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Abstract—In this manuscript, we consider a full-duplex wire-
less powered cooperative communication system where the users
communicate with a hybrid access point through relays. We
formulate an optimization problem with the objective to minimize
the total transmission time through user scheduling and relay
selection while considering the traffic demand, energy causality
and initial battery levels of the users. The formulated opti-
mization problem is a mixed integer non-linear programming
problem, hence difficult to solve for the global optimal solution.
As a solution strategy, we decompose the problem into sub
problems: time allocation, scheduling and relay selection. In the
time allocation problem; the schedule and relays are assumed
to be pre-known, we derive the optimal solution by using the
optimality analysis. For the scheduling problem; we assume that
users know their relays, we determine the optimal schedule. For
the relay selection problem; users transmit their information
in a pre-determined order, we determine the optimal relays
for each user. For the overall scheduling and relay selection
problem, we propose a heuristic algorithm which iteratively
determines the scheduling and relay selection in polynomial time
by using the optimal solutions of the individual relay selection and
scheduling problems. Through simulations, we demonstrate that
the scheduling length can be significantly reduced through proper
scheduling and relay selection. The proposed algorithm performs
very close to the optimal solution for different maximum user
transmit power, network densities, initial battery levels and
hybrid access point power levels.

Index Terms—Total time minimization, wireless powered co-
operative communication network, scheduling, Relay selection.

I. INTRODUCTION

With the recent technological advances in the field of
wireless sensor networks, the number of installed sensor nodes
is continuously increasing. This requires sustainable solution
to prolong the lifetime of such energy constrained nodes,
therefore, avoid the battery replacement and make the system
self sufficient. One solution is to harvest energy from the
environment [1]. However, the energy harvested from conven-
tional sources such as solar, vibration and wind depends on the
weather conditions, hence, is un-predicted and uncontrollable.
On the other hand, energy transfer through inductive and
magnetic coupling has short range, large size and requires
exact alignment, which makes it inappropriate for wireless
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sensor networks. Energy harvesting through radio frequency
(RF) signals is a promising technology due to its long range,
small form factor and full control on the transferred energy. In
the literature, there are two operational models for RF energy
harvesting (EH) known as simultaneous wireless information
and power transfer (SWIPT) [2], [3] and wireless powered
communication networks (WPCN) [4]. In SWIPT, the same RF
signal is used for both wireless information and power transfer
from the access point (AP) to multiple network nodes, whereas
in WPCN, network nodes harvest energy in the downlink (DL)
from the AP and send their information to the AP, using the
harvested energy in the uplink (UL).

In conventional wireless networks without EH, relaying
or cooperative communication technique has been utilized to
improve the network coverage, system throughput and energy
efficiency [5]. For the RF-EH networks recently, relays are
being incorporated to assist the information transfer along
with efficient energy management through cooperation [6].
There are two main categories of the relays: amplify-and-
forward (AF), where a relay node amplifies the received
signal from the source and sends it to the destination, and
decode-and-forward (DF), where a relay node first decodes
the signal received from the source and then sends it to
the destination. Initially, researchers studied the three node
relay based WPCN model, also known as wireless powered
cooperative communication network (WPCCN). The authors
in [7]-[9] study the WPCCN system, considering the half-
duplex (HD) mode of transmission, where both relay and user
need to harvest energy from the AP in the DL and then the
user transmits the information to the AP in the UL, with
or without relay. [7] also extends the three node model to
multiple relay scenario and presents a relay selection problem,
based on the available channel state information (CSI). [10]
considers a multi-user multi-relay network model and presents
a joint relay selection, scheduling and power control problem
with the objective of minimizing the total duration of wireless
power and information transfer for a HD system. To the best of
our knowledge, only [7] and [10] present the relay selection
problem for WPCCN systems, but they are limited to HD
mode of transmission. In the HD system, the EH duration
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is fixed and all the users/relays get equal time to harvest the
energy, therefore, scheduling is not important. However, in the
full-duplex (FD) model, hybrid access point (HAP) transmits
energy throughout the frame, which results in uneven EH
times for the users and relays. For FD models, scheduling is
important because the transmission of users with low energy
levels can be delayed so that they can harvest more energy
during the transmission of other users leading to smaller total
transmission time.

