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Abstract—In this paper, we investigate the performance of
noncoherent modulation in simultaneous wireless information
and power transfer (SWIPT) relay networks. Noncoherent modu-
lation schemes eliminate the need for instantaneous channel state
information (CSI) estimation, and therefore, minimise the overall
energy consumption of the network. In particular, we adopt
a moments-based approach to develop a comprehensive novel
analytical framework for the analysis of the outage probability,
achievable throughput, and average symbol error rate (ASER) of
a dual-hop SWIPT relay system considering the time switching
(TS) and power splitting (PS) receiver architectures. In addition,
through the derivation of new asymptotic analytical results for
the outage probability and ASER, we analytically demonstrate
that the diversity order of the considered system is non-integer
less than 1 in the high SNR regime. Our results show that
there is a unique value for the PS ratio that minimises the
outage probability of the system, while this is not the case
for the TS protocol. We also demonstrate that, in terms of
system throughput, the TS relaying scheme is superior to the
PS relaying scheme at lower SNR values. An extensive Monte
Carlo simulation study is presented to corroborate the proposed
analytical model.

Index Terms—Noncoherent modulation, relay networks, simul-
taneous wireless information and power transfer.

I. INTRODUCTION

IMULTANEOUS wireless information and power transfer
(SWIPT) is an emerging technology which was proposed
to prolong the lifetime of energy-constrained wireless net-
works and to provide an alternative solution to limited lifetime
battery-operated devices. In this context, designing efficient
transmission mechanisms and protocols for SWIPT has been
the recent focus of intensive research, due to its promising
applications in the next generation wireless networks [2]-[4].
With SWIPT, a wireless terminal is powered up by a received
radio frequency (RF) signal and, simultaneously, information
processing is carried out using the same signal [5].
SWIPT-based relaying was proposed as a promising tech-
nique to provide throughput improvement, communication
reliability enhancement, and coverage range extension [6].
From this perspective, the theoretical and implementation
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aspects of SWIPT relay networks have been areas of active
research interest (see [7]-[10] and the references therein). A
SWIPT-enabled relay terminal harvests energy from the signal
transmitted from the source node to forward the information
to a destination node. Owing to practical hardware limitations,
a relay node is unable to perform the two functions of energy
harvesting (EH) and information processing simultaneously,
an approach called the ideal receiver [5]. To address this
problem, two practically realisable SWIPT relaying protocols
were proposed in [11], namely, time switching (TS) and power
splitting (PS) relaying protocols. In the former, the relay
switches over time between EH and information processing,
whereas, in the latter, the relay uses portion of the received
power for EH and the remaining for information processing.
One of the key challenges in SWIPT relay systems is that
RF-powered relay terminals have a stringent power constraint
which limits the use of high power consumption algorithms.
Therefore, not only channel coding, routing protocols, and
receiver operation policies need to be redesigned for RF-
powered relay communications, but also, employing energy
efficient modulation techniques is crucial for the design of
SWIPT relay systems [12].

Although there has been a growing literature on SWIPT,
particularly, in the context of relay networks, (see [6]-[10]
and the references therein), all research studies were built
upon the assumption of perfect channel state information (CSI)
knowledge to allow for coherent information delivery. Smart
world is envisioned as an era in which billions of objects,
such as sensors, are connected to a common interface with
the ability to automatically and intelligently serve people in
a collaborative-aware manner [13]. The basis of this vision is
to connect a massive number of low-power small-size devices
that incorporate sensing, computation and communication ca-
pabilities. In this regard, several fundamental considerations
need to be taken into account, in order to successfully support
various requirements, such as low deployment cost, long
battery life, and low device cost. Noncoherent modulation
are simple schemes that eliminate the need of CSI between
the connecting objects. Due to the absence of the channel
estimation procedure, the hardware complexity of the receiver
is reduced and consequently, the power efficiency is increased.
This renders noncoherent modulation to be an attractive prac-
tical solution and is currently adopted in many standards, such
as in IEEE 802.11 [14].

Recently, noncoherent modulation techniques for SWIPT
relay systems have been proposed in [15]-[20] to circumvent
channel estimation. In particular, in [15], [16], maximum-



likelihood detectors were obtained based on TS and PS
SWIPT receiver architectures, for amplify-and-forward (AF)
and decode-and-forward (DF) relaying, respectively. The per-
formance of the proposed receivers in terms of their aver-
age symbol error rate (ASER) was studied via Monte-Carlo
simulations only. Furthermore, noncoherent modulation for
two-way relay networks was investigated in [17]. In [18]
and [19], the authors investigated the error rate performance
of differential modulation in SWIPT-based AF relaying over
Nakagami-m and Rayleigh fading channels, respectively. The
derived expressions for the average bit error rate (ABER)
are applicable only for the case of binary differential phase-
shift keying (BDPSK). In [20], we derived bounds on the
ABER of SWIPT AF relay networks, employing the PS
relaying protocol, for BDPSK. In our analysis, we ignored
the dependency of the relay-to-destination hop on the source-
to-relay hop resulting from the PS at the relay. Our results
demonstrated that the bound is tight in the low to medium
signal-to-noise (SNR) regime and that there is no loss in the
ABER performance in this region.

Although analysing the performance and understanding the
limitations of noncoherent SWIPT relay networks in various
operational conditions is essential for their design, implemen-
tation, testing and deployment stages, to the best of our knowl-
edge, none of the previous works provided a comprehensive
analytical treatment to efficiently evaluate the performance of
such systems.

It is known that DF relaying incurs extra energy consump-
tion resulting from information decoding at the relay and
that AF relaying enjoys a simple operation involving low-
complexity receiver circuitry [21] making it more attractive in
RF-powered relay nodes. Considering this fact and motivated
by the above considerations, the aim of this paper is, there-
fore, to fill this research gap by developing a comprehensive
mathematical framework to analytically study the performance
of arbitrary M-ary noncoherent frequency-shift keying (M-
FSK) and M-ary differential phase-shift keying (1 -DPSK)
in dual-hop AF relaying protocols with TS and PS SWIPT
schemes. We also investigate the system performance with
an ideal relay receiver as a benchmark relaying scheme, that
is based on the ideal receiver in [5], which processes the
information and extracts power from the same received signal.
Different from the work presented in [20], in this work, we
consider the assumption of a general SWIPT relay system,
where the SNRs of the two hops are correlated. Also, unlike
[18]-[20], where the analysis therein is limited to the ABER,
in this work we adopt the moments-based approach to evaluate
various performance metrics that quantify the operation of
SWIPT relay networks. This includes, but is not limited to,
the outage probability, the achievable throughput, the ASER,
and the diversity order.

