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Abstract: This paper studies the secure communication of a non-orthogonal multiple-access (NOMA)
relaying system in the presence of an eavesdropper in which the NOMA communication between a
source and two users is assisted by an energy-harvesting (EH) relay. The relay extracts a part of its
received signal strength using a power-splitting (PS) policy then harvests energy using a non-linear
EH (NLEH) circuit. A friendly jammer sends jamming signals to help secure communication.
The jammer is exploited as an additional energy source. A store-and-transmit (SaT) scheme
which allows the EH relay to perform energy storing and information transmitting is proposed.
For performance evaluation, the closed-form expressions for three metrics, secrecy outage probability
(50P), average achievable secrecy rate (AASR) and average stored energy (ASE) are derived. These
results enable studies on the effects of various system parameters, such as NOMA power-allocation
factors, target secrecy rates, jammer’s location, and relay’s power levels, on the system performance.

Keywords: physical layer security; non-linear energy harvesting; non-orthogonal multiple-access
(NOMA); cooperative communication; friendly jamming

1. Introduction

The rapidly growing demand for radio connectivity in both industrial and residential use has
caused various issues in wireless networks: faster battery drain at the device, various access required
at the base station, and higher security risk. This motivated studies on relevant efficient techniques.
Wireless energy harvesting (WEH), which enables devices charging by scavenging energy from ambient
radio signals, physical layer security (PLS), which provides secure communication by exploiting the
physical nature of wireless channels, and non-orthogonal multiple access (NOMA), which supports
high spectral efficiency, low latency, and massive access by modulating signal on the power domain,
are expected as strong candidates to help the future wireless systems overcome these issues.

Based on the fact that radio signal can carry both the energy and information, the author of [1]
designed two WEH receiver architectures to allow a simultaneous wireless information and power
transfer (SWIPT), time-switching (TS) and power-splitting (PS) where the energy harvesting (EH) and
information decoding (ID) functions are separated in time domain and power domain, respectively.
The trade-off between harvested energy and information rate of diverse SWIPT systems using TS and
PS policies was characterized in [1-3]. The works of [4,5] examined different techniques to improve the
performance of SWIPT systems via enhancing the amount of harvested energy, such as multi-antenna
energy harvester, multi-band energy harvester, and interference-aided WEH. In addition, the work
of [6] proposed to exploit both downlink and uplink transmissions of a multi-user TMDA-based
system to boost the harvested energy at users. The presence of WEH receivers can be regarded as a
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potential security threat to wireless communication; hence, security in SWIPT has gained much interest
from recent studies. The works of [7,8] used a beamforming technique to increase the secrecy capacity
and/or harvested energy of multi-antenna SWIPT systems by optimizing the beamforming vectors.
On the other studies, friendly jamming signals were employed to improve secure communication via
an EH relay in which the jammer can interfere with wire-tapped information and provide additional
energy at the relay [9]. Another approach presented in [10,11] is to use WEH nodes as jammers that
employ their harvested energy to assist the secure links.

In the NOMA scenario, the work of [12] designed strategies for a wireless-powered uplink NOMA
to maximize the system throughput or achieve the high fairness in throughput of users. A similar
work concerning the energy-and-rate efficiency was presented in [13]. The authors of [14] exploited the
advantage in distance of the near user (NU) to perform a SWIPT-based cooperative communication;
hence, NU can set up an additional link to the far user (FU) using its harvested energy. The work
of [15] designed a strategy to maximize the harvested energy of each harvester in a cognitive radio
(CR) NOMA system, especially, the non-linear energy harvesting (NLEH) model was considered.
The works of [16,17] investigated the NOMA communications for the WEH machine-to-machine
networks and focused on minimizing the total energy consumption at the devices and gateways via
joint power control and time allocation. To guarantee security in multi-user networks, the studies on
secure communication of SWIPT-based NOMA systems are needed. The work of [18] investigated
the secure transmission of a WEH relaying networks via analyzing the secrecy outage probability
(SOP) and secrecy throughput in a delay-limited mode. The works of [19] considered a downlink
NOMA system containing several EH receivers that can wiretap confidential information. To maximize
the sum secrecy rate of this system, a strategy for optimizing NOMA power-allocation factors was
proposed. The authors of [20] studied secrecy energy efficient in a CR-NOMA system with NLEH.
This work focused on developing strategies to find the optimal transmit powers of WEH secondary
transmitters for given conditions of energy channels.

It is seen that most studies on PLS in SWIPT-based NOMA systems were performed under the
assumption of a linear energy harvesting (LEH) model. In addition, the NLEH model proposed in [21]
is not mathematically tractable [22]; hence, simpler alternative NLEH models are employed to obtain
analytical results for system performance. Motivated by the above assessments, this paper studies
the secure communication of a SWIPT-based cooperative NOMA system with NLEH and friendly
jamming, and derives analytical results that facilitate performance evaluation and system design.
In this system, a source communicates with two users via a NLEH relay that harvests energy form
the source signal and jamming signal. The use of friendly jammer can reduce the security risk from a
passive eavesdropper. The contributions of this paper are described as follows.

*  We propose a store-and-transmit (5aT) scheme providing multi-transmit-power levels (MTPLs)
at the EH relay. This simplifies the design of EH transceivers, reduces the energy wasted
due to ineffective connectivity, and enables the relay to store a part of energy to maintain its
important activities (for the harvest-to-transmit (HtT) scheme, the EH relay uses all the harvested
energy to transmit information and maintains its important activities with its limited battery
reserves). Moreover, the SaT scheme allows the calculations in performance to become analytically
tractable. By using accordant MTPLs, the obtained analytical results for the SaT scheme can allow
evaluations in the system performance of the HtT scheme.

®  Three performance metrics, SOP, average achievable secrecy rate (AASR) and average stored
energy (ASE), are studied for performance evaluation. We derive closed-form expressions for
the SOP (for the whole communication and for the case that the relay is active) and the AASR of
each user; in addition, we derive an exact analytical expression for the ASE. We use Montes-Carlo
simulations to verify the accuracy of the analytical results.

e  Finally, the effect of various key system parameters, the location of jammer, target secrecy rates,
NOMA power-allocation factors, transmit-power strategies (TPSs) at the EH relay, on the system
performance, is studied to provide insight into the system design.
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The rest of this paper is organized as follows. The system model and preliminary results are
presented in Section 2. In Section 3, analytical expressions for the SOP, AASR and ASE are derived.
Simulation results and discussions are presented in Section 4. Finally, the conclusion is presented in
Section 5. Appendices A-D present the proofs of the propositions.

