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In this paper, we consider a wireless powered cooperative network, where two energy-constrained buffer-aided relays harvest
energy from the source to assist the information delivery to the destination. To improve the spectral efficiency, a wireless
powered successive relaying (WPSR) protocol is proposed to allow both relays to receive the information from the source and
forward the buffered data to the destination, taking into consideration of the inter-relay-interference (IRI). We first reveal the
impact of data buffers and energy storages at the relays by the achievable throughput comparison of the WPSR scheduling
schemes with and without considering data buffers and energy storages. Our analysis validates the great potential of the buffer-
and-forward data transmission and the harvest-store-use energy management strategies. Then, the network throughput is
maximized via adaptive time and power allocation subject to the stability constraints of data buffers and energy buffers, and an
adaptive wireless powered buffer-aided successive relaying (WPBSR) scheduling scheme is proposed. The proposed scheme
approaches the optimal throughput of the wireless powered successive relaying network with bounded delay and finite length
of data and energy buffers. Numerical results validate the analysis and noticeable spectral efficiency gain.

1. Introduction

Radio frequency (RF) signal can not only be utilized for wire-
less information transfer (WIT) but also employed for energy
harvesting to power devices, namely, wireless energy transfer
(WET) [1]. Thus, simultaneous wireless information and
power transfer (SWIPT) framework is exploited in [2–4],
where the received signal is divided into two separated parts
for concurrent WIT and WET in either time or power
domain, i.e., time-switching (TS) and power splitting (PS).
Afterward, how to explore SWIPT into diverse networks has
attracted many research efforts to realize the sustainable wire-
less networking [5]. As buffer-aided communication [6, 7]
enables data to be firstly stored and then adaptively transmit-
ted according to the underlying channel conditions, it has
shown its great potential to either reduce energy expenditure
[8] or enlarge network throughput [9, 10]. Thus, how to jointly
exploit the advantage of both SWIPT and buffer-aided com-

munication is critical to achieve the energy-sustainable and
efficient communication systems.

As cooperative communication can effectively improve
network throughput and enlarge the coverage, it is inte-
grated with the SWIPT in wireless powered cooperative
communication networks (WPCNs), which has been exten-
sively studied in [11–20]. For a WPCN, the ergodic capacity
of TS-based and PS-based relaying protocols was analyzed in
[11–13] and then the TS and PS parameters were optimized
in [14, 15] to maximize the network throughput. Meanwhile,
the relay selection and scheduling policies for a wireless
powered multirelay network were investigated in [16–20].
While the potential of buffer-aided communication has not
been fully exploited in all these works.

Basically, in buffer-aided relaying networks, the trans-
mission link can be activated according to both the instanta-
neous link quality and the buffer status to realize a higher
network throughput through adaptive link selection [10,
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21] and relay selection [22–24]. When exploiting buffer-
aided communication strategy into wireless powered coop-
erative networks, the network throughput can be maximized
via the adaptive link/relay selection [25–28] and time/power
allocation [29–31]. Nonetheless, these works mainly investi-
gate half-duplex relaying (HDR), which leads to some loss of
spectral efficiency [32].

Full-duplex relaying (FDR) [33–37] and successive relay-
ing (SR) [38–51] are two representative techniques to further
improve the spectral efficiency. Since sophisticated full-
duplex circuits and self-interference suppression technology
are no longer needed, SR provides us with an effective solu-
tion that simultaneously selects two relays to receive infor-
mation from the source and forward the message to the
destination, such that it can be interpreted as a virtual
FDR. The achievable rate and adaptive resource allocation
of a SR network were investigated in [38–40] without con-
sidering energy harvesting capability. Instead, the network
throughput of an energy harvesting (EH) based two-relay
network was maximized in [42] via adaptively selecting the
broadcast, multiaccess, and successive relaying transmission
modes. An adaptive two-path successive relaying (TPSR)
protocol was proposed in [43] for a wireless powered two-
relay network, in which the relay selection was alternatively
utilized if TSPR fails. The aforementioned research works
aim to either analyze or optimize the achieved performance
and do not attempt to exploit the great benefit of the buffer-
aided communication strategy. For a buffer-aided successive
relaying network, the transmission policy design and
resource scheduling were studied in [44–49] without energy
harvesting. In [50], the relays of an EH-based SR network
were provisioned with data buffers and energy storages,
and the network throughput was maximized in the absence
of inter-relay-interference (IRI). In addition, the energy is
assumed to be harvested from the surrounding environment
(e.g., solar or wind), which is usually sporadic and intermit-
tent. On the contrary, controllable RF-based energy harvest-
ing [1] seems more attractive for designing wireless-powered
communication systems with strict QoS requirements. In
[51], the achieved performance (i.e., outage probability and
achievable rate) of a buffer-aided EH-based SR network
was analyzed, wherein the energy storage and adaptive
resource management were not incorporated to maximize
network throughput. All these observations motivate us to
unveil the effect of both data buffers and energy storages
and investigate the maximum achievable network through-
put for a wireless powered buffer-aided SR network via
adaptive resource scheduling.

In this paper, a wireless powered successive relaying net-
work is studied, in which two energy-constrained relays are
charged via the transmitted signals from the source. A wire-
less powered successive relaying (WPSR) protocol is firstly
incorporated, where two relays are charged in WET phases
and then alternatively selected in a successive relaying man-
ner to simultaneously receive information from the source
and forward data to destination within WIT phases. In order
to unveil the effect of data buffers and energy storages, we
then analyze and compare the achievable throughputs of
WPSR schemes with and without data buffers and energy

storages. It is validated that the data buffer at the relays can
introduce throughput gain. This is because the buffer-and-
forward data management policy results the end-to-end
throughput equal to the minimum expected rate of both
hops, instead of the expectation of the minimum instanta-
neous rate. In addition, the energy storage can enlarge the
achievable throughput via harvest-store-use energy policy.
Leveraging the analysis, we then focus on the maximum
achievable network throughput and formulate a throughput
maximization problem under the constraints of data buffer
stability and energy sustainability. By employing Lyapunov
optimization framework, an adaptive wireless powered
buffer-aided successive relaying (WPBSR) scheme is pro-
posed to adaptively allocate transmit power and time slot to
the weighted “best” transmission mode based on the instan-
taneous channel/buffer/energy state information (CSI, BSI,
ESI). The performance analysis unveils that the achievable
throughput of the WPBSR scheme can be arbitrarily close
to the optimal performance with limited cost of delay, and
finite lengths of data buffer and energy storage can be guar-
anteed. Finally, extensive simulation results validate the
throughput gain of the proposed WPBSR scheme with data
buffers and energy storages. The contributions of this paper
are summarized as follows:

(i) By deploying data buffers and energy storages, the
buffer-and-forward data management and harvest-
store-use energy management policies can be
exploited. On the basis, the achievable throughput
of WPSR schemes is analyzed and compared to the-
oretically highlight the benefit of data buffers and
energy storages

(ii) To maximize the achievable throughput, we pro-
pose an adaptive wireless powered buffer-aided suc-
cessive relaying (WPBSR) scheme, which can
adaptively allocate network resource (time, power)
based on the CSI/BSI/ESI

(iii) Throughput gain of data buffers and energy storages
is validated based on the extensive simulations, and
the proposed WPBSR scheme can improve the net-
work throughput with a cost of transmission delay

The remainder of the paper is organized as follows. The
related works are presented in Section 2. The system model
and the wireless powered successive relaying (WPSR) proto-
col are introduced in Section 3. The influence of data buffer
and energy storage is analyzed in Section 4, and an adaptive
WPBSR scheme is presented. Simulation results are pro-
vided in Section 5, followed by the conclusion in Section 6.

2. Related Work

Zhang et al. firstly proposed a simultaneous wireless infor-
mation and power transfer (SWIPT) framework in [3], in
which the time-switching (TS) and power-splitting (PS) pro-
tocols were utilized. Since then, the SWIPT has attracted
many research attentions to realize the sustainable wireless
communication systems [4, 5]. As an important application,
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wireless powered cooperative communication (WPCN) can
exploit the benefit of both cooperative communication and
the RF energy harvesting technologies. The time-switching
based relaying (TSR) and power-splitting based relaying
(PSR) protocols were proposed in [11] to derive the ergodic
capacity of a WPCN with an amplify-and-forward (AF)
relay. When decode-and-forward (DF) mode was employed
at the relay, the ergodic capacity was studied in [12]. As the
harmful cochannel interference (CCI) could be utilized as
energy source, the effect of CCI on the ergodic and outage
capacity was investigated in [13]. In [14], the PS/TS coeffi-
cient was optimized to maximize the network throughput,
in which the relay is assumed to be provisioned with
rechargeable battery. For the multirelay WPCNs, the behav-
ior of the energy storage at the relays was modeled as a two-
state Markov chain in [16], such that the steady-state distri-
bution and outage probability of relay selection scheme were
analyzed. In [17], the multiple relays were simultaneously
utilized according to the concept of distributed space-time
coding. The beamforming design for multiantenna WPCN
systems was investigated in [18, 19]. Relay selection and
resource allocation schemes were studied in [20]. All these
works aimed to either analyze or optimize the achieved per-
formance of the SWIPT-based networks.

