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ABSTRACT This paper jointly investigates the downlink/uplink of wireless powered networks (WPNs),
which are exposed to the effect of the cascaded near-far problem, i.e., the asymmetric overall degradation
of the users’ performance, due to different path-loss values. More specifically, assuming that the users are
able to harvest energy both from interference and desired signals, higher path loss reduces the downlink
rate of the far user, while it also negatively affects its uplink rate, since less energy can be harvested
during downlink. Furthermore, if the far user is located at the cell edge, its performance is more severely
impaired by interference, despite the potential gain due to energy harvesting from interference signals. To this
end, we fairly maximize the downlink/uplink users’ rates, by utilizing corresponding priority weights. Two
communication protocols are taken into account for the downlink, namely, time division multiple access and
non-orthogonal multiple access (NOMA), while NOMA with time sharing is considered for the uplink. The
formulated multidimensional non-convex optimization problems are transformed into the equivalent convex
ones and can be solved with low complexity. Simulations results illustrate that: 1) a relatively high downlink
rate can be achieved, while the required energy is simultaneously harvested by the users for the uplink and 2)
dowlink NOMA is a more appropriate option with respect to the network topology, especially when a high
downlink rate is desired.

INDEX TERMS Energy harvesting, wireless powered networks, SWIPT, non orthogonal multiple
access (NOMA), resource allocation, interference.

I. INTRODUCTION

The opportunities arising from the recent adnavces in
multimedia, along with the emerging future internet-of-
things (IoT) applications, such as smart cities, health moni-
toring devices, and driverless cars, are limited by the finite
battery capacity of the involved wireless communication
devices [1], [2]. In this context, energy harvesting (EH),
which refers to harnessing energy from the environment or
other energy sources and converting to electrical energy, is
regarded as a disruptive technological paradigm to prolong
the lifetime of energy-constrained wireless networks. Apart
from offering a promising solution for energy-sustainability
of wireless nodes in communication networks [3], EH also
reduces the operational expenses [1]. However, the main
disadvantage of traditional energy harvesting methods is that
they rely on natural resources, such as solar and wind energy,
which are uncontrollable.

For this reason, harvesting energy from radio frequency
signals, which also transfer information, seems to be an
interesting alternative. This technique, referred to as simulta-
neous wireless information and power transfer (SWIPT), pre-
supposes the efficient design of the communication system
that receives information and energy simultaneously [4], [5],
which also depends on the specific system implementa-
tion [6], [7]. In this framework, the nodes use the power
of the received signal to charge their batteries [8], or to
transmit the information to the base station (BS) [9], [10].
However, in practice, nodes cannot harvest energy and
receive/transmit information simultaneously [9], [11]-[14].
In order to overcome this problem, two strategies have
been proposed, i.e., power-splitting, which is based on the
division of the signal’s power into two streams, and time-
splitting, according to which, during a portion of time,
the received signal is used solely for energy harvesting,
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instead of decoding [13], [15], [16]. The idea of SWIPT
has been reported in various scenarios, such as one source-
destination pair [8], multiple-input multiple-output (MIMO)
communications systems [17]-[21], orthogonal frequency
division multiple access (OFDMA) [8], [22], [23], coop-
erative networks [24]-[30], communication systems with
security [31]-[33], and cognitive radio [34], [35].

A. LITERATURE AND MOTIVATION

The joint design of downlink energy transfer and uplink infor-
mation tranmission in multiuser communications systems has
been initially investigated in [9]. By considering the time-
splitting technique, the authors in [9] have proposed a novel
protocol referred to as harvest-then-transmit, where the users
first harvest energy, and then they transmit their indepen-
dent messages to the BS, by using the harvested energy,
while assuming time-division miltiple access (TDMA) for
the uplink. Moreover, it has been shown that the rate and
fairness can be substantially improved, when uplink non-
orthogonal multiple access with time-sharing (NOMA-TS)
is utilized [6], [36], [37]. Power allocation in similar uplink
NOMA scenarios, with fixed decoding order of the users’
messages, has been investigated in [38], [39], and [40], con-
sidering a single-antenna, multiantenna, and massive MIMO
BS, respectively. Note that NOMA, which has been recog-
nized as a promising multiple access technique for fifth gener-
ation (5G) networks, is fundamentally different from TDMA,
since its basic principle is that the users can achieve multiple
access by using the power domain [41]-[44], implementing
a joint processing technique, such as successive interference
cancellation (SIC). Moreover, NOMA-TS is a generalization
of uplink NOMA with fixed decoding order, so that a user,
whose message suffers from strong interference for a specific
decoding order, can experience a better reception reliabil-
ity for another decoding order, during the implementation
of SIC [45]-[48].

Downlink NOMA with SWIPT has been proposed in [49],
which provides closed-form expressions for the outage prob-
ability of the users, assuming a cooperative communication
system with multiple wireless powered relays. Moreover,
in [50] the outage performance of cooperative relaying for
two-user downlink NOMA systems is investigated, while a
best near best far user selection scheme is proposed. Also, SIC
in the downlink with SWIPT has been investigated in [51],
which focuses on the coverage probability of a random user
in bipolar ad hoc networks. It should be highlighted that
the concept of downlink is different from that of the uplink
NOMA, since in the downlink all users receive the inter-
fering messages from the same source, i.e., via the same
link [52]-[54]. For example, TS is a technique that cannot
be applied in downlink NOMA. Interestingly, it has not be
shown yet if and under which circumstances NOMA outper-
forms orthogonal schemes, e.g. TDMA, when used for the
downlink of wireless powered networks (WPNs). Regarding
this issue, it should also be considered that the utilization of
downlink NOMA, in contrast to uplink NOMA, implies that
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SIC takes place at the energy harvesting users, and, thus, the
corresponding complexity is increased.

