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1 | INTRODUCTION

For many wireless sensor applications, wireless powered communication network (WPCN) is preferred since it is easy to install,
low cost and flexible. In WPCN, a dedicated hybrid access point (HAP) transmits energy in the downlink for the users, that is,
sensors or machine type communication devices, and the users harvest this energy for their uplink data transmission. Some
studies’?? focus on the throughput maximization considering half-duplex models, in which energy and information are trans-
ferred in sequential non-overlapping slots. This half-duplex scheme results in equal energy harvesting (EH) duration for all the
users. Therefore, the transmission order does not have any effect on the throughput of the users. Due to the recent advances
in self-interference cancellation (SIC) techniques* and their practical implementations,> full-duplex (FD) technique is being
investigated for WPCN in which users can perform simultaneous energy harvesting and data transmission. For the FD model,%’
present the sum throughput maximization in which either only HAP or users and HAP both are operating in FD mode. In the
FD mode, users can harvest energy during their own and previously scheduled users transmission, which results in an uneven
energy harvesting time for each user, hence, making scheduling critical. The authors in References 8, 9, 10, 11 pay attention
to scheduling but in a limited context: In Reference 8 authors use a classic combinatorial optimization algorithm known as
Hungarian algorithm to schedule the users, which requires exponential computational complexity for such sequence depen-
dent networks. Reference 9 divides the whole frame into a fixed number of time slots of equal length, and then allocates them
to the users, which results in the under-utilization of the resources. On the other hand,!° considers a continuous transmission
rate model to maximize the sum throughput and!! considers beam-forming and scheduling to minimize the data queuing delay
of the users in a multi-carrier heterogeneous network. In our previous studies,'?13!4, we propose minimum length scheduling
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FIGURE 1 Architecture of wireless powered communication network

(MLS) for continuous, constant and discrete rate based WPCN. Discrete rate model is more realistic than the continuous rate
model since a wireless transmitter can only work with a limited rate levels however, for WPCN, only'* considers a discrete rate
model for MLS problem. The goal of this letter is to analyze a more practical discrete rate based in-band full-duplex WPCN
with the objective of sum throughput maximization (STM) subject to the user maximum transmit power, and energy causality
constraint considering the initial battery levels.

2 | SYSTEM MODEL

The system model and assumptions are described as follows:

The full-duplex WPCN architecture depicted in Figure 1, consists of a HAP and a set of users #° = {1,2,- - -, N}. The uplink
and downlink channel gains of user i are denoted by g; and h;, respectively. The channel gains remain the same within a transmis-
sion block but may change in the other blocks, that is, block fading. The HAP has a stable power connection and continuously
radiates power Pj,. The users store the harvested energy in a battery with initial battery level B; at the start of the frame. The
users transmit their data to the HAP by using time division multiple access protocol. The energy harvesting rate of user i is
C; = n;h; Py, where, 5; is the antenna efficiency. We use a practical discrete rate transmission model, in which a finite set of M

transmission rates R = (r!, 72, - - -,¥M) and a finite set of M SINR levels y = (¥, y?, - - -, y™) are determined such that user i can
transmit at rate r* successfully in the allocated time slot if the achieved SINR for user i satisfies:
yi= =Bk, 6
o, + ﬁPh

where the term fPj, is the power of self-interference at the HAP and o2 is the noise power.

3 | SUMTHROUGHPUT MAXIMIZATION PROBLEM

In this section, we introduce the discrete rate based sum throughput maximization problem, referred as DR-STMP.
DR-STMP:

N
maximize Zri i (2a)
i=1
subject to
M
Pigi_(ZZik7k>(Gg+ﬁPh)ZO, ie{l1,2,---,N} (2b)
k=1
N
Bi+CiTQ+Ci ZaijTj+CiTi_PiTi20’ VlE{l,Z,,N} (ZC)

