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Abstract—Simultaneous wireless information and power trans-
fer (SWIPT) in radio-frequency (RF) bands enables flexible
deployment of battery-powered relays for extending communi-
cation coverage. Relays receive downlink RF signals emitted by
a source for information decoding and energy harvesting, while
the harvested energy is consumed for both information decoding
and information forwarding to a destination. An energy har-
vesting based selective-decode-and-forward (EH-SDF) protocol
is proposed, where only the relays having information correctly
decoded are activated for information forwarding, while others
harvest and store energy for the future use. By considering the
channel aging effect, we propose a joint relay selection, power
allocation, transmit beamforming and signal splitting design in
order to maximise the end-to-end (e2e) throughput of this EH-
SDF aided cooperative communication system. Two scenarios
with/without direct link between the source and the destination
are studied, respectively. The original formulated non-convex
optimisation problems with coupled variables are decoupled into
three subproblems which are solved by an iterative optimisation
algorithm. Numerical results demonstrate that our design with
the EH-SDF protocol achieves a higher e2e throughput than the
traditional decode-and-forward (DF) counterpart. Moreover, the
impact of the channel aging effect on the e2e throughput is also
evaluated.

Index Terms—Simultaneous wireless information and power
transfer (SWIPT), cooperative communication, selective-decode-
and-forward (SDF), energy harvesting, channel aging effect

I. Introduction

A. Background

Nowadays, a huge number of battery-powered or batteryless
communication devices are being deployed for accommodat-
ing various exciting applications such as smart transportation,
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smart industry, smart health-care, smart agriculture and etc.,
which constitutes a promising future of smart cities. Generally,
these communication devices are classified into two categories:
low-power terminals for sensing and data collections, such
as sensors and other Internet of Things (IoT) devices [1],
and low-power ‘infrastructure’ for extending communication
coverage, such as relay stations [2] and mobile stations (e.g.
drones) [3]. Functions of these devices are largely constrained
by their limited battery capacity. Thankfully, wireless power
transfer (WPT) in radio-frequency (RF) bands is capable of
addressing this dilemma by largely extending the lifespan of
these devices [4]. In order to accommodate the coexistence
of WPT and conventional wireless information transfer (WIT)
in the same RF band, simultaneous wireless information and
power transfer (SWIPT) has emerged as a promising technique
[5].

Due to the serious path-loss after a long propagation dis-
tance, the received RF signal power at receivers is too weak
to be relied upon for information decoding. Therefore, relay
stations are deployed for effectively extending the coverage
of centralised infrastructure, such as base-stations (BSs) and
access-points (APs) [6]. By exploiting the SWIPT technique,
relay stations become energy self-sustainable [7]. They are
capable of harvesting energy and decoding information from
the downlink transmissions of centralised infrastructure by
splitting the received RF signals either in the power-domain
[8] or in the time domain [9]. The information forwarding
can also be powered by the energy harvested by relay sta-
tions [8]–[14]. As a result, light-weighted relay stations are
available for quickly eliminating coverage hole and for timely
communication recovery in emergency scenarios.

Normally, either the amplify-and-forward (AF) or the
decode-and-forward (DF) protocol can be adopted by these
light-weighted relays in order to forward received information
to destinations [10]. When the AF protocol is adopted by
relays, some of precious energy harvested is consumed for
amplifying and forwarding useless noises and interferences
to destinations, which substantially degrades end-to-end (e2e)
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performance and results in low energy-efficiency [15]. By
adopting the DF protocol, useful information is firstly decoded
at relays. Therefore, harmful noises and interferences received
at relays are effectively removed. No additional energy is
consumed for forwarding these useless part of received signals
[11]–[14].

However, in a conventional DF protocol, relays never check
transmission errors during their information decoding, which
may result in error propagation in the subsequent information
forwarding stage. Furthermore, most works only considered
a single SWIPT aided relay in cooperative communication
systems, the potential diversity gains introduced by multiple
relays have been ignored [16]. Recently, a novel selective-
decode-and-forward (SDF) protocol was proposed for over-
coming the drawbacks of the conventional DF in a multi-
relay based cooperative communication system [17]. Relays
are activated for forwarding decoded information, only when
their decoded information has no error. Furthermore, we
propose an energy harvesting based SDF (EH-SDF) protocol
for multi-relay based cooperative communications with the
aid of SWIPT. In this protocol, the inactive relays with
information decoding errors are only allowed to harvest energy
for replenishing their batteries. Therefore, they may gain more
energy for forwarding information in the following transmis-
sion frames (TFs).

Moreover, most works on the SWIPT-aided relay commu-
nication networks considered a block-fading model, i.e., the
channel state information (CSI) is assumed to be a constant
in a coherence transmission block. However, its drawback
is two-fold: First, frequent channel estimation is unpractical
at the SWIPT-aided relay due to the additional energy con-
sumption for transmitting training pilots and CSI feedback.
Second, channel estimation is carried out before source nodes
transmit the information signal to relays during the 1st-hop
transmission, which results in the outdated CSI during the 2nd-
hop transmission owing to the time-varying characteristic of
the channel. However, in practice, channel states in subsequent
TFs are correlated to one another. This is called the channel
aging effect [18]. By considering this effect, we may realise
optimal transmission design in both hops from the source to
the SWIPT-aided relays and finally to the destination.

B. Related Works

Nowadays, there are plenty of works focusing on
WPT/SWIPT aided cooperative communications. Specifically,
Oshaghi et al. [11] maximised e2e throughput in a SWIPT
aided DF cooperative system with a single relay by optimising
the power splitting ratio and the power allocation at both
the source and the relay. A WPT/SWIPT-aided cooperative
communication network with a DF protocol was considered
in [12]. By considering the time switching based and the
power splitting based protocols, the mutual information was

maximised by jointly optimising the covariance matrices of the
source and the relay, the time allocation and the power splitting
schemes. Moreover, Hu et al. [13] focused on ultra-low-
latency transmissions in a SWIPT aided DF cooperative sys-
tem. However, [11]–[13] ignored the energy consumption of
decoding at relays. Therefore, Abedi et al. [14] considered that
energy harvested by a relay is consumed for both information
decoding and information forwarding, where they optimised
the power splitting ratio for maximising the attainable e2e
throughput. Chen et. al [19] studied the resource allocation
in a wireless cooperative IoT network, where a single re-
lay powered by renewable energy havested is implemented
for simultaneously forwarding information to a destination
and for wireless charging multiple IoT devices. Li et. al
[20] investigated a SWIPT based cooperative secure com-
munication system, where a relay simultaneously fowarded
information to a destination and injected artificial noise to
interfer eavesdroppers. The robust beamforming design was
obtained for maximising the secrecy throughput with imperfect
channel knowledge. In addition, Liu et. al [21] studied a
cooperative SWIPT system by implementing multiple full-
duplex AF relays with stable energy supply, which aims for
SWIPT towards multiple destinations. A wireless powered
relay aided communication network was considered in [22].
By considering AF and DF protocols, age of information (AoI)
was studied by analysing the statistical characteristics of the
channels. Moreover, a joint design on optimal beamforming,
antenna selection, time allocation and relay selection was
proposed for maximising the intra-frame transmission rate in
a WPT/SWIPT aided AF cooperative system [23]. However,
the existing works [11]–[14], [19]–[23] did not consider the
channel aging effect.