Notation: We use A — B to denote the link from node A to node B; ® is the XOR operator;
CN (0, Np) is a complex Gaussian distribution with zero mean and variance Ny; Ei(-) is the exponential
integral function [23] (Eq. (8.211.1)) ; ,F;(—; —; —) is the generalized hypergeometric function [23] (Eq.
(9.14.1)); E{X} is the expectation of a random variable (RV) X; E{X|Y} is the conditional expectation
of X given an event Y; and [X]|" = max{X,0}.

2. System Model and Preliminary Results

2.1. System Model

We consider an EH relaying NOMA system, as shown in Figure 1a, including a source S, a
destination D, a decode-and-forward (DF) NLEH relay R, a friendly jammer |, an eavesdropper E
and two users, i.e,, a NU U; and a FU Up. Due to the presence of E, which tries to overhear the
user’s confidential information, | is employed to send jamming signals to interfere with E and these
signals can be exploited as an additional energy source for R. All nodes are single-antenna devices.
We assume that (i) Uj, U and E are close to the cell edge; hence, there are no direct links from S to
Uj, Up and E, and the users and E decode the source’s information via relay’s forwarded signal; (ii) the
channels undergo independently and non-identically distributed (i.n.i.d.) Rayleigh fading; (iii) the
channels are constants during a block time T; (iv) local channel state information (CSI) is available at
each node; and (v) the jamming signal is only revealed to legitimate nodes.

Assumption (v) is explained as the follows. Each legitimate node U € {R, U;, U} and ] establish
a shared secret key, i.e., IC(L,_ 1) using CSl-based key generation method [24]. Then | broadcasts two
combined keys K_j) @ Ky, ) and Kr_j) ® Ky, _j). Using their own key, all legitimate nodes
can discover all secret keys while E cannot do that due to lack of global CSI; hence, only legitimate
nodes can eliminate the jamming signal on their received signals. Let Tsetup denote the duration for
the setup phase consuming for channel estimation and secret key generation. The remain of block
time T is separated into two equal time slots, 19 = (T — Tsetup) /2, (illustrated in Figure 1b) and the
communication during each time slot is described in Sections 2.3 and 2.4.

— First time slot

> Second time slot 1-6 | g Energy harvesting
£ R forwards its
. § S]—>_)R };r}gon:r:l?;igzj;irlg;al received signal
<+
Tsetup First time slot T, Second time slot T,

Block time T
(b)
(@
Figure 1. (a) The system model and (b) The power-splitting policy at R.
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2.2. Non-Liner Energy Harvesting Model and Store-and-Transmit Protocol

Figure 2a—c show the relations between the received power Pr, and harvested power P, for the
LEH and NLEH models. The LEH model assumes a linear relationship Ppy = #Pry at the harvester
where 7 is energy conversion efficiency. However, measurements in [25,26] show the non-linear
relationship between Pry and Pgy which is well modeled using a logistic function as [18]

1 4+ e®enbEH
> 1)

Py = @y (Prx) = P;?lax (1  eEnPRx 4 pfEnDEH
where P{* is the maximum harvested power of the harvester, and a,,; and b, are EH parameters of
the harvester. It is seen from (1) that the random variables in Pry are input variables of an exponential
function, this leads to the impossibility of grouping or separating independent random variables to
perform further calculations. For that reason, the studies on SWIPT systems commonly adopt the LEH
model to simplify calculations instead of using (1).

In this paper, we propose a new SaT scheme aiming to support the SWIPT relaying systems.
Specifically, this scheme allows the EH relay to choose the appropriate transmit-power level and
then perform the energy-storing and information-forwarding tasks simultaneously (as illustrated in
Figure 2d). The SaT scheme includes MTPLs represented by an output-power space (OPS) Oy =

{0, Perrevr Pryns ngj‘x} where P, ,,n=1,..., N, are transmit-power levels supported at R and satisfy

0< Py <...< P, <...<Py <Pgy* Foragiven O, ., the instantaneous transmit power of R,
Py, is a function of Pry determined by a TPS as the follows.

PR,N ; If pR,N S CDEH(PRX) < P}Iznl_?x
Py, IfP, < Opp (Pry) < P

Py = G (Per(Pry)) = Rt )

,n=1,...,N—1
0 ; If q)EH(PRx) < PR,l

The remaining harvested energy after sending information at power P, is stored in the battery of
R for maintaining other important activities. The power for energy storing is given by

Py = Py — Py = Ppp(Pry) — Gr(Pen(Pry))- 3)

The randomness of Pry effects on both Py, and P,. The ASE is discussed in Section 3.3 and the
cumulative distribution function (CDF) of P, is presented in Proposition 1. By using the SaT scheme,
the calculations for system performance of NLEH relaying systems become analytically tractable.
Moreover, with sufficient number of transmits-power levels and a small “power gap” between two

consecutive transmit-power levels in O the system performance for the SaT scheme is close to

R,OPS”
that for the HtT scheme; hence, the SaT scheme can be considered to be an approximate solution to

access the system performance of the HtT-based NLEH relaying systems.
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Figure 2. (a) The received power at the harvester, (b) the LEH and NLEH models, (c) the harvested
energy and (d) the SaT scheme with NLEH.

2.3. Communication in the First Time Slot

During this time slot, S broadcasts an information x, = \/a;x; + \/a2x; at power E{|x;|*} =
P; where x1 and x, are the desired information of U; and Uy, respectively, a; and a, are NOMA
power-allocation factors at S and a; + a, = 1. R uses PS policy, as shown in Figure 1b, to harvest energy.
Moreover, | gives an addition energy at R by sending jamming signal x, at power E{|x, 1’} = p.
Letting h,, and d ,, be the channel coefficient and distance of the A — B link (node A and node
B can be S, R, Uj, Uy, E and J), respectively, the received information signal at the antenna of R is
Y = hgpxg + hpx;. Next, R uses a portion v/1 — 0y, for EH and the rest portion V/8y, for information
decoding (ID); hence, the received power at the EH component and input signal at the ID component
are expressed as

Prx = (1= 6) (84Ps + 8P, ) @)
yLD = \/éhSRxs + \/éhﬂ?xl + g, ©®)

where g,, = |h,,|% and n, ~ CN(0,Np) is an additive white Gaussian noise (AWGN) at R. From
Assumption (ii), g, is an exponential RV with parameter A, = d_ * where « is path loss exponent.
The probability density function (PDF) and CDF of g, are given by f, (x) = A, se ¥ and
Fg . (x)=1- e 1ap¥, respectively.

