
energies

Article

Energy-Efficient Path Selection Using SNR
Correlation for Wireless Multi-Hop
Cooperative Communications

In-Ho Lee 1 and Haejoon Jung 2,∗

1 Department of Electrical, Electronic and Control Engineering, Hankyong National University,
Anseong 17579, Korea; ihlee@hknu.ac.kr

2 Department of Information and Telecommunication Engineering, Incheon National University,
Incheon 22012, Korea

* Correspondence: haejoonjung@inu.ac.kr; Tel.: +82-32-835-8631

Received: 21 September 2018; Accepted: 31 October 2018; Published: 1 November 2018
����������
�������

Abstract: In this paper, we consider partial path selection (PPS) for a multi-hop decode-and-forward
cooperative system with limited channel state information (CSI) feedback, where the PPS utilizes local
CSI only for a subset of hops on each of all independent paths between a source and a destination
to reduce the energy consumption for CSI feedback. To enhance the end-to-end performance of the
PPS, we propose a novel PPS method with local CSI chosen by the correlation between the end-to-end
signal-to-noise ratios (SNRs) based on global and local CSI under Nakagami-m fading channels. For each
path, we pick a subset of hops to report CSI with the highest correlation for a given CSI feedback
overhead requirement, which can achieve the similar end-to-end outage probability to the best path
selection with global CSI. We provide an exact and closed-form expression for the SNR correlation
coefficient and present an impact of the SNR correlation on the end-to-end outage probability.

Keywords: multi-hop decode-and-forward relaying; limited channel feedback; SNR correlation; relay
selection; Nakagami fading channels

1. Introduction

Wireless sensor networks (WSNs) have the advantages of high flexibility in deployment and
high usability in dynamic environments [1,2]. Because of these advantages, WSNs enable developing
diverse applications such as security surveillance, environmental monitoring, disaster monitoring,
healthcare, target tracking, and internet of things (IoT) applications [1–4]. However, to realize the
long-range communication applications, a limited communication range of WSNs with low-power
transmitters should be improved. Thus, multi-hop transmission techniques have been introduced into
WSNs for coverage extension. The multi-hop communication allows intermediate nodes between a
source node and a destination node to relay a signal of the source node, which can enable long-range
communications [5–7].

In WSNs, the nodes may have insufficient space to be equipped with multiple antennas, and thus
they may exploit very limited spatial diversity to enhance the signal reliability and data rate. In many
studies, hence the concept of virtual antennas has been employed to generate and exploit more spatial
diversity, where multiple cooperative nodes are regarded as virtual antennas of a transmitter or a
receiver. Such virtual antennas have been also adopted in multi-hop WSNs so as to improve their signal
reliability and data rate [8–10]. One of well-known multi-hop cooperation techniques using virtual
antennas is the best path selection (BPS) in which a single path providing the best end-to-end channel
quality is selected among multiple paths between a source node and a destination node for data
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transmission [11]. The BPS requires global channel state information (CSI) (i.e., full CSI for all hops of
every path) for the best path selection. Thus, the BPS may not be employed in wireless communication
networks with the limited CSI feedback which can be adopted for the restricted resources such as
bandwidth and node energy.

In wireless communication, one of limited resources is energy which can be mainly consumed by
signal (e.g., data and control information) transmission and signal processing. The energy resource is
significantly treated in a sensor node because of its small energy capability. Such an important energy
issue has been also handled in wireless cellular networks to realize the green communication network,
and limited CSI feedback has been considered as one of energy-efficient radio technologies [12–15].
Hence, the partial path selection (PPS) utilizing local CSI, i.e., CSI for certain hops of each path, has been
proposed in [16]. To enhance the limited end-to-end performance of the PPS, an efficient PPS scheme
has been presented in [17], where only CSI for the hop with the smallest average channel power in
each dual-hop path is used for the PPS. In addition, the end-to-end performances of the PPS have been
widely studied for a decode-and-forward (DF) relaying system with an eavesdropper [18], a cognitive
amplify-and-forward (AF) relaying system [19], and a non-orthogonal multiple access (NOMA)-based
AF relaying system [20] in terms of the outage probability and ergodic capacity. Moreover, the PPS
can be applicable to a cooperative NOMA system [21] and a relay-assisted multicast system [22] when
those systems require limited CSI feedback.

However, the PPS techniques in the previous works assuming the dual-hop scenario cannot
be directly applied to the multi-hop scenario since many different combinations of hops for local
CSI exist in the multi-hop case. Therefore, in this paper, we propose a novel PPS algorithm for a
multi-hop relaying system with the limited CSI feedback, by which we can choose a pertinent subset of
hops in each path to report local CSI according to the system requirement for CSI feedback overhead.
To minimize the performance degradation relative to the BPS based on the global CSI, we introduce
the correlation coefficient between the end-to-end signal-to-noise ratios (SNRs) calculated by global
and local CSI for each path, and find the subset of hops for local CSI in each path that maximizes the
correlation coefficient. As the SNR correlation coefficient quantifies the statistical similarity between
the end-to-end SNRs for global and local CSI, the proposed PPS with local CSI providing high SNR
correlation can work most similarly to the BPS with global CSI. Assuming DF relays and Nakagami-m
fading channels, we present an exact and closed-form expression for the SNR correlation coefficient.
In addition, we provide an exact and closed-form expression for the end-to-end outage probability
of the PPS using local CSI so as to investigate an impact of the SNR correlation coefficient on the
end-to-end outage probability of PPS and compare the end-to-end performances of BPS and PPS using
the SNR correlation.

Main contributions of this paper are summarized as follows:

• The PPS scheme for dual-hop relaying systems is developed and generalized for multi-hop ones
under Nakagami-m fading channels.