Compared to the DF protocol, SDF aided relays can avoid
forwarding incorrect information to destinations, so as to
improve system performance. After being invented in [24],
the SDF protocol has gained a wide interest in cooperative
communications. A number of works have been done for
improving the performance of the SDF protocol. For example,
Alves et. al [25] innovatively let a single relay to accumulate
several packets. These packets were then concatenated and
forwarded together, which substantially increased the spectrum
efficiency. Bouteggui et. al [26] invoked the SDF protocol in a
MIMO aided cooperative communication system, where they
jointly designed the antennas and transmission paths selection
scheme in order to maximise the e2e throughput. Yao et. al
[27] analysed the symbol-error-probability (SEP) of the SDF
protocol in a satellite-terrestrial wireless network with multiple
relays. All of the above works demonstrate the advantage of
the SDF protocol over the classic DF counterpart.

However, the existing works [17], [24]–[27] ignored the
inherent nature of the SDF protocol in terms of energy-saving
and its potential application with SWIPT. Therefore, we pro-
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pose the EH-SDF protocol for multi-relay based cooperative
communications with the aid of SWIPT. Its benefits are two-
fold: First of all, compared to the DF protocol, an EH-SDF
aided relay can avoid forwarding incorrect information to
destinations, so as to increase its energy-efficiency. Second,
when multiple relays exist, according to the EH-SDF protocol,
only the relays receiving correct information are activated for
the information forwarding. The inactive relays are capable of
harvesting and storing more energy in the current TF, which
is beneficial for the information forwarding in the subsequent
TFs.

C. Contributions

In order to overcome the drawbacks of the existing works
on SWIPT aided cooperative communications, our novel con-
tributions are summarised as follows:

• We study a cooperative communication system with
multiple battery-powered relays by considering the
existence/non-existence of the direct link between the
source and the destination. These relays simultaneously
harvest energy and decode information from the downlink
RF signals transmitted by a source. Only the relays
correctly decoding the information may be activated to
forward the information to a destination, so as to reduce
the energy consumption, while others only harvest and
store energy for the future use. This is our proposed EH-
SDF protocol.

• Average e2e throughput is maximised over a range of
consecutive TFs by considering channel aging effect.
Only the perfect CSI of the very first TF in this range
can be acquired. It may address the difficulties of ac-
quiring timely CSI in the two-hops transmission of the
cooperative communication.

• Relay selection, transmit beamformers of the source and
the relays, the power splitters and the power allocation of
the relays are jointly designed with partial CSI by an iter-
ative optimisation algorithm, which is constrained by the
energy causality. Specifically, the integer programming
subproblem for relay selection is solved by considering
two strategies, partial relay selection and max-min relay
selection, while the other two subproblems for solving
continuous variables are optimally solved, respectively.

• Numerical results demonstrate the fast convergence of
our joint design and the advantage of the EH-SDF
protocol over the classic DF counterpart in SWIPT
based cooperative communication systems. The impact
of partial CSI knowledge, i.e., channel aging effect on
the performance is also evaluated.

The rest of the paper is organised as follows: After in-
troducing the system model and the problem formulation in
Sections II-III, respectively, our joint design is investigated in
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Fig. 1. (a) System model and (b) transmission cycle and transmission frame
structure of the downlink SWIPT-CCN with a direct link.

Section IV. After presenting numerical results in Section V,
we conclude our paper in Section VI.

Notations: a represents a scalar; a represents a vector; A
represents a matrix; A represents a set; A† is the conjugate
transpose of A; Tr(A) is the trace of A; |A| is the cardinality
of A.

II. SystemModel

A. Network Model

The SWIPT aided cooperative communication network
(SWIPT-CCN) is illustrated in Fig. 1 (a), which consists of
a single source node, a set of cooperative relays {m|∀m =
1, 2, · · · ,M} and a single destination node. The source
equipped with Ns antennas transmits the modulated RF sig-
nals to the relays and the destination simultaneously in the
downlink.

The relays equipped with Nr antennas operating in a half-
duplex (HD) mode adopt an EH-SDF protocol, in which
they may be activated to forward information only when the
information is correctly decoded, otherwise, they only harvest
and store energy. They have the following functions:
• Signal reception: These relays receive the downlink RF

signals transmitted by the source, which is divided into
two portions by their own power splitters, i.e., one for
energy harvesting and the other for information decoding;

• Energy harvesting: The portion of the received RF signal
flowing to the energy harvesters is harvested and stored
into the batteries of the relays’ only energy source;

• Information decoding: The portion of the received signal
flowing to the information decoder is decoded by con-
suming the harvested energy;
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• Information forwarding: The relays forward the infor-
mation from the source to the destination only if the
information is decoded correctly.

The destination node is equipped with a single antenna for
receiving the information signal from the relays and the source
node.

Our downlink SWIPT-CCN adopts a classic time-division-
multiple-access (TDMA) protocol in medium-access-contol
(MAC) layer. A single transmission cycle consists of L TFs. A
complete TF having a duration of T is composed of two equal
time slots, which is characterised in Fig. 1 (b). During the first
time slot, the source broadcasts the downlink RF signals to the
relays and the destination. Specifically, since only one relay
is activated for decoding and forwarding the information in a
single frame, SWIPT from the source to the selected relay m
(m ∈ {1, 2, · · · ,M}), WPT from the source to other relays and
WIT from the source to the destination are carried out. The
relay m then forwards the successfully decoded information
during the second time slot.

B. Channel Aging Effect

The downlink WIT is completed via both the two-hop link
and the direct link. Note that the two-hop transmission consists
of the 1st-hop from the source to the relay m and the 2nd-hop
from the relay m to the destination, as shown in Fig. 1 (a).

Channel aging effect is considered in this paper [18]. The
small-scale fading coefficients of channels under the channel
aging effect are formulated as

H(l) = λs,mH(l − 1) + ∆H(l)

= λl−1H(1) +
l∑

l′=2

λl−l′∆H(l′), (1)

for ∀l = 2, 3, · · · , L. λ ∈ [0, 1] represents the temporal correla-
tion coefficient. ∆H(l) ∼ CN(0, (1− λ2)σ2) is the independent
innovation component during the l-th TF, where σ2 is the chan-
nel variation coefficient [18]. Note that {∆H(l)|∀l = 2, · · · , L}
are independent with one another. Furthermore, H(l) follows
a distribution of CN(λl−1H(1),

∑l
l′=2 λ

2(l−l′)(1 − λ2)σ2).
Note that the matrix size of H(l) and ∆H(l) depends on

the channel dimension, i.e., the number of antennas of the
transmitter and the receiver. Specifically, the normalised fading
coefficients of the downlink channel from the source’s Ns

transmit antennas to the relay m’s Nr antennas (the 1st-hop),
that from the relay m’s Nr antennas to the destination (the 2nd-
hop) and that from the source’s Ns antennas to the destination
(the direct link) during the l-th TF are denoted as a Nr × Ns

matrix Hs,m(l), a 1×Nr hm,d(l) and a 1×Ns hs,d(l), respectively.
Therefore, the corresponding independent innovation compo-
nents of the three channels are denoted as a Nr × Ns matrix
∆Hs,m(l), a 1 × Nr ∆hm,d(l) and a 1 × Ns ∆hs,d(l). The cor-
responding temporal correlation coefficients and the channel
variation coefficients are represented as {λs,m, λm,d, λs,d} and
{σ2

s,m, σ
2
m,d, σ

2
s,d}.

Moreover, Ωs,m, Ωm,d and Ωs,d represent the large-scale path-
loss between the source and the relay m, that between the
relay m and the destination and that between the source and
the destination, respectively.