Since R can eliminate the effect of the jamming signal in (5), the SNR for x; and the SINR for x;
obtained at R by using successive interference cancellation (SIC) receiver are given by

Vi = M18srs (6)
v _ _M8x  War .
Tx g +1 0’ (7)

where the parameters j;, 1 < k < 11, are defined in Table 1. The approximation at (a) is based on the
assumption that the noise power is small as compared to the interference caused by x;.
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Table 1. The list of parameters p, 1 < k < 11.

Parameters p;—p, Parameters ps—pig Parameters pg—p1q;
2Ry

= 2mbF _ NP _ Dy 2 0 No

M= TroN, H5 = AP Ho Px
X2

_ _2a,0P - 27m 1k — b

H2 = (1_1_9)&0 He = =5, 1, pe E« 1, b H10 = 35-1
2

_ - _ 1 _ 272Rth —by _ 1—‘leb1

U3 = A Pp — A Ps H7 = %—h = N <17272R;§ P = 55

¥
_ 2Rt 1 a _ Apyy No(1-2%m )
pa == max{1l, — o ps =exp | ——pp——

X2
1—a;2%Rm

Proposition 1. The CDF and PDF ofa RV X £

1P 5 = (85 & Ps +&r P]) are respectively expressed by

AP _MsRy AP IR,
1+Me Ps * _ SR, P ; If 0
F (x) = BT H3 # , ®)
1—<1+ f,’;)e_ﬁx ;I pz =0
MR A
( ) Ay £0
fx(x): )
PER
%xe Ps ;Ifus =0

S

The CDF of Py, Fp,(Y), where Y € O
respectively expressed by

and the probability Pr (P, =P,,),1 < n < N, are

R,OPS , =

FPR(Y) =Pr(P, <Y)=F (P(Y)), (10)
Pr(pR = PR,H) = FX (]P)Yl"rl) - PX (]P)”)’ (11)
max (ARl
where P(Y) = aEH(ll_G) In (PEH 1(%;?,?“) - eﬂEHhEH) Py =P(Py,) and Py iy = P(PEYY) = co.

—gzP
Proof. (8) is obtained via solving F, (x) = Pr (go < xf,’;]> Next, (9) is obtained by taking the

derivative of (8). Finally, using (1) and (8), (10) and (11) can be proven. [J

2.4. Communication in the Second Time Slot

After decoding x; and x;, R encodes them as x, = v/b1x1 + v/bax; then forwards x, to the users
at power E{|x,|?} = P, where b; and b, are NOMA power-allocation factors at R and by + by = 1.
During this time slot, | also sends jamming signal x, at power P, to interfere with E. The received
signals at nodes {Uy, Uy, E} are respectively given by

y{ULUer} - hR{UyUz'E}xR - hI{Ul'Uer} X n{Ul'sz}’ (12)

where n is the AWGN at {Uy, Uy, E}.

{uy iz E}
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Since U; and U can eliminate the effect of x, on its signal, the SINRs for x, at U; and U, are
respectively given as

by Pr b) b

N e LU N LY (13)
U biPRggy, +No Iy
b2PRGry, () b

i S L B Ve 14

T, blPRgRu2 +No by (14)

Using the SIC receiver, U can decode x; with the SNR given as

P blPRgRu1

ML= TN, (15)

Since E cannot eliminate the effect of x; on its signal, the SNR for x; and SINR for x; obtained at
E by using SIC receiver are given as

blpRg (d) ~
= L TORE_ S p, 7, 16
YE g]EP] + Np 1 (16)

bzPRg (e) bz
X2 RE ~ S 17
TE blpRgRE +P]g]E + N b1+Z—1 {17)

N P P, . 5
where Z = #. Moreover, we denote Z = I@Lg“ as a RV which represents for Zas P, = P, .
18]E SiE 7

The approximations at (b), (c), (d) and (e) are based on the assumption that the noise power is
small as compared to the interference caused by x1 and x;.

Proposition 2. The CDF and the PDF of Z are given by

z

FZ(Z) = Z+}l5’ (18)
_ Hs5
f.(z) = [CESTSEA (19)

. . . _ g]EP] 2
Proof. (18) and (19) are obtained via solving Fz(z) = Pr|( g, < 52 ) and fz(z) = $Fz(2),
respectively. [

2.5. The Achievable Secrecy Rates

By definition, the achievable secrecy rate is the maximum secrecy rate for sending confidential
information to a legitimate node while the eavesdropper is unable to decode any information.

Letting C?%,ul,uz,E} = llog, (1 + 7J{CIm<,u1,u2,E}) ,m € {1,2}, be the achievable rate for x,, at the node

{R, U3, Uy, E}, the achievable secrecy rate for x,, for overall system is calculated by.

C¥. = min {c;;l, i - c] +} , (20)
Cl = min {C¥, [c= —cp] "}, 21)

where C*2 = min{Cffl, Cg"z} is the condition for successfully decoding x, at both U; and Uy, hence,
SIC at U; operates correctly.
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3. System Performance Analysis

3.1. The Secrecy Outage Probability (SOP)

For NOMA communications, the SOP is defined as the probability of occurring the secrecy outage
event, i.e., the achievable secrecy rate of a user is less than its target secrecy rate, at any user. We
study the SOP in two scenarios where the outage events are counted over the relay’s transmission
duration (i.e., R is "ON"), SOPgy;, and the whole communication duration (i.e., for both cases R is
"ON" and "OFF"), SOP 4y. With given target secrecy rates for x1, R:ﬁ, and x, Rfﬁ, SOP 4j and SOPpn
are respectively calculated as

Pan =Pr (C;Céc < R:ﬁ/ Ced < Rfﬁ)
= F (1) +Pr (Code < Ry}, Cd < R, P, > 0), (22)

R

P

where F, (IP1) is the probability of the event that R is "OFF" and the expression for P; is presented in
Proposition 3. P; represents for the outage event that occurs when R forwards the information but the
instantaneous secrecy rates at the users do not satisfy the user’s target secrecy rates. P; is counted for
whole the communication duration, hence, the expression for SOPgy is obtained using Bayes’s law
as follows:

Py
Pon = , 23
ON = TF (7)) (23)
Proposition 3. The analytical approximate expression for Py is given by
N ~
P~ ), (Po(n) + Pe(n)Pg (n)), (24)
n=1

where Py(n), Pe(n) and P are presented in Table 2.