Recently, buffer-aided communication has shown its
advantage of reducing energy expenditure [8] and improv-
ing network throughput [9, 10] with some cost of transmis-
sion delay. In [8], the transmission power was adaptively
optimized based on the dynamic channel condition to min-
imize the energy consumption of a buffer-aided point-to-
point system. Then, the buffer-aided communication was
integrated with cooperative communication system, called
buffer-aided relaying, and the performance analysis in [9]
demonstrated that the buffer-aided relaying can improve
the capacity of two-hop networks. With the assistance of
data buffer, adaptive link selection strategy was exploited
in [10, 21] where one link of both hops was adaptively acti-
vated based on the weighted instantaneous capacity. Then,
the relay selection scheme was investigated for a buffer-
aided multirelay network in [22–24]. Furthermore, wireless
powered buffer-aided cooperative communication that can
exploit the benefits of both buffer-aided relaying and RF
energy harvesting technologies has been studied. In [25],
the long-term network throughput of a wireless powered
buffer-aided relaying system, where the relay charges the
source via RF signals, was maximized via the adaptive link
or mode selection. The achieved throughput for a buffer-
aided wireless powered relay network was analyzed in
[27]. In [28], the relay selection scheme was investigated
for a multirelay network with considering data buffer and
energy storage. The joint relay-and-mode selection scheme
for a wireless powered buffer-aided multirelay network
was addressed in [29] to maximize the network throughput.
Then, the energy-efficient and secure transmission schedul-
ing was studied in [30, 31], respectively. The above research
works mainly investigated the throughput maximization
of buffer-aided half-duplex relaying networks. While the
half-duplex relaying may cause some loss in spectral effi-
ciency [32].

To further improve the spectral efficiency, three emerg-
ing solutions were proposed, namely, half-duplex two-way
relaying (HD-TWR), full-duplex relaying (FDR), and suc-
cessive relaying (SR). HD-TWR was devised to support
bidirectional information exchange between two terminals
via one HD relay node. The achievable rate region of a
buffer-aided HD-TWR network was analyzed in [52], and
that of a wireless powered HD-TWR was studied in [53].
The full-duplex relay was enabled to receive and transmit
over the same resource block, such that the network
throughput of a buffer-aided FDR network was maximized
in [36] via adaptive FD operation and power allocation,
where the relay was enabled to receive and transmit over
the same resource block. If the full-duplex relaying was
employed with RF energy harvesting capability, the signal
transmitted by the relay could also be reused for its energy
harvesting, namely, the self-energy recycling [34]. The
achievable rate and beamforming design for a multiantenna
wireless powered FDR system were studied in [33, 35],
respectively. In [37], the broadcasting and NOMA tech-
nique were integrated in a buffer-aided FDR network. Com-
pared with the FDR, SR was a simple but efficient solution
without the need of the sophisticated full-duplex circuit and
self-interference cancellation technique. The achievable rate
and resource allocation for SR networks were investigated
in [38–41] without considering energy harvesting capability.
In [42], the network throughput of an EH-based SR network
was maximized via time and power allocation. The achieved
performance of wireless powered two-relay network was
investigated in [43]. Nonetheless, the data buffer at the relay
was not exploited. In [44–49], the achieved performance and
resource management for a buffer-aided SR network were
investigated without considering energy harvesting capabil-
ity. Under the complete interference cancellation assump-
tion, the throughput maximization problem of an EH-based
SR network without inter-relay-interference (IRI) was stud-
ied in [50] by considering both the data buffer and energy
storage at relay. In addition, the nodes were assumed to har-
vest energy from surrounding environment like solar and
wind, whose sporadic and intermittent nature might not
fulfill the energy sustainable communication requirements.
The achieved outage probability and achievable rate of a
buffer-aided EH-based SR network were analyzed in [51],
wherein the energy storage and adaptive resource manage-
ment were not incorporated to maximize network through-
put. Inspired by the recent research progress, we integrate
the SR into wireless powered buffer-aided relaying network
with practical inter-relay-interference (IRI) to improve the
network throughput. Furthermore, we exploit and unveil the
great potential of data buffer and energy storage at the relays
and propose the adaptive wireless powered buffer-aided relay-
ing scheme with adaptive time and power allocation.

3. Wireless Powered Successive
Relaying Network

3.1. System Model. We study a wireless powered cooperative
communication network as illustrated in Figure 1, in which
one source S transmits data to the destination D with the
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help of two energy-constrained relays R1 and R2. As the
large transmission distance and channel blockage, there is
no direct connection between S and D, and their communi-
cation must be assisted with the intermediate relays. Both
relays operate in half-duplex decode-and-forward (DF)
mode and harvest energy from the source via the RF signals
to forward the data to the destination. Define dSk and dkD as
the communication distances from S to Rk

1 and from Rk
to D, respectively, and d12 is the distance between R1 and
R2.

A time-slotted system is considered, where the transmis-
sion time is divided into time slots t ∈ f1, 2,⋯,Tg, and the
duration of each slot is T0 seconds. The channel coefficients
are independent and slowly block fading, such that they
remain unchanged in one-time slot but independently vary
from one slot to another. Denote hijðtÞ =

ffiffiffiffiffi
Lij

p ~hijðtÞ as the
channel gain of the link from node i to j in the time slot t,
where Lij and ~hijðtÞ represent the large-scale and small-

scale fading coefficient, respectively. Lij = L0/ðdij/d0Þβi j ,
where L0 is the reference path loss at the reference distance
d0, βij and dij denote the path loss exponent and the trans-
mission distance, respectively. In addition, all involved links
are assumed to be independent Rayleigh fading, and the
average channel gain of the link between node i and node j
is denoted as Ωij = E½jhijðtÞj2� . The transmit power of the
source equals Ps, and those of both relays in time slot t are
denoted as P1ðtÞ, P2ðtÞ, respectively. σ2 represents the back-
ground noise variance.

3.2. Wireless Powered Successive Relaying (WPSR) Protocol.
To improve the spectral efficiency, successive relaying (SR)
protocol is a promising approach for a multirelay system
(Two relay scenario is investigated in this paper. Instead,
the multirelay scenario can be similarly extended, where
the relay selection need to be taken into consideration.),
where two relays are selected within any time slot to receive
the information from the source and to forward the previ-
ously received data to the destination, respectively. On the
basis, we propose a wireless powered successive relaying
(WPSR) protocol as illustrated in Figure 2, which consists
of a wireless energy transfer (WET) phase and two wireless
information transfer (WIT) phases. α is the fraction of time
slot allocated for the dedicated WET, in which both relays
simultaneously harvest energy from the RF signals transmit-
ted by the source. The remaining ð1 − αÞT time is used for
WIT, in which the successive relaying is exploited. Similar
to the conventional half-duplex relaying protocol, in the first
1/2ð1 − αÞT , the relayR1 is supposed to receive data from S

and the relayR2 is to forward its previously received data to
D (WIT-I phase), while in the remaining 1/2ð1 − αÞT , the
relay R2 receives data from S and the relay R1 forwards
its previously received data to the destination D (WIT-II
phase). In the WET phase, the received energy signal at the
relay Rk in time slot t is

Yk,e tð Þ =
ffiffiffiffiffi
Ps

p
hSk tð Þse tð Þ + nk tð Þ, ð1Þ

where seðtÞ is the energy signal transmitted by the source,
and nkðtÞ represents the noise at Rk. Therefore, the energy
harvested by Rk in time slot t satisfies

ek tð Þ = αTηPs hSk tð Þj j2, ð2Þ

where η is the energy conversion efficiency.
In the WIT phases, as the SR protocol is utilized, the

received signal at Rk is

yk tð Þ =
ffiffiffiffiffi
Ps

p
hSk tð Þs tð Þ +

ffiffiffiffiffiffiffiffiffiffiffiffi
Pk′ tð Þ

q
hkk′ tð Þsk′ tð Þ + nk tð Þ, ð3Þ

where the first and second terms are the desired signal and
the inter-relay interference (IRI), respectively. Thus, the cor-
responding signal-to-interference-plus-noise-ratio (SINR) is
given by

γSk tð Þ = Ps hSk tð Þj j2
σ2 + Pk′ tð Þ hkk′ tð Þj j2

: ð4Þ

At the same time, the received signal at the destinationD

is

yk′D tð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffi
Pk′ tð Þ

q
hk′D tð Þxk′ tð Þ + nD tð Þ, ð5Þ

where nDðtÞ is the noise atD. Thus, the signal-to-noise-ratio
(SNR) of the link Rk′D is

γk′D tð Þ = Pk′ tð Þ hk′D tð Þj j2
σ2

: ð6Þ

Likewise, the SINR of the link SRk′ and the SNR of the
linkRkD can be obtained by exchanging k and k′ in (4) and
(6), respectively.