• The correlation coefficient between the end-to-end SNRs for local CSI for a subset of hops and
global CSI on a given path between a source and a destination is inceptively introduced to quantify
a level of similarity between those for the local and global CSI.

• The exact SNR correlation coefficient for a given subset of hops on a given path is derived under
Nakagami-m fading channels, and its closed-form expression is provided.

• The exact and closed-form expression for the end-to-end outage probability of PPS with local CSI
in Nakagami-m fading channels is derived to evaluate the end-to-end performance of PPS based
on the SNR correlation coefficient.

• Through numerical investigation, we show the relationship between the SNR correlation
coefficient and the end-to-end outage probability of PPS and find certain channel conditions
in order that the PPS with the highest SNR correlation coefficient achieves the similar performance
to the BPS.
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The rest of this paper is organized as follows: related works to our research are covered in
Section 2. In Section 3, we present the system model for multi-hop cooperative communications with
parallel relays, BPS and PPS schemes, and their SNR distributions assuming independent Nakagami-m
fading channels. In Section 4, we introduce the correlation coefficient between the end-to-end SNRs
for local and global CSI in order to find the best PPS and derive a closed-form expression for the SNR
correlation coefficient. In Section 5, the end-to-end outage probability is analyzed to evaluate the
end-to-end performance of the multi-hop cooperative system with the PPS using local CSI. In Section 6,
we provide numerical results to verify the analysis of the SNR correlation coefficient and outage
probability and show the impact of the SNR correlation coefficient on the end-to-end performance of
PPS. Finally, in Section 7, we conclude the paper.

2. Related Work

For multi-hop transmissions, there are two typical relaying schemes: AF and DF relaying. In the
AF relaying scheme, a relay amplifies a signal received from a previous node (or a source) and then
forwards the amplified signal to a next node (or a destination). Because of the simple AF relaying
operation, low complexity is required at the relay, but there is a noise propagation problem, which can
induce a certain performance degradation. On the other hand, in the DF relaying scheme, a relay
decodes and re-encodes a received signal from a previous node and then forwards the encoded signal
to a next node. Because of the decoding operation in the DF relaying scheme, the noise propagation
does not occur in multi-hop transmissions. However, DF relaying needs a relay with the higher
complexity than AF relaying for its decoding and re-encoding operations.

To achieve spatial diversity in multi-hop relaying systems, the multi-hop cooperation techniques
have been widely studied, where multiple cooperative nodes between a source and a destination are
used as virtual antennas of the source or the destination. A simple but efficient multi-hop cooperation
scheme is the BPS. In [11], the BPS schemes were proposed for dual-hop cooperative systems with AF
relaying as well as DF relaying in order to achieve full spatial diversity. Also, their outage probability
and diversity-multiplexing trade-off were analyzed for Rayleigh and Ricean fading channels. In [23,24],
average bit error rate of the BPS was evaluated for multi-hop DF cooperative systems in Rayleigh and
Nakagami-m fading channels, respectively, where it was noted that more than two hops for each of
every path were considered.

For green wireless communication, energy-efficient radio technologies have been presented in [12],
where the issues on channel feedback information and CSI feedback overhead have been addressed to
improve the energy efficiency. In [13], it was shown that the spectral efficiency and energy efficiency can
be affected by channel feedback information in wireless multiple-input multiple-output transmission.
In [14], the reduction in the CSI feedback overhead was studied to enhance the energy efficiency in
downlink orthogonal frequency division multiple access. In [15], the relay and user selection scheme
with one-bit CSI feedback was proposed for energy-efficient multiple-relay and multiple-user systems,
and also exact expressions for outage probability and feedback requirement were provided to quantify
the trade-off between complexity and performance. As mentioned previously, CSI feedback has been
widely studied to achieve high energy efficiency in wireless communication.

The operation of the BPS is done by global CSI, and thus full CSI feedback is required. Hence,
the CSI feedback for BPS can be limited from the viewpoint of energy efficiency for wireless
communication systems. Therefore, in [16], the PPS was introduced in dual-hop AF relaying systems
to utilize local CSI for path selection, and the statistical analysis of its end-to-end SNR was presented
for Rayleigh fading channels. The PPS simply uses the CSI for one of two hops on each path. Thus,
its end-to-end performance can be very limited. To improve the performance of the PPS, in [17],
the efficient PPS was hence proposed for dual-hop AF relaying systems, and its outage probability
was investigated in Rayleigh fading channels. In [17], it was also shown that the efficient PPS can
provide the similar outage performance to the BPS under non-identical channel conditions in two-hop
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networks. In [25,26], average bit error rate and outage probability of the efficient PPS were analyzed
for dual-hop DF relaying systems in Rayleigh and Nakagami-m fading channels.

The above-mentioned works assumed ideal CSI feedback, i.e., no feedback delay and no channel
estimation error. However, in real wireless communication environments, there are the time delay
between the CSI feedback and the data transmission as well as the channel estimation error at a
receiver. Therefore, in [27,28], outage probability, symbol error rate and bit error rate of the BPS and
PPS with outdated channel estimates were respectively investigated for dual-hop AF relaying systems
in Rayleigh fading channels. In [29], the outage probability of the efficient PPS with outdated CSI and
channel estimation error was presented for dual-hop DF relaying systems in Rayleigh fading channels.

The study on efficient PPS has focused on only dual-hop cooperative systems so far. Hence,
in this paper, we extend the dual-hop system model to the multi-hop (i.e., more than two hops) system
model and focus on proposing a novel efficient PPS scheme for multi-hop DF relaying systems with
limited CSI feedback, where ideal CSI feedback is assumed to show the best outage performance of the
proposed efficient PPS and compare with the outage performance of the BPS. In addition, we consider
Nakagami-m fading channels to analyze its outage probability.