Specifically, the main contributions and results of this paper
are summarised as follows:

« We derive a computationally effective exact closed-form
expression for the moments of the receive SNR when
the channels of the two hops are subject to Rayleigh
fading. To the best of our knowledge, this result is novel
in literature.

o We employ the Padé approximation (PA) technique to
obtain an accurate approximate closed-form rational ex-
pression of the corresponding moment generating func-
tion (MGF) of the system based on the knowledge of its
moments.

¢ The derived moments and MGF expressions are utilised
to evaluate fundamental performance metrics such as, the
average SNR (ASNR), the amount-of-fading (AoF), the
outage probability, the achievable throughput, and the
ASER for the cases of arbitrary M-FSK and M-DPSK.

o« We derive new asymptotic expressions for the outage
probability and the ASER, respectively.

o Through the derived asymptotic outage probability ex-
pression, we demonstrate that the achievable diversity
order of the considered system model is non-integer less
than 1 and further demonstrate that the second hop is
indeed the performance bottleneck for the relaying path.

e The accuracy of all developed analytical models are
verified via computer-based Monte Carlo simulations.

The remainder of the paper is organised as follows. In
Section II, the system model and assumptions are specified.
In Section III, analytical closed-form and approximate expres-
sions for the moments and the MGF of the receive SNR are
derived, respectively. The evaluations of ASNR, AoF, outage
probability, achievable throughput, and ASER are presented
in Section IV. We provide a thorough asymptotic analysis of
the considered system model in Section V. Simulation results
are illustrated in Section VI to corroborate the developed an-
alytical models and to investigate the effect of various system
parameters on the performance. Some concluding remarks are
given in Section VIL

Notation: Bold lower case letters denote vectors and lower
case letters denote scalers. A circularly symmetric complex
Gaussian random variable z with mean x and variance o? is
represented as CA (11, 02). Also, Iy and i,, denote the identity
matrix of size N and a column vector with 1 at its n-th entry
and 0 elsewhere, respectively. Moreover, (.)7, E[z], |2|, R {.},
and In(.) stand for the transpose, expectation of the random
variable z, magnitude of a complex variable z, real part, and
natural logarithm, respectively.

II. SYSTEM MODEL

Consider an AF wireless relay system where a source
node, S, communicates with a destination node, D, via an
intermediate relay node, R. Let h, and h,.4 denote the channel
coefficients of the first and the second hops, respectively. The
source and the destination nodes are assumed to be energy
unconstrained nodes powered by either a battery or a power
grid. Furthermore, the source transmits its message using a
constant transmit power, Ps. On the other hand, the relay node
has no dedicated power supply and harvests energy from the
received signal of .S, which is then used as a transmit power
over the second hop. Our study considers two wireless EH
protocols, namely, PS and TS, and assumes that all nodes are
equipped with a single antenna. We further consider that a
direct link does not exist between S and D. This is motivated
by the fact that the direct source to destination link is assumed



to be strongly attenuated, due to deep fading, or shadowing
effects, due to surrounding physical obstacles, or both and
communication can be established only via a relay node.
Such an assumption is widely adopted in research studies
related to SWIPT relay communication [6], [7], [17]. Also,
this assumption corresponds to coverage extension scenarios
where the distance between the source and destination is
long and relays are used in order to maintain connectivity
[13]. This scenario is envisioned in furture Internet-of-Things
(IoTs) deployments, where RF-powered relays are employed
to provide coverage expansion To avoid interference, data
transmission from S and R are performed over orthogonal
channels in either frequency or time. For ease of exposition,
we consider a time division multiple access (TDMA) based
transmission scheme, which was initially proposed for con-
ventional relay systems with coherent detection [22] and was
later applied to noncoherehnt/differiential systems [23]. All
nodes are assumed to operate in half-duplex mode. That is, the
signal transmission from S to D is completed in two phases.
In Phase-1, the source to relay information transmission takes
place. During Phase-2, S remains silent, whereas R uses the
energy harvested during Phase-1 to amplify the received signal
and forward it to D.

In our setup, h;;,ij € {sr,rd}, denotes the small-scale
fading coefficient of the channel between transmitter 7 and
receiver j, and is modelled as independent complex Gaussian
random variable, h;; ~ CN (0, crfj). Moreover, we assume that
the instantaneous CSIs of h;; are unknown to any terminal.
Furthermore, we consider that all links are subject to large
scale fading in which the received power is inversely propor-
tional to df;, where d;; is the distance between transmitter
1 and receiver j, and a > 2 denotes the path-loss exponent.
We also assume that information transfer is performed using
noncoherent signalings such as M-FSK or M-DPSK, where
M is the constellation size.

A. Power Splitting-Based Relaying

The communication block diagram of the employed PS
relaying protocol for SWIPT is depicted in Fig. 1. The total
transmission time, 7', is divided equally into two consecutive
phases, each of duration T'/2 (sec) [6], [15]. Specifically,
during Phase-1, the source broadcasts its signal x,,, where
E[|z,,(n)|?] = 1, with power P, (watts) according to one of
the two following noncoherent modulation schemes.

1) PSwith M-DPSK: In this case, the information symbols,
v(n) = eI2™/M for m = 0,1,..., M — 1, are encoded based
on the phase difference of two consecutive signals. Conse-
quently, the source transmitted signal, x,,, m = 0,1,..., M —1,
can be expressed as

Tm(n) = zm(n — Do(n), n=1,2,...N, (1)

where the initial reference modulated symbol is z,,(0) = 1,
and N is the frame length [24]. More specifically, in the first
time slot, the signal received at R can be expressed as

VB
d [e%

ST

Yr (n) = hsrxm (TL) + Wrq (’fl) (2)

Energy
i yrqﬂ Harvesting
Yr (Tl) Power Receiver
Splitter
Wyq (M) 1/(]\\(9) Information
%6, ) Receiver

Fig. 1: Block diagram of the relay receiver architecture with the PS
relaying protocol.

Here, wyq(n) ~ CN(0,Ny,,) represents the additive white
Gaussian noise (AWGN) associated with the nth symbol,
accounting for the receive antenna noise at R. At the end
of Phase-1, R splits the received signal into two streams, as
shown in Fig. 1, one is forwarded to the energy harvester
and the other to the information receiver (IR) for information
processing. Thus, the signal received at IR of R can be given
by

Yor(n) = v/ (n) = Ld]:sh

sT

srZm () +VEWrq (1) +wpe(n),

3)
where k = (1—6) and 6 stands for the PS ratio at R. In this pa-
per, it is considered that 0 < § < 1, corresponding to a general
SWIPT system featuring both wireless information transfer
and wireless EH. Furthermore, w,.(n) ~ CN(0, Ny,.) is the
AWGN at R due to the RF to baseband signal conversion.

