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ABSTRACT In this research, we present a cooperative communication network based on two energy-
harvesting (EH) decode-and-forward (DF) relays that contain the harvest-store-use (HSU) architecture
and may harvest energy from the surrounding environment by utilizing energy buffers. To improve the
performance of this network, an opportunistic routing (OR) algorithm is presented that takes into account
channel status information, relay position, and energy buffer status, as well as using the maximal ratio
combining (MRC) at the destination to combine the signals received from the source and relays. The
theoretical expressions for limiting distribution of energy stored in infinite-size buffers are derived from
the discrete-time continuous-state space Markov chain model (DCSMC). In addition, the theoretical
expressions for outage probability, throughput, and per-packet time slot cost in the network are obtained
utilizing both the limiting distributions of energy buffers and the probabilities of transmitter candidates set.
Through numerous simulation results, it is demonstrated that simulation results match with corresponding
theoretical results.

INDEXTERMS Energy-harvesting, opportunistic routing, maximal ratio combining, state transition matrix.

I. INTRODUCTION

N RECENT years, due to the emphasis on green com-

munications, there has been a great deal of interest in
EH technique, which can harvest energy from the surround-
ing ambient sources such as radio frequency energy, light
energy, thermal energy [1]. In addition to the advantages of
energy saving, EH can also extend battery lifetime compared
to the source charging the battery, which is helpful in the
complicated case of replacing the battery [2]. For these rea-
sons, numerous articles emphasize the combination of EH
and communication.

In [3], a relay selection approach for the EH wireless
body area network that takes into account both chan-
nel state information (CSI) and the energy condition of
the relay buffer is proposed. For the sake of obtaining
a tradeoff between the transmission energy and decoding

energy, the power splitting protocol is employed at the EH
relay of the EH-based cooperative communication network
in [4] and [5]. In these papers, the harvest-use (HU) architec-
ture is employed to manage energy, meaning that the node
will instantly use the gathered energy.

On the other hand, the harvest-store-use (HSU) architec-
ture, which is widely explored as an efficient technique of
energy harvesting from the environment, is comprised of
three energy management steps: energy harvesting, energy
storage, and energy use. In [6], a simple communication
system with EH using HSU architecture is proposed, assum-
ing that the EH node harvests energy from a radio frequency
signal broadcast by an access point in the downlink and uses
the stored energy to transmit data in the uplink. Unlike [6],
which only investigated the on-off policy, both the best-effort
policy and the on-off policy are analyzed in [7]. Both [6]
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and [7] derived the limiting distribution of stored energy
in the energy buffer at the EH node by using the theory
of discrete-time continuous-state Markov chains. The differ-
ence between the on-off policy and the best-effort policy
is whether set target energy to transmit information or not.
In the on-off policy, only when target M units of energy
are available in the energy buffer, the EH node can trans-
mit information to the destination at the cost of M units of
energy. In the best-effort policy, no matter how much energy
is in the energy buffer, the EH node uses all the energy
to transmit information to the destination. To maximize the
end-to-end system throughput under data and energy storage
constraints, the online and offline optimization algorithms for
joint relay selection and power control have been discussed
in [8]. A buffer-aided adaptive wireless powered communi-
cation network with finite energy storage and data buffer is
proposed in [9], which can fully exploit the temporal diver-
sity gains, while the weighted max-min fair access design can
effectively ensure the fair access requirements by different
users with some loss in the achieved sum-rate.

In the aforementioned papers, all EH nodes harvest energy
from RF signals received from the downlink, which is not
efficient when the path loss in practical communication links
is high. And they only consider the relay link without a
direct link. The self-sustaining node (SSN), which harvests
energy from the ambiance, is regarded as a solution to the
high path loss link in the EH network. Self-sustaining node
and direct link are covered in [10], where the limiting dis-
tributions of energy for both the incremental on-off policy
and the incremental best-effort policy are derived by using a
discrete-time continuous-state space Markov chain. In addi-
tion, the expressions for outage probability and throughput
are obtained. In this process, the maximal ratio combining
technique is used to improve the performance of the network.
In all of the papers mentioned above, each source node in
the cooperative relay network is powered by a power source.
For the sake of further energy saving, the source node is
equipped with the EH technique in [11]. A networks with an
energy buffer-aided source and a data buffer-Aided relay is
proposed in [12], which uses discrete-time continuous-state
Markov chain model to model the energy buffer. A decoded-
and-forward energy-harvesting system with multiple relays
in the presence of transmitting hardware impairments is
proposed in [13]. The system has two transmitting policies.
For policy-1, the selection of the best relay that assists the
source-to-destination communication is based on the first-
hop channel-state-information. For policy-2, the selection of
the best relay is based on the second-hop CSI.

All relay networks mentioned above are primarily founded
on wireless two-hop relay networks with a single relay or
multiple relays with the same priority. However, in reality,
a practical wireless cooperative network, such as a wire-
less sensor network [14] or an Internet of Things (IoT)
network [15], is a wireless multi-hop network. Opportunistic
routing as a solution to improve the performance of the wire-
less multi-top network has been widely studied [16]. An
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TABLE 1. Comparison of references.

Reference EH buffer architecture | SSN | OR | MRC
[31,[41,[5] HU N N N
[61,[7].[8].[9] HSU N N N
[10],[11] HSU Y N Y
[12],[13] HSU Y N N
[16],[17],[18] No EH N Y N
[19] HSU Y Y N
[20] No EH N N Y
Our work HSU Y Y Y

energy-efficient OR, which exploits cross-layer information
exchange and energy-consumption-based objective functions,
is proposed in [17] and [18] where it has been clarified that
OR outperforms traditional routing with the specific prese-
lected route in terms of system performance. And in [19],
with using OR algorithm, a cooperative communication
network based on two energy-harvesting decode-and-forward
relays is proposed.

According to the above researches, maximal-ratio com-
bining as a well-studied technique [20], which is helpful to
improve performance in communication networks, is worth
being combined with EH. This article is targeted at proposing
and designing an analytical framework for the study of OR-
aided cooperative communication networks with EH nodes
and using MRC in our system. Table 1 shows the compar-
ison between our work and the above references, where N
indicates that the technology is not employed in the studied
system, and Y indicates that the technology is employed in
the studied system. In addition, we model energy buffers
using discrete-time continuous-state space Markov chains.
The contributions of this work are as follows:

1) A cooperative network consisting of two EH DF relay
nodes and employing the MRC and OR algorithms is
proposed.

2) The expressions for the limiting distributions of energy
stored in buffers are obtained with the help of the
DCSMC model and the state-transition-matrix-based
(STM) theoretical solutions of the probability of trans-
mitter candidates set. The limiting distributions of
energy are the base of further analysis.

3) A algorithm is given to calculate the probability density
function of the received SNR of the destination node
under the condition of each transmitter candidates set
by using the Markov state transition matrix.

4) The closed-form expressions of outage probability and
throughput are derived.

5) Through numerous simulation results, it is demon-
strated that simulation results match with correspond-
ing theoretical results.

The remaining paper is developed as follows: Section II
interprets the system model and OR protocol. In section III,
the limiting PDFs of the energy stored in the buffers R1 and
R2 are presented. In Section IV, the expressions for outage
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TABLE 2. Notations table.

Notation Meaning
A~ CN(0,0) the random variable A follows the complex
Gaussian distribution with mean 0 and variance 6
|B| the absolute value of B
E[-] the expectation operator
C1UCy the union of the condition C7 and the condition
Cs
C1NCy the intersection of the condition C and the
condition Cq
wi() the Lambert W function
Boldface capital T matrices or vectors
C the complementary event of C
* multiplication

conditional probability. For example, case
| A,B—C means event A and B occur under the

condition of C.

discrete convolution

oA B) ) = conv(4,B) = TEF . AG)B( — )

TABLE 3. Abbreviations table.

Abbreviation Meaning
EH energy harvesting
DF decode and forward
HSU harvest-store-use
OR opportunistic routing
MRC maximal ratio combing
DCSMC discrete-time continuous-state space Markov chain
CSI channel state information
HU harvest-use
SSN self-sustaining node
PEB primary energy buffer
SEB secondary energy buffer
ACK positive acknowledgement
NACK negative acknowledgement
TC transmitter candidate

probability and throughput are determined. In Section V,
simulation performance results are displayed. Section VI is
where the conclusion is provided.
Notations: In Table 2, all notations are showed.
Abbreviation: In Table 3, all abbreviations are showed.

Il. SYSTEM MODEL AND OR PROTOCOL

A. SYSTEM MODEL

As shown in Fig. 1, the network proposed in this paper is
composed of a source node S, two DF relay nodes R1 and
R2, and a destination node D. All nodes are assumed as
half-duplex nodes. Only the source and destination nodes
are powered by the power supply, while relay nodes are
equipped with energy buffers using HSU architectures to
harvest ambient energy. In each time slot, only one node
is activated and can transmit signals by broadcast way,
while others are silent or receive the signals. Quasi-static
Rayleigh fading is assumed between all nodes. Let dg,
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FIGURE 1. System model.

denote the distance between nodes with a and b. Hence,
denoted by hsp(i) ~ CN(0,dSp), hsgi(i) ~ CN(0,dg)),
hsra (i) ~ CN(0, dSg,), hrir2 (i) ~ CN (0, dg po)s hrip (i) ~
CN(0,d%,,) and hgop(i) ~ CN(0,d%,,) the channel
coefficients within the i-th time slot between S and D, S
and R1, S and R2, R1 and R2, R1 and D, and R2 and
D respectively, where the term « represents the path-loss
exponent.

The HSU architectures equipped by the relay nodes
mainly have two energy buffers respectively, which are an
infinite-size primary energy buffer (PEB) and an infinite-size
secondary energy buffer (SEB), for the reason that storage
devices are disabled to charge and discharge at the same
time [21], [22]. The energy harvested from ambiance is
stored in SEB first. Then, in order to make the energy buffer
equipped by relay nodes R1 and R2 charge and discharge
simultaneously, SEB transfers the energy to the PEB at the
end of each time slot. Finally, the energy in PEB is used to
power the node to transmit signals. Due to the fact that the
energy harvesting power is far smaller than the actual energy
buffer capacity, the capacity of the energy buffer is consid-
ered to be infinite size in the theoretical analysis. In [22],
it is indicated that there is no energy loss during charging
between SEB and PEB or discharging between PEB and the
node transmitter. The signals received from S, R1, and R2
are combined using MRC at D.