III. Problem Formulation

A. SWIPT in the 1st-Hop Transmission

The source broadcasts a modulated RF signal x(l) ∼
CN(0, 1) during the 1st-slot of the l-th TF. The received RF
signal at the relay m is expressed as Eq. (2) for ∀m = 1, · · · ,M,
where Ps(l) is the transmit power of the source. Moreover,
ws(l) is a Ns × 1 normalised transmit beamformer satisfying
Tr

(
ws(l)w†s(l)

)
≤ 1. The Nr × 1 vector nm(l) ∼ CN(0, σ2

mINr )
represents the additive noise.

After adopting a maximal ratio combiner (MRC) wc,m =
Hs,m(1)ws(l)
||Hs,m(1)ws(l)||

at the relay m, the power of the combined signal
wc,mym(l) is formulated as

Pc,m(l) = λ2(l−1)
s,m

Ps(l)
Ωs,m

Tr
(
Hs,m(1)ws(l)w†s(l)H†s,m(1)

)
+

(
1 − λ2(l−1)

s,m

) Ps(l)
Ωs,m

σ2
s,m + σ

2
m. (3)

A vector of power splitting factors is defined as ρm =

{ρm(l)|l = 1, · · · , L}, where ρm(l) ∈ [0, 1] represents the relay
m’s power-splitting factor during the l-th TF. Specifically,
a fraction

√
1 − ρm(l) of the combined RF signal wc,mym(l)

is exploited for the information decoding. Therefore, by
considering the independent innovation component ∆Hs,m(l)
as the measurement error and following the corresponding
derivation in Eq. (46) of [28], the lower-bound signal-to-noise-
ratio (SNR) of the signal

√
1 − ρm(l)wc,mym(l) with imperfect

CSI is formulated as Eq. (4), where σ2
cov is the power of the

ym(l) =


√

Ps(l)/Ωs,mHs,m(l)ws(l)x(l) + nm(l), for l = 1,√
Ps(l)/Ωs,m

(
λl−1

s,mHs,m(1) +
∑l

l′=2 λ
l−l′
s,m∆Hs,m(l′)

)
ws(l)x(l) + nm(l), for ∀l = 2, · · · , L

(2)

γm(l) =
(1 − ρm(l))λ2(l−1)

s,m Ps(l)Tr
(
Hs,m(1)ws(l)w†s(l)H†s,m(1)

)
(1 − ρm(l))

(
1 − λ2(l−1)

s,m

)
Ps(l)σ2

s,m + Ωs,m
[
(1 − ρm(l))σ2

m + σ
2
cov

] (4)
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ys,d(l) =


√

Ps(l)/Ωs,dhs,d(l)ws(l)x(l) + nd(l), for l = 1,√
Ps(l)/Ωs,d

(
λl−1

s,d hs,d(1) +
∑l

l′=2 λ
l−l′
s,d ∆hs,d(l′)

)
ws(l)x(l) + nd(l), for ∀l = 2, · · · , L.

(12)

Gaussian distributed noise incurred by the imperfect passband-
to-baseband converter.

The information rate of the relay m during the l-th TF is
expressed as rm(l) = log (1 + γm(l)) bps/Hz. The corresponding
information decoding power is formulated as [14]

φm(l) = fdc

(
2rm(l) − 1

)
, (5)

where fdc represents the decoding cost factor.

Moreover, the other portion of the combined signal for the
energy harvesting is

√
ρm(l)wc,mym(l). Therefore, the power

harvested by a practical non-linear energy harvester of the
relay m during the l-th TF is formulated as

Phe,m(l) =
ψ − PsatΘ

1 − Θ
, (6)

where we have Θ = 1
1+eab and ψ = Psat

1+e−a(ρm (l)Pc,m(l)−b) . The
parameters Psat, a and b are determined by the circuitry of
the energy harvester [29]. Therefore, the energy harvested is
Em(l) = T

2 Phe,m(l).

Since only a single designated relay is activated for de-
coding and forwarding during a single transmission cycle, the
activation pattern of relays can be represented by a binary
indicator vector α = {αm|m = 1, · · · ,M} obeying the following
constraints:

M∑
m=1

αm ≤ 1, (7)

αm ∈ {0, 1},∀m = 1, · · · ,M. (8)

Note that αm = 1 represents relay m is activated, otherwise,
αm = 0. Furthermore, we consider that the relays can only
decode information correctly, when the SNR γm(l) for the
information decoding is higher than a threshold γm,th, namely
γm(l) ≥ γm,th. The corresponding boolean results are expressed
as βm = {βm(l)|l = 1, · · · , L}, for ∀m = 1, · · · ,M, where
βm(l) = 1 represents that the relay m decodes information
correctly during the l-th TF, otherwise, βm(l) = 0. The residual
energy Qm(l) of the relay m at the end of the l-th TF is
formulated as

Qm(l) = Qm(l − 1) + Ecur,m(l), (9)

where we define the energy Ecur,m(l) ≜ Em(l) −
T
2 αm

[
φm(l) + βm(l)Pm(l)

]
which characterises the difference

between harvested energy and total consumption energy within
the l-th TF. Qm(0) denotes the initial residual energy at the
beginning of the current transmission cycle. The transmit
power of the relay m is denoted as Pm = {Pm(l)|l = 1, · · · , L}.

B. WIT in the 2nd-Hop Transmission

The destination receives the RF signal transmitted by the
relay m, which is expressed as

ym,d(l) =

√
Pm(l)
Ωm,d

hm,d(l)wm(l)xm(l) + nd(l), (10)

for ∀l = 1, · · · , L, where xm(l) ∼ CN(0, 1) is the modulated
RF signal and nd(l) ∼ CN(0, σ2

d) is the additive noise. Note
that wm(l) represents the transmit beamformer of the relay
m, which can be formulated as wm(l) = h†m,d(l)

/
∥ hm,d(l) ∥

by adopting the optimal maximum-ratio-transmission (MRT)
method in multiple-input-single-output (MISO) systems [30].
Similar to Eq. (4), the SNR of ym,d(l) is formulated as

γm,d(l) =
λ2(l−1)

m,d Pm(l) ∥ hm,d(1) ∥2(
1 − λ2(l−1)

m,d

)
σ2

m,dPm(l) + Ωm,dσ
2
d

. (11)

C. WIT in Direct Link

In the direct link, the RF signal ys,d(l) received by the
destination is expressed as Eq. (12).

Similar to Eq. (4), the SNR of ys,d(l) is formulated as

γs,d(l) =
λ2(l−1)

s,d Ps(l)Tr(hs,d(1)ws(l)w†s(l)h†s,d(1))(
1 − λ2(l−1)

s,d

)
Ps(l)σ2

s,d + Ωs,dσ
2
d

. (13)

During the l-th TF, the destination receives RF signals from
the source and the relay m successively, namely ym,d(l) and
ys,d(l). After combining the two signals by the maximum
ratio merging [31], the e2e throughput from the source to the
destination can be formulated as

R(l) =
T
2

log(1 +
M∑

m=1

αmβm(l)γm,d(l) + γs,d(l)). (14)

D. Downlink Sum-Throughput Maximisation

Our joint resource scheduling design can be formulated as:

(P1): max
ws(l),ρm,Pm,α

Re2e =

L∑
l=1

R(l), (15)

s. t. Tr
(
ws(l)w†s(l)

)
≤ 1,∀l = 1, · · · , L, (15a)

0 ≤ ρm(l) ≤ 1,∀m = 1, · · · ,M,∀l = 1, · · · , L, (15b)

Pm(l) ≥ 0,∀m = 1, · · · ,M,∀l = 1, · · · , L, (15c)

Qm(l) ≥ 0,∀m = 1, · · · ,M,∀l = 1, · · · , L, (15d)
M∑

m=1

αmβm(l)γm(l) ≥
M∑

m=1

αmβm(l)γm,d(l),∀l = 1, · · · , L,

(15e)

(7) and (8).
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(P1) aims for maximising the downlink e2e sum-throughput
during a single transmission cycle having L TFs in it by opti-
mising the source’s transmit beamformer ws(l),∀l = 1, · · · , L
in the spatial-domain, the relays’ signal splitter ρm and trans-
mit power Pm in the power-domain as well as the relays’ binary
activation indicator vector α in the user-domain. Constraint
(15a) ensures a normalised ws(l). Constraints (15b)-(15d) limit
the range of the relays’ signal splitter, transmit power and
residual energy, respectively. (15e) ensures data causality that
the throughput in the 1st-hop transmission is not lower than
that in the 2nd-hop. Furthermore, constraints (7) and (8) have
been defined in Section III-A.

