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Abstract. This paper evaluates outage performance of
wireless energy harvesting-assisted multi-hop mobile-
to-mobile schemes. In our scheme, a mobile source
sends its data to a mobile destination via a pre-
established route, utilizing multiple intermediate mo-
bile relays. The source and relay nodes harvest energy
from a power beacon station deployed in the network,
and they use this energy to transmit the data. To en-
hance reliability of data transmission, cooperative com-
munication is employed at each hop, with assistance
of outer mobile nodes (they are not on the source-to-
destination route). An incremental cooperation tech-
nique is applied at each hop, i.e., cooperative commu-
nication is only performed when the direct link is out-
age. Moreover, two partial relay selection algorithms
are also considered at each hop. This paper calculates
end-to-end outage probability of the proposed schemes
over double-Rayleigh fading channels. The obtained re-
sults show that our schemes can achieve better outage
performance, as compared with the conventional multi-
hop relay scheme and a corresponding scheme that uses
random relay selection at each hop.

Keywords

Mobile-to-mobile networks, multi-hop relaying,
cooperative communication, partial relay selec-
tion, double-Rayleigh fading channel.

1. Introduction

Relaying methods [1], [2], [3], [4], [5], [6], [7] are cur-
rently being employed in various applications to en-
hance performance for next-generation wireless com-
munication networks. For instance, dual-hop schemes
utilizing full-duplex (FD) relays are proposed in [8],
[9]. FD relaying offers a higher data rate/throughput,
as compared with the corresponding half-duplex (HD)
one. However, FD relays must engage in the challeng-
ing task of self-interference cancellation. The authors
in [10], [11] investigate decode-and-forward (DF) re-
laying cognitive radio networks, where secondary users
must adjust their transmit power to meet a required
interference threshold. Due to the limitation of trans-
mit power, the one-way and two-way relaying tech-
niques [10], [11] are employed to improve outage prob-
ability (OP) performance for the secondary networks.
The authors in [12], [13] study the OP performance
of mobile-to-mobile (M2M) relaying networks. In the
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M2M networks, devices are mobile nodes and channels
between them are modeled as double-Rayleigh fading
[12], [13]. In [14], [15], intelligent reflecting surfaces
(IRS) are deployed to assist data transmission between
a transmitter and a receiver, instead of using the relay
nodes. Published works [16], [17], [18], [19], [20] con-
sider multi-hop schemes, where the source data reaches
the destination via multiple hops (or relays). In [16],
a multi-hop secure communication scenario with pres-
ence of an active eavesdropper is examined. The au-
thors in [17] design multi-hop schemes for short-packet
communication networks. In [18], outage performance
of multi-hop FD relaying models using non-orthogonal
multiple access (NOMA) is evaluated. The authors in
[19] investigate trade-off between security and reliabil-
ity for multi-hop M2M networks operating on the cog-
nitive environment, under impact of hardware noises.
In [20], a hybrid relay/IRS based multi-hop network is
designed.

In [21], [22], [23], [24], [25], [26], [27], wirelessly en-
ergy harvesting (WEH)-based multi-hop relay models
are proposed and analyzed. In [21], [22], the secondary
source and relay nodes harvest energy from power bea-
con stations deployed in the secondary networks. Then,
they utilize this energy to transmit the source data
to the secondary destination. In [23], the transmit
power of the secondary transmitters depends on the
maximal interference threshold given by the primary
network, the channel gain between themselves and ac-
tive eavesdroppers, and the energy harvested from the
power beacon stations. To improve the outage per-
formance for the secondary network, the authors in
[23] propose various path-selection strategies. Unlike
[23], published work [24] proposes a cooperative routing
approach, where the secondary relay and destination
nodes on the source-to-destination route attempt to re-
ceive the signals transmitted by their previous nodes.
This approach significantly enhances the decoding pos-
sibility of the secondary nodes. In [25], the secondary
source is equipped with multiple antennas, and an ef-
ficient relay selection method at each hop is proposed.
In particular, the secondary nodes in [25] are grouped
in clusters, and at each hop, one of the cluster nodes is
selected for receiving and then forwarding the source
data to the next hop. The results obtained present
that the path-selection methods in [23], the coopera-
tive routing method in [24] and the hop-by-hop relay
selection method in [25] achieve much better perfor-
mance, as compared with the conventional multi-hop
relaying schemes in [21], [22]. However, implement-
ing the schemes in [23], [24], [25] is very complex be-
cause they require high synchronization between the
nodes. In [26], the authors propose a simple WEH-
based multi-hop relay scheme using cooperative com-
munication at each hop. In cooperative communication
[26], [28], both direct link and relay link are exploited
to enhance the decoding possibility at the receivers.