Proof. See Appendix A. [

It is seen from (22) that F, (P1) is a lower bound for SOP ;. When P, , is set at high values, the
increase in F, (IP1) can result the worse SOP ) and better SOPoy (note that F, (P;) is an increasing
function of Prys
power, ie., Pi, to activate the EH circuit). An appreciate choice for OPS could be exploited to

guarantee different goals of the system. For providing reliable communication, the OPS includes

for practical scenarios, Py, should be greater than a minimum threshold of the incident

high power levels to reduce ineffective communication caused by low relay transmit powers. For
frequent communication, the OPS can exploit low power levels. The jamming signal strengths are also
an important factor in the SOP. Specifically, the harvested energy is enhanced, and the overhearing
rate is decreased when the jamming signal strengths at R and E increase, respectively. This leads to
improvement in the SOP.
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Table 2. The analytical expressions for Py, (1), Pc(n) and P (n)

Functions Analytical Expressions Cases

Py(n) = F(Puy1) = Ec(Pn) = Pe(n) -
e 1>a 22R§3,
O, 2 } U 1
Ppy1 < paPy
AgpPu
exp (~Aeits) + " exp (— Rstprel )
_AgP A Pu1tpaps
5153 exp (—71;’ ),

]Pn — Pc A [PV! x.
exp(f/\51<1”4) - /\SR HPIM1 exp (7 SRp H) { 1> alzth}%,

P, < V4Ps < Pn+1/}‘3 7é 0

Pe(n) = { Cexp (_A]R]P’,,Hﬂtws
I

Ase Py Hapts A g P AP,
—5}’; exp (f—Pl ) exp —] —exp (774 p[“>
AP, AgpPust APy
+ JR™S <ex <_ SR ) —ex (_ SR )) ,
U3 P P P Py
3

AP AP

JR™ M JR n+1
) (o (5572) e (22 )
_/\SR]P’,, ]1“,,—;14PS
PS

7, —A REXP

’ ]Pn < ]44P5 < Pn+1,y3 =0

X2
1> a12%Rw,

V4P5 <P7’lrﬂ3 7&0

2
1> a122Rw,

(s ) BusapsBe | Py < Py iz =0

7
1, ue € (—1,0].
U 1 g+ BBORU) sy uoexp (usis)
Pi(n) = . " He € (OZ%>
X (Ei (—pypo — pspo) — Ei (—psps)),

3.2. The Average Achievable Secrecy Rate (AASR)

3.2.1. The Average Achievable Secrecy Rate for x;

Let Op,,, be the event that the transmit power of Ris Pg ,, i.e., P, = P, O pR be an event space

defined as Op, = {Op;1,...,O0p, N}, and O, £ {Z < RgRUl } = { gRE < N()l } be the event of

existing secure communication for x; during the second time-slot communlcatlon (or 0, £ {C{ <

C }) The AASR of xq, C3l., is calculated by averaging the random variable Cse. for all possible cases
of P (represented by Op, ) and O, (due to the presences of random channel gains, Op, , and O, are
random events). Using the law of total expectation, Cll. is calculated as

Cile = E{E{E{C|Op, 0,}10p 23 } } - (25)

T—Teetup : 1 .
The factor 270 = % indicates the effect of the setup phase duration on the AASRs. In the
multiple-user scenario, the increase in 7, causes a significant influence on the amount of the received

confidential data. Using the fact that E{min{x,y}} < min{E{x}, E{y}}, we can obtain an upper
bound for CZL. as follows.

sec,up — T E{E{E{Cﬁl fC£1|OpR,Oz}|OpR}} '

Since Cy' and O, are independent, and (Cf}l — C¢') and Opy,, are independent, (26) can be
expressed as in (27).
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Proposition 4. The analytical expression for Cede,up is given by the following equation.

X 2T0 . N N
Cileup = T min Pr(0y) Y Ca E n)Pr(Op,,) ¢ (27)
n=1 n=1

where Pr(Oy),Pr(Opy,, ) and Cq(n) are given in (28)~(30), and the expressions for Cy1(n) and Cy(n) are
presented in Table 3.

)‘Ru Nops “ruy Nors Agu, Nots
Pr(0,)=1+—>+——¢ ™n» Ei|——}F——], (28)
( Z) PRn PR,n
Pr(Op,, ) = Fx(Pry1) — Fy (Pu), (29)
Ca(n) =C l(PnJrl) —Cn (]Pn)' (30)
Proof. See Appendix B. O
Table 3. The analytical expressions for C,(n) and C,; (P).
Functions Analytical Expressions Cases
A N() . A Ng ‘l¢5/\ NO . ]/15)\ N(]
G = ey (o0 (B ) () — busere (™ )i (<152 ).
A A P A
—exp (i) B (it ) +ewp (Gt ) Bi (=7 5t
ARP AP
Co1(P) = ﬁ +-LSexp (— % )1n (1—&-"},—}») , Uz # 0.
Ase Py AP (e (B (P o1
{ o P (1417%/7 7 ) (El <7#17?’1>7E1 <7?7 <7+ﬂ1>>)
Acp P
M\ [ AP A Mg \pi (A Asgexp(— 5~
o (e G () e G ()« MR
A A P A P P
(%—I— P +1)exp( SR )1 (1—&-&)

3.2.2. The Average Achievable Secrecy Rate for x;
The AASR for x; is calculated by

2T0 . sz
Ci2. = TE {E {mm{ [éxz _sz ’(’)

21) .| —logy(a1), —log,(b1)
= nz:lE {mm { Pr (O, ) - (31)

—1lo 08y (1+b1+Z 1)

—

e

~
~

N

The approximation at (e) is achieved by using (a), (b) and (d). Similarity, we can attain an upper

bound for Ci2. as follows
E<log, | 1+ by Pr(O, )
| i b+ % et L 32)

C2(n)

21 . —log,(a1), —log,(b1) —

X2
Csec up — T min

Mz

Proposition 5. The analytical expression for C33. Lup 18 given by the following equation.

21y . =
Cideup = - min { ~logy(a1), —log, (b1) — C*} . (33)
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where Cidup is calculated by

N

CE=) ﬁ (110logy (b1ps) + pa1logy(b1)) (Fy (Putr) — F (Py)) - (34)
n=1

Proof. See Appendix C. O

For C;‘gclup, it is seen from the definition of O, and (A17) that the increase in the jamming signal
strength at E leads to the increase in Pr(O,) and C,(n) (by degrading C;'), and the increase in the
jamming signal strength at R leads to the increase in Cj,(n) (by enhancing Ci[ll). For C3é. up, there is

1 up] séoup, L ﬁin 6= 19g4(max(a1,b1)) (as: observed in (33)), and C;Cezc,up reaches
R;Z . iff by < aj or C¢?(n) is very small. With the presence of jammer, the eavesdropping rate can be

reduced, hence, a1 and b; can be set at the same value to gain the high AASRs for both users.

an upper limit for Cid.yp, ie., R

3.3. The Average Stored Energy (ASE)

After extracting the amount of energy for information forwarding, the average remaining energy
at R for energy storing is given by

[e°] N IP)nJrl
ASE = 1 / O (11— 0)x)fy (¥)dx — 9 Y Py, / o (x)dx. (35)
0 n=1 P,

Proposition 6. The analytical expression for the ASE is given by the following equation.