=L
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PiSPmax’ ViE{l,Z,“',N} (Zd)
M
xi= Yart, Vie({1,2,--,N) (2¢)
k=1
M
Dzk=1, Vie{l2:--,N) @f)
k=1
aj+ai=1i#j, Vije{1,2,---,N} (2g)
N
Zfi =T, (2h)
i=0
variables P;>0, 7,20, a;€{0,1}, zie{0,1}. (2i)

where the variables of the problem are P;, the transmit power of user i, fori €{1, 2, - - -, N}; 7;, the transmission time of user i, for
ie{l,2,- -, N}; a;,abinary variable which takes value 1 if user i is scheduled before user j and 0 otherwise, fori,j€{1, 2, - - -, N};
and z;, a binary variable which takes value 1 if user i is allocated to rate r* and 0 otherwise, forie{1,2,---,N}, ke{1,2,---,
M]}. In addition, 7 denotes an initial waiting time duration during which all users only harvest energy without transmitting any
information and P, is the maximum allowed transmit power for any user. The objective is to maximize the sum throughput
as given by Equation (2a). Equation (2b) represents the constraint on satisfying the rate adaptation of the users. Equation (2c)
gives the energy causality constraint, that is, consumed energy should be less than the available energy. Equation (2d) represents
the maximum transmit power constraint for the users to avoid interference to the nearby users. Equation (2e) and Equation (2f)
together represent the selection of one of the available transmission rates as the transmission rate of user i. Equation (2g) is a
scheduling constraint, that is, if user i is transmitting before user j then user j cannot transmit before user i. Finally, Equation (2h)
is the frame length constraint, where the length of the frame is denoted by T. The optimization problem formulation presented
in Equation (2) is a mixed integer non-linear programming (MINLP) problem, which is generally hard to solve for a global
optimum in polynomial-time.

4 | OPTIMALITY ANALYSIS

We start by investigating the problem for user i. Every user requires a certain power to achieve a particular transmission rate. Let
P;‘ be the minimum required transmission power to achieve the k™ transmission rate via satisfying the SNR constraint y; > y*
using the harvested energy. Then, constraint 2b should hold with equality and the required transmission power is given by:

i _ 7@5+ PP
i_ ]
8i

vke {1,2,---,M} 3)

The P,q, constraint in Equation 2d needs to be satisfied: if P¥ > Py, then the k™ transmission rate is infeasible for the particular
user. This limitation implies that every user may afford a different set of rate levels. Let r; denote the set of rates user i can
afford, where r; C R and n; is the set of users which have rate level i, i.e., * as their highest affordable rate level at the scheduling
decision time where n; C /.

Lemma 1. In the optimal solution of STMP, for any two users i and j transmitting at Py,q such that max r; > max r;, if 7; = 0,
then 7; = 0.

Proof. Suppose that t* = [z}, 7}, ... , 75] is the optimal transmission time for an " such that '=0 and Tj* > 0 for some i

and j such that max r; > max r;. For some 7 > 0, without violating energy causality of user i, transmission time of user j can be
divided into two time slots rj* — 7' and 7', each assigned to users j and i, respectively. Then, the sum throughput is increased by

7 (max r; — max ;) which is strictly positive. This is a contradiction. O

Lemma 1 suggests that high rate users should be prioritized for STM, an optimal schedule may not contain all users as long
as the maximum throughput is achieved by a subset of users. Depending on the energy available for users; some high rate users
may utilize the entire scheduling frame. For instance, if a user can feasibly afford maximum transmission rate for the entire
frame, the optimal schedule will only contain this particular user as indicated by the following corollary of Lemma 1.