On the other hand, the joint optimization of downlink and
uplink information transmission in WPNs has been studied
in [23], when the aim is to maximize the energy efficiency,
while utilizing OFDMA. Interestingly, a user far from the BS
of a WPN receives less power than a nearer user, therefore
its uplink rate is negatively affected. A cascade effect of this
phenomenon appears when information is also transmitted
during the energy harvesting phase, using SWIPT, since the
downlink rate of the far user is also affected. Moreover,
the distance of a user from the BS also affects the level of
the received interference, since, usually, users near the BS
receive less interference compared to the cell-edge users,
the performance of which is more severely impaired, despite
the potential gain due to energy harvesting from interference
signals. This effect, which we will hereafter call cascaded
near-far problem (CnfP), has not been investigated in the
existing literature.

B. CONTRIBUTION

In this work, a WPN is considered in the presence of inter-
ference. The communication is performed in two phases;
during the first phase, the BS transmits information to the
users, while the users also harvest energy, and during the
second phase, the users utilize the harvested energy in order
to transmit their messages towards the BS. In this network
setup, the CnfP is caused by: i) the difference in achiev-
able user rates during downlink, due to their asymmet-
ric positioning, ii) the difference in achievable user rates
during uplink, due to different harvested energy during
downlink, iii) the asymmetric impact of interference on the
users, both for the information reception and the energy
harvesting.

The presented analysis focuses on the optimal system
design, in order to reduce the impact of CnfP in WPNs with
interference, considering a sole communication channel and
nodes with single antennas. More specifically, the following
aspects are considered and optimized:

« Two well-known multiple access schemes are consid-
ered for the downlink, i.e., NOMA and TDMA, in order
to investigate their performance in WPNs with interfer-
ence. For the uplink, we assume NOMA-TS, based on
the results of [36].

« We jointly maximize the minimum downlink and uplink
rate, while achieving a balance between them, by adding
a desirable weight for each rate in the optimization for-
mulation. It is shown that the resulting high dimensional
non-convex optimization problems can be transformed
to convex ones and, thus, be optimally solved by well-
known methods with low complexity.

« Based on the above optimization solutions, we inves-
tigate the CnfP and its impact on the performance of
WPNSs, for both communication protocols. The imple-
mentation of NOMA in the downlink is proved to offer
gain over the TDMA protocol, especially in the case that
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the users are located at different distances from the BS,
i.e., in the case that the CnfP is strong.

« Extensive comparison between the two considered pro-
tocols for the downlink also verifies that NOMA is a
more energy efficient solution than TDMA for usage
in the downlink of WPNs, both in the presence or the
absence of interfering sources.

C. STRUCTURE

The rest of the paper is organized as follows. Section II
describes the energy harvesting and communication models,
as well as the corresponding rates. In section III, the min-
imum rate among users, both in the downlink and in the
uplink, is maximized considering priority gains for the down-
link/uplink. In Section IV, simulation results are presented
and discussed. Finally, Section V concludes the paper.

Il. SYSTEM MODEL

We consider both the downlink and the uplink of a wireless
network consisting of N users, denoted by U,,, withn € N' =
{1, ..., N} and one BS. It is assumed that all users share the
same bandwidth resources and all nodes are equipped with
a single antenna. Assuming channel reciprocity, the channel
between the BS and U,, and the corresponding reciprocal,
are denoted by £, and i, respectively, where (T) denotes
the conjugate of (-), while the channel power gain is g, =
|ha|?> = |hy|?. We further assume that all nodes consume
energy only for information transmission. Moreover, an inter-
fering source (IS) is assumed. In line with Fig. 1, where the
considered system model is presented, the communication is

divided into time frames of unitary duration, each of which
consists of two distinct phases:

Phase 1 (Downlink With SWIPT): The BS transmits power,
denoted by P, which is used by the users in order to decode
the BS’s messages, as well as to charge their batteries. The
duration of this phase is denoted by 0 < 7 < 1. Two different
protocols are considered, namely NOMA and TDMA.

Phase 2 (Uplink): The remaining amount of time, i.e., | — 7
is assigned to the users, in order to transmit their messages.
We consider that NOMA-TS is used, since it was proven
in [36] that it maximizes the rates and fairness among users.

A. DOWNLINK WITH NOMA

In this section, we describe the downlink phase, when down-
link NOMA and simultaneous power transfer towards the
users is applied. NOMA allows the BS to simultaneously
serve all users by using the entire bandwidth to transmit data,
through a superposition coding technique at the transmitter
side. According to the NOMA protocol, the BS transmits the
sum of the users’ messages with the corresponding power,
that is, Y \/Pds?, where P¢ and s¢, with ||s?||> = 1, are
the allocated power and the message for the n-th user, respec-
tively, while the superscript (-)¢ denotes a value for the down-
link phase. Moreover, the transmitting power is subject to

N
D PL<P (M
n=1

We assume that the signal received by each user, U,, is
split into two streams, and the power fraction, 0 < 6, < 1,

Downlink with SWIPT

------ + Uplink
= Downlink

............. > Interference

FIGURE 1. Sequential downlink (with simultaneous energy transfer) and uplink in wireless powered networks with multiple users and

interference.
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is used for information processing, while the fraction 1 — 6,
is devoted to energy harvesting. The observation at the n-th
user which is used for information decoding is given by

N
Y = han/Bn S PSS+ \Joul + v, @
i=1

where v, denotes the additive noise at U, and I, is the
interfering signal. In fact, noise is added in two parts of the
receiver, i.e. the receive antenna noise and the circuit noise
[15], [19]. However, the power of the antenna noise is too
small and can be neglected, in line with [9], [49]. Thus, in (2),
we include only one additive noise parameter.

