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Abstract—This paper characterizes the spectral efficiency of an
uplink radio frequency (RF)-powered macrocell network consid-
ering harvest-then-transmit protocol such that the macrocell users
transmit in the uplink while replenishing the energy from their
serving base station (BS) in the downlink. Using the theory of
order statistics, a tractable mathematical framework is developed
to derive the uplink spectral efficiency and the downlink power
consumption resulting due to wireless energy transfer. The frame-
work captures the impact of the locations of the users that are
selected for uplink transmission, their channel statistics for infor-
mation and energy transfer, and different user selection schemes.
We first analyze the performance of state-of-the-art greedy and
round-robin scheduling schemes in RF-powered cellular networks.
Closed-form expressions for the minimum power outage probabil-
ity (i.e., the probability that the selected user is unable to harvest
sufficient power for uplink transmission) are also derived. We
then develop modified versions of the conventional user selection
schemes that improve the spectral efficiency on a given uplink
transmission channel with zero power outage probability (i.e.,
probability of outage due to insufficient amount of harvested
power). The developed schemes are shown to outperform the con-
ventional user scheduling schemes in terms of the throughput and
energy harvesting time with a trade-off in fairness among users.
The accuracy of the expressions is validated via Monte-Carlo
simulations. Numerical results highlight the trade-offs associated
with the various user selection schemes as a function of network
parameters.

Index Terms—RF energy harvesting, uplink cellular networks,
harvest-then-transmit protocol, spectral efficiency, harvesting-
constrained user scheduling.

I. INTRODUCTION

ENERGY harvesting from the renewable energy sources
as well as environmental resources (e.g., solar, wind,

vibration, thermoelectric effects) is emerging as a viable option
to prolong the lifetime of energy-constrained wireless net-
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works [1], [2]. However, energy harvesting from these sources
may not be feasible for reliable and quality-of-service (QoS)-
constrained wireless applications. In this context, RF-based
power transfer or energy harvesting has been proposed as a
promising solution to increase the reliability as well as lifetime
of power-constrained wireless devices. With this RF-based
energy harvesting, a true wireless network can be envisioned
which is free of connectors, cables, battery access panels and
has freedom of mobility.

RF-based energy harvesting is typically suitable for low-
power applications. However, with dedicated energy transmis-
sion, high power applications may also be dealt with [3].
According to a recent report, a power of 3.5 mW and 1 μW can
be harvested from the RF signals at distances of 0.6 m and 11 m,
respectively, using powercast RF energy harvester operating at
915 MHz [4]. The harvested energy from base stations (BSs)
and broadcast radio towers can be increased with the emerging
antenna design techniques for longer-range operations. The
practicality of RF-based energy harvesting can be increased
further by improving the energy harvesting circuitry of mobile
devices and using line-of-sight (LoS) links between energy
harvesting source and receivers that enable nearly free-space
power transfer [5]. Thus, advancements in the area of low power
electronics, receiver designs for simultaneous information and
power transfer [3], [6], [7], and antenna design will facilitate
RF-enabled energy harvesting.

A. Background Work

Numerous research works characterize the performance lim-
its of point-to-point energy harvesting systems by formulating
different optimization problems and solving them using convex
optimization techniques or dynamic programming algorithms
[8]–[15]. In particular, these studies mainly focus on random
energy arrivals from unpredictable environment resources. In
such a set-up, the energy harvesting phase cannot be controlled
by the network operators to optimize the spectral efficiency on
a transmission channel.

On the other hand, there has been a growing interest in study-
ing dedicated RF-powered communication networks in which
the wireless devices harvest energy from a dedicated energy
transmitter [3], [5]–[7], [16]–[20]. For instance, a mobile charg-
ing vehicle was employed in [16] to transmit power and facili-
tate the energy harvesting of sensor nodes. The idea of having
dedicated power-beacons is considered in a macrocell network
to charge mobile terminals [5]. Stochastic geometry tools were
utilized to derive the trade-offs between the transmission power
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and density of power beacons as well as mobile users [5]. In an-
other study [17], a cognitive network was considered where sec-
ondary users harvest energy from nearby active primary users.

Also, some recent research studies consider BSs as possible
sources of simultaneous wireless information and power trans-
fer (SWIPT) in the downlink [3], [7], [6], [19], [20]. In this
context, fundamental capacity-energy trade-offs were captured
for the first time in [19]. A three node multiple-input-multiple-
output (MIMO) broadcasting system was studied in [3].
Outage-energy and rate-energy trade-offs were characterized in
[7] assuming a single receiver. Joint optimization of transmit
power control, information and power transfer scheduling was
investigated in [7]. Multiuser systems were studied in [20] for
multiple access channels with a received energy constraint.
To enhance the applicability of SWIPT in existing wireless
networks, several receiver architecture designs were proposed
in [6], [19]. Recently, a harvest-then-transmit protocol has been
proposed in [18] to support uplink transmissions in a cellular
network. The aggregate throughput and common throughput
maximization problems are solved to jointly optimize the time
allocation for the energy and information transfer.

Most of the aforementioned research studies have focused
either on the simulation-based performance analysis or op-
timizing the allocation of resources for energy transfer as-
suming a predefined user or set of users that are served on
a transmission channel. However, efficient multiuser schedul-
ing schemes will be required for the emerging RF-powered
cellular networks which use the harvest-then-transmit strat-
egy. Conventional uplink multiuser scheduling schemes (e.g.,
greedy/opportunistic scheduling, round-robin scheduling) do
not consider the amount of harvested energy and/or energy
requirements of the selected users, and therefore, when used
in RF-powered cellular networks, they can lead to

• Energy (or transmit power) outages, in which the har-
vested energy of a scheduled user drops below the mini-
mum energy (or power) required for transmission,

• Energy overflows, in which the harvested energy of a
scheduled user exceeds its finite battery level (and hence
energy is wasted at the BS for wireless charging).