IV. Iterative Algorithm Aided Joint Design

Due to the coupled optimisation variables {ws(l), ρm,Pm}

as well as the discrete vector α, (P1) is non-convex. In this
section, we firstly transform (P1) into a sub-problem (P2) by
fixing the relays’ activation vector α as well as the decoding
indicator vector βm. The local optimal solution to (P2) is
then obtained by decoupling it into two sub-problems, which
alternatively optimise the transmit beamformer ws(l) of the
source node as well as the power splitter ρm and the transmit
power Pm of the activated relay, respectively, by fixing other
optimisation variables. Finally, the joint design is obtained by
searching α and βm.

Let us assume that relay m‡ is activated, i.e., αm‡ = 1, with
fixed βm‡ . A pair of non-overlapping sets L+m‡,k and L−m‡,k are
defined as the indices of the TFs. We have βm‡ (l) = 1, i.e.,
γm‡ (l) ≥ γm‡,th for ∀l ∈ L+m‡,k, while βm‡ (l) = 0 indicates
γm‡ (l) < γm‡,th for ∀l ∈ L−m‡,k. Therefore, (P1) can be
reformulated as

(P2): max
ws(l),ρm‡ ,Pm‡

Re2e, (16)

s. t. γm‡ (l) ≥ γm‡,th,∀l ∈ L+m‡,k, (16a)

γm‡ (l) < γm‡,th,∀l ∈ L−m‡,k, (16b)

γm‡ (l) ≥ γm‡,d(l),∀l ∈ L+m‡,k, (16c)

(15a), (15b), (15c) and (15d).

Note that (P2) has no solution if the fixed βm‡ violates the
constraints (16b) and (16c).

A. Transmit Beamforming Design Ws(l) of Source

When fixed {ρm‡ ,Pm‡ } is given, by letting Ws(l) = ws(l)w†s(l)
as well as by relaxing the rank-one constraint on the positive
semi-definite covariance matrix Ws(l), (P2) can be reformu-
lated as the following covariance matrix design in the spatial-
domain:

(P2-1): max
Ws(l)

Re2e (17)

s. t. (15a), (15d), (16a), (16b), and (16c).

Since the constraint (15d) is non-convex, (P2-1) is a non-
convex problem. Nevertheless, given the fixed Ws(l), for l , l‡

and ∀l,∀l‡ = 1, · · · , L, the source’s transmit beamforming
Ws(l‡) during the time-slot l‡ can be optimised by equiva-
lently transforming the constraint (15d) to an affine constraint.
Specifically, the constraint (15d) can be rewritten as

Qm‡ (l
‡ − 1) +

l∑
l′=l‡

Ecur,m‡ (l
′) ≥ 0, ∀l = l‡, · · · , L, (18)

where we have Ecur,m‡ (l) = Em‡ (l) −
T
2 αm‡

[
φm‡ (l) + βm‡ (l)Pm‡ (l)

]
, according to Eq. (9). Observe

from Eq. (18) that Ecur,m‡ (l‡) is a function with respect to
Ws(l‡), while Qc ≜ Qm‡ (l‡ − 1) +

∑l
l′=l‡+1 Ecur,m‡ (l′) is a

constant by fixing Ws(l), l , l‡. Therefore, The constraint
(15d) can be further rewritten as

Qc + Em‡ (l
‡) −

T
2
αm‡

[
φm‡ (l

‡) + βm‡ (l
‡)Pm‡ (l

‡)
]
≥ 0. (19)

Unfortunately, it is still a non-convex constraint. Hence,
Lemma 1 is proposed to simplify it into an affine constraint.
We define W ≜ Tr

(
Hs,m‡ (1)Ws(l‡)H†s,m‡ (1)

)
for W ≥ 0. The

left-hand-side of the constraint (19) is denoted by a function
Γ(W) with respect to W.

Lemma 1: The constraint (19) can be equivalently
transformed into Eq. (20) on the next page,

where we have κ1 =
fdcPsT Psatρm‡ (l)λ2(l−1)

s,m‡
(1+eab)

2Ωs,m‡ eab and

κ2 =
2 fdcPsT (1−ρm‡ (l))λ2(l−1)

s,m‡

(1−ρm‡ (l))
(
1−λ2(l−1)

s,m‡

)
Psσ

2
s,m‡
+Ωs,m‡

[
(1−ρm‡ (l))σ2

m‡
+σ2

cov

] . Moreover,

[W]Wup

Wlow
denotes the range of W in three different cases

A-C listed in Eq. (21) on the next page, where we have

ωi =
(− ln xi+ab)Ωs,m‡

aρm‡ (l)λ2(l−1)
s,m‡

Ps
for ∀i = 1, 2, x1 = −

2κ3+2
√
κ2

3−κ
2
2/4

κ2
,

x2 =
−2κ3+2

√
κ2

3−κ
2
2/4

κ2
and κ3 =

κ2
2 − κ1. Specifically, cases A,

B and C denote eab ≤ x1 < x2, 0 < x1 ≤ eab ≤ x2 and
0 < x1 < x2 < eab, respectively. Moreover, Wk(i, j) expressing
the boundary of W, for k ∈ {1, 2}, i ∈ {0, ω1, ω2} and
j ∈ {ω1, ω2,∞} is obtained by the bisection method based
algorithm, which is detailed in the pseudo code of Algorithm
1.

Proof: Please refer to Appendix A for the detailed proof.

Algorithm 1 has the following main steps:

• Step 1: Initialise the search range [Wmin,Wmax] of the
bisection method according to i and j, as shown in Line
1 of Algorithm 1.

• Step 2: Update the central point Wmid and obtain Γ(Wmid)
by substituting W ← Wmid into it. k ∈ {1, 2} is the mono-
tonicity indicator. Γ(W) is monotonically increasing when
we have k = 1, otherwise, it is decreasing. According
to its different monotonicity, the corresponding bisection
method is carried out. This step is characterised in Lines
3-9 of Algorithm 1.
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0 ≤ W ≤ W2(0,∞), if κ1(κ1 − κ2) ≤ 0

⋂
Γ(0) ≥ 0

No solution, if κ1(κ1 − κ2) ≤ 0
⋂
Γ(0) < 0

[W]Wup

Wlow
, otherwise

(20)