In this paper, we study WEH-based multi-hop M2M
schemes using hop-by-hop cooperative transmission.
Unlike [21], [22], [23], [24], [25], [26], this paper focuses
on M2M communication networks, where all nodes are
mobile. Different with [29], we consider multi-hop
M2M scheme with two partial relay selection (PRS)
methods employed at each hop. In [19], the authors
evaluate the end-to-end OP (OP-e2e) and end-to-end
intercept probability of multi-hop M2M schemes in the
cognitive radio environment. In contrast to [19], this
paper employs cooperative communication at each hop
to enhance the performance. To the best of our knowl-
edge, our previous work [30] is most relevant to this
paper. However, [30] only considers the cooperative
communication with a single relay at each hop, while
our work explores a multi-relay scheme using relay se-
lection methods.

The following summarizes the new points and main
contributions of our work:

• Firstly, the incremental cooperation method [26],
and PRS method [26] are applied since they are
simple to implement. Moreover, we consider two
PRS methods, where the best relay can be selected
by using channel state information (CSI) of either
the first link or the second link. It is noteworthy
that the PRS method in [26] only utilizes CSI of
the first link for the relay selection process.

• Secondly, we evaluate the performance of the pro-
posed schemes over double-Rayleigh fading chan-
nels through both theoretical analysis and simula-
tions.

• Thirdly, the results present that our schemes can
achieve better performance, as compared with the
conventional multi-hop scheme [19] and the corre-
sponding one using random relay selection [30].

• Finally, impact of the important parameters (i.e.,
transmit power of the power beacon station, num-
ber of hops, fraction of time spent for the EH
phase) on the performance is investigated.

The remaining contents of this paper are summa-
rized as follows: Section 2. presents the system
model of the proposed schemes. Derivation of OP is
carried out in Section 3. . Simulation and theoretical
results are provided in Section 4. , and Section 5.
concludes this paper.

2. System Model

Fig. 1 illustrates the system model of the multi-hop
M2M scheme, where the source (M1) sends its data
to the destination (MK+1) through an K-hop route
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Fig. 1: Multi-hop M2M scheme using cooperative communica-
tion.

pre-established at the network layer. The route es-
tablishment is performed at the network layer, and it
is assumed that the route is available before the data
transmission starts. Nodes on the M1 → MK route are
respectively denoted by M2, M3, ..., MK , where Mp is
the pth nearest to the source M1 with p = 2, 3, ...,K.
At the kth hop, there are Nk (Nk ≥ 1) nodes that are
available to assist the data transmission between Mk

and Mk+1, where k = 1, 2, ...,K. These nodes are de-
noted as Uk,1, Uk,2,..., Uk,Nk

. Additionally, only one of
these nodes is selected to help the Mk → Mk+1 trans-
mission. For ease of presentation, we denote the se-
lected node as Uk, where Uk ∈ {Uk,1,Uk,2, ...,Uk,Nk

}.
To transmit the data, the Mk and Uk nodes will har-
vest energy from the power station (denoted by B). All
the nodes are assumed to be mobile, and are equipped
with a single antenna. It is also assumed that the Mk

and Uk nodes use the DF technique to relay the source
data from M1 to MK+1.