Energy outage and energy overflow events mainly occur, re-
spectively, when cell-edge and cell-center users are scheduled
for transmission. Note that the traditional uplink scheduling
methods such as the greedy scheduling method generally con-
sider the uplink channel state information (CSI) only while the
round-robin scheduling chooses any user with equal probabil-
ity (during a transmission interval) regardless of its channel
conditions. Thus, the energy outage events may significantly
affect fairness-constrained scheduling schemes (e.g., traditional
round-robin scheduling) due to higher chances of schedul-
ing of the cell-edge users. New scheduling methods therefore
need to be designed which consider these events and optimize
performance metrics such as the spectral efficiency of uplink
transmission and spectral efficiency per unit of charging power
consumed in the downlink. Also, a comprehensive investigation
of the applicability of conventional scheduling schemes in RF-
powered cellular networks is crucial in controlling the trade-
off between information transmission rate and energy transfer
effectively.

B. Contributions of this Paper

The contributions of the paper can be summarized as:

• A tractable framework is developed to derive the spectral
efficiency of uplink transmission and power consumed at
the BS for transferring energy in the downlink consid-
ering the traditional greedy and round-robin scheduling
schemes. We also analyze the spectral efficiency in the
uplink per unit transmit power of the BS in the downlink.

• In the above framework, we derive the distribution of
the distance of the selected user considering generalized-
K composite fading channels.1 The distribution of the
distance of the selected user is a fundamental step toward
evaluating the uplink spectral efficiency, downlink power
consumption for wireless charging of users for their uplink
transmission, and performance of scheduling method (e.g.,
fairness among users).

• We then derive the distribution of the BS transmit power
required to completely charge the battery of the selected
user. Since the required BS transmit power is a function
of energy harvesting time, user selection criteria, and the
downlink channel of the selected user, it may become
significantly high and therefore practically infeasible. A
maximum transmit power constraint of the BS is thus in-
corporated and a closed-form expression of the minimum
power outage probability (i.e., probability that the selected
user is unable to harvest minimum energy required for
transmission) and maximum power outage probability
(i.e., probability that the selected user is unable to fully
charge its battery) is also derived.

• Finally, we develop harvesting-constrained user selection
schemes that employ a two-step user selection mechanism.
In the first step, an opportunistic selection is performed,
i.e., a set of users, who can harvest minimum power
required for transmission, is selected. Out of these selected
users, in the second step, either a user with the best
uplink channel is selected or a user is selected arbitrarily
to enhance system throughput and fairness, respectively.
Throughput-fairness trade-offs are then investigated for
both the proposed harvesting-constrained and conven-
tional user selection schemes.

Numerical results demonstrate that the spectral efficiency of
uplink transmission may not be maximized using traditional
greedy scheduling in RF-powered cellular networks. On the
other hand, the traditional round-robin scheduling leads to
severe energy outages, and thereby, reduced spectral efficiency.
In fact, harvesting-constrained greedy and round-robin schemes
are shown to outperform their conventional counterparts in
terms of spectral efficiency, especially, at low values of energy
transfer time with a trade-off in terms of fairness among users.

C. Paper Organization and Notations

The rest of the paper is organized as follows: Section II
details the uplink transmission and downlink energy harvesting

1For tractability, the generalized-K composite fading channels are approxi-
mated with the Gamma composite fading channels.
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TABLE I
SUMMARY OF THE MAIN VARIABLES AND THEIR DEFINITIONS

model, transmit power constraints, uplink and downlink chan-
nel statistics, and user scheduling strategy. In Section III, we
derive novel expressions for the distribution of the distance of
the selected user. In Section IV, we derive BS power consump-
tion, analyze the minimum power outage and maximum power
outage probabilities for the selected user. Section V details
the spectral efficiency analysis of the harvest-then-transmit
strategy. The harvesting-constrained schemes are then analyzed
in Section VI. Section VII presents selected numerical and sim-
ulation results followed by concluding remarks in Section VIII.

Notation: Gamma(κ(·),Θ(·)) represents a Gamma distribu-
tion with shape parameter κ, scale parameter Θ and (·) dis-
plays the name of the random variable. KG(mc(·) ,ms(·) ,Ω(·))
represents the generalized-K distribution with fading parameter
mc, shadowing parameter ms, and average power Ω. Γ(a) =∫∞
0 xa−1e−xdx represents the Gamma function, Γu(a; b) =∫∞
b xa−1e−xdx denotes the upper incomplete Gamma function

and Γl(a; b) =
∫ b

0 xa−1e−xdx denotes the lower incomplete
Gamma function [21]. pFq[·, ·, ·] denotes the generalized hyper-
geometric function and ψ(·) is the Digamma function. Pr(A)
denotes the probability of event A. f(·) and F (·) denote the
probability density function (PDF) and cumulative distribution
function (CDF), respectively. Finally, E[·] denotes the expecta-
tion operator. A list of the main variables and their definitions
is given in Table I.

II. SYSTEM MODEL AND ASSUMPTIONS

A. Harvest-Then-Transmit Protocol

We consider a wireless-powered uplink network with U
uniformly distributed users in a macrocell of radius R (see
Fig. 1). All macrocell users have finite energy storage to
support a maximum transmit power of Pmax throughout the
uplink transmission time τ . Unlike the conventional cellular
networks in which both users and their serving BSs draw
energy from constant power supplies, this paper considers a
constant power source for BS only. The energy harvesting

Fig. 1. A given macrocell with multiple energy harvesting devices. The
mechanism of conventional and harvesting-constrained user selection schemes
are demonstrated.

devices are assumed to be equipped with a single antenna that
can either decode the information or harvest energy at a given
time. The total transmission bandwidth is divided into several
orthogonal subchannels. First, the BS selects a user for uplink
transmission on a subchannel and then transmits with a power
of Pbs to completely charge the selected user before the user
transmits.2

The selected user can harvest energy for a time T and then
transmit information for a time τ . The transmit power Pbs

adapts according to the downlink channel condition3 of the
selected user. Nonetheless, Pbs may grow significantly due to
path-loss effects and channel conditions of the selected user. A
maximum transmit power constraint for the BS is thus incor-
porated to strictly restrict Pbs below a practical transmit power
level of the BS, i.e., Ptot. Consequently, the BS transmit power
per energy harvesting slot can be defined as min(Pbs, Ptot).

