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Abstract

In this paper, we investigate a buffer-aided wireless powered cooperative communication
network (WPCCN), in which the source and relay harvest the energy from a dedicated power
beacon via wireless energy transfer, then the source transmits the data to the destination
through the relay. Both the source and relay are equipped with an energy buffer to store the
harvested energy in the energy transfer stage. In addition, the relay is equipped with a data
buffer and can temporarily store the received information. Considering the buffer-aided
WPCCN, we propose two buffer-aided relaying protocols, which named as the buffer-aided
harvest-then-transmit (HtT) protocol and the buffer-aided joint mode selection and power
allocation (JMSPA) protocol, respectively. For the buffer-aided HtT protocol, the
time-averaged achievable rate is obtained in closed form. For the buffer-aided JMSPA
protocol, the optimal adaptive mode selection scheme and power allocation scheme, which
jointly maximize the time-averaged throughput of system, are obtained by employing the
Lyapunov optimization theory. Furthermore, we drive the theoretical bounds on the
time-averaged achievable rate and time-averaged delay, then present the throughput-delay
tradeoff achieved by the joint JMSPA protocol. Simulation results validate the throughput
performance gain of the proposed buffer-aided relaying protocols and verify the theoretical
analysis.
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1. Introduction

Recently, radio-frequency wireless energy transfer (RF-WET) technology has got a lot of

attention, for the reason that it can provide a stable and continuous energy supply from a RF
environment, thus extend the lifetime of energy-constrained wireless networks [1], [2]. The
RF-WET technology enables to establish wireless powered communication networks
(WPCN), where the wireless communication devices harvest energy from the RF signals to
support wireless information transmission [3], [4]. With the aid of RF-WET technology,
WPCN avoids the requirement of frequent battery replacement and can be deployed to more
communication environments, e.g., Internet of Things (loT) systems, radio frequency
identification (RFID) networks, wireless sensor networks (WSN) [5] and fifth generation (5G)
networks [6].

In the current study, there are two typical schemes for implementing WPCN. One scheme is
that the communication devices firstly harvest energy from a dedicated power beacon (PB) or
access point (AP), then transmit the data to the information receiver by using the harvested
energy. In [7] and [8], the optimal time allocation scheme and power-delay tradeoff were
presented for a PB-assisted WPCN, respectively. For a multiuser communication network
which powered by a AP, the optimal resource allocation techniques which maximize the
system throughput were investigated in [9] and [10]. Another typical and widely studied
scheme is referred to as the simultaneous wireless information and power transfer (SWIPT),
where the RF signals can be utilized for both energy harvesting and information decoding [11].
In order to implement the SWIPT scheme in practice, two receiver designs, named the time
splitting (TS) protocol and power splitting (PS) protocol were firstly proposed in [12]. The
transmit beamforming design was developed for MISO multiuser systems in [13], [14], where
the SWIPT scheme was adopted in each user. The application of SWIPT scheme to a
nonorthogonal multiple access (NOMA) network was discussed in [15], in which three user
selection schemes were proposed. In addition, as an important application scenario, researches
focusing on the cooperative networks with SWIPT have attracted lots of attentions. In
[16]-[18], for a three-node relay network, the corresponding ergodic and outage capacities
were derived for TS and PS protocols, respectively. In [19], the joint transceiver design and PS
ratios optimization at receivers was investigated for a multiuser MISO relay system.
Furthermore, the full-duplex wireless powered relay system was explored in [20], [21], where
the self-interference signal at the relay can be utilized for energy harvesting, i.e., the so-called
self-energy recycling.

Right now, buffer-aided cooperative communication has attracted a growing interest. With
the help of data buffer, the received data can be temporarily stored until it is retransmitted to
the next node when the channel quality of the corresponding link is better, which has been
shown that can improve the performance of cooperative communication networks [22].
Various kinds of buffer-aided relaying schemes, e.g., the adaptive link selection scheme
[23]-[25], adaptive transmit mode selection scheme [26]-[28] and relay selection scheme
[29]-[31] were widely developed for different buffer-aided relay networks, with the
buffer-aided relaying schemes, the throughput performance of cooperative network can be
significantly improved.
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Thus far, few researches focused on the wireless powered cooperative communication
networks (WPCCN) with energy buffer and data buffer, and less insights were given on the
relaying protocol and the impact of buffer on system performance for buffer-aided WPCCN.
In particular, in this paper, we consider a buffer-aided WPCCN, in which the source node and
relay node are energy constrained, they need to harvest the energy from the dedicated power
beacon via wireless energy transfer. Both the source node and relay node are equipped with an
energy buffer to store the harvested energy. By using the harvested and stored energy, the
source node transmits the data to the destination node via the relay node. In addition, the
decode-and-forward relay node is equipped with a data buffer and can temporarily store the
received information. Considering the buffer-aided WPCCN, we propose two relaying
protocols, namely the buffer-aided harvest-then-transmit (HtT) protocol and buffer-aided joint
mode selection and power allocation (JMSPA) protocol, respectively. For the WPCCN with
buffer-aided HtT protocol, we obtain the expression of the long-term time-averaged
achievable rate of system in closed form. For the buffer-aided JMSPA protocol, maximizing
the average achievable rate of WPCCN is formulated as a stochastic optimization problem.
According to Lyapunov optimization theory [32], [33], the stochastic optimization problem is
transformed into a serious of optimization sub-problems. Based on the channel state
information (CSI) and the buffer state information (BSI), these sub-problems are optimally
solved by standard convex optimization methods. Then, we obtain the optimal adaptive mode
selection scheme, as well as the power allocation strategies for the source node and relay node,
respectively. At last, we analyze the theoretical bounds on time-averaged achievable rate,
time-averaged data buffer size and time-averaged delay for the buffer-aided JMSPA protocol,
and present the throughput-delay tradeoff via theoretical analysis and simulation results.