Let us denote gXY and dXY as channel gain and dis-
tance of the X → Y link, respectively, where X,Y ∈
{Mk,Uk,t,B}, k = 1, 2, ...,K + 1, t = 1, 2, ..., Nk. As-
sume that the nodes Uk,t are close together, i.e., they
are in a cluster [31], and we assume that dXUk,t

= dXUk

and dUk,tY = dUkY, for all X, Y, k and t. We also de-
note PX and σ2

0 as transmit power of the node X and
variance of Gaussian noise at all the receivers, respec-
tively.

If the delay of the M1 → MK transmission is L = 1,
and time allocated for the kthhop is χ = L/K = 1/K,
∀k. Considering the kth hop; there are three phases
as (see [30]): i) the first phase (the EH phase) whose
time is αχ is used by Mk and Uk for harvesting energy
from B; ii) the second phase whose time is (1− α)χ/2
is used to transmit the source data from Mk to Uk and
Mk+1; iii) the third phase whose time is (1− α)χ/2
is used to relay the source data from Uk to Mk+1 (if
required).

Remark 1. We first note that α (0 < α < 1)is a pre-
designed parameter. As shown in [30], the value of α
needs to be designed appropriately to achieve the best
system performance. Next, with the incremental coop-
eration technique used, if the Mk → Mk+1 transmis-

sion is successful, Uk is not required to retransmit the
received data to Mk+1 [30].

Similar to [30], the energy harvested by Mk and Uk

during the EH phase can be expressed as

EHMk
= ηαχPBd

−β
BMk

gBMk
,

EHUk
= ηαχPBd

−β
BUk

gBUk
,

(1)

where β (2 ≤ β ≤ 6) is a path-loss factor and η is a
conversion efficiency.

From (1), we can formulate transmit power of Mk

and Uk, respectively as

PMk
=

EHMk

(1− α)χ/2
= µλBMk

PBgBMk
,

PUk
=

EHUk

(1− α)χ/2
= µλBUk

PBgBUk
,

(2)

where µ = 2ηα/ (1− α) , λBMk
= d−β

BMk
and λBUk

=

d−β
BUk

.

Using (2), we can formulate the instantaneous chan-
nel capacity of the Mk → Mk+1 link as

CMkMk+1
=

(1− α)χ

2
log2

(
1 +

PMk
d−β
MkMk+1

gMkMk+1

σ2
0

)

=
(1− α)χ

2
log2

(
1 + µλBMk

λMkMk+1
∆gBMk

gMkMk+1

)
,

(3)

where λMkMk+1
= d−β

MkMk+1
and ∆ = PB/σ

2
0 .

Similarly, the instantaneous channel capacity of the
Mk → Uk and Uk → Mk+1 links can be expressed,
respectively as

CMkUk
=

(1− α)χ

2
× log2 (1 + µλBMk

λMkUk
∆gBMk

gMkUk
) ,

CUkMk+1
=

(1− α)χ

2

× log2
(
1 + µλBUk

λUkMk+1
∆gBUk

gUkMk+1

)
, (4)

where λMkUk
= d−β

MkUk
and λUkMk+1

= d−β
UkMk+1

.

Now, we present two considered PRS methods. In
the first PRS method, named C-PRS (Conventional
PRS), the best relay Uk is selected as in [26]:

C-PRS: gMkUk
= max

t=1,2,...,Nk

(
gMkUk,t

)
. (5)

In the second PRS method, named M-PRS (Modified
PRS), the best relay Uk is chosen as