[W]Wup

Wlow
=



0 ≤ W ≤ W2(0,∞), if Γ(0) ≥ 0,
No solution, if Γ(0) < 0,

for case A
0 ≤ W ≤ W2(ω1,∞), if Γ(0) ≥ 0

⋂
Γ(ω1) > 0,

W1(0,ω1) ≤ W ≤ W2(ω1,∞), if Γ(0) < 0
⋂
Γ(ω1) ≥ 0,

No solution, if Γ(0) < 0
⋂
Γ(ω1) < 0,

for case B



No solution, if Γ(0) ≤ 0
⋂
Γ(ω1) < 0

⋂
Γ(ω2) < 0,

W1(ω2,ω1) ≤ W ≤ W2(ω1,∞), if Γ(0) ≤ 0
⋂
Γ(ω1) ≥ 0

⋂
Γ(ω2) ≤ 0,

0 ≤ W ≤ W2(0,ω2), if Γ(0) > 0
⋂
Γ(ω1) < 0

⋂
Γ(ω2) < 0,

0 ≤ W ≤ W2(0,ω2)
⋃

W1(ω2,ω1) ≤ W ≤ W2(ω1,∞), if Γ(0) > 0
⋂
Γ(ω1) > 0

⋂
Γ(ω2) < 0,

0 ≤ W ≤ W2(ω1,∞), if Γ(0) > 0
⋂
Γ(ω1) ≥ 0

⋂
Γ(ω2) ≥ 0,

for case C

(21)

Algorithm 1 Bisection method based algorithm for searching
Wk(i, j)

Input: The physical/MAC layer parameters, such as Ns, Nr , Ωs,m, λs,m,
σ2

s,m, σ2
m, m‡ and l‡. Source’s transmit beamformer Ws(l) for l = 1, · · · , L

and l = l‡. Relay’s signal splitter ρm and transmit power vector Pm. The
discrete vectors {αm,βm}. k, i and j in Wk(i, j). Difference threshold ς.

Output: Boundary Wk(i, j) of W.
1: Initialise Wmin ← i and Wmax ← j;
2: while Wmax −Wmin ≥ ς do
3: Update Wmid ←

Wmin+Wmax
2 ;

4: Obtain Γ(Wmid);
5: if k = 1 then
6: If Γ(Wmid) > 0, then Wmax ← Wmid; otherwise, Wmin ← Wmid;
7: else
8: If Γ(Wmid) > 0, then Wmin ← Wmid; otherwise, Wmax ← Wmid;
9: end if

10: end while
11: return Wk(i, j) = Wmid .

• Step 3: If the difference between Wmin and Wmax is higher
than a pre-defined threshold ς, repeat Step 2. Otherwise,
obtain Wk(i, j) = Wmid as output, as shown in Lines 2 and
11 of Algorithm 1.

According to Lemma 1, given the fixed Ws(l), for ∀l =
1, · · · , L and l , l‡, (P2-1) can be equivalently reformulated
as

(P2-2): max
Ws(l‡)

Re2e (22)

s. t. (15a), (15d), (16a), (16b), (16c), (20) and (21).

(P2-2) is a convex optimisation problem, which it can be
solved by any convex optimisation tool, such as CVX.

Complexity analysis: The complexity of the interior point
method based convex optimisation tool for solving the sub-

problem (P2-2) is O
(

N2
s+Ns

2

)3.5
[32]. The complexity of bi-

section method in Algorithm 1 is O
(
log

(
j−i
ς

))
. Therefore, the

complexity for solving (P2-2) is O
(
3 log

(
j−i
ς

)
+

(
N2

s+Ns

2

)3.5
)
.

B. Transmit Power Design Pm‡ and Power Splitter Design ρm‡

of Relay m‡

Given fixed {Ws(l)}, we have the optimal power splitter
ρ∗m‡ (l) = 1 and the optimal transmit power P∗m‡ (l) = 0 for
∀l ∈ L−m‡,k, since the relay fails to correctly decode the received
information. Therefore, the whole signal from the source node
is utilised for energy harvesting and the relay does not forward
any information during the TF l. In the case of ∀l ∈ L+m‡,k, the
relay m‡ forwards the successfully decoded information to the
destination node, i.e., 0 ≤ ρ∗m‡ (l) ≤ 1 and P∗m‡ (l) ≥ 0. As a
result, (P2) can be reformulated as

(P2-3): max
Pm‡ (l),ρm‡ (l),∀l∈L+

m‡ ,k

Re2e (23)

s. t. (15b), (15c), (15d), (16a), (16b), and (16c).

Although (P2-3) is non-convex owing to the non-convex
constraint (15d), we can obtain the optimal solution to (P2-3)
by finding a fact for the residual energy Qm‡ (l) of the relay
m‡, which is detailed in Lemmas 2-3 and Theorem 1.

Lemma 2: We have Eq. (24). Specifically, if the activated
relay m‡ decodes information correctly during a single TF, it
may deplete its residual energy to forward information.

Qm‡ (l) = 0,∀l ∈ L+m‡,k. (24)

Proof: Please refer to Appendix B for detailed proof.
According to Lemma 2, we further have Lemma 3 for Qm‡ (l)

in the constraint (15d).
Lemma 3: Qm‡ (l − 1) in Eq. (9) is a constant.

Proof: For (l−1) ∈ L+m‡,k, we have Qm‡ (l−1) = 0 according
to Eq. (24) in Lemma 2. Otherwise, we have Qm‡ (l − 1) =
Qm‡ (l′)+

∑l−1
l̂=l′+1

Ecur,m‡ (l̂) for l′ < l−1, l′ ∈ L+m‡,k and l̂ ∈ L−m‡,k.
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Algorithm 2 Bisection method based algorithm for searching
ρm‡ (l) and Pm‡ (l)
Input: The physical/MAC layer parameters, such as Ns, Nr , Ωs,m, λs,m,

σ2
s,m, σ2

m, m‡. Source’s transmit beamformer Ws(l) for l = 1, · · · , L.
Relay’s signal splitter ρm‡ (l) = 1 and transmit power Pm‡ (l) = 0 for
∀l ∈ L−

m‡ ,k
. The discrete vectors {αm,βm}. Difference threshold ς.

Output: The optimal power splitter ρ∗
m‡

(l) and the optimal transmit power
P∗

m‡
(l) for ∀l ∈ L+

m‡ ,k
.

1: Initialise ρmin(l)← 0 and ρmax(l)← 1 for ∀l ∈ L+
m‡ ,k

;
2: while ρmax(l) − ρmin(l) ≥ ς do
3: Update ρm‡ (l)←

ρmax(l)+ρmin(l)
2 ;

4: Update Pm‡ (l) by substituting ρm‡ (l) into Eq. (24);
5: Obtain γm‡ (l) and γm‡d(l) by substituting ρm‡ (l) and Pm‡ (l) into Eq.

(4) and Eq. (11), respectively;
6: if γm‡ (l) ≥ γm‡d(l) then
7: ρmin(l)← ρm‡ (l);
8: else
9: ρmax(l)← ρm‡ (l);

10: end if
11: end while
12: return ρ∗

m‡
(l) = ρmin(l) and P∗

m‡
(l) by substituting ρ∗

m‡
(l) into Eq. (24).

Note that Qm‡ (l′) = 0. Moreover, we have ρ∗m‡ (l̂) = 1 and
P∗m‡ (l̂) = 0, which results in a constant Ecur,m‡ (l̂). Lemma 3 is
proved.

Theorem 1: The optimal power splitter ρ∗m‡ (l) and the
optimal transmit power P∗m‡ (l) for ∀l ∈ L+m‡,k satisfy

γm‡ (l) = γm‡d(l). (25)

Proof: In the constraint (16c), γm‡ (l) is monotonously de-
creasing as we increase ρm‡ (l), while γm‡d(l) is a monotonously
increasing function with respect to Pm‡ (l). Moreover, according
to Lemmas 2 and 3, given a fixed ρm‡ (l), the corresponding
transmit power Pm‡ (l) can be obtained by Eq. (24), while
Pm‡ (l) has positive correlation with ρm‡ (l). Therefore, γm‡d(l)
increases as we increase ρm‡ (l). Observe from (P2-3) that its
objective function is monotonously increasing as we increase
Pm‡ (l). Therefore, the objective has positive correlation with
ρm‡ (l). As a result, a power splitter ρ∗m‡ (l) and the correspond-
ing transmit power P∗m‡ (l) following Eq. (25) can obtain a
maximum e2e throughput R∗e2e, which are the optimal solution
to (P2-3). Theorem 1 is proved.