Due to very large number of nodes and low energy harvest-
ing rates, the relay and user architecture should be simple so
that they can be used with low power consumption. Because
of simple power amplifiers and low processing cost, on-off
transmission scheme can be very useful for the inexpensive
wireless sensor networks, leading to affordable and widespread
deployments of IoT applications. In the context of WPCN,
on-off transmission scheme has been incorporated in [11]-
[13]. Specifically, [11] and [12] analyzes the average error rate
and outage probability for a single user system whereas, [13]
presents the minimum length scheduling and sum throughput
maximization problems for a multi-user single hop system.

In this paper, we present an optimization framework for a
FD-WPCCN system by considering the energy causality and
a more practical non-linear energy harvesting model for an
on-off transmission scheme, for the first time in the litera-
ture. We formulate a mixed integer non-linear programming
(MINLP) problem with the objective of minimizing the total
transmission time through relay selection and user scheduling,
then, we decompose the problem into sub-problems, named
as time allocation problem (TAP), scheduling problem, relay
selection problem. For the first three problems, we derive an
optimal solution. For the overall scheduling and relay selection
problem, we present a polynomial time heuristic algorithm
based on iterative calling of the optimal solutions.

II. SYSTEM MODEL AND ASSUMPTIONS

We consider a wireless powered communication network
consisting of single HAP, N users and K decode-and-forward
(DF) relays, as depicted in Fig. 1. The HAP operates in FD
mode and is equipped with a single FD antenna, which is
capable of simultaneous energy transmission and information
reception. The HAP transmits at constant power P, during the
whole transmission frame. The users and relays are completely
dependent on the harvested energy, which they store in their
batteries. The initial battery level at the start of the frame is
denoted by B;, i € {1,..,N} and By, k € {1,...,K} for
the users and relays, respectively. We assume that in each
scheduling frame, user ¢ has a traffic demand of D; bits.
All the channel gains are assumed to be block fading, i.e.,
channel gains remain same within a transmission frame. The
DL channel gain from the HAP to relay £ and from HAP
to user ¢ are denoted by hj and h;, respectively. The UL
channel gain from user ¢ to relay k£ and from relay k to the
HAP are denoted by ¢;; and gy, respectively. We assume
time division multiple access protocol as the medium access
protocol. The total time in which system remains operational
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—_—
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HAP Information Transfer

Fig. 1. System Model

is divided into multiple slots of variable length and each slot is
allocated to the users/relays for the information transmission
or energy harvesting. We assume a more practical non-linear
energy harvesting model based on a logistic function [14] and
the energy harvesting rate of user ¢ is given by

P,(¥; - Q)

“="u—q

M
where W;=(1 4 ¢~ (Prhi=a2))=1 and Q = (1 + e®1%2)~ 1 is
a constant to make sure zero-input zero-output response. The
EH rate for relay k is given by

P,(Ty - Q)

“="1_a)

(@)
where U),=(14+e~ @ (Prhe=a2))=1 P _represents the saturation
power, a; and ay are the positive constants related to the non-
linear charging rate with respect to the input power and turn-
on threshold, respectively. We assume that users and relays
can harvest energy throughout the frame except when they
are transmitting or receiving the information. The information
transmission time of user ¢ to relay k is denoted by 7; ;, and
the information transmission time of relay k is denoted by 7.
The energy harvesting time of user ¢ until it starts information
transmission is given by >, (70 +75) + > ,.cr (Tom +Tim),
where U is a set of users that are scheduled before user ¢ and
R is a set of relays that are used to forward the information to
HAP before the information transmission of user 4. The 79, is
the required waiting time duration for the j*" user in I/ so that
it can transmit its information in 7; amount of time at power
P oz The 7g,, is the required waiting time of the mth relay
in set R so that it can forward the information in 7,, amount
of time at power P,,,,. The total available energy for user @
is given by