M− PRS :PUk
gUkMk+1

= max
t=1,2,...,Nk

(
PUk,t

gUk,tMk+1

)
⇔ gBUk

gUkMk+1
= max

t=1,2,...,Nk

(
gBUk,t

gUk,tMk+1

)
. (6)
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Remark 2. The main idea of the C-PRSand
M-PRSmethods is that the best relay is selected to max-
imize the instantaneous signal-to-noise ratio (SNR) of
either the first relaying link (the Mk → Uk,t links) or
the second relaying link (the Uk,t → Mk+1 links). It is
noted that because Mk and Uk,t are within radio range
of each other, we can assume that Mk can know CSI
of all the Mk → Uk,t links. Therefore, Mk in the C-
PRS scheme can select the cooperative relay by using
(5). Similarly, Mk+1 in the M-PRS scheme can obtain
CSI of all the Uk,t → Mk links. However, to perform
the relay selection algorithm in (6), all the nodes Uk,t

have to estimate gBUk,t
, and then send this value to

Mk+1. Hence, we observe that the M-PRS scheme is
more complex to implement, as compared to C-PRS. It
is due to the fact that the implementation of M-PRS
requires CSI of the B → Uk,t and Uk,t → Mk+1 links.

Next, probability that the data transmission at the
kth hop in the proposed Z scheme is outage can be
formulated as

OPZ
k = Pr

(
CZ

MkMk+1
< Rth, C

Z
MkUk

< Rth

)
︸ ︷︷ ︸

OPk,1

+

Pr
(
CZ

MkUk
≥ Rth, C

Z
MkMk+1

< Rth, C
Z
UkMk+1

< Rth

)
= OPZ

k,1 + Pr
(
CZ

MkUk
≥ Rth, C

CC
MkMk+1

< Rth

)
︸ ︷︷ ︸

OPZ
k,2

× Pr
(
CZ

UkMk+1
< Rth

)
︸ ︷︷ ︸

OPZ
k,3

= OPZ
k,1 + OPZ

k,2 × OPZ
k,3, (7)

where Z ∈ {C-PRS,M-PRS} and Rth is a pre-
determined outage threshold.

In (7), OPZ
k,1 is probability that the Mk → Uk and

Mk → Mk+1 links are outage. Next, OPZ
k,2 is proba-

bility that Mk+1 cannot decode the data received from
Mk successfully, and Uk successfully decodes it. Fi-
nally, OPZ

k,3 is probability that the Uk → Mk+1 trans-
mission fails. Due to the DF relaying technique used,
OP-e2e of the proposed Z scheme can be expressed as

OPZ
e2e = 1−

K∏
k=1

(
1− OPZ

k

)
, (8)

where 1−OPZ
k is probability that the data transmission

at the kth hop is successful.

3. Performance Analysis

This section derives OP-e2e of C-PRSand M-PRS.
Firstly, we find OPC-PRS

k and OPM-PRS
k , and then sub-

stitute them into (8) to obtain OPC-PRS
e2e and OPM-PRS

e2e .

3.1. Double-Rayleigh fading channel

Since the nodes X and Y are mobile, X,Y ∈
{Mk,Uk,t,B}, the X-Y link experiences double-
Rayleigh fading channel. As in [30], cumulative distri-
bution function (CDF) and probability density func-
tion (PDF) of gXY is written, respectively as

FgXY (x) = 1− 2
√
xK1

(
2
√
x
)
,

fgXY (x) = 2K0

(
2
√
x
)
,

(9)

where Ki (.) (i = 0, 1) is the ith order modified Bessel
function of the second kind [32].