The remaining portion of the received signal at R is
forwarded to the energy harvester, i.e. ygu(n) = V0y,(n),
hence, the overall energy harvested during Phase-1 can be
expressed as

B N6 Ps|hs,|?

E,
de,

(T/2), )
with 0 < 1 < 1 denoting the energy conversion efficiency
factor. Since R communicates with D for T'/2 sec., the power
available at R at the end of Phase-1is P, = E,/(T/2).

During Phase-2, to simplify the analysis, R is assumed to
use the whole portion of the harvested energy to amplify the
received signal, given in (3), and transmit it to D. At the end
of Phase-2, the destination implements differential decoding
to recover the data symbols from the received signal, which
can be expressed as

yrd(n) = hrdsr(n) + wrd(n)a )

1

dry
where w,.q4(n) ~ CN(0,Np,,) is the overall AWGN at D.
In addition, w;q(n), wye.(n), and w,.q(n) are statistically
independent. In (5), s.(n) represents the signal transmitted
from the relay after proper amplification. To ensure that the
average transmit power of R is P,, the relay normalises the
signal to be transmitted by the variance of (3) and s,(n) can



be correspondingly, given as

by
7HP O.br' + K’NOHL + Norc

Ysr(n).  (6)

sr(n) =
We note that, the power scaling factor in (6), i.e., (éfePS o2+
#xNo,, +No,.)'/? ensures that the average transmission power
for data relaying in Phase-2 is fixed to P, and relies solely
on the variance of the channel hs,. without requiring the
knowledge of its CSI at the relay terminal [6], [15]. It should
be further noted that the EH process at R is independent of the
power scaling process and it is assumed that EH is performed
instantaneously. We would like to point out that the harvested
instantaneous energy depends on the instantaneous power gain,
namely, |hg|? , but it does not require the knowledge of
CSI. The harvested instantaneous energy is simply used as
a transmit power in the second phase of transmission. Note
that the assumption of instantaneous EH was adopted in [6]'.
Finally, substituting (3) and (6) in (5) yields

V K:n0|h8r|2pshsrh7'dxm (n)
Yra(n) = = >
\/dgrdrd \/I{PSUST + d?’!‘Nosr
Signal Part
V 779P ‘hsr hrdwsr +
\/da /EPso2, + d2 NOM

Noise Part

wrd(n)a (7)

where ws,(n) = /Kwrq(n) + wre(n) is the overall noise at
R with variance Ny = xNg,, + No, . Based on (7), the
instantaneous received SNR at D, 7.4, can be given by

abpsrprd|hsr|4|hrd|2
bprd|h€r|2‘hrd‘2 + apsv”ggr + 17

where a = da , b= ad“ s Psr = NPS‘ and prq = 5

2) PS with noncoherent M-FSK: For noncoherent M ary
FSK modulation, the source transmits the message, z,,(n),
over the mth orthogonal carrier chosen from an M set of
carriers where m = 0,1,..., M — 1. Since at the destination,
the source message is detected based on M received symbols,
it is convenient to represent x,,(n) as a column vector i, 1
with 1 at its mth entry and O elsewhere. Moreover, the
destination employs noncoherent reception using a bank of
M noncoherent correlators to make a decision as to which of
the M symbols was transmitted [24]. The baseband equivalent
signal at any receiving terminal, j is denoted by an M x 1
vector y,; = [yz'j(l),...7yij(M)]T. As a result, the signal
model for PS relaying employing noncoherent M-FSK can
be represented as

(®)

Yeq =

Ps

kPs
Yor(n) = ?hsrlerl(n) + VEWa(n) + Wee(n), (9
1
Yra(n) = P hrasy(n) + Wra(n), (10)
rd
where w,q(n) ~ CN(0,No, Ip) and wp.(n) ~

CN(0

, No, Ins) are the receive antenna and RF to baseband

'An example of a commercialised power harvester that is able to directly
power a battery-less low-power device is that of Powercast’s [25].

signal conversion AWGNSs at R, respectively, and w,4(n) ~
CN (0, Ny, ) is the overall AWGN due to both the receive
antenna and RF to baseband signal conversion at D. Further-
more, s,.(n) represents the signal transmitted from R during
Phase-2 after normalisation, where the amplification gain is
chosen to ensure that the average transmission power at R is
fixed to P, and thus, s,.(n) can be expressed as

P,
d%/ﬁlpsdgr —+ M [K)N()Ta —+ NOTC

sy(n) =

]ysr(n)- (11)

By substituting (11) in (10), the signal received at D is given

as
V Hn9|hs7'|2pshsrhrdim+l(n)

Vd2.d2,\/kPso?, + Mdg. Ny,

srrd

y'rd( )

Signal Part

\V/ U@P |h57 2h‘7dwél
/Ao /K P02, + Mde: Now

Noise Part

+wra(n),  (12)

where W, (n) = /kWprq(n) + W,.c(n) is the overall noise at
R with variance Ny, = kN, + Noy,.. Consequently, the
instantaneous received SNR at D can be expressed as

abpsrprd|hsrl4|hrd|2
bprdlhsr|2|hrd‘2 + apSTagr + M7

Yeq = (13)

no _ P, _ _P
where a = d(,,b— dr,d(,é,p57 = N and prq = Mooy
In the aforementioned noncoherent modulation schemes, it 18
assumed that all waveforms within one symbol interval are
equiprobable and have the same energy P;.

B. Time Switching-Based Relaying

The key parameters in the TS relaying protocol for EH and
information processing at R are depicted in Fig. 2a. A certain
block of information is transmitted from S to D during a total
time of T (sec). Under this protocol, 3 is the portion of the
total time in which the relay harvests energy from the source
signal, where 0 < (8 < 1. Following the same setup as in
[6], [15] for TS, the information transmission is performed
in the remaining block time, i.e., (1 — 3)T’, such that half of
the fraction of the time, (1 — 8)7/2, denoted as Phase-1, is
used for the source to relay transmission, while the remaining
fraction of the time, i.e., (1 — 8)T/2, denoted as Phase-2, is
used by the relay to forward the information to the destination
as shown in Fig. 2b. Based on that, the energy harvested at R
is given by

(14)
Based on the fact that R communicates with D for the time

(1—5)T/2, the transmitted power from the relay node is given
by

E, 21 Ps|hsr |28
P, = - . 15
A—pT2  ds(1-p) ()

In the following, we present the details of the signal model
when noncoherent M-DPSK and M-FSK are employed with
TS-based relaying.
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Fig. 2: (a) Ilustration of the time frame of SWIPT relaying employing the TS protocol (b) Block diagram of the relay receiver architecture

with the TS relaying protocol.