We consider a finite battery capacity at the selected user;
however, it may not always be possible for the user to accu-
mulate energy up to its maximum battery level. We thus refer to
this event as maximum power outage, i.e., the case in which the
user will be unable to transmit with its full power. However, the
user may still be able to sustain a reliable transmission during
time slot τ by transmitting with a harvested power which is less
than Pmax. Nonetheless, if the harvested power falls below a
threshold Pmin the user will be considered as in outage and will
remain silent. This event is referred as minimum power outage.
That is, Pmin represents the minimum transmit power required
by the user for reliable transmission (e.g., to meet the receiver
sensitivity or SNR requirement) during period τ .

2We assume that an energy beamforming method is implemented at the BS
to support directed energy transfer in the downlink towards the user who is
scheduled on uplink transmission.

3We assume that the channel state information (CSI) can be measured by
users and be fedback to BS in the beginning of each time frame (T + τ) and
that the uplink and downlink channels remain unchanged during (T + τ).
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B. Energy Harvesting (Wireless Charging) Model

From the energy-power relationship, the transmit power of
the scheduled user for uplink transmission can be given as:

Psel =
Esel

τ
, (1)

where Esel is the amount of energy harvested by the scheduled
user during time T and can be expressed as follows:

Esel = PDL T ηsel γ
DL
sel , (2)

where PDL represents the downlink transmit power of the BS
and γDL

sel represents the downlink channel gain of the selected
user that includes path-loss, shadowing, and fading.

Note that (2) represents a simplified path-loss formula which
is commonly used to model the received power at the scheduled
user taking into account the channel attenuation factors, such as
path-loss, shadowing, and fading, between the transmitter and
the receiver. Given the transmit power of the BS as PDL, the
received power at a scheduled user can be given as PDLγ

DL
sel .

Since, in our case, we are interested in the received energy level,
we multiply the received power PDLγ

DL
sel by the duration of

energy harvesting time T . Finally, we multiply by the energy
harvesting efficiency ηsel of the receiver of the scheduled user
[18]. ηsel depends on the efficiency of the antenna, the accuracy
of the impedance matching between the antenna and the voltage
multiplier, and the power efficiency of the voltage multiplier
that converts the received RF signals to DC voltage [22]. For
simplicity, we set ηsel = η for all users.

The transmit power required by the BS to completely charge
the battery of the selected user is given as follows:

Pbs =
Pmaxτ

TηγDL
sel

. (3)

Note that Pbs is inversely proportional to the downlink channel
gain of the selected user. Nonetheless, the BS transmit power
cannot exceed Ptot. Thus, the energy transferred to the selected
user is given by:

Esel = min(Pbs, Ptot) T η γDL
sel . (4)

Consequently, the probability of maximum power outage can be
defined as Pr(Pbs > Ptot).

The probability of minimum power outage (or power failure)
at the scheduled user is given as follows:

Pout = Pr
(
PtotT η γDL

sel < Pminτ
)
. (5)

C. Ranking the Users in Terms of Distances

Since all users are uniformly distributed in a macrocell,
the PDF and CDF of the distance of any arbitrary user from
macrocell BS is given, respectively, as follows:

fr(r) =
2r

R2
, Fr(r) =

r2

R2
. (6)

Now we sort users according to their distances from minimum
to maximum, i.e., {r(1), · · · , r(l), · · · , r(U)}, where r(l) denotes

the distance of a user at lth rank. For instance, a user fol-
lowing a minimum and maximum distance can be defined as
r(1) = min{r1, r2, · · · , rU} and r(U) = max{r1, r2, · · · , rU},
respectively. The scheduled user can belong to any rank l with
a certain probability depending on the user selection criteria.
For example, with greedy scheduling, the users at lower ranks
are highly likely to be selected. On the other hand, with round-
robin scheduling, the users at all ranks are equally likely to be
scheduled.

The uplink and downlink channel gains of a user at rank l can
then be defined, respectively, as follows:

γDL
l = r−β

(l) χl, γUL
l = r−β

(l) ζl, (7)

where r(l) is the distance of a user at rank l from its serving BS
which is located in the cell-center, β is the path-loss exponent,
χl and ζl are the composite fading channels experienced by user
at rank l in the downlink and uplink, respectively.4 Note that, af-
ter multiplying the ranked distances with ζl, which are indepen-
dent variables, γUL

l ∀ l are no longer ranked random variables.

D. Multiuser Scheduling

We consider two scheduling schemes, namely, greedy
scheduling and round-robin scheduling to select users on a
transmission channel. In the former, a user with the best uplink
quality is selected, whereas in the latter, a user is selected
arbitrarily regardless of its link condition. The conventional
scheduling does not consider the available energy of the se-
lected users for transmission in time τ . Therefore, a user who is
scheduled to transmit may not have enough energy to transmit
in the duration τ . This can happen due to the poor downlink
channel conditions, reduced energy harvesting time, or distant
location of the scheduled user. As such, conventional schedul-
ing results in minimum power outage events where the selected
users will not be able to transmit. The frequency of such events
becomes more evident with the round-robin scheduling due to
its strict fairness and thus higher chances of scheduling the
cell-edge users. Motivated by this fact, we develop modified
versions of the conventional schemes which are referred to
as harvesting-constrained schemes. The harvesting-constrained
schemes employ a two-step user selection mechanism. In the
first step, a set of users, who are able to harvest minimum en-
ergy required for transmission, is selected. Out of these selected
users, in the second step, either a user with the best uplink chan-
nel is selected (greedy) or a user is selected arbitrarily (round-
robin) to enhance system throughput and fairness, respectively.