The rest of the paper is organized as follows. In Section 2, the system model of the
buffer-aided WPCCN is introduced. In Section 3, the relaying protocol and the time-averaged
achievable rate of the buffer-aided HtT scheme are presented. In Section 4, the buffer-aided
JMSPA protocol is investigated, we formulate the optimization problem and provide the
optimal solution, then analyze the bounds on time-averaged achievable rate, time-averaged
data buffer size and time-averaged delay. Simulation results are provided in Section 5. Finally,
Section 6 concludes the paper.

2. System Model

As depicted in Fig. 1, we consider a wireless powered cooperative communication network
(WPCCN), which consisting of a power beacon (PB), a source node S, arelay node R and a
destination node D . Specially, both the source node and relay node are energy constrained,
thus, S and R need to harvest energy from the dedicated PB. The PB and all of the nodes in
the network are equipped with single antenna, and both of them work at the half-duplex mode,
i.e., they cannot transmit and receive simultaneously. In addition, there is no direct link
between S and D, i.e., the source communicates with the destination only via the relay
[16]-[18].
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Fig. 1. Buffer-aided wireless powered cooperative communication network.

Time is divided into slots of equal length T . In time slot #, the gains of the channel from
the PB to & and ‘R are denoted by g,(i) and g, (), the channel gains of the S—R link

and R —D link are denoted by 4, (i) and A, (i), respectively. Specifically, we assume that

the channels are under block fading, i.e., the channel gains keep constant for the duration of
one time slot and vary independently from one slot to the next.
& is equipped with an energy buffer, R is equipped with an energy buffer and a data

buffer. In time slot #, the energy buffer state of S is denoted by E_ (i), the energy buffer

state and data buffer state of R are denoted by E, (i) and (i), respectively. In order to

simplify the analysis, the size of all the buffers are assumed to be infinite, therefore the buffer
would not be overflowed. For the WPCCN, there are two transmission stages, named wireless
energy transmission (WET) stage and wireless information transmission (WIT) stage,
respectively. During the WET stage, the PB broadcasts the energy signal to & and R, then
S and ‘R harvest energy with the received signal and store the harvested energy in their
energy buffer, respectively. During the WIT stage, we assume that the source node always has
data to transmit. In the & —R link WIT stage, S transmits signal to K. by using the stored
energy. The received signal at R will be decoded and temporarily stored in the data buffer
until it is transmitted to D by R with the stored energy in the R —D link WIT stage.

In practical application, this model can be adopted in a wireless sensor network, which is
deployed for forest fire detection, water quality monitoring or land slide detection, and so on.
In these application scenarios, the random distributed WET-enabled sensor nodes are powered
by a dedicated power beacon. On the other hand, for the purpose of alleviating the near-far
effect, the near sensor node can be acted as a relay to help the far sensor node transmit the
collected data to the data receiver. Furthermore, in order to utilize the harvested energy more
efficiently, it is necessary to equip an energy buffer for the sensor nodes.
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3. Throughput Analysis of The Buffer-aided Harvest-then-Transmit
Relaying Protocol

In this section, the buffer-aided harvest-then-transmit protocol is investigated. In the following,
the buffer-aided HtT relaying scheme is introduced firstly, then the time-averaged achievable
rate of the buffer-aided HtT scheme is derived.

N time slots

Energy S—R R—D
Harvesting at S and R | Information Transmission | Information Transmission

alN (l-a)N / 2 (l-a)N /2
Fig. 2. Buffer-aided Harvest-then-Transmit relaying scheme.

The harvest-then-transmit relaying protocol has been developed for different WPCCNs
without buffer in [7], [9], [34], where the WET stage and the WIT stage are implemented
within one time-slot. Different from these previous works, we introduce energy buffer and
data buffer to WPCCN, in a buffer-aided relay network, with the aid of a data buffer, the relay
node is allowed to receive for a number of time slots before retransmitting the received
information to destination node, which has been proved that can improve the throughput
performance of relay network [35]. Motivated by this result, considering the WPCCN with
energy buffer and data buffer in Fig. 1, we propose a buffer-aided HtT scheme, which is

shown in Fig. 2, where A is the number of consecutive transmission time slots and & €[0,1]

is the fraction of time slots in which & and R harvest energy from the PB. Then, the
buffer-aided HtT relaying protocol is described as follows: The first ¢ N time slots are
allocated to the WET stage for the PB to broadcast energy signal to & and K ; The remaining

(I1—a)N time slots are divided into two parts of equal length, which are assigned to the
information transmission of the §—R linkand R —PD link, respectively.

3.1 WET Stage

In time slot ie{l, 2,---, N}, the energy signal broadcasted by the PB is x,, and

E{| x, [’} =1. The transmit power of the PB is set to be a constant, denoted by P . Then, in
time slot #, the received signal at & and R can be formulated, respectively, as

y:(f)=ﬁ\/ﬁgl(f)x‘,+n:(f) )
and 1
yf(i)=ﬁ~/f_’g2(f)xe+n:(i) @)

where d, and d, are the distance between the PB with & and R respectively, m is the

path loss coefficient, #; (i) and n (i) are the received energy noise signals at the source node
and relay node, respectively.
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Comparing to the power of energy signal X, , the power of the energy noise signal is
sufficiently small such that the energy harvested by the noise signal can be ignored. Thus, in
time slot i, the collected energy of S and R can be calculated, respectively, as
(=P80 ¢ ()=P18OF ¢ -

d, d,
where 7 € (0,1] denotes the energy conversion efficiency.

