using

the relation f..,(Yrp) = 1/brD fingp2 (YRD/bRD) and (5.22) as

Fono(vrD) = 222 iPRDl <M>l3+um_le><p (_M) (5.25)
"R TRD (= "\ D Yrp )’

where Ypp = brpArp and arp = prp(1 + KRD)-

Substituting (5.24) in (5.18) and applying (B.15), the MGF of ygg is given by

hitlotrrstirs
2

o0 o0
asm
Mygr(s) = E E PrS,1 PSR (L + prs)T (I + psr) <3’YSR>
11=012=0

asr asr
e <28’YSR>W1_Z2_“S§_11_“R57 tisR NiRS <S’YSR> ’ (5.26)

where W () is Whittaker’s function. Similarly, on replacing (5.25) in (5.18) and using (B.7), the

MGF of vgp is written as

s SYRD —ls—prD
Mygp(s) = > prousT(l2 + 1gD) (1 + > : (5.27)
I5=0

5.3 Performance Analysis under Nakagami-m Fading

In this section, we analyze the average SER of the system in Figure 4.1 for M-PSK modulation
scheme with coherent detection and orthogonal M-FSK modulation scheme with noncoherent detec-
tion. Both the signaling schemes have symmetric constellations. Consider symbol S, is transmitted
at node S in slot Tp and detected as S, at node R. Further, in slot Tx symbol S, is transmitted at
node R and detected as S, at node D. Note that S, Sy, S, € S. Now, the symbol transmitted at node
S can be correctly detected at node D, only if, S, = S,.. Thus, the end-to-end probability of correct
reception is a function of the possibilities when symbol S, transmitted at node S is detected as S, at

node R, which when forwarded by R is detected as S}, at node D.
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5. WP DF Relay System under Nakagami-m and x—u Shadowed Fading: EH at Source Node

Let P, 4(v,) represents conditional probability to transmit symbol S, and receive S, over link
¢, where S,, S, € S and ¢ € {SR,RD}. P, 4(v,) for p # ¢ corresponds to conditional paired
error probabilities, conditioned on the instantaneous SNR ~, [25,174]. The conditional end-to-end

probability of correct detection at node D can be expressed as [174]

MM
P(vsr:YrD) = MZZ m(Y$R) Pm.e(VRD) - (5.28)
1 m=1

The end-to-end average probability of correct detection can be obtained by taking expectation of the

conditional probability in (5.28), given by
| MM
P. = Mz > PPEpPED, (5.29)

where Pfg = E[P;m(ysr)] and Pgﬁ) = E[P,, m(Yrp)] are the average error probabilities. Let ¥ be a
set of SR and RD links, that is, ¥ = {SR, RD}. In signaling schemes with symmetric constellations,
the paired error probability is dependent on the Euclidean distance between the two constellation

points, therefore P/ = P7 o

¢ € U. We represent P/, = P?,6 = P‘f_m‘, for ¢,m € {1,...,M}.

Thus, (5.29) can be re-written as

= PSEpPED (5.30)

The average probabilities of correct decision corresponding to v = 0 in (5.30) are represented as
PSR (1 - P.sr) and PRD (1 = P..rp). Pesr and P, gp are the average error probabilities for
SR and RD links, respectively. Thus, end-to-end probability of correct decision can be represented

in terms of the average link error probabilities and the pairwise error probabilities as

M-1
P. = (1-Pusr)(1—Perp)+ > PJRBRSP. (5.31)
v=1
Using (5.31), the end-to-end average SER is given by
M—1
P. = Pesp+Porp — PospPerp— »  PSRPRP. (5.32)
v=1
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5.3.1 Analytical Average SER

Next, we obtain the factors P. sr, Pe rD, PVSR, and PRP used for the average SER analysis for

the two modulation schemes.

5.3.1.1 M-PSK

The average error terms in (5.32) are represented in integral form using [174, egs. (7) and (8)] as

L 90
P, = — M, (———)db d .
" o /0 o (sza) an (5.33)
Lo 0 Lo 92
Py 2 M — - — M — v .34
4 2m Jo pr (sin2 6’) Y 27 /0 4 (sin2 9) @, pe¥, (5:34)

where ¢g = (M = 1)w/M, go = sin®(w — ¢o), ¢1 = (7 — 21l/M + 7/M), g1 = sin®(7 — ¢1), 2 =
(m —2ml/M — /M), g» = sin®(7 — ¢2), and M,,_(s) is the MGF of ~,.

The end-to-end average SER for M-PSK modulation scheme under Nakagami-m fading can be
obtained by substituting (5.33) and (5.34) in (5.32) and using (5.19) and (5.20).

5.3.1.2 Orthogonal M-FSK

In case of orthogonal M-FSK, the Euclidean distance between different constellations points is
same, therefore the paired error probabilities are related as P/ = ... = P]\f[_l, © € ¥ [25]. Thus, the

end-to-end average probability of error in (5.32) is modified as
P. = P.Sgp+ Perp — PespPerp — (M —1)PPEPP (5.35)
where PP = P, gg/(M — 1) and PP = P, rp/(M — 1). Hence, (5.35) can be re-written as

P, = P.sgp+ P.rp — P. srPerpD - (5.36)

M-1

The conditional error probability expression for link ¢ in orthogonal M-FSK with noncoherent detec-

tion is given by [1, eq. (13.59¢)]

-1
_ (=)t M -1 Iy
Pop(rp) = > D < l )exp <—ﬁ> . (5.37)

=1
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The average error probability P, sg can be obtained by taking expectation of (5.37) using the PDF

n (5.16). The simplified expression obtained on applying (B.15) is written as

M—-1
(—1)l+1 M—-1 (l + 1)mRSmSR
P.or =
SR ; G+ \ 1 )P 275r

mRS“”SR*l)
2

(5.38)

(I + 1)mRSmSR> <(l + 1)mRSmSR> (

XWi-mpg-—mpg mRS""SR( B B
2 ’ 2 YSR VSR

Averaging (5.37) with the PDF of ygrp (5.17) and using (B.7), P. gp in (5.36) is analyzed as

M— 1 l+1 M—1 1~ —MRD
YRD
P.rp = 14— . .
RD 2. < >< + (l+1)mRD> (5.39)

The end-to-end average SER for orthogonal M-FSK modulation scheme under Nakagami-m fading
can be obtained on substituting (5.38) and (5.39) in (5.36).

5.3.2 Asymptotic Average SER

At high SNRs, the end-to-end average SER expression in (5.32) can be approximated as

(5
where P>°, P> e SR and P25 “rp are asymptotic approximation of P., P. sr, and P. rp, respectively.