Combining (5) and (9), CDF of gMkUk
is given as

FgMkUk
(x) = Pr

(
max

t=1,2,...,Nk

(
gMkUk,t

)
< x

)
=

Nk∏
t=1

Pr
(
gMkUk,t

< x
)
=

Nk∏
t=1

FgMkUk,t
(x)

=
[
1− 2

√
xK1

(
2
√
x
)]Nk . (10)

Next, setting Wt = gBUk,t
gUk,tMk+1

; CDF of Wt can
be formulated as

FWt
(x) = Pr

(
gBUk,t

gUk,tMk+1
< x

)
=

∫ +∞

0

FgBUk,t

(
x

y

)
fgUk,tMk+1

(y) dy.
(11)

Substituting (9) into (11), we obtain a closed-form
expression of FWt

(x) as

FWt (x) =

∫ +∞

0

[
1− 2

√
x

y
K1

(
2

√
x

y

)]
2K0 (2

√
y) dy

= 1−
∫ +∞

0

4

√
x

y
K0 (2

√
y)K1

(
2

√
x

y

)
dy

= 1−G4,0
0,4

(
x

∣∣∣∣ −
0, 1, 1, 1

)
, (12)

where G.,.
.,. (. |. ) denotes MeijerG function [32].

Next, setting Wmax = gBUk
gUkMk+1

, from (6) and
(12), we can write CDF of Wmax as

FWmax
(x) = Pr

(
max

t=1,2,...,Nk

(Wt) < x

)
=

Nk∏
t=1

FWt
(x) =

[
1−G4,0

0,4

(
x

∣∣∣∣ −
0, 1, 1, 1

)]Nk

.

(13)

© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 338



Ngo Hoang AN et al. VOLUME: 22 | NUMBER: 4 | 2024 | DECEMBER

3.2. OP-e2e of C-PRS and M-PRS

We first rewrite OPZ
k,1 in (7) under the following form:

OPZ
k,1 = Pr

(
gBMk

gMkMk+1
< ρk,1, gBMk

gMkUk
< ρk,2

)
= Pr

(
gMkMk+1

<
ρk,1
gBMk

, gMkUk
<

ρk,2
gBMk

)
=

∫ +∞

0

FgMkMk+1

(ρk,1
x

)
FgMkUk

(ρk,2
x

)
fgBMk

(x) dx,

(14)
where Z ∈ {C-PRS,M-PRS}, and

ρk,1 =
2

2Rth
(1−α)χ − 1

µλBMk
λMkMk+1

∆
, ρk,2 =

2
2Rth

(1−α)χ − 1

µλBMk
λMkUk

∆
.

Combining (9)-(14), exact expressions of OPC-PRS
k,1

and OPM-PRS
k,1 can be given, respectively as

OPC-PRS
k,1 =

∫ +∞

0

{[
1− 2

√
ρk,1
x

K1

(
2

√
ρk,1
x

)]
×
[
1− 2

√
ρk,2
x

K1

(
2

√
ρk,2
x

)]Nk

2K0

(
2
√
x
)}

dx,

(15)

OPM-PRS
k,1 =

∫ +∞

0

{[
1− 2

√
ρk,1
x

K1

(
2

√
ρk,1
x

)]
×
[
1− 2

√
ρk,2
x

K1

(
2

√
ρk,2
x

)]
2K0

(
2
√
x
)}

dx.

(16)

Next, OPZ
k,2 in (7) can be formulated as

OPZ
k,2 = Pr

(
gBMk

gMkMk+1
< ρk,1, gBMk

gMkUk
≥ ρk,2

)
= Pr

(
gMkMk+1

<
ρk,1
gBMk

, gMkUk
≥ ρk,2

gBMk

)
=

∫ +∞

0

FgMkMk+1

(ρk,1
x

) [
1− FgMkUk

(ρk,2
x

)]
× fgBMk

(x) dx, (17)

where Z ∈ {C-PRS,M-PRS}.