Hence, at the end of the WET stage, the harvested and stored energy of S and R can be
represented, respectively, as

E, = Zehs(l) Z"P'gl(')' (4)

€ and e,

and

Ey = Zem(l) Z” P'gz(')' (5)

3.2 S—"R Link WIT Stage

In time slot 1 e{aN +1, aN +2,---, (1+ )N / 2}, the source transmits information to the
relay with the stored energy. The average transmit power of S is

o )= fim B 20nPEl6, ()]

6
Nowo (1—a)NT /2 (l-a)d ©
The signal-to-noise ratio (SNR) at the relay node is expressed as
. P(i i)
1) -BOIROF 0
3 Or

where d, is the distance of the S—"R link, n, (i) is the additive circular symmetric complex

gaussian white noise at the relay node, and n_(i) ~ CN'(0,57).

As aresult, in the first half of the WIT stage, the stored information bits in the data buffer

of R can be written as
(1+a)N/2 (1+a)N/2

n=Y Tlog,(l+7.()= >

i=aN+1 —aN+1

Tm%@+P0Hh®|) ©

3.3 R—-D Link WIT Stage

In time slot i e{(1+a)N/2+1, (1+a)N/2+2,---, N}, the relay forwards the stored
information to the destination with the collected energy. The average transmit power of R
is given by
P.(0)= fim o _ 2anPE(| g, (i) ]
Noo (1—a)NT 12 (1-a)d)
Similarly, the signal-to-noise ratio at the destination node is expressed as

9)



3548 Zhan et al.: Relaying Protocols and Delay Analysis for Buffer-aided WPCCN

HOIL0L
dfl”of (10)

where d, is the distance of the R —D link, n,(i) is the additive circular symmetric

7o()=

complex gaussian white noise at the relay node, and n, (i) ~ CA'(0,57) .

Hence, the number of bits sent from R to D in the second half of the WIT stage can
be written as

~ . ~ P.(i)|h,®i)[
= > T Iogz(1+yD(|)): > T Iogz(1+—'( )lm 22()| ) (11)
i=(l+a)N/2+1 i=(l+a)N/2+1 d4 Oy
Therefore, the time-averaged achievable rate of the buffer-aided HtT relaying scheme
is given by

T .1
Ty = mm{n'"ﬂlﬁrl' Alﬂﬁfz}

l-a . 2anPE[| g, (i) 1| h, (i) [ 2anPE[| g, (i) 1| h, (i) [
2 minfellog, (- 2PLSONNOL] gy (1, 2P BONILOF )y

(12)

4. Buffer-aided Joint Mode Selection and Power Allocation Relaying
Protocol

Unlike the fixed time slot allocation policy in the buffer-aided harvest-then-transmit protocol,
in this section, a dynamic time slot allocation relaying protocol is investigated. For the
considered buffer-aided WPCCN, as S is equipped with energy buffer and R is equipped
with both data buffer and energy buffer, then each time slot can be allocated to WET stage for
energy harvesting or to WIT stage for information transmission. Based on this fact, we define
three transmission modes, namely the WET-EH mode, the WIT-SR mode and the WIT-RD
mode, which correspond to the WET stage, the S —R link WIT stage and the R —D link
WIT stage, respectively. Then, we present the problem formulation for maximizing the
time-averaged achievable throughput of the buffer-aided WPCCN with joint mode selection
and power allocation (JMSPA) and derive the optimal buffer-aided JMSPA relaying protocol.

Our proposed buffer-aided JMSPA protocol can be implemented in two manners, namely
the distributed manner and the centralized manner, which have been discussed in [36] for
buffer-aided relay selection policies. In this paper, for the buffer-aided WPCCN, we consider
the centralized implementation, where the central node is employed to make a decision which
includes information regarding which transmission mode is selected and the power allocation
schemes for S and R . To this end, the central node has to acquire the buffer state
information (BSI) of all buffers and the channel state information (CSI) of all links in each
time slot. The CSI acquisition of each link can be realized by channel estimation, which needs
to choose the appropriate pilot sequences and channel estimation methods. On the other hand,
S and R know their own buffer states, by designing a feedback mechanism, all the obtained
BSIs and CSls can be gathered at the central node and used to design the buffer-aided JIMSPA
protocol.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 12, NO. 8, August 2018 3549

Since we focus on the CSI/BSI-based adaptive relaying protocols and the achievable
performance of the considered buffer-aided WPCCN, for the sake of simplicity, we assume
that the central node can acquire ideal CSI/BSI in each time slot. Based on this assumption, we
can obtain the optimal joint mode selection and power allocation scheme and determine the
optimal throughput performance our protocol can achieve.

4.1 Buffer Dynamics and Problem Formulation

We use the binary decision variables ¢, (i) €{0,5} , ke{1,2,3} to indicate which
transmission mode is adopted in time slot i. More specifically, we have
c,(i)=1 Ifthe WET-EH mode is selected,
C,(i)=1, Ifthe WIT-SR mode is selected, (13)
c,(i)=1, Ifthe WIT-RD mode is selected.

Since the PB and all nodes work on the half-duplex mode, thus only one of the three modes
is selected for transmission in each time slot. Hence, we have c, (i) +c, (i) +c,(i) =1 for

arbitrary time slot i .
With the binary mode selection variables, in time slot i, the energy buffer queue E_(i) of

S and the energy buffer queue E, (i) of R update as following
E.(i+1)=E.(i)+e, (i) —e,(i) (14)
E,(i+)=E (i)+e,(i)—e, (1) (15)

where e, (i)=c,(i))7P|g,())f T/d” and e, (i)=c,(i)P,(i)T are the harvested and

consumed energy of S in time slot i, respectively. e, (i)=c,(i)7P|g,(i)[ T /d] and

e, (1) =c,(i)P.(i)T are the harvested and consumed energy of R in time slot i,

respectively.
The data buffer queue Q(i) of R updates as

Q(i+1) = max[Q(i) —r(i),0]+s(i) (16)
; 02
where s(i) =c,(i)T Iogz(1+ PS(I;L#) is the number of bits sent from S to R, and
3™r
. 2
rii)=c,(i)T Iogz(1+W) is the number of bits sent from R to D .

