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Wireless Powered Communications With Initial Energy: QoS Guaranteed
Energy-Efficient Resource Allocation
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Abstract—This letter considers a wireless powered communi-
cation network (WPCN) where users first harvest energy in the
downlink (DL) and then use the energy to transmit information
signals in the uplink (UL). Furthermore, each user is also equipped
with some initial energy, which generalizes the previous works on
energy transfer and initial energy. Our goal is to maximize the
system energy efficiency while guaranteeing the user’s quality of
service via joint time allocation and power control in both DL
and UL. We find that the power station always transmits with the
maximum power in DL while the transmit power of users in UL
follows the waterfilling structure. In addition, the time allocation
between DL and UL can be simplified into a linear programming
problem. Finally, we propose an efficient algorithm to obtain the
optimal solution. Simulation results demonstrate the system EE
analysis for the WPCN as well as the special cases.

Index Terms—Energy efficiency, power transfer, QoS, resource
allocation.

I. INTRODUCTION

IRELESS energy transfer (WET) has drawn significant

attention because of its capability of prolonging the life-
time of wireless networks [1], [2]. The authors in [1] propose a
“harvest and then transmit” protocol for wireless powered com-
munication networks (WPCNs) where users first harvest energy
in downlink (DL) WET stage and then transmit information
signals in uplink (UL) wireless information transmission (WIT)
stage. Then, the closed-form expressions of the time allocation
are derived for maximizing the spectral efficiency (SE). Mean-
while, due to the the explosive growth of high-data-rate applica-
tions, energy efficiency (EE), measured by bits per joule, has been
accepted as an important indicator for wireless communications
[3]-[5]. In [3], the EE of a WPCN is studied for a single-user
scenario, butit can not be extended to the multiuser case due to the
coupling of the time allocation and power control. The authors
in [4] reveal that without considering the user quality of service
(QoS), the EE maximization problem of a multiuser WPCN
can be reduced to two sub-problems. To our best knowledge,
the QoS guaranteed energy-efficient resource allocation in the
WPCN has not been investigated in the literature.
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Fig. 1. The system model of a wireless powered communication network.

In this letter, we study the EE maximization problem by
taking into account the individual user QoS. Furthermore, each
user is also equipped with some initial energy, which may be the
energy left from the previous transmission blocks or harvested
from other sources, such as solar and wind. These setups enable
users to have higher flexibility in utilizing energy and also make
the considered problem more general than the previous works

(11, [3], [4].

II. PRELIMINARIES

A. System Description

We consider a WPCN, which consists of one power station,
K wireless-powered users, and one information receiving base
station that is not necessarily co-located with the power station,
as illustrated in Fig. 1. The “harvest and then transmit” protocol
is adopted for this network [1]. We also assume that perfect
channel state information (CSI) is obtained in order to explore
the EE upper bound of the WPCN [6]. The DL channel gain
between the power station and user terminal k, and the UL
channel gain between user terminal k and the receiving base
station are denoted as hy and gy, respectively.

During DL WET, the power station broadcasts the energy
signal with power Py and time 79. The energy harvested from
the noise and the received UL WIT signals from other users is
assumed to be negligible, since the noise power and the user
transmit powers are both much smaller than the transmit power
of the power station in practice [1]. Thus, the amount of energy
harvested at user k can be expressed as

El' = nroPohy, (1)

where n € (0, 1] is the energy conversion efficiency of the
receiver. During UL WIT, each user k transmits its information
signal to the receiving station with transmit power py and time
7. Then, the achievable throughput of user & is given by

Pkgk>

Bi = uW log, (1 S i ©)
o

where W is the system bandwidth. In the sequel, we use yx =
8k 10 denote the the normalized channel gain in UL WIT. Thus,

t(ile system throughput of the WPCN, denote as B¢, iS given by
Bt = Yoot B = Yiey uWloga (14 piv).
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B. Power Consumption Model

The total energy consumption of the WPCN consists of
two parts. During DL WET, the system energy consumption,
denoted as Ewgr, is modeled as

K
Ewgr = Poto — ZE,? + P19,
k=1

where P, is the circuit power of the power station. Note that Poto —
Z,’le E,’(’ is the energy loss due to wireless channel propagation
in DL. In practice, it is always positive due to the law of energy
conservation, and 0 < n < 1. During UL WIT, each user indepen-
dently transmit its own signal with transmit power py and time
7. Thus, the energy consumed by user k can be modeled as

3)

Ex = piti + peti, 4
where p. is the circuit power of the user terminal. Therefore,
the total energy consumption of the system, denoted as Eiy, is
given by Eyc = Ewgr + lec(:l Ey.