E. Composite Fading Model

The shadowing and fading phenomena in wireless channels
can be jointly modeled by the composite fading distribution.
Nakagami-m is a generic fading distribution which includes

4The uplink and downlink channels of a user experience same path-loss.
However, the gains of the uplink and downlink composite fading channels can
vary due to different channel frequencies, shadowing, and fading losses. As
such, for more generality, we distinguish the uplink and downlink composite
fading channels as ζ and χ, respectively.
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Rayleigh distribution for m = 1 (typically used for non-LoS
conditions) as a special case and can well-approximate the
Ricean fading distribution for 1 ≤ m ≤ ∞ (typically used
for strong LoS propagation conditions) [23], [24]. More-
over, Nakagami-log-normal distribution can be modeled by
the generalized-K distribution where the average power vari-
ations due to shadowing are closely approximated by the
Gamma distribution [24], [25]. Nonetheless, the statistics of the
Generalized-K distribution involve special functions. There-
fore, we approximate the distribution with a more tractable
Gamma distribution by using the moment matching method,
i.e., KG(mc,ms,Ω) ≈ Gamma(κ,Θ) [23]. By matching the
first and second moments of the two distributions, the corre-
sponding values of κ and Θ can be given as [23]:

κ =
mcms

mc +ms + 1−mcmsε
, Θ =

Ω

κ
, (8)

where ε is the adjustment factor. As such, in this paper, uplink
and downlink channel, i.e., ζ and χ will be considered as
Gamma random variables.

F. Methodology of Analysis

To characterize the uplink spectral efficiency, minimum and
maximum power outage probability of the scheduled user,
and BS power consumption for energy transfer, the analytical
approach consists of the following steps:

• Derive the statistics of the uplink channel gains γUL
l

corresponding to the ranked distances of the users.
• Derive the probability of selecting a user at ranked dis-

tance l, i.e., Pr(rsel = r(l)).
• Derive the distribution of the BS transmit power (Pbs)

required to completely charge the battery of selected
user, minimum power outage probability Pout, maximum
power outage probability Pr(Pbs > Ptot), and average
BS power consumption for charging users wirelessly to
support their uplink transmissions.

• Derive the uplink spectral efficiency and uplink spectral
efficiency per unit charging power of the BS.

III. DISTRIBUTION OF THE RANKED

DISTANCE OF THE SELECTED USER

In this section, we derive the statistics of the ranked user
distances. Based on this, we derive the distribution of their
corresponding uplink channel gains. We then derive the distri-
bution of the ranked distance of the selected user.

A. Distribution of the Ranked Distances

The distances of users from the serving BS can be sorted
from minimum to maximum in an ordered manner. Using the
theory of the order statistics, the distribution of the distance at
rank l from the serving macrocell BS can be given as [26]:

fr(l)(r) =
U ! (Fr(r))

l−1 (1− Fr(r))
U−l fr(r)

(U − l)!Γ(l)
. (9)

Substituting (6) in (9) and after some algebraic manipulations,
the distribution of the ranked distances can be written as follows:

fr(l)(r) =
2U !

(U − l)!Γ(l)R2U
r2l−1(R2 − r2)

U−l
. (10)

Since U − l is an integer, the distribution of the ranked dis-
tances can be further simplified by applying Binomial ex-
pansion, i.e., (R2 − r2)

U−l
=

∑U−l
j=0

(
U−l
j

)
R2j(−r2)

(U−l−j).
Consequently, fr(l)(r) can be written by doing some algebraic
manipulations as follows:

fr(l)(r) =

U−l∑
j=0

Ar2(U−j)−1. (11)

where

A =
(−1)U−l−j2U !

(U − l − j)!j!Γ(l)R2(U−j)
. (12)

The CDF of r(l) can be derived using (11) as follows:

Fr(l)(r) =

∫ r

0

frl(u)du =

U−l∑
j=0

Ar2(U−j)

2(U − j)
. (13)

B. Distribution of the Uplink Channel Gains Corresponding
to the Ranked Distances

Conditioned on the distribution of the ranked distance r(l)
and by performing a random variable transformation, the distri-
bution of γUL

l can be derived as follows5:

fγUL
l

|r(l)(γ|r) = rβfζ(γr
β). (14)

By averaging over the distribution of r(l), the PDF of γUL
l can

be derived as follows:

fγUL
l

(γ) =

∫ R

0

rβfζ(γr
β)fr(l)(r)dr. (15)

In this paper, we consider that RV ζ is a Gamma random
variable, i.e., ζ ∼ Gamma(κζ ,Θζ). Substituting the PDF of

Gamma random variable, i.e., fζ(ζ) =
e−ζ/Θζ ζκζ−1

Γ(κζ)Θζ
κζ and sub-

stituting (11) into (15), (15) can be re-written as follows:

fγUL
l

(γ) =

U−1∑
j=0

A
∫ R

0 e
− γrβ

Θζ
(γ)κζ−1

rβκζ+2(U−j)−1dr

Γ(κζ)Θζ
κζ

. (16)

Simplifying the integral in (16) by using [21, 3.381/8], we
obtain

fγUL
l

(γ) =

U−l∑
j=0

A Γl

(
κζ − 2(j−U)

β , Rβγ
Θζ

)
Γ(κζ) βγ

(
γ
Θζ

) 2(U−j)
β

. (17)

5For the clarity of the expressions, in this subsection, we omit the subscripts
and denote ζl as ζ, and denote κζl and Θζl as κζ and Θζ , respectively.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:32:52 UTC from IEEE Xplore.  Restrictions apply. 