5.3.2.1 M-PSK

The high SNR approximation of P, in (5.40) can be obtained by determining the asymptotic
approximation of P, gg and P, pp. P2 e gR Can be obtained by approximating f.,,(vsr) for the cases
when a) (mrs —mgr) = 0 and b) [mprs — mgr| > 0 using (B.6). The PDF expressions thus obtained

for the two cases are then used to analyze the corresponding MGF and the error term Pei’% R

“/SR( )

as follows:

a) (mrs —mgsgr) = 0: For this case, the PDF in (5.16) is approximated as

_ Mg — m 2\ Ma m
£ () ~ 2(vsr) 1<(_a)> m( ‘“;ﬂ)) (5.41)

(T'(maq))? YsR SR

where m, =mprs =mgg. The corresponding MGF is obtained by substituting (5.41) in (5.18) and
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using (B.9) as

where () is digamma function. Substituting (5.42) in (5.33) followed by solving the integral using

(B.10) gives the approximation of P SR s

1 <(ma)2>m“ (j(mm $0;0) + <ln ( 90VSR > _ z/;(ma)) Z(Mma, ¢o; 0)), (5.43)

&SRB 70 (ma) \ 907sr 4(mg)?
where

¢0

Z(p, ¢0;0) = / sin®0)Pdf,  and (5.44)
0
®o

J(p, p0;0) = / sm 6)P In s1n29)d9. (5.45)
0

b) Imprs —mgg| > 0: For this case, the PDF in (5.16) is approximated as

I'(lmgrg — m MRSM o -
£ (ysr) ~ (mzs SRD( 1 SR) (vsr)™ Y, (5.46)

L(mps)T(msr) SR
where my, = (mprs + msg — |mrs — msgr|)/2. The corresponding MGF is obtained by substituting

(5.46) in (5.18), thus

M, (5)

VSR

L(lmgs — msg|)T'(my) (mrsmsg\™
L'(mps)I'(msr) < S7SR > : (5.47)

Further, PY% is obtained by using (5.33) and (5.47) as

I(|mprs — mgr|)I (mp) <mRSmSR>mb
00 7 T(my, do: 0) | 5.48
P T (mps)T(msr) GoVSR (ms, 60:6) (5.48)

where Z(mp, ¢o; 0) is defined in (5.44). PXgp in (5.43) and (5.48) can be unified as

o~ (Bpy In(3sR)) L (e 60:0)+pad (o 60:6), (5.49)
(Ysr)™

where A, B, m,, p1, and ps are defined for the two cases as follows:

a) For (mrs —mgr) = 0, we have m, = mg, p1 =1, p2 = 1,

A= o ()

5 = (i) —vem
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b) For |[mrs — mgsgr| > 0, we have B =1, m, = my, p1 =0, p2 =0,

A I'(jmprs — msg|)T (my) (mRsm53>mb

FF(mRs)F(mSR) g0

Next, P;ORD in (5.40) can be obtained using the asymptotic approximation of MGF M, (s). For

(sYrp/mrp) >> 1, the MGF in (5.20) is approximated as

- _ mpp \ ™EP
M’YRD(S) - <S’YRD) ' (5.50)
Substituting (5.50) in (5.33), P rp is obtained as
1/ mgpp )mRD
SNV L Z(mgp, ¢o;0) . 5.51
RD - < - (mrD, $0; ) (5.51)

The asymptotic end-to-end average SER for M-PSK can be expressed substituting (5.49) and

(5.51) in (5.40) as

P n i (B (isa) Ty, 0:6) + pad (e, 60;0)) +

(sr)™ Z(mrp, ¢0; 0), (5.52)

(Yrp)™ED

where C = (mgrp/g0)" %P /7.

Following (4.26), integrals (5.44) and (5.45) can be approximated as Z(p, ¢o; 0) = an fgr/2(sin29)pd0
and J(p, ¢o;0) =~ by fOW/Q(sin29)pln (sin®6) d6, respectively, where ans, by = 1 for M = 2 and
ayr, by = 2 for M > 4. The approximation is exact for M = 2 and close for M > 4. Us-
ing [166, eq. (3.621.1)] and (B.10), the closed-form representation of the approximations for Z(p, ¢o; 0)
and J (p, do; 0) are

Z(p,¢0;0) ~ am2*'B(p+1/2,p+1/2) (5.53)

and
Vl(p+1/2)

(v(p+1/2) —¥(p +1)), (5.54)
respectively, where B(s,t) = T'(s)I'(t)/T'(s 4+ t) is beta function.

5.3.2.2 Orthogonal M-FSK

To obtain P2y for orthogonal M-FSK modulation, the conditional SER in (5.37) is averaged

using the approximate expression of f...(vsr). Two cases are observed for approximation, that is, a)
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(mps —msg) = 0 and b) [mprs —mggr| > 0. The approximations of f.,.(vysr) for the cases a) and b)
are given by (5.41) and (5.46), respectively. Thus, P24 for the two cases is given as follows:
a) (mrs — mgr) = 0: The resulting expression for P> e SR is obtained on taking expectation of

(5.37) using (5.41) and (B.9) as

where
o= Gl () (52"

with m, = my.

b) |mprs — msgr| > 0: Averaging (5.37) using (5.46) gives

w . D(mrs=msr))T(my) (mrsmsr\"™ iy
e,SR P(mRS)F(mSR) ( SR > ZD(U)a (557)

for m, = mp. P2gp in (5.55) and (5.57) are unified as

. A(v; M) + p1B(v; M) In(Jsr)
3 , 5.58
G,SR (:}/SR)mT ( )

where m,., p1, A(v; M), and B(v; M) are defined as

a) For (mprs —mggr) = 0, m, = mq, p1 =1,

and

> D). (5.59)

b) For |mRS _mSR| >0, mp =my, p1 =0, B(UaM) =1, and

. _ T(lmgrs — msgr|)T(myp)(mrsmsr)™
Al M) = I'(mps)L(msr) ZD

Further, in (5.39) vyrp/((v + 1)mprp) >> 1 at high SNRs, thus the asymptotic approximation of
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Pe,RD is

M- 1
0o ~ U+1 M-—-1 (U + 1)mRD MRD (5 60)
&,RD (v —|— 1) v VYRD ’ ’

v=1

The asymptotic end-to-end average SER for orthogonal M-FSK obtained on substituting (5.58)
and (5.60) in (5.40) is given by

po  AWM) 4B M)In(se) | C(v; M)

(Ysr)™ (YrRpD)™RD’ (5.61)

where

N (—1yH M1 (0 + Dmgp \ ™
U—|—1 v v '

v=1
5.3.3 Optimal Relay Location

In this subsection, (5.52) and (5.61) are used to analyze the optimal relay location for A/-PSK and
orthogonal M-FSK modulation schemes. Using (5.13a) and (5.13b), (5.52) can be rewritten as

P~ A((B'=pi(ans+asr) n(dsr)Z(mr, 60;0)+ pa (my, 60;0) ) (dsr) ™ 755

+C'(Bdsp — dsr)"*PEPL(mRp, po; 6), (5.62)

where A’ = A(Zl)mr, B =B - ,01(111(21)), and C' = C(ZQ)mRD, with Z; = 1/(()\35)\53’7), Z9 =
1/(Arp7), and 4 = PrTs/Ny. The nodes are considered to be planner (Figure 4.7) and inter link
distances follow the relation dgr + dgrp = Bdsp, 6 > 1. When 8 = 1, the nodes are collinear. Next,

for orthogonal M-FSK (5.61) is written as

PX =~ (A(h M) — ;i B(l; M)(ln(Zl) + (ars + asg) ln(dSR))) (Zl)mr(dSR)mr(aRsJ’_aSR)

+C(l; M)(Z22)™ P (Bdsp — dsr)™ PP . (5.63)

Now, applying the second-order conditions [158], it is easy to show that (5.62) and (5.63) are convex
functions of dgr. Hence, at high SNRs an optimal relay location achieving minimum average SER for
M-PSK and orthogonal M-FSK can be obtained using (5.62) and (5.63), respectively. Golden-section

search method [73] is used to obtain the optimal values.
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5.3.4 Diversity Order

The asymptotic average SER in (5.52) and (5.61) can be represented in the form

P - yl(y2+/711n(’7))+ V3 (5.64)

G Gy

where Vi, Vs, and )5 encapsulate the terms independent of 4 (= PrTs/Ny) and are different for
M-PSK and orthogonal M-FSK modulation schemes. The DO of the system can be evaluated using

the relation DO = — lim In(P2°)/In(y) where P£° is given in (5.64). We get

Y—0Q &%

DO = min { <m - ph;:;;é;)) ,mRD} , (5.65)

where p = 1 for case a) and p = 0 for case b). Essentially, at significantly high SNRs DO for case a)

tends to the DO for case b), that is, DO = min{m,, mrp}.