Corollary 1. Let user i can afford maximum transmission rate for the entire frame then, there exists an optimal solution in
which z; = T} i.e., user i is allocated to the entire scheduling frame.
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Now, let tfi and tfi be the times user i can afford data transmission using rate level k while allocated at the start and end of the
frame respectively. These transmission times can be evaluated as té‘i = B;/ Pﬁ‘ and tl_,‘l_ =B;+CT)/ Pf. Since the user can afford k™
rate for a longer time if it is allocated at the end of the frame due to more energy harvesting time. This suggests that throughput
can be increased if the transmission of user with higher energy harvesting capability is delayed. Let Ai.‘ be the difference between
t’e‘i and té‘i Jie., Ai.‘ = t’e‘i - té‘l_ for rate level k then among all the users having rate level k as their highest feasible rate level, it is better

to allocate a user with higher 4* at the end of the frame as compared to a user with smaller Af. This suggest that the higher Af
users should be prioritized by the scheduling algorithm, that is, they should be allocated at the end of the frame. Based on this
analysis and Lemma 1, we propose a polynomial time heuristic scheduling algorithm which maximizes the sum throughput
presented in Algorithm 1.

5 | SCHEDULING ALGORITHM

Based on the analysis of the joint rate adaptation and scheduling problem, we present the maximum rate first algorithm (MRFA),
as given in Algorithm 1. The algorithm aims to pick the transmission order which maximizes the sum throughput. As sug-
gested by the optimality analysis, MRFA starts by allocating the user that can afford maximum possible rate for maximum time
and iteratively determines the schedule. Note that the algorithm starts allocation from the end of the frame so that the user
with higher energy harvesting rate can have more time to harvest the energy. The algorithm is described as follows. The input
of MRFA is a set of users, denoted by . with characteristics specified in Section 2 and the sets of users with k' rate level as
their maximum feasible rate level denoted by ny Vke{1, 2, - - -, M} (line 1). The Algorithm is initialized by k = M, i.e., the
highest rate level. MRFA starts by checking whether ny is an empty set, which means no user can afford the k' rate level, there-
fore, it will lower down the rate level until it finds a feasible rate level (lines 5-7). Once the feasible rate level is determined,
MRFA evaluates the time difference 4 for all the users in set ny (lines 8-13). After the evaluation of the transmission power and
time difference, for best utilization of transmission time, the algorithm allocates the transmission time to a user with the best
energy harvesting capability and can improve the throughput most. Therefore, the algorithm starts allocation with the high-
est 4 for this rate level and allocates the maximum feasible transmission time to this user without violating energy causality
constraint (lines 14-15). Then, the frame length (line 16), schedule (line 17) and set n, (line 18) are updated accordingly. Then,
the algorithm is re-executed for the remaining users (lines 4-19). If the unallocated time duration is 0 at any step, MRFA termi-
nates by not scheduling the remaining users (lines 20-22) otherwise it schedules all the users. Upon termination, MRFA outputs
the transmission times 7((&')), transmission schedule &', corresponding rates y(& ), and sum throughput (& ). The computa-
tional complexity of MRFA is ©(N?) for N users. The algorithm evaluates the transmission time, power and rate for one user in
each iteration, and then determines the transmission rate, followed by evaluating the time difference 4 for each user. Assuming
N > M, the complexity of each iteration is © (V) with total number of N iterations for N users. Algorithm 1 gives the algorithm
which maximizes the sum throughput.

Algorithm 1 Maximum Rate First Algorithm

1: input: set of users A, ny Vke{1,2, -, M} 13: end for
2: output: Schedule: &, Transmission times 7(S'), Trans  14: Y« argmaxmenkA’,‘n
mission rates y(&§ ), Sum throughput R(S) 15: 7y, = min((By + Cyt“)/P’y‘, )
308 « GtreT, 7t <@y« B kM 16: et -1y,
4: forj=1:Ndo 17: S <S8+
5 while [n; | =0do 18: n; < ng —{y}
6: ke—k-1, 19: 2(S) « (&) +{r}
7 end while 20: if t* = 0 then
8 forv=1:|ng do 21: break,
9: i —ng(v) 22: end if
10: Pl’F < 7k + pPw) /g, 23: end for
11: &« Bi/PY, tf — (B + Cit") [ PE, 24: 1ot
12: A=k gk 250 R(S) < X0, Tk