Each user, Uj, carries out SIC, by detecting and
removing the U,’s message, for all n < j, from its
observation [43], [53]. Thus, the achievable rate at U,,
ne{l,2,---,N},is bounded by

R? = min(R?_, , R?

n = n—n Np—sntls -

R ) A3

where RZ_U, denotes the rate at which user U; detects the
message intended for user U,. In the above,

d
P98
R . =tlog, (1+ . ) “
N 9
" 8 D imnt1 P;i +60pr;+1

pd Prj . . .
where pg =N and p;; = N%‘)’, in which Py ; is the power

of the received interference by U;. We assume that P;; is
perfectly sensed by U; and reported to the BS in order to
properly allocate the available resources. Note than when
n = N, (4) is written as

d
pNeNgN
R¢ =1 1+ —=—. 5
NN = 08 ( * OnpIN + 1) ©)

Hereafter, p = {p?, ...
transmit power among users and, § = {0y, ..
of power splitting factors among users.

The harvested energy by each user is given by

N
Ey=nt(1 - 6,) (gn > P+t Pl,n>, ©)

i=1

, pl‘f,} denotes the set of values of
., Oy}, the set

where 0 < 1 < 1 is the efficiency of the energy harvester.

1) SPECIAL CASE: INTERFERENCE-FREE DOWNLINK

In the case of absence of interfering sources and without loss
of generality, the values 6, g,, enforced to be sorted according
to the users’ ordering, i.e.,

0181 < 6rg» <--- <bngn. @)

Thus, the achievable data rate at U,, n € {1,2,---, N}, can
be obtained as

d
0,
RZ:rlog2(1+ Pnnbn ) ®)
On&n Zi:n—i—lpi +1
which for n = N is written as
Rl‘f, =t log, (1 —i—p[‘f,GNgN). )
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Note that (8) is conditioned on R? . > R¢, ¥n < j, where
RY denotes the targeted rate of U,. When RY is determined
opportunistically through the user’s channel condition, i.e.,
I_Qg < Rg, it can be easily verified that the condition RZ_> y >
RZ always holds since 6;g; > 6,8, for j > n. Consequently,

the users’ data rates can be given directly by (8).

B. DOWNLINK WITH TDMA

When TDMA is used in the downlink, the BS serves by
sequentially sending the non-interfering signals, sﬁ ,neN,
with transmit power P. In this case,

N
Ztn <1, (10)
n=1

where f, > 0 denotes the amount of time that is allocated
to each user. Hereinafter, ¢ = {¢1, ..., ty}, will be used to
denote the set of values of allocated time among users.

Thus, during the time allocated for the m-th user,
U, receives

yn:hnx/l_’si—i—ln—i—vn, m # n. (1

We assume that when the BS transmits the message of the
m-th user, the n-th user utilizes all the received power for
harvesting. On the other hand, when m = n, its own message
is transmitted by the BS. Then, we assume that U, splits the
received power in two streams, i.e., the power fraction 6, is
used for information processing, while the fraction 1 — 6, is
used for harvesting. In that case, the received signal is given
by

Yn = hn\/ enPSz + \/971111 + vy, (12)
and the corresponding rate is
OnPgn
RY = t,logy(1 + —2"), 13
n n g2( enpl,n + ]) ( )

withp = 1%. Finally, the total harvested energy is given by

E, = n(g,P+ PI,n) Z ti — nentn(gnp + Pl,n)- (14)
ieN

C. UPLINK

It is highlighted that Phase 2, i.e., the uplink phase, is com-
mon for both methods assumed for the downlink. TS can be
combined with NOMA for the uplink, since the decoding of
all messages takes place at the BS, in contrast to downlink
NOMA. Therefore, NOMA-TS has been selected for the
uplink, according to which all users simultaneously send their
messages, s,, where ||s%] |2 = 1, with transmit power P4 for
the n-th user, while the superscript (-)* denotes a value for the
uplink phase. Thus, the observation at the BS is given by

N
Y= hny/Piss+1+v, (15)
n=1
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where I denotes the interfering signal and v denotes the
additive noise at the BS. By using SIC and TS, the capacity
region is bounded by [36]

u
> R <(1-1)log, (1 + —Z”EMk”"g”),

pr+1
M
ek VM : My CN, (16)

with RY being the uplink rate achieved by the n-th user,

P = ]Pvi';, pr = 1%, Ny is the noise power, and Py is the power
of the interference received by the BS. We assume that Py is
perfectly sensed by the BS. Finally, M} denotes any possible
subset of the users.