1) TS with M-DPSK: At the end of Phase-1, the signal
received from S is used solely for information processing at R,
i.e., no PS is involved and accordingly, the baseband equivalent
signal model with M-DPSK is given as

VP

Ysr(n) = \/?hsrxm(n) + Wra(n) + wye(n), (16)
1
yrd(n) = \/Tghrdsr(n) + wrd(n)y (17)

where w,.q(n) ~ CN(0,Np,,) and w,.(n) ~ CN(0, Ny, )
are the receive antenna and RF to baseband signal conversion
AWGNs at R and w,q(n) ~ CN(0,Ny,,) is the overall
AWGN due to the receive antenna and RF to baseband signal
conversion at D, respectively. To ensure that the power of
the transmitted signal from R for TS-based relaying with M-
DPSK is set to P,, the signal forwarded from the relay node,
sr(n) is given by

P,
r = - sr . 18
5r(n) P02, + No,, + Mo, (). 18
By setting ws,(n) = wrq(n) + wpe(n), No,, = No,., + No, .,

and upon substituting (18) and (15) into (17), the received
signal at D, y,q(n), in terms of P, 1, 5, d%., and d%;, can

be rewritten as
V 2n6|hsr|2p hsrhrdwm )
da da \/P O'2 + d(x NOST

srrd

ST

yrd(n) = \/

Signal Part

V 2775P ‘hsr 2hrdwsr

B)dyy/Pso?, + ds, No

+ wrg(n). (19)

s

Noise Part

From (19), the instantaneous received SNR of the relay path,
Yeq» Can be expressed as (8) with a = b= Wg—ﬂ)’
Psr = , and Prd = NPg

2) TS wzth noncoherent ‘M-FSK: When noncoherent M-
FSK signaling is employed, the signals received at R at the end
of Phase-1 and at D at the end of Phase-2 can be respectively
modeled as

Yor(n) =

dot?

VP
7h371m+1(n) + Wy (n) + Wee(n),

ST

(20)

and

YTd(n) = hrdsr(n) + Wrd(n)7 (21)

1
Vi,
where w,,(n) ~ CN(0,No In) and wy.(n) ~
CN(0, Ny, I,s) are the receive antenna and RF to baseband
signal conversion AWGNSs at R, respectively, and w,4(n) ~
CN (0, Ny, Inr) is the overall AWGNs due to the receive
antenna and RF to baseband signal conversion at D. The signal
received at R in Phase-1 is amplified or scaled to meet an
average power constraint P, and thus, the transmitted signal,
sy(n), is specified as

P,
d%Psagr +M [N()m

s (n) = (22)

o (n).
+N0rc]y ()

Combining (15) and (22), followed by a substitution of (22)
back into (21), yield the signal received at D as

2n5|hsr|2p hsrhrdim+1( )

B)de,d,/Pso?, + Md2, No.,

srrd

Yra(n) = \/

Signal Part

V 277513 |hsr 2h dwsr

+ + Wra(n),
V= B)de,/P.o?, +Mda No.. ()
Noise Part
(23)
where wg.(n) = Wpq(n) + wee(n) is the overall noise at
R with variance Ny, = Ny, + No,.. Based on (23),

the instantaneous received SNR of the relay link, when TS
relaying is employed with noncoherent M-FSK, is expressed

. 5 :

as (13) with a = da , b = W Psr = 7N‘? , and
P, s

pTd - Nord .

C. Ideal Relay Receiver

For completeness, we investigate in this section the ideal
relay receiver. Specifically, when the RF-powered relay is
enabled by an ideal receiver, the same received signal is used
for information processing and EH [11]. As a result, during
Phase-1, the relay node harvests energy and processes the
information from the source signal and during Phase-2, it
uses the harvested energy to forward the source signal to the
destination. Consequently, the available power at the relay due



TABLE I: Instantaneous Received SNR Expression Parameters for PS, TS, and Ideal Relay Receiver

Relaying Protocol PS Protocol

TS Protocol Ideal Relay Receiver

a a= d%ﬂsr a= d%Psr a= d%Psr
il T ST
A h— _nf h— 2nB b — n
’ b= agaz,rd S Ll W P
Psr Psr:Ps/N()ST psr:Ps/NOST psr:Ps/NOST
Prd prd = Ps/No,, prd = Ps/No_, prd = Ps/No_,
No,,. No,, = kNo,, + No., | No,, = No,, + No,. | No,, = No,, + No,.,

to EH is given by P, = ﬂ# Using this value of P, in
the relay amplification gain and following the same steps as
in Sections II-A and II-B, the instantaneous received SNR
expression for the ideal relaying receiver can be obtained.
For the convenience of the ensuing analysis, the instanta-
neous received SNR expressions for the PS, TS, and ideal
relay receiver protocols, considering M -DPSK and M-FSK
modulations, can be written in one unified general form as

_ ab| sy |*|ora]?
I;|hsrlz|hrd|2 +ao?, + v’

VYeq (24)

where the constants @ and b differ in the PS, TS, and ideal relay
receiver protocols and are defined in Table I. Furthermore, ¥
is set to 1 for M-DPSK, and M for M-FSK.

Remark 1: Note that the SNR expression in (24) differs from
the one in [6] for coherent modulation, which is given by

&B|hsr‘4‘hrd|2
Yeq = = .
O blhep 2| hral? + alher|? + 1

It is notable that the expression in (24) and the one resulting
from coherent modulation as above are different, since the
random variable |h.|?> appears in the second term of the
denominator of the latter while it does not in (24). Accord-
ingly, their associated probability density functions (PDFs),
comulative distribution functions (CDFs), n-th order moments,
MGFs, ..etc, are also different, rendering the underlying anal-
ysis results for the ASER, outage probability, and throughput
to be different.

III. THE MOMENTS AND MGF OF THE RECEIVE SNR

In this section, we derive an exact closed-form expression
for the moments of the receive SNR, 7., in (24), and then
employ it to approximate its MGF .

A. Moments of the Receive SNR

Since deriving the PDF and CDF of the receive SNR
expression in (24) is a challenging task, due to the term
|hgr|* in the numerator, we alternatively focus on deriving
its moments. The moments, specified as p1,, = E[y/, ], can be
derived in the following theorem.

Theorem 1: Assuming that both S — R*> and R — D
links undergo independent and identically distributed (i.i.d)
Rayleigh fading conditions, the n'"-order moment of the

2A — B denotes the link between terminal A and terminal B.

instantaneous end-to-end SNR of dual-hop AF relaying in
noncoherent SWIPT systems is given by

L a"C (M) o bAsr Ard

1
 bAa(n) P C |

1,1-n,2

E n
[’YEq] n + 1

Hn =

)

(25)
where G:[.|.] is the Meijer G-function as defined in [26, Eq.
(8.2.1.1)].