Given the SINR expressions, we can obtain the achieved
transmission rates of all involved links. To this end, our goal
is to maximize the achievable network throughput under the
WPSR protocol.

4. Adaptive Wireless Powered Buffer-Aided
Successive Relaying Scheme

In this section, to reveal the effect of both data buffers and
energy storages, we analyze and compare the achieved
throughput of WPSR scheduling schemes with and without
data buffers and energy storages at the relays. Then, to max-
imize the network throughput, adaptive time and energy
allocation are jointly optimized under the constraints of
buffer stability and the energy sustainability, and an adaptive
wireless powered buffer-aided successive relaying (WPBSR)
scheduling scheme is proposed to adaptively allocate time
slot and energy according to the dynamic CSI, BSI, and
ESI. Finally, simulation results are presented to show that
the achieved throughput of the proposed scheme can be
arbitrarily close to the optimal scheduling scheme with lim-
ited cost of delay. In addition, the proposed scheme guaran-
tees bounded data buffers and energy storages.
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4.1. Throughput Analysis of WPSR. Our goal is to maximize
network throughput under the WPSR protocol. As is stated
in [9, 10], the data buffer at the relays can be exploited to
improve the achieved performance of cooperative networks.
Meanwhile, when the energy harvesting capability is
deployed, the energy storage can be provisioned to efficiently
utilize the harvested energy. Thus, to maximize the network
throughput, we first analyze the network throughput of the
WPSR scheduling scheme with and without data buffers
and energy storages at the relays, such that the effects of both
data buffers and energy storages are revealed.

4.1.1. WPSR Scheme without Data Buffers and Energy
Storages. We firstly study the case that neither data buffers
nor energy storages are provisioned. The relays first harvest
energy and then use the collected energy for information
transmission immediately, namely, harvest-use energy man-
agement strategy. Thus, the transmit power of Rk in the
time slot t is PkðtÞ = 2α/ðð1 − αÞηPsjhSkðtÞj2Þ, and the SINR
and SNR of SRk and RkD in (4) and (6) are rewritten as

γSk tð Þ = Ps hSk tð Þj j2
σ2 + κηPs hSk′ tð Þ2

�� ��hkk′ tð Þ��2 , ð7Þ

γkD tð Þ = κηPs hSk tð Þ2�� ��hkD tð Þ��2
σ2

, ð8Þ

where κ = 2α/1 − α denotes the ratio between the WET
time and the effective WIT time.

To analyze the achieved throughput, we need to obtain
the statistical characteristics of the SNRs γSkðtÞ, γkDðtÞ, e.g.,

the cumulative distribution functions (CDFs) and probabil-
ity density functions (PDFs), in the following proposition.

Proposition 1. When the harvest-use energy management
strategy is utilized, namely, PkðtÞ = 2α/ð1 − αÞηPsjhSkðtÞj2,
the CDFs of γSkðtÞ and γkDðtÞ in (7) and (8) are given by

FγSk
γð Þ = 1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩSk

κηΩSk′Ωkk′γ

s
exp −

σ2

ΩSkPs
γ

� �
exp

� ΩSk

2κηΩSk′Ωkk′γ

� �
W−1/2,0

ΩSk

κηΩSk′Ωkk′γ

� �
,

ð9Þ

FγkD
γð Þ = 1 − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2γ

κηPsΩSkΩkD

s
K1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2γ

κηPsΩSkΩkD

s !
,

ð10Þ
where KnðxÞ and Wm,nðxÞ are the n-th order modified Bessel
function of the second kind and Whittaker functions [54],
respectively. The corresponding PDFs are obtained by taking
derivation of the CDFs with γ.

Proof. Please see appendix 7.
When data buffers are not exploited, the relays must

firstly decode the data from the source and then immediately
forward them to the destination. Thus, the end-to-end (E2E)
SNR of the data transmission via two relays are the mini-
mum SNR of two hops, i.e.,

γS1D tð Þ =min γS1 tð Þ, γ1D tð Þf g, ð11Þ

γS2D tð Þ =min γS2 t − 1ð Þ, γ2D tð Þf g: ð12Þ
Notice that, according to Figure 2, the E2E transmission

via R1 is completed within one time slot, while the data
transmission viaR2 spans two successive time slots. Ergodic
capacity that quantifies the ultimate reliable communication
limit over the fading channel is derived by averaging the
instantaneous capacity over all fading states, i.e., Cnon =
∑k=1,2 E½1/2 log2ð1 + γSkDðtÞÞ�, where the subscript non
implies no data buffer and energy storage at relays. Thus,

R1

hS1 (t)

hS2 (t)
dS2

dS1

R2

S D
h12 (t)

h1D (t)

h2D (t)
d2D

d1D

WET
WIT with R1 reception

Inter-relay-interference (IRI)

WIT with R2 reception

Figure 1: Wireless powered successive relaying network: one source, one destination, and two energy-constrained DF relays.

Wireless energy
transfer (WET)

S –––> R1
S –––> R2

Wireless information
transfer (WIT)

S –––> R1
R2 –––>D

𝛼T

Wireless information
transfer (WIT)

S –––> R2
R1 –––> D

½ (1 – 𝛼) T ½ (1 – 𝛼) T

Figure 2: Time structure of wireless powered successive relaying
(WPSR) protocol.
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the achieved throughput is obtained by letting τnon = ð1 −
αÞCnon, which is presented in the following lemma.

Lemma 2. When neither energy storage nor data buffer is
provisioned at the relays, the achievable throughput of WPSR
scheduling scheme is

τnon =
1 − α

2
E log2 1 +min γS1 tð Þ, γ1D tð Þf gð Þ½ �f

+ E log2 1 +min γS2 t − 1ð Þ, γ2D tð Þf gð Þ½ �g
= 1 − α

2
〠
k=1,2

ð+∞
0

log2 1 + γð Þf γSkD γð Þdγ:
ð13Þ

where the PDF f γSkDðγÞ of the SNR γSkDðtÞ is derived by tak-

ing derivation of the following CDF

FγS1D
γð Þ = 1−

ð+∞
0

γ

ΩS1Ps
· exp −

γ x2 + σ2
� �
ΩS1Ps

−
σ2

κηPsΩ1D x + σ2ð Þ
� �

· 1 − 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x
κηPsΩS1Ω12

r
K1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x

κηPsΩS1Ω12

r� �� 	
x,

ð14Þ

FγS2D
γð Þ = 1 − 1 − FγS2

γð Þ
h i

1 − Fγ2D
γð Þ

h i
, ð15Þ

where the proof of FγS1D
ðγÞ and FγS2D

ðγÞ can be found in
appendix 8.

4.1.2. WPSR with Only Data Buffers. We then investigate
the case that the relays have data buffers but no energy
storages. Hence, the relays can firstly store the decoded
data into their buffers and then forward part or whole of
the cached data to the destination, which means buffer-
and-forward strategy is exploited. Accordingly, the ergodic
capacity becomes the minimum ergodic capacity of two
hops [9], i:e:, CB =∑k=1,2 min fE½1/2 log2ð1 + γSkðtÞÞ�, E½1/
2 log2ð1 + γkDðtÞÞ�g. Noting that the practical rate from
the relay to the destination is limited by the minimum of
cached data and the instantaneous capacity. When the data
buffer is filled in advance via caching procedure [55], i.e.,
caching part of popular contents in off peak time for the
request in peak time, it can be guaranteed that the buffers
always have enough data to be forwarded. As the instanta-
neous SNRs of all links are same with (7) and (8), the achiev-
able throughput can be characterized by the following
lemma.

Lemma 3. When the data buffer at the relays is provisioned,
the data management strategy becomes buffer-and-forward,
in which the relay firstly stores the decoded data in its data
buffer and then forwards part of the buffered data to the des-
tination. Therefore, the achievable network throughput is

τB =
1 − α

2
〠
k=1,2

min E log2 1 + γSk tð Þð Þ½ �, E log2 1 + γkD tð Þð Þ½ �f g

= 1 − α

2
〠
k=1,2

min
ð+∞
0

log2 1 + γð Þf γSk γð Þdγ,



·
ð+∞
0

log2 1 + γð Þf γkD γð Þdγ
�
,

ð16Þ

where the PDFs f γSkðγÞ and f γkDðγÞ are presented in Proposi-

tion 1.