It is assumed that the energy required to receive/process
information is negligible compared to the energy required for
information transmission [35], [49], [55]. Thus, when users
utilize solely the energy that they harvest during the 1-st
phase, denoted by E,, to transmit their information, then P},
can be calculated as

U En
P, = T+
Note that the harvested energy, E,, depends on the selected
protocol for the downlink, i.e. NOMA or TDMA.

a7

lIl. RESOURCES ALLOCATION OPTIMIZATION

In this section, we seek to maximize both the downlink and
the uplink rate, while achieving: i) fairness among users, by
ensuring that the maximized rate can be achieved by each
of them, and ii) a balance between the downlink and the
uplink rate. To this end, an auxiliary variable R is used, which
denotes thedlower bound of the weighted downlink/uplink
rates, i.e. IZ—" and R—Z, where o, 8 > 0, witha + 8 = 1,
correspond to the weights used for the downlink and uplink,
respectively. Thus, according to the above, it must hold that

RY > aR, (18)
and

R, > BR, (19)
For example, when « = 1 or « = 0, only the downlink
or uplink is optimized, respectively. By setting « = 0.5,

we aim to achieve the same rate for both the downlink and
the uplink. Moreover, in the problem formulation, regarding
the downlink, we take into account the specific formulation
according to both protocols that are presented in Section II.

A. DOWNLINK WITH NOMA
Taking into account (17) and (6), the constraint in (16) can be
rewritten as
> R
neMy N
nt Z (1-6n)gn (gn Zl’f’ +P[,n)
ne My i=1
(I=o@r+1

< (-7)log,| 1+

VMi : My CN. (20)

1538

The minimum rate maximization problem can be written as

max R
R,7.p.0
. d d d
st. Cpmin(R)_, ., R, 115 Ry y) > aR,
Vne N,

Cy: (1 —1)log,

N
nt Y. (1 —6,)gn (gn Zpii +P1,n)
neMy i=1

(I =)@+ 1)

> BIMkIR, VYMp CN,

N
Ci:y py<p,
n=1

Cs:0<6,<1, VneN,
Cs:pl>0, VneWN,
Ce:0<71<1, 21

where |.| denotes cardinality and C;, Cp, C3 correspond
to (3) and (18), (19) and (20), and (1), respectively, while
the remaining constraints (i.e., C4-Cg) force the optimized
variables not to exceed their maximum/minimum value.

Using the epigraph form of (21), it can be rewritten as

max R

R,t.p,0

Pabisi )
N d > aR,

0;g; Zi:n+1pi +Oprj+1
Vae N, je{n,...,N},
Cy: (1 —1)log,

N
nt Y. (1—6)gn (gn ZP?’ +pl,n)

neMy i=1

d=o)pr+1

s.t. C; : tlog, <1+

x |1+

> BIMkIR, VYMp C N,

N
. d

Ci:) .  pPi=p

Cs:0<6,<1, VneN,

CszpﬁzO, Vne N,

Ce:0<7 <1 (22)

Note that the epigraph form is a useful tool from optimization
theory. It represents a set of points (i.e., a graph) above or
below the considered function [56].

Proposition 1: The inequality in C3 can be replaced by
equality, without excluding the optimal from the set of all
solutions.

Proof: Let’s assume that the optimal R, denoted by R*
is achieved when p* = {p7, ..., py }, for which ZnNzl ph<p.
Let p’ be another power vector, for which p’ = {p —
Zg=2 P> D5 - P 1s 1€, it is the same vector as p*, apart
from the power allocated to the first user. Since ZnN=l P, =D,
it is p{ > p} and thus the rates at which all users
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(including Uj) detect the message of the U; is improved.
Thus, since R‘li = min(R‘f_)l, R‘f_)z, e R‘f_w), R‘f is
increased. At the same time, the values for the rest users’ rates
are retained, since the message of the first user is canceled
by the rest of the users. Therefore, all users’ rates remain
the same, while R‘f is increased. In this way, all inequalities
regarding R* are still satisfied. Thus, at least R* can be
achieved by p’, contradicting the sole optimality of p*. [ |

Proposition 1 is critical for the replacement of the

constraint in C, with

nt Y (1= 6,)gn (gnp + Pr.n)
ne My

d=op@r+1
VM CN. (23)

(1—=17)log, | 1 +

> BIMIR,

The time splitting parameter, r, which appears in the
capacity formula in both the downlink and uplink, cou-
ples the power allocation variables p and 6 and results in
a non-convex problem. We note that there is no standard
approach for solving non-convex optimization problems in
general.

In order to overcome this issue and provide a tractable solu-
tion, we perform a full search with respect to . Particularly,
for a given value of 7, we optimize the variables p and 6 with
the aim to maximize the corresponding minimum rate. We
repeat the procedure for all possible values of T and record
the corresponding achieved values of R.