The source S broadcasts unit-energy symbols xg (i) to relay
R1, relay R2, and destination D at rate Ry with the constant
power Ps. The received signals ysgri (i), ysr2(i) and ysp (i)
at relay R1, relay R2 and destination D in the i-th time slot
are given by

ysr1()) = /Pshsg1 (i)xs (i) + nsg1 (i), (1)
ysra (i) = /Pshsga (i)xs(i) + nsga (i), )
ysp (i) = v/Pshsp(i)xs (i) + nsp (i), 3)

where, nsg1(i), nsg2(i) and ngp(i) ~ CN'(0, Ny) represent
the received additive white Gaussian noise (AWGN) at R1,
R2 and D, respectively. Thus, the received signal-to-noise
ratios (SNRs) ysr1(i), ysr2(i) and ysp(i) at R1, R2 and D
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in the i-th time slot would be given as follows

(i) = Fslhsri O i) = Fslhsr @
VSR1 No »  VSR2 No
- Pslhsp()]?
and  ysp(i) = ——2L 4)
No

As a DF relay, the relay R1 decodes the received signals,
re-encodes them into unit-energy symbols xgj (i), and then
broadcasts xgj(i) to relay R2 and destination D with the
constant power Mg . Similarly, the relay R2 obtains the unit-
energy symbols xg2 (i) in the same way as relay R1, and then
transmits xg2 (i) to the destination D with the constant power
Mpo. Next, the received signals yrig2 (i), Yr1p (i) and ygop (i)
at relay R2 and destination D in the i-th time slot can be
represented by

YrR1R2(D) = vV Mgi1hgrir2 (D)xg1 (i) + nrir2 (0), @)
Yr1D (@) = vV Mg1hrip(Dxr1 (D) + nrip (D), (6)
Yr2p () = vV Mpahgrop(D)xg2 (i) + nr2p (i), @)

where, ngir2(i), nrip(i) and ngop(i) ~ CN (0, Ng) denote
the received AWGN at R2 and D, respectively. Similarly,
the received SNRs yri1r2(7), vrip(i) and ygrop(i) at R2 and
D can be expressed as follows

y (i) = MR (O y (i) = MrilhriD O

R1R2 No ; 'R1D No
Mgz |hgop (i) |*

No ’

According to channel assumption, the PDF of SNR of chan-
nel SR1, SR2, SD, R1D, R1R2 and R2D can be expressed

as fNode1Node2(X) = Wiode1Nodeae ™" Node1Node2
For example, the PDF of SNR of channel SR1 can be

®)

and yrop(i) =

- d% N,
expressed as fog1 (x) = Wsgie™"SRIT, where, Wsp = P ..
L. d%,,No d%, No d%, ,No
Similarly, Wsgy = S’},zs , Wsg1 = 51;15 » Wrip = 'W;l ’
d%, »,No dz>pNo
— _“RIR2 ZR2D" D
Wrira = =3—> Wrap = ==
Let
Iy =2R0—1 9)

be the network SNR threshold, where Ry represents the target
data transmitting rate.

In our system, a whole time slot is divided into four
sub slots as shown in Fig. 2, where a whole time slot
consists of pilot broadcasting sub-slot ¢1, signalling broad-
casting sub-slot 72, packet broadcasting sub-slot 3 and
positive acknowledgement (ACK) or negative acknowledge-
ment (NACK) broadcasting sub-slot #4. In sub-slot ¢1, node
D and relay nodes R1 and R2 need to broadcast the pilot sig-
nals sequentially, allowing each node to determine the CSI
between itself and other nodes. Moreover, the pilot signal
of D carries the overall SNR y,y¢qn Of the current received
packet combined by the MRC technique so that S, R1, and
R2 nodes can know the current SNR threshold 'y, — Voverair-
About Yyyerqnr 1s described in OR protocol. In sub-slot 72,
each node determines whether it is able to transmit the
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packet depending on its energy state, CSI and ownership
of the packet. If the node can transmit the packet, then it
broadcasts high-level signalling; otherwise, it broadcasts low-
level signalling. And the order of S, R1, and R2 signalling
broadcasting is shown in Fig. 2. In this way, each node can
obtain the transmission state of the cooperative network.
In sub-slot #3, with the transmission state, nodes determine
whether transmit the packet or not based on the OR pro-
tocol described below. Then only one node can broadcast
the packet in sub-slot 3. The blocks of sub-slot 3 shown in
Fig. 2 just means that S, R1, and R2 are all able to broadcast
packet in sub-slot 3, but do not mean that they can broad-
cast packet at the same time slot. In sub-slot 74, D, R1, and
R2 send a positive acknowledgment or a negative acknowl-
edgment to indicate their reception statuses. Only when the
instantaneous link SNR at the receiving node is not less than
the threshold I'y;, ACK signals would be broadcasted by the
receiving node as the sign of successful packet reception.

B. OR PROTOCOL

In this part, the main steps implemented by the OR protocol
are described. S, R1, and R2 are broadcast nodes. There can be
more than one broadcast node as transmitter candidates (TC) at
the same time which have the packet. TC set at the i-th time slot
is denoted by TCs(i). The node which can receive the signals
transmitted by the broadcast node is named the neighboring
node of the broadcast node. Thus, in this system, neighboring
nodes of S are R1, R2, and D, while neighboring nodes of
R1 are R2 and D, and the neighboring node of R2 is D.
Then, we assumed each broadcast node knows the perfect
CSI of communication links between itself and each of its
neighboring nodes by pilot broadcasting. Our cooperative
network also assumes that S always has the packet to be
transmitted. And if the signals with strong enough SNR,
which is more than the current threshold, are transmitted
to D, S will be set as the next broadcast node to transmit
the new signals, and relay nodes clear data cache, which
is indicated that one delivery is completed. Additionally,
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when transmitting the same packet to the same node, S has
the highest transmission priority, R2 has the second priority,
and R1 has the lowest priority. This is because S has fixed
power support, which does not consider the energy state
when transmitting packets. This way can save the harvested
energy of relay nodes in order to be used in the case where
only relay nodes can transmit the packet. Furthermore, the
OR protocol consists of three steps:

1) Determine the TCs S(i) € {si,s2, 53,54, 55, S} in
the current time slot, where s1 = {S}, s» = {S,Rl},
53 = {S,R2}, s4 = {(S,R1,R2)1}, s5 = {(S,R], R2),},
s¢ = {(S, R1, R2)3}. Especially, the term (S, R1, R2); means
the situation of the packet from R1 to R2, when both S and
R1 have the packet. Term (S, R1, R2); represents that the
packet at R2 is from S, when both S and R1 have the packet.
Term (S,R1,R2)3 represents that S transmits the packet to
R1 and R2 in the same slot.

2) On the basis of the CSI between nodes, the stored
energy Bj(i) of Rl and the stored energy B;(i) of R2, the
transmitter node € {S, R1, R2, &} is selected from the TCs
S(i), where term & means that all nodes keep silent in the
current time slot.

3) Determine the effective transmission and get TCs
S+ 1) € {s1, 52, 53, 84, S5, S¢} in the next time slot.

Based on the above rules and the system model assump-
tions in Section II-A, the following transmission priority of
node is proposed to realize the efficient transmission of data
packets from S to D:

e When TCs(i) = {S}, S will first consider sending data
packets to D, and then consider sending data packets to R1
or R2 if the transmission from S to D fails. If S fails to
transmit data packets to D, R1 and R2, S remains silent.

e When TCs(i) = {S,R1}, S and R1 will first consider
sending data packets to D, and S has a higher priority than
R1. In the case that both S and Rl fail to transmit data
packets to D, S and R1 will consider sending data packets
to R2, and the priority of S is higher than that of R1. If S and
R1 fail to transmit data packets to D and R2 respectively,
both S and R1 nodes remain silent.

e When TCs(i) = {S, R2}, S and R2 will consider sending
data packets to D, and S has a higher priority than R2. In
the case that both S and R2 fail to transmit data packets to
D, both S and R2 remain silent.

e When TCs(i) = {S, R1, R2}, S, R1 and R2 will respec-
tively consider sending data packets to D, where S has the
highest priority, R2 has the second priority, and R1 has the
lowest priority. If S, R2 and R1 fail to transmit data packets
to D, S, R2 and R1 remain silent.

Moreover, the above node transmission priority can be
generalized as follows:

e When selecting the transmitter candidates for data trans-
mission in the TCs set S(i), except for S, the node close to
the destination node of data transmission is prioritized as
the transmitter candidate.

e When selecting the destination node for data transmis-
sion in the non-TC set S'(i), except for D, the node closer to
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D is prioritized as the destination node. In particular, once
the relay node of a node becomes a TC, this node will no
longer be considered as the destination node.

In details, all cases of OR protocol are shown in Table 4.
Because of transmitting packets by broadcasting, D can
receive all signals of the same packet to combine by MRC
even in the different time slot, no matter which the transmit-
ter is. Therefore, we use y (like ysp) without (7) to represent
the SNR of the signal of the same packet received by D in
the previous time slot. In addition, all y (i) (like ysp(i)) rep-
resent the SNR of the corresponding link in the current time
slot. Assume that D received a signal with y; SNR and a
signal of the same packet with > SNR in the previous time
slot. After MRC technique processing, the overall SNR of
the signal received by D is Yoveraii = ¥1+ v2. Hence, to meet
the SNR threshold I'y;, each node only needs to transmit the
signal with 'y, — Yoveran SNR, which reduces the need for
high-quality channels and improves the performance of the
network. For example, when TCs(i) = {S, R1}, the Yyverans is
ysp which was received by D when S transmitted the signal
to R1 in the previous time slot by broadcasting way. Terms
Yoverallls Yoverallz and Yoverqi3 represent the SNR, which has
been received by D, when TCs(i) = {S, R1}, TCs(i) =
{S, R2} and TCs(i) = {S, R1, R2} respectively. Obviously,
Yoverallls Yoverall2 and Yoverall3 Are less than I'y,.

lll. LIMITING DISTRIBUTION OF ENERGY

In this section, the expressions for the limiting distributions
of energy in the PEB of R1 and R2, assuming it to be of infi-
nite size, are derived and analyzed. The input harvest energy
X(i) in the i-th time slot is assumed to be an exponentially
distributed random variable with probability density function
(PDF) fx(x). With the mean E[X(i)] = 1/A, the PDF of X(i)
can be expressed as

fx@®) =re™, x>0. (10)

Obviously, the energy harvesting parameter A of R1 and R2
are independent. Thus, let A represent the parameter of R1,
and XA, represent the parameter of R2.