Proof: See Appendix A. [ ]
To the best of our knowledge, this result is novel. It is
worth noting that (25) is simple and incorporates the Meijer
G-function which is a standard built-in function in most
of the well-known mathematical software packages, such as
MATLAB, MAPLE, and MATHEMATICA, and can therefore,
be easily and efficiently evaluated. Theorem 1 turns out to be
useful beyond the scope of this paper. Knowing (25), one can
establish the MGF, AoF, ASNR, outage probability, achievable
throughput, and ASER of the system, as will be presented in
the subsequent section. Nonetheless, the result in (25) can be
further applied to study other metrics, such as the kurtosis and
the skewness that characterise the distribution of the receive
SNR and the ergodic capacity of the system.

B. MGF of the Receive SNR

By definition, the MGF of 7, is M., (s) = E [e™*7¢] and
can be represented as a formal power series (e.g., Taylor) as

(-1 S,
nl T

n!
n=0

o0

M'ch (s) = Z

n=0

E [v2,] s" (26)
Despite the fact that the moments of all orders, p,, can be
computed in closed-form using the analysis of the preceding
subsection, in many cases, we cannot conclude where and
whether the power series in (26) is convergent or not. Hence,
in practice, only a finite number W can be used. Accordingly,
the series in (26) can be truncated as

o (—1)"
M’Ye.q (5) = Z n| ,unsn + O(SW+1)7

n=0

27)

with O(s"'*1) denoting the terms of order higher than W
after the truncation. Having (27) in hand, an approximation to
the unknown underlying function M., (s) can be obtained
by evaluating only a finite number of the moments. It is
demonstrated in [27], [28] that the series, presented in (26),
can be efficiently and accurately approximated using the PA
method. PA is a well-known method that is applied to approx-
imate infinite power series that are either not guaranteed to
converge, converge very slowly or for which a limited number
of coefficients is known [27]. The approximation is given in



terms of a simple closed-form rational function of arbitrary
order X for the numerator and arbitrary order Y for the
denominator, and whose power series expansion agrees with
the W'-order (W = X +Y) power expansion of M., (s)
[27]. Consequently, the rational function

A ZzX:O ‘risi

Pix/v)(s) = RS (28)
is said to be a PA to the series (26), if
W qyn
Pix/y(s) = Z ( n!) tns" + (’)(sW+1). (29)

n=0

It is straight forward to see from (29) that the moments
tn,n =1,...,W need to be evaluated to construct the approx-
imant, Px/y1(s). Also, the coefficients 2; and y; can be easily
obtained by matching the coefficients of like powers on both
sides. Several issues concerning approximants and the method
to determine their coefficients are included in [27], [28]. Padé
approximants are available as built-in functions in off-the-shelf
mathematical software packages, such as MATLAB, MAPLE,
and MATHEMATICA. In this work, we apply the subdiagonal
PA, Pix/x11)(s), to approximate M., (s), since it is only for
such order of approximants that the convergence rate and the
uniqueness can be assured [28].

IV. PERFORMANCE ANALYSIS

In this section we exploit the mathematical tools presented
in the previous section to derive a number of important
performance measures for SWIPT relay networks employing
noncoherent modulation.

A. Receive Average SNR (ASNR)

The ASNR is the most common and well understood
performance measure characterising a digital communication
system, owing to its ease of evaluation. It also serves as an
excellent indicator of the overall fidelity of the system [29].
The ASNR corresponds to the first moment, p; = E[ye,],
which can be computed by setting n = 1 in (25).

B. Amount of Fading (AoF)

For the instantaneous receive SNR, ., the AoF is defined
as [29]
E[vZ,]
AoF., = _—_—‘'°"
T (Eyeq))?

which is obtained by substituting (25) in (30).

-1, (30)

C. Outage Probability

The outage probability, P,,;, is another standard perfor-
mance criterion of wireless systems operating over fading
channels. It is defined as the probability that the instantaneous
SNR, 7eq, of the S — R — D at D falls below a certain
predefined threshold, ~;5,, namely,

Pout £ F“/eq (,Vth) = Pr('YEq S '7th)7 (31)

where v, = 287 —1, Ry is the transmission rate, and F. - ()
is the CDF of 7.4, and can be evaluated by [30]

Pout & Py, (in) = [ﬁl <M“(S))] ;o (32
S=7th

5

where M, (s) is the MGF expression pertaining to s,
and L£7!(.) denotes the inverse Laplace transform. Herein,
to evaluate the outage probability, we follow the well-known
MGEF approach which is achieved by substituting the MGF
expression given in (28) into (32), and applying the accurate
Euler numerical technique for the inversion of the Laplace
transform presented in [30]. Following the steps illustrated
therein, the outage probability of the S — R — D link of
noncohernt SWIPT systems can be calculated according to

b 2% fj (Q) % (1", {M%ﬂ;i:;ﬂ'“)}
out — A+27min
Vth 7=0 q ne0 Bn Tthj

+ E(A,N,Q), (33)

with 8, = 2 when n = 0 and 8, = 1 when n =

1,2,...,N,and A,Q and N denote the truncation parameters.
Furthermore, E(A, N,Q) denotes the overall discretisation
and truncation error term which can be approximately bounded

by [30]

e~4 2-QeA/2 il Q
E(A,N,Q)| ~ + -1 N+1+Q< )
BN Q) = + = D

M, (A+27r32‘(N+q+1))

eq Yih
xR { A+27rj(N+q’+1) ‘ (34)
2Yth

D. Throughput Analysis

The throughput, 7, measures the rate of successful in-
formation decoding at the destination node, given a fixed
transmission rate Rr, and is defined for the TS and PS relaying
protocols as

(]- - Paut)RT(]- - ﬁ)

s = : (35)
and 1— PR
Tpg = (_f"“t)T 7 (36)

respectively, [6].

E. Average Symbol Error Rate (ASER)

The aim of this subsection is to analyse the final perfor-
mance criterion of the underlying SWIPT relaying scheme.
By exploiting the PA method described in Section III-B, and
the well-known MGF-based unified approach to the ASER
analysis for noncoherent and differential modulation over fad-
ing channels [31], the ASER of arbitrary M -ary noncoherent
modulation schemes can be readily evaluated as follows.

The unconditional ASER of the proposed system under M -
ary FSK modulation scheme is given by [31]

M—
_ Zl(—l)m“ M-1y 1 m
m Jm+1 " \m+1/"

m=1
(37)

ol
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When M-ary DPSK is employed for SWIPT relaying, the
ASER is expressed as [31]

B 1 fM=Dm/M g
PseMDPSK - 7T/O M’qu (1 + mcos(b) d¢7

(38)
where g £ sin®(7/M).