However, even with this simplification the problem
remains non-convex, with respect to p and @, which are
coupled. To this end, we set pﬁ £ exp(Pn), Oy £ exp(én),
and R £ exp(7~2), and the optimization problem in (22), after
some mathematic manipulations, can now be written as

s.t. Cy : tlog,

( exp(pn) exp(6))g; )
x |1+ - i - —

exp(6))g; iz, 1€Xp(Pi) + exp(6))py j + 1
a>exp(R), VneN, je{n,...,N},
Cy: (1 —1)log,

ULEDY (1 - eXp(én)) 8n (8np + P1.n)

neM;
x |1+
(I=o)pr+1
> BIMylexp(R), YM; SN,

N -
Cs: anl exp(pn) = p,
C4:0<exp,) <1,
Cs : exp(p,) = 0, 24)

which is still non-convex. However, after some mathe-
matic manipulations and by relaxing the equality in Cj
with inequality, the optimization problem in (24) can be
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rewritten as

max R
R.p.0
s.t.Cy:1ln

p1.j exp(—pn)+exp(—p,—0;
8

o exp(’fZ)

+In2"* —-1)<0, VaeN,jen,...,N},

Ca: Y exp(@)gn(gnp + pr.n)
neMy

n -0+ 1)2ﬂIM1]{\_eTXP(R)
nt

< Y gul@wp +pin)
neM;

n (I-7)pr+1)
nt
N 3
Cs: anl exp(pn) < p,
Cs:0,<0, VneN. (25)

. VM C N,

Note that the left inequality of C4 and Cs of the optimiza-
tion problem in (24) are always valid, thus, they vanish
from (25).

Proposition 2: The optimization problem in (25) is
convex.

Proof: The objective function of (25) and C4 are linear.

Regarding Cj, the first term is a convex log-sum-exp func-
tion [56], while the second term, i.e.,

o exp(ﬁ)
T

f=1InQ —1) (26)

3%f .
&> > 0 [56]. This can be

is also convex, considering that Rz

easily proved, since

9%f  2%zIn(2) (2° — zIn(2) — 1)
IR2 2z —1)2 ’

27

with 7 = M. Note that w = 2% — zIn(2) — 1 is an
increasing function with respect to zand whenz — 0,w — 0.

Finally, the left side of the constraints C and C3 are sum-exp
. . BIMylexp(R)
functions and, thus, convex. Regarding the term 2 =7

in Cy, note that the exponential of a convex function is log-
convex and retains the convexity property [56]. |
Proposition 2 is also critical, since it proves that (25)
can be optimally solved in polynomial time, by well-known
algorithms, such as the interior-point method [56].

1) SPECIAL CASE: INTERFERENCE-FREE COMMUNICATION

In this subsection, we focus on the absence of interference,
and, thus, mainly on the parts of (21) that change. First,
the constraint C; can be replaced by two simpler constraints
i.e. (7) and (8). Moreover, when interference is zero, the
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inequality in (20) can be rewritten as

N
Y ph) Y (1-6,)g?

i=1 neMy

Z R' < (1-1)log, |1+ g

ne My

VM : My CN. (28)

Consequently, using the epigraph form, the minimum rate
maximization problem can be expressed as

max R
R,7,p.0

S.t. Cia : Opgn < Opiignit, Vnel{l,...,N—1},

piengn
N

Ongn Z p;i +1
i=n+1

N
Y pH Y A -6
i=1 ne My

1—1

Cip:tlogy |1+ >aR, VneN,

C:(I—=1)log, | 1+

> BIMiIR,
N

) d
C3 .anlpn Spv
Cs:0<6,<1, VnelN,
Cs:p? >0, Vnel,

n

Ce:0<t<1. (29)

VM CN,

Subsequently, using one-dimensional search for the
optimization of T and similar steps as the ones in the previous
subsection, (29) can be rewritten as

max R

R.p,0

6. Cig: 0y — Oy <In (g”“> . Vnell,.,N—1},

gn
exp(—pn — )
Cip:In | ———"—""+ > exp(Bi — pn)
&n i=n+1
o ex| (7~2)
+ QT —1)<0, VneA,

5 1 — 1 BMilexn(R)
Cy: Z exp(f,)g> + . 27 =
ne My g

< Z g3+1—t, VM CN,
ne My npr
N ~
Cs: anl exp(pn) < p,
Cs:0,<0, Vnel. (30)
Considering Proposition 2 and the linearity of Cy,, it can
be easily proved that the optimization problem in (30) is a

convex one. Taking into account the replacement of C; with
C1q and Cyp, it is observed that (30) is simpler than (25) since
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the Zf\/: 61 N — inonlinear constraints are replaced by N — 1
linear constraints and solely N nonlinear ones.

B. DOWNLINK WITH TDMA

The minimum rate maximization problem, taking into acount
(17), (14) and the constraint in (16), can be rewritten as

Z R < (1 —1) x log,
neMy

n Y &n ((gnp +pia) D ti_en(gnptn+p1,n))
w1 ne My i€

(I =od+pp) ’

YMi : My CN. 3D

The minimum rate maximization problem, using the epigraph
form, as in (21), can be written as

max R
R,t,t,0
6,
s.t. Cy : 1, logy (1 + ﬂ) >aR, VnelN,
enpl,n +1

Cr: (1 —17)xlog,

n Y. & |@wp+prn) Y. ti—0ntn(gnp + P1.n)
neM; ieN

1
“I'* = +p1)

> BIMkIR, VM C N,
N

Cii) =t

Cs:0<6,<1, VneN,
Cs5:1,>0, VneN,
Co:0<1<1, (32)

where Cj, Cp, and C3 correspond to (13) and (18), (19)
and (31), and (10), respectively, while the rest of the con-
straints (i.e., C4-Cg) limit the optimized variables not to
exceed their maximum/minimum value.

Proposition 3: The inequality in C3 can be replaced by
equality without excluding the optimal from the set of all
solutions.