TABASSUM et al.: MULTIUSER SCHEDULING IN RF-POWERED UPLINK CELLULAR NETWORKS 3591

Now, the CDF of γUL
l can be expressed as follows:

FγUL
l

(γ)=

U−l∑
j=0

A

Γ(κζ) β

∫ γ

0

Γl

(
κζ− 2(j−U)

β , Rβγ
Θζ

)
γ (γ/Θζ)

2(U−j)
β

dγ. (18)

After solving the integral in (18) by using [26, Eq.
(06.06.21.0002.01)], FγUL

l
(γ) can be written in a closed-form

as follows:

FγUL
l

(γ) =

U−l∑
j=0

Γl

(
κζ+

2(U−j)
β ,R

βγ
Θζ

)
(

γRβ

Θζ

) 2(U−j)
β

− Γl

(
κζ ,

Rβγ
Θζ

)

(2/A) (j − U)R2(j−U)Γ(κζ)
. (19)

C. Distribution of the Distance of the Selected User

Given the statistics of the uplink channel gains corresponding
to users’ ranked distances, the probability of selecting a user can
be determined. For instance, with greedy scheduling, the ranked
distance l will be selected if its corresponding uplink channel
gain, i.e., γUL

l exceeds the channel gains corresponding to all
other ranked distances. Conditioned on γUL

l , the probability
of selecting a ranked distance r(l), i.e., Pr(rsel = r(l)) can
therefore be derived mathematically for greedy scheduling as
follows:

Pr
(
rsel = r(l)|γUL

l

)
= Pr

(
γUL
1 , · · · , γUL

i , · · · , γUL
U ≤ γUL

l

)
=

U∏
i=1
i�=l

Pr
(
γUL
i ≤ γUL

l

)
. (20)

The unconditional distribution can then be derived by averaging
over the PDF of γUL

(l) as follows:

Pr
(
rsel=r(l)

)
=

∫ ∞

0

U∏
i=1
i�=l

FγUL
i

(
γUL
l

)
fγUL

l

(
γUL
l

)
dγUL

l . (21)

The integral can be evaluated numerically by using any
standard mathematical software packages such as MAPLE and
MATHEMATICA. For instance, the NIntegrate function in
MATHEMATICA can be used to evaluate the above integral.
Note that due to the multiplication of r(l) with the indepen-
dent random variables ζl, the dependence among the random
variables γUL

l becomes weak and they are no longer ranked
variables. For analytical tractability, we ignore this dependence
in calculating (20).

With round-robin scheduling, since all users have equal
probability to be selected, the selected user can be of any rank
l with equal probability. The distribution of the ranked distance
of the selected user can therefore be derived as follows:

Pr
(
rsel = r(l)

)
=

1

U
. (22)

Given the distribution of the distance of the selected user,
the probability of minimum power outage, the probability of

maximum power outage, and spectral efficiency of uplink trans-
mission based on the harvest-then-transmit strategy can be
derived as shown in the subsequent sections.

IV. ANALYSIS OF MINIMUM AND MAXIMUM POWER

OUTAGE PROBABILITIES FOR THE SELECTED USER

In this section, we will use the expressions in Section III to
derive the statistics of Pbs, the average power consumption of
the BS per energy harvesting slot, and the minimum power and
maximum power outage probabilities for the selected user.

A. Distribution of Pbs

Given the distribution of the distance of the selected user and
the definition of Pbs in (3) and γDL

l in (7), the PDF of Pbs can
be derived by performing a random variable transformation of
the PDF of 1/χl. Since6 χ ∼ Gamma(κχ,Θχ), X = 1/χ is an
inverse Gamma distribution whose PDF is given as follows:

fX(x) =
x−κχ−1e

− 1
xΘχ

Γ(κχ)Θ
κχ
χ

. (23)

The conditional distribution of Pbs for a scheduled user can
then be derived as follows:

fPbs|rsel(p|rsel) = Kr−β
sel fX

(
Kr−β

sel p
)
, (24)

where7 K = Tη
Pmaxτ

.
Averaging over the distribution of rsel and r(l), (24) can be

re-written as follows:

fPbs
(p)=

U∑
l=1

K Pr
(
rsel = r(l)

)

×
∫ R

0

r−β
(l)

(
fX

(
pKr−β

(l)

)
fr(l)(r)dr

)
. (25)

Substituting the distribution of X from (23) and that of r(l) from
(11), we can write (25) as:

fPbs
(p) =

U∑
l=1

U−l∑
j=0

KAPr
(
rsel = r(l)

)
Γ(κχ)Θ

κχ
χ (pK)κχ+1

×
∫ R

0

e
−

r
β

(l)
pKΘχ r

βκχ+2(U−j)−1

(l) dr. (26)

Finally, by solving the integral in (26) using [21, 3.381/8], a
closed-form expression can be derived as follows:

fPbs
(p) =

U∑
l=1

U−l∑
j=0

AΓl

(
κχ− 2(j−U)

β , Rβ

KpΘχ

)
pβΓ(κχ)(KpΘχ)

2(j−U)
β

Pr
(
rsel = r(l)

)
.

(27)

6For clarity of exposition, in this section, we omit the subscripts and denote
χl and Xl as χ and X , and denote κχl and Θχl as κχ and Θχ, respectively.

7We consider same values of Pmin and Pmax for all users. Note that
the calculation of the performance measures requires the parameters of the
scheduled user. Therefore, if a scheduled user is at rank l with parameter values
as P l

min and P l
max, the derivations can be modified accordingly.
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The CDF of Pbs(p) can then be derived as follows:

FPbs
(p) =

U∑
l=1

U−l∑
j=0

APr
(
rsel = r(l)

)
βΓ(κχ)

×
∫ p

0

Γl

(
κχ − 2(j−U)

β , Rβ

KuΘχ

)
u(KuΘχ)

2(j−U)
β

du. (28)

A closed-form expression of FPbs
(p) can also be derived by

using [26, 06.06.21.0002.01] as in (29), shown at the bottom of
the page.

B. Minimum and Maximum Power Outage Probabilities

In this subsection, we demonstrate the significance of de-
riving the statistics of Pbs in evaluating the minimum and
maximum power outage probabilities for the selected user.

Lemma 1 (Maximum Power Outage Probability): Given the
PDF of the power required by the BS to completely charge
the battery of the scheduled user, the probability of maximum
power outage, i.e., Pr(Pbs > Ptot) can be derived as:

Pr(Pbs > Ptot) =

∫ ∞

Ptot

fPbs
(p) = 1− FPbs

(Ptot). (30)

where FPbs
(p) is derived in closed-form as given in (29).