4 Oy
Considering N time slots, the long-term time-averaged achievable throughput of the
buffer-aided WPCCN is given by

1Y
r=1lim=—) s(i) (17)
N—owo N ;
In order to maximize the time-averaged achievable throughput, we investigate the optimal
adaptive mode selection scheme, as well as the optimal transmit power allocation scheme for

S and R . By jointly optimizing the mode selection variables c (i), C,(i), c,(i) and the
powers P, (i), P.(i), the time-averaged achievable throughput maximization problem can be
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formulated for N — o0

1y
PL: max lim N ;S(I)
R ()R, (1)
13 1Y
subject to C1:lim =) s(i) < lim =>"r(i),
N—oo N i N—owo N =

Il
LN

C2:Liﬂ%Zeds(i)sLiﬂ%ZN:eas(i),
&

C?’:A'ﬂﬁ;edf(')symoﬁ;em(')’

C4:0<e, (i) <E(i), Vi

C5:0<e, (i) <E (i), Vi

C6:c,(i)[c () -1=0, ke{l23} Vi

C7:c(i)+c,(i)+c,(i)=1, Vi

® Constraint C1 means that the time-averaged arrival rate to the data buffer queue of R is
no more than the time-averaged transmission rate out, thus ensures the stability of the data
buffer queue.

® Constraints C2 and C3 denote that the time-averaged consumed energy would not exceed

the time-averaged harvested energy for S and R, respectively.

® Constraints C4 and C5 stand for the energy consumption restriction for S and R in
each time slot, i.e., the consumed energy does not exceed the stored energy in the energy
buffer of S and R, respectively.

® Constraints C6 and C7 ensure that c, (i) can only be 0 or 1, k €{1,2,3}, and only one

transmission mode is selected for transmission in each time slot.

4.2 Problem Transformation through Lyapunov Optimization Theory

Due to the binary variables c, (i) and the non-linear and non-convex constrains C1-C7, the

optimization problem Pl is a non-convex mixed integer non-linear program (MINLP)
problem, which cannot be solved by convex optimization methods given in [37]. In general, as
the CSI and BSI are known in advance, the problem P1 can be optimally solved with
exhaustive search method. However, this method suffers from a high computational
complexity, which increases exponentially with the number of time slots N , and is denoted
by 3" . Consequently, this method cannot be implemented in practice, especially for large N .
Motivated by the previous works in this field [8], [33], we solve the optimization problem P1
via Lyapunov optimization method, as it develops a low complexity algorithm to achieve the
mode selection and power allocation scheme, while revealing the throughput-delay tradeoff in
buffer-aided WPCCN.

Let Z(i) =[Q(i), E (i), E, (i)] denotes the vector of current buffer queue, and define a
Lyapunov function L(i) as follows:

L) =5 Q)" + 2204~ E(OF + 2214, - E,()F (19)
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where z, and p, are positive constants, ¢, and ¢, are perturbation values for the energy

buffer queue of S and R, respectively.
The change of Lyapunov function over one time slot can be represented by Lyapunov drift
L(i+1)—L(i) . The one-slot conditional Lyapunov drift can be defined as

A =EB{L(i+D)-L®)[Z()} (20)
where the expectation E{} is with respect to the randomness of CSI and BSI. The objective
of our joint mode selection and power allocation scheme is to maximize the time-averaged
achievable throughput, while stabilizing the data buffer queue of R . By minimizing the
conditional Lyapunov drift A(i), the backlogs at data buffer can be reduced to a lower level,
which keeps the stability of data buffer queue. At the moment, the second part of our objective
is solved. In order to solve the first part, i.e., achieving a large time-averaged achievable rate,
we construct the drift-plus-penalty function as follows

Ai)-VE{s(i)| Z(i)} (21)
where V >0 is a system control parameter that affects the tradeoff between the backlog of
data buffer and the time-averaged achievable throughput.

Regarding the drift-plus-penalty function, we have the following lemma:
Lemma 1: In time slot i, the drift-plus-penalty function is upper bounded by

A1) -VE{s(i) | Z(i)} < B+Q()E[(s(i) - r (1)) | Z()]-VE{s(i) | Z(i)}
+ 1[4 — E;(DIE[(ey (1) -, (1)) | Z(D] + 1[4, — E, (DIE[(e, (i) —e,, (1) [ Z(D)]
where B is a finite constant, and satisfies
g > BISG)’ +r()°)[Z()] , mBl(e, (1) —ex (1)1 Z()]
- 2 2
L ML, (1) 8y (i) 1Z@)]
2
The proof is similar to [8, Theorem 1], for minimizing the conditional Lyapunov drift
A(i) to stabilize the buffer queue and maximizing the average achievable throughput, we

need to minimize the right side of (22) in Lemma 1 by joint mode selection and power
allocation. Based on the Lyapunov optimization theory, the problem of minimizing the right
side of (22) can be turned into a series of sub-problems within each time slot, and given by

QWS- -Vs()+ [~ E.()]le. () e, ()]
aO0B0SO 1[4, ~E, ()][e, () -, ()] (24)

R (i).P (i)
subject to C4,C5,C6,C7 in (18)
At the moment, we have transformed the stochastic optimization problem Pl into a
deterministic optimization problem P2 by using Lyapunov optimization theory. In the next

subsection, we solve the problem P2 by employing the standard convex optimization
methods and drive the joint mode selection and power allocation scheme within each time slot.