5.4 Performance Analysis under x—p Shadowed Fading

In this section, we derive the average SER for the two modulation schemes when the system is

under k—p shadowed fading. We also obtain the high SNR, approximations of the average SERs.

5.4.1 Analytical average SER

The derivation of average SERs for M-PSK and orthogonal M-FSK modulated data is given as

follows.

54.1.1 M-PSK

The end-to-end average SER for M-PSK modulated data under x—p shadowed fading can be
evaluated on putting (5.33) and (5.34) in (5.32) and using equations (5.26) and (5.27).
5.4.1.2 Orthogonal M-FSK

The average SER for k—p shadowed fading can be obtained by averaging the conditional SER in
(5.37) using the PDF (5.24) and applying (B.15). We get

0o 00 M-1
—1)v /M -1 v+1)a
Pesr = ) prsu Psril(h + prs)T2 + psr) Y L ( > exp <w>

11=012=0 1 Y +1 v 209sR
( +1) Ltlotrrstrps—1 ( +1)
v asRr 2 v asRr
X <7_ > W17127”SR7117”RS lQ‘“”SRh”’RS( — _> 5 (566)
VYSR 2 ’ 2 VYSR
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Similarly, using (5.37) and the PDF (5.25), P, rp is derived as

M- 1 v+1 M—1 v l3—pRrD

- YRD

FPerp = E prDsT (I3 + prD) E < ) (1 + 7> . (5.67)
13=0 v=1 v + 1 v (U + 1)(1RD

The end-to-end average SER. for orthogonal M-FSK modulated data can be analyzed by replacing
(5.66) and (5.67) in (5.36).

5.4.2 Asymptotic Average SER

At high SNRs, the end-to-end average SER in (5.32) can be simplified as
P =Posr + Porp: (5.68)

where P2 P;%’ r» and P>, are approximations of P, P, sg, and P gp, respectively. P2 for the

two modulation schemes are analyzed below.

5.4.2.1 M-PSK

In order to obtain P2 in (5.68), an approximate expression of PDF f. . (vsr) is used to derive
P>sp- The PDF in (5.24) is a series containing K.(-). When ysg >> 1, K;(-) can be approximated
using (B.6) for the two cases » = 0 and |r| > 0, where r = (lo + usr — 1 — prs). The approximation is
done considering only the first term of (5.24), that is, the term for /; = 0 and lo = 0. The considered
approximation of the average SER is good for x;; — 0 and deviates with increase in the values of x;;.
In order to get a better approximation for higher values of x;;, it is required to include more number
of terms in the series which raises with increase in x;;. The method used for approximation of x;; — 0
can be followed when x;; is large by choosing appropriate number of terms in the series dependent on
Kij-

For [; =0 and Iy = 0, (5.24) can be written as

KRStTHRS

asrp\ 2 LRSHHRS ASRYSR
frsr(Vsr) =~ 2p3R< > VSR 2 'K g nepins <21 /_7>, (5.69)
VSR VSR

where psr = PrD,0PSR0, Pij0 = (Wijkij/(pijki + miz))™9 /T (1i5). Now, applying (B.6), (5.69) can

be approximated for the two cases: a) (urs — psr) = 0 and b) |urs — psr| > 0. The approximated
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PDF for cases a) and b) are

Ha N
SR) = DpPsr|—— SR In{———— 5.70
s (157) (753) ! 4asrYSR (5:70)
and
00 asr H Jp—1
fren(vsr) = psrI(lusr — prsl) ~en) TSR T (5.71)

respectively where p, = purs = psr and pp = (urs + sr — |trs — sr|)/2. The PDFs in (5.70) and
(5.71) can be unified as

Hr =
00 - asr —1 VSR
fren(vsr) =~ psr(T(lusr — urs|))” <—VSR> YsrH (1 + p2In (74%3,%733)) , (5.72)

where e is Euler’s number, u, = pq, p1 = 0, and py = 1 for case a), and p, = up, p1 = 1, and p2 =0
for case b).

Putting (5.72) in (5.18) and applying (B.9), the approximated MGF is given by

Mial®) = psn(C(usn = prsDTGo) (Z2) (1o puin (ZE2) — popiu)) (57

SYSR

where 1(:) is digamma function. Substituting (5.73) in (5.33) and using (B.10), the approximate

average SER Pgp is

~ . psr(T(lpsr = prs|)*T'(ur) ( asr >“T
e,SR ~ —
T 9oVSR

. <<1 T poln (i”%) _ pww)) T(tr, 60;0) + poT (110, 60 e)) L )

where Z(pir, ¢o; 0) and J (ur, ¢o;0) are defined in (5.44) and (5.44), respectively.

For 4gp >> 1 and I3 = 0, (5.27) can be approximated as

HRD
ARrD ) (5.75)

M7, (s) =~ prpl'(urD) <3’YRD

where prp = prp,0 = (LrDKERD/(LRDERD + MRD))™ P /T (Lrp). Substituting (5.75) in (5.33), we

get

D T a HRD
eRD s (NRD)< D > Z(1rD, ¢0; 0), (5.76)
™ 9o YRD
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where Z (i, ¢o; 0) is defined in (5.44).
The asymptotic end-to-end average SER for M-PSK modulated data can be expressed on replacing
(5.74) and (5.76) in (5.68). Thus

PX =~ 7A ((B+P21H(WSR))I(MT,¢0;9)+P2~7(Nm¢>0;9)>+ - ¢ I(prD, ¢0;0), (5.77)

(Ysr)Hr (Yrp)H&D

where

A - psr(T'(Jjusr — rs|))P T (wr) (CLSR>W
™ gJo [

B = 14p3ln <g—0> — pa(py) and

deasr
c - proI (1RD) (CLRD>“RD
™ 90 '

5.4.2.2 Orthogonal M-FSK

For orthogonal M-FSK modulated data, P25 g is derived by averaging the conditional SER (5.37)
using the PDF in (5.72) and using (B.9) as

M-—1
o 1) M -1
PXsr =~ psr(T(lprs — psrl))”* T (1) 1) ( )

= v+t 1 v
(v+1)asr . VYSR

For vyrp/((v + 1)urp) >> 1 and considering I3 = 0, (5.67) is reduced to

M—1
(=¥t (M —1\ ((v+ 1)agp \""”
P> = T g — . 5.79
e,RD proT(RD) = v+ 1 v VYRD ( )

On substituting (5.78) and (5.79) in (5.68), the asymptotic end-to-end average SER for orthogonal

M-FSK modulated data is given by

A(v; M) + paB(v; M) In(FsRr) N C(l; M)

(Ysr)Hr (Yrp 18D’ (5.80)

P> =

where

v
A(v; M) = B(v; M) (1 + p21n <m> - P2¢(Hr)> 5 (5.81)
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a pr M—1
Bwid) = psu(T(nns ~ s Tu) (22)7 Y Do ),

v=1
Clos M) = pRDrmRD)g%(MU‘ 1) (MYD and

5.4.3 Optimal Relay Location

The end-to-end asymptotic average SERs (5.77) and (5.80) can be utilized to obtain the optimal
relay location as in Section 5.3.3. However, the analysis is applicable only for x;; — 0. Therefore a
more reliable analysis for higher values of x;; can be investigated on considering appropriate number

of terms in the infinite series (5.24).