Note that the occurrence of a maximum power outage event
results in Pbs = Ptot. The maximum power outage probability
is a monotonically decreasing function of T (see Appendix A
for the proof). Therefore, higher values of T reduce the maxi-
mum power outage probability.

The minimum power outage probability (or power failure
probability of the scheduled user) can then be derived as in the
following.

Lemma 2 (Minimum Power Outage Probability in Gamma
Fading Channels): Conditioning on rsel, the minimum power

outage probability can be written as Pout = Fχ

(
Pminτr

β
sel

PtotTη

)
.

Averaging over the distribution of rsel, Pout of the selected
user can be derived for Gamma fading channels (i.e., χ ∼
Gamma(κχ,Θχ)) in closed-form as follows:

Pout =
U∑
l=1

U−l∑
j=0

Γl

(
κχ,

1
cPtot

)
−

Γl

(
κχ+

2(U−j)
β , 1

cPtot

)
(cPtot)

2(j−U)
β

ĀΓ(κχ)
, (31)

where c =
TηΘχR

−β

Pminτ
and Ā = (U−l−j)!j!Γ(l)(U−j)

(−1)U−l−jU ! Pr(rsel=r(l))
.

Proof: See Appendix B. �
The occurrence of minimum power outage events is a mono-

tonically decreasing function of T and increasing function of
Pmin. This can be proved using a similar method as explained
in Appendix A. Therefore, higher values of Pmin will increase
the minimum power outage events.

Corollary 1 (Minimum Power Outage Probability in Rayleigh
Fading Channels): Substituting κχ = 1 into (31), Pout can be
simplified for Rayleigh fading channels as follows:

Pout =

U∑
l=1

U−l∑
j=0

1− e−cPtot −
Γl

(
1+

2(U−j)
β , 1

cPtot

)
(cPtot)

2(j−U)
β

Ā
. (32)

Using the FindRoot[·] command inMATHEMATICA, the val-
ues of different network parameters can be obtained by using (31)
and (30) for the desired minimum power or maximum power
outage probabilities. To enable a more flexible energy harvest-
ing, T can be designed according to the minimum power outage
probability of a cell-edge user (PCE

out ). Clearly, PCE
out ≥Pout if

all users experience identical fading channels in a macrocell.
The power outage probability of a user at the worst-case posi-

tion in a cell can be derived for Gamma (χ ∼ Gamma(κχ,Θχ))
as follows:

PCE
out =

Γl

(
κχ,

1
cPtot

)
Γ(κχ)

. (33)

The resulting power outage probability is an upper bound which
will become tighter and accurate for low values of R.

C. Average BS Transmit Power for Wireless Charging of Users

Given the distribution of Pbs, the instantaneous power con-
sumption at the BS per energy harvesting time slot can be
quantified as follows:

Pcon =

{
Pbs, Pbs < Ptot

Ptot, otherwise.
(34)

Pcon can be derived in closed-form as follows.
Lemma 3 (Average Transmit Power of BS Required to Charge

Mobile Users for Uplink Transmission in Gamma Fading Chan-
nels): The average power consumption at the BS due to RF
wireless charging can be expressed as follows:

E[Pcon] = Ptot (1− FPbs
(Ptot)) +

∫ Ptot

0

pfPbs
(p)dp. (35)

A closed-form expression can then be derived as follows:

E[Pcon]=Ptot(1−FPbs
(Ptot)) +

U∑
l=1

U−l∑
j=0

APr
(
rsel = r(l)

)
Γ(κχ) (β+2(U−j))

×

⎛
⎝Γu

(
κχ−1, Rβ

PtotKΘχ

)
KR2(j−U)−βΘχ

+
PtotΓu

(
κχ+

2(U−j)
β , Rβ

PtotKΘχ

)
(KΘχPtot)

2(j−U)
β

⎞
⎠ .

(36)

(36) can be further simplified for Rayleigh fading channels by
substituting κχ = 1.

FPbs
(p) =

U∑
l=1

U−l∑
j=0

Γl

(
κχ + 2(U−j)

β , Rβ

KpΘχ

)(
Rβ

KpΘχ

) 2(j−U)
β

+ Γu

(
κχ,

Rβ

KpΘχ

)
(2/A) (U − j)R2(j−U)Γ(κχ)

Pr
(
rsel = r(l)

)
(29)
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V. ANALYSIS OF SPECTRAL EFFICIENCY

OF UPLINK TRANSMISSION

In this section, we will derive the uplink spectral efficiency
of a scheduled user (based on traditional greedy scheduling and
round-robin scheduling) in time frame τ . Using the statistics of
BS transmit power, we will then characterize the uplink spectral
efficiency per unit BS transmit power required to charge mobile
users for uplink transmission.

A. Average Spectral Efficiency of Uplink Transmission

The average spectral efficiency of uplink transmission by a
selected user is given as follows [18]8:

C=

⎧⎪⎪⎨
⎪⎪⎩

τ
τ+T E

[
log2

(
1 +

Pmaxγ
UL
sel

σ2

)]
, Pbs ≤ Ptot

τ
τ+T E

[
log2

(
1 +

T Ptot η γDL
sel

γUL
sel

τσ2

)]
, Pbs>Ptot

Emax>Pminτ

0, Pbs>Ptot

Emax≤Pminτ
,

=

{ τ
τ+T C1, Pbs ≤ Ptot
τ

τ+T C2, Pbs > Ptot, Emax > Pminτ
0, Pbs > Ptot, Emax ≤ Pminτ ,

(38)

where σ2 denotes the thermal noise power. Note that the first
region is the one in which a selected user is able to completely
charge its battery, i.e., maximum power region. In the second
region, the selected user is not able to sufficiently charge due to
BS transmit power constraint. Nonetheless, the selected user’s
battery power is enough for transmission to achieve a certain
rate. Finally, the third region represents the complete power
failure of the selected user. The step-by-step spectral efficiency
analysis for each region is presented below.