3. System Model and SNR Distributions

We consider a multi-hop parallel relay system (MRS), as shown in Figure 1 [23], where K parallel
independent paths are assumed to be available for data transmission from a source to a destination,
and the k-th path between the source and the destination consists of Nk serial hops with Nk − 1 relays.
In MRS, one of K paths can be selected for data transmission to achieve spatial diversity according
to the selection combining rule, i.e., only a single path with the best end-to-end link quality between
the source and the destination can be chosen for transmission. The path selection is assumed to be
performed by the source using CSI reported by the nodes. The relays operate in the half-duplex DF
mode, where the half-duplex mode means that each relay is not allowed to transmit and receive the
signal at the same time. Then, for orthogonal transmission, relay n decodes a data signal received
from the preceding node in the n-th time slot, and retransmits the decoded signal to the succeeding
node during the (n + 1)-th time slot. It is assumed that data communication is available only between
adjacent nodes due to high path-loss and shadowing, and there are no CSI feedback delay and error.

Figure 1. A multi-hop WSN with parallel relays from a source to a destination.

Let the channel coefficient for the n-th hop of the k-th path be denoted as hk,n, and its magnitude
be assumed to follow Nakagami-m distribution with the integer parameter mk,n and the average power
βk,n, where it is noted that Nakagami-m fading channels can generally represent line-of-sight as well
as non-line-of-sight channel environments. It is also assumed that all the channels are independent.
The received SNR for hop n of path k is then given as γk,n = Pk,n|hk,n|2/σ2

k,n, where Pk,n and σ2
k,n denote

the transmit power and noise power, respectively.
The end-to-end SNR for DF relaying on path k is defined as the weakest of the received SNRs for

each of Nk hops [23] and expressed as qk , minn=1,··· ,Nk{γk,n}, which also denotes the end-to-end SNR
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for global CSI, i.e, end-to-end perfect CSI. For the BPS, the path with the maximum end-to-end
SNR among K paths is chosen as follows: kG = arg maxk=1,··· ,K{qk}. However, only local CSI
(i.e., any subset of global CSI as a limited version) can be available at the source in practice because
of limited CSI feedback, and then a path can be selected by the local CSI-based PPS as follows:
kL = arg maxk=1,··· ,K{qk,lk}, where lk is the number of hops chosen for CSI feedback in path k, and
qk,lk = minn=1,··· ,lk{γk,n}, which represents the end-to-end SNR for local CSI. For the simplicity
of mathematical expressions, the subset of hops in path k is set to {1, · · · , lk}, but it can be easily
generalized to any subset of hops with size lk.

Let ρk,n , Pk,nβk,n/(σ2
k,nmk,n). The probability density function (PDF) and the cumulative

distribution function (CDF) of γk,n are respectively given by

fγk,n(x) =
1

Γ(mk,n)

(
1

ρk,n

)mk,n

xmk,n−1e
− x

ρk,n , (1)

Fγk,n(x) = 1− e
− x

ρk,n

mk,n−1

∑
i=0

1
Γ(i + 1)

(
x

ρk,n

)i
, (2)

where Γ(·) is a gamma function [30]. Using Equation (2), the CDF of qk,lk (x) is obtained as

Fqk,lk
(x) = 1− Pr

{
γk,1 > x, · · · , γk,lk > x

}
= 1− e

−∑
lk
j=1

x
ρk,j

{
∑

mk,1−1
i1=0 · · ·∑

mk,lk
−1

ilk=0 ∏lk
j=1

1
Γ(ij+1)

(
x

ρk,j

)ij
}

.
(3)

Using Equation (3), the PDF of qk,lk (x) is obtained as

fqk,lk
(x) = d

dx Fqk,lk
(x)

= ∑
mk,1−1
i1=0 · · ·∑

mk,lk
−1

ilk=0

{
∏lk

j=1
1

Γ(ij+1)

(
1

ρk,j

)ij
}

×
{(

∑lk
j=1

1
ρk,j

)
x∑

lk
j=1 ij e

−∑
lk
j=1

x
ρk,j −

(
∑lk

j=1 ij

)
× x

(
∑

lk
j=1 ij

)
−1e
−∑

lk
j=1

x
ρk,j

}
.

(4)

4. End-to-End SNR Correlation Analysis

Based on the limited CSI feedback, lk’s for all paths are able to be decided, and in path k,
an appropriate subset with size lk in the entire set of hops {1, · · · , Nk} can be determined for local
CSI to provide the similar end-to-end SNR to global CSI (i.e., CSI for Nk hops), which can enable
the PPS using local CSI to be done like the BPS using global CSI. In this section, we analyze the
correlation coefficient between qk and qk,lk to find the best set of lk hops for local CSI. The correlation
coefficient represents the quantity of the similarity between qk and qk,lk , and as it becomes larger,
qk and qk,lk become statistically more similar. For path k, the correlation coefficient between qk and
qk,lk is expressed as

ηk,lk =
E[qkqk,lk ]− E[qk]E[qk,lk ]√

{E[q2
k ]− (E[qk])2}{E[q2

k,lk
]− (E[qk,lk ])

2}
, (5)

where −1 ≤ ηk,lk ≤ 1, and qk and qk,lk are highly correlated when ηk,lk approaches 1.
Using Equation (4), the t-th moment of fqk,lk

(x) is yielded as

E[qt
k,lk

] =
∫ ∞

0 xt fqk,lk
(x)dx

= t ∑
mk,1−1
i1=0 · · ·∑

mk,lk
−1

ilk=0

{
∏lk

j=1
1

Γ(ij+1)