By comparing the achievable throughput in (13) and
(16), the WPSR scheme with data buffers outperforms that
without data buffers as E½min fx, yg� ≤min fE½x�, E½y�g,
which indicates the data buffer can bring throughput gain.

4.1.3. WPSR with Only Energy Storages. When considering
the energy storages at the relays, the energy management
strategy becomes harvest-store-use, which means the relay
can firstly collect energy to charge its energy storage and
then consume part or whole stored energy for information
delivery. Such that the energy allocation can be exploited.
Average and optimal energy allocation are two typical strat-
egies. In this subsection, we explore the average energy allo-
cation to unveil the effect of energy storages. The optimal
energy allocation will be studied through optimization
method in the next subsection. The average energy alloca-
tion policy implies that the transmit power at the relay is
independent of the instantaneous channel fading and only
depends on the amount of long-term harvested energy in
one time slot. Thus, the transmit power of the relay remains
same in any time slot as PkðtÞ = κηPsΩSk, and the instanta-
neous SNRs of the links SRk and RkD in (4) and (6) is
rewritten as

γSk′ tð Þ = Ps hSk tð Þj j2
σ2 + κηPsΩSk′ hkk′ tð Þj j2

, ð17Þ

γkD′ tð Þ = κηPsΩSk hkD tð Þj j2
σ2

: ð18Þ

Since all involved links follow independent Rayleigh fad-
ing, the corresponding CDFs of the above SNRS are given by

FγSk
′ γð Þ = 1 − exp − σ2/ΩSkPs

� �
γ

� �
1 + κηΩSk′Ωkk′γ/ΩSk

, ð19Þ

FγkD
′ γð Þ = 1 − exp −

σ2

κηPsΩSkΩkD
γ

� �
: ð20Þ

Then, the CDFs of the E2E SNRs as (11) and (12) are

FγSkD
′ γð Þ = 1 − 1 − FγSk

′ γð Þ
h i

1 − FγkD
′ γð Þ

h i
: ð21Þ

One may wonder that the consumed energy at the relay
is constrained by the instantaneous status of energy storage.
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This issue can be addressed by the energy reservation policy
[56]. Assuming one transmission round consists of N time
slots, at the beginning of each round, the energy storage
has enough energy to support the whole round transmission
due to the initial energy charging and the previous harvested
energy, i.e., Erð0Þ ≥Nð1 − αÞTPk/2, so the energy depletion
will never happen in this round. If N is large, the total har-
vested energy in this round is equal to the consumed energy.
At the end of each round, the energy storage will be resup-
plied to the same energy level for next round operation.
With the energy reservation policy, the instantaneous limita-
tion of energy storage can be relaxed, and only the sustain-
able constraint needs to be guaranteed such that the
average consumed energy per slot is always less than that
of the harvested energy. Thus, the achievable throughput
can be obtained in the following lemma.

Lemma 4. If the relays are deployed with energy storages, the
harvest-store-use energy management strategy can be utilized.
Under average energy allocation, the achievable network
throughput of the WPSR scheme is

τE =
1 − α

2
E log2 1 +min γS1′ tð Þ, γ1D′ tð Þ

n o� 
h in
+ E log2 1 +min γS2′ t − 1ð Þ, γ2D′ tð Þ

n o� 
h io
= 1 − α

2
〠
k=1,2

ð+∞
0

log2 1 + γð Þf γSkD ′ γð Þdγ:
ð22Þ

where f γSkD
′ðγÞ is presented in (21).

4.1.4. WPSR with Both Data Buffers and Energy Storages.
Lastly, we consider the case that the relays have both data
buffers and energy storages. Based on the previous analysis,
the achievable throughput can be presented in the following
theorem.

Lemma 5. If both data buffers and energy storages are
exploited, the buffer-and-forward data management and
harvest-store-use energy management strategies can be uti-
lized. Thus, the corresponding achievable throughput of
WPSR scheme is given by

τB,E =
1 − α

2
〠
k=1,2

min E log2 1 + γSk′ tð Þ
� 
h i

, E log2 1 + γkD′ tð Þ
� 
h in o

= 1 − α

2
〠
k=1,2

min
ð+∞
0

log2 1 + γð Þf γSk ′ γð Þdγ,
ð+∞
0

log2 1 + γð Þf γkD′ γð Þdγ

 �

:

ð23Þ

Table 1 summarizes the achievable throughput of the
WPSR scheduling schemes with and without data buffers
and energy storages. Since E½min fx, yg� ≤min fE½x�, E½y�g,
the data buffer always introduces throughput gain. If the
relay is provisioned with energy storage and the average
energy allocation policy is utilized, the transmit power at
the relay only depends on the statistical channel state and

becomes 2α/ð1 − αÞηPsΩSk instead of 2α/ð1 − αÞηPsjhSkðtÞj2.
Furthermore, the effect of energy storage is analyzed in the fol-
lowing corollary.

Corollary 6. If the relay is deployed with energy storage and
average energy allocation policy is utilized, the achieved rate
of the link from the source to the relay is degraded due to
the inter-relay-interference (IRI), while that of the link from
the relay to destination, which is usually the weak and bottle-
neck channel, is improved.

As log2ð1 + a/xÞ and log2ð1 + bxÞ are convex and con-
cave functions, respectively, we have E½log2ð1 + a/xÞ� ≥ log2
ð1 + a/E½x�Þ and E½log2ð1 + bxÞ� ≤ log2ð1 + bE½x�Þ by Jensen
inequality. Thus, the Corollary 6 can be concluded.

Above all, data buffers at the relays can always bring
throughput gain, and with energy storages, the energy allo-
cation policy can be applied to efficiently use the harvested
energy to improve the achieved network throughput.

4.2. Adaptive Wireless Powered Buffer-Aided Successive
Relaying (WPBSR) Scheme. To further improve the achiev-
able network throughput, in this subsection, adaptive
resource management (i.e., time and energy allocation) is
incorporated to explore the potential of data buffers and
energy storages at the relays.

In general, both hops from the source to the relays and
from the relays to the destination usually experience the dif-
ferent channel conditions, and there exists a gap between the
achievable rates of both hops. Thus, instead of the time
scheduling manner in the previous section, it is necessary
to efficiently allocate the transmission time according to
the dynamic system states, namely, adaptive time allocation,
to maximize the network throughput. Hence, as presented in
Section 3, one time slot is splitted into three subslots, in
which each subslot is associated with one transmission
mode, i.e., WET, WIT-I withR1 reception, and WIT-II with
R2 reception. Define mlðtÞ ∈ ½0, 1�, ðl ∈ f1, 2, 3gÞ as the time
ratio allocated to the l-th transmission mode in the t-th time
slot. Thus, the time ratio vector mðtÞ = ðm1ðtÞ,m2ðtÞ,m3ðtÞÞ
satisfies

〠
l

ml tð Þ ≤ 1,ml tð Þ ml tð Þ − 1½ � ≤ 0,∀l ∈ 1, 2, 3f g: ð24Þ

In WET, the source charges both relays by exploring RF
energy harvesting technology. We define ehkðtÞ as the amount
of harvested energy at the relay Rk in time slot t, which is
given by

0 ≤ ehk tð Þ ≤m1 tð ÞTηPs hSk tð Þj j2: ð25Þ

In WIT-I mode, R1 receives information from the
source, and R2 forwards buffered data to the destination.
Thus, there exists the inter-relay-interference (IRI) between
both relays, and the signals received at R1 and D are given
in (3) and (5), respectively. Denote RS1ðtÞ, R2DðtÞ as the
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amount of transmitted information bits on the links SR1
and R2D, respectively, and they satisfy

0 ≤ RS1 tð Þ ≤m2 tð ÞT log2 1 + Ps hS1 tð Þj j2
σ2 + P2 tð Þ h12 tð Þj j2

 !
, ð26Þ

0 ≤ R2D tð Þ ≤m2 tð ÞT log2 1 + P2 tð Þ h2D tð Þj j2
σ2

 !
: ð27Þ

Similarly, in WIT-II mode, the amount of transmitted
bits on the links SR2 and R1D are defined as RS2ðtÞ,
R1DðtÞ, which are given by

0 ≤ RS2 tð Þ ≤m3 tð ÞT log2 1 + Ps hS2 tð Þj j2
σ2 + P1 tð Þ h12 tð Þj j2

 !
, ð28Þ

0 ≤ R1D tð Þ ≤m3 tð ÞT log2 1 + P1 tð Þ h1D tð Þj j2
σ2

 !
: ð29Þ

Meanwhile, the consumed energy ec1ðtÞ, ec2ðtÞ at both
relays are

ec1 tð Þ =m3 tð ÞP1 tð ÞT , ð30Þ

ec2 tð Þ =m2 tð ÞP2 tð ÞT: ð31Þ
To achieve the maximum throughput, the long-term

buffer stability constraint (namely, the average arrival rate
of data buffer is same with the allowed departure rate) needs
to be satisfied, i.e.,