N
ASE = 10Pi38 — 19 Y Py, (Fy(Pus1) — F (Py)), (36)
n=1

where PR = [ @, (1 - 0)x) fy (x)dx, for the case of uz # 0,
0

A
b _ sk _ . )
pTotal __ pmax )\SR/\]R (1 + e’ EH) PIEZII?X h (aE (179)P5'aEH(1 9),6 EH"EH
REH — IEH T A . ’ 37)
& 4 W’%H(l —0),e"en’En

and for the case of yz = 0,

A2 pmax (1 4 o bEH)
5Total __ sk~ EH ( Agr b
R = i P = (aEH(l gyp e (1= 0) ¢ ) (38)

S

with Iy (k, p, c) and L, (k, p, ¢) defined as

_ I'(k+1) .
Il(k/P,C) = mzﬁ(Lkﬂ—l,k%—Z, c), (39)
a3bh((k+1,1L,k+1k+2,k+2;—c)

Iy (k,p,c) (40)

prk+1)?
Proof. See Appendix D. [

The first element of the right-hand side (RHS) of (36), i.e., TOPE?EE?{], is the average harvested energy
of R, and it is a constant for a given system configuration. The remain of the RHS of (36) is the portion
of harvested energy employed for information forwarding. Therefore, the ASE depends on the selected

MTPLs in OPS. To enhance SOP»;; and AASR, R should store less energy and use higher portion of
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harvested energy to assist the communication. This means that the OPS should include more MTPLs
with small “power gap”. To guarantee a target values of ASE, the OPS should include fewer MTPLs
with equal "power gaps”. As shown Figure 2d, the equal “"power gaps” can allow R to send information
at more effective power levels. For the HtT scheme, the ASE is equal to 0. Since the ASE depends on
Ty, it receives lower values when the system spends more time for the setup phase.

4. Results and Discussions

In this section, we present numerical results to validate the analytical expressions presented
in Section 3. Unless otherwise specified, we set P, = P, = 30 dBm, a; = b; = 0.1, Rfﬁ =11
bits/sec/Hz, Rfﬁ = 1bits/sec/Hz, « = 2.3,0 = 0.5, Pi{* = 24 mW, a,,, = 150,b, = 0.014 and
Ny =1 (We use the parameters of the NLEH model given in [27]). We assume that 7, < T for the
two-user case; hence, we do not examine the effects of 7, on the AASR results. The coordinates
(in meters) in the two-dimensional plane of S, R, Uy, Uy, E and | (as illustrated in Figure 1a) are set
at S(—6,1.5),R(0,0),U(6,1.5),U(9,1.5),E(1.5, —6) and J(4.5, —3), respectively. We consider the
SaT scheme in two scenarios, MTPL and STPL. The STPL is a simpler case of the MTPL where R

supports only one transmit-power level. For the MTPL, we examined four OPSs given as Og ~HtT =
{0,0.2,...,23.8, 33X} mW, Ol {ns = {0,5,10,15,20, PR2*} mW, O 1ps = {0,10, 15,20, PRaX} mW

and Og,)OPS = {0,15,20, Pi¥* } mW. For the STPL, the supported transmit-power level of R is examined
in four cases, i.e., 5 mW, 10 mW, 15 mW, and 20 mW. Moreover, we consider the case that R uses the
HtT scheme to assist the communication and show that the SaT scheme using Og ~piT approximates
well the HtT scheme.

In Figure 3, we show the effects of required secrecy rates, R and R, on the SOP. SOP5j; and
SOPoN show increasing trends with the increases in R} and/or R}2. It is easy to show that R}2 .. =
—0.5log, (max (a1,b1)) = 1.66 bits/s/Hz. The analytical results match well with the simulation
results except for the case that R}? gets close to R;2 ..
values of P, i.e., 15 mW and 20 mW the accuracy of the analytical results is improved significantly.
The reason is the approximations at (13), (14) and (A13) become less accurate when P, is low and
R} approximates Rj2 ., respectively. It is seen in Figure 3a that there is a change in the effective
values of P,, which yields the lowest SOP ); for the STPL. With the increase in Rth’ R chooses higher
transmit-power levels to achieve the lowest SOP ;. This disadvantage is overcome by the MTPL. By
sending information at diverse transmits powers, the MTPL shows its superiority in improving the

and P, gets relatively low values. At higher

secrecy outage performance. The HtT scheme achieves the best performance and the analytical results
for the SaT scheme using O ~piT approximate well with the simulation results for the HtT scheme.
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STPL scheme

og; -
Q
o oSimulation results

[ Analytical results

0.8

0.6

SOP

(o)
01%, ps’

(c)
Figure 3. The effect of Rfﬁ and Rfﬁ on (a) SOP ) for the STPL scheme, (b) SOP 5y for the MTPL scheme,
and (c) SOPpy for both STPL and MTPL schemes.

In Figure 4, we show the effects of NOMA power-allocation factors, f = a; = by, on the secrecy
performance. Similarly, for given value of Rfﬁ, there is an upper limit for B, denoted as Bmax (using (7),

(13) and (14), we can show that max{ay, b1} < Bmax = Z*ZRﬁf). The SOP is equal to zero as f = 0 or
B > Bmax, and achieves good values as f is around %ﬁmax. The less accuracy of the analytical results
when B approximates Bmax and P, gets relatively low values can be explained in a similar way as
discussed in Figure 3. For the AASR results, the secrecy rates of U; and U, follow different trends,
i.e., increasing function and decreasing function of j, respectively, that are the common trends for
all NOMA systems. The AASR of U; for the MTPL outperforms that for the STPL due to the great
advantage in using multiple transmit-power levels. The analytical results of the AASR of U, for both
STPL and MTPL are the same; however, their simulation results indicate that the MTPL gives higher
secrecy rates and fits the analytical results better than the STPL.
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3.5
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B, (B=a1=b) B, (B = a1 =b)
(© (d)

Figure 4. The effect of NOMA power-allocation factors on (a) the SOP for the STPL scheme, (b) the
SOP for the MTPL scheme, (c) the AASR for the STPL scheme, and (d) the AASR for the MTPL scheme.
Other parameters: J(1.5,—3)