In order to clearly describe the theoretical derivation pro-
cess, letters ‘c’, ‘0°, f’, ‘g’, ‘m’, ‘n’ and ‘o0’ are used, whose
upper cases represent conditions and lower cases represent
corresponding probability values. For example,

(1)
12)

cs Yoveralll + Ysp2(i) < T,
Pr{yoveralll + VSD(i) < 1—1th} = PI‘{(C} =¢c

Case-C means the D node receives a signal from the S node
first, but the SNR of the signal is less than the threshold.
Furthermore, after some slots, D receives the signal from S
again, while after the MRC algorithm combines the signals,
the sum of SNR is still less than the threshold. And, obvi-
ously, C means the sum of SNR is greater than or equal
to the threshold as well as C = 1 — ¢. In Table 5, all alias
are shown.
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TABLE 4. The OR protocol. In the current time slot, the protocol determines the transmitter node and effective transmission according to the known transmitter candidates set
TCs(i) and the known conditions (energy information stored by relay nodes, the current channel information, and the overall SNR of the current packet which has been combined

by MRC technique), and further obtains the TCs(i + 1) of the next time slot.

TCs(i) transmitter | effective transmission conditions TCs(i+1)
s =D 750(0) > T s
S S—RI,R2 vsr1(%) > Tinysr2(8) > Tin, 750 (8) < T (S.R1,R2)3
S S S—R2 Ysr2(%) > Tin, vsRr1(3) < Tin, 150 (i) < Tip S.R2
S S—RI ¥sr1(%) > Ten, vsr2(%) < Tin, 150 (8) < T'ip S.R1
~ ~ others S
S S—D Yoveralll + YSD (7‘) > Fth S
R1 R1—D Yoveraltl + YR1D (1) 2 T'tn, B1(i) > MR1, Yoveratts +vsp(4) < T'in S
i) > Typ, + i) < I'yp, B1(i) > MR,
S SR vsr2(1) > Tthy Yoveralil ’YRlD(' ) thy B1(1) > MR (SRLR2),
SRI Yoveralll +YSD (l) <Tn
' S S—R2 Ysr2(1) > Tin, B1(7) < MR1,Yoveratit +¥sp(i) < Tip (S.R1,R2);
i) > Tyn, i) < T'4n, B1(i) > Mgy,
RI RIR2 YRr1R2(%) > Tn, vsR2(1) Cen 1(1) > Mg (SRLR2):
Yoveralll + YSD (7’) < Ty
~ ~ others S.R1
S S—D Yoverall2 + YSD (l) 2 1—‘th S
S,R2 R2 R2—D Yoverall2 + 'YRQD(i) Z Fth"yoveralm +vsp (Z) < 1—‘th S
~ =~ others S,R2
S—D Yoveralld + Vsp2(i) > Tip, Ba(i) > Mpga N
R1 RI=D Yoveralld + YR1D(8) > Ft'h,%uemzz:s "!“’YR2D('L‘) < Iin, S
(SRIR2); Yoverattz + ¥sp (1) < T'in, B1(i) > Mg
LRI, N> T,
R2 RID vsp + 'YRlD'+ Yr2D (%) 2 Lin S
Yoveralld + V5D (1) < Typ, B2(i) > MRa
~ ~ others (S,R1,R2);
S S—D Yoveralld + YSD (7’) > Fth S
R1 R1—D Yoveralld + ’YRID(i) > F—t’—hv'YoU(e"r')aliZi; YR2D ('L) > Fth7 S
(S,R1,R2)s 'Yove1ja113 YSD(t th :
R2 R2—D Yoveralld + 'YRQD(Z) 2 Fthv'sze'rallB +vsp (Z) < Fth, S
] =~ others (S,R1,R2)2
S S—D Yoveralld + Vvsp (1) > Tsn S
i) > Tyn, i) < Typ,
(S,R1,R2)3 R1 R1—D Yoveralld + 'YRlD('L) Z Lith ’Yove?“all3 + YRr2D (7') th S
Yoveralld + YSD (l) < 1—‘th
R2 R2—D Yoveralld + 'YRQD(i) Z Fth"yoveralll% +vsp (Z) < 1—‘th S
~ ~ others (S,R1,R2)3

Then, we can similarly get

D £ Yoveran1 + Yrip (@) < T, (13)
F £ Yoverans + vrop(i) < Tun, (14)
G £ Yoverais + YrR102()) < Tih, (15)
M £ Yoverain + vrop (@) < T, (16)
N £ Yoverainz + Yr2p () < T, (17)
O £ Yoverauz + ysp2(i) < T, (18)

To obtain the expressions for PDF of energy in the PEB
of R1 and R2, the probability of the transmitter candi-
date state needs to be calculated in advance. In [19], we
know, by using the state transition matrix (STM) T of
two adjacent time slots, each transmitter candidate state
occurrence probabilities, p; = Pr{TCs = {S}}, psp1 =
Pr{TCs = {S, R1}}, psr2 = Pr{TCs = {S, R2}}, p; = Pr{P1},
p2 = Pr{P2} and p3 = Pr{P3}, can be updated iteratively
until they converge to get their theoretical value, where P1
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represents (S,R1,R2);, P2 represents (S,R1,R2),, P3 rep-
resents (S,R1,R2)3. Obviously, p; + p2 + p3 = psrir2 =
Pr{TCs = {S,R1,R2}}. And the STM T can be con-
structed as follows (19) as shown at the bottom of the next
page, where the element p;_;(i, j € {S, SR1, SR2, (SR1R2)1,
(SR1R2),, (SR1R2)3}) represents the probability that the
transmitter candidate state changes from state i at the cur-
rent time slot to state j at the next time slot, satisfying
2_je(S.SR1.SR2, (SRIR2), . (SRIR2),.(SR1R2)) Pi~j = 1. The details
of the algorithm for the STM-based theoretical solutions of
the transmitter candidate state probability can be seen in [19].
According to the OR protocol introduced in Section II, we
have

ps—s = Pri{ysp() < T, vsr2 (D) < T, vsr1 (D) < T}
+ Pr{ysp( > T}
— (1 _ e*WSDFm><1 _ e*WSRzl"/h)(l _ e*WSRIth)
(20)

—WspT'
+e SD 1/17
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TABLE 5. All failure transmission case only considering CSI in system table.

TCs(I) transmitter | recevier condition alias
S D ¥sp (i) <Tin A
S RI1,R2 v¥sr1(4) < Cinyysre(i) < T B
S R2 Yysr2(i) < T Q
S R1 Ysr1(i) < T R
S D Yoveraltl + 5D (1) < Tip C
SRI R1 D Yoveralll +YR1D(4) < Tip D
’ S R2 Ysr2 < T'en S
R1 R2 Yrir2 <T'tn T
SR2 S D Yoveratiz +¥sp(#) <Typ <Tin | M
) R2 D Yoverali2 + Yr2D (3) < T'tn N
S D Yoveralis +¥sp (i) < Tin ©)
(S.R1,R2); R1 D Yoveralta +YrR1D (1) < Tip G
R2 D Yoveralld + YrR2D (1) < Tip F
S D Yoveraltd + v (1) < Tin 0
(S.R1,R2)3 R1 D Yoveralid + YR1D (1) < T'yp G
R2 D Yoveralid + YrR2D (1) < Typ F
S D Yoveralis +¥sp (i) < Tin ©)
(S.R1,R2)3 R1 D Yoveralts +Yr1D (1) < Tip G
R2 D Yoveralts +Yr2D (1) < Tip F
ps—sr1 = Pr{ysp(i) < T, ysr2(i) < Ti, vsr1(i) > Tin}
— (1 _ e*Wsl)Fxh)(l _ e*WSRZFth)e*WSRlFth’ (21)
ps—sr2 = Priysp(i) < Tm, ysr1()) < T, ysr2 (D) = T}
_ (1 _ e—WSDFrh>(1 _ e—WRIDrrh)e—WS'RZFxIx (22)
Ps—sriRr2); = Pr{ysp()) < T, ysr1 (D) = Ty
ysr2(i) > T}
= (1 _ e*WSDrllx)e*WR]Drzlte*WSRZFIh’ (23)
PSRI-§ = Pr{@} + Pr{Bl () = Mg, C, ﬁ}
=(—-0+cxPUL*(1-0), (24)
PsrRi—SRIR2); = Pr{C, B1(i) > Mg1, D, yrir2(i) = T,
vsr2(i) = T}
= Cx PUL %0 x e~ Vel (1—’W5R2r’h), (25)
PSR1—(SR1R2), = Pr{C, B1(i) > Mg1, D, ysg2(i) > T}
+Pr{C, B1 (i) < Mg1, Yrir2(i) > T}
= cx PUL %0 xe sl ¢y (1 — PUI)
x e Wsralin (26)

— PSR1-S — PSR1—(SR1R2),» (27)
pswa-s = Pr[M} + Pr[Ba(i) = Meo, ML N}

PsR1-SR1 = 1 — DSR1—(SR1R2),

PRIRY—s = (1 = 0) + 0% (PU2 % (1 — )

+ (PU2 % f+ (1 = PU2)) x PUL x (1 — g)),
(30)
(€29)

P(SRIR2)| —(SR1R2); = 1 — P(SR1R2); S

P(SRIRY),—s = (1 = 0) + 0% (PU2 % (1 — )

+ (PU2%f + (1 — PUD) % PUL % (1 — g)),
(32)
(33)

P(SRIR2),—(SR1R2), = | — P(SR1R2),-S$>

PSRIRY3—s = (1 — 0) + 0% (PU2 % (1 — )
+ (PU2%f + (1 — PUD) % PUL % (1 — g)),
(34)