1
N
〠
N

t=1
RSk tð Þ = 1

N
〠
N

t=1
RkD tð Þ,∀k ∈ 1, 2f g: ð32Þ

Similarly, to realize perpetual operation, the energy sus-
tainable constraint is that the average amount of the
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Figure 3: Achievable throughput of each hop with and without energy storages at the relays.
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consumed energy is not larger than that of the harvested
energy, i.e.,

1
N
〠
N

t=1
eck tð Þ ≤ 1

N
〠
N

t=1
ehk tð Þ,∀k ∈ 1, 2f g: ð33Þ

Thus, we formulate the following optimization problem
that maximizes the network throughput under the con-
straints of the buffer stability and the energy sustainability,
i.e.,

max
m tð Þ,P tð Þ

1
N
〠
N

t=1
RS1 tð Þ + RS2 tð Þ½ �

s:t: 24ð Þ − 24ð Þ 33ð Þ,
ð34Þ

where both the transmit powers at the relays PðtÞ = ðP1ðtÞ,
P2ðtÞÞ and the time scheduling mðtÞ = ðm1ðtÞ,m2ðtÞ,m3ðtÞÞ
are jointly optimized. The constraints (32) and (33) specify
the long-term average constraints and the others indicate
the constraints that must be satisfied in each time slot. Noting
that for the system with either data buffer or energy storage,
the corresponding resource allocation problem can be
derived by slacking and rewriting part of the constraints.
Due to the nonconvex constraints (26) and (28), the problem
(34) is nonconvex and difficult to be directly solved. Instead,
we explore the Lyapunov optimization [55] to address it and

obtain the adaptive resource allocation scheme. By applying
such method, the instantaneous status of data buffer and
energy storage is utilized as well. Thus, the precaching proce-
dure [53] to guarantee the nonempty data buffer, and the
energy reservation policy to prevent energy depletion, is no
longer necessary.

Define QðtÞ = ðQ1ðtÞ,Q2ðtÞÞ and EðtÞ = ðE1ðtÞ, E2ðtÞÞ as
the status of data buffers and energy storages in time slot t,
respectively, which are updated as

Qk t + 1ð Þ =max Qk tð Þ − RkD tð Þ, 0½ � + RSk tð Þ, ð35Þ

Ek t + 1ð Þ = Ek tð Þ − eck tð Þ + ehk tð Þ: ð36Þ

Similar to Theorem 2.5 in [57], the long-term average
constraints in (32) and (33) can be converted into the queues
stability constraints. For the constraint (33), we can con-
struct a virtual energy queue, in which the consumed energy
eckðtÞ and the harvested energy ehkðtÞ correspond to the
arrival and departure process, respectively. Comparing with
(36), we can observe that the constructed energy queue is
opposite to the energy storage. Thus, we may denote ϕk −
EkðtÞ as the constructed energy queue and its evolution
expression is

ϕk − Ek t + 1ð Þ = ϕk − Ek tð Þ − ehk tð Þ + eck tð Þ: ð37Þ
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Here, the energy queue ϕk − EkðtÞ can be interpreted as
virtual vacant energy storage. In Lemma 9 of Subsection
4.3, we will show that ϕk can be considered as a bound of vir-
tual energy storage. Then, we have the generalized queue
ΘðtÞ = ½QðtÞ ; ϕ − EðtÞ�, where ϕ = ðϕ1, ϕ2Þ, and define the
following Lyapunov function and one-slot conditional Lya-
punov drift as

L Θ tð Þð Þ = 1
2〠k

λkQk tð Þ2 + 1
2〠k

μk ϕk − Ek tð Þ½ �2, ð38Þ

Δ Θ tð Þð Þ = E L Θ t + 1ð Þð Þ − L Θ tð Þð ÞjΘ tð Þ½ �, ð39Þ

where λk, μk are nonnegative parameters to quantify the
relative effect of data buffer and energy queue, and the Lya-
punov drift characterizes the increment of the generalized
queue.

To maximize the achievable throughput with queue sta-
ble constraints, we aim to not only minimize the increment
of generalized queue but also maximize the transmission
rate. Thus, we need to minimize the drift-plus-penalty func-
tion ΔðΘðtÞÞ −V∑kE½RSkðtÞjΘðtÞ�, where V is a nonnega-
tive control parameter to quantify the tradeoff of queue
backlog and the average achievable throughput. The follow-
ing proposition provides us an upper bound of the drift-
plus-penalty function.

Proposition 7. Given the i:i:d: channel gain, the drift-plus-
penalty is bounded by

Δ Θ tð Þð Þ −V 〠
k∈ 1,2f g

E RSk tð ÞjΘ tð Þ½ � ≤ B − 〠
k∈ 1,2f gn

VE RSk tð ÞjΘ tð Þ½ � + λkQk tð ÞE RSk tð Þ − RkD tð ÞjΘ tð Þ½ �

+ μk ϕk − Ek tð Þ½ �E eck tð Þ − ehk tð Þ
���Θ tð Þ

h io
,

ð40Þ

where B is a finite constant and can be given as

B ≥ 〠
k∈ 1,2f g



λk
2
E RSkð tð Þð Þ2 + RkD tð Þð Þ2��Θ tð Þ� �

+ μk
2
E eck tð Þ − ehk tð ÞÞ2 Θ tð Þj
� 
h i�

:

ð41Þ

The procedure of how to derive the above upper bound
is similar to Lemma 4.6 in [55]. With Proposition 7, instead
of directly minimizing the drift-plus-penalty item, the
scheduling scheme actually seeks to minimize its upper
bound in (40). Thus, we propose an adaptive wireless pow-
ered buffer-aided successive relaying (WPBSR) scheme,
which performs the following operations in each time slot
according to the current channel state hðtÞ and queue status
ΘðtÞ.

(i) Joint Time Allocation and Power Allocation. Deter-
mining mðtÞ, PðtÞ by solving the following optimiza-
tion problem:

min
m tð Þ,P tð Þ

  〠
k∈ 1,2f g

λkQk tð Þ −V½ �RSk tð Þ − λkQk tð ÞRkD tð Þ

+ μk ϕk − Ek tð Þ½ � eck tð Þ − ehk tð Þ
h i

 s:t: 24ð Þ − 24ð Þ 31ð Þ:
ð42Þ

(ii) Update Queue State. Update all queues state as (35)
and (37), respectively

The problem (42) seeks to jointly maximize the weighted
transmission rate and minimize the weighted consumed
energy, where the weighting value relies on the status of
the corresponding data buffers and energy storages. In fact,
only the constraints (26), (27), and (31) are associated with
P2ðtÞ, and (28), (29), and (30) are dependent on P1ðtÞ. Thus,
the optimization decomposition technology can be used. We
firstly minimize the associated terms with respect to P1ðtÞ
and P2ðtÞ under given m3ðtÞ and m2ðtÞ, respectively, to
derive the power allocation scheme. Then, we minimize
the objective with respect to mðtÞ by inserting the optimal
P1ðtÞ, P2ðtÞ into (42) to obtain the time allocation scheme.

In WET mode, the problem is to determine the amount
of charged energy into the energy storage of each relay, i.e.,

L∗1 = min
eh1 tð Þ,eh2 tð Þ

− 〠
k∈1,2

μk ϕk − Ek tð Þ½ �ehk tð Þs:t:  25ð Þ, ð43Þ

where the scheduling reward −L∗1 is the weighted sum of the
charged energy at both relays. If EkðtÞ < ϕk, we have e

h
kðtÞ =

m1ðtÞTηPsjhS1ðtÞj2 and otherwise ehkðtÞ = 0. This implies that,
when the stored energy is not enough, the energy harvesting
unit will convert all energy of the received signal to charge the
energy storage, otherwise, it will not work.

In WIT-I mode with R1 reception, the power allocation
problem is to determine the power P2ðtÞ with given m2ðtÞ,
which can be rewritten as

L∗2 = min
P2 tð Þ∈ 0,E2 tð Þ

T½ �
− V − λ1Q1 tð Þ½ �RS1 tð Þ − λ2Q2 tð ÞR2D tð Þ

+ μ2 ϕ2E2 tð Þ½ �ec2 tð Þ s:t: 26ð Þ, 26ð Þ 27ð Þ, 26ð Þ 27ð Þ 31ð Þ,
ð44Þ

where the scheduling reward −L∗2 equals the sum of
weighted rate in the link SR1 and R2D plus the weighted
consumed energy. Noting that different links have different
weighting coefficients, i.e., the weighting coefficient of the
link SR1 is V − λ1Q1ðtÞ, and the weighting coefficient of
the link R2S is λ2Q2ðtÞ. This means that larger data buffer
length always indicates larger weighting coefficient of the
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links from the relay to the destination and the smaller
weighting coefficient of the links from the source to the relay
in order to decrease the length of data buffer and keep it sta-
ble. There are two cases concerning the relationship between
V and λ1Q1ðtÞ.