(
1

ρk,j

)ij
}
× Γ

(
t + ∑lk

j=1 ij

) (
∑lk

j=1
1

ρk,j

)−t−∑
lk
j=1 ij

.
(6)
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By replacing lk with Nk in Equation (6), E[qt
k] is also obtained. Then, E[qkqk,lk ] is derived as

E[qkqk,lk ] =
∫ ∞

0 · · ·
∫ ∞

0

[
minn=1,··· ,Nk{xn}

] [
minj=1,··· ,lk{xj}

]
fγk,1(x1) · · · fγk,Nk

(xNk )

×dx1 · · · dxNk

=
∫ ∞

0 · · ·
∫ ∞

0

[
minn=lk+1,··· ,Nk

{xn, y}
]

y fγk,lk+1(xlk+1) · · · fγk,Nk
(xNk ) fqk,lk

(y)

×dxlk+1 · · · dxNk dy

= ∑Nk
n=lk+1

∫ ∞
0

∫ ∞
xn
· · ·
∫ ∞

xn
xny fqk,lk

(y) fγk,lk+1(xlk+1) · · · fγk,Nk
(xNk )

×dydxlk+1 · · · dxn−1dxn+1 · · · dxNk dxn

+
∫ ∞

0

∫ ∞
y · · ·

∫ ∞
y y2 fγk,lk+1(xlk+1) · · · fγk,Nk

(xNk ) fqk,lk
(y)

×dxlk+1 · · · dxNk dy.

(7)

To derive the first part of Equation (7), using Equations (1) and (4), we first have

T1 =
∫ ∞

xn
y fqk,lk

(y)dy

= ∑
mk,1−1
i1=0 · · ·∑

mk,lk
−1

ilk=0

(
∏lk

j=1
ρ
−ij
k,j

Γ(ij+1)

)

×
{

e
−∑

lk
j=1

xn
ρk,j ∑

1+∑
lk
j=1 ij

u=0
Γ
(

2+∑
lk
j=1 ij

)
Γ(u+1)

(
∑lk

j=1
1

ρk,j

)−1+u−∑
lk
j=1 ij

xu
n

−
(

∑lk
j=1 ij

)
e
−∑

lk
j=1

xn
ρk,j ∑

∑
lk
j=1 ij

u=0
Γ
(

1+∑
lk
j=1 ij

)
Γ(u+1) ×

(
∑lk

j=1
1

ρk,j

)−1+u−∑
lk
j=1 ij

xu
n

}
,

(8)

T2 =
∫ ∞

xn
· · ·
∫ ∞

xn
∏Nk

j=lk+1,j 6=n fγk,j(xj)dxj

= ∑
mk,lk+1−1
ilk+1=0 · · ·∑mk,n−1−1

in−1=0 ∑
mk,n+1−1
in+1=0 · · ·∑

mk,Nk
−1

iNk
=0

∏Nk
j=lk+1,

j 6=n

ρ
−ij
k,j

Γ(ij+1)

× e
−∑

Nk
j=lk+1,j 6=n

xn
ρk,j x

∑
Nk
j=lk+1,j 6=n ij

n .
(9)

Multiplying Equations (8) and (9), then we obtain the first part of Equation (7) as follows:

∑Nk
n=lk+1

∫ ∞
0 xnT1T2 fγk,n(xn)dxn

= ∑Nk
n=lk+1 ∑

mk,1−1
il1=0 · · ·∑

mk,n−1−1
in−1=0 ∑

mk,n+1−1
in+1=0 · · ·∑

mk,Nk
−1

iNk
=0

ρ
−mk,n
k,n

Γ(mk,n)

×
(

∏Nk
j=1,j 6=n

ρ
−ij
k,j

Γ(ij+1)

){
Γ (ωk,n)

(
∑Nk

j=1
1

ρk,j

)−ωk,n
+ ∑

∑
lk
j=1 ij

u=0
Γ
(

1+∑
lk
j=1 ij

)
Γ(u+1)

(
∑lk

j=1
1

ρk,j

)−1+u−∑
lk
j=1 ij

× Γ(λk,n)
(

∑Nk
j=1

1
ρk,j

)−λk,n
}

,

(10)
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where ωk,n = mk,n + 2 + ∑Nk
j=1,j 6=n ij, and λk,n = u + mk,n + 1 + ∑Nk

j=lk+1,j 6=n ij. Using
Equations (1) and (4), we derive the other part of Equation (7) as follows:∫ ∞

0

∫ ∞
y · · ·

∫ ∞
y y2 fγk,lk+1(xlk+1) · · · fγk,Nk

(xNk ) fqk,lk
(y)dxlk+1 · · · dxNk dy

= ∑
mk,1−1
i1=0 · · ·∑

mk,Nk
−1

iNk
=0

(
∏Nk

j=1
ρ
−ij
k,j

Γ(ij+1)

){(
∑lk

j=1
1

ρk,j

) ∫ ∞
0 y2+∑

Nk
j=1 ij e

−∑
Nk
j=1

y
ρk,j dy

−
(

∑lk
j=1 ij

) ∫ ∞
0 y1+∑

Nk
j=1 ij e

−∑
Nk
j=1

y
ρk,j dy

}

= ∑
mk,1−1
i1=0 · · ·∑

mk,Nk
−1

iNk
=0

(
∏Nk

j=1
ρ
−ij
k,j

Γ(ij+1)

){(
2 + ∑Nk

j=1 ij

) (
∑lk

j=1
1

ρk,j

) (
∑Nk

j=1
1

ρk,j

)−1

−∑lk
j=1 ij

}
Γ
(

2 + ∑Nk
j=1 ij

) (
∑Nk

j=1
1

ρk,j

)−2−∑
Nk
j=1 ij

.