5.4.4 Diversity order

The asymptotic average SER in (5.77) and (5.80) can be rearranged to get the form (5.64). Thence,

the DO of the system can be obtained as

PO = min{(ur "’ﬂ?ﬁ?) ,uRD}, (5.83)

where p = 1 for case a) and p = 0 for case b). At significantly high SNRs, the system possesses

DO = min{p,, trp}-

5.5 Numerical Results

The different results derived in this chapter are plotted in this section. Simulated results are also
obtained by emulating the system described in Section 5.2 in MATLAB. The end-to-end average SER
expressions deduced in Sections 5.3 and 5.4 for Nakagami-m and k—p shadowed fading environment,
respectively are plotted. The numerical results for these two fading models are also presented. Without
loss of generality, we assume unit symbol duration, that is, Ts = 1 second. The transmission power
at the relay is considered in dBm and the noise PSD is taken as Ny = 10~* watts per hertz (W/Hz).
Channel gains and energy conversion efficiency are assumed to be unity, that is, \;;(d;;)™*¥ =1 and

¢ =1, respectively, unless otherwise stated.
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Figure 5.2: Average SER versus transmission power Pg for M-PSK and orthogonal M-FSK when m;; = 1.

5.5.1 Nakagami-m Fading

In this subsection, we present numerical results for the end-to-end average SER of the system
affected under Nakagami-m fading.

Figure 5.2 compares average SER of M-PSK and orthogonal M-FSK for different modulation
orders when m;; = 1. Analytical average SER (P.) for M-PSK is obtained on substituting (5.33),
(5.34), (5.19), and (5.20) in (5.32), whereas for orthogonal M-FSK the terms in (5.36) are evaluated
using (5.38),(5.39). The plots in Figure 5.2 depict that the analytical result matches perfectly with the
simulation results, hence validating our analysis. Asymptotic average SERs for M-PSK and orthogonal
M-FSK are also presented using (5.52) and (5.61), respectively. The asymptotic results are found to
be close approximation of the average SER at high SNRs. The plots in Figure 5.2 can be useful for
selecting modulation scheme and order based on reliability, feasible system complexity, and available
resources such as power and bandwidth, etc.

In Figures 5.3 and 5.4, plots showing variation in the average SER with source-to-relay distance
dsr are presented for 4-PSK and orthogonal 2-FSK schemes, respectively. Nodes are considered to

be planner and inter link distances follow the relation dsr + drp = Bdsp. Let mprs = mgr = my
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(Case a)), dsp = 2 unit, \jj, and o;; = 3. In Figures 5.3(a) and 5.4(a), plots are shown for varying
mq when mpgp is fixed. Further, plots for different mgzp when m, is constant are presented in Figures
5.3(b) and 5.4(b). We observe that the optimal relay location depends on links quality; it lies between
the source and destination nodes and moves toward the node with poor link quality. In Figures 5.3(a)
and 5.4(a), the optimal relay location inclines toward node S for small m, and when m, is increased
the optimal solution shifts toward node D. Similarly, in Figure 5.3(b) and 5.4(b), the optimal relay
location is close to node D for small mrp and when mpgp is increased, it moves toward node S. For
small mg, if node S is located close to node R then the energy harvested at the node S is relatively
high to support reliable end-to-end transmission. Otherwise, if node R is located close to node D then
even for small mgrp the chances of reliable reception increases.

The optimal relay location in case of 4-PSK and orthogonal 2-FSK modulation schemes can be
obtained by applying Golden-section search method on (5.62) and (5.63), respectively. In Figure 5.3(a),
the optimal distance for m, = 1.2 and m, = 2.2 are obtained as dgr = 0.5871 and dgr = 0.8847,
respectively. Similarly, in Figure 5.3(b), the optimal distances are dgg = 0.8847 and dgr = 0.0.7719
for mrp = 2.2 and mprp = 3.2, respectively. The optimal relay location in Figure 5.4(a) are obtained
as 0.6080 and 0.8911 for m, = 1.2 and m, = 2.2, respectively. In Figure 5.4(b), the optimal relay
location for mprp = 2.2 and mprp = 3.2 are obtained as 0.8911 and 0.7833, respectively. However,
in Figures 5.3(a) and 5.4(a), we observe that the plot of P>° for m, = 3.2 is not convex. Therefore
optimal relay location cannot be obtained for this case using the asymptotic approximation. Similarly,
optimal relay locations cannot be obtained for mprp = 1.2 in Figures 5.3(b) and 5.4(b). The conditions
for which P2° is not convex can be derived using (5.62) and (5.63).

In Figure 5.5, variation in average SER with energy conversion efficiency ¢ and distance dgp is
shown for 4-PSK scheme, dsgr + drp = PBdsp, dsp = 2 unit, 8 = 1.1, and Pgr = 15 dBm. Fading
parameters are taken as m, = 2.2, mrp = 2.2. We observe that with increase in (: i) the system’s
performance improves and ii) the relative improvement in the performance degrades. Further, the
optimal relay location inclines toward the source node for smaller value of (.

In Figure 5.6, variation in average SER with S is shown for 4-PSK scheme, dsr + dgrp = Bdsp,
dsp = 2 unit, ( = 1, and Pr = 15 dBm. Fading parameters are taken as m, = 2.2, mgrp = 2.2. We
observe that the optimal relay location shifts toward the destination node with increase in .

The asymptotic average SER P2° in (5.40) is sum of high SNR approximations P2sp and Php.

e
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Figure 5.5: Variation in average SER for 4-PSK with energy conversion efficiency ¢ and distance dgpr for
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Figure 5.7: Variation in average SER for 4-PSK with source-to-destination distance dsgr and fading parameter
mpgs for dsg +drp = Bdsp,B =1.1,dsp = 2 unit, A\;; =1, a; = 3, Pr = 15 dBm.