C. Problem Formulation

The system EE is defined as the ratio of the achievable
system throughput to the consumed system energy, i.e., EE =

gt": Our goal is to maximize the system EE while guaranteeing

the individual user QoS. Thus, the EE maximization problem in
the WPCN is formulated as

Sor wWlogy (1 + piyi)

max
gotul - Poto (1= LE nii) + Pero + XA (it + peri)
K
st. Cl:Pg <Pmax, C2:70+ Zrk < Tmax,
k=1
C3 : pxti +petr < nPotohi + Ok, Vk,
C4: uyWlogy(1 + pryx) > Bi‘nin, Vk,

C5:179>0,7.>0, Vk,
C6:Py>0,pr >0, Vk. (5)

In (5), C1 limits the maximum allowed transmit power of the
power station as Ppax in DL WET. In C2, the total available
transmission time is denoted as Tax. C3 guarantees that the
energy consumed by user k£ in UL WIT does not exceed the
total available energy which includes both the harvested energy
nPotohi and the initial energy Q. In C4, Bfnin is the minimum
throughput requirement of user k. C5 and C6 are non-negative
constraints on the optimization variables.

Remark 2.1: 1t is worth noting that by setting Oy = 0, V&,
problem (5) can be regarded as the EE maximization of the pure
WPCN (PWPCN) where users depend only on the harvested
energy to support communications as in [1], [3]. In contrast, by
setting tp = 0, problem (5) is reduced to the EE maximization
of the conventional initial energy limited communication net-
work (IELCN) where the power transfer is not employed as in
[7]. Therefore, our considered problem is a generalized one and
the result also presents an unified optimization framework for
these two kinds of networks.

III. ENERGY-EFFICIENT TRANSMISSION FOR THE WPCN

We first investigate the transmit power of the power station.
Theorem 3.1: For problem (5), the maximum system EE can
always be achieved at Py = Pax-
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Proof: As the energy transfer may not be activated due
to the initial energy of users, we discuss the following two
cases. First, if ‘(0 > 0 and PZ‘; < Pmax hold in the optimal so-
lution {P}, {pk} ) {rk }}, then we can construct angther feasi-
ble solution {Po, {pk} To, {Tk}} with Po = Prmax, T0Po = 7, Py,
T, = 7, and Py = pj, which guarantees that C1-C6 still hold.
Thus, it follows that Ty < 7 and thus PoTo (1 - Zszl nhk> +

P.Ty < Pty (1 — Z,’le nhk) + Pct5. Then, we can easily

check that EE > EE*, and thus Py = Ppax always holds. Sec-
ond, if rg‘ = 0 holds, then the value of the transmit power Pg
does not affect the maximum system EE, and thus Py = Pmax
is also optimal. U

Considering Theorem 3.2, we only have to optimize 19, px,
and i, Y k, for solving problem (5). In the next, we shall employ
fractional programming theory to transform the original prob-
lem into a convex one that can be solved efficiently. According
to [6], for a problem of the form,

B , T
* _ max tot (Pk> Tk) (6)
w. () )eF Evor(T0, Py T
where F is the feasible set, there exists an equivalent problem
in subtractive form, which satisfies

max
w0, {pat ATk teF

{Btot(pka ™) — q"Erot(70, P, Tk)} = (7

The equivalence of (6) and (7) can be easily verified at the
optimal point (z§, pf, ') with the maximum value ¢* which
is also the maximum system EE to be achieved. Dinkelbach
provides an iterative method in [6] to obtain g*. In each itera-
tion, a subtractive-form maximization problem (7) is solved for
a given g. The value of ¢ is updated and problem (7) is solved
again in the next iteration until convergence is achieved.
However, due to the products of optimization variables in C3
and C4, the transformed problem (7) is still non-convex. Hence,
we further introduce a set of auxiliary variables, i.e., Ex = pxtx,
V k, which can be interpreted as the actual energy consumed

on information signals by user k. Replacing pi w1th , Vk,

problem (7) can be written as

~, K
max Z Wlog, (1 + —J/k> —4q (Z(Ek + peti)

70, (%
(Bl k=1 k=1

K
“eraxTO(l - Znhk> +PcTO>

k=1
st. C2,C5, C6:E >0, Vk,

C3 : Ex 4 petk < nPmaxTohi + Ok,

E
C4: 5 Wlog, (1 + —k)/k> Bl Yk
Tk

Yk,

®)

Theorem 3.2: The objective function of problem (8) is jointly
concave over (g, {Tx}, Ex).