Then, substituting (9)-(13) into (17), we can obtain
exact expressions of OPC-PRS

k,2 and OPM-PRS
k,2 , respec-

tively as

OPC-PRS
k,2 =

∫ +∞

0

{[
1− 2

√
ρk,1
x

K1

(
2

√
ρk,1
x

)]
×[

1−
(
1− 2

√
ρk,2
x

K1

(
2

√
ρk,2
x

))Nk
]
2K0

(
2
√
x
)}

dx,

(18)

OPM-PRS
k,2 =

∫ +∞

0

{[
1− 2

√
ρk,1
x

K1

(
2

√
ρk,1
x

)]
×4

√
ρk,2
x

K1

(
2

√
ρk,2
x

)
K0

(
2
√
x
)}

dx. (19)

For the probability OPC-PRS
k,3 in (7), using (12), we

obtain the following result:

OPC-PRS
k,3 = Pr

(
gBUk

gUkMk+1
< ρk,3

)
= 1−G4,0

0,4

(
ρk,3

∣∣∣∣ −
0, 1, 1, 1

)
, (20)

where

ρk,3 =
2

2Rth
(1−α)χ − 1

µλBUk
λUkMk+1

∆
.

Finally, using (13), OPM-PRS
k,3 can be expressed by an

exact closed-form expression as

OPM-PRS
k,3 = Pr

(
max

t=1,2,...,Nk

(
gBUk,t

gUk,tMk+1

)
< ρk,3

)
=

[
1−G4,0

0,4

(
ρk,3

∣∣∣∣ −
0, 1, 1, 1

)]Nk

. (21)

3.3. OP-e2e of RRS and WoCC

This paper compares OP-e2e of the proposed C-PRS
and M-PRS schemes with two corresponding schemes.
In the first one, named RRS (Random Relay Selec-
tion), the random relay selection method is employed
at each hop. This means that the Uk relay is randomly
selected at the kth hop. In the second one, named
WoCC (Without Cooperative Communication), direct
transmission between Mk and Mk+1 is performed at the
kth hop, without using cooperative communication.

It is worth noting that the OP-e2e performance of
the RRSscheme is same with that of the single-relay
scheme proposed in [30]. Therefore, using the results
obtained in [30], we can write OP at the kth hop in
this scheme as

OPRRS
k = OPRRS

k,1 + OPRRS
k,2 × OPRRS

k,3 , (22)

where

OPRRS
k,1 =

∫ +∞

0

{[
1− 2

√
ρk,1
x

K1

(
2

√
ρk,1
x

)]
×[

1− 2

√
ρk,2
x

K1

(
2

√
ρk,2
x

)]
2K0

(
2
√
x
)}

dx. (23)

OPRRS
k,2 =

∫ +∞

0

{[
1− 2

√
ρk,1
x

K1

(
2

√
ρk,1
x

)]
×4

√
ρk,2
x

K1

(
2

√
ρk,2
x

)
K0

(
2
√
x
)}

dx.

(24)

OPRRS
k,3 = 1−G4,0

0,4

(
ρk,3

∣∣∣∣ −
0, 1, 1, 1

)
. (25)

Then, OP-e2eof RRS can be expressed as

OPRRS
e2e = 1−

K∏
k=1

(
1− OPRRS

k

)
. (26)
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In the WoCC scheme, the direct transmission be-
tween the nodes Mk and Mk+1 at the kth hop is used,
for all k = 1, 2, ...,K. Indeed, at the kth hop, there
are two phases: i) the first phase (αχ) is used by Mk

for harvesting the wirelessly energy from B; ii) the sec-
ond phase ((1− α)χ) is used for the Mk → Mk+1 data
transmission. As a result, we can formulate the in-
stantaneous channel capacity of the Mk → Mk+1 link
in this scheme as

CWoCC
MkMk+1

= (1− α)χ×

log2

(
1 +

ηα

1− α
λBMk

λMkMk+1
∆gBMk

gMkMk+1

)
. (27)

Then, OP at the kth hop can be exactly computed as

OPWoCC
k = Pr

(
CWoCC

MkMk+1
< Rth

)
= Pr

(
gBMk

gMkMk+1
< ρk,4

)
= 1−G4,0

0,4

(
ρk,4

∣∣∣∣ −
0, 1, 1, 1

)
, (28)

where

ρk,4 =
1− α

ηαλBMk
λMkMk+1

∆

(
2

Rth
(1−α)χ − 1

)
. (29)