(1) λ1Q1ðtÞ ≥V . In this case, we have RS1ðtÞ = 0, which
means no information transmission on the link S

R1 as large data buffer length at the relayR1. There-
fore, this case will be degenerated into the single-
relay selection policy instead of successive relaying.
By taking derivation with respect to P2ðtÞ, the power
P2ðtÞ at the relay R2 can be obtained as

P2 tð Þ = λ2Q2 tð Þ
ln 2μ2 ϕ2 − E2 tð Þ½ � −

σ2

h2D tð Þj j2
" #†

, ð45Þ

where ½x�† =max fmin fx, E2ðtÞ/Tg, 0g. The power alloca-
tion strategy is similar to the water-filling mode, and it also
relies on the data buffer status Q2ðtÞ and energy storage sta-
tus E2ðtÞ. Either a larger data buffer status or a larger energy
storage status leads to a larger transmit power at the relay
R2.

(2) λ1Q1ðtÞ < V . In this case, we have RS1ðtÞ =m2ðtÞT
log2ð1 + PsjhS1ðtÞj2/σ2 + P2ðtÞjh12ðtÞj2Þ, and the
corresponding power allocation problem can be
rewritten as

min
P2 tð Þ∈ 0,E2 tð Þ

T½ �
  λ1Q1 tð Þ −V½ � log2 1 + Ps hS1 tð Þj j2

σ2 + P2 tð Þ h12 tð Þj j2
 !

− λ2Q2 tð Þ log2 1 + P2 tð Þ h2D tð Þj j2
σ2

 !

+ μ2 ϕ2 − E2 tð Þ½ �P2 tð Þ:
ð46Þ

Since log2ð1 + PsjhS1ðtÞj2/ðσ2 + P2ðtÞjh12ðtÞj2ÞÞ and log2
ð1 + P2ðtÞjh2DðtÞj2/σ2Þ are convex and concave function
with respect to P2ðtÞ, respectively, the problem becomes
concave-convex procedure (CCP) [58]. On one hand, the
convex-concave optimization algorithm [59] can be utilized.
On the other hand, as P2ðtÞ is the only optimization variable,
we can find out that the molecular term of the P2ðtÞ is a
cubic function [60], and there are many existing methods
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Figure 5: Achievable throughput comparison of one and two relays networks.
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to derive the stationary points, namely, the optimal transmit
power P∗

2 ðtÞ.
In WIT-II mode with R2 reception, the corresponding

power allocation problem can be rewritten as

L∗3 = min
P1 tð Þ∈ 0,E1 tð Þ

T½ �
λ2Q2 tð Þ −V½ �RS2 tð Þ − λ1Q1 tð ÞR1D tð Þ

+ μ1 ϕ1 − E1 tð Þ½ �ec1 tð Þs:t: 28ð Þ, 28ð Þ 29ð Þ, 28ð Þ 29ð Þ 30ð Þ:
ð47Þ

Likewise, we can derive the optimal power allocation
P∗
1 ðtÞ as (44).
Then, the second step is to optimize the time allocation

mðtÞ with the given allocated power P∗ðtÞ. The problems
(44) and (47) indicate that the optimally allocated power
P∗
1 ðtÞ, P∗

2 ðtÞ are independent ofmðtÞ, and the time allocation
problem is a standard linear problem, thus, the optimal m∗

k
ðtÞ is either zero or one. Such that we can summarize the
adaptive wireless powered buffer-aided successive relaying
(WPBSR) scheme in the following theorem.

Theorem 8. The adaptive wireless powered buffer-aided suc-
cessive relaying (WPBSR) scheme is to allocate the time slot to

the transmission mode with the largest scheduling reward,
i.e.,

l∗ = argmax − L∗l ð48Þ

where the scheduling rewards −L∗1 , −L∗2 , −L∗3 are obtained
by solving (43), (44), and (47), l∗ represents the selected “best”
mode.

4.3. Performance Analysis. In this subsection, we will analyze
the achieved performance of the proposed WPBSR scheme.
We firstly investigate the upper bound of instantaneous data
buffer and energy storage length in the following lemma,
which validates that the finite data buffer and energy storage
are guaranteed.

Lemma 9. If the channel coefficients of the links SRk are
bounded, i.e., ~hSkðtÞ ≤ ~h

max
Sk , the lengths of data buffer and

energy storage are also bounded as

Qk tð Þ < V
λk

+ Rmax
Sk , Ek tð Þ ≤ ϕk + emax

k ,∀t,∀k, ð49Þ
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where Rmax
Sk = T log2ð1 + PsLSk~h

max
Sk /σ2Þ and emax

k = TηPs

LSk~h
max
Sk are the maximal transmission rate from the source

to the relay and the maximal amount of harvested energy at
the relay in one time slot, respectively.

Proof. Given (35), we have Qkðt + 1Þ ≤QkðtÞ + RSkðtÞ. In the
adaptive WPBSR scheduling scheme, λkQkðtÞ ≥ V yields
RSkðtÞ = 0, which means the data buffer length will not
increase when it is larger than V/λk. Thus, the instantaneous
data buffer length satisfies Qkðt + 1Þ <V/λk + RSkðtÞ. As the
bounded channel gain results RSkðtÞ ≤ Rmax

Sk , the upper-
bound of data buffer is derived. Similar procedure is applied
for the energy storage.

According to Lemma 9, the bound of the data buffer
QkðtÞ is linearly and inversely propositional to V and λk,
respectively. Meanwhile, the bound of the energy storage
EkðtÞ is linearly propositional to ϕk. This implies our pro-
posed WPBSR scheme is also effective for the case that two
relays have different limits of the data buffers and energy
storages. Given the limits of the data buffer and energy stor-
age, the parameters λk, ϕk can be determined as well. Noting
that there exists similar characteristics under unbounded
channel gain, in which the instantaneous data buffer length
still satisfies Qkðt + 1Þ < V/λk + RSkðtÞ. However, unbounded
channel gain can only guarantee that RSkðtÞ is less than a
finite value with large probability instead of a limit.

Second, we study the queue stability and average achiev-
able performance of the proposed scheme, including average
data buffer length, network throughput, and average trans-
mission delay.

Theorem 10. For any parameter V > 0, there exist the con-
stants of B ≥ 0, ε ≥ 0,ΨðεÞ, where ΨðεÞ is less than the opti-
mal throughput Ropt , such that the adaptive WPBSR scheme
will exhibit the following properties:

(1) All data buffer queue QkðtÞ and energy queue ϕk −
EkðtÞ are mean rate stable, thus, the constraints (32)
and (33) in problem (34) are guaranteed

(2) The achievable throughput and the average buffer
length are bounded as below

Ropt −
B
V

≤ lim
N⟶∞

1
N

〠
N−1

t=0
E RS1 tð Þ + RS2 tð Þ½ � ≤ Ropt , ð50Þ

lim
N⟶∞

1
N

〠
N−1

t=0
〠

k∈ 1,2f g
E λkQk tð Þ½ � ≤ B + Ropt −Ψ εð Þ� �

V

ε
:

ð51Þ

Proof. Please see Appendix 9.
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According to (48), we know that the average buffer
length of the relay Rk is bounded by B + ½Ropt −ΨðεÞ�V/ε
λk, which means a larger λk results in a smaller buffer length.
Meanwhile, we can observe that the bound of the average
data buffer length is proportional to V , while the time aver-
age achievable throughput can be arbitrarily close to the
optimal network throughput as V increases. This implies a
trade-off of ½OðVÞ,Oð1/VÞ� between the buffer length and
the performance gap to the optimal achievable throughput.
The average delay is computed by using Little’s theorem as
below

�D = 1/N∑N−1
t=1 ∑k E Qk tð Þ½ �

1/N∑N−1
t=1 ∑k E RSk tð Þ½ �

≤
BV + Ropt −Ψ εð Þ½ �V2

ε RoptV − B½ � max λ1, λ2f g :

ð52Þ

If V is large enough, the average delay is approximated
as �D ≤ B + ½Ropt −ΨðεÞ�V/εRopt max fλ1, λ2g, namely, the
average delay increase linearly with V .