Since γm‡ (l) is monotonously decreasing and γm‡d(l) is
monotonously increasing as we increase ρm‡ (l). A bisection
method based algorithm is developed to obtain the power
splitter ρ∗m‡ (l) and the corresponding transmit power P∗m‡ (l)
satisfying Eq. (25), for ∀l ∈ L+m‡,k in (P2-3). Its pseudo code
is provided in Algorithm 2, which has the following steps:

• Step 1: Initialise the search range [ρmin(l), ρmax(l)] of the
bisection method, as shown in Line 1 of Algorithm 2.

• Step 2: Update ρm‡ (l) as the center point of the range
[ρmin(l), ρmax(l)], while calculating the corresponding
Pm‡ (l) by Eq. (24). The SNR γm‡ (l) for the information
decoding at relay m‡ and that γm‡d(l) at the destination
node can be updated by Eq. (4) and Eq. (11), respectively.
Note that there is a negative correlation between γm‡ (l)
and ρm‡ (l). Therefore, ρm‡ (l) can be increased when we

have γm‡ (l) ≥ γm‡d(l). Therefore, update ρmin(l)← ρm‡ (l).
Otherwise, we decrease ρm‡ (l) to satisfy the constraint
(16c). This step is characterised in Lines 3-10 of Algo-
rithm 2.

• Step 3: If the difference of the search range is higher than
the difference threshold ς, repeat Step 2, as shown in Line
2 of Algorithm 2. Otherwise, obtain the power splitter
ρ∗m‡ (l) and the transmit power P∗m‡ (l) for ∀l ∈ L+m‡,k, as
shown in Line 12 of Algorithm 2.

Performance analysis: The optimal solution to (P2-3) can be
obtained when the difference threshold ς → 0. Let us consider
a power splitter ρ′m‡ (l) satisfying 0 ≤ ρ′m‡ (l) < ρ∗m‡ (l). Accord-
ing to the proof of Theorem 1, although the constraint (16c)
can be satisfied, the obtained e2e throughput R′e2e is lower
than R∗e2e. Moreover, when we have 1 ≥ ρ′m‡ (l) > ρ

∗

m‡ (l), ρ
′

m‡ (l)
is not a feasible solution to (P2-3) since the constraint (16c)
cannot be satisfied. Therefore, ρ∗m‡ (l) and the corresponding
P∗m‡ (l) can obtain a maximum e2e throughput R∗e2e.

Complexity analysis: The complexity of bisection method
aided Algorithm 2 is O

(
log

(
1
ς

))
.

C. Relay selection Design α

We consider a partial relay selection (PRS) scheme, in
which the relay has the highest SNR in the 1st-hop is selected
as a forwarder. It is formulated as

m‡ = arg max
m=1,··· ,M

γm(1), (26)

where m‡ denotes the selected relay and γm(1) expresses the
SNR of the relay m’s received signal for information decoding
during the first TF. PRS is a classical strategy in relaying
networks due to its low complexity [33].

D. Joint Design

Given the local optimal solution obtained from (P2), we may
exploit PRS strategy for the relay selection, while traversing all
possible binary indicator vector βm. However, the exhaustive
search for βm has a high complexity. Therefore, we exclude
several TFs, when the selected relay cannot successfully
decode the received information. The pseudo code of the
proposed iterative joint design is detailed in Algorithm 3,
which has the following main steps:

• Step 1: Relay Selection. Initialise power splitter ρm(1)
as zero and transmit power Pm(1) as 5 × 10−3 W, for
∀m = 1, · · · ,M. Select a relay m‡ as the forwarder in the
2nd-hop transmission by substituting ρm(1) into Eq. (26),
as shown in Lines 1-2 of Algorithm 3.

• Step 2: Forwarding Frame Selection. In this step, before
traversing the vector βm, a maximum SNR γm‡ (l) obtained
by the relay m‡ is compared with the SNR threshold γm‡,th

to exclude a part of frames with failed decoding.
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Algorithm 3 An iterative algorithm based joint design for
solving (P1)
Input: All the phusical/MAC layer parameters, such as M, Ns, Nr , Ωs,m,
Ωm,d , L, {(Hs,m(l),hm,d(l),hs,d(l))|l = 1, · · · , L}, γm,th, σ2

s,m, σ2
m,d and σ2

s,d .
Difference threshold ς.

Output: Solution {W∗
s(l),P∗m, ρ∗m,α∗}. E2e throughput R∗e2e.

1: Initialise the power splitter ρm(1) ← 0 and transmit power Pm(1) ←
5 × 10−3W.

2: Select the relay m‡ by Eq. (26) and obtain α∗ ← {αm=m‡ ← 1, αm,m‡ ←

0|m = 1, · · · ,M}.
3: Obtain Ws(l) ← arg maxWs(l) Tr

(
Hs,m‡ (1)Ws(l)H†s,m‡ (1)

)
, where Ws(l)

satisfies (15a).
4: Obtain γm‡ (l) by substituting Ws(l) and ρm‡ (l)← 0 into Eq. (4);
5: Obtain L− = {l|γm‡ (l) < γm‡ ,th} and initialise k ← 0.
6: while k ≤ 2L − 1 do
7: Update βm‡ ← binary(k);
8: if βm‡ (l) = 1, for l ∈ L− then
9: Continue;

10: else
11: Initialise Ws,(0)(l) ← Ws(l), Re2e,cur ← 0, Re2e,pre ← −2ς and

iteration number i← 0;
12: while |Re2e,cur − Re2e,pre | > ς do
13: Re2e,pre ← Re2e,cur;
14: Update ρm‡ ,(i+1) ← ρ

∗

m‡
and Pm‡ ,(i+1) ← P∗

m‡
by carrying out

Algorithm 2 with input of {Ws,(i)(l)};
15: Update Ws,(i+1)(l) ← W∗

s(l), for ∀l = 1, · · · , L and Re2e,cur by
solving (P2-2) after substituting {ρm‡ ,(i+1),Pm‡ ,(i+1)} into it;

16: Update i← i + 1;
17: end while
18: Update {W′

s,k(l), ρ′m‡ ,k ,P
′
m‡ ,k} ← {Ws,(i)(l), ρm‡ ,(i),Pm‡ ,(i)},

Re2e,k ← Re2e,cur and k ← k + 1;
19: end if
20: end while
21: Obtain k∗ ← arg maxk Re2e,k;
22: return α∗, {W∗

s(l), ρ∗m,P∗m} ← {W′
s,k∗ (l), ρ′m‡ ,k∗ ,P

′
m‡ ,k∗ } and R∗e2e ←

Re2e,k∗ .

– Step 2-1: Obtain the transmit beamformer Ws(l)
of the source node1, which makes the relay m‡

obtain a maximum SNR γm‡ (l) by substituting it
and ρm‡ (l) ← 0 into Eq. (4). Define a set L− to
include the TFs with failed decoding and initialise
the traversing number k to 0, as shown in Lines 3-5
of Algorithm 3.

– Step 2-2: Traverse βm‡ , as shown in Line 6 of
Algorithm 3. For each k ≤ 2L−1, if βm‡ (l) for l ∈ L−

is set to 1, the constraint (16a) of (P2) cannot be
satisfied. Therefore, skip Step 3, update k ← k+1 and
repeat this substep. Otherwise, carry out Step 3, as
shown in Lines 7-9 of Algorithm 3. When k > 2L−1,
i.e., the traversal operation is completed, skip to Step
4.