(11)

Finally, E[qkqk,lk ] is yielded by the sum of Equations (10) and (11) as follows:

E[qkqk,lk ] =

[
∑Nk

n=lk+1 ∑
mk,1−1
i1=0 · · ·∑mk,n−1−1

in−1=0 ∑
mk,n+1−1
in+1=0 · · ·∑

mk,Nk
−1

iNk
=0

ρ
−mk,n
k,n

Γ(mk,n)

(
∏Nk

j=1,j 6=n
ρ
−ij
k,j

Γ(ij+1)

){
Γ (ωk,n)

×
(

∑Nk
j=1

1
ρk,j

)−ωk,n
+ ∑

∑
lk
j=1 ij

u=0
Γ
(

1+∑
lk
j=1 ij

)
Γ(u+1)

(
∑lk

j=1
1

ρk,j

)−1+u−∑
lk
j=1 ij

Γ(λk,n)
(

∑Nk
j=1

1
ρk,j

)−λk,n
}]

+

[
∑

mk,1−1
i1=0 · · ·∑

mk,Nk
−1

iNk
=0

(
∏Nk

j=1
ρ
−ij
k,j

Γ(ij+1)

){(
2 + ∑Nk

j=1 ij

) (
∑lk

j=1
1

ρk,j

) (
∑Nk

j=1
1

ρk,j

)−1
−∑lk

j=1 ij

}
× Γ

(
2 + ∑Nk

j=1 ij

) (
∑Nk

j=1
1

ρk,j

)−2−∑
Nk
j=1 ij

]
.

(12)

Therefore, using E[qkqk,lk ] in Equation (12) and E[qk], E[qk,lk ], E[q2
k ] and E[q2

k,lk
] given from

Equation (6), a closed-form expression for the correlation coefficient ηk,lk in Equation (5) is obtained.
As mentioned in Section 3, it is assumed that the subset of hops for CSI feedback in path k is set to

{1, · · · , lk} for the simplification of the mathematical expressions, but it can be easily extended to any
subset of hops with size lk, denoted by {δ1, · · · , δlk}, where δ denotes the hop index. Then, the possible
subsets {δ1, · · · , δlk} are respectively used to calculate ηk,lk using its closed-form expression, and the
best subset of hops with size lk in path k is found to maximize ηk,lk , where it implies that qk,lk for the
best subset provides the best similarity to qk. Thus, the PPS using only instantaneous CSI for the best
subset of hops in each of paths can work most analogously to the BPS using global instantaneous CSI
for every path. It is noted that although the closed-form expression for ηk,lk may be complicated, only
the Nakagami parameters mk,n’s and the average SNRs ρk,n’s are required to calculate ηk,lk , where all
the values of the parameters may slowly change over time. Furthermore, it is noted that the PPS based
on the SNR correlation can be also employed in AF relaying systems since the end-to-end SNR of AF
relaying is tightly upper-bounded by that of DF relaying [31].

For Rayleigh fading channels (i.e., mk,n = 1 for all k and n), using Equations (6) and (12),
the closed-form expression for ηk,lk in Equation (5) can be simplified as follows:

ηk,lk =

[(
∑Nk

j=lk+1
1

ρk,j

){
2
(

∑Nk
j=1

1
ρk,j

)−3
+
(

∑lk
j=1

1
ρk,j

)−1 (
∑Nk

j=1
1

ρk,j

)−2
}
+ 2

(
∑lk

j=1
1

ρk,j

) (
∑Nk

j=1
1

ρk,j

)−3

−
(

∑lk
j=1

1
ρk,j

)−1 (
∑Nk

j=1
1

ρk,j

)−1
] (

∑lk
j=1

1
ρk,j

) (
∑Nk

j=1
1

ρk,j

) (
∑lk

j=1
1

ρk,j

) (
∑Nk

j=1
1

ρk,j

)−1
,

(13)

where it is noted that the correlation coefficient ηk,lk becomes larger as ρk,j’s for j = 1, · · · , lk decrease.
However, for Nakagami-m fading channels, ηk,lk is affected by ρk,n’s as well as mk,n’s, as seen in
Equations (6) and (12).
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5. Outage Probability Analysis

In this paper, the outage probability is considered to be a performance metric to evaluate the
end-to-end performance of the MRS with the PPS using local CSI and investigate the impact of the
SNR correlation coefficient ηk,lk on the end-to-end performance. It is noted that the SNR correlation
coefficient may also similarly affect other performance metrics such as bit/symbol error rate and
ergodic capacity that are dependent upon a minimum SNR of hops for each path, where a minimum
SNR for each path means qk in this paper.

Let the outage probability be defined as the probability that the end-to-end data rate falls below
the target data rate Rt, where the end-to-end data rate for path k is given by 1

Nk
log2 (1 + qk) as in [32].