Lastly, the implementation issues are investigated. As
illustrated in Theorem 8, the optimal time scheduling is to
choose the transmission mode with the largest scheduling
reward. Its computation complexity can be ignored. Mean-
while, the optimal power allocation at the relays can be
derived by (44) and (47), and the computation complexity

mainly depends on solving the cubic function. Therefore,
the computation complexity is not a critical issue.

Similar with [22], the centralized scheduling manner is
assumed, in which the destination node acts as the control
node. Of course, the similar analysis can be readily gener-
alized to the case when other node, for instance, the
source node, is the central control node. The destination
needs to collect CSIs, BSIs, and ESIs and then informs
its decision to the other nodes. The whole procedure
may work at the beginning of each time slot as follows:
(a) the source transmits the pilot symbol, from which both
relays acquire the CSIs of the source-to-relay channel; (b)
the destination obtains the relays-to-destination CSI from
the pilots transmitted by the relays; (c) the relays reports
the source-to-relay CSI, its BSI and ESI to the destination;
(d) when the destination collect all the above information,
the optimal power and time allocation can be decided
based on (43), (44), (47), and Theorem 8; (e) the destina-
tion broadcasts a control message to both relays, which
contains the knowledge of the optimal transmission mode
and power. If WET mode is selected, the first relay informs
the source. Accordingly, we can assess the required commu-
nication overhead. Three pilot insertions are required for CSI
acquisitions, two control messages are required for both
relays to report the information to the destination, and
another one or two control messages are needed by the des-
tination to inform the relays or the source the scheduling
decisions.
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5. Performance Evaluation

In this section, we evaluate the performance of the proposed
wireless powered successive relaying (WPSR) schemes.
Unless otherwise stated, we consider the following network:
the distance dSD is 30 meters, the distances between the
source and two relays are dS1 = dS2 = 10 meters, and the
angle between the lines from the source to the relay and
from the source to the destination is θ = π/8. Therefore,
the distance between two relays and the destination satisfy

d1D = d2D =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2S1 + d2SD − 2dS1dSD cos θ

q
, and the distance

between both relays is d12 = 2dS1 sin θ. Meanwhile, we set
the path loss exponent m = 2:7, the reference path loss L0 =
0:1 at the reference distance d0 = 1 meter, and the energy
conversion efficiency is η = 0:5. The noise power is σ2 =
−100dBm. The power of the source is Ps = 30dBm.

5.1. Performance Comparison of WPSR with and without
Data Buffers and Energy Storages. We first assess the perfor-
mance of WPSR schemes in four network scenarios with and
without data buffers and energy storages. When α ∈ ½0:5,1�,
the achievable rates of both hops are decreasing as the insuf-
ficient WIT time, and the maximal throughput is achieved
only in the region α ∈ ½0,0:5�. Therefore, we only present

the results under α ∈ ½0,0:5�. Figure 3 presents the achievable
throughput of the links between the source (or destination)
and the relay with and without energy storage. When the
energy storage is employed at the relay, the achievable rate
of the link from the relay to the destination, which is usu-
ally the bottleneck link, is improved, while the rate of the
link between the source and the relay degrades. This result
is consistent with the Corollary 6, which unveils that the
energy storage is able to balance the gap of both hops
via the energy allocation, and improve the achievable
throughput.

Figure 4 compares the achievable throughput of the
WPSR schemes with and without data buffers and energy
storages. As is shown, the simulation results are consistent
with our analysis, and the WPSR schemes with data buffers
always outperform that without data buffers. In the case of
smaller α, i.e., α ∈ ½0,0:3�, the WPSR schemes with energy
storages only can also bring throughput gain as well. How-
ever, with the further increase in α, especially when α >
0:34, the WPSR schemes with energy storages only can not
bring throughput gain, since now the channel from the
source to the relay becomes the bottleneck link, which is
consistent with the results in Figure 3. Above all, the data
buffer can always improve the throughput performance,
while the energy storage only may not always introduce
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Figure 9: Achievable throughput with different distance between the source and the relays.
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throughput gain. While there exists a gap between the opti-
mal achievable rate of the first hop and the rate of the second
hop. Thus, the adaptive WPBSR scheduling scheme with
both data buffers and energy storages can be utilized to
improve the performance by jointly making full use of the
adaptive time allocation and energy allocation.

We compare the achievable throughput in wireless
powered relaying networks with single relay and two
relays in Figure 5, where both the relay selection and suc-
cessive relaying protocols are considered in two relays net-
works. In order to guarantee that the consumed energy is
the same and equal to 1 Joule per slot, the transmit pow-
ers of the source in single relay and relay selection
schemes is 2Ps/1 + α. One may reasily observe that the
achievable throughput of the WPSR scheme is much larger
than that of wireless powered relay network with either
single relay or relay selection schemes, and in some case
of α, the achievable throughput gain has been increased
by about 1:8 times, which unveils that the throughput gain
can be achieved by increasing the number of relays and
designing the efficient SR protocol.

5.2. Adaptive WPBSR Scheduling Scheme. In this subsection,
unless otherwise stated, we set λk = 1, ϕk = 0:1, and μk = 15

V/0:9ηL0ϕkdSk−m and evaluate the performance of the adap-
tive WPBSR schemes by varying V from 50 to 600.

Figure 6 presents the data buffer lengths of the relay R2
and the total data buffer length of both relays with different
V , in which λ2 is set to 0:6,1:0,1:4, respectively. A larger λ2
results in the smaller data buffer lengths, which is consistent
with the performance analysis in Section 5.3, and the average
data buffer length tends to be linearly proportional to V ,
which complies with the analysis in (49). In addition, the
maximal data buffer length at the relay R2 is just a litter
larger than the parameter V/λ2, which indicates that the
instantaneous data buffer length is always bounded, which
complies with Lemma 9.

In Figure 7, we present the instantaneous data buffer
and energy storage length in the first 10000 time slots,
respectively. Given V = 250, λ1 = 1, λ2 = 1:4, the instanta-
neous data buffer length of the first relay R1 fluctuates
around the parameter V , and that of the second relay
R2 is around V/λ2 = 178:5. In addition, the maximal data
buffer length is bounded and a litter larger than V/λk,
which indicates that our proposed WPBSR scheme can
guarantee the different bounds of both relays. Similarly,
the instantaneous energy storage length is always less than
the parameter ϕk, which complies with Lemma 9.
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According to Figure 8, the achievable throughput first
increases and then keeps sable with increasing V , and the
transmission delay tends to be linearly proportional to V .
The result is consistent with Theorem 10 and unveils that
larger tolerable delay corresponds to a larger throughput
improvement, and the adaptive WPBSR scheme can arbi-
trarily approach the optimal scheme by increasing the
parameter V . In the adaptive WPBSR scheme, a larger V
allows the relay caches more data for better information
delivery scheduling and implies a larger temporal degree of
freedom to adaptively allocate the time slot to three trans-
mission mode. Of course, a larger data buffer length always
results in a larger transmission delay.

5.3. Effect of the Relay Position Placement. Lastly, we investi-
gate the achievable throughput of the proposed WPSR
schemes in the cases of different relay position and compare
them with that of the single relay scheme and relay selection
scheme. In Figure 9, we evaluate the effect of different dis-
tance between the source and both relays by varying the dis-
tance from 5 to 20 meters. When the distance between the
source and the relays increases, the achievable throughput
of all transmission schemes decreases. On one hand, if dS1
increases, the achieved performance of the first hop is
degraded due to the larger transmission distance. On the
other hand, the harvested energy at the relays becomes
smaller as well. Both factors cause the decreasing character-
istic of the achievable throughput. Meanwhile, according to
Figure 9, the achievable throughput of the WPBSR scheme
is much larger than those of the single relay and relay selec-
tion schemes, which validates the significant throughput
gain of the proposed wireless powered successive relaying
schemes. In addition, for the adaptive WPBSR scheme, a
larger V leads to a larger achievable throughput, and when
V is large enough, the achieved throughput can arbitrarily
approach the optimal throughput.

Figure 10 illustrates the achieved performance in the case
of different θ, which is the angle between the lines from the
source to the relay and from the source to the destination. θ
affects not only the distance between the relays d12 = dS1
sin θ but also the distance between the relays to the destina-

tion d1D = d2D =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2S1 + d2SD − 2dS1dSD cos θ

q
. With a larger θ

, both d12 and d1D = d2D increase, and the achievable rate of
the link from the source to the relay is enhanced due to the
weaker inter-relay-interference (IRI), while that of the link
from the relay to the destination is degraded due to the
larger transmission distance. As shown in Figure 10, the
achievable throughput is improved in the case of smaller θ,
where the weaker IRI is the main factor, while in the case
of larger θ, the larger transmission distance of second hop
dominates the degraded performance.