Since P, Porp, and P2° are error probabilities, therefore they must be individually positive. P%
in (5.51) and (5.60) for M-PSK and orthogonal M-FSK modulation schemes, respectively is always
positive. Also, P4y for |mprs —mggr| > 0 in (5.48) and (5.57) is positive in the two modulation
schemes. When (mps — mgsg) = 0, P>y in (5.43) for M-PSK and (5.55) for orthogonal M-FSK can
be negative because of the terms (In (goYsr/(4m?)) — ¥(my)) and (In (Fsr/(4(L + 1)m2)) — ¥ (my)),

respectively. In case of M-PSK modulation scheme with (mps —msr) = 0, PO%p in (5.43) is negative

for
2

4m
Asr < Ia exp <¢(ma) —

j(may ¢0; 9))
I(maa(bO;e) ’

where Z(mg, ¢o;0) and J(mg, ¢o;0) are defined in (5.44) and (5.45), respectively. Similarly, in case

of orthogonal M-FSK modulation schemes with (mgrs —msr) =0, P%p in (5.55) is negative for

sk < (Mycl,

C2

where ¢; = M D(1) and ¢ = [T (14310 + 1)m2)PD for m, = my,.
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In Figure 5.7, P;’%R, P:"ED, P> and P, are plotted with dggr considering Pr = 15 dBm and data
is 4-PSK modulated. The markers used in Figure 5.7(a) also applies to Figures 5.7(b) and (c). We
observe from plots that P° is mainly determined by Peof’RD for small dgr and a transition is observed
for dgr greater than optimal dgr when dependency shifts to P;’OS g+ For optimal dgg sum of P;’OS R
and P2%p is minimum. In Figure 5.7(a) for (mps — mgsg) = 0, P24 R is negative and thus the plot
of asymptotic average SER is non-convex. Next, we consider |mprs — mggr| = 0.1 in Figure 5.7(b)
and observe that the asymptotic average SER is a loose bound for small value of |mprs — mgg|.
This is because the approximation of K,.(-) in (5.16) used to obtain (5.41) and (5.46) is loose when
|mprs — msgr| — 0. Further, in Figure 5.7(c) with |mpgs — msgr| = 0.7, the plot corresponding to
asymptotic average SER is relatively close to the analytical results. This difference reduces further
with increase in |mps — mgg|. Thus we conclude that for negative Pei’% r» optimal dsr cannot be
determined using Golden-section search method if P>° is non-convex. This can be true if i) the relay
is close to the destination node, that is, dgg is large or (Bdsp —dsg) is small and ii) either m, increases
for fixed mprp or mpp decreases for fixed m,. The optimal dggr for |mprs — mgsr| > 0 can be obtained
using (5.62) and (5.63) for M-PSK and orthogonal M-FSK modulation schemes, respectively. The

accuracy improves with increase in [mpg — mgg|.

5.5.2 k—p Shadowed Fading

For system affected under k—pu shadowed fading, analytical results for M-PSK modulation scheme
are obtained using (5.33), (5.34), (5.26), and (5.27) in (5.32), and for orthogonal M-FSK modulation
scheme using (5.66) and (5.67) in (5.36). Analytical average SER evaluation requires computation of
average SER factors Pgp and P2%p which are in infinite series form. These series converge faster
with increase in the number of terms. Let N; and Ny terms are required for the computation of P;’OS R
and P;’OS r» respectively. The required number of terms in the series varies with change in the value of
fading parameters x;;, (i, and m;;. Analytical results in this section are obtained for Ny = 20 and
Ny = 20. For M-PSK and orthogonal M-FSK, (5.26) and (5.66), respectively are two-fold summations.
The number of terms N is equally divided for the two summations, that is, the upper limit of each
summation is N;/2 — 1. Asymptotic average SER are also evaluated using (5.70) and (5.71) and
plotted to check the accuracy of the approximation.

Figure 5.8 presents average SER versus relay transmission power Pg plots for the two modulation
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Figure 5.8: Average SER comparison of coherent M-PSK and noncoherent orthogonal M-FSK modulation
scheme when the system is affected under x—p shadowed fading.

schemes. We choose x;; = 1, u;; = 1, mj; = 1. The analytical results match with the simulation
results for all modulation schemes and orders. Hence, our analysis for the system is validated.

Figure 5.9 compares the closeness of asymptotic average SER with analytical average SER for
different values of krs = ksr = kq € {0,1,2}. 4-PSK modulation scheme is considered. We observe
that for k, = 0 the asymptotic average SER is a good approximation of the analytical average SER at
high SNRs. However, it deviates for the higher values of k,. The asymptotic average SER is derived
considering the first term of the series (5.24). A better approximation for higher values of k, can be
attained using the asymptotic average SER expression derived by considering more than one term in
the series. This comparison follows for case b) and other orders of both modulations schemes.

In Figure 5.10, we plot average SER versus source-to-relay distance for 4-PSK with variation in
ij- We consider nodes are located on a plane satisfying the distance relation dsr + drp = Bdsp,
for B > 1. We assume 8 = 1.1, aj; = 3, \jj = 1. Let pps = pusr = o, KRS = KSR = Kq and
mprs = msg = m, for case a). In Figure 5.10(a), we fix the fading parameters purp = 2, k;; = 2 and

mi; = 2, except i, and plot average SER for p, € {1,2,3}. In Figure 5.10(b), plots are shown for
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Figure 5.9: Analytical and asymptotic average SER comparison for different values of krs = kgr.
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Figure 5.10: Average SER versus source-to-relay distance for coherent 4-PSK with variation in p, and prp.
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Figure 5.12: Average SER comparison of noncoherent 4-FSK for varying p,, £, and m,,.
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5.6 Conclusion

prp € {1,2,3} when other fading parameters are constant, that is, pq = 2, k;; = 2, m;; = 2. We
observe that the optimal relay location is close to the node with poor link quality. We further observe
that improvement in the performance is more for increase in pu, as compared to purp when relay is
near to the destination node. To visualize this effect compare the change in average SER with p, and
urp in Figure 5.10(a) and Figure 5.10(b), respectively for dgrg > 1. When relay is located near the
source node, that is, dgg < 1, then improvement in the performance is more for increase in urp as
compared to p,. This analysis applies to case b) and other modulation orders/scheme as well.

In Figure 5.10, we compared the change in performance with pu, and prp. Now, we compare
the change in performance with fading quality of SR link in Figure 5.11 and Figure 5.12 for 4-PSK
and 4-FSK, respectively. The node location and other assumptions are made as in Figure 5.10. In
Figure 5.11(a) and Figure 5.12(a), for fixed x;j, purp and mpgp, plots are presented to compare the
variation in the performance with p, and m,. We observe that increase in the values of u, has better
impact on the performance improvement as compared to that of m,. Similarly, in Figure 5.11(b) and
Figure 5.11(b), for constant m;;, prp and mprp we compare the variation in the performance with p,
and k4. The increase in p, dominates over the increase in k,. Moreover, comparing Figure 5.11(a)
and Figure 5.11(b) for 4-PSK and Figure 5.12(a) and Figure 5.12(b) for 4-FSK, it can be observed
that increase in m, dominates over increase in k,. A similar analysis can be followed with variation

in fading quality of RD link.