Then, the outage probability of the MRS with the path selection is expressed as

Pout =
K

∑
k=1

Pr
{

1
Nζ

log2
(
1 + qζ

)
< Rt, ζ = k

}
, (14)

where ζ ∈ {kG, kL}. In this section, we derive the outage probability only for the PPS using local
CSI (i.e., kL) since the outage probability for the BPS using global CSI (i.e., kG) is easily obtained
by replacing lk with Nk. From Equation (14), the outage probability for the local CSI-based PPS is
derived as

Pout = ∑K
k=1 Pr

{
qk < zk, qk,lk > q1,l1 , · · · , qk,lk > qk−1,lk−1

, qk,lk > qk+1,lk+1
, · · · , qk,lk > qK,lK

}
= ∑K

k=1

[
Pr
{

qk,lk > q1,l1 , · · · , qk,lk > qk−1,lk−1
, qk,lk > qk+1,lk+1

, · · · , qk,lk > qK,lK

}
−Pr

{
qk > zk, qk,lk > q1,l1 , · · · , qk,lk > qk−1,lk−1

, qk,lk > qk+1,lk+1
, · · · , qk,lk > qK,lK

} ]
= 1−∑K

k=1

[
∏Nk

j=lk+1 Pr
{

γk,j > zk

}]
×Pr

{
qk,lk > zk, qk,lk > q1,l1 , · · · , qk,lk > qk−1,lk−1

, qk,lk > qk+1,lk+1
, · · · , qk,lk > qK,lK

}
= 1−∑K

k=1

{
∏Nk

j=lk+1

(
1− Fγk,j(zk)

)}
×
∫ ∞

zk

∫ yk
0 · · ·

∫ yk
0 fq1,l1

(y1) · · · fqK,lK
(yK)dy1 · · · dyk−1dyk+1 · · · dyKdyk,

(15)

where zζ = 2Nζ Rt − 1. In Equation (15), using Equation (2), we first obtain

Nk

∏
j=lk+1

(
1− Fγk,j(zk)

)
=

 Nk

∏
j=lk+1

e
− zk

ρk,j

mk,j−1

∑
i=0

1
Γ(i + 1)

(
zk

ρk,j

)i
 . (16)

Then, using Equation (4), we derive the integral term in Equation (15) as follows:

∫ ∞
zk

∫ yk
0 · · ·

∫ yk
0 fq1,l1

(y1) · · · fqK,lK
(yK)dy1 · · · dyk−1dyk+1 · · · dyKdyk

=
∫ ∞

zk

[
1 + ∑K−1

s=1 (−1)s ∑u1<···<us ∑
mu1,1−1
iu1,1=0 · · ·∑

mu1,lu1
−1

iu1,lu1
=0 · · ·∑

mus ,1−1
ius ,1=0 · · ·∑

mus ,lus−1
ius ,lus =0

(
∏s

α=1 ∏
luα
j=1

ρ
−iuα ,j
uα ,j

Γ(iuα ,j+1)

)

×y
∑s

α=1 ∑
luα
j=1 iuα ,j

k e
−yk ∑s

α=1 ∑
luα
j=1

1
ρuα ,j

]
fqk,lk

(yk)dyk

=

{
e
−∑

lk
j=1

zk
ρk,j ∑

mk,1−1
ik,1=0 · · ·∑

mk,lk
−1

ik,lk
=0

(
∏lk

j=1
ρ
−ik,j
k,j

Γ(ik,j+1)

)(
z

∑
lk
j=1 ik,j

k

)}

+∑K−1
s=1 (−1)s ∑u1<···<us ∑

mu1,1−1
iu1,1=0 · · ·∑

mu1,lu1
−1

iu1,lu1
=0 · · ·∑

mus ,1−1
ius ,1=0 · · ·∑

mus ,lus−1
ius ,lus =0 ∑

mk,1−1
ik,1=0 · · ·∑

mk,lk
−1

ik,lk
=0

(
∏lk

j=1
ρ
−ik,j
k,j

Γ(ik,j+1)

)

×
(

∏s
α=1 ∏

luα
j=1

ρ
−iuα ,j
uα ,j

Γ(iuα ,j+1)

){(
∑lk

j=1
1

ρk,j

)
Ω−Λk,s−1

k,s Γ(Λk,s + 1, Ωk,szk)

−
(

∑lk
j=1 ik,j

)
Ω−Λk,s

k,s Γ(Λk,s, Ωk,szk)

}
,

(17)
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where u1 < · · · < us denote all the possible subsets with size s in the set {1, · · · , k− 1, k + 1, · · · , K},
and Γ(·, ·) is an incomplete gamma function. Furthermore, Ωk,s = ∑lk

j=1(1/ρk,j) + ∑s
α=1 ∑

luα
j=1(1/ρuα ,j),

and Λk,s = ∑lk
j=1 ik,j + ∑s

α=1 ∑
luα
j=1 iuα ,j. Substituting Equations (16) and (17) into Equation (15),

a closed-form expression for Pout with the local CSI-based PPS is finally obtained as

Pout = 1−∑K
k=1

{
∏Nk

j=lk+1

(
e
− zk

ρk,j ∑
mk,j−1
i=0

1
Γ(i+1)

(
zk

ρk,j

)i
)}[{

e
−∑

lk
j=1

zk
ρk,j ∑

mk,1−1
ik,1=0 · · ·∑

mk,lk
−1

ik,lk
=0

(
z

∑
lk
j=1 ik,j

k

)

×
(

∏lk
j=1

ρ
−ik,j
k,j

Γ(ik,j+1)

)}
+ ∑K−1

s=1 (−1)s ∑u1<···<us ∑
mu1,1−1
iu1,1=0 · · ·∑

mu1,lu1
−1

iu1,lu1
=0 · · ·∑

mus ,1−1
ius ,1=0 · · ·∑

mus ,lus−1
ius ,lus =0 ∑

mk,1−1
ik,1=0 · · ·

∑
mk,lk

−1
ik,lk

=0

(
∏lk

j=1
ρ
−ik,j
k,j

Γ(ik,j+1)

)(
∏s

α=1 ∏
luα
j=1

ρ
−iuα ,j
uα ,j

Γ(iuα ,j+1)

){(
∑lk

j=1
1

ρk,j

)
Ω−Λk,s−1

k,s Γ(Λk,s + 1, Ωk,szk)

−
(

∑lk
j=1 ik,j

)
Ω−Λk,s

k,s Γ(Λk,s, Ωk,szk)

}]
.