6 | PERFORMANCE EVALUATION

The goal of this section is to evaluate the performance of the proposed heuristic algorithm MRFA in comparison to the equal
time allocation, on-off transmission scheme and half-duplex system. Equal time allocation, denoted by ETA, aims to allocate
equal time to all the users, that is, ., 7; = T/N at any feasible power level P; < P,,,,,. On-off transmission scheme, denoted by
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FIGURE 2 Sum throughput analysis for different HAP transmit powers, network densities and initial battery levels

On-Off, considers the scenario in which the users either transmit at the highest feasible rate from the set R by using maxi-
mum power P,,,, or remain silent if they can not afford transmission on this power level.'* The half-duplex model, denoted
by HD, determines the optimal energy harvesting duration and user transmission times with the objective of maximizing the
sum throughput of the system for a half duplex model by using the convex optimization technique.!® For a fair comparison we
incorporate the discrete rates which are achieved by scaling down the continuous value to the nearest discrete rate level, initial
battery levels and P,,q, constraint in the simulations. Simulation results are obtained by averaging over 1000 independent ran-
dom network realizations and the users are uniformly distributed within a circle of radius 10 m. The attenuation of the links
considering large-scale statistics are determined by using the path loss model given by: PL(d) = PL(dy) + 10alog,o(d/do) + Z,
where PL(d) is the path loss at distance d in dB, dj is the reference distance, « is the path loss exponent, and Z is a zero mean
Gaussian random variable with SD ¢. The small-scale fading has been modeled by using Rayleigh fading with scale parameter
Q; set to mean power level obtained from the large-scale path loss model. The parameters used in the simulations are #; = 1 for
ie{l,2,---,N}; W =1MHz; dy = 1 m; PL(d,) = 30 dB; @ = 4, ¢ = 3. The self interference coefficient g is taken as —70 dBm'#
and initial battery levels are assumed to be 10~°J. We use M = 8 discrete rate with the highest rate level of 1Mbps.

Figure 2 shows the sum throughput for different values of HAP power Pj,, network size N and initial battery level B. The
sum throughput increases as the P, value increases since energy harvesting rate is directly proportional to the HAP power,
hence, user can afford transmission at the higher rate. The proposed MRFA algorithm significantly outperforms the ETA, HD
and on-off transmission schemes due to the scheduling and incorporation of discrete rate levels into the solution. The perfor-
mance improvement of the MRFA algorithm compared to the benchmark schemes increases significantly as the number of
users increases, due to the increase in the probability of a user affording to transmit at the highest possible rate. As ETA allo-
cates equal time to all the users, the sum throughput increases almost linearly. The throughput of the HD system is smaller
than MRFA because the energy transmission and uplink information transmission cannot happen simultaneously, leading to
the under-utilization of the resources. Furthermore, the increase in initial battery level improves the performance since the
higher initial battery level allows the users to transmit at higher transmission rate for longer time, which results in a higher sum
throughput. When the initial battery level of all the users is high enough so that the whole frame can be occupied at the highest
feasible transmission rate, the sum throughput saturates and any further increase in the initial battery level results in no gain
and MRFA performs same as On-Off while outperforming ETA and HD. The throughput of HD and ETA is smaller than MRFA
because these algorithm do not incorporate scheduling and allocates time to all the users.

7 | CONCLUSION AND FUTURE WORK

In this paper, we investigate the sum throughput maximization problem considering discrete rate transmission model in a
full-duplex wireless powered communication network. We characterize an optimization framework to determine the time
allocation, rate adaptation and scheduling subject to maximum transmit power and energy causality of the users. First, we math-
ematically formulate the problem as a mixed integer nonlinear programming problem, which is difficult to solve for the global
optimum in polynomial time. Upon detailed investigation of the problem, we propose a polynomial time complexity heuristic
algorithm, which significantly outperforms the equal time allocation, half-duplex and on-off transmission schemes for different
network densities, initial battery levels of the users and the hybrid access point transmit powers. For future work, we plan to
extend this work by incorporating multiple hybrid access points, formulating and solving the problem using Qubo optimization
techniques.
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