5.6 Conclusion

In this chapter, we deduce expressions for the average SER of a three-node WP DF relay system
under Nakagami-m and x—u shadowed fading. Energy-constrained source node harvests energy using
the RF signal radiated by the relay node. The analysis is presented for M-PSK and orthogonal
M-FSK modulated data. We also obtained high SNRs approximation of the average SER for the
two modulation schemes when links are Nakagami-m faded. In case of k—pu shadowed fading, the
approximations are satisfactory when k parameter of SR link tend to zero (kgrs,ksr — 0). Through
numerical results we observe that the optimal relay location lies almost halfway between source node
and destination node with slight inclination towards the node having poor link quality. We also
observe that if relay node is located near the source node then the performance improvement is more

for increase in fading parameters of the RD link when compared with that of the SR link. Instead, if
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relay is close to the destination then increase in fading parameter of the SR link dominates over that
for the RD link. Furthermore, in k—p shadowed fading environment, among the fading parameters
k, p and m, increment in p has the best impact on the performance improvement, while increment in

k has the least impact.
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6. Summary and Discussions

In this thesis, we analyze the average SER of conventional and WP three-node DF relay systems
under different fading environments. High SNR approximations of the average SER are also obtained
for each system to simplify the analysis. This chapter presents a summary of the thesis and suggests

possible future directions.

6.1 Summary of the Present Work

This section briefly summarizes the thesis and discusses the main contributions and findings from

the work.

v' Exhaustive literature review on performance analysis of conventional and WP relay
systems:
We have done an in-depth review of the literature available on performance analysis of relay
systems. The main focus of the work is analyzing the performance of one-way half-duplex
relay systems where nodes are equipped with a single antenna. Some of the related works
which consider more complex systems, including two-way relaying, full-duplex relaying, multiple
antenna assisted relaying, multiple access in relaying, etc., are also discussed. The literature
review is carried out for both conventional and WP relay systems. Different fading models and

basics of RF-based EH have also been briefed.

v' Average SER analysis of conventional three-node DF relay system under x—p, n—pu,
and mixed xk—u and n—p fading:
We considered a conventional three-node DF relay system where all nodes are powered by bat-
teries, which have infinite storage or can be recharged or replaced when exhausted. Average SER
analysis is presented for M-PSK modulated data when links are k—p, n—p, and mixed k—p and
n—p faded. High SNR approximation of the average SER is also obtained to analyze DO of the
system and allocate optimal power to source and relay node. Through numerical results, we
observed that: i) when the total power is optimally assigned to the source and the relay node,
the system performs better. ii) the optimal relay location lies almost halfway between the source
and the destination node, and shifts toward the destination node when channel quality improves,
iii) improvement in RD link quality results in better performance when compared to increase in
that of SR link, and iv) among x and p parameters in k—p fading and 1 and p parameters in

n—u fading, the improvement in performance with increase in y parameter dominates.
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6.2 Suggestions for Future Work

v' Average SER analysis of WP three-node DF relay system under Nakagami-m fading
(EH at relay node):
Next, we present SER analysis when data is transmitted over a WP three-node DF relay system.
Average SER and throughput of the system are analyzed for M-PSK modulated data under
Nakagami-m fading. Two cases are considered for the analysis; in the first case, direct (SD) link
is considered for the analysis; while in the second case, it is assumed that direct link is in deep
fade and hence its effect is ignored. Asymptotic average SER expressions are also derived at high
SNRs to obtain DO of the system and allocate optimal resources, viz. energy, power, and time.
Through numerical results, the following main observations are made: i) improvement in SR
link quality results in better performance when compared to increase in that of RD link, ii) the
performance improves if the relay node is placed close to either source or destination, optimal
results are achieved when relay is placed close to source, and iv) average SER and throughput

of the system with direct link is always better than the system without direct link.

v' Average SER analysis of WP three-node DF relay system under Nakagami-m and
rk—u shadowed fading (EH at source node):
Lastly, we have analyzed the average SER of a WP two-hop DF relay system under Nakagami-m
and k—pu shadowed fading. Energy-constrained source node relies on the RF signal radiated by
the relay node for EH. Data follows either M-PSK or orthogonal M-FSK modulation. Asymp-
totic average SERs are derived and used to analyze system’s DO and optimal relay location.
Through numerical results we observed that if the relay node is located near the source node
then the performance improvement is more for the increase in fading parameters of the RD link
when compared with that of the SR link. Otherwise, if the relay node is near to the destination
node then the increase in fading parameters of the SR link dominates over that of the RD
link. The optimal relay location lies between source node and destination node with inclination
towards the node with poor link quality. Also, under k—pu shadowed fading environment, the
impact of p is maximum on the performance improvement among the fading parameters s, pu,

and m, whereas increment in x has the least impact.

6.2 Suggestions for Future Work

The possible future research directions in which our present work can be extended are listed below.
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* Conventional relay systems: The work in Chapter 3 can be further explored in the following

directions.

e Average BER of conventional multihop DF relay system under x—p and n—pu fading for
M-QAM scheme is analyzed in [119,120]. In [121], outage probability is examined for
conventional parallel DF relay system under k—p and n—p fading. Outage probability under
k—p shadowed fading is analyzed for conventional parallel AF and DF relay systems in [112].
In [81], average SER of parallel DF relay system under n—pu fading is analyzed for M-
PSK and M-QAM modulation schemes. Average BER/SER of conventional parallel relay
systems under k—pu and/or k—u shadowed fading can be analyzed for M-ary modulation

schemes.

e Qutage probability and average BER of dual-hop DF relay system under n—u fading in
the presence of co-channel interference are examined in [118]. Binary modulation schemes
are considered for the analysis. To the best of our knowledge, investigation of the average
BER/SER for dual-hop, multihop, and/or parallel relay systems in the presence of co-
channel interference is not reported in the literature for M-ary modulation schemes and
generalized fading models. Because it can have mathematical challenges. The analysis
can be simplified with the help of mathematical tools, such as Meijer-G function, Fox-H

function, Mellin transform, etc.

e In [86], average BER of full-duplex dual-hop relay system under Rayleigh and Nakagami-
m fading is analyzed for BPSK scheme. The analysis can be extended for higher order

modulation schemes under kK—pu, n—u, and /or k—pu shadowed fading.

* WP relay systems: The analysis for WP relay systems in Chapters 4 and 5 can be extended

to following possible future directions.

e In [146], the average BER is investigated for binary modulation schemes under k—p and
n—p fading. The analysis can be extended for M-ary modulation schemes. Though, it may
incur mathematical difficulties, which can be tackled with the help of mathematical tools,

namely, Meijer-G function, Fox-H function, and Mellin transform.

e Instead of a single relay node, multiple relay nodes can be considered between source and

destination. This would improve the diversity gain of the system. Full-duplex mimicking
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[32] can be considered to improve the throughput. The analysis can be further extended
for the system having nodes equipped with multiple antennas. Effects due to the presence
of interference can also be investigated. In [141,142], analysis of SWIPT networks in the

presence of co-channel interferences in presented.

e In this thesis, we have made assumptions to simplify the analysis of the WP relay systems.
The main assumptions are i) negligible power consumption in elementary circuitries, such
as encoder, decoder, modulator, demodulator, etc., ii) linear EH model, and iii) harvest-use
approach to process the incoming energy flow. In practical scenarios, power consumption
in these circuitries cannot be neglected [148], and EH model is nonlinear [59, 175, 176].
Moreover, due to small RF-based energy arrival at harvester, the harvest-store-use approach
for processing harvested energy can be more desirable [131]. This approach enables energy-
constrained nodes to accumulate energy until a minimum amount of energy is stored. Then
the accumulated energy can be used for data transmission. By considering these facts, the

analysis can be extended to incorporate more practical scenarios.