In Figure 5, we present the effect of the energy harvesting coefficient 6 on the secrecy performance.
As shown that the secrecy performance improves when 0 increases from 0 to an optimal value of 6,
denoted by 6%, then it degrades with further increase in 0. These trends are explained using the effect
of 6 on the signal strength employed for information decoding and energy harvesting (i.e., fyr and
(1 —0)yg, respectively). As shown in Figure 5, 6* varies in the range of [0.1,0.2]. The trend for SOPoN
is similar to that for SOP 51 except for the case 6 shifts to 1. Because the SOPoy is calculated for the case
that R harvests enough energy to send information at power P, > P 1; hence, if Pr 1 > 0 mW, SOPoN
does not tend to 0 when 6 shifts to 1. Moreover, the probability that R is ON becomes very small when
8 is close to 1; hence, this causes the less accuracy in simulation results. For the Oy pt, since R almost
assists the communication during all block times, SOPgn and SOP 5y get similar values. The effect of
0 observed in Figure 5 agrees with previous studies in SWIPT relaying system. The obtained results
indicate that NLEH relay uses higher portions (i.e., lower values of 6) of its received signal strength for
energy harvesting to archive the optimal performance as compared to studies with the LEH model
(e.g., 0" € (0.23,0.38) in [4] and 6* € (0.5,0.6) in [28]).
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(a) (b)
Figure 5. The effect of 6 on (a) the SOP and (b) the AASR. Other parameters: P; = P, = 27 dBm,
a; = by = 0.1, (R}, Ri?) = (1,0.6) bits/sec/Hz

In Figure 6, we show the effect of jammer’s location on the secrecy performance. When | moves
far from R, the decrease in received power of R and the increase in wiretapping rate of E cause the
lower secrecy performance. The SOP;; and AASR converge to low positive values when | shifts to the
coordinate (9,—10).This result indicates that without jammer, the system can satisfy low security-level
requirements, such as 0.6 < SOP,y < 0.93. In this case, the secrecy capacity only depends on the relay’s
active-state probability and the difference in channel gains between legitimate links (i.e., R — Uj and
R — U) and illegitimate link (i.e., R — E). Considering the SOPop of the STPL, the SOPgy improves
during range x; € (1,2), then it degrades with the further increase in x,. The reason is when | moves
toward the coordinate (3,-4), the shorter | — E distance causes the higher interference at E (note that
the signal strength at E is constant due to fixed values of Pr in the STPL) leading to the enhancement
in secrecy rate. This trend is unclear in Figure 6b because the | — E distance can also affect the values
of Pr. The results in Figure 6 confirm that the jamming signal plays an important role in improving
the security rates.

In Figure 7, we examine the system performance under two TPSs, at R, i.e,, Ggmw and Ggmw
(GgmW involves a practical harvester where 0 < Ptath < 5mW, and Ggmw involves an ideal harvester
with P§" = 0 mW), and different transmit-power configurations at the energy sources, i.e., 23 dBm,

27 dBm and 30 dBm schemes. The output-power levels, P, , for G,f?ﬁn is determined by P, = P™in 4
Nil (P]f:r}‘laX — P]f:r}‘lm) = 1,...,N, where Pé‘;lln is the minimum power supported at EH transceiver
(P = 0mW and PO = 5 mW for Ggmw and Ggmw, respectively). There are two effects of increasing
N on the TPSs. The first effect is the smaller “power gap” between two successive power levels when
N increases. Since R uses the remaining energy for energy storing after it extracts amount energy for
assisting the communication, the smaller “power gap” causes the lower stored energy at R; hence, the
ASE is a decreasing function of N. When P™" lifts, the higher remaining energy attained in range
(0, Pé‘;li“) can yield the greater ASE (as shown in Figure 7, the ASE for Ggmw is greater than that for
Ggmw). The second effect is that the transmit powers of R are spread over (Pé;‘lin, P2X), such as Py,
and Py  shift to P and PO, respectively. This makes R help the communication more frequently
with more appropriate transmit powers. Therefore, the SOP o)} and AASR achieve better values as N
increases. The frequent operation of R achieved by low values of P, , does not give any advantages in

enhancing SOPpN. On the other hand, lower values of P, , causes more outage events. As a result, the

SOPoN becomes worse as N increases.

For three transmit-power configurations, the higher transmit powers yield better results in SOP oy
and AASR. The ASEs of Ggmw are increasing functions of P; and P;. An interesting result is the
ASEs of Gimw can achieve better values at lower values of P; and P]. For instance, when N > 3, the
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27 dBm scheme yields a higher ASE as compared to the rest schemes. This result can be explained
using the relay’s received power and the “power gap”. The relay’s received power for the 27 dBm
scheme is not too low to gain low ASEs as observed at the 23 dBm scheme (the SOP »y verify that R
is almost idle in the 23 dBm scheme due to too low received power), and it is not too high to lose
the great advantage in harvesting energy in range (0,5) mW. These results provide useful insight
in designing practical systems, such as choosing appropriate powers at the energy sources and the
optimum transmit-power strategies at the EH transceivers to satisfy the requirements in secrecy
capacity and amount of stored energy.

10°

STPL scheme MTPL scheme

T
=

@ Sim: SOP )y

o Sim: SOPN

Ana: the SaT scheme
- Sim: OR‘thT

— — — - Ana: the HtT scheme
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—-o—-Sim: SOPoN
Analytical results

% T SOPAn ®—> mean 5 — 10 — 15 — 20 (mW) % 10718
N B N
-1 o 17/
L RSP A VDDA PSPPI P S
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mean o (
O%‘,)ops — ORops = Ol%?ops
10—2 L L L L L L L
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(a) (b)
STPL scheme MTPL scheme
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Analytical results

@ Sim: CZL
o Sim: C22 exact
Analytical results

&—> mean 5 — 10 — 15 — 20 (mW) | 25

mean ( ) ())
Op ~HtT O}g,ops — Oplo,

AASR (bits/sec/Hz)
AASR (bits/sec/Hz)

zg, (ys =~z —1)

(c) (d)
Figure 6. The effect of the jammer’s location on (a) the SOP for the STPL scheme, (b) the SOP for the
MTPL scheme, (c) the AASR for the STPL scheme, and (d) the AASR for the MTPL scheme.
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Figure 7. The trade-off between the SOP and the ASE for (a) G?{“W and (b) G%mw ; and the trade-off
between the AASR and the ASE for (c) G%mw and (d) G?{mw.