(18)

When Rayleigh fading channels are assumed (i.e., mk,n = 1 for all k and n), the closed-form
expression for Pout in Equation (18) can be shortened as

Pout = 1−
K

∑
k=1

e
−∑

Nk
j=lk+1

zk
ρk,j

{
e
−∑

lk
j=1

zk
ρk,j +

K−1

∑
s=1

(−1)s ∑
u1<···<us

(
lk

∑
j=1

1
ρk,j

)
Ω−1

k,s e−Ωk,szk

}
. (19)

6. Numerical Results

For simulation, suppose βk,1 = 1, βk,2 = 2Cp and βk,3 = 4Cp for all k, where Cp ≥ 1 denotes
a proportional factor to adjust the difference between the average channel powers for hops, and Sk
represents the set of the hop indexes for local CSI reported for the PPS. In the following figures that
show the numerical results of the outage probability, global CSI denotes the BPS using global CSI. In
all the figures, the simulation results are obtained by Monte-Carlo simulations, in which 106 channel
realizations for each hop are generated from the Nakagami distribution. In Figures 2–5, the simulation
results are indicated by only symbols (e.g., square, circle, triangle, etc.) without lines, while the
analytical results are indicated by only solid lines.

Figures 2 and 3 show the SNR correlation coefficient ηk,lk and its corresponding outage probability
Pout for various Cp with different local CSI sets when mk,n = 1, 2 and Pk,n/σ2

k,n = 22 dB, 16 dB for all
k and n, respectively. In addition, Nk = 3 and lk = 1, 2 for all k (i.e., one and two of three hops for
local CSI, respectively), K = 2, and Rt = 1 bps/Hz. The figures illustrate that Sk = {1}, {1, 2} provide
the largest ηk,lk for lk = 1, 2, respectively, and their ηk,lk ’s increase with Cp, which means that ηk,lk is
dominated by small βk,n, and rises as the gap between βk,n’s becomes larger. Remarkably, ηk,lk ’s for
Sk = {1}, {1, 2} significantly increase with mk,n, and become closer to 1 for high Cp. The figures also
demonstrate that Pout becomes better as ηk,lk goes up, and Pout for the PPS with lk=2 and Sk = {1, 2}
for all k is extremely similar to that for the BPS with global CSI when mk,n = 2 and Cp is high. Even
for lk=1 and Sk = {1}, the analogous outage performance to global CSI is achieved for high Cp.
In Figures 2a and 3a, the analytic results of the SNR correlation coefficient and the outage probability,
obtained by (13) and (19), respectively, perfectly match the corresponding simulation results. In
Figures 2b and 3b, the analytic results of the SNR correlation coefficient and the outage probability,
obtained by (5) and (18), respectively, also well match their simulation results.

Letting Pt/σ2 , Pk,n/σ2
k,n for all k and n, Figure 4 shows the outage probability for various

transmit SNR Pt/σ2 with K = 2, 3 and Rt = 1 bps/Hz when mk,1 = 1, mk,2 = mk,3 = 2, 3, Nk = 3 and
lk = 1 for all k. In addition, βk,1 = 1, βk,2 = 4, and βk,3 = 8 for all k. Then, for lk = 1 and Sk = {1},
ηk,1 = 0.866, 0.9132 with mk,1 = 1 and mk,2 = mk,3 = 2, 3, respectively, which means that when the
smallest βk,n in path k has relatively small mk,n, its ηk,lk considerably increases. It is noted that ηk,1’s for
all k are the same because the channel conditions for every path are assumed to be identical. From that
observation, the figure indicates that when K = 3, Pout for the PPS with lk = 1 and Sk = {1} becomes
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extremely closer to that for the BPS with global CSI as mk,2 and mk,3 increase to 3 (i.e., ηk,1 increases),
where it is noted that even though only CSI for one of three hops is used for the PPS, it achieves the
similar outage performance to the BPS with global CSI. It is also observed that as K rises, better ηk,lk is
required to attain the similar outage performance to the BPS. In addition, as the transmit SNR Pt/σ2

decreases, Pout for lk = 1 and Sk = {1} is extremely closer to that for global CSI.
Figure 5 shows the outage probability for various transmit SNR Pt/σ2 with K = 2, 3 and Rt =

1, 2 bps/Hz when mk,n = 2, 3, Nk = 3 and lk = 2 for all k and n. In addition, βk,1 = 1, βk,2 = 4,
and βk,3 = 8 for all k. Then, for lk = 2 and n = {1, 2}, ηk,2 = 0.975, 0.992 with mk,n = 2, 3 for
all n, respectively. Analogous to the observation in Figure 4, the PPS with higher ηk,2 provides the
similar outage performance to the BPS, but a small performance gap between the PPS and the BPS is
observed for high transmit SNR since the BPS achieves more spatial diversity as all mk,n’s increase to
3. Nevertheless, it is noteworthy that the outage performance of the PPS using local CSI with lk = 2
and n = {1, 2} is extremely closer to that of the BPS using global CSI for low and medium transmit
SNR regimes.

(a)

(b)

Figure 2. SNR correlation coefficient for Nk = 3 for all k when K = 2 and Rt = 1 bps/Hz:
(a) Pk,n/σ2

k,n = 22 dB and mk,n = 1 for all k and n; (b) Pk,n/σ2
k,n = 16 dB and mk,n = 2 for all k

and n.