Ei :B¢+Ci(2(roj +m)+ > (T0m+7'm)> 3

Jjeu meR

Similarly, the energy harvesting time before the information
transmission of relay k is 3, (70 +75) + 2,5 (Tom +7im),
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where V and S are the set of users and relays which are used
before relay k, respectively. The total available energy of relay
k denoted by Ej is given as

Ek:Bk+Ck<Z(TOj+Tj)+ Z(TOm+Tm)> 4)
JjEV meS
We use continuous transmission rate model and Shannon’s
channel capacity formula is used to determine the transmission
rates of both users and relays.

III. PROBLEM FORMULATION

In this section, we formulate the joint optimization problem
for the scheduling, time allocation and relay selection denoted
by SRSP. The objective of SRSP is to minimize the total
transmission time subject to energy causality and users traffic
demand which is given as

SRSP
minimize To + Z Z Tik + Z T (5a)
=1 k=1
subject to
! P,
Zsi,kTi,kWZOQZ 1 4 Jikmaz >D;; Vi (5b)
Pt W Ny
E; — 1, kPma, >0 Vi (5¢)
N
Ji'max
ik TiW1 — Disir; Vk (5d
;s,m'Wogz( ﬁph-FWNo) ; Sik; (5d)
FErx — 7 Pmaz >0 VE (Se)
K
STsik=1 Vi (5D
k=1
aij +aj; =1 Vi,j (52
variables
Tiks Thy > 05 Vi,Vk;si6 € {0,1};a:,; € {0,1}; (Sh)

The variables of the SRSP are 7;, the transmission time
of user ¢ by using relay k; 73, transmission time of relay k;
a; j, the scheduling variable, which takes value 1 if user ¢
transmits data before user j and 0 otherwise; and s; 1, the relay
selection variable, which is a binary variable and takes value
1 if user ¢ transmits information by using relay k& and zero
otherwise. Additionally, 7y is the time in which users/relays
harvest energy only. The objective of the optimization problem
is to minimize the schedule length given in Eq. (5a). Egs. (5b)
and Eq. (5d) represent the constraints on satisfying the traffic
demand of the users. Egs. (5c) and (5e) represent the energy
causality constraints of the users and relays, respectively, i.e.,
consumed energy should be less than the available energy. Eq.
(5f) guarantees that only one relay is selected for each user.
Eq. (5g) represents the scheduling constraint, i.e., if user @
transmits information before user j then user j can not transmit
information before user i. The SRSP is a mixed integer
non-linear programming problem (MINLP), which is generally
hard to solve for the optimal solution. To solve the problem
optimally, we decompose the SRSP into two sub-problems,
namely, time allocation problem 74P and scheduling and
relay selection (SRS) problem.

IV. TIME ALLOCATION PROBLEM

In this section, we formulate the time allocation problem
in which all the users know their transmission order and the
relay, i.e, s; x and a; ; are known. Without loss of generality,
we assume that user i transmits in the i*” transmission slot by
using relay k. The T AP is formulated as follows:

TAP

minimize To + Z Z Tik + Z Tk (6a)
i=1 k=1

sub]ect to
n-,k.Wlogz<1 + %) > D;; Vi (6b)
E' - Ti,kPmaa: 2 0 (60)

glcha:c

Wi -2 = | >D;; Vk 6d
Tk 092( 3P +WN0> (6d)
Ek - TkPma:c 2 0 (66)

variables
Tik, Tk, > 0;  Vi,Vk; (6f)

The variables of the 7. AP are 7; j, the transmission time of
user ¢ by using relay k, and 7, transmission time of relay k.
It can be easily verified that the formulated problem (6) is a
linear optimization problem, which can be solved for optimal
solution.

Lemma 1. In an optimal solution of T AP, the constraints in
Egs. (6b) and (6d) should hold with equality.