Proof: The proof is similar to that of Proposition 1. H
Considering Proposition 3, C, can be replaced by

Y Ri<(1-1)
neMy

n Y & ((8np+P1.n)T —6ntn(gnp+p1.1))
neM;y

x log, |1+ ,
&2 1— o0 +p)

VM : My CN. (33)

Moreover, one-dimensional search is assumed for the opti-
mization of . However, even with these simplifications, the
optimization problem in (32), remains non-convex due to the
coupling of the variables § and ¢.
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Next, by setting 1, = exp(fy), 6, = exp(d,), and
R £ exp(R), the optimization problem in (32) can be
rewritten as

max R
1

xl
ESEY

by

- 6,
s.t. Cy Zexp(tn) 10g2 (1 + exp( n)pgn )

CXP(én)Pl,n +1
> aexp(R), Vn e N,
Cy: (1 —7)xlog,

n Y & ((gnp+p1,n)t —eXP(énJr?n)(ganrpz,n))
neM;

1
“I'* TS

> BIMy|exp(R), VM S N
N ~
Cs:) explin) =1,
Cy:0 <expdy) <1,
Cy : exp(ty) = 0, (34)

which, after some mathematic manipulations and by relaxing
the equality in C3 with inequality, can be expressed as

max R

R0

s.t. C; : In (2"‘ exp(R—n) _ 1) + In (pI,n + exp(—é,))
<In(pg,), Vne N,

Cy: Z exp(én + 12)gn(gnp +pi.n)
neM;g

L (1—T)(1+p1)2/3IM;§Le:p(R> <: Z
n
n (I —7)(1 +pr)
n
N ~
C3:) expin) <.
C4:6,<0, VneN. (35)

8n(gnD+p1.n)
neMy

. VMg CWN,

Note that the left inequality of C4 and Cs in the optimization
problem (34) are always valid, thus, they vanish from (35).
Proposition 4: The optimization problem in (35) is
convex.
Proof: The proof is similar to that of Proposition 2. Note
that the first term of the left side of Cy, i.e.,

f=In (2“ exp(R—in) _ 1) (36)

is a function of the variables R and 1., thus its convexity
must be proved considering its Hessian matrix rather than its
second derivatives. More specifically, its Hessian matrix has
non-negative eigenvalue, which is

_ 27MzIn(2) (2¢ — zIn(2) — 1)
- 25 -1)? ’

(37)

where z = a exp(R — 7). [ |
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It needs to be mentioned that the optimization problem
in (35) is simpler than (25), since it has a lower number of
non-linear constraints due to Cj.

IV. SIMULATIONS AND DISCUSSIONS

In this section, simulation results are presented for a system

with N = 2 or N = 3 users, for n = 0.5. When N = 2, the

distances of the users fromthe BS aredy = Smandd, = 1 m,

while for N = 3,itisd; =5m,d, =3 m,andd; = 1 m,

respectively. We adopt a bounded path loss model
1

1 4di
as in [26], where & is the path-loss exponent, with
& = 2, while fast fading is neglected, in order to focus on the
asymmetry of the system due to different user distances from
the BS. The indexing of the users is in ascending order with
respect to their channel gains, g,. Finally, one-dimensional
search is performed for the optimization of 7, with a step
of 0.01.

Regarding the source of interference, for the sake of con-
venience for the illustration, we consider a sole interfering
source (IS), the distance of which from the BS is denoted
by D. We consider that the BS, the users and the IS are located
on a single line, connecting the BS and the IS. Then, the
received interference by each user (normalized by the noise
power) is given by

8n (38)

1Z

= 39
where p;g = f\,—’g, with Pjg being the transmit power of

the IS. Also, the normalized interference received by the BS
is calculated as

_ _Dbis

1+ DE
Hereinafter, we assume that pjg = 40 dB.

In Fig. 2, the rate achieved in the uplink and in the down-
link, for N = 2, 3, is depicted with respect to the value of &, in
the presence of the IS. It is obvious that in the case of ¢ < 0.5,
the uplink rate cannot be substantially increased, by either of
the two protocols used during the downlink, mainly because
of the power that can be harvested and then reused during
uplink. However, when priority is given to the downlink rate,
i.e., for o > 0.5, the downlink rate is substantially improved.
Furthermore, for values o > (.85, the use of NOMA during
downlink offers a considerable gain in the achieved rate, for
both values of the number of users, compared to TDMA.
Therefore, it is concluded that the NOMA protocol in the
downlink can provide more fair performance to the users than
TDMA, even in the presence of interference.

In Fig. 3, the optimized 7 that is dedicated to the downlink
is depicted with respect to the value of «, for the same setup
as in Fig. 2. It is easily observed that, for « < 0.8, the
time allocated for the downlink is practically unaltered. Thus,
comparing to Fig. 2, one can conclude that the achieved
minimum uplink rates and the optimal time allocation do

P (40)
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FIGURE 2. Impact of « on the minimum rate, for p = 40 dB, p;s = 40 dB,
and D =20 m.
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FIGURE 3. Impact of « on 7, for p = 40 dB, p;s = 40 dB, and D =20 m.

not change considerably for « < 0.8, while the increase
in the value of the minimum downlink rates is mainly due
to the different power allocation and power splitting, and
not due to a different optimal value for the time allocation
factor T. However, for « > 0.8, when priority is given mainly
to the downlink, the time allocated for downlink (and thus
for energy harvesting as well) substantially increases, which
leads to a considerable increase in the downlink rates. It is
further observed by Fig. 3 that the time allocated for downlink
is higher in the case of TDMA, rather than for NOMA. This
indicates that more harvested energy is needed for TDMA.
Taking into account that NOMA achieves better rates with
less harvested power, it is induced that NOMA is more energy
efficient than TDMA for the downlink.