Proof:  Since 7Wlog, (1 + = yk) is jointly concave
over (Ek, 7x) and the sum operation preserves the concavity [8],
Theorem 3.2 holds. O

Note that all constraints in problem (8) result in a convex set.
Thus, problem (8) is a standard concave optimization problem
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that can be solved by the Lagrangian duality approach [8]. The
partial Lagrangian function of problem (8) can be written as

K
E (T()v Ek, {Tk}v A., ’Lv 5) = 8 (Tmax — 70 — Z Tk)

k=1

K = K
F 40 Y aWiog, (1 + T_kyk) S5 B,

k=1 k=1
K K
—q (Z(Ek + peti) + PmaxT0 (1 -3 T)hk> + Pcfo)
k=1 k=1
K
+ 3 MOk + NPmaxtohk — Ex — pets), ©)
k=1

where §, A, and g are non-negative Lagrange multipliers associ-
ated with C2, C3, and C4, respectively. Note that the boundary
constraints C5 and C6 will be absorbed into the optimal solution
in the following.

Theorem 3.3: Given A, j, and §, the optimal transmit power
of maximizing £ (‘L’o, Er, {te}, A, 1, 5) is given by

_%_[W(l—f-/tk) 1

pr=—= -—
(@+i)In2  y

+
} . Yk, (10)
T

where [x]T £ max{x, 0}. Moreover, the optimal transmission
time 7y and 7, Yk, is given by solving the following linear
programming problem

K

% (Wlogy (1 + pryx) — q(pk + pe))
k=1

K
— Toq (Pmax (1 - Z nhk> +pc)
k=1

s.t. C2, C5,

max
70, {7k}

C3: w(pk +pe) < tonPmaxhk + Ok, Vk,
C4:gWlogy(1 +pryi) = B, . Vi (11)
Proof: Please refer to Appendix A. g

From (10), we observe that the optimal transmit power
of users, pg, still follows the conventional multi-level water-
filling structure [6]. In addition, since problem (11) is a linear
programming problem with respect to 79 and 7, linear opti-
mization techniques, such as the simplex method [8], can be
employed to obtain the optimal solution efficiently. Substituting
74 back to (10), E is then obtained immediately.

After computing primary variables (tg, Ej, %), the com-
monly used subgradient method can be employed to update
Lagrange multipliers (A, u, §) towards the optimal soltuion [8].
The subgradients required are given by

Al = nPmaxTohr + Or — Ex, Vk,
App = By—By, Yk (12)
A = Tmax — 70 — Zf;] Tk

Due to the concavity of problem (8), the iterative optimiza-
tion between (7o, Ex, 7x) and (A, u, §) is guaranteed to converge
to the optimal solution of (8) [8]. The detailed procedures are
summarized in Algorithm 1.

IEEE COMMUNICATIONS LETTERS, VOL. 19, NO. 12, DECEMBER 2015

Algorithm 1 Energy-Efficient Resource Allocation Algorithm

1: Initialize the maximum accuracy € and set g = 1;
2: repeat

3: Initialize A, u, and §;

4: repeat

5 Obtain py from (10);

6: Obtain 79 and ¢ by solving problem (11);

7 Update the dual variables A, u, and § from (12);
8: until A, p, and § converge;
9: Update g from (6);
10: until (Biot(pk, T) — gEt0t (70, Pk, ™)) < €.

The complexity of Algorithm 1 is analyzed as follows. First,
the complexity of obtaining 7o, px, and 7, V k, linearly increases
with the number of users, K. Second, since there are 2K + 1
dual variables, the complexity of the subgradient method is thus
O(2K + D) [8]. Finally, the Dinkelbach method for updating
q is regardless of K [6]. Therefore, the total complexity of the
proposed algorithm is O(K (2K + D?).

IV. DiscuUssSION ON FINITE CAPACITY BATTERY CASE

In this section, we consider finite capacities batteries for
users by adding new constraints:

C7 : nPotohy + Ok < Cy, (13)

where Cy is the battery capacity of user k. C7 suggests that the
energy stored in the battery can not exceed Cy.

However; these new constraints do not affect the conclusion
in Theorem 3.1. This can be explained as follows. In order to
show Py = Pnax still holds even under the assumption of finite
capacity batteries, we only need to show that the constructed
solution in the proof of Theorem 3.1, i.e., {Po, {pr}, 70, {Tk}}
also satisfies new constraints C7. Substituting the constructed
solution into C7 yields

nPoTohx + Ok = ntiPihi + Ox < Gx, Yk (14)

This suggests that the constructed solution is indeed a feasible
solution as {Pf, {p;}, 7y, {r}} is a feasible solution. Similarly,
we can conclude that the constructed solution still achieves a
higher system EE, i.e., EE > EE*. Therefore, even though the
finite battery capacities are considered for users, Theorem 3.1
still holds true. Furthermore, under Theorem 3.1, constraints C7
are reduced to

Yk,

Cr —
C7:t0<k7Qk

< , Vk.
NP maxhi

15)
which are just to put maximum limits for the transmission time
79 in order to avoid energy overflow. Since these are linear con-
straints, the concavity of transformed problem (8) still holds,
i.e., C7 do not affect the algorithm design and can be easily
addressed at the expense of simple derivations.