P(SR1R2)3—(SR1R2)3; = 1 — P(SRIR2)3—S> (35)

where, PU1 = W and PU2 = W. b1 and by are
. i’ 1A1 2A2MR
given in (65) and (58). And the proof of PUI and PU2 are
given in (75) and (77). And the remaining elements of T
are equal to 0.
In order to get T, the values of ‘¢’, ‘?°, f’, ‘g’, ‘m’, ‘n’
and ‘o’ are required. Before this step, it is foundation to get
the prObablhty diStributiOnS pymfemlll (/)’ p}’uvemllZ (I)’ pVaveralB (I)

of Yoveralll> Yoveraiz and Yoyerai3. For example, Pvoveraint (@)
is the probability that node D has received the SNR of

value (j_WlF,h < YVoveralll < ﬁl"m) when TCs = {S, R1}.
To obtain these probability distributions, the STM method is
used. STM T'1, STM T2 and STM T3 correspond t0 py, .. »
Pvoveras @0d py, . respectively. The size of T1is N' x N
dimension. The states of T'1 are the value of y,yerqn1 and
the element T1(i,j) means the transmon probability from
( Fth = Yoveralll < Nrth) to (W‘Fth = Yoveralll < N’Fth)
where 1 <i,j<N and i,j € Z. The elements of T1 are as

follows:
Neip,

N
T1G,)) = 1—/
0
Nfirth

N
x | PU1 / Jrip(x)dx
0

T T
X fsra(x)dx
0 0

T
fsr2(x)dx

fspx)dx

SrRiR2(X)dx

+ (1 —PUY)

=1 —m)+PU2smx(l —n), (28) /ﬁ'rm o T o
. . X I sp(x)ax sp(xX)dx
psra—sr2 = Pr{B2(i) > Mga, M, N} + Pr{B2(i) < Mg2} 2y, 5 / 0 %
=1—psro-s, (29) i#] (36)
Ds—S DS—SR1 DS—SR2 DS—(SRIR2) DS—(SR1R2), DS—(SR1R2)3
DSR1-S DSR1—SR1 DSR1-SR2 DSR1—(SRI1R2), DSR1—(SR1R2), DSR1—(SR1R2)5
_ | Psra-s DSR2—SR1 DSR2—SR2 DSR2—(SR1R2), DSR2—(SR1R2)» DPSR2—(SR1R2)5 (19)
D(SRIR2)—S  P(SRIR2);—SR1  P(SRIR2);—SR2  P(SRIR2)|—(SR1R2);  P(SRIR2);—(SR1R2);  DP(SR1R2);—(SR1R2)3

P(SR1R2),—S
P(SR1R2)3—S

P(SR1R2)>—SR1
P(SR1R2);—SR1

P(SR1R2),—SR2
P(SR1R2)3—SR2

VOLUME 4, 2023

P(SR1R2)>—(SR1R2),
P(SR1R2)3—(SR1R2);

P(SR1R2),—(SR1R2),
P(SR1R2)3;—(SR1R2),

P(SR1R2),—(SR1R2)3
P(SR1R2)3;—(SR1R2)3
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N—i T

A
ﬂ@ﬁ:(l—/
0

N—ip

N Lk

X <PU1/ leD(x)dx
0

T T
X fsr2(x)dx
0 0

fsp(x)dx

SfrRirR2(X)dx

Iy
+ (1 -PUD) hfSRz(X)dX>>
0

ﬁ Ui Ui
X / fsp(x)dx/ fsp(x)dx
=lr 0
N Lth
N—i T

N
+
0
N—i T

N
X (PUI/ leD(x)dx
0

T T
X fsra(x)dx
0 0

Lin
+ (1—=PUI)
0

Sfsp(x)dx

SRRz (X)dx

fSRz(X)dx>
i=j 37

Similarly, the elements of 72 and 73 are as follows:

%Fﬂz
T2(,)) = (1 —/0 Jsp(x)dx

N—il-

T
X PUZ/
0

% Cin T
X / . Jsp(dx/ Ssp(x)dx
% T 0

i #]
%th
T26,j) = (1 - /0 Fsp(x)dx

Aj\?i I
x [ PU2 /

Wrth
Xﬁ7 fSD(x)dx// Ssp(x)dx

1
th

T\ﬁ T
+ / fsp(x)dx
0

%rm
X (PUZ/ Jrap()dx + (1 — PUZ))
0

Srap(X)dx + (1 — PU2)>)

(38)

Srop(X)dx + (1 — PU2)>)

i=]j (39)

M/\/'j.l—‘th
36 = 1 - /0 Fsp(d

N—ir[

( T
X PUZ/
0
J\//\?irrh
X <PU1/ leD(x)dx—F(l —PU])))
0

Srop(X)dx + (1 — PU2))
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s ,Nl l_th fsp(x)dx

pL+p2+p3 /;)”' fsp(x)dx

D2 Pds_- o ()
+ N
p1Ltp2+p3 Zk:lpds—>R2(k)

D1 Pdgi -2 ()
+ N
PUTDP2HP3 Y0 Pdgy—go (K)

i#] (40)
%th
T3(G,)) = (1 —/0 fsp(x)dx
N-ip
N L
x (PUZ / frop(X)dx + (1 — PU2))
0
%Fm
X (PUI f frip(x)dx + (1 — PUl)))
0
Nrth
3 fSD(x)dx

pL+p2+p3 forfhfSD(x)dx

P2 Pds_-p> 1))
+ N
PL+DP2+DP3 Y pag g (K)

P1 Ddgi -2 )
+ N
PLEP2 D330 Pdgy g ()

MNT’X. Cin
+ /0 Jsp(x)dx

./\/—il—~r

(e
X PUZ/
0
%rth
X (PUI/ frip()dx + (1 —PUl)))
0

i=j 41)

Srop(X¥)dx 4 (1 — PU2))

where pgg__p, () is the probability that node D receives
the SNR of value (L "To < Yoveram + ysp < N’F th)
when system has transmoned the TCs state from {S, R1}
to {S,R1,R2}y, while pgp, ., (j) is the probability that
node D receives the SNR of value (WFth < Yoveralll +

YRID < NF’h) when system has transitioned the TCs state
from {S, R1} to {S, R1, R2},. Obviously, the expressions of

Dds_- o () and pag,__p, () are as follows:

pds_>R2 (]) = COHV(pVoveralll ’ pSD) (42)
del—>R2 (]) = Conv(pyoverulll ? pRlD) (43)
where
%rth
psp(j) = [ - Jsp(dx (44)
%’Fth
N‘rth
PrRiD() = / . Jrip()dx. (45)

N T
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Similarly,

%Fﬂz
Pr2D () :‘[l frop(x)dx.

~ T

(46)

With these parameter, the expressions of ‘¢’, ‘0,

‘m’, ‘n’ and ‘o’ can be derived.
N

c= Z conv (p)’overa/ll ’ pSD)
j=1
N

0= Z Conv(p)’ovemlll 7pRlD)
j=1
N

m= Z conv (pyovemllz ’ pSD)
J=1
N

n= Z conv (p}’ovemﬂz ’ pRZD)
J=1
N

f = Z conv (p)’overalB ’ pRZD)
j=1
N

g = Z Conv(pyavemlB ’ pRlD)
j=1
N

0= Z conv (p)’ovemll’j ’ pSD)
=1

.
47
(48)
(49)
(50
(5D
(52)

(53)

The detailed process for obtaining probability ps, psri, Psr2,

P1, P2, P3, pyoveralll (])’ pyovemlﬂ (])’ py(werall?) (])’ ‘c,’ ‘D” ‘f” ‘g”

‘m’, ‘n’ and ‘o0’ is shown in Alg. 1. See Appendix A.

As the preparations are ready, in Sections III-A and III-B,
the PDF of energy in the PEB of R1 and R2 are obtained,
respectively.

A. LIMITING DISTRIBUTION OF R2 ENERGY

By using the DCSMC and donating the energy level in the
infinite-size energy buffer in the i-th signaling interval as
B> (i), the PEB’s buffer of R2 update equations are given by

By(i+1) = Ba() + X(i), Pa

By(i+1) = By(i) — Mgz + X(i), P (54)

where P> and [Py, are the applicable conditions of the update
equations, respectively. They are given by

Py @ (TCs = {S}) U (TCs = {S, R1})
ul(Tcs = (5, R2)) N (Ba i) < MRZ)]

TCs = (S, R2)) 0 (B2() = Mg2) "MINN]
U

|

)

Ik
TCs = (S, R1, R2}) N (B2() = Mgz N ONF) |
)

TCs = (S, R1, R2}) N (Ba(i) > Mgz N @)]

(
(
(TCs = (S, R2)) N (B2(i) = Mgo) N M]
(
(

VOLUME 4, 2023

O[(TCs = (5. R1, R2)) (1 (B2() < Mi2) . (55)

Py : [(TCs = {5, R2) N (B2() = Mg2) N C O]
u[(TCs = (5. R1.R2) (1 (B2() = Mz N O N F) ] (56)

Let g, represents the energy buffer convergence parameter
for the energy update process Bj(i) of Eq. (54), with the
help of the Eq. (47) to Eq. (53), which can be expressed as
follows

Vie = oM [psra + W(L =)+ (p1 +p2 +p3) % 0(1 = )|
= AMMpobs, (57)

where
by = pspz xm(l —n) + (p1 +p2 +p3) xo(1 — ). (58)

The limiting PDF when g, > 1 is obtained in Theorem 1,
and the scenario when gy < 1 is discussed in Theorem 2.

Theorem 1: If Yy > 1, the energy update process B (i)
in Eq. (54) will have a stationary distribution. Furthermore,
the limiting PDF of the energy buffer state at R2 can be
expressed by

1
Iw—(l—egzx), 0<x<Mp
20 =" _5 0 (59)
_—7 x Z MR2'
Mpgo (b2A2 + Q2)
where
—W(=baraMppeP22Mr2
0, = W ChilaM ) by <0, 0
Mpgo
satisfying byrpe@Mr2 = by2y + Q5.
Proof: The proof is given in Appendix B. |

Theorem 2: When Ygo < 1, there is no stationary PDF
of the energy buffer state of R1. In addition, after a finite
number of time slots, the R1 energy buffer will keep
By (i) > Mg>.