Proof. Suppose
* *
{7'1 ko T2k

users such that 7}, Wlogs (1 + MID"“”‘) > D;. The function

that in an optimal solution 7 =
N, »t are the allocated transmission times of

f(r7,) = x7},, where x is a constant, is a linearly increasing
function of z for # > 0. Therefore, for any user i, we can

kPmaz

always find a 7; . such that 7, , Wlogs (1 -+ Tpes

and it is clear that ’7' k< T o This is a contradiction. In a
similar way, we can prove that Eq.(6d) should also hold with
equality.

Due to Lemma 1, the optimal transmission time of user @
by using relay £ is given by
D;

Wloga (1 + Jikimaz "jvlj\’;;“ )

Similarly, the required energy for the data transmission in 7; j,
is

@)

Tik =

E;’fq = Ti,kpmaz (8)

As users transmit data by using a constant rate model, initially
user may not afford the P,,,, for its complete transmission.
Therefore, the users need to wait so that they can harvest
enough energy for data transmission. The optimal waiting time
for user 4 to reach the required energy level denoted by 79 ;
is given by

To = 7(E'req

C E;) )
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Due to Lemma 1, the optimal transmission time of relay k to
forward the information of user ¢ is given by

D;
Pmaz
Wlogs (1 + 5193’2+WN0>
The required energy for the relay to forward the user infor-
mation of user ¢ is given by

req __
Ek — TkPmacc

Tk = (10)

amn

The waiting time for relay k, denoted by 79 1, is given by

1 e
Tok = a(Ek ¢ — Ey)
Now once we have solved the T'AP problem optimally, next
we will analyze the SRS problem.

12)

V. SCHEDULING AND RELAY SELECTION

To determine the optimal schedule and relay selection, first
we analyze the problem for a pre-determined relay selection,
i.e., s; 1 are known, and we aim to determine the optimal a; ;.
Then, using the known optimal schedule of the users, we find
the best relay for each user.

A. Scheduling Problem

Let us define the term 7; j as the total time for user 7 to
transmit the information from user ¢ to the HAP via relay
k, which consist of both energy harvesting and information
transmission, and is given by

13)

where 79, = 70, + 7o,k 1S the required energy harvesting
time for user ¢ and corresponding relay; 7; = 7, + T is
the transmission time of user ¢ and corresponding relay. The
following lemma gives the optimal scheduling scheme for the
predetermined relay selection.

Tk = T0,ik + T4,

Lemma 2. In an optimal solution of scheduling problem,
users are allocated in increasing order of their transmission
completion time values.

Proof. This can be proved by contradiction. Suppose that
™ = [15,7F,75,...,Ta] is the set of optimal transmission
times for the users with 77 as the total energy harvesting
duration. Let t* = [t],t5,...,t%] denote the transmission
completion time of the users such that {7 < t5 < ... <t}
and schedule length L* = t};. Now let us interchange the
order of any two successive users j and j + 1 such that user
j +1 transmits before user j. The schedule length of this new

schedule will be t3; 4+ 7; > L*, which is a contradiction. [J

The foregoing lemma suggests that at any particular time
instant t?¢, the optimal policy for the user scheduling is to
allocate the user with minimum 7; ;.. Based on this discussion,
the scheduling algorithm presented in Algorithm 1 is described
as follows. The algorithm starts by initializing S, 79, ¢(S) to an
empty set (Line 3). For each user ¢ of the system, the total time
to transmit information to the HAP T; ;, is evaluated (Line 5).
Then, the user j with minimum T; ;, is selected (Line 6) and
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the set S is updated with the user with minimum 7 ;, (Line 7).
To is updated by adding the energy harvesting time of the user
j (Line 9) and ¢(S) by adding the total transmission time of
user j (Line 10). Algorithm terminates when all the users in the
system are being scheduled accordingly. The computational
complexity of SA is O(N?). In the following, we present the
relay selection scheme for the users.