5. Conclusions

This paper studied the secrecy performance of a NOMA cooperative system via a NLEH relay.
A friendly jammer, which can be an authorized node in the network, was employed to enhance the
secrecy performance by rising the received power at the relay and interfering with the wiretapping link.
A SaT scheme was proposed aiming to design feasible NLEH transceivers and enable energy-storing
mechanism. Moreover, this scheme allowed the calculations for the SOP,j;, SOPon and AASR to
become mathematical tractable. The analytical results obtained using the SaT scheme can enable
analytical performance evaluations for the HtT-based NLEH relaying systems, which cannot be
achieved by the direct approaches. The current study considers NOMA communications for two users;
however, the analysis results for this study can be extended to the multiple-user scenario. The accuracy
of the calculation was verified by simulation which showed that the analytical results agree well with
simulation results for most considered cases. In addition, it pointed out the special cases causing the
less accuracy for the analytical results, i.e., the target secrecy rate of the FU is chosen with inappropriate
values or the relay’s transmit power is too low. The STPL was examined to confirm the superiority
of the MTPL in enhancing the secrecy performance. Moreover, the effects of system parameters on
the SOP, AASR and ASE were investigated. These effects provided insight into the system design.
For instance, the OPS should include both high and low MTPLs with equal “power gaps” to archive
the best secrecy performance, and the number of MTPLs is smaller enough to allow energy storing at
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relay; for a given OPS, the transmit powers at the source and jammer could be appropriately selected
to guarantee the ASE at relay; the use of jammer produces a great advantages in enhancing harvested
energy and secrecy performance; and the analytical results allow network designers to find optimal
values for key system parameters, e.g., the optimal power-splitting ratio for the considered system
is around 0.2. The more general model where the eavesdropper is not close to the cell edge and is
capable of receiving signals from both the source and relay will be our future works. To confine the
eavesdropping capability for this model, different transmit codewords can be exploited [29].
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Appendix A. Proof for Proposition 3

Since C*2 = mm{sz C 2} Py is considered in two cases: C 2> sz (ie, gy, = 8ru,) and
Cffl Cézz (i.e., Sruy < gRuz), as follows.
P, =Pr ((c;‘elc < RY;C < RP), Py > 0,84, 2 gRuz)
Py
+Pr ((Cle < Ry Cl < RZ) Py > 0,80, < Suy ) - (A1)
P3

By substituting (20) and (21) into (A1), and analyzing the independent elements in P, and P3, we
can rewrite P, as the follows

Ct < R C2 < R2;
th” th” >
P, = Pr Cxl -Ch < Rfﬁ, ) < 8ruy Z Sruy )

,P, >0
cgé —CR < R2 ®
N
=Y PuPy(n) + Pe(n)Pa(n). (A2)
—1
! Pa(n)

Similarly, P is rewritten as

N
Z (1= "Pa)Py(n) + Pe(n)Pap(n) . (A3)
= Pan)

Using (A2) and (A3), P; is rewritten as

N
Pr=13 | Po(n) + Pe(n) (Par(n) + Par(n)) | - (A4)
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where Py, Py(n), Pe(n), Psi(n) and Py (n) are given by

Pa = Pr (gﬂul 2 gRuz) ’ (A5)
Pyp(n) =Pr ((Cgl < Rfﬁ;ng < Rfﬁ) , Py = PR,n)
= Pr(Py < X < Pyyq) — Peln), (A6)
Pe(n) =Pr | C > R, CR > R2, P, = Pgy |, (A7)
Ononop (1)
C% — C% < R},
_ l;cll fc ;}; 1st-hop
Pi(n) =Pr Cui —C2 <R{ O onop(m) |+ (A8)
ngul 2 gRUZ
C —CH < R},
P — CLJIC12 Cb;cz Rth 1) 1st-hop A
dZ(n) = Pr Uy T vE < th non—OP(n) 4 ( 9)
1&ruy < 8ruy

In (A7), Orllitn}_lg%(n) denotes the event that the first-hop communication is not outage and
Pr = Pry.

Appendix A.1. Calculation for P.(n)

Using the expressions for C3! and C}2, we can rewrite P¢(n) as

2212:}} 1
gSR Z 25} 4 %
P.(n) = Pr 1 2R 2Ry 1 A10
C( ) (H_z th)gSRz ;1 , ( )

Pp < gexPs + 8P < P11
The calculations for P, (n) are considered in three cases

e For{1< alzzanf} U {1 > 22k, P, 1 < uaP, } we have P.(n) = 0.

) . .
e For 1> a2%Ra, P, < P, < Pn+1}, Py (1) is rewritten as

Pypia —&JR Py
Ha < &sr < Py ’
Pc(n) - Pl‘ Pn+1*}l4PS ’ (All)
P] > g]R
after some manipulation, the expression for P (1) in this case is obtained as in Table 2.
202 : .
e For {1 > 312700, e Ps < ]P’n}, Pc(n) is rewritten as
Pri1—g RP]
Pe(n) =Pr P S 8o < 70—
¢ - Py —p4P, Pyi1—pal,
! = < Sir S P, :
Pn_g]RP] <g < Pn+1_8]RP]
+ Pr Fs o TP bs (A12)
< In Hals
Sk S TR

after some manipulations, the expression for P (1) in this case is obtained as in Table 2.
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Appendix A.2. Calculation for Py(n)

It is seen that Py (1) and Py (n) do not have any exact close-form expressions due to their
complexity. However in the case that the noise power, Ny, is small as compared to the interference
caused by x; and x,, we have Cffl R~ C’ié ~ Sl log,(b1), hence, P;(1) can be approximated by

~ b2 1st-ho
Py (n) =Pr (gRul < A1(Z)ine < b 1Z 1 ‘Onon-OPI)’(n)) (A13)

2cit x
where Ay (Z) = 2R (017 — 272K 4-1).

The calculations for P (1) are considered in two cases:
e For {—1< s <0}, wehave P7(n) = 1.
e For{0 < ps< Z—f}, P7(n) is rewritten by
~ Ist-h
Py (1) =1=Pr (3, > A1 (2),Z < iz |OpniR (n))

—1- /0 " ) (1- Fop, (A1 (2))) dz. (A14)

Substituting (19) and the CDF of g, into (A14) yields

PE(n) = 1 e (A15)
(1) =1— pispis / iz
0 (z+mus)

Using partial integration and [23] (Eq. (3.352.1)) we can show that

a

e_bx 1 e—ba be (s .
et = ¢~ ame — e (Eil—ba — be) — Ei(~bo)). (A16)

Using (A16), the expression for P;*(n) in this case is obtained as in Table 2.
Finally, Proposition 3 is proven.