e Performance analysis of WP heterogeneous cellular networks using stochastic geometry is
also an interesting area of research [74,139,143]. In such networks, nodes are considered to
be randomly deployed and their location is modeled using a Poisson point process. Perfor-
mance of a system comprising one source, one destination, and multiple energy-constrained
random relay nodes is analyzed in [143]. The transmission technique considered in Chap-

ter 4 can be investigated for such systems on incorporating the appropriate modifications.
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A. Derivation of P, gcc, PDF f....(yecc) and Its Asymptotic Approximation

A.1 Product of Two Nakagami-m Distributed Random Variables

The cumulative distribution function (CDF) of the random variable to = va|hgr||hrp|, which is
a scaled version of the product of two Nakagami-m distributed random variables, can be obtained by

solving
Fy,(t2) = Pr[va|hsr||hrp| < to]

to
= < — . .
/0 Pr [|hSR| < V2‘hRD|:| fihro|(hrD])d|hRD] (A1)

Equation (A.1) can be simplified using the PDF of |hgpl| in (4.9) and the CDF of |hgg| given as

ﬂhs]ﬂ(‘hSRD —

! "Y(mSR %\hSRP)
I'(msgr) " ASR ’

where 7(-) is lower incomplete gamma function. Thus, (A.1) is

Yy men_ (2 )’
= e i) )

2(mpp)™RP |hgp[*mEP 1 ( mRD|hRD\2>
————|d|h . A2
T(mn) (\mp )P p e |hrD| (A.2)

Using (B.2), the incomplete gamma function in (A.2) can be represented in terms of Meijer-G function,
which on employing (4.13) can be written in integral form. Hence, on changing the order of integration

(A.2) can be rewritten as

() = 2(mpp)™HP <L>/T(WSR+]9)F(—Z9)< MSR (t2)2>_p
’ D(msr)T(mrp)(Arp)™2 \ 277/ Je Il —p) (12)*Asr
00 2
></ |hRD|2mRD+2p_1exp(—w>d|h}w|dp. (A.3)
0 ARD

Now, on employing (B.7), the inner integral in (A.3) can be simplified in the terms of gamma function,

thence (A.3) is written as

_ 1 BN T(msr+p)D(mrp+p)T(—p) (msemep ,, o\ °
Fi,(t2) = ['(msr)T(mrp) <27TJ>/C I'(1—p) < % (t2)> dp, (A.4)

where 72 = AsrArp(v2)?. The PDF of t5 is obtained by differentiating (A.4) with respect to to and
using the relation x = I'(1 + z)/T'(z) as

- 2msprmpp to 1 MSRMRD 9 —pl
ults) = pomsmin (L) [ st p)l e +9) (S22 1)) " . (45)
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A.2 PDF f ...(vEGC)

On replacing (p) by (p—1) in (A.5), the expression can be rewritten in terms of Meijer-G function as

in (4.16) with the help of (4.13).

A.2 PDF f“/EGc (fYEGC)

The CDF of a random variable z defined as z = t1 + t9 is given by

F,(2) = Pr(ti+t2<2)

= /OZPr(tl <z- tg)ftQ (tQ)dtQ, (A6)

where t; is Nakagami-m distributed with CDF Fj, (¢1) = m’y( SD, W D (¢ 1)2) and the PDF of 9

is given by (A.5). (A.6) can be simplified by using the PDF in (A.5) and the integral form of Fy, (¢;)

obtained from (B.2) and (4.13), followed by change in the order of integration. We get

¥ 2MSRMRD mSR — 1+ p)l'(mrp —1+p)
ER) = I'(msp)L'(msr)L(meDp)Ye <2TFJ> /cl/c2 I'(1—gq)
xT(msp+ q)T(=q) <%> b (%) p</0 tol 2P (5 — t2)_2th2> dpdg. (A.7)

The innermost integral in (A.7) can be written in terms of the beta function B(x,y) = I'(z)I'(y) /T (z+
y) [166, eq. (3.191.1)]. Hence, (A.7) is simplified as

B 2mSRmRDz2 (msr —1+p)L'(mrp —1+p)I'(2 —2p)
F.(2) = [(mgsp)T'(msr)l (mgDp)72 <27r]> /C1 /C2 I'(3—2p—2q)
P(msp + @T'(=¢)T(A — 2q) (mspz MSRMED?
) r'(1-q) < Y1 > < > dpda. (4.8)

On differentiating (A.8) with respect to z and replacing ¢ by (¢ — 1) in (A.8), the PDF f.(z) is

f2) = 2mspMsRMRDZ> < > / / (msp —1+p)T'(mgp — 1+ p)T'(2 — 2p)
: I'(msp)l'(msr)T(mep)y1Ye \273/) Je, Je, I'(4—2p—2q)
» F(mgp —1+q)I'(1 —¢)I'(3 —29) <mSDZ >_q (mSRmRD22> P dpdy .
P(Q - Q) il V2

(A.9)

Using (A.9) and (4.14), the PDF of yggc = 22 is obtained as in (4.17).
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A. Derivation of P, gcc, PDF f....(yecc) and Its Asymptotic Approximation

A.3 Simplification of P, ggc

On substituting (4.25) in (4.26) and expanding the bivariate Fox-H function in contour integral

form using (4.14), the average SER for EGC can be written as

Posoe — an mspMsRMRD _ ( > / / (2-p—ql(msr —1+p)
’ 7l (msp)T(mgr)T(mrp)71729% \ 277 c1 Cs I'(4—2p—2q)
Llmrp =1+ p)I'(2 = 2p)L(msp — 1+ ¢)T(1 = ¢)T'(3 — 2¢)
['(2 —q)
x <m5D> ' (mSRmRD> { ( / * (sin2(9))2P~ qd@) dpdg. (A.10)
am g2 0

The innermost integral in (A.10) is solved using the substitution cos?(f) = t, applying (B.5), and
using the relation B(z,y) = I'(z)['(y)/T(z + y) as

/0 ? (sin2(0))2P9dg — \/gg/_? - ? ;)q). (A.11)

On substituting (A.11) in (A.10) and using (4.14), P. gac is given as in (4.27).

A.4 Asymptotic Approximation of PDF f .. .(7&cc)

Using (4.37) and the contour integral representation for the CDF of ¢; in (A.6), we get

PR~ g () () [,

—q Z 4
. (m_SD> / 27z — 1) 2 Iy (m—> dts | da, (A.12)
T A 72

where the inner integral is expanded as

z 4 2t2
T = / (t2)2m“_1(z — tg)_Qq In < m > dty

0 Y2

4m2 22 / t2 2ma—1 tQ —x
V2 z z
0
2mq—1 2q
t t t
v [ ()™ (1) (2) a1
z z z

0
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Using (B.5) and (B.8), followed by rearrangement of terms with the help of (B.11), we get

_2ma—2¢ L (2ma)T(1 —2q) 4(mq 2(2mg — 1) 2 2(2mg — 29)
T _ L2ma-2g T <1n ( > Z - )> (A.14)

Using (A.14), (A.12) is rewritten as

o L 2T (2m, ) %™ m_?l e N 4G?%(mg)% 2> B - 2
) = r<mSD><r<ma>>2<w> <1< : )”‘71) Zn“j?))’“”“”)

where In(G?) = 21(2(2771@ - 1))/(n(2mg +n — 1)),
_ 1 I'(msp + Q)T (—¢)T(1 —2q) (mspz®\ !
4 2 /c1 ['(1—¢)'(2mg+1—2q) ( 7 > dg (A.16)
and
_ 1 [ D(msp+T(=9)T(1 —29)T(2ma +n —2q) (mspz*\’
B = 50 /c1 T'(1 — q)L(2mg — 2¢)T(1 + 2mq + 1 — 2q) ( E > dg. (A.17)

The relation x = I'(x + 1) /T'(z) is used to obtain (A.17). Using (B.12), (A.16) and (A.17) can be

represented in terms of univariate Fox-H function which on substitution in (A.15) give

FR() ~ - 2F<2ma>z2ma) <<ma>2>ma

['(msp)(L(ma))?