Proof: The proof is given in Appendix C. u

B. LIMITING DISTRIBUTION OF R1 ENERGY

Similar to the solution of the limiting distribution of R2
energy, by using the DCSMC and donating the energy
level in the infinite-size energy buffer in the i-th signaling
interval as Bj(i), the PEB’s buffer of R1 update equations
are given by

Bi(i+1) =B1() +X(@, Pu

Bi(i+1) =Bi(i) —Mp1 +X(), P2 (61)

where P and Py, are the update conditions needed
for the equations in Eq. (61) according to OR protocol.
Correspondingly, they can be expressed as follows

Ppz : [(TCs = (S,R1)) N (B1() = Ma1) N C N D]
U[(TCs = (S, R1}) N ((B1() > Mg1),C, D,
ysra(i) < Tuns veir2() = T
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U[(TCs = (8. R1, R2)) () (B2() = M2, O, F,
(B1() = Mr1). G) |
u[(TCs = (5. R1, R2)) (1 (B2() < M2, O,
(B1() = Mu1), G) |
Py 1 (TCs = {S}) U (TCs = {5, R2})
U[(TCs = (S, R1}) N (B1(i) < MRl)]

(62)

U[(TCs = (5. R1}) N (B1() = Ma1, C. D,
ysra2() = T, ) |
u[(TCs = 5. R1) N (B1() = Ma1 C. D,

vsr2(D) < Ui, YRIR2(D) < th)]
:(Pl) N (Ba(i) > M2, O, F)]

C

u[(TCs = (5. R1, R2}) N (By()) > Mgy, O, F,
B = Mu, )]

U[(TCs = {S. R1,R2}) N (B2(i) = Mg, O, F,
B < Mi)]

U[(TCs = {S. R1, R2}) N (B2(i) < Mg2, O,
B > Mr1.G)|

U|(TCs = {S, R1, R2}) N (B2(i) < Mgz, O,

Bi(i) < MRl)].

(63)

Let g represent the energy buffer convergence parameter
for the energy update process B (i) of Eq. (61), which can
be expressed as follows

Vr1 = M Mgy [PSRI * c((l -0+ 0(1 - fWSRZF’h)efWRIRZF'h
+PU2((p1 +p2+p3) % 0% f(1 = 9)
+ (1= PU2) * ((p1 +p2+p3) x0(1 - g))]

= AMMpg1by, (64)

where

b1 = psr1 * C((l -0+ a<] — 67WSR2Fth)e*WR1R2th
+ PU2((p1 +p2 +p3) x 0 x (1 — g)
+ (1 —=PU2) % ((p1 +p2 +p3) xo(1 —g)). (65)

The limiting PDF when ¥g; > 1 is obtained in Theorem 3,
and the scenario when g < 1 is discussed in Theorem 4.

Theorem 3: If 1 > 1, the energy update process Bj (i)
in Eq. (61) will have a stationary distribution. Furthermore,

1100

the limiting PDF of the energy buffer state at R1 can be
expressed by

1

—(1—eQ'x), 0 <x< Mp
= | M 66
g1(x) . ,01x (66)
1 Qle
T > X = MR1~
Mgy (1A + Q1)
And
—W(—=bixMge=b1MMr
e LT ) b <0, @)

Mgy

satisfying bir QMR = pia + 0.
Proof: The proof is given in Appendix D. |
Theorem 4: Similar to Theorem 2, when g < 1, there
is no stationary PDF of the energy buffer state of RI.
And the energy in the R1 energy buffer keeps more
than Mg;.

IV. ANALYSIS OF OUTAGE PROBABILITY AND
THROUGHPUT

This section focuses on the analysis of outage probability,
time slot cost, and throughput of our system, when both
B1(i) and B> (i) have limiting PDFs.

According to OR protocol, when all the transmitter
candidates fail to transmit signals to the D node, the com-
munication network system is defined as an outage. In an
outage, transmitter candidates can transmit the signal to other
nodes. Obviously, the system outage probability (OP) can be
expressed as

OP = rps + rpsg1 + 1Psr2 + IDSRIR2, (68)

where, rps, psr1, rpsg2 and rpsgriry are the outage prob-
ability of transmitter candidates set {S}, {S,R1}, {SR2},
{S,R1,R2}, respectively. The outage probability of the node
means the transmitter candidates as the broadcast node fail
to transmit signals to the D node. Specifically, they can be
expressed by

rps = psPr{ysp(i) < T'm}
_ps{1—ebor),
rpsr1 = psr1[Pr{C, D, B1 (i) > Mg}
+ Pr{C, B1(i) < Mpi1}]
= psri % ¢(0 % PUL + 1 — PU1),
rpsr2 = psr2[Pr{M, N, B (i) > Mg>}
+ Pr{M, By (i) < Mga}]
=psgz xm x PU2 + 1 — PU2), 71
rpsrir2 = (P1 + p2 +P3)[Pr{@, F, B2(i) = Mg2, G, B1(i) = Mg}
+Pr{O, F, B2(i) > Mgz, B1(i) < Mp1}
+Pr{Q, B2(i) < Mgz, G, B1(i) > Mp1}
+Pr{(O, Ba(i) < Mya. B (D) < M) |
= (p1 +p2+p3)(o(fx PU2+ 1 — PU2)
x (g % PUL + 1 — PUL)).

(69)

(70)

(72)
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FIGURE 3. PDF of the value of SNR received by D in different TCs with parameters 1/Ay = =12 dB, 1/1, = —15 dB, R, = 2 bit/s/Hz, M; = 10 mJoules, M, = 8 mJoules.

With the Eq. (59), we get

Mpga (1 — esz)

Pr{B;(i) < Mgy} = / dx

x=0 Mpg>
(eQZMRZ — 1)
OoMp>

Due to bz)uzeQzMRz = byAy + O3, we get eQMr — 1 4 Q0

bz)uz’
a]ld thus
QZ

O2Mpo

1
- (74)
badoMp>

-1- (73)

Pr{B(i) < Mg>}

Accordingly, we get

Pr{B,(i) > Mg} = 1 — Pr{B2(i) < Mg}
1
 byaMpy
Similarly, with the Eq. (59) and bia1e@ MR = by + 04,
we can get

= PU2. (75)

1

Pr{B1(})) < Mp1} =1— ———,
bi1A Mg

(76)
and

Pr{B (i) = M1} = = PUL. (77)

b1 Mgy

With the help of Eq. (47) to Eq. (53) and Eq. (65) as well
as Eq. (58) and Eq. (68) to Eq. (72) can be rewritten as
follows

OP = ps(l — e_WSDF’h)
+ psgi (c *@%PUL+1— PU1)>
+ psia (¢ (nx PU2+ 1 = PUY))
+ (1 +p2+p3) (o + PU2+ 1 — PU2)
x (g% PUL + 1 —PUl)). (78)

Correspondingly, the throughput of the system 7 can be
defined as
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r = (1—OP)Ry
= R0|:1 —~ (ps(l — e_WSDF’h>

+ psri (c %@ *PUl +1— PUl))

+p5R2<c «(MxPU2+ 1 — PU2))

+ (1 +p2 +p3)<o(f>x<PU2 +1-PU2)

x (g% PUL + 1 —PUl))):|. (79)

Furthermore, the time slot cost for each data 7, is a
performance index worthy of attention. And it can be
calculated as follows:

N
T. = lim ; OP™~(1 — oP)i
L 1 (0P)(1 - (OP)N=T1) N
= lim (1—0P)— [1 + op — N(OP)
= (80)

1-oP

V. PERFORMANCE RESULTS

In this section, simulations are presented to verify the ratio-
nality of the derived theoretical expressions. In addition,
the performance comparisons between our work and exist-
ing papers are performed. For all simulations, the following
system parameters are taken into account unless otherwise
specified. Suppose S, R1, R2, and D are all located on a
two-dimensional plane, and their position coordinates are
(0,0), (30,20), (60,-20), and (100,0), respectively. Path-loss
exponent « = —3. The transmitting power of S node
Pr; = 12dBm. The channel noise variance Ng = —50dBm.
With the measure of Alg. 1, the corresponding transmit-
ter candidate set probabilities, py, ....is> Pyoeraizs Pvoverairss © s
v, f, ‘g’, ‘m’, ‘n’ and ‘o’ are obtained. Furthermore,
in all figures, point markers represent simulation values,
and solid red lines indicate the STM-based theoretical
values.

In Fig. 3, three subfigures depict the PDF of the value
of SNR received by D in different TCs, namely, py,,.,.u1»
Dyoverairz> Pyoveran- 1€ 1€ solid line represents the theoretic
value calculated with Alg. 1. It can be observed that the
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Algorithm 1 PrObablhty Ps> PSR1> PSR2> P1> P2, P3, quvemHl’ quvemllZ’ quvemll}’ ‘C’, ‘a” ‘f” ‘g,’ ‘m,’ ‘n, and ‘U, Based on
STM

Require: wsp. Wpi. Wsga. Wrip. Wrirz. Wrop: T A1s %2, Mpy, Mo, N 1
1: Initialize iy =0, k4 =0, j; and jr € {1,2,3,4,5,6}, p(0) = [ps, PsR1> PSR2, P1, P2, P3] = [7, 5666 6 PUl =PU2 = 2
2: while 1 do

3: Calculate T'1(i4) and T2(i4) according to equations from Eq. (36) to Eq. (39),

4: i1=0,k =0

2: premHl O = [pyovemlll @,..., *PYoveralil W

7

8

ver ll](/) N’ l<jsNandjez

ile 1 d
. pyoverulll (ll +D = PYoveralil (DTG,
9: i Provergin =01 (i) < 0) then
10: kp =i —1,
11: break,
12: else if (11py,,,,11 (1) = Pypyeran (1 + Dll2 < 1077) then
13: kl = ll,
14: break,
15: else
16: iv=i1+1,
17: end if

18:  end while

PYoveralll = PYoveralil k1)

21: ip=0,kp=0

22: pyoverullZ 0= [‘I’VuvemHZ M, ..y PYoverall2 W]

23: m ,,2(;) N,lsjgNandjeZ

24: ile1d

25: quvemllZ (12 +D = PYoverall2 (22)T2(y),
26: i (pymmll2 (i) <0| | T2(>y) < 0) then
27: ko =ip — 1,

28: break,

29: else lf (provemlﬁ (i2) = PYoverall2 (i2 + Dll2 < 107 7) then
30: ko =1ip,

31: break,

32: else

33: ih=ip+1,

34: end if

35:  end while

36:

PYoverall2 = PYoverall2 (k2)