Algorithm 1 Scheduling Algorithm

1: input: set of users N and a relay for each user
2: output: transngssion schedule S, total energy harvesting time
7o, schedule length ¢(S
S+ 0,¢8) 0,7 O,
whil&/\/ # 0 do

Evaluate T; . for Vi € N

J argmin;en T &,

S« Ss+1{}

N &N - {J"E},

70 To + T; H,

t(S) tS) + Tix,
end while

TR AEW

—_—

B. Relay selection algorithm

Similar to the scheduling problem for a known relay selec-
tion, it is optimal to allocate the relay which gives minimum
T;) to each user for a predetermined transmission order
and the optimality can be easily proved just like Lemma 2.
The Relay Selection Algorithm (RSA) takes a set of users
N and a schedule as input, and returns the optimal relay
selection, transmission and waiting times of users and relays,
and optimal schedule length. RSA starts by initializing relays
‘R, transmission times and waiting times to an empty set and
schedule length to 0 (Line 3). For each scheduled user ¢, the
algorithm evaluates T; ; and finds the relay with minimum 75 j,
(Lines 5—6). Then, this relay is allocated to user ¢ for relaying
its information to the HAP (Line 7). The algorithm updates the
schedule length, transmission and waiting times of the users
and relays (Lines 8 — 12). The algorithm terminates when all
the users are assigned a relay (Line 4). The computational
complexity of RSA is O(N x K).

Algorithm 2 Relay Selection Algorithm (RSA)

1: input: set of user N, schedule S

2: output: Relay selection R, user transmission times 7j x, user
waiting times 7o,;, relay transmission times 7i, relay waiting
times 7ok, schedule length ¢(S)

3 R+ 0, Tiﬂk(R) — 0, ToJ('R,) — 0, Tk(R) — 0, T()’k(R) —
0,t+0

4: fori=1:|N| do

5. Evaluate T; x for Vi € K

6: J < argmin;en Tk,

7

8

R+ R+{j}

: t t—|—Ti’k(j),
9: To,i < To,i + {7'0,1'},
10: Tik < Tik + {Ti’m},

11: Tok < Tok + {Toym},
12: Tk < Tk + {Tm},
13: end for
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C. Scheduling and Relay Selection Problem

The purpose of this section is to determine the schedule
and relay selection which minimizes the overall transmission
time of the network. As in the last section we have solved the
scheduling problem and relay selection problem optimally, one
straight forward solution to the scheduling and relay selection
problem is to enumerate all the possible schedule and relay
combinations and pick the one which gives the minimum
transmission time. However, this brute-force scheme has an
exponential computational complexity and it is intractable
even for a medium size networks. Therefore, in the following,
we will present a polynomial-time heuristic algorithm.

D. Scheduling and Relay Selection algorithm

The scheduling and relay selection algorithm SRS pre-
sented in Algorithm 3, is described as follows. The algorithm
starts by taking set of users A" with a predetermined relays K
and optimal schedule length t,,(S) obtained by brute-force as
inputs. Then, the transmission schedule S and corresponding
relays R are initialized by empty set. The algorithm also
initializes the schedule length tsrs(S) to 0 and tolerance e
to value 0.03 (Line 3). The algorithm evaluates the schedule
for the given relay selection by using the Algorithm 1 (Line
5). Then, this schedule is passed to the relay selection algo-
rithm which evaluates the schedule length and optimal relay
selection for this schedule (Line 6). The algorithm executes
iteratively until the difference between the optimal schedule
length and tggrs(S) is greater than the tolerance e. The
algorithm terminates when desired tolerance is achieved (Line
7.

Algorithm 3 Scheduling and Relay Selection Algorithm (SRS)

1: Input: set of users N/, set of predetermined relays R, optimal
schedule length ¢,

2: Output: transmission schedule S, schedule length tsrs(S),

relay selection R

S+ 0, R+ 0, tsrs < 0, €+ 0.03,

while t,,-tsrs > € do
obtain schedule S by using SA for relays R,
obtain schedule length ¢{srs and optimal relay selection R
by using RS A for schedule S