(22)

(23)

P2:

4.3 Joint Mode Selection and Power Allocation in Each Time Slot

Since ¢, (i)+c,(i)+c,(i) =1, and the value of c, (i),k {1, 2,3} must be 0 or 1, there are
only three cases, i.e., c(i)=1c,(i)=0,c,(1))=0; c(i)=0,c,(i)=1c,(i)=0 and
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c,(i)=0,c,(i) =0, c,(i) =1. In the next, we will analyze the three cases and derive the joint

optimal mode selection and power allocation policy.
When ¢, (i) =1,¢,(i) =0, ¢, (i) =0, the WET-EH mode is selected for transmission. In

P I . P I .
)~ ZPL8OLs e, )-0, e, () -F1%OL e, )0,
s(i)=0 and r(i) =0. Then, the value of the objective function of optimization problem P2
is denoted by

this case, we have e, (i

- ulE -4 PO e, (-1 PIEOL g

When ¢, (i) =0, ¢, (i) =1, ¢, (i) = 0, the WIT-SR mode is selected for transmission. In this
situation, we have e, (i)=0, e, (i))=P.®1)T , e,()=0, e, (i)=0, r(i))=0 and

- - 2
s(i)=T |092(1+PS(3,L¢) . Then, the optimization problem 72 can be reformulated
3 O-r
as
. . P.(i) | h (i) . .
3:  min i)-V]T log, 1+ ———"—%:"— —E.M]P.()T
P3:min [QM-VITlog, {1+ =Trtn) +ulh-EOROT
subjectto  0<P.(I)T <E.(i)
Solving problem P3, we can obtain

Theorem 1: The optimal transmit power of S is given by

f Q2V.4=E ()

> UQG) >V,A20
o | E() . Q) <V, ¢ <E(i)
RO=1=77 T QG >v.a<o 0

[ M-Vl _ dj'o; ]T, otherwise

wIn2[E(i)-¢] [h@)F
E, (i)
T

where[x]" =

,and A is given as bellow

A = 1l — E. ()]E, i) +[Q() ~V]log, (1+ E¢ (')m' h;i'” o e

Proof: Please refer to Appendix A for the proof.m
When the transmit power of S is set to be P, (i), the minimal value of the objective
function of optimization problem 73 is achieved and denoted by F, .

Eq. (27) indicates that the allocated transmit power of S depends on the CSI of the
S —"R link, the energy buffer state of S and the data buffer state of R .

When ¢, (i) =0,c,(i)=0,c,(i) =1, the WIT-RD mode is selected for transmission.
Similarly, we have e, (i)=0, e, (i)=0, e, (i))=0, e, (i)=P®{H)T , s(i)=0,
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H N\ |2
r(i)=T Iog2(1+Pr(I()jL#). Then, the optimization problem P2 can be reformulated
4 Oy
as

i . HOILYOL; Ny
P4 min —QU)Tlog, (1+ =S o)+l ~E MIROT o
subjectto  O0<P.(i)T <E,(i)

Solving problem P4, we can obtain
Theorem 2: The optimal transmit power of R in time slot i is given by

50 it E,()> 4,

Pri)=] ' (30)

Q) _djog
toIN2[g, —E ()] [h,(1)]

where[x]" = min{max[x,O],E'T(i)}.

> ]T, otherwise

Proof: Please refer to Appendix B for the proof.m
When the transmit power of R is allocated as P (i), the minimal value of the objective

function of problem 74 is obtained, and denoted by F,". Eq. (30) shows that the transmit

power allocated to R depends on the CSI of the 'R —D link and the BSI of R only.
As a result, the adaptive joint mode selection and power allocation protocol of the
buffer-aided WPCCN is given by
c,(i) =1, if F =min{F",F K}
c,()=LP®M)=P (), if F =min{F",F K} (31)
c,(M)=LP(@)=P(1), if K =min{F" F K}

4.4 Throughput-delay Tradeoff Analysis

We note that the data sent by & is firstly stored in the data buffer of R until it is scheduled to
be transmitted to D, which causes the transmission delay from S to D in the buffer-aided
JMSPA scheme. In general, the higher throughput is achieved, the larger delay is obtained.
Thus, there exits a tradeoff between the throughput and the delay by intuition. In this
subsection, we will first present the bound on the time-averaged achievable throughput and the
upper bound on the time-averaged data buffer size of relay, and then analyze the
time-averaged delay. At the last, we demonstrate the throughput-delay tradeoff achieved by
the buffer-aided JIMSPA protocol.

For the buffer-aided WPCCN, the optimal time-averaged achievable rate achieved by the

joint mode selection and power allocation is denoted by R*. Then, we have
Theorem 3: Forany V >0, there are constants B>0, £ >0 and W(¢), where ¥(g) <R",

then, for some time slot K, the time-averaged achievable rate and time-averaged data buffer
size achieved by the JIMSPA relaying protocol are bounded by
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R" —VES Iirpjgp%zE{s(i)}S R’ (32)
|imsup%Kz_lE{Q(i)}g B+VIR - %(2)] (33)
K—o i=0 5

Proof: Please refer to Appendix C for the proof.m
Eq. (32) suggests that the time-averaged achievable rate increases at the speed of O(1/V)

and asymptotically converges to the optimal value R" as V increases. Eq. (33) indicates that
the time-averaged data queue length is proportional to the value of V , i.e., the time-averaged
data queue length increases at the speed of O(V) . In other words, Theorem 3 implies that a

larger V leads to a larger time-averaged throughput but a larger time-averaged data queue
length.

To reveal the throughput-delay tradeoff achieved by the buffer-aided JMSPA relaying
protocol, we first present the bound on the time-averaged delay. The time-averaged delay is
defined as the ratio between the time-averaged data buffer size and the time-averaged
achievable rate. According to Theorem 3, the time-averaged delay is bounded by

1

3 10) _—

. liiK_ZOlIEr{s(i)} - Z}/RE\?— BT(E)] &
K=

It can be observed from Eq. (34) that, in the large value region of V , where RV >> B,
B+V[R" —¥(&)]
eR’

the time-averaged delay is bounded by approximatively. It means that the

time-averaged delay increases linearly with V , i.e., the time-averaged delay increases at the
speed of O(V) . With the aid of system control parameter V , the throughput-delay tradeoff

can be characterized by [O(1/V),O(V)]. Then, the throughput-delay tradeoff can be

demonstrated as follows, a larger V leads to a larger time-averaged achievable rate but a
larger time-averaged delay.