Although a closed-form expression cannot be obtained,
(38) can be easily computed numerically since it presents a
finite-range summation and an integral involving integrands
composed of closed-form approximations. By substituting (28)
in (37) and (38), the ASER performance of noncoherent M-
FSK and M-DPSK modulation schemes can be evaluated for
the desired relaying protocol of any modulation size.

V. ASYMPTOTIC ANALYSIS

Although the expressions in (33), (37), and (38) are based
on a very tight approximation of the MGF of the receive
SNR, they do not provide useful insights into the system
performance. Consequently, in this section, we derive further
asymptotic expressions which can be used to provide deep
insights into the system performance of the considered system
model.

Specifically, considering (24), we can alternatively write it

as
“Yhop; Yhop,

B “hop, + Whop1 + v’

Yeq (39)

N _7 = _ A2
where, Ynop, = @¥sr and Ynop, = 0VsrYra> and Vhop, = GOy

Examining (39), we note that two SNRs, namely, Vhop, and
Vhop,» Parameterise the performance. Allowing the two SNRs
to become large does not simplify the analysis further; there-
fore, we allow only “hop, to approach infinity, which could be
justified when the relay is placed very close to the source. In
particular, as Vhop, — oo™, (39) can be expressed as

Yeq = bY2Yrd, (40)

which follows by setting o2, =
channel.

In the following, we derive asymptotic expressions for the
outage probability and the ASER of the system as follows.

1 for a Rayleigh fading

A. Asymptotic Outage Probability

The asymptotic outage probability of (33) is given in the
following proposition.

Proposition 1: The asymptotic outage probability of a
noncoherent dual-hop SWIPT AF relay network, when the
average SNR of the first hop; S — R, approaches oo™, can
be given as

- — 1 o3 |4bA2 Mg | 0,0.5,1
P = F%q (v)=1- ﬁG:;,o ['Y:h | _ .
(41)
Proof: See Appendix B ]

By knowing the mathematical behavior of the Meijer G-
function and recalling that b = %prd for PS-based
srird

relaying and b= #ﬁ_mpm for TS-based relaying, where

Prd = NIS id, we can note from Proposition 1 that as b
increases, corresponding to increasing the average SNR of the
second hop, the second term in (41) increases and the outage
probability decreases. This suggests that when the average
SNR of the first hop is very high, the outage probability of
the system decreases regardless of the PS or TS ratios, i.e., 0
or (3 in PS-based or TS-based relaying, respectively, This will
be confirmed in the numerical and simulation results shown
in Section VIIL.

Special Case: when b — oot corresponding to the case
when the average SNR of the second hop; R — D, grows
large, we apply the asymptotic representation of the Meijer G-
function given in [32, Eq. (41)] to derive the outage probability
in terms of basic elementary functions as

1|1
N QBF(_O'B)

Poutz = F75 (yn) =1 —

o

ty

+ L P(05)T(~0.5)+T(0.5)| | (42)

Vb

to

where Q = (4A2, Ara)/7en- It is straightforward to notice from
(42) that as b — oo™ the term ¢, dominates over ¢;. In other
words, the convergence of ¢, to zero is slower compared to

t1, and accordingly, PS5 can be reduced to

Poure = F5 () = —

['(0.5(=0.5).  (43)

w0
We focus now on investigating the diversity order to gain
further insights into the impact of EH on noncoherent relaying
systems. Setting SNR = b, a careful examination of (43)
reveals that the outage probability of the considered SWIPT
relay system for a given rate, Rz, for both PS and TS relaying
schemes, behaves as P22, o« SNR ~2 at high SNR, which

gives rise to a diversity order d = 0.5 as

(_ logP,y+ ) _ logPi, 0.5
logSNR)  logSNR
It is therefore easy to see from the previous discussion that
the obtained diversity order for the considered noncoherent
SWIPT system is less than 1. It can also be concluded that
the system performance is limited by the second hop; R — D,
which is the weaker hop, since it is subject to the cascaded
fading effect, resulting from EH at the relay node.

d= lim

SNR— o0 e

B. Asymptotic ASER

In order to derive the asymptotic ASER, we utilise the
asymptotic CDF, i.e., F7° (7:r) obtained in (41) to derive the
asymptotic MGF in the following proposition.

Proposition 2: The asymptotic MGF of the approximate
receive SNR of a noncoherent dual-hop SWIPT AF relay
network when the average SNR of the first hop, S — R,
approaches oo™, can be given as

MOO

1 N
Xl =1- —WG;f ADAZ Nyas |

0,0.5, 1
NG 1

(45)
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Fig. 3: Outage probability, P+, with respect to 3 for the TS protocol
and 6 for the PS protocol for SNR =20 dB. n =1, P = 1, and
ds'r - d'rd =1

Proof: The proof follows by recalling the definition of the
MGEF, M., (s) = E[e”*7*¢], then using integration by parts
to express the MGF in terms of the CDF as

M., (s) = 5/0 e E,,, (v)dy. (46)
By substituting the asymptotic CDF of (41) into (46), then
applying the transformation [26, Eq. (8.2.2.14)], followed by
some mathematical manipulations and finally with the aid of
[33, Eq. (7.813.2)], the desired result is obtained. [ |
Special Case: when b— oo, corresponding to the scenario
when the average SNR of the second hop; R — D, grows
large, we apply the asymptotic representation of the Meijer
G-function given in [32, Eq. (41)] to derive the MGF in terms
of basic elementary functions as
1 1

M32a(9) =1 - = Lgsr(—o.m

+ L(0.5)T(—0.5)T(1.5) + T'(0.5) |, (47)

b
\/555
where & = 4)2 \.4. Similar to (42), (47) can be further
reduced to

1
M'OySqQ(S) = -

Capitalising on the previously derived asymptotic MGF
expressions, the evaluation of the ASER of M-ary FSK and
M-ary DPSK is discussed in the following Corollary.

Corollary 1: The asymptotic ASER of M-ary FSK and M -
ary DPSK of noncoherent SWIPT relaying systems can be eval-
uated by substituting (45) or (48) in (37) and (38), respectively.
For the special cases of binary FSK (BFSK) and BDPSK,
the asymptotic ASERs can be obtained in closed-forms by
substituting either (45) or (48) in ?::BFSK = 0.5M (0.5)
and P, = 0.5M5; (1), respectively [31].

SEBDPSK

(48)

T(0.5)T(—0.5)T(L.5).
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Fig. 5: Optimal throughput, 7, for the TS and PS protocols with
respect to SNR. n =1, Ps = 1, R = 3 bps/Hz, and ds = drq = 1.