1) Spectral Efficiency in the Maximum Power Region: Con-
ditioned on the distance rank l of the selected user (i.e., rsel =

8For a clear exposition and to maintain the focus of this paper, interference
is not considered in the spectral efficiency calculation. However, the frame-
work can be extended to consider the interference using scheduling-dependent
tractable interference models proposed in [27].

r(l)) and substituting the value of Pbs, we can write the capacity
in the first region as:

C1(l) = E

[
log2

(
1 +

Pmaxγsel,l
σ2

)]
,

rβ(l)

Kχl
≤ Ptot, (39)

where γsel,l = r−β
(l) ζm and ζm = max{ζl}, ∀ l, for greedy

scheduling and γsel,l = r−β
(l) ζl for round-robin scheduling. The

limits of χl can be calculated as 1

Kr−β

(l)
Ptot

≤ χl ≤ ∞.

We then write C1 by conditioning on the distance of the
selected user r(l) and downlink channel χl for round-robin
scheduling as follows:

C1

(
l, r(l), χl

)
=

∫ ∞

0

log2(1 + aζ)fζl(ζ)dζ

=

∫∞
0 ln(1 + aζ)e

− ζl
Θζl ζκζl

−1dζl

Γ (κζl)Θ
κζl

ζl
ln 2

, (40)

where a =
Pmaxr

−β

(l)

σ2 . The closed-form expression is ob-
tained by using the standard mathematical software package
MATHEMATICA as in (37), shown at the bottom of the page.

For greedy scheduling,C1(l, r(l),χl) can be written as follows:

C1

(
l, r(l), χl

)
=

∫ ∞

0

log2(1 + aζm)fζm(ζm)dζm. (41)

Substituting the value of fζm(ζm) from Appendix C, we can re-
write (41) and derive its closed-form solution as given in (42),

shown at the bottom of the page, whereJ =
U(U−1

k )(−1)kα(f,k)

ln(2)Γ(κζl
)Θ

κζl
ζl

.

Averaging over χl, C1(l, r(l)) can be expressed as follows:

C1

(
l, r(l)

)
=C1

(
l, r(l), χl

) ∫ ∞
r
β

(l)
KPtot

fχl
(χl)dχ

=C1

(
l, r(l), χl

)(
1− Fχl

(
rβ(l)

KPtot

))
. (43)

C1

(
l, r(l), χl

)
=

1

Γ (κζl)Θ
κζl

ζl
ln 2

⎛
⎝ln(aΘζl)+ψ (κζl)+

πcsc (κζlπ)Γl

(
κζl ,− 1

aΘζl

)
Γ(κζl) (−1)κζl

+
2F 2

[
{1, 1}, {2, 2−κζl} , 1

aΘζl

]
aΘζl (κζl−1)

⎞
⎠ (37)

C1

(
l, r(l), χ

)
=

U−1∑
k=0

k(κζ−1)∑
f=0

J
∫ ∞

0

ln(1 + aζm)e
− (κζ+1)ζm

Θζ ζ
κζ−1+f
m dζm

=

U−1∑
k=0

k(κζ−1)∑
f=0

J

⎛
⎝πΓl

(
κζ + f,−κζ+1

aΘζ

)
(−1)−κζ−f

sin ((κζ + f)π) Γ(κζ + f)

+
2F 2

[
{1, 1}, {2, 2− κζ}, κζ+1

aΘζ

]
aΘζ(κζ − 1)/(κζ + 1)

+ ln

(
aΘζ

κζ + 1

)
+ ψ(κζ + f)

⎞
⎠ (42)
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Since χl is a Gamma distributed random variable, 1− Fχl
(·) =

Γu

(
κχl

,
(·)

Θχl

)
Γ(κχl

) . Substituting this value into (43), we can write

C1

(
l, r(l)

)
=

Γu

(
κχl

,
rβ
(l)

KPtotΘχl

)
Γ (κχl

)
C1

(
l, r(l), χl

)
. (44)

Finally, averaging over the distribution of r(l), C1(l) can be
derived as follows:

C1(l) =

∫ R

0

C1

(
l, r(l)

)
fr(l)(r)dr(l). (45)

2) Spectral Efficiency in the Maximum Power Outage Re-
gion: The spectral efficiency of a user at rank l in the maximum
power outage region can be written as follows:

C2(l) = E

[
log2

(
1 +

Emaxγsel,l
τσ2

)]
, (46)

where
rβ
(l)

Kχl
> Ptot, Emax > Pminτ and Emax = TPtotηr

−β
(l) χl.

The upper limit of χl can be determined as χl ≤ 1

Kr−β

(l)
Ptot

.

Since Emax > Pminτ , the lower limits of χl can be calculated
as χl ≥ 1

K′r−β

(l)
Ptot

, where K ′ = ηT
Pminτ

. Conditioning on the

distance r(l) of the selected user and downlink channel statistics
χ, C2 can be written as follows:

C2

(
l, r(l), χl

)
=

∫ ∞

0

log2

(
1+

TPtotηr
−β
(l) χlγsel,l

τσ2

)
fγsel,l

(γ)dγ.

(47)

Using the same method as detailed for the maximum power
region, C2(l, r(l), χl) can be calculated for greedy and round-
robin scheduling, respectively, as follows:

C2

(
l, r(l), χl

)
=

∫ ∞

0

log2(1 + bζm)fζm(ζm)dζm,

C2

(
r(l), χl

)
=

∫ ∞

0

log2(1 + bζ)fζ(ζ)dζ, (48)

where b =
TPtotηr

−2β

(l)
χl

τσ2 . The integral can be solved as in (37)
and (42) by replacing a with b. Finally, averaging over the
distribution of r(l) and χl, C2 for a user at rank l can be derived
as follows:

C2(l) =

∫ R

0

∫ r
β

(l)
KPtot

r
β

(l)

K′Ptot

C2

(
r(l), χl

)
fχl

(χl)fr(l)
(
r(l)

)
dχdr(l).