38: Calculate T3(is), Pdg_. gy, 2a0d Pdp,
39: i3=0,k3=0

40: PYoverall3 0= [pyoveruIIS @, PYoverall3 W]
41: 1ymm”3(/> AN lsisNandjez

42:  while 1 do

_R2 according to equations from Eq. (40) to Eq. (45),

43 PYoverall3 (3+1) = PYoverall3 (13)T3Gy),

44: i (yp,03 ) <01 173(G0) < 0) then

45: k3 =iz —1,

46: break,

47: else if 1y, 3) = Pyypepns 03 + Dll2 < 1077) then
48: k3 = i3,

49: break,

50: else

51: iz =i3+1,

52 end if

53:  end while

PYoverall3 = PYoverall3 (k3)

55: Calculate ‘C’, <0’, ", ‘g, MU, ‘1 and ‘0’ and equations from Eq. (46) to Eq. (53),
56: Calculate 7'(i) according to p(i) and equations from Eq. (20) to Eq. (35),

570 plia+1) = pia)T(y),

58:  1if (), ) <0117}, j, (ig) < 0) then

59: kg =ig—1,

60: break,

61:  else if (|piy) — plis + DI, < 1077) then
62: k=iyg,

63: break,

64: else

65 iy =ig+1,

66: f
67: end while
Ensure: Probability Distribution p(ka). Py, oram > PYoveraiiz® PYoveratiz: €+ 07+ F» @7 T, ‘N and “0°.

simulation values, represented by the blue circle markers, Fig. 4 and Fig. 5 depict the limiting PDF of energy stored
lay on the red solid line, which shows the rationality of in the R1 buffer and R2 buffer, obtained by simulation and
the Alg. 1. theoretical analysis. It can be clearly seen from Fig. 4 that
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R18IM

R1 theory

R1 limiting PDF

0 2 4 6 8 10 12 14
Energy (in mJoules)

FIGURE 4. Limiting distribution of energy with infinite-size PEB of relay 1 and
parameters 1/1y = —15dB, 1/, = —12 dB, R, = 2 bit/s/Hz, M; = 10 mJoules, M, =
8 mJoules.

0.14

* R2sSIM
0.12 - B I, A i SR e S A B b R2 theory

o

R2 limiting PDF
o
&

0.04

0.02:

0 2 4 6 8 10
Energy (in mJoules)

FIGURE 5. Limiting distribution of energy with finite-size PEB of relay 2 and
parameters 1/1; = —15dB, 1/, = —12 dB, R, = 2 bit/s/Hz, M; = 10 mJoules, W, =
8 mJoules.

the solid line and dashed line almost exactly coincide, and
they are almost in the middle of the simulation values.
Furthermore, the same case can be seen in Fig. 5, which
effectively proves the accuracy of the derived theoretical
expressions in Eq. (66) and Eq. (57).

In Fig. 6, six cooperative communication networks are
shown, which are MRC system proposed in our paper, Non-
MRC system proposed in [19], IBEP and IOFP proposed
in [10], SBRB proposed in [11] and BSCSI proposed in [25].
It can be observed that IBEP, IOFP, SBRB, and BSCSI
systems are outage regardless of the value of Pg, when all
parameters are the same as the MRC system. Fig. 6 shows
the system outage probability of the system applied MRC
obviously less than Non-MRC system. And the outage prob-
ability of our system is the least among these networks.
In addition, Fig. 7 depicts the throughput of system and
our system also outperform to Non-MRC system. This is
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IBEP-SIM

o
®
T

IOFP-SIM

SBRBSIM

BSCSISIM

System outage probability
2 S

02 : ‘ :
0 5 10 15 20
S node transmitting power (in dBm)

FIGURE 6. Outage probability of system vs. Prs, with parameters 1/1; = —11 dB,
1/, = =12 dB, R, = 2 bit/s/Hz, M; = 12 mJoules, M, = 10 mJoules.

2
O  MRC-sIM
MRC-theory
—*— Non-MRC
15+

System throughput

05

0 5 10 15 20
S node transmitting power (in dBm)

FIGURE 7. Throughput of system vs. Py, with parameters 1/A; = —11 dB,
1/, = =12 dB, R, = 2 bit/s/Hz, M; = 12 mJoules, M, = 10 mJoules.

because the MRC algorithm can combine the multipath sig-
nal with the appropriate coefficient to achieve diversity gain.
Furthermore, it can be observed that the outage and through-
put change slightly, when Pz is from 2 dBm to 8 dBm, and
change considerably when Prg is from 9 dBm to 19 dBm.
The reason for this phenomenon is that, when Prg is small,
it is difficult for S node transmitting data packet reliably to
any other node, in other words, in the whole system, only
S node is activated in most time. With the increase in Py,
S node is able to transmit the data packet to relay nodes.
With the help of relay nodes, the performance of system
improves substantially.

In Fig. 8, the system time slot cost for each data are
demonstrated. These simulations can clarify that the MRC
system outperforms the Non-MRC system. Furthermore, it
can be seen that time slot cost of MRC system is close to that
of Non-MRC system when Pr; is from 2 dBm to 4 dBm and
from 14 dBm to 19dBm. This is because, when Py is too

1103



TENG et al.: OPPORTUNISTIC ROUTING AIDED COOPERATIVE COMMUNICATION MRC NETWORK

O  MRC-sIM
MRC-theory

1093

—*— Non-MRC

10" |

Timeslot cost for each data

‘ ' - ®
5 10 15
S node transmitting power (in dBm)

FIGURE 8. Time slot cost for each data vs. Prs, with parameters 1/1; = —11 dB,
1/x2 = =12 dB, R, = 2 bit/s/Hz, M; = 12 mJoules, M, = 10 mJoules.

small, the SNR of the signals combined is also too small
to reach the SNR threshold and transmit the data packet.
As a result, the effect of MRC is not obvious. And when
Prg is too large, even the Non-MRC system can transmit
the data packet to D easily so that the effect of MRC is
not significant. Thus, if Py is from 5 dBm to 13 dBm,
the Non-MRC system is hard to utilize the SNR of single
signal to reach SNR threshold, however, our MRC system
can exploit the SNR of multiple signals combined to finish
the data packet transmitting. Hence, in these cases, MRC
significantly improves system performance.

VI. CONCLUSION

This paper combines OR aided cooperative communica-
tion network with EH nodes and MRC. By applying the
discrete-time continuous-state space Markov chain model,
the theoretical algorithm-based expressions for limiting the
distributions of stored energy in infinite-size buffers are
derived. Furthermore, by using both the limiting distribu-
tions of energy buffers and data-broadcasted probability
at nodes, the theoretical numerical expressions for outage
probability and throughput of the network are obtained. In
the future, combining the generalized selection combining
(GSC) with OR under the assumption of an EH cooperative
communication network is worth being studied.

APPENDIX A

ALGORITHM FOR PROBABILITY Pg, Psg1, Psgas P1, Pa,
P3’ PYOVERALL1’ P}'OVERALLZ’ PVOVERALLS’ ‘Q"” ‘Q” ‘g” ‘QS” ‘mt!’
‘YU AND ‘O’ BASED ON STM

Specifically, in line 9, 26, 44 and 58, the judgment condition
(p(i)) < 0]T(@H) < 0) indicates that there are non-positive
elements in p(7) or T'(i), which is not desirable, so the update
process needs to be terminated. Moreover, in line 12, 29, 47
and 61, (||p()) —p(i+1)|]2 < 1077) indicates that the update
error is small enough and the update process has converged.
Therefore, the update process can be terminated.
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APPENDIX B

PROOF OF THEOREM 1

According to the total probability theorem, P>; and P5», the
CDF of B>(i + 1) in storage process in Eq. (54) may be
evaluated as follows

Pr{By(i + 1) < x)
= Pr{B>(i) + X(i) < x, TCs = {S}}
+ Pr{B> (i) + X(i) < x, TCs = {S, R1}}
+ Pr{B2(i) + X(i) < x, TCs = {S, R2}, B2(i) < Mg>}
1 Pr{Ba(i) + X(i) < x, TCs = {S, R2}, B2 (i) > Mgo, M, N}
+ Pr{Bz(i) 4 X(i) < x, TCs = {S, R2}, B2 (i) > Mo, E}
4 Pr{Ba(i) + X(i) < x, TCs = {S, R1, R2},
By (i) = Mp;, O, IF}
+ Pr{Bz(i) +X(i) < x, TCs = {S, R1, R2},

B2() = M2, O}
+ Pr{B2(i) + X(i) < x, TCs = {S, R1, R2}, Bo(i) < Mg>}
+ Pr{Bz(i) — Mo + X(i) < x, TCs = {S, R2),

B2(i) = Mz, M. N}
+ Pr{Bz(i) — Mgy + X(i) < x, TCs = {S, R1, R2},

B2(i) = Mp2, O, T}, @81)
When i — oo, the equation Pr{B(i+ 1) < x} = G;'H(x) =
G, (x) = G2(x) holds for the steady state of energy buffer at
RNs. Thus, Eq. (81) can be written as follows

X

G2(x) = (ps + psr1) OFX(X — u2)g2(u2) duz
o=

+ (psr2 * Mk + 1 —m)
+ (@P14+p2+p3)(0xf+1—0))

X
|
Ho=Mp>
min(x,Mg>)

+ (Psr2 + Psr1R2) Fx(x — pn2)g2(12) dur
12=0

+ (psr2 # Mk (1 = 1) + (p1 +pa+p3) %0 (1 — )

x+Mpo
x / Fx(ct Mia — p2)g2(i2) djaa. (82)
Hn2=Mpg>

Fx(x — u2)ga(u2)dus

where go(x) is the derivative of G»(x). With simplifying
Eq. (82), we arrive at

_JGux), 0=<x<Mp
G2(0) = { Gn®), x>Mpg (83)
where,
x+Mp>
Go(x) = bzf Fx(x+ Mgy — n2)g1(n2) dua
H2=Mp>
X
+ / Fx(x — u2)g1(n2)dus, 0 <x < Mpo
u2=0
(84)
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Mg
Gn(x) = / . Fx(x — u2)g2(u2) dus
o=