7: end while

AN

VI. PERFORMANCE ANALYSIS

The purpose of this section is to compare the performance
of T AP, scheduling algorithm denoted by Scheduling and
the scheduling and relay section algorithm denoted by SRS in
comparison to the optimal solution denoted by BF A. Simula-
tion results are obtained by averaging over 1000 independent
random network realizations. The attenuation of the links
considering large-scale statistics are determined using the path

loss model given by PL(d) = PL(do) + 10cdogio| & ) +Z

where PL(d) is the path loss at distance d in dB, dy is the
reference distance, « is the path loss exponent, and Z is a zero
mean Gaussian random variable with standard deviation ¢. The
small-scale fading has been modelled by using Rayleigh fading

with scale parameter {2; set to mean power level obtained from
the large-scale path loss model. The parameters used in the
simulations are n; = 1 for ¢ € {1,---,N}; D; is assumed
to be 100 for i € {1,--- ,N}; W = 1 MHz; dy = 1 m;
PL(dy) = 30 dB; a = 2.76, and o = 4 [15]. The self
interference coefficient 3 is taken as —80 dBm. For non-
linear energy harvesting model, Ps = 7TmW, A = 1500 and
B = .0022.

Fig. 2 illustrates the performance of the algorithms for
different HAP power levels, P,,,, levels and number of users.
The schedule length decreases as the HAP power increases
because higher HAP power increases the energy harvesting
rate, which results in smaller waiting time for all the users.
Above a certain value of P, the schedule length is almost
constant due to the saturation region of all the users and relays
and any further increase in the HAP power does not improve
the energy harvesting rate. For lower values of the HAP
power, scheduling performs significantly better than the TAP
algorithm because delaying the users with low initial energy
level gives them time to harvest more energy, hence, reduces
their waiting time. However, the higher values of the HAP
power, the smaller the scheduling impact due to higher energy
harvesting rate and very low waiting times. The proposed SR.S
algorithm performs very close to the optimal solution for all
the values of HAP power. For the P,,,, analysis, initially
the total transmission time decreases as the P,,,, increases
since users have higher energy level and they can utilize more
energy by using higher power level. However, above a certain
value of P,,.., the schedule length starts increasing because
users/relays are not allowed to transmit below P,,,,, there-
fore, higher P4, value requires more waiting time to reach
this particular P,,,, value. The proposed solution performs
significantly better than T'AP and Scheduling algorithm and
performs very close to the optimal solution for all the range
of P,,q. values. The last graph shows the impact of number
of users on the total transmission length. For small number of
users, the scheduling is not important however, as the network
size increases, the scheduling becomes more important. In a
larger network, it is more probable to find a user with very
small waiting time, which makes scheduling more important.
Initially, schedule length increases linearly, however, as the
network sizes increases, any further addition of a user results
in very small increase in the total transmission time.

Finally, we analyse the runtime of the proposed algorithms
in Fig. 3 for different number of nodes. The runtime of the
optimal algorithm achieved by brute force increases expo-
nentially with the addition of every new node, whereas the
addition of new nodes adds minimal computational burden
to the proposed algorithms. The runtime of the proposed
algorithm is one thousandth time smaller than the optimal
algorithm. It is important to note that the proposed algorithm
performs very close to the optimal solution for all the ranges
of different parameters as shown in Fig. 2.
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VII. CONCLUSION

In this paper, we investigate the total transmission time
minimization problem through user scheduling and relay se-
lection for a full-duplex WPCCN system considering on-off
transmission scheme. First, we mathematically formulate the
optimization problem as MINLP problem, which is difficult
to solve in polynomial time. To solve the problem efficiently,
we analyze the problem for time allocation, scheduling and

[2] M. A. Hossain, R. Md Noor, K. A. Yau, I. Ahmedy, and S. S. Anjum,
“A survey on simultaneous wireless information and power transfer
with cooperative relay and future challenges,” IEEE Access, vol. 7,
pp. 19166-19198, 2019.

X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power
transfer: Architecture design and rate-energy tradeoff,” IEEE Transac-
tions on Communications, vol. 61, no. 11, pp. 4754-4767, 2013.