From (28), OP-e2e of WoCC can be given by an ex-
act closed-form expression as

OPWoCC
e2e = 1−

K∏
k=1

(
1− OPWoCC

k

)
= 1−

K∏
k=1

G4,0
0,4

(
ρk,4

∣∣∣∣ −
0, 1, 1, 1

)
. (30)

4. Simulation Results

In Section 4, we perform simulations to compare the
OP-e2eperformance of the C-PRS, M-PRS, RRS and
WoCC schemes as well as to verify the correctness of
the given expressions. The simulation and theoretical
results are denoted by ′Sim′ and ′Theory′, respectively.
Indeed, all the figures below present that the ′Sim′ and
′Theory′ results are in a good agreement.

In all the simulations, the mobile node (Mk) is po-
sitioned at ((k − 1) /K, 0), where k = 1, 2, ...,K + 1.
With this setup, all the nodes (Mk) are aligned on a
straight line, the distance between the source (M0) and
the destination (MK+1) is fixed by 1, and the distance
between Mk and Mk+1 is dMkMk+1

= 1/K, ∀k. For
the outer relay Uk, this node is located at the middle
of Mk and Mk+1, with position ((2k − 1) / (2K) , 0),
dMkMk+1

= 1/K, ∀k . Finally, position of the power
beacon (B) is fixed at (0.5, 0.5).
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Fig. 2: OP-e2e as a function of ∆ (dB) when K = 4,
N = 5, Rth = 0.5 and α = 0.35.

To focus on analyzing impact of important system
parameters on the OP-e2e performance of the consid-
ered schemes, we fix: β = 3 and η = 1. It is also as-
sumed that the number of available relays at each hop
is the same, i.e., Nk = N (∀n). In Fig. 2, we present the
OP-e2e performance of the C-PRS, M-PRS, RRS and
WoCC schemes as a function of ∆ in dB when K = 4,
N = 5, Rth = 0.5 and α = 0.35. We first observe that
all the schemes obtain better performance as increasing
∆. It is because increasing ∆ also entails increasing the
transmit power of the transmitters. Next, Fig. 2 shows
that the schemes using cooperative communication ob-
tain better performance as compared with WoCC. It
is due to the fact that cooperative communication en-
hances reliability of the data transmission at each hop,
as compared with the direct transmission. In addition,
C-PRS and M-PRS outperform RRS due to usage of
the PRS method. In this figure, C-PRS obtains the
best performance, while performance ofM-PRSis only
slightly better than that of RRS.

Fig. 3 investigates impact the number of relays at
each hop (N) on the performance of the considered
schemes when ∆ = 20 (dB), K = 5, Rth = 0.25 and
α = 0.25. We again see that OP-e2e of C-PRS and
WoCC is lowest and highest, respectively, and OP-e2e
of M-PRS is slightly lower than that of RRS. It is also
seen that OP-e2e of C-PRS significantly decreases with
the increasing of N , but that of M-PRS slightly de-
creases. It is worth noting that the main disadvantage
of M-PRS is that it only enhances the quality of chan-
nels at the second link. Consequently, its performance
primarily relies on the quality of the first link. This
is why performance of M-PRS slightly improves com-
pared to RRS and remains relatively stable even with
an increase in the number of relays at each hop. Fi-
nally, from Figs. 2 - 3, we can see that C-PRS achieves
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Fig. 3: OP-e2e as a function of N when ∆ = 20 (dB),
K = 5, Rth = 0.25 and α = 0.25.
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Fig. 4: OP-e2e as a function of Kwhen ∆ = 20 (dB),
N = 5, Rth = 0.25 and α = 0.25.

the best performance, which can be further enhanced
by increasing the number of relays (N).