In Fig. 4, we investigate the achieved minimum rate in
the uplink and the downlink, when ¢ = 0.6 and @ = 0.8,
with respect to the total transmit power of the BS, p. The
IS is located again at distance D = 20 m, with transmit
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FIGURE 4. Impact of p on the minimum rate for p;g =40 dB, D =20 m,
and different values of «.

power p;s = 40 dB. From Fig. 2, one can observe that, when
p = 40 dB, the uplink rate is practically the same, for both
values of «. Furthermore, both NOMA and TDMA achieve
the same uplink rate for these values of . This is observed for
other values of p as well, thus the uplink rate is plotted only
once in Fig. 4 for each number of users. However, the down-
link rate, although it is practically the same for both protocols,
it differs according to the choice of «, since « = 0.8 leads
to higher rate, i.e., when priority is given to the downlink.
For both values of ¢, it is easily seen that, for transmit power
p > 30 dB, the rate increases faster, compared to transmit
power values between 20 and 30 dB. This indicates that, when
p = 30 dB, the interference imposed by the IS can now be
mitigated easier, due to the available transmit power at the

BS, achieving increasing data rates. This is more obvious for

higher values of «.
Accordingly, in Fig. 5, the impact of p on the allocated time
7 to the downlink, is illustrated for « = 0.6 and « = 0.8.

1.00
0.95 i
0.90 -
+ 0.85- -
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—8— N=3, o=0.8
—8— N=2, o=0.6
0754 | —®—N=3,070.6
T T T T T T T
0 10 20 30 40

p (dB)

FIGURE 5. Impact of p on t for p;g = 40 dB, D = 20 m, and different
values of o.
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Again, the results of both NOMA and TDMA are the same,
so they are plotted only once. It is easily seen that, for both
numbers of users, N = 2,3, when o« = 0.8, more time is
allocated to the downlink and, consequently, to the energy
harvesting, which is expected, since the downlink is given
higher priority.
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3.0 /I /./I .
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o o0

Minimum rate (bps/Hz)
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FIGURE 6. Impact of D on the minimum rate, for p = 40 dB, p;s = 40 dB,
«=0.8.
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FIGURE 7. Impact of D on 7, for p = 40 dB, p;s = 40 dB, « = 0.8.

In Figs. 6 and 7, we consider a system with N = 2,3
users as in the previous cases, but we examine the impact of
the distance D, at which the IS is located, on the achieved
uplink/downlink rate and the optimized allocated time t, for
both NOMA and TDMA protocols. More specifically, the
distance D varies between D = 10 and D = 100 m. From
Fig. 6, it is easily observed that, when the IS is located
further from the users and the BS, i.e. when the power of
the interference is low, NOMA achieves substantial gains,
both for the uplink and the downlink rates, compared to
TDMA. This is mostly evident for D > 40 m. Therefore,
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NOMA seems to be less prone to interference than TDMA,
when the received unwanted power is low. Furthermore, from
Fig. 7, the TDMA protocol requires more time 7 allocated to
the downlink and therefore, to energy harvesting, especially
when the IS is located further from the BS and the users. This
indicates that the NOMA protocol is more energy efficient
from TDMA, since it achieves better performance, with less
harvested energy, for varying power levels of interference.
Motivated by the energy efficiency and the resilience
towards low levels of interference that NOMA presents com-
pared to TDMA, we next present numerical results for the
case of interference-free communication, in order to investi-
gate the performance gains offered by NOMA in the down-
link, compared to TDMA, in absence of interfering sources.
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1.5 —= — .
1.0 E
0.54 E
0.0 T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

Minimum rate (bps/Hz)

a

FIGURE 8. Impact of « on the minimum rate, for p = 40 dB.

A. INTERFERENCE-FREE COMMUNICATION

In this subsection, we present numerical results for the special
case when no interference is considered. More specifically,
in Fig. 8, the rate achieved in the uplink and in the downlink,
for N = 2, 3, is depicted with respect to the value of «. As
expected, when « > 0.5, since the downlink is prioritized
over the uplink, the achieved rate for the downlink is higher.
However, in the absence of interference, the impact of the
value of « is more evident on the achieved rates, since for
o > 0.5, the uplink rate decreases, while the downlink rate
is substantially increased. Regarding the comparison between
NOMA and TDMA for the downlink, the two protocols seem
to perform similarly, when priority is given for the uplink rate,
i.e., when ¢ < 0.5. However, for « > 0.5, NOMA out-
performs TDMA in the end-to-end optimization, achieving
higher rates for the uplink and downlink, when compared to
TDMA, in contrast to the case of interference, when NOMA
outperformed TDMA only for values of « > 0.8. In Fig. 8§,
it can be seen that NOMA can achieve the same downlink
rate with TDMA but for a lower value of «, which translates
in higher uplink rate. For example, the highest downlink rate
achieved by TDMA, which is for « = 1 when the uplink
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rate is zero, is achieved by NOMA for ¢« = 0.85, where
the uplink rate is non-zero. When N increases, the achieved
rate is reduced, however it also depends on the choice of «,
thus revealing a tradeoff between the desired rate and the
prioritization between the downlink and the uplink.
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FIGURE 9. Impact of « on z, for p = 40 dB.