4.5 Overhead and Complexity Issues

In this subsection, we would like to show the overhead and computation complexity of the

BSI/CSI based JMSPA protocol by addressing more realization details. In this paper, the

proposed buffer-aided JMSPA protocol is implemented in centralized manner. Let us assume

the relay node ‘R is the central node and the channel of each link is reciprocity. Hence, at the

beginning of each time slot, the buffer-aided WPCCN may work as follow:

® The relay R broadcasts the orthogonal pilot signals to the PB, S and D, thus the PB,
S and D can drive the CSls of the R —PB link, the R — & linkandthe R —D link,
respectively. In the meanwhile, S sends the orthogonal pilot signal to the PB, then the
PB can estimates the CSI of the S—PB link.

® The PB reports the CSls of the PB—.S link and the PB—"R link to central node R via
a dedicated signaling channel. Similarly, D reports the CSl of the 'R —D linkto R via
a dedicated signaling channel.
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® S reportsthe CSlofthe S—"R linkand its BSIto R via a dedicated signaling channel.
Since R knows its own BSI, consequently, the CSls of all links and BSls of all buffers
are gathered at the central node R .

® Based on the obtained CSl and BSI, R makes a decision which contains the information
about which transmission mode is selected and the power allocation based on Theorem 1,
Theorem 2 and Eq. (31).

® |f the WET-EH mode is selected for transmission, R broadcasts a control message to the
PB and S and informs the PB to broadcast the energy signal to S and R ; if the
WIT-SR mode is selected for transmission, R broadcasts a control message to inform S
to transmit with the allocated transmit power; if the WIT-RD mode is selected for
transmission, R transmits the information in its data buffer to D with the assigned
transmit power.

According to the above analysis, we can evaluate the signaling overhead of the proposed
buffer-aided JMSPA scheme: four orthogonal pilots are required to estimate the CSls of all
links; three control messages are required for the PB, S and D to report the corresponding
CSlsand BSI to R respectively; another two control messages are need for R to inform the
PB and S the transmission scheduling decisions.

For the implementation of the proposed joint mode selection and power allocation scheme,
the most calculations consist in the acquisition of the power allocation scheme for S and R
by solving the optimization sub-problems P3 and P4 within each time slot. In fact, the
problem P3 and P4 are standard convex problems and exist with closed-form solutions,
thus these two problems can be easily solved without using any numerical calculation methods.
Therefore, the computation complexity of the proposed buffer-aided JMSPA scheme is very
low and can be ignored.

5. Simulation Results

In this section, simulation results are presented to evaluate the performance of the proposed
buffer-aided relaying scheme and to validate our theoretical analysis. Throughout the
simulation, the path loss exponent is set to be m = 2.7 ; the energy conversion efficiency of

S and R is 7=0.8; and the variances of noise in S and R are ¢’ = ¢, =-100dBm,

respectively. The length of each time slot is assumed to be T =1 and the initial state of the
data buffer and energy buffer are both set to be zero. In the simulation, the channel gains of all
the links are independent and affected by both the small-scale Rayleigh fading and the
large-scale path loss.

In order to evaluate the performance of our proposed buffer-aided relaying scheme, we
introduce a relaying scheme without buffer as a performance benchmark, where in each
transmit time slot, the first oT time is allocated to the WET stage, the remaining time,
(1- )T, is divided into two parts of equal length, and each part is assigned to the S—R

linkand R —D link for information transmission, respectively.
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5.1 The impact of energy harvesting time fraction «

Fig. 3 depicts the impact of energy harvesting time fraction & on the average throughput of
the buffer-aided HtT scheme and benchmark scheme (scheme without buffer). In Fig. 3, the
transmit power of the PB is P =1 Watt, the distance between the PB with S and R are
d, =d, =3 meters and the distance of the S—R link and R —D link are d, =d, =5

meters, respectively.

10 T T T T
Scheme Without Buffer
9 ﬁ —— Buffer-aided HtT Scheme [|
3 8j
Q
€
E‘ 7
:é/
o 6 &
8
[}
= 5
3 e
>
g, %‘bsh
<
3 e
(]
g 3 X
(5]
8 2
1
6;

0 01 02 0.3 04 05 06 07 0.8 0.9 1
energy harvesting time proportion (o)

Fig. 3. Average achievable rate VS. « .

Fig. 3 shows that, with the energy harvesting time fraction ¢ increasing from 0 to 1, the
average throughput of the buffer-aided HtT scheme and benchmark scheme both increase in
the beginning until « reach the optimal value which maximize the throughput of each scheme,
and thereafter decrease to zero as « increase from its optimal value to 1. Especially, when «
equals 0 or 1, the average throughput of both scheme are zero. The concave feature of the
throughput performance curves can be explained as follows: When « is equal to 0, there is no
time for S and R to harvest energy from the PB, as a result, the transmit power of S and
‘R are zero, which leads to the zero throughput; When « increases from 0 to its optimal
value, the energy harvested at S and R increase, which improves the throughput of the
system; As a continues to increase, more and more time are wasted in energy harvesting
phase, which gradually reduces the throughput of the system to 0.