Proposition 2 and Corollary 1 reveals that as b increases,
corresponding to increasing the average SNR of the second

hop, the second term in (45) increases and ﬁ:m ox and
P, decrease. This suggests that when the average SNR

SEBDPSK

of the first hop is very high, the ASER of the system decreases
regardless of the PS or TS ratios, i.e., § or § in PS-based or
TS-based relaying, respectively.

VI. NUMERICAL AND SIMULATION RESULTS

In this section, we provide numerical and simulation results
to illustrate and validate the accuracy of the proposed analyt-
ical framework.

Unless otherwise stated, we set the source transmission rate
to Ry = 3 bits/sec/Hz, the EH efficiency n = 1, the source
transmission power Ps = 1 Watt and path loss a = 2.7 [6].
We assume that Ny = Ny = N, and for simplicity, we
assume that the antenna noise and information receiver circuit
noise at the relay node have equal variances, i.e., Ny, =
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Fig. 6: Optimal throughput for the ideal receiver, the TR and the PR protocols for (a) different values of antenna noise variance Ny,, and
No,.. = 0.01 (fixed) and (b) different values of conversion noise variance No,.. and Noy,, = 0.01 (fixed). Other parameters: R = 3 bps/Hz,

P,=1,n=1,and ds, = drq = 1.
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for the TS and PS protocols, respectively, at SNR = 10, 15, and 20
dB. P, =1, R = 3 bps/Hz, and ds, = dqg = 1.

No,. £ Ny/2. Since the only energy supplied to the whole
network is the transmit power, P;, applied to the source, the
performance of the whole system is parameterised by SNR £
P, /Ny. Furthermore, the distances d, and d,.; are normalised
to unity. Additionally, the mean values, A, and A4, of the
exponential random variables s, and 7,4, respectively, are set
to 1.

Following the parameter values used in [30], in our simula-
tion results, we consider A = 23 and parameters () and N are
set to 15 and 21, respectively, so as to ensure a discretisation
error that is less than 10719, However, the overall resulting
error is negligible compared to the actual outage probability
value.

In Figs. 3 and 4, we analyse the impact of 3 and 6 on the
outage probability, P,,;, and the achievable throughput, 7, of

the system, when the SNR is fixed to 20 dB. As it can be
seen from Figs. 3 and 4, there is a perfect match between the
simulation and the analytical results for the entire range of the
values of § or 6, indicating the high accuracy of the PA method
applied to approximate the MGF of the receive SNR. It can be
also observed that unlike the TS protocol, the PS protocol has
an optimal value for # that minimises the outage probability.
While Fig. 4 demonstrates that there exists an optimal value
for # and 6 maximising the throughput. This is because, for
the PS protocol, as 6 increases from O to an optimal value,
(6 = 0.631), more power is exploited for EH and consequently,
the relay node transmits with a higher power. Therefore, the
outage probability is reduced and, yielding higher values of
throughput to be observed at the destination. However, as 6
increases from its optimal value, more power is consumed
on EH and less power is left for source to relay information
processing. As a result of weak signal strength received at the
relay, the relay amplifies the noisy signal and forwards it to the
destination, leading to a higher outage probability and smaller
throughput to occur at the destination node. On the contrary, as
[ increases from 0 to 1 for the TS protocol, more time is spent
on EH and, thus, higher power is available at the relay and
less outage probability is observed at the destination node as a
result of a higher receive SNR. However, the performance of
the system in terms of the throughput has a similar trend to that
marked for the PS protocol. In particular, as § increases from 0
to an optimal value (8 = 0.221), more time is allocated for EH
causing higher power to be available for information relaying
and, thus, higher throughput is observed at the destination
node. On the other hand, as (3 increases above its optimal
value, less time is available for information transmission due
to a smaller value of (1 — 3)/2, and as a consequence, the
throughput observed at the destination node decreases.

Remark 2: In order to carry out a fair performance com-
parison between the TS and the PS protocols, it is desirable to
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find the values of B and 0 that maximise/minimise the value of
the performance metric, i.e., throughput or ASER. Due to the
PA approximation of the MGF of the receive SNR, the task
of finding closed-form expressions for the optimal values of
0B and 0 seems intractable. Nevertheless, the optimisation can
be done offline by numerically computing the optimal values
of B and 0 that maximise/minimise the value of the through-
put/ASER, for certain given system parameters, including, EH
efficiency n, source transmission rate Ry, source power P,
S — R distance dg,., R — D distance, d,q, and SNR value.

Fig. 5, we examine the optimal throughput, 7, for differ-
ent values of SNR such that the performance gain of one
relaying scheme over the other can be quantified at any target
throughput. Furthermore, the conventional grid-powered non-

EH relaying system is plot as a benchmark®. Fig. 5 shows
that at lower SNR values (from O to 15 dB) both TS and
PS schemes outperform the the conventional non-EH AF
relaying protocol, assuming that noncoherent modulation is
applied. This stems from the fact that the SWIPT relaying
system is able to boost its overall performance over the non-
EH system by allowing the relay to harness extra energy
from the source RF signals while accounting for the energy-
rate tradeoff. However, it can be also noticed that the non-
EH relaying scheme outperforms the two SWIPT relaying
protocols as the SNR exceeds 15 dB. This is due to the effect
of cascaded fading resulting from instantaneous EH at the
relay as shown in the numerator of the receive SNR expression
in (24). Comparing the TS and the PS protocols, Fig. 5
illustrates that the TS protocol is superior to the PS protocol
in achieving higher values of the throughput in the low SNR
regime. This result is consistent with the one presented in [6]
for coherent modulation in SWIPT relaying systems, where the
same instantaneous EH assumption is considered for a single
relay.

Fig. 6 plots the optimal throughput for the ideal relay
receiver, the TS and the PS protocols for different values of an-
tenna noise variance, Ny _, (see Fig. 6a for fixed Ny, = 0.01)
and different values of conversion noise variance, Ng_, (see
Fig. 6b for fixed Ny, , = 0.01). As expected, the performance
of the ideal receiver outperforms the TS and PS protocols for
different values of the noise variances, since it is based on the
assumption of processing information and extracting power
from the same received signal. It is interesting to note that
the throughput performance gap between the TS protocol and
the ideal receiver becomes constant, as noise variances, Ny,
or Ny, approach 0. On the other hand, Fig. 6b shows that
the throughput performance gap between the PS protocol and

3The powers applied to a conventional relay non-EH system are Ps/2 at
S and Ps/2 at R. This ensures a fair comparison with the EH system and
that the total energy supply of both networks remains the same and equal to
that of the noncooperative non-EH scheme.
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Fig. 11: ASER asymptotic results with respect to SNR, n =1, Ps =1, Ry = 3 bps/Hz, and ds, = dyq = 1.

the ideal receiver decreases, as conversion noise variance Ny,
approaches 0.