In Fig. 9, the same setup as Fig. 8 is examined, but the opti-
mized time fraction dedicated to the downlink phase when
the users harvest energy is depicted with respect to the value
of a, for both protocols used in the downlink. Comparing with
Fig. 3 where interference is present, we observe that the time
allocated for the downlink increases for values of « > 0.5,
instead of « > 0.8. In the case of interference-free com-
munication, similarly to Fig. 3, TDMA requires more time
dedicated to the downlink and thus for energy harvesting,
indicating once more that NOMA is a more energy-efficient
solution than TDMA.

1.0 T T T T T T
—&— Downlink, N=2
—&— Downlink, N=3

084 | —m— Uplink, N=2, ¢=0.6,0=0.8 7
—e— Uplink, N=3, a=0.6,0=0.8

Minimum rate (bps/Hz)

FIGURE 10. Impact of p on the minimum rate, for « = 0.8.

In Fig. 10, the achieved rate for the downlink and the
uplink is presented, with respect to the transmit signal-to-
noise ratio, p, when ¢ = 0.8. One can observe that NOMA
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performs better than TDMA, as p increases, in contrast to the
case of interference, when both protocols achieved the same
performance, for @« = 0.8. Another useful observation from
this figure, but also from Fig. 4, is the fact that, for N = 3,
the rate increases with a smaller slope as p increases, which is
expected since it reflects the congestion of the multiple access
schemes in use, as the number of users increases.
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0.75

0.70

0.65 , ; . ; . ; : .
0 10 20 30 40
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FIGURE 11. Impact of p on 7, for« = 0.8.

InFig. 11, the optimal value of 7 is plotted against the value
of p, when o = 0.8, in the absence of interference. A very
interesting observation is that, although the time dedicated to
the downlink - and, consequently, to the energy harvesting -
decreases as p increases, this is reversed after a value for p, for
both N = 2 and N = 3, implying that higher availability of
power at the BS will require more time dedicated to the down-
link, after that value of p. This can be explained as follows: as
observed in Fig. 10 for N = 3, the slope of the rate increase is
smaller for large p. Thus, increasing only the available power

3.0 —

254 —

Minimum rate (bps/Hz)

2.0+ —

T T T T T T T T
1 2 3 4 5

d, (m)

FIGURE 12. The impact of distance on the minimum rate, for « = 0.8,
p=40dB,andd, =1m.
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at the BS leads to saturation regarding the achievable rate,
and therefore, further optimization can be achieved mainly
by increasing the time dedicated to downlink, and not the
transmit power.

Finally, in Fig. 12, where only two users are assumed in
the absence of interfering source, the impact of asymmetric
distances between the users and the BS is investigated. More
specifically, the achieved rate is illustrated with respect to the
distance of the first user, when the distance of the second
user is fixed to d = 1 m, while « = 0.8 and p = 40 dB.
The gains in terms of achieved rate that NOMA can offer
compared to TDMA in the downlink are greater, as the CnfP
becomes more intense. Thus, it is clear that the NOMA
scheme can offer more fairness than TDMA, when users are
asymmetrically located with respect to the BS.

V. CONCLUSIONS AND FUTURE DIRECTIONS

In this paper, both the downlink and the uplink of a wire-
less powered network, in the presence of interference, were
optimized. Two different protocols were utilized for the
downlink, i.e., NOMA and TDMA, while NOMA with time
sharing was used for the uplink. The formulated optimization
problems maximize the minimum rate among users, which
is achieved both in the downlink and the uplink, by intro-
ducing corresponding priority weights. Furthermore, all the
parameters regarding the energy harvesting of the users were
optimized during the downlink, both for NOMA and TDMA.

For this reason, we studied the structure of the formu-
lated non-convex multidimensional optimization problems
and successfully transformed them into the equivalent con-
vex ones, which can be solved with polynomial complexity.
The results revealed an interesting dependence among the
harvested energy, the achieved minimum downlink/uplink
rate, the interference which is imposed on the communication
network, and energy efficiency achieved by the implemented
protocols. More specifically, the results showed that:

o A relatively high downlink rate can be achieved, while
the required energy is simultaneously harvested by the
users for the uplink, even at the presence of interference.

o When NOMA is utilized in the downlink, it can offer
substantial gains, compared to TDMA, especially in
the cases when the downlink is prioritized, and when
the users are asymmetrically positioned, i.e., when the
cascaded near-far problem appears. This gain offered
by the NOMA protocol is especially achieved when the
interference power level is low, or in the absence of
interference.

o The performance of the network, when NOMA is uti-
lized, is achieved requiring less energy transmission by
the BS, revealing the energy efficiency of the NOMA
protocol, compared to TDMA, when applied to wireless
powered networks.

The analysis presented in this paper can be extended to
several directions. First, apart from its combination with
decoding techniques such as SIC and time-sharing, further
improvement in performance is expected when more complex
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configuration at the BS is assumed, such as multiple antennas,
beamforming, and scheduling. Second, it is interesting to
extend our design to address the case of users with energy
storage units. Of course, this will introduce optimization
problems, where the challenge will be to solve them with
acceptable complexity. Finally, our system model can be
extended to a scenario of heterogeneous users that need
access to different applications, and, thus, they do not acquire
the same quality of service, where different priority must be
given to each user.
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