Energies 2018, 11, 3004 11 of 17

(a)

(b)

Figure 3. Outage probability for Nk = 3 for all k when K = 2 and Rt = 1 bps/Hz: (a) Pk,n/σ2
k,n = 22 dB

and mk,n = 1 for all k and n; (b) Pk,n/σ2
k,n = 16 dB and mk,n = 2 for all k and n.
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Figure 4. Outage probability for mk,1 = 1, Nk = 3, and lk = 1 for all k when K = 2, 3 and
Rt = 1 bps/Hz.
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Figure 5. Outage probability for mk,n = 2, 3, Nk = 3, and lk = 2 for all k and n when K = 2, 3 and
Rt = 1, 2 bps/Hz.
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Figures 6 and 7 compare the outage performances of the proposed DF-based PPS and the
conventional AF-based PPS with Nk = 3 for all k, K = 3, and Rt = 1 bps/Hz when Pt/σ2 , Pk,n/σ2

k,n
and βk,n = 1 for all k and n, where it is noted that the average SNRs, βk,nPk,n/σ2

k,n, are set to be equal
for all k and n, i.e., βk,nPk,n/σ2

k,n = Pt/σ2. By the traditional long-term routing process, the relays can
be clustered relatively close together to establish the end-to-end communication from the source to
the destination [33]. Thus, by the long-term routing process, there are N − 1 clusters when Nk = N
for all k, where each cluster consists of K relays. In addition, the long-term routing process results
in the equivalent average SNRs for all the hops. Hence, in Figures 6 and 7, the setting of the same
average SNR, Pt/σ2, for all k and n is done by considering the long-term routing process. The routing
method can monitor and utilize a change in large-scale fading such as path-loss and shadowing,
but not that in small-scale fading. Thus, the proposed DF-based PPS and the conventional AF-based
PPS [16] are allowed to use instantaneous CSI for path selection to track a change in small-scale
fading. The conventional AF-based PPS uses only the first-hop CSI for path selection as well as AF
relaying to minimize relay complexity. For the fair comparison, the proposed DF-based PPS with
lk = 1 (i.e., one-hop CSI) is considered in the figures.

Figure 6. Outage probability of the proposed PPS with lk = 1 for all k and the conventional AF-based
PPS, when mk,n’s are equal, Nk = 3 for all k, K = 3, and Rt = 1 bps/Hz.
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Figure 7. Outage probability of the proposed PPS with lk = 1 for all k and the conventional AF-based
PPS, when mk,n’s are unequal, Nk = 3 for all k, K = 3, and Rt = 1 bps/Hz.

Figure 6 shows the outage performances of the proposed DF-based PPS and the conventional
AF-based PPS when mk,n for all k and n are equal. In wireless channels, a line-of-sight component
becomes stronger as the value of the Nakagami parameter mk,n increases. Hence, the outage
performances of both PPS become better as mk,n rises. From the figure, it is observed that the proposed
DF-based PPS works better than the conventional AF-based PPS in the low SNR regime, but both
outage performances becomes similar for high SNR. The reason is that the noise propagation problem
of AF relaying becomes severe for low SNR. As seen in Figure 6, the proposed PPS achieves no
performance improvement in the high SNR regime, as compared with the conventional PPS, because
the distributions of channels for all the hops are identical, and thus the one-hop CSI feedback for
the both PPS works the same way. Therefore, in Figure 7, we assume unequal mk,n’s for all n but
equal for all k, which results in non-identical channel distributions for hops on each path. In the
figure, there are the three non-identical cases: mk,1 = 1, mk,2 = 2, mk,3 = 3; mk,1 = 2, mk,2 = 1,
mk,3 = 3; mk,1 = 3, mk,2 = 2, mk,3 = 1. For the three cases, the proposed PPS provides the same
outage performance because the end-to-end channel distributions on each path are identical for all the
three cases, and one-hop CSI feedback is done by selecting a hop with the maximum SNR correlation
coefficient. However, the conventional PPS has different outage performances for the three cases since
one-hop CSI feedback is always carried out using the first hop. It is noted that the conventional PPS
does not change the first hop for CSI feedback, while the proposed PPS can change a hop for CSI
feedback based on the SNR correlation coefficient. In the figure, when mk,1 = 1, mk,2 = 2, and mk,3 = 3,
the performances of both PPS are similar for high SNR as the proposed PPS uses CSI feedback for the
first hop like the conventional PPS. As shown in Figure 7, the proposed DF-based PPS generally attains
considerable performance improvement as compared with the conventional AF-based PPS, although
the proposed PPS requires more complexity for the CSI feedback process as well as DF relaying than
the conventional PPS.
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7. Conclusions

For the MRS with the limited CSI feedback, the path selection using the end-to-end SNR correlation
was newly introduced in this paper, and the exact and closed-form expression for the end-to-end
SNR correlation coefficient was presented with only the Nakagami parameters and average SNRs
for all the hops. Our proposed PPS with local CSI based on the highest end-to-end SNR correlation
can achieve the most similar performance to the BPS with global CSI for a given limited feedback
overhead. In particular, when the Nakagami parameters and the gap between average channel powers
for hops are large, the PPS using CSI for only one of multiple hops can attain the analogous outage
performance to the BPS using global CSI. The SNR correlation approach may be also applied to local
CSI-based multi-hop cooperative systems such as multi-input multi-output relaying system, cognitive
relaying system, NOMA-based relaying system, and physical-layer secure relaying system so as to
improve their performances.
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Abbreviations

The following abbreviations are used in this manuscript:

IoT Internet of things
WSN Wireless sensor network
BPS Best path selection
PPS Partial path selection
CSI Channel state information
SNR Signal-to-noise ratio
AF Amplify-and-forward
DF Decode-and-forward
NOMA Non-orthogonal multiple access
MRS Multi-hop parallel relay system
CDF Cumulative distribution function
PDF Probability density function
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