X
+ay / Fx(x — 2)g2(u2) dua
H2=Mpg>

X+Mpo
b / Fx(x + Mia — 12)ga (u2) dpea,

H2=Mp>
X > Mpo (85)

where,

az = ps+Ppsrl +Pspzxmxn
+ @1 +p2+p3)(0xf+ (1 —0)+Psgax (1 —m),
(86)

by = psrp * m(1 —n) + (p1 +p2 + p3) xo(l — ). (87

According to Eq. (83), the PDF g>(x) may be defined as

0<x<Mp
x> Mpgo.

g21(x),

(1), (88)

&) = {
Substituting Eq. (88) into Eq. (85), the derivatives about x
on both sides of Eq. (85) can be obtained as follows

Mg
g2 = Ofx(x — 12)821(12) dua
=

X
+ 02/ fx(x — pu2)gaa(u2) dus + ba
H1=Mp>

X+Mpga
X f Sx(x+ Mgy — p2)g22(p2) dua,
n1=Mpg>

x = Mgy (89)

Obviously, a; + by = 1. In addition,with [6], it is declared
that, when Mg, > E[X(i)] = 1/X,, the energy update pro-
cess in Eq. (54) possesses a unique stationary distribution,
namely, g>(x) has unique solution. Furthermore, form [6],
g22(x) can be assumed to have an exponential form solution,
which can be expressed by grn(x) = kpe2*, Substituting
g0 (x) = ke??* and fy(x) = e 2% into Eq. (89), we
obtain

Mg
kpe®* = [ hae 20T gy (ua) dpas
12=0

X
+ Clz/ Ape P2ETR) p Q212 s 4 by
n1=Mp>

x+Mpo
x [ )LZe*lz(XwLMRz*uz)kzeQzuz dus,

ni1=Mpg>

x> Mpy (90)

Simplifying Eq. (90), we obtain

Mg>
kpe9?* = )»26_’\”/ "2y (12) dpa
=0

]Q)Lze(QzMRz—)nzx) (aze)‘zMRz + bz)
- A+ O
Ao (az + bze‘QzMRz)kzerc
A2+ 02

,X>Mry (91)
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For Eq. (91) to hold, the following conditions need to be
satisfied

) (a2 + bzeQszz)

=1, (92a)
A+ Qo
kpeQ2Mr2 (aze)\ZMRZ + bz) /MRZ N
= e dus. (92b
ot 0 o g21(12) dus. (92b)

The desirable solution Q> of Eq. (92a) for the finite distri-
bution of gyy(x) may be obtained by simplifying Eq. (92a)
as follows

barae@Mr: = )5 —apdy + Q2 = bada + 02, (93)

Although, it can be easily found from Eq. (92a) that
0>, = 0 is one of the solutions of Q> in Eq. (92a), Oy,
does not satisfy the condition that gy (x) is a limiting distri-
bution. And the other solution Q», of O in Eq. (92a) can
be obtained by simplifying Eq. (92a) as

0 —W(=brraMppe~ 027 2Mr2)
2 =
Mpg>

—byha, bodoMpy > 1.

(94)

where, with bydaMpgy > 1, W(—byryMpae P2%2Mr2) >
—byAoMpgy so that Q> < 0, ensuring the finite distribution

of g2 (x).

Correspondingly, when 0 < x < Mp,, substitute Eq. (88)
into Eq. (84) and differentiate both sides of Eq. (84) with
respect to x. we have

x+Mpo
g1(x) = bz/ Sx(x+ Mgy — 2)g22(n2) dun

Mi=MR2
+ Ofx(x — n2)g21(2) dp2, 0 < x < Mp>
. 95)
Substituting g2 (x) = k2e??* and fyx(x) = Aze 2" into

Eq. (95), we get

g21(x) = ?»2/

12=0
b2k2)\.2€Q2MR2

A+ O

e P20 g0 (o) dpa

(eQ” — e_)‘zx), 0<x<Mp
(96)

M .
Let r(x) = %(6@" — ¢7*2%) and the integral

equation in Eq. (96) can be rewritten as follows

X
21(x) = A2 / e 201 g (o) dpa + r(x), 0 < x < Mpo
12=0

o7

Clearly, Eq. (97) is a Volterra integral equation of the second
kind, whose solution is given by [6], [7] and [23, eq. 2.2.1]

X

g21(x) = r(x) + /\2/ r(n) dt, (98)

=0
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Substituting r(x) into Eq. (98), we obtain

bakyhyeQ2Mr2 (esz

g1(x) = e_m)
A2+ 0o
4 /x b2k2)»26Q2MR2 (eta B e_)qf) 0
=0 A2+ 0O
bakohpe@2Mr2 (¢Q2% ]
= 2 ( ),0§x<MR2 99
O

Because of the unit area condition on g;(x), we have

00 Mgy 00
/ g2(x)dx = / g21(x) dx + / gn()dx=1,
x=0 x=0 x=Mp>

(100)
Substituting g (x) = RR2TRETD ang o) =

kye22* into Eq. (100), we arrive at
ky = _—QZ, (101)

Mpgo(badz + O2)
Furthermore, according to Eq. (101), we have
1 — Q¥

g1(x) = ——— (102)

Mpg>

Substituting Eq. (102) into the right side of Eq. (92b), we
obtain

Mpo . Mpa (1 — esz)e)uzuz
/ 12 gy1(n2) dua / e, 4w
12=0 12=0 R2

1 — ¢P2+0)Mp2 | _ pM2Mp2
M+ 0)Mpy hoMp
(103)
The equation in Eq. (92a) leads us to conclude A;Mpgy, =
é;ﬁ%ﬁm Substituting this conclusion in Eq. (103), we
ave

_ eQszz) (b2 + azeleRz)
(A2 + Q2)Mp>

El

Mpga . (1
/ "2 gy (u2) dus =
H12=0

(104)

Similarly, the conclude 1 — ¢@2Mr = =92 may be obtained
from Eq. (93). Substituting this conclusion in Eq. (104), we
arrive at

Mo 1 — eQ2Mr2) (b, + qye*2Mr2
/ Mg (o) dpy = ( )(b2 + a2 )
1t2=0 (A2 + Q2)Mp2
—02 (b2 + apeMe)
(A2 + Q2)Mpabadr
—0reQ2Mr2 (b2 + azelekz)
Mpa (D222 + Q2) (A2 + 02)
ko e@2Mr2 (p roMg2
_ Kae ( 2+ aze ) (105)
ra+ O
Now, the validation of Eq. (92b) in Eq. (105) indicates that
the unique solution g1 (x) in Eq. (102) for Eq. (95) and the
unique solution g3 (x) = kye92* for Eq. (89) are obtained.
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APPENDIX C

PROOF OF THEOREM 2

According to the energy storage process B> (i) with the
infinite-size energy buffer in Eq. (61), the variable Og(i)
is defined by

(106)

. 1, P
Or(i) = {0 ijl

where P;; and IPj;; are the conditions required for the equa-
tions in Eq. (106) to hold. Specifically, they can be expressed
as follows

Py« [(TCs=1{5.R2))nCNN]

u[(TCs = (5. R1, R2) NONF], (107)
Pii = (TCs = {S}) U (TCs = {S, R1})
U :(TCS = {S.R2})NCN N]
u[(rcs = (s, R23) NT]
U :(TCs = {S.RI,R2})NON IF]
U:(TCs = (5. R1,R2)) N O] (108)
Moreover, the variable (i) is defined as follows
o-fy S0zl

Implying Eq. (106), Eq. (107),Eq. (108) and Eq. (109), the
energy storage process in Eq. (61) can be re-expressed as
follows

By(i+ 1) — B2(i) = X(i) — Mga0(D)Or().  (110)

According to the law of large numbers, the average energy
harvesting rate can be obtained as follows

N
E[X(@)] =Nh—>moollVZX(i)’ (111)
i=1

Similarly, the average energy consumption rate can be given
by

1 N
E[Mp26 () Or(i)] = lim_ N ZMRzeo')oR(i)

= lim —
N—oo N

Z Mg2Og ()

By()=Mpa
1 N

< Mo lim » or}. (112)
=

And,

N
1
E[Op()] = lim = Or()
i=1
1 x Pr{Og(i) = 1} + 0 x Pr{Og(i) = 0}
= Pr[Bz(i) — Mo + X(i) < x, TCs = {S, R2),

Ba() = Mg, M, N}
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+ Pr{Bz(i) — Mgy + X(i) < x, TCs = {S, R1, R2},

By (i) > Mp2, O, F}

= by, (113)
From Eq. (112) and Eq. (113), we obtain
E[Mp20()Or(D)] < by. (114)
If Ygo <1, from Eq. (57), we get
E[X(@{)] > Mg2b», (115)

Therefore, if 1 < 1, from Eq. (111), Eq. (112), Eq. (114)
and Eq. (115), we obtain

N N
1 _ o1 o
Jim 2X(z> > lim X;MR29(1)0R(1), (116)
1= 1=
According to Eq. (110) and Eq. (116), we have
1Y 1Y
Jim Z;Bg(i +D 2 lim = X;Bz(i), (117)
= =

Clearly, if the inequality condition holds in Eq. (117), the
comparison of between Bi(i + 1) and Bj(i) shows that
the energy accumulates in the buffer over time slot, i.e.,
lim;_, 5 E[B1(i)] = oo. Therefore, the stationary distribution
of Bi(i) does not exist, and after a finite number of time
slots, B1(i) > Mpg; almost always hold. In addition, if the
equality condition holds in Eq. (116), according to Eq. (116)
and Eq. (112), we get

Y. MwOg(@). (118)

1 & 1

lim — Z N b L
Ngnoo N 4 X0 ngnoo N -
i=1 Ba(i)=Mpg>

Eq. (118) indicates that in the energy buffer with DCSMC
model, the average energy harvesting rate equals the average
energy consumption rate, which is unstable [24]. Therefore,
the buffer may almost always provide Mg, amount of energy.