Fig. 7 presents the optimal throughput, 7, for both the TS
and the PS protocols with respect to the EH efficiency, 7, for
three different values of the SNR, i.e., SNR = 10, 15, and 20
dB. It can be observed that at a high SNR value (SNR = 20
dB), the PS protocol outperforms the TS protocol for the entire
range, while it is vice versa at a low SNR value (SNR = 10
dB). However, at SNR = 15 dB, which is the intersection point
shown in Fig. 5, the TS protocol outperforms the PS protocol
when 7 < 0.6 and as 7 increases beyond 0.6, the throughput
performance gap between the two protocols becomes almost
insignificant.

In Fig. 8, we plot the asymptotic outage probability results
derived in (41), (42), and (43) against the SNR, for both the TS
(8 =0.5) and PS (# = 0.5) relaying protocols. It is observed

that all three asymptotic results perfectly match the simulation
results in the high SNR regime, proving their high accuracy
and significant simplicity in computing the outage probability
in this region.

Fig. 9 presents the ASER performance of BDPSK and
binary FSK (BFSK) vs. 8 and 6 for the TS and the PS
protocols, respectively, while fixing the SNR at 20 dB. The
analytical results are obtained by computing (38) and (37) for
BDPSK and BFSK, respectively (M = 2). Several important
performance insights can be extracted from Fig. 9. First, it is
observed that the TS protocol outperforms the PS protocol
across the entire range of S or 6 values. Second, it can
be noticed that for binary signaling, the performance of the
noncoherent BFSK scheme is inferior to the BDPSK scheme
for both TS and PS protocols. Third, Fig. 9 demonstrates that
there exists a unique optimum value for the PS protocol at



which the ASER value is minimised, while this is not the
case for the TS protocol.

To examine the impact of higher constellation size M > 2
on the ASER performance of the adopted noncoherent M-
DPSK and M-FSK signalings, we depict in Figs. 10a and
10b, the ASER performance of the TS and PS protocols for
4-DPSK and 4-FSK, and 8-DPSK and 8-FSK, respectively,
when the SNR is fixed to 20 dB. For the case of M = 4,
Fig. 10a illustrates that 4-DPSK slightly outperforms 4-FSK,
irrespective of the SWIPT relaying protocol, i.e., TS or PS. As
M is increased from 4 to 8, it can be observed from Fig. 10b
that 8-FSK significantly outperforms 8-DPSK, irrespective of
the SWIPT relaying protocol. The preceding results suggest
that when M > 8, M-FSK becomes more energy efficient
in terms of energy consumption than M -DPSK. This is also
reported in [15].

Finally, in Fig. 11 we present the asymptotic ASER results
derived using the MGF asymptotic expressions in (45), (47),
and (46) with respect to the SNR for the TS (5 = 0.5) and PS
(6 = 0.5) relaying protocols considering BFSK and BDPSK.
It is shown that all asymptotic results fully coincide with the
simulation results in the high SNR regime. This verifies the
accuracy and efficiency of these results in quantifying the
ASER performance of the system in this region.

VII. CONCLUSIONS

In this paper, we presented analytical expressions for the
moments and the MGF of the end-to-end SNR of a nonco-
herent SWIPT dual-hop relay system, adopting the TS or the
PS as the receiver architecture at the relay node. Capitalising
on these expressions, we proposed new unified formulas for
various performance metrics, including the outage probabil-
ity, achievable throughput, and ASER of two noncoherent
modulation schemes. Further, we derived and presented novel
asymptotic expressions for the outage probability and ASER.
Additionally, we analytically demonstrated that the diversity
order of the considered system is less than 1. Furthermore,

the offered unified asymptotic results are applicable beyond
the scope of this paper and opens the door for simple further
analysis of a wide array of other scenarios and performance
metrics, such as ergodic capacity. The analytical model was
corroborated with computer simulations. Our results demon-
strated that there is a unique value for the PS ratio that
minimises the outage probability of the system, while such a
value does not exist for the TS protocol. We also showed that,
considering the system throughput, the TS relaying scheme is
superior to the PS relaying scheme at lower SNR values.

APPENDIX A
PROOF OF THEOREM 1

Let vor = |hsr|?, Vra = |hrdl? C = ao?, + ¥. The n-
order moment of the receive SNR in (24) can be calculated
as (49e) at the top of this page, where I'(.) is the Gamma
function [33, Eq. (8.310.1)]. Hereby, (49b) follows because
fryer(vsr) and f ,(vrq) are the PDFs of the exponential
random variables 7. and -,q, with means Ay and A,.g4,
respectively. Furthermore, (49d) is obtained by expressing the
integrands of I; in (49c) in terms of their Meijer G-function
representations. Speciﬁcally, the second integrand of I; can
G b73777d | 1

be expressed as F( ) ] where the equality in
[26, Eq. (8.4.2.5)] is used followed by applying the transforma-
tion [26, Eq. (8.2.2.14)]. Also, the third integrand is rewritten
by making use of the equality e X = Gé? Sl A

[26, Eq. (8.4.3.1)]. Then, by exploiting the integral 1dent1ty
[26, Eq. (2.24.1.1)] followed by performing some algebraic

manipulations, I; can be derived in a closed-form as in (49e).
Gl 0 77 d

Finally, by expressing e P | ol and using
again the aid of [26, Eq. (2.24.1.1)], the des1red result in (25)
is reached.
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APPENDIX B
PROOF OF PROPOSITION 1

The outage probability of the approximated 7., can be

expressed as
Poin =Pr (E’Yfr’)’rd < ’Yth) =Pr|yq < l;%;l (50a)
,-YS’I"
= Yth
= sr) |1 —exp| ——— dysr
e (1o (520 )
(50b)

1 > Vsr Vth
L (2o (- )i
>\sr 0 P Asr P b/\rd’yszr 7

(50c)
1 > Vsr 0,1 BArdry2 1
—1—— [ exp (=2 got | 2ArdTer dr,
Asr 0 P ( )\sr) 10 Yth ’ - g
(50d)

where (50c) follows from (50b) because f, (7sr) is the PDF
of the exponential random variable ;.. Moreover, (50d) is
obtained by using the identity [26, Eq. (8.4.3.1)] to express
the second integrand of (50c) in terms of its Meijer G-function
representation whose arguments are then inverted by applying
the transformation [26, Eq. (8.2.2.14)]. Finally, by making use
of the identity in [33, Eq. (7.813.2)], we derive the desired
result in (41).
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