• Step 3: Transmit Power and Power Splitter Design for
the Relay m‡. Initialise the transmit beamforming matrix
Ws,(0)(l) as Ws(l). Initialise the e2e throughput Re2e,cur

obtained in the current iteration, that Re2e,pre obtained in
the last one and the iteration number i, as shown in Line

1It is equivalent to a case, where there is no direct link between the source
and the destination in our cooperative network. Therefore, the sub-problem
(P2-1) for the transmit beamforming design of the source node can be reformu-
lated as the expression in Line 3 of Algorithm 3. It is a classical semi-definite
programming, which can be optimally solved by any convex optimisation tool.
Besides, its optimal solution satisfies Ws(1) =Ws(2) = · · · =Ws(L)

11 of Algorithm 3..
– Step 3-1: By exploiting the optimal solution
{Ws,(i)(l), ρm‡,(i),Pm‡,(i)} obtained in the last it-
eration, we can sequentially update them as
{Ws,(i+1)(l), ρm‡,(i+1),Pm‡,(i+1)} by solving (P2-2) with
any convex optimisation tool and (P2-3) with Algo-
rithm 2, respectively, as characterised in Lines 13-16
of Algorithm 3.

– Step 3-2: If the difference between Re2e,cur and
Re2e,pre is higher than a pre-defined threshold ς,
we start another iteration by repeating Step 3-1, as
shown in Line 12 of Algorithm 3. Otherwise, obtain
{W′

s,k(l), ρ′m‡,k,P′m‡,k} ← {Ws,(i)(l), ρm‡,(i),Pm‡,(i)}

and Re2e,k ← Re2e,cur as the solution and the through-
put with different k.

• Step 4: Output. By obtaining k∗ with the maximum Re2e,k,
{W′

s,k∗ (l), ρ′m‡,k∗ ,P′m‡,k∗ ,α∗} and the corresponding Re2e,k∗

are output, as shown in Lines 21 and 22 of Algorithm 3.
Rank-1 recovery: Since a rank-1 relaxation is applied to (P2-

1), the rank-1 solution need to be recovered after the conver-
gence of Algorithm 3. The vector w∗s(l) can be approximated
by Gaussian randomisation methodology [34].

V. Numerical Results

We model the two-hop channels, namely, from the source
to the relays and from the relays to the destination, as
Rician fading channels, which can be formulated as H(1) =√

Kr
Kr+1 H0 +

√
1

Kr+1 Hω(1) [35]. Kr is the Rician factor, and
Hω(1) is the channel matrix with entries following the
Rayleigh distribution, while H0 is a deterministic matrix
satisfying ||H0||

2 = NrNs and Nr for the 1st- and 2nd-hop
channels, respectively. Moreover, we consider the Rayleigh
fading for the direct link between the source and the destina-
tion, due to the blockage. The path-loss Ωs,m in the 1st-hop
and Ωm,d in the 2nd-hop are expressed as Ω = Ω0 ·

(
d
d0

)α
for

(Ω, d) = {(Ωs,m, ds,m), (Ωm,d, dm,d)}. Similarly, the path-loss Ωs,d

in the direct channel is formulated as Ωs,d = Ω0 ·
( ds,d

d0

)α
+Ωbr,

where Ωbr is the extra path-loss imposed by the complicated
environment. Simulation parameters in both physical and
MAC layers are in line with TABLE I on the next page,
unless some parameter changes are particularly mentioned.
The parameters of the non-linear energy harvester are set to
a = 132.8, b = 0.01181 and Psat = 0.02337 [36]. Relays
are distributed at coordinates of the form

(
xr,±ds,d( 1

10 +
1
2 )

)
and

(
xr,±

ds,d

10
)
, where xr = 1. All the results are obtained by

averaging the randomness incurred by the channels.

A. Convergence of Algorithm

Observe from Fig. 22 that our iterative design can quickly
converge after several iterations, when different downlink

2Since we focus on the convergence of the iterative algorithm in Fig. 2, the
relay selection m‡ and the information decoding index βm‡ are traversed. The
e2e throughput performance is then averaged by using all feasible solutions.
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TABLE I
Parameter Setting

Parameter Denotation Value
Number of source’s antennas Ns 2
Number of relays’ antennas Nr 2
Path-loss reference distance d0 1 m
Extra path-loss Ωbr 80 dB
Number of transmission frames L 4
Channel variation coefficients σ2 0.01
Number of relays M 4
Channel factors λ 0.99
Transmit power of source Ps 1 W
SNR predefined threshold γm,th 16 dB
Additive noise power σ2

m, σ
2
d -50 dBm

Decoding cost factor fdc 10−3 [14]
Path-loss at reference distance Ω0 30 dB
Distance between source and destination ds,d 10 m
Rician factor Kr 5 [12]
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Fig. 2. Convergence of the iterative algorithm with the transmit beamforming
design Ws(l) of the source node as well as the transmit power Pm‡ and power
splitter ρm‡ design of the relay m‡.

transmit power Ps = {0.1, 1, 10} W of the source node are
considered. Specifically, when we have Ps = 0.1 and 1 W,
the e2e throughput Re2e in Fig. 2 converges to 6.64 and 8.90
bit/Hz, respectively, after 5 iterations. Moreover, it converges
to 14.27 bit/Hz after 4 iterations when Ps = 10 W.

B. Transmit Power

We investigate the impact of the source’s transmit power
on the downlink e2e throughput by setting λ and σ2 as 0.9
and 1, respectively. Specifically, Fig. 3 (a) demonstrates the
throughput performance of the SWIPT-CCN with different
relay selection strategies. PRS is compared with the following
three relay selection strategies:
• Max-Min Relay Selection (MMRS): The relay selec-

tion is dominated by the lower SNR between the
1st-hop and the 2nd-hop [37]. We have m‡ =

arg maxm=1,··· ,M min{γm(1), γm,d(1)}, where γm,d(1) ex-
presses the SNR of the signal received by the destination
node during the first TF.

• Exhaustive Relay Selection (ERS): All relays are tra-
versed to obtain the optimal one, which has a high
complexity.
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(b)
Fig. 3. Impact of the transmit power on average e2e throughput (a) with
different relay selection strategies and (b) with different channel models.

• Worst Case: We obtain the relay with the worst perfor-
mance to be the forwarder.

Observe from Fig. 3 (a) that when we increase Ps, the down-
link e2e throughputs of all the relay selection strategies are
substantially increased. This is because, as we initially increase
the source’s transmit power Ps, the relays may gain more
energy and higher SNR from the downlink SWIPT. Therefore,
they harvest a higher amount of energy for powering their
own downlink WIT, while they also obtain a higher successful
decoding probability. Moreover, the SNR of the signal in the
direct link is also increased. Observe from Fig. 3 (a) that
our system with PRS outperforms that with MMRS and the
former almost obtains the throughput performance of the ERS.
This is because the 1st-hop transmission is critical for the
energy-limited relay, which determines the amount of energy
harvested and the information decoding.

We plot the SWIPT-CCN with different channel models in
Fig. 3 (b). Specifically, three cases are compared, which are
detailed as follows:

• Case 1: We assume ideal channel conditions in the
SWIPT-CCN. Specifically, the CSI does not age within
a single transmission cycle.