APPENDIX D

PROOF OF THEOREM 3

On the basis of the total probability theorem, Pj; and P>
form a complete set of events accompanying event By (i+1).
Thus, the cumulative distribution function (CDF) of B{(i+1)
in the energy update process in Eq. (61) can be expressed
as follows

Pr{B;(i+1) < x}
= Pr{B1(i) + X(i) < x, TCs = {S}}

+ Pr{B1 (i) + X(i) < x, TCs = {S, R2}}

+ Pr{B1 (i) + X(i) < x, (TCs = {S, R1}), (B1(i) < Mg1)}

+ Pr{B1 (i) + X(i) < x, (TCs = {S, R1}), (B1 (i) = Mg,
C.D, ysra(i) = T, ) }

+ Pr{B1 (i) + X(i) < x, (TCs = {S, R1}), (B1(i) > Mg,
C.D, ysga (i) < T, yrir2() < Ti) }
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+Pr{Bi() + X() = x, (TCs = (S, R1, R2)),
(B2i) = Mg2, O, ﬁ)l
+ Pr{B1(i) + X(i) < x, (TCs = {S, R1, R2}),
(B2(i) = Mg2, O, F, B1 (i) = Mg1, G)}
+ Pr{B (i) + X(i) < x, (TCs = {S, R1, R2}),
(B2(i) = Mgy, O, F, By (i) < Mp1)}
+ Pr{Bi) — M1 + X() = .

(TCs = (. R1)), (B1() = M), C. D}
+Pr{B1() — Mr1 +X()) < x,
(TCs = {S, R1}), ((B1(i) = Mg1),C, D,
ysr2(i) < Tans YRIR2(D) = T
+ Pr{Bi() — M1 + X () < %, (TCs = (5. R1, R2)),

(B2(0) = Mo, O.F, (B1() = Mp1). G)}
+ Pr{Bi() — M1 + X () < %, (TCs = (5. R1, R2)),

(B2 < M2, O, (B1() = Mu), G) | (119)

Let Pr{B1(i+1) <x} = Gi1+] (x). With i — oo, if the energy
buffer i.s in its steady state, it obeys that, Pr{B1(i + 1) <
x} = G’I'H(x) = G’1 (x) = G1(x). In this scenario, Eq. (119)
can be written as follows

G1(x) = [ps + pskz + (1 + p2 + p3) * 01 = )PU2

+or+p -] [

n1=0

Fx(x — pn1)g1(n1) dpy

+[PSR1 [€* d(Pr{ysr2(i) = T}

+ Pr{ysra(i) < Tu}Priyrira(i) < T}) + 1 —¢]
+((1 +p2+p3) % 0% g)PU2

+ (1 +p2+p3)+059)(1 = PU2)|

X
X /
H1=MRg)

+[pst + PU2((1 + p2 4+ p3) + 0 5)

+ (1= PU((p1 +p2 +p3) %0) |

Fx(x — p1)g1(ni)dur

min(x,Mgy)
x / Fx( — )1 () da
=0

n [PSRI . C((l _ 0) i 0(1 _ e*WSRZFth>e*WR1R2Frh>
+ PU2((p1 +p2 +p3) x 0% (1 — g))
+ (1 = PUD((p1 + p2 + p3) % 0(1 —9)]

x+MRg1
X / Fx(x + Mpg1 — pn1)dus, (120)

H1=Mg)

where g1(x) is the PDF of B1(i).Fx(x) = 1 — e M* ig the
CDF of X. By simplifying Eq. (120), we arrive at

G111 (%),
Gi2(x),

0<x< Mp
x> Mg

Gi(x) = { 121)
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where,

G11(X)=/ OFX(X—Ml)gl(Ml)dM
=

x+Mpgy
+b1/ Fx(x+ Mgy — n1)g1(n1) duy,
n1=Mp;
0<x < Mg (122)

Mgy
Gpp(x) = / Fx(x — pn1)gi(nr) duq
u1=0

X
+a1/ Fx(x — p1)gi(pnr) duy
H1=MRp1

x+Mpg

+b1/ Fy(c+ M1 — ji1)g1 (1) djus.
n1=Mp;
x> Mgy (123)

where,

ar = ps +psgz + ((p1 + p2 + p3) * o(1 — f)) * PU2
+ (P1 +p2 +p3)(1 —e) + psri (c * 0(€_WSR2F”‘

=+ (1 _ e—WSRZFth><1 _ e—WRlRZFth)>

+ (1 =)+ ((p1+p2+p3)*xoxfxg)PU2

+ ((p1 +p2 4+ p3) x 0 x g)(1 — PU2), (124)
b1 = psr1 * C((l —0) + D(l — g_WSR2FIh>e_WR1R2Fth
+ PU2((p1 +p2+p3) x0xf(1 —g)
+ (1 =PU2)* ((p1 +p2+p3) x0o(1 —g)). (125)

According to Eq. (121), the PDF g;(x) may be defined as

_ e,
10 = {glz(x),

0 <x < Mg

x> Mpy. (126)

After substituting Eq. (126) into Eq. (123), the derivatives
of Eq. (123) about x can be obtained

Mgy

g = Ofx(x—m)gn(m)dm
ni=

X
+a /
H1=Mpg;

X+MR1
+b1/ Sx(+ Mgy — p1)gia(pr) du,

n1=Mpg;
x> Mg, (127)

SO — p)gra(ir) duy

Like g22(x) in Appendix B, let g12(x) = ki e21x, Substituting
g12(x) = k12 and fy(x) = e ¥ into Eq. (127), we get

Mgy
ey e@ =/ e MO ey () diy
n1=0

X
+(1 - bl)/ kle—ll(x—ul)klteul dui + by
n1=Mp;

x+Mgy
x / Ale—Al(X+MR1—M1)kleQ1u1 duy,
n1=Mp;

x> Mg (128)
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Simplifying Eq. (128), we have

Mg

1
ke = /\16%”‘/ M gy () dpy
n1=0

Mki[by + (1 — by)ettMr]
A+ 01
bl)»leQIMRl + (1 —=bp)A
A1+ 01

(Q1MR1—21%)

k1e'*, x > Mgy

(129)

In order to ensure gi2(x) = k1e21* the coefficients of cor-
responding terms in Eq. (129) both sides are equal. Thus,
we get

b1 hieQ1MR1 A
1A1¢ tah_ g (130a)
A+ 01
ki eQ1Mri [bl +ale7»1MR1]
A+ 01
Mgy .
=/ eMgi(wr) duy. (130b)
n1=0

Although, it can be easily found from Eq. (130a) that
01, = 0 is one of the solutions of Q; in Eq. (130a), O,
does not satisfy the condition that gj2(x) is a limiting distri-
bution. And the other solution @1, of Q1 in Eq. (130a) can
be obtained by simplifying Eq. (130a) as

bire@ VMR = 0 —aa 4+ Q0 =bia 4+ 01, (131)
With Lambert W function, the solution Qj, can be expressed
as follows

—W(=bi )1 Mpie~P1*1Mrr)

0 =
Mg,

— biAq, (132)
Due to the property of Lambert W function, when
biMMgy < 1, W(=bihiMgie ""MMRY) = —p 3| Mp,, as
a result, 01, = @1, = 0. On the other hand, when
bimMgpi > 1, W(=biaMgie 0MMrry > —bia Mgy
so that Qi, < 0, ensuring the limiting distribution of
g12(x). Thus, for the stationary distribution of gz(x),
we obtain

—W(—b])ulMRle_bl)‘lMRl)

0=
Mgy

—biA1, biAMpp > 1.

(133)

Similarly, when 0 < x < Mpg;, substituting Eq. (126)
into Eq. (122), the derivatives of Eq. (122) about x can be
obtained

x+Mpg
g1 (x) = by / Sx(e+ Mgy — n1)gr2(nr) du
n1=Mp)
X

+ S —pgr(u)dur,0 < x < Mg,
n1=0
(134)
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Substituting g12(x) = k1e?* and fy(x) = Aje " into

Eq. (134), we get
X
gnx) = ?»1/ e MMy (1) du
u1=0

blkl)\leQIMRl

(eQ'x — e_)“x>, 0 <x < Mg
A1+ 01

(135)

Similar to g1 (x) in Appendix B, the solution of g11(x) may
be given as follows

M,
brkiageQMri (tex B e—MX)

1 =
8 A1+ 01
oM,
+ A /X bikide? 7 (tet—e_Mt> dt
=0 )‘-1 +Q]
blkl)nlteMRl (tex _ 1)
= 0 ,0<x< Mg (136)
1

According to the unit area condition on gi(x), we have

00 Mg 00
/ gl(x)dx=f gn(X)dx+/ gr@dx=1,
x=0 x=0 x=Mpg

(137)
Substituting g11(x) = blk')“eQ]Z’:l (Qr—1) and gpkx) =
k1e21* into Eq. (137), we get
biki i eQiMrt pMpi o
L/ (eQ‘x - 1) dx—{—kl/ Q¥ gy =1,
Ql x=0 X:MRI
(138)
Simplifying Eq. (138), we have
bikir QMR [ QMR _ kyeQ1Mr1
[ - | - BT =,
01 01 Q1
(139)

Substituting Eq. (131) into Eq. (139), then simplifying
Eq. (139), the value of k; can be obtained as follows
__ A

Mgi(b1r1 + Q1)

Substituting Eq. (131) and Eq. (140) into Eq. (136), we
arrive at

ki (140)

1 —e@ix

_ (141)
Mgy

g1 =

Substituting Eq. (141) into the right side of Eq. (130b), we
obtain

Mg N Mgy (1 — tex)eMm
/ e"Mgy () duy =/ ———du
11=0 11=0 MRy
1 — eM1+0DMR 1 — eMMr1
(A1 + Q1)MR1 MMpy
(142)

VOLUME 4, 2023

The equation in Eq. (131) leads us to conclude A1Mp; =

M+0DM, ituti ; ion i
m. Substituting this conclusion in Eq. (142), we
have
/MRl " und (1 — teMRl)(b1 +ale)‘1MRl)
e 11 (p1 1= )
o CAUEE (1 + Q)M

(143)

Similarly, the conclude 1 — e21Mri = ;1—% may be obtained
from Eq. (131). Substituting this conclusion in Eq. (143),
we arrive at

Mgy N
/ Mgy () dpy =
u1=0

—01(b1 + ajet1Mrr)

(A1 + Q1)MRibiiy
_QleQIMRI (bl + aleklMRl)
(A + QDMpg1by e Mr1
_QlteMm (bl + aleMMRl)
Mpgi(biar + Q1) (A1 + Q1)
ki eQ1MRr1 (bl + aleMMm)

B M+ O '

(144)

Now, it can be shown that gjj(x) satisfies the condition
in Eq. (130b). Therefore, there is no doubt that the unique
solution gq1(x) in Eq. (141) for Eq. (134) and the unique
solution g1 (x) = k121~ for Eq. (127) are obtained.
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