(o
PN

(1,1),(0,2) ]
(msp,1),(0,1),(—2mg,2)

(0,2),(1 —n—2myg,2)
1), 2ma,2>,<—2ma—n,2>D' (1Y

In (A.18), Fox-H functions are dependent on 7. Therefore, approximations of the Fox-H functions as

(1, 1),
(msp, 1), (0,

[mspz

71 — oo can be obtained to determine the high SNR expression for the CDF F2°(z). Using [177, Th.

1.3], the Fox-H functions in (A.18) are expanded in power series form as

2
L2 mspz
23| =

1

(1,1),(0,2) ] 5 (mspz2>mw” (-1
(msp,1),(0,1),(—=2mg, 2) P 1 !
" I'(msp + DI'(1 + 2mgp + 21)
I'(1+mgsp + OI'(1 4+ 2mg + 2mgsp) + 21)

(A.19)
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and
13[mspz? (1,1),(0,2), (1 — n — 2mg, 2)
Hy'y | —
, T (msp,1),(0,1), (1 — 2mg,2), (—2m, —n,2)

i (-1)!  T(msp+ OIT(1 + 2mgp + 20) ['(n+2mg + 2mgp + 21) <m5D22>mSD+l
Il TA+msp+1D)I'(2mg +2msp +21) T(n+ 14 2mg +mgp + 21) M '

(A.20)

We consider only the first dominating term of the approximations as 41 — oo, thus the right hand

side in (A.19) and (A.20) can be simplified as

F(mSD)F(l + 2m5D) mspz2 TR (A 21)
F(l + mSD)F(l + 2mgp + Qma) Y1 '

and

2\ MsbD
L(msp)I'(1 4+ 2mgp)L'(n + 2mgp + 2my,) <mSDz ) (A.22)

['(1+mgp)T(2msp + 2ma)I(1 + n + 2mgp + 2my,) 1

respectively. Substituting (A.21) and (A.22) in (A.18), the CDF is expressed as

i i () (2

o[ 1 <4G2m322> F(mSD)F(l S 2mSD)
Y2 F(l + mSD)F(l + 2mgsp + Qma)

(e}

Z QF mSD)F(l = QmSD)F(n +2mgp + 2ma)
nl(1 4+ mgp)T(2msp + 2me)T(1 +n + 2mgsp + 2my) |

(A.23)
n=1

Therefore, the approximate expression for the CDF T C(’yEGC)

Joe ) o~ - 2I'(2my,) msp\ P m_g Ma
e R D men) (Tma) 2 \ 1 %
wymsptma) (1) 4G"mZyecc T'(mgp)T(1 + 2msp)
pee % T(1 + msp)D(L + 2msp + 2mag)

i 2T (msp)L(1 + 2msp)L(n + 2msp + 2my)
— I'(1+mgp)L'(2msp + 2mq)T'(1 + n + 2mgsp + 2my)

) . (A24)

Differentiating (A.24) with respect to yggc results in the PDF (4.38).
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B. Some Useful Mathematical Relations

B.1 Some Useful Mathematical Relations

Some of the useful mathematical relations used in this thesis are listed as follows.

* Exponential function, lower incomplete gamma function, and modified Bessel’s function of the
second kind can be represented in terms of Meijer-G function using [162, eq. (8.4.3.1)], [162, eq.
(8.4.16.1)] and [162, eq. (8.4.23.1)] as

exp(-z) = 6ifa| . (B.1)
11| |1
vwa) = 6h el |, (8.2
and
K (VE) = ~a20s| (B.3)
! 27927 v/2,—v/2]
respectively.

* Univariate Meijer-G function to modified Bessel’s function of the second kind using [178, eq.

(07.34.03.0605.01)]

] C] = 22092k, (2v/%). (B.4)

2,0
G072 [w

* Beta function B(u,v) = I'(u)I'(v)/T'(1 + v) in integral form is given by [166, eq. (3.191.1)]

B(p,v) = ul_“_”/ e (u — x) " da. (B.5)
0

* The r-th order modified Bessel’s function of the second kind, K, (y) can be approximated for

y — 0, K,(y) using [170, egs. (9.6.6), (9.6.8) and (9.6.9)] as

—In(y), r=20
Ko (y) ~ w) . (B.6)

() ()" >0
* An integral involving product of algebraic and exponential functions [166, eq. (3.381.4)]

/ % exp(—sx)dr = s 101+ u) (B.7)
0
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B.1 Some Useful Mathematical Relations

% An integral involving product of algebraic and logarithmic functions is given as [166, eq. (4.253.1)]
1
| et —ay e = B (v — v+ ). (B.3)

where 9(-) is digamma function [170, eq. (6.3.1)].

* An integral involving product of algebraic, logarithmic and exponential functions is given by [166,

eq. (4.352.1)] .
/0 2~ In(z) exp(—pz) dz = u‘”F(u)<1/J(1/)—ln(u)>. (B.9)

* An integral involving functions of trigonometric function is given by [166, eq. (4.387.2)]

L A A _ VADW/2)
/0 In(sin(a)) siv "M e)de = g S (WD) (et /2). (B10)

* Series form representation of digamma function is given as [170, eq. (6.3.16)]
= 0
i = — —— f -1,-2,-3,... B.11
1/}( “I’Jf) £+n§::1n(n+x)? or "E# 9 9 7 ( )

where £ = 0.577215 is Euler-Mascheroni constant.

* Univariate Fox-H function is represented in Mellin-Barnes integral form as [162, eq. (8.3.1.1)]

(al?Al)v"'v(aPUAPl):I 1 / -
H™m | g — — [ 8(p)zPdp, B.12
m e ) = g Low (B.12)
where
o(p) — H;ﬂ:ﬁ I'(b; + B;p) H;l; I'(1—a; — Ajp)
1 T =b; = Bjp) [I5L,, 1 Ta; + Ajp)

* The duplication formula of Gamma function is [164, Eq. (2.19)]

2r

2y

T(2r) = T(rT(1/2+ 7). (B.13)

* An integration involving algebraic function and exponential function [179, eq. (2.3.16.1)]

00 r/2
/ 2" texp(—pr — q/x)dr = 2 <%> K, (2v/pq)), (B.14)
0
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where K, (-) is the r-th order modified Bessel’s function of the second kind.

* An integration involving algebraic function, exponential function and the second kind Bessel’s

function [180, eq. (2.16.8.4)]

00 (1—a)/2 _ 2 2
a—1 2 p a—+r a—7T C c
f ot et = B F( 2 >F< 2 >e"p (@) Va2 (@)
(B.15)

where W 4(-) is Whittaker’s function.
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