• Case 2: The aging channel is considered. The joint design
is obtained based on the accurate CSI of the first frame
in the transmission cycle as well as on the knowledge of
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Fig. 4. Impact of the decoding SNR threshold on average achievable e2e
throughput.

the channel aging effect.
• Case 3: The aging channel is considered. However, the

source only obtains the accurate CSI of the very first
transmission frame within a single transmission cycle,
while it does not have the aging knowledge of the
channel.

In Fig. 3 (b), Case 1 obtains the largest e2e throughput.
This is because the ideal CSI improves the SNR of the signal
in the SWIPT-CCN. However, it is impractical owing to the
time-varying channel conditions. Therefore, the system with
real-time aging channels is demonstrated as Case 2 in Fig. 3
(b). Observe from Fig. 3 (b) that Case 2 outperforms Case 3.
Therefore, we can obtain the larger throughput in the SWIPT-
CCN when we invoke the proposed algorithm by considering
the aging channel.

C. Decoding SNR Threshold

We then investigate the impact of the decoding SNR thresh-
old γm,th on the e2e throughput of the CCN with/without
the direct link. Observe from Fig. 4 that the downlink e2e
throughput of the two scenarios stabilises and then reduces,
as we increase γm,th. This is because increasing γm,th reduces
the forwarding opportunities of the relays, which results in a
decreasing throughput. However, as we continuously increase
the threshold γm,th, all the relays cannot operate WIT at all.
Hence, the throughput no longer changes. Specifically, the
throughput of our CCN without direct link drops to zero, while
that of the CCN with direct link reduces and stabilises.

D. Distance among Relays

Fig. 5 demonstrates the impact of the horizontal coordinates
of the relays on the average e2e throughput. Observe from
Fig. 5 that as we increase xr, the throughput first decreases
and then trends to be stable. This is because increasing path
loss results in the uncorrect decoding at the relays. Therefore,
the relays cannot forward any information at all. Note that the
CCN without direct link achieves zero throughput, which is
coincident with Fig. 4.
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Fig. 5. Impact of distance among relays on average e2e throughput.
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Fig. 6. Impact of transmission frame numbers on average e2e throughput in
the scenario with an EH-SDF and a DF protocols.

E. Transmission Frames

Fig. 6 depicts the impact of the number of TFs L on the
average downlink e2e throughput per frame. Observe from
Fig. 6 that the e2e throughput performance reduces as we
increase L in a transmission cycle, which is incurred by the
outdated CSI in aging channels. Moreover, we compare the e2e
throughput performance between the CCN with an EH-SDF
protocol and that with a classical DF protocol. Specifically,
the former one achieves better throughput performance than
the latter.

VI. Conclusion

We studied a SWIPT-CCN, where wireless powered relays
with an EH-SDF protocol adopt power splitters to harvest
energy from downlink RF signals emitted by a source for
decoding and forwarding the information to the destination.
By considering the channel aging, we maximise the e2e
throughput of our system by jointly designing relay selection,
power allocation and signal splitting of relays as well as
transmit beamforming of relays and the source. An iterative
joint design is proposed for solving the original non-convex
optimisation problem. Numerical results demonstrate the PRS
strategy almost achieves the same performance with the opti-
mal strategy, while validating the superiority of the EH-SDF
protocol to the DF protocol. Furthermore, we also evaluate the
impact of the outdated CSI on the e2e throughput.
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Appendix A
Proof of Lemma 1

In the constraint Eq. (19), the derivative of Γ(W) with
respect to W can be formulated as

f (x) ≜
dΓ(W)

dW
=

κ1x
(1 + x)2 −

κ2

4
, (27)

where we define x ≜ eab−
Waλ2(l‡−1)ρ

m‡
(l‡)Ps

Ωs,m for x ∈ (0, eab]. Note
that x is monotonously decreasing with respect to W. By
letting dΓ(W)

dW = 0, Eq. (27) can be simplified as f ′(x) ≜
−
κ2
4 x2 + (κ1 −

κ2
2 )x − κ2

4 = 0. Obviously, f ′(x) is a concave
univariate quadratic function. Therefore, the number of zero
point(s) of f (x) can be obtained by κ1(κ1 − κ2). Furthermore,
the second-order derivative of Γ(W) can be formulated as
d2Γ(W)

dW2 =
κ1(1−x)
(1+x)3 . Therefore, in the range of x < 1, f (x)

is monotonously increasing; otherwise, f (x) is monotonously
decreasing. As a result, the range of W satisfying Eq. (19) can
be discussed in the following several cases.

In the case of κ1(κ1 − κ2) < (=) 0, f ′(x) = 0 has no solution
(only has one solution). Therefore, we have f (x) ≤ 0, which
demonstrates the decreasing monotonicity of Γ(W). As a result,
(P2-1) has no solution when we have Γ(0) < 0, while the
constraint Eq. (19) can be reformulated as 0 ≤ W ≤ W2(0,∞)

when we have Γ(0) ≥ 0, where W2(0,∞) obtained by bisection
method based Algorithm 1 is a unique zero point of Γ(W).

In the other case, since we have κ1(κ1 − κ2) > 0, f (x) has
two different zero points x1 and x2 satisfying x1 < x2. It can
be further obtained that x1 > 0. Specifically, we have κ3 < 0
owing to κ1 > 0, κ2 > 0 and κ1− κ2 > 0. Furthermore, we have
|κ3| >

√
κ2

3 − κ
2
2/4, which results in x1 > 0. The range of W

satisfying Eq. (19) is further discussed in the following cases
A, B and C.

• In case A of eab ≤ x1 < x2, we have f (x) ≤ 0 in the
range of x ∈ (0, eab]. Therefore, Γ(W) is monotonously
decreasing. It is further discussed in two cases, as shown
in Lines 1-2 of Eq. (21), which is similar to the case of
κ1(κ1 − κ2) < (=) 0.

• In case B of 0 < x1 ≤ eab ≤ x2, Γ(W) has a unique
maximum extremum Γ(ω1). By discussing the positive
and negative of Γ(0) and Γ(ω1), the case B is further
separated into three cases, as indicated in lines 3-5 of
Eq. (21).

• We have 0 < x1 < x2 < eab in case C. Γ(W) has
a maximum extremum ω1 and a minimum extremum
ω2. Specifically, it is a decreasing-then-increasing-then-
decreasing function in W ∈ [0,∞). Similar to case B,
case C is divided into five sub-cases, as shown in lines
6-10 of Eq. (21), by discussing the positive and negative
values of Γ(0), Γ(ω1) and Γ(ω2).

Lemma 1 is proved.

Appendix B
Proof of Lemma 2

Observe from Eq. (14) that as γm,d(l) increases, the achieved
e2e throughput increases. According to the SNR γm,d(l) in
Eq. (11), its derivative can be expressed as Υ ≜ ∂γm,d(l)

∂Pm(l) =

λ2(l−1)
m,d ∥hm,d(1)∥2Ωm,dσ

2
d((

1−λ2(l−1)
m,d

)
σ2

m,d Pm(l)+Ωm,dσ
2
d

)2 . By defining t ≜ λl−1
m,d (1 ≥ λm,d ≥ 0),

we have ∂Υ
∂t ≥ 0. Therefore, Υ is a monotonically increas-

ing function with respect to t. Since t is a monotonically
decreasing function with respect to l, Υ degrades when we
increase l. Specifically, given a fixed Pm(l), the positive slope
of γm,d(l) with respect to Pm,d(l) decreases, as l increases.
Therefore, by consuming the same energy, the relay obtains
higher throughput in the earlier TF rather than the later one.
Moreover, the SNR in the 1st-hop transmission is generally
higher than that in the forwarding one for the energy-limited
relay. As a result, the relay may consume all its stored energy
to forward the information in the current TF. Lemma 2 is
proved.
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