V. NUMERICAL RESULTS

In this section, we present simulation results to demonstrate
the proposed resource allocation. Four users are randomly and
uniformly distributed on the right side of the power station with
the reference distance of 2 meters and the maximum service
distance of 10 meters, respectively. The receiving BS is located
150 meters away from the power station. The path loss exponent
for large scale fading is 2.4. The small scale fading for WET
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is the Rician fading with Rician factor 7 dB while that of for
WIT is the normalized Rayleigh fading. Other parameters are
set as W=20 kHz, n=0.9, P.=500 mW, p.=10 mW, o2 =
—110 dBm, BX, =10 Kbits, Prmax =40 dBm and Tpax=1 s,
unless specified otherwise.

Fig. 2 depicts the system EE achieved by the proposed algo-
rithm versus the number of iterations of the Dinkelbach method.
We can observe that at most five iterations are needed to reach
the optimal solution for all cases. Furthermore, the performance
gain becomes larger for lower noise power. This is because for
lower o2, the same amount of energy is able to support more
bits transmitted, which thereby results in larger EE gain. Fig. 3
illustrates the system EE versus different settings of Qy and
Bfnin, Y k. Without loss of generality, we assume that all users
have the same values of Qy and Bfnin, respectively. For the blue
curve where Oy = 0 Joule (J), Yk, we know from Remark 2.1
that the system is in the PWCPN mode, i.e., all users only depend
on WET. For the red curve where Q; = 0.02 J, Vk, we know
that system is either in the IELCN mode or in the WPCN mode,
which depends on the throughput requirements By, V k. It is ob-
served that when increasing Bfnin from 10 Kbits to 15 Kbits, the
system EE decreases for both scenarios, which is due to the fun-
damental trade-off between EE and spectral efficiency (SE). In
particular, when Bfnin =10 Kbits, the corresponding EE is re-
gardless of Pmax, which means that the initial energy Q=
0.02 J is able to support Bﬁlin and WET is thus not used, i.e., the
system is in the IELCN mode. While when Q; = 0J, users have
to depend on WET and the corresponding EE thereby increases
with Ppax, i.€., the system is in the PWPCN mode. Thus, the
performance gap between IELCN and PWPCN is in fact the
cost of enjoying the convenience of WET, but it is alleviated by
improving Pmax. This is because large Pmax reduces the time
needed for WET, which thereby reduces the circuit energy con-
sumption and leaves more time for WIT. In addition, when in-
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creasing Bfnin from 10 Kbits to 15 Kbits, the initial energy is not

able to support Bi‘nin. Then, WET is further used to meet through-
put requirements, which results in that the corresponding EE
increases with Ppx, i.€., the system is in the WPCN mode.

VI. CONCLUSION

In this letter, we propose an unified optimization framework
to energy-efficient resource allocation in the WPCN while
guaranteeing the QoS of each user. Simulation results demon-
strate the convergence of the proposed algorithm and verify our
analysis for the WPCN as well as the special cases. It is found
that the system EE performance loss caused by enjoying WET
can be compensated by improving the transmit power of the
power station.

APPENDIX A
PROOF OF THEOREM 3.3

Taking the partial derivative of £ with respect to o, Ey, and
Tk, respectively, we obtain

Y K K
8_-(0:Pmax Z)\khk—q 1—Znhk —ch_(S, (16)
k=1 k=1
oL w1 + T
_ WA w0 vk, (17)

0E,  (t + Exyx) In2

Setting gz% = 0, the relationship of Ek and 1 can be obtained
as (10). Substituting (10) into % yields

0L W + ui) v
% _q Wlog, [ o " HOYVEY
(14 o) Og2<(q+/\k)1n2)

0Tk
wa + 1

(7% - — +pc) , Vk. (18)
(g+r)In2

From (16) and (18), we observe that the Lagrangian function
L is a linear function of both 79 and %, ¥ k. This means that
the optimal solution of 7y and 7%, V k, can always be found at
the vertices of the feasible region [8]. Therefore, in order to
obtain 1y and 1y, Y k, substituting (10) into (8) yields the linear
programming problem (11).

—(61+?»k)<
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