Another observation from Fig. 3 is that throughput of the buffer-aided HtT relaying
scheme is always greater than that of the scheme without buffer for any arbitrary « . Hence,
buffer used in WPCCN can bring a certain throughput gain.
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5.2 The impact of transmit power of the PB

For comparison purposes, the average achievable rate of the buffer-aided JMSPA scheme, the
buffer-aided HtT scheme and the scheme without buffer is depicted as a function of the

transmit power of the power beacon P in Fig. 4, where the distances are settobe d; =d, =3
meters and d, =d, =5 meters. Specially, for the buffer-aided JMSPA scheme, we set

w=WN/8), 1, =N/9,)?,V =100, and the perturbation values for the energy queue of
S and R are ¢ =¢, =0.001V +P.

12
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—¥— Buffer-aided HtT Scheme
7.5 —bH— Buffer-aided IMSPA Scheme [7]
] | | |
0 5 10 15 20 25 30

transmit power of the PB (P)
Fig. 4. Average achievable rate VS. transmit power of PB (P )

It can be observed from Fig. 4 that the average achievable rate of three relaying scheme
both increase with the transmit power of the PB. This is due to the fact that the larger the
transmit power of the PB, the more energy can be harvested at S and R, then more
information can be transmitted from S to D, which leads to the increasement of the system
throughput.

In Fig. 4, we can also see that the throughput performance of the buffer-aided JIMSPA
scheme outperforms the buffer-aided HtT scheme and the scheme without buffer for any
arbitrary P . Therefore, we can come to an conclusion that the throughput performance of the
buffer-aided WPCCN can be improved further by joint mode selection and power allocation
strategy.
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5.3 The impact of the positions of the PB and R

In this subsection, we examine the positions of the PB and the relay node how to affect the
throughput performance of the WPCCN. The transmit power of the PB is setto P =30 Watt;

the overall distance between the PB with S and R is fixed at 20 meters, i.e., d, +d, =20
meters; similarly, the sum distance of the S—"R linkand R —D link is fixed at 20 meters,
i.e., d;+d, =20 meters. Then, the average achievable rate of three relaying schemes is
depicted as a function of d, and d, in Fig. 5, where we set 4, = (V/4)?, 1, =V /4,)>,
¢ =nP?/d", ¢, =nP?/d) and V =100,

0.5

Scheme Without Buffer .y
[ IBuffer-aided HtT Scheme e
:| Buffer-aided IMSPA Scheme

0.45 —-

0.4

0.35

0.3

0.25

average achievable rate (bit/symbol)
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191715-311 9 = — s e
d 753 7 5 3 1
5 (M) 1 19 17 15 13 11 49
1
Fig. 5. Impact of the PB and relay positions on the throughput of WPCCN

In Fig. 5, both d1 and d3 vary from 1 to 19 with a step value of 1, then, we can observe
that the throughput performance of the buffer-aided JMSPA scheme outperforms the
buffer-aided HtT scheme and the scheme without buffer for any d, and d,. In particular, Fig.
5 shows that for both three relaying schemes, the higher average achievable rate is obtained at
the point (d,,d,) = (1,19), a position where the PB is much more closer to S than to R,
while R is much more closer to D than to S; or at the point (d,,d;) =(19,1), a position
where the PB is much closer to R , while R is much closer to S . On the contrary, the lower
average achievable rate is obtained at the point (d,,d,) = (1,1) or (d,,d,) = (19,19). For the

above results, the reason can be illustrated as that, when the channel gains of all the links are
i.i.d, the average achievable rate of the relaying schemes is decided by

min{l/(d"d,"),1/(d;'d;")}, as shown in Eq. (12). Since the maximum value and minimum
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value of min{l/(d,"d;"),1/(d;'d,;")} are 1/(1x19)™ and 1/(19x19)™ respectively, the
maximum and minimum throughput of three relaying schemes are obtained at the point
(1,19) and (19,19) respectively.

All in all, we can learn form Fig. 5 that in order to achieve a higher throughput of the
considered WPCCN, buffer-aided relaying with joint mode selection and power allocation
scheme should be adopted, meanwhile, the PB should be located close to S, while R should
be located close to D ; or the PB is located close to R , while R is located close to S .

5.4 Validation of analytical results

For the buffer-aided JMSPA relaying protocol, we first show the simulation results to validate
the theoretical analysis of the time-averaged data buffer size and time-averaged delay in Fig. 6.
Then the throughput-delay tradeoff achieved by the buffer-aided JMSPA relaying scheme is

verified by simulation result in Fig. 7. We set P =30 Watt, d, =d, =3 meters and
d, =d, =5 meters. The perturbation values are ¢ =0.01V +P and ¢, =0.6V + P, and

w=WN/8), 1, =N/¢,)*. Then, the time-averaged data buffer size and time-averaged
delay are depicted as a function of V in Fig. 6.

TR T
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. f 6 /
i 7
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2
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\% \%
Fig. 6. Average data buffer size and average delay VS. V

It can be observed from Fig. 6 that the time-averaged data buffer size and time-averaged
delay increase at the speed of O(V) as the value of V increases from 10 to 200. Especially,
in the large region of V , both the time-averaged data buffer size and time-averaged delay
increase linearly with V , which validate the analysis in Theorem 3.
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The time-averaged delay is depicted as a function of average achievable rate in Fig. 7.
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Fig. 7. Average delay VS. average achievable rate

Fig. 7 shows that for the buffer-aided WPCCN with JMSPA scheme, the larger the
time-averaged delay, the higher time-averaged throughput is obtained, which presents a
throughput-delay tradeoff of the buffer-aided JMSPA protocol. In practice, the
throughput-delay tradeoff curve can be applied to guide the system design by adjusting the
control parameter V . For instance, if the system is delay-constrained, then a small V should

be chosen. In contrast, if the system pays more attention to the throughput, then a larger V is
required.