H. Ju and R. Zhang, “Throughput maximization in wireless powered
communication networks,” IEEE Transactions on Wireless Communica-
tions, vol. 13, no. 1, pp. 418-428, 2014.

A. Nosratinia, T. E. Hunter, and A. Hedayat, “Cooperative communi-
cation in wireless networks,” IEEE Communications Magazine, vol. 42,
no. 10, pp. 74-80, 2004.

D. Mishra, S. De, and D. Krishnaswamy, “Dilemma at rf energy
harvesting relay: Downlink energy relaying or uplink information trans-
fer?” IEEE Transactions on Wireless Communications, vol. 16, no. 8,
pp. 49394955, 2017.

H. Chen, Y. Li, J. L. Rebelatto, B. F. Uchda-Filho, and B. Vucetic,
“Harvest-then-cooperate: Wireless-powered cooperative communica-
tions,” IEEE Transactions on Signal Processing, vol. 63, no. 7, pp. 1700—
1711, 2015.

Y. Gu, H. Chen, Y. Li, and B. Vucetic, “An adaptive transmission
protocol for wireless-powered cooperative communications,” in 2015
IEEE International Conference on Communications (ICC), pp. 4223—
4228, 2015.

X. Li, Q. Tang, and C. Sun, “The impact of node position on outage
performance of rf energy powered wireless sensor communication links
in overlaid deployment scenario,” Journal of Network and Computer
Applications, vol. 73, pp. 1-11, 2016.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10] A. G. Onalan, E. D. Salik, and S. Coleri, “Relay selection, scheduling
relay selection individually and derive the optimal solution and power control in wireless powered cooperative communication
. . : networks,” arXiv preprint arXiv:2002.00611, 2020.
for eaCh, based on the optm'lahty analySIS‘ Then’ for the ove.:ra.ll [11] R. Morsi, D. S. Michalopoulos, and R. Schober, “Performance analysis
scheduling and relay selection problem, we propose a heuristic of near-optimal energy buffer aided wireless powered communication,”
algorithm which determines the schedule and corresponding IEEE Transactions on Wireless Communications, vol. 17, no. 2, pp. 863—
: : ; : . 881, 2018.
relays l.)y lteratlvely Caumg the opt1mal algorlthms O,f the [12] R. Morsi, D. S. Michalopoulos, and R. Schober, “On-off transmission
scheduling and relay selection. For future work, we aim to policy for wireless powered communication with energy storage,” in
extend this study for discrete transmission rate and discrete 2014 48th Asilomar Conference on Signals, Systems and Computers,
. : .. pp. 1676-1682, 2014.
power level models 1g which use'rs can select a transmission [13] M. S, Iqbal, ¥ Sadi, and S. Coleri, “Optimal on-off transmission
rate/power from a finite set of discrete rate/power levels for schemes for full duplex wireless powered communication networks,”
their information transmission. https://arxiv.org/abs/1910.13239, 2019.
[14] E. Boshkovska, D. W. K. Ng, N. Zlatanov, and R. Schober, “Practical
ACKNOWLEDGEMENT non-linear energy harvesting model and resource allocation for swipt
systems,” IEEE Communications Letters, vol. 19, no. 12, pp. 2082-2085,
This work is supported by Scientific and Technological 2015.
Research Council of Turkey Grant #1 17E241. [15] M. S. Igbal, Y. Sadi, and S. Coleri, “Minimum length scheduling for full
duplex time-critical wireless powered communication networks,” /[EEE
Transactions on Wireless Communications, pp. 1-1, 2020.
REFERENCES
[11 O. Ozel, K. Tutuncuoglu, J. Yang, S. Ulukus, and A. Yener, “Transmis-
sion with energy harvesting nodes in fading wireless channels: Optimal
policies,” IEEE Journal on Selected Areas in Communications, vol. 29,
no. 8, pp. 1732-1743, 2011.
193

Authorized licensed use limited to: ULAKBIM UASL - Kadir Has University. Downloaded on July 24,2021 at 18:51:44 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