Appendix B. Proof for Proposition 4

Using the expressions for C1, Cf}] and C11, and analyzing the independently elements in (26), we
can rewrite (26) as

C_;Céc,up =
o
Pr(0;) ¥ E{E{CO , L EXESC —Cca| R Pr(O
[ MO0 B0 £ e e B fpmon )
G ()
Appendix B.1. Calculation for Pr(O,)
We rewrite Pr(0,) as
7 PR,HX
Pr (0,) = / for, (V)2 <No> dx. (A18)
0

Using CDF of 8ruy and (18), the expression for (A18) is obtained as in (28) after some
calculation steps.
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Appendix B.2. Calculation for Cq(n)

Using expression of C}1, C,(n) can be rewritten as

Py 1—8 P P -8 P
Ca(n) = ]E{E {10g4 (14 m18sr) |85k < +T}RI }} 7E{E {1054(1+V135R) 8sg < WT]R] }} (A19)

Ca (Pn+1) Ca1 (]Pn)

Using partial integration, we can prove the following equation

a

/fT(t) In(6 + ut)dt = (F,(a) — 1) In(ap + 0) + In(0) +/
0 0

1—Fr(t
72)()&, (A20)
t+ 2

I3
where F, (t) is an antiderivative of a continuous function f,(t) on [0, 4] and satisfies F, (0) = 0. Please
note that F,(f) does not need to be a CDE.

P—g RP] .
Qer < P{s }, and then using [23] (Eq. (8.211.1)),

Using (A20) for solving E {ln(l +118k)

Cy1(P) is rewritten as in (A21). After some manipulations and using [30] (Eq. (4.2.1) and Eq. (4.2.9)),

Ca2(IP) can be expressed as in (A22). It is seen that Cy3(IP) follows the form of (A20) (for uz # 0, F,(t) =

et —1on [0, &]; and for uz = 0, F,(t) = t on [0, 3 ]). By reformulating the integral in Co3(P) with (A20)
] ]

and using [23] (Eq. (8.211.1)) (only for p3 # 0). The expressions for C,3(IP) are expressed as in (A23).

Using (A21)—-(A23), the expression for C,1 (P) is obtained as in Table 3.

A P

SR Pp AP
Ael AP — AP A _JRC
Co(P) = LR [ gy (Fhsry T At Ase ) gy B (1o (2
In(4) / P M 1
CuZ(]P)
A T P
_ MR / o, (P —xPin
n(@) e’s In 2 +1)dx. (A21)
SR

A a5 -) ()
1 AP , .
cat®) =y L row (i —57) [ (o) o/
e (Bi(-55 —Zm)—Ei(=52))—e B m(1+82) Sl =0

S

AP AsgP
JR'S ,— mP
Tw ¢ " 1“(1+Ts)
A
A

en (i —n) (B () B (RG] T e
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Appendix B.3. Calculation for Cy(n)

By substituting the expressions for Cﬁll and Cg!, Cp(n) can be rewritten as

) {x
Cy(n) = lnzél) O/ fon () (FZ (Cx)In (1+ byx) — / fz(z)ln(l—f—blz)dz) dx,  (A24)

0
Cr (1)
where { = I;(}O”
{x {x
Using FZ(t)H(t)|gx — [ f,(0)H(t)dt = [ F,(t)h(t)dt where H(t) = In(1+ byt) and h(t) = 1+hlblt/
0 0
we can rewrite C, (1) as
Co(n) = —— / foo (%) / biz dzdx (A25)
BT In(a) J 8ruy S ) (i+hz)

Solving the second integral with the help of partial fraction expansion method, C(n) is obtained as

bips Prux 1 b1 P ux
/ngu1 V5bl_1 In (HsNo +1> nTIn (1+ ) )dx. (A26)
o

Since (A26) follows the form of (A20), (A26) can be solved using (A20) and [23] (Eq. (8.211.1)).
The expression for C, (1) is given as in Table 3.
Finally, Proposition 4 is proven.

Appendix C. Proof for Proposition 5

_ N _ _
From (32) and (33), it is seen that C;* = Z C? (n) Pr(Opgn)- To derive the expression for C;2,

we need the CDF of the RV U = The CDF of U can be obtained using the (18) as follows.

W
F, (%) :{ b "Ifngf . (A27)
pr e 1 <y
Next, we rewrite Cz?(n) as
_ 17
C2(n) = in(d) ' £, () In(1 + x)dx
= P (CupIn(bips) — i In(by)). (A28)

11’1(4)(1 — }l5b1)

The integral in (A28) is solved using (A20). Substituting (A28) into CEZ, Proposition 5 is proved.
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Appendix D. Proof for Proposition 6

Before analyzing Pgoéill, we study two integrals T (k,p,c) = [ ee,,xk_’:;dx and Zy(k,p,c) =
kpx
0°° ’e‘,f,,( f -dx, which are useful to find the expression for Pgoéﬂ, where k, p and ¢ are positive real

numbers. Letting y = e/, we can rewrite Z; (-) and Z,(-) as

1 1 ]/k
Ti(k v, :f/ d A29
1k, p,c) p01+cyy (A29)
Ln(y
Tk, p,c) :—7/ A30
2k, p,c 1+cy (A30)

Using [23] (Eq. (9.111)), Z;(+) can be expressed as in (39).

In the following, we show the steps to solve Z (). First, we find the antiderivative of fy(y) = 1 —%—y -

using the Taylor series (1 +yc) ™! = Y72, (—cy)’ as the follows.

1’1

k+1
/fY )y =y Zk+n+1

(L) yk+l
k+1

2F (1L k+ 1k +2;—yc). (A31)

The equality at (f) is obtained using [23] (Eq. (9.14.1)). Then, we perform partial integration on
I,(-) for the two functions In(y) and f(,)(y), hence, Z(-) is rewritten as

Lok, p,c) = /y SFL(Lk+ Lk +2; —ye)dy (A32)

i k+1

Finally, with the help of [23] (Eq. (7.512.12)), Z,(-) is be expressed as in (40).

Appendix D.1. Calculation for Pgoé?{l in the case of piz # 0

In this case, PR32 is rewritten by using (9) as follows.

Agp o PE3X(1 + eenlen )

PEOE?{] _ Pmax SR”YJR
M3
) ()
exp(agyy (1-0)x) +exp (agy by ) 0 exp(agyy (1-0)x) +exp (agy; by )

Using 7 (+), PE‘E?}I is calculated as in (37).
Appendix D.2. Calculation for Plgoéakll in the case of us =0

In this case, Pgoéakll is rewritten by using (9) as follows.

P]”goé?_ll _ Pmax _

W
=

A2 pmax 1+€EHb 7 xeXP( ASRJC)
sk 'EH eri) / Pg

] xp (g (1= 0)3) + exp g by

(A34)

Using 7 (), Plgoetﬁl is calculated as in (38).
Finally, Proposition 6 is proven.
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