Fig. 4 investigates impact the number of hops (K)on
the performance of the considered schemes when ∆ =
20 (dB), N = 5, Rth = 0.25 and α = 0.25. Fig. 4
presents that OP-e2e of all the schemes changes as in-
creasing K from 1 to 8. It is worth noting that because
dMkMk+1

= 2dMkUk
= 2dUkMk+1

= 1/K, ∀k, hence,
when K increases, the distances dMkMk+1

, dMkUk
and

dUkMk+1
decrease, and this is the reason why OP-e2e

of all the schemes decreases. However, when K is high,
the time allocated for each hop is small, and this re-
duces channel capacity obtained at each hop. As a re-
sult, we can observe from Fig. 4 that OP-e2e of all the
schemes increases as K is high. Moreover, there exist
optimal values of K at which OP-e2e of the considered
schemes is lowest. In particular, the optimal number of
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Fig. 5: OP-e2e as a function of α when ∆ = 15 (dB),
N = 3, Rth = 0.1 and K = 4.
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Fig. 6: OP-e2e as a function of K when ∆ = 20 (dB),
N = 5 and Rth = 0.3.

hops of the C-PRS, M-PRS, RRS and WoCC schemes
in Fig. 4 are 4, 3, 3 and 4, respectively.

Fig. 5 presents impact the fraction of the EH phases
(α) on OP-e2e of all the considered schemes when ∆ =
15 (dB), N = 3, Rth = 0.1 and K = 4. It is worth not-
ing that if α is allocated with a high value, the transmit
power of the transmitters is high, but the channel ca-
pacity obtained at each hop is low. As a result, as
seen in Fig. 5, there exist optimal values of α (denoted
by α∗

Z, where Z ∈ {C-PRS,M-PRS,RRS,WoCC}. In
particular, from Fig. 5, we have α∗

C-PRS = α∗
M-PRS =

α∗
RRS = 0.55 and α∗

WoCC = 0.65. However, to find the
exact value of α∗

Z, we can use one-dimensional search
algorithm (or Golden Search algorithm) given in [24],
and we have α∗

C-PRS = α∗
M-PRS = α∗

RRS = 0.565 and
α∗

WoCC = 0.6736. Fig. 6 presents OP-e2e of the
C-PRS, M-PRS, RRS and WoCC schemes as a func-
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Tab. 1: Optimal value of α used for Fig. 6.

α∗
Z K = 1 K = 2 K = 3 K = 4 K = 5 K = 6

WoCC 0.712 0.612 0.544 0.491 0.449 0.414
RRS 0.612 0.491 0.414 0.314 0.314 0.279
C-PRS 0.612 0.491 0.414 0.314 0.314 0.279
M-PRS 0.612 0.491 0.414 0.314 0.314 0.279

tion of K when ∆ = 20 (dB), N = 5 and Rth = 0.3.
In this figure, we use Golden Search algorithm [24] to
find the values of α∗

Z, which are given in Table. 1.
From Table. 1, we can see that the C-PRS, M-PRS,
RRSschemes have the same value of α∗

Y. Furthermore,
α∗

Y decreases with the increasing of K for all Y, and
α∗

WoCC > α∗
Y, where Y ∈ {C-PRS,M-PRS,RRS}. We

can observe from Fig. 6 that all the considered proto-
cols achieve the best performance when K = 2.

5. Conclusion

This paper evaluated the OP-e2e performance of the
C-PRS and M-PRS schemes via Monte-Carlo simu-
lation and analysis. The obtained results indicate
that our schemes achieve better performance, as com-
pared with the corresponding RRS and WoCC ones.
Moreover, the C-PRS scheme outperforms the M-PRS
scheme in terms of outage probability and complexity
implementation. Therefore, the C-PRS scheme should
be selected for practical implementation. To further
enhance the performance for the C-PRS and M-PRS
schemes, important system parameters such as K, α
and N should be optimally designed.

In future, full relay selection methods will be applied
at each hop to enhance the OP-e2e performance for the
multi-hop relaying schemes.
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