6. Conclusion

In this paper, to enhance the spectral efficiency, we have pro-
posed a wireless powered successive relaying protocol, where
the successive relaying (SR) is utilized for the WIT. To reveal
the potential of data buffers and energy storages, we have

analyzed the achievable network throughput of WPSR
scheme with and without data buffers and energy storages.
When considering the data buffers at the relay, the data
management strategy becomes buffer-and-forward, which
always brings throughput gain. Meanwhile, with energy stor-
ages, the energy management strategy becomes harvest-
store-use, and the energy allocation policy can be utilized,
which enhances the performance of the links from the relay
to the destination. To maximize the network throughput, the
adaptive time and power allocation are jointly optimized to
exploit the great potential of data buffers and energy stor-
ages, and an adaptive wireless powered buffer-aided succes-
sive relaying (WPBSR) scheme is proposed. The
performance analysis and numerical results are presented
to disclose that, the achievable throughput is able to arbi-
trarily approach the optimal scheme with limited cost of
delay, while guaranteeing the finite and different lengths of
both data buffers and energy storages at the relays. The
extensions of the presented work to the power-splitting
relaying (PSR), multiple relay networks, as well as more real-
istic system design issues (such as imperfect/outdate CSIs)
can be explored in the next step work.

Appendix

A. Proof of Proposition 1

All channels are assumed to be independent Rayleigh fading.
Define x1 = jhS1ðtÞj2, x2 = jhS2ðtÞj2jh12ðtÞj2, x3 = jhS1ðtÞ2jh1D
ðtÞj2, then, we have the PDFs of x1, x2, x3 as f 1ðx1Þ = 1/ΩS1
exp ð−x1/ΩS1Þ, f 2ðx2Þ = 2/ΩS2Ω12K0ð2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2/ΩS2Ω12

p Þ, f 3ðx3Þ
= 2/ΩS1Ω1DK0ð2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x3/ΩS1Ω1D

p Þ. Meanwhile, the SNRs of the
links SR1 and R1D can be rewritten as γS1ðtÞ = Psx1/σ21 +
κηPsx2 and γ1DðtÞ = κηPsx3/σ2d , where κ = 2α/1 − α. To
derive the CDF of γS1ðtÞ, we have

FγS1
γð Þ = 1 − Pr x1 >

γ σ21 + κηPsx2
� �

Ps

� �

= 1 −
ð∞
0

exp −
γ σ21 + κηPsx2
� �

ΩS1Ps

� �
f 2 x2ð Þx2

= 1 − exp − σ21/ΩS1Ps

� �
γ

� �
exp 1/2 ΩS1/κηγΩS2Ω12ð Þð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

κηγΩS2Ω12/ΩS1
p

·W−1/2,0
ΩS1

κηγΩS2Ω12

� �
,

ðA:1Þ

where the computation detail is referred to [52]. And the
CDF of γ1DðtÞ is given as

Fγ1D
γð Þ = Pr x3 ≤

σ2dγ

κηPs

� �

= 1 − 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2
dγ

κηPsΩS1Ω1D

s
K1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2dγ

κηPsΩS1Ω1D

s0
@

1
A:

ðA:2Þ
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The similar procedure can be applied to compute the
CDFs of the SNRs γS2ðtÞ and γ2DðtÞ.

B. Proof of Equations (14) and (15)

Given the same symbol definition of x1, x2, x3 in Appendix
A, the E2E SNR γS1DðtÞ can be rewritten as γS1DðtÞ = x1z =
x1 min fPs/σ21 + κηPsx2, κηPsx3/σ2dg. Then, we have the
CDF of z as

FZ zð Þ = 1 − Pr Ps
σ21 + κηPsx2

> z
� �

Pr κηPsx3
σ2d

> z
� �

= 1 − 1 − 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ps/z − σ2

1
κηPsΩS1Ω12

s
K1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ps/z − σ21

κηPsΩS1Ω12

s0
@

1
A

2
4

3
5 exp

� −
zσ2d

κηPsΩ1D

� �
,

ðB:1Þ

and the CDF of γS1DðtÞ can be given by

FγS1D
γð Þ = Pr 0 ≤ x1≤+∞,0 ≤ z ≤

Ps

σ2
1

� �

+ Pr γσ21
Ps

≤ x1≤+∞,0 ≤ z ≤
γ

x1

� �

= 1−
ð+∞
γσ21/Ps

1
ΩS1

exp −
x1
ΩS1

−
γσ2

d

κηPsΩ1Dx1

� �

� 1 − 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Psγ/x1 − σ21
κηPsΩS1Ω12

s
K1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Psγ/x1 − σ2

1
κηPsΩS1Ω12

s0
@

1
A

2
4

3
5x1

= 1−
ð+∞
0

γ

PsΩS1
exp −

γ x + σ21
� �
PsΩS1

−
σ2d

κηΩ1D x + σ21
� �

 !

� 1 − 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x
κη · PsΩS1Ω12

r
K1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x

κηPsΩS1Ω12

r� �� 	
x:

ðB:2Þ

By careful observation, the SNRs γS2ðt − 1Þ and γ2DðtÞ
are independent, thus, we can easily derive the E2E SNR
γS2D as FγS2D

ðγÞ = 1 − ½1 − FγS2
ðγÞ�½1 − Fγ2D

ðγÞ�.

C. Proof of Theorem 10

There always exists a stationary randomized scheme inde-
pendent of buffer and energy state for (34), which satisfies

E 〠
k

 R∗
Sk tð Þ

�����Θ tð Þ
" #

= E 〠
k

 R∗
Sk tð Þ

" #
=Ψ εð Þ, ðC:1Þ

E R∗
Sk tð Þ − R∗

kD tð ÞjΘ tð Þ½ � = E R∗
Sk tð Þ − R∗

kD tð Þ½ � ≤ −ε, ðC:2Þ

E ec∗k tð Þ − eh∗k tð Þ
���Θ tð Þ

h i
= E ec∗k tð Þ − eh∗k tð Þ
h i

= 0: ðC:3Þ

Here, we follow the similar proof in [55]. The proposed
adaptive WPSR scheme is to minimize the right hand side

of (40) over all fading scenarios and possible policies. With
(C.1), (C.2), and (C.3), it yields

Δ Θ tð Þð Þ −V〠
k

E RSk tð ÞjΘ tð Þ½ � ≤ B −VΨ εð Þ − ε〠
k

λkQk tð Þ:

ðC:4Þ

Taking expectation and using telescoping sums in the
above inequality, we get

E L Θ tð Þð Þ½ � − E L Θ 0ð Þð Þ½ � − V 〠
t−1

τ=0
E 〠

k

RSk τð Þ
" #

≤ B −VΨ εð Þ½ � · t − ε〠
t−1

τ=0
E 〠

k

λkQk τð Þ
" #

:

ðC:5Þ

(1) Based on Lyapunov function, we can get the follow-
ing inequality by rearranging (C.5)

E
μk
2 Ek tð Þ½ �2
h i

≤ B −VΨ εð Þ½ � · t + E L Θ 0ð Þð Þ½ �

+V 〠
t−1

τ=0
E 〠

k

RSk τð Þ
" #

:
ðC:6Þ

Due to the fact that ½EfjEkðtÞjg�2 ≤ Ef½EkðtÞ�2g and E½
∑k∈f1,2g RSkðτÞ� are not larger than the optimal achievable
throughput Ropt, thus, we have

E Ek tð Þj j½ � ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2t B − VΨ εð Þ + VRopt½ � + 2E L Θ 0ð Þð Þ½ �

μk

s
:

ðC:7Þ

Dividing (C.7) by t and taking a limit as t⟶∞ results
in limt⟶∞E½jEkðtÞj�/t = 0. Hence, the energy queue EkðtÞ is
mean rate stable, similar proof can be applied to buffer
queue QkðtÞ. Thus, the constraints (32) and (33) in (34)
can be guaranteed.

(2) Dividing (C.5) with Vt, rearranging items and using
the fact that E½LðΘðtÞÞ� ≥ 0 and QkðtÞ ≥ 0, we may
have

1
t
〠
t−1

τ=0
E 〠

k

RSk τð Þ
" #

≥Ψ εð Þ − B
V

−
E L Θ 0ð Þð Þ½ �

Vt
: ðC:8Þ

Taking a limit as t⟶∞ and ΨðεÞ⟶ Ropt as ε⟶ 0,
we can derive the lower bound of achievable throughput.
Similarly, we can rewrite (C.5) as
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1
t
〠
t−1

τ=0
E 〠

k

λkQk τð Þ
" #

≤
B −VΨ εð Þ

ε
+ V
εt
〠
t−1

τ=0

E 〠
k

RSk τð Þ
" #

+ E L Θ 0ð Þð Þ½ �
εt

:

ðC:9Þ

Taking a limit as t⟶∞, the upper bound of average
buffer size can be derived.
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