6. Conclusion and Future Works

In this paper, we have investigated a buffer-aided WPCCN which consists of S, R, D, and
a dedicated PB. Considering the buffer-aided WPCCN, we proposed two relaying protocols,
namely, the buffer-aided HtT protocol and the buffer-aided JMSPA protocol, respectively. For
the buffer-aided HtT protocol, we derived the expression of the time-averaged achievable rate
in closed form. For the buffer-aided JMSPA protocol, maximizing the time-averaged
throughput was formulated as a stochastic optimal problem. We solved the optimal problem
by employing Lyapunov optimization theory and obtained the optimal mode selection scheme
and power allocation scheme. In addition, we derived the theoretical bounds on the
time-averaged achievable rate, time-averaged data buffer size and time-averaged delay, then
revealed the throughput-delay tradeoff achieved by the buffer-aided JMSPA protocol. The
simulation results showed that the proposed buffer-aided relaying protocol can improve the
throughput performance of WPCCN and validated the theoretical analysis.
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In realistic network, acquisition of the ideal CSI/BSI can be challenging. For instance, the
estimation error attached to the channel estimation methods would results in an imperfect CSI.
Moreover, the obtained CSI/BSI by estimation or feedback is always outdated in a fast time
varying scenario. For a practical buffer-aided network with imperfect or outdated CSI/BSI, a
robust adaptive relaying protocol, which can approach the throughput performance bound that
our JMSPA protocol achieved in this paper, will be left for investigation in future work.

Appendix
A. Proof of Theorem 1

We define the objective function in problem P3 as F,,thenif Q(i)>V and ¢ > E_(i), F,
is @ monotone increasing function of P,(i). Thus, when P,(i)=0, F, obtains the minimal
value. If Q(i)<V and ¢ <E.(i), F, is a monotone decreasing function of P,(i), the
minimal value of F, is achieved when P, (i) = E,(i)/T .

In addition to the two cases above, F, is not a monotone function of P,(i). We first
calculate the stationary point of F,, which is obtained as

QM)-V_ dro?

R()= . : (35)
mIN2[E () -¢] |h@)I
Taking the second-order differential of F, with respectto P, (i) yields
N H 4
o QDY IR@FT -

2 [dro?+p.)hG) T
Hence, if Q(i) <V, then F,">0, F, is a convex function. As a result, if the stationary

point is located in the region of [0, E(i)/T], the minimal value of F, can be obtained at the
stationary point, otherwise, the minimal value will be achieved at the endpoints, i.e., O or
E.(1)/T.

If Q(i) >V ,then F,<0, F, isa concave function. In this case, the minimal value of F,
is obtained at the endpoints. We define A =F,(E,(i)/T)—F,(0) . Therefore, if A>0, the
minimal value of F, is achieved at P,(i) =0, otherwise the minimal value of F, is obtained
at P,(i)=E,(i)/T .

This concludes the proof of Theorem 1.

B. Proof of Theorem 2

Firstly, we define the objective function in problem P4 as F,. If ¢, <E (i), F,
monotonously decreases with P.(i) , obviously F, achieves the minimal value at
P.(i)=E,(i)/T . Otherwise ¢, > E, (i), F, is a convex function. Differentiating F, with
respect to P, (i) and equating the result to zero, the unique stationary point is calculated as
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H m__2

QT ORI Lot
t,In2[¢, —E ()] |h, ()]
Since F; is convex, then if the stationary point in Eq. (37) is located in the region of

(37)

[0, E, (i)/T], the minimal value of F, could be achieved at the stationary point. Otherwise,

the minimal value will be obtained at the endpoints, i.e., 0 or E, (i)/T )

To sum up, when the WIT-RD mode is selected for transmission, the optimal transmit
power of R is presented by

E0)

I:)r* (I) =

if ()24,

_ ) 38
Q)  dio (39

#, In2[¢, —E ()] |h,(i)]
where[x]" = min{max[x,O],Ef?(l)}.

> ]T, otherwise

This completes the proof of Theorem 2.

C. Proof of Theorem 3

According to Slater Condition [32], for any V > 0, there are constants & >0 and (&) that
satisfies
E{L(G+2) - L(3) | Z(D)}-VE{s(i)| Z(i)}< B-V ¥ (&) - Qi) (39)
Taking expectations of (39) in both sides yields
E{L(i1+1)}—E{L(>)}-VE{s(i)} < B-V ¥ () —eE{Q(i)} (40)

Summing (40) over i €{0,1,---, K —1} for some time slot K >0, we can obtain

B{L(K)}- E{LO)}-V > E{s()} < KB-KV¥(e) £ ) B{QM}  (41)

Rearranging terms in the above and considering the fact that L(K) >0 yields

5§E{Q(i)}s KB-KVY¥(¢) +V§E{s(i)}+ E{L(0)} (42)
Dividing both sid:s(,) of (42) by ¢K shows that B
K B+V[Y E{s(i)}- ¥ ()]
DB} s —— — AL (@)
Taking a supremum limit as K — oo and combining with IimsupigE{s(i)}s R
yields o "
imsup- 3 Q)< = =) (2

Thus, we obtain the upper bound on the average data buffer size.
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Similarly, we have

E{L(i+2)—-L3)|Z30)}-VE{s(i)| Z(i)}< B-VR" —£Q(i) (45)

Taking expectations at both sides, summing the telescoping items, and rearranging terms

yields

(1]

(2]

(3]
[4]
(5]

(6]
[7]

(8]

VS B0} BLIOM- BLOY+ 3 BQM)-KB+KVRT  (46)

K-1
Considering L(K) >0 and &> E{Q(i)}>0, we have

i=0

K-1
V> E{s(i)}> KVR" - KB - E{L(0)} (47)
i=0
Dividing (47) by KV and taking a limitas K — oo yields
K-1
IimsupLZE{S(i)}z -8 (48)
K—w0 K i=0 V
As a result, we have
B 1
R ——<limsup— Y E{s(i)}<R’ (49)
V K—ow K i=0
This concludes the proof.
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