(49)

Note that, the dependency of b on χl does not allow averaging
over χl in a closed-form as in the previous subsection. The
double integrals however can be evaluated numerically using
standard mathematical software packages such as MAPLE and
MATHEMATICA. The total spectral efficiency of uplink trans-
mission can then be derived as given below.

Lemma 4 (Spectral Efficiency of Uplink Transmission With
Wireless Charging): By averaging over the distribution of the

ranked distance of the selected user, the total spectral efficiency
of uplink transmission with wireless charging of users can be
evaluated as follows:

C =
τ

τ + T

U∑
l=1

(C1(l) + C2(l)) Pr
(
rsel = r(l)

)
. (50)

B. Uplink Spectral Efficiency per Unit Transmit Power for
Wireless Charging in the Downlink

The uplink spectral efficiency per unit downlink transmit
power required for charging the users for their uplink transmis-
sion (μ) can be defined mathematically as follows:

μ =

⎧⎨
⎩

C1

Pbs
, Pbs ≤ Ptot,

C2

Ptot
, Pbs > Ptot, Emax > Pminτ ,

0, Pbs > Ptot, Emax ≤ Pminτ .

(51)

Conditioned on the rank of the selected user, μ1(l) =
C1(l)
Pbs

and μ2(l) =
C2(l)
Ptot

. Finally, the overall spectral efficiency per
unit transmit power of the BS can be calculated as:

μ =
U∑
l=1

(μ1(l) + μ2(l)) Pr
(
rsel = r(l)

)
. (52)

Note that, the analysis for μ1(l) in the first region can be done
in a similar way as for C1(l) in Section V-A. However, while
calculating (43), the integral needs to be evaluated as follows:

μ1

(
r(l)

)
=C1

(
r(l), χl

) ∫ ∞
r
β

(l)
KPtot

Kr−β
(l) χlfχl

(χl)dχl (53)

=C1

(
r(l), χl

) Kr−β
(l) ΘχΓ

(
1+κχ,

rβ
(l)

KPtotΘχ

)
Γ(κ)

. (54)

The closed-form in (53) is derived by using [21, 3.351/2]. On
the other hand, μ2(l) in the second region is simply a scaling of
C2(l) and therefore its corresponding analysis is same.

VI. HARVESTING-CONSTRAINED MULTIUSER

SCHEDULING SCHEMES

The harvesting-constrained scheduling schemes follow a
two-step mechanism. In the first step, a set of users, who are
guaranteed to be capable of harvesting a minimum energy of
Pminτ , during the harvesting time interval T , are selected. This
requires the knowledge of the downlink channel state infor-
mation (CSI). Once the users are selected who are guaranteed
to harvest sufficient energy, a user is selected for transmission
by performing either greedy or round-robin scheduling among
those users. In greedy scheduling, the user with the best uplink
channel condition is selected out of the previously selected set.
In round-robin scheduling, a user is selected randomly (out of
the users in the previously selected set) with equal probability.
Note that these schemes do not allocate resources to users who
are unable to harvest minimum energy for transmission during
uplink transmission time τ . Thus, the minimum power outage
probability will become zero.
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The harvesting-constrained schemes can be analyzed using
the developed mathematical framework by implementing the
following steps:

1) Derive the probability of a user at ranklto harvest mini-
mum energy: The probability of a user at lth rank being
able to harvest energy greater than or equal to Pminτ can
be calculated as follows:

pl = Pr

(
r−β
(l) χl >

Pminτ

PtotTη

)
. (55)

A closed-form expression can be given using the result in
(31) as follows:

pl=1−
U−l∑
j=0

Γl

(
κχl

, 1
cPtot

)
ÃΓ(κχl

)
−
Γl

(
κχl

+ 2(U−j)
β , 1

cPtot

)
(cPtot)

2(j−U)
β ÃΓ(κχl

)
, (56)

where c = K ′Θχl
R−β and Ã = (U−l−j)!j!Γ(l)(U−j)

(−1)U−l−jU !
.

2) Derive the probability of selecting a user at rankl: To
derive the probability of selecting a user at rank l, we
consider a binary vector b of length U in which the lth

bit represents the status of a user at rank l. Bit value
‘1’ represents sufficient energy harvesting and bit value
‘0’ represents minimum power outage. The probability of
selecting the lth rank user can then be derived by picking
all possible combinations in which the lth bit is equal to
one. The probability of such a combination b can then be
derived as:

Pr(b) =

U∏
l=1

p
b(l)
l (1− pl)

1−b(l). (57)

Lemma 5 (Distribution of selecting a user at ranked
distance l, i.e., Pr(rsel = r(l))): For each combination b

in which the lth bit is one, only users whose bits are also
one need to be considered. Based on this, Pr(rsel = r(l))
can be derived in a straightforward manner (as explained
in Section III) for round-robin and greedy scheduling
schemes, respectively, as follows:

Pr
(
rsel = r(l)

)
=

∑
b∈B

Pr(b)∑U
l=1 b(l)

, (58)

Pr
(
rsel = r(l)

)
=

∑
b∈B

∫ ∞

0

U∏
i=1
i�=l

(
FγUL

i

(
γUL
l

))b(i)

× fγUL
l

(
γUL
l

)
dγUL

l Pr(b), (59)

where B denotes the selected set of 2U−1 combinations in
which b(l) = 1.

Harvesting-constrained schemes alleviate the mini-
mum power outage events. However, they may lead to
situations in which no user is selected for transmission
and this is referred to as idle state. The probability of
occurring an idle state can be derived as in the following.

3) Derive the probability of idle state:
Corollary 2 (Probability of idle state): Note that∑U
l=1 Pr(rsel = r(l)) may not necessarily be equal to one

since there exists a non-zero probability of the event that
none of the users are able to harvest sufficient energy and

the probability of the idle state can therefore be derived
as follows:

Pr(A) =
U∏
l=1

(1− pl). (60)

pl is a monotonically increasing function of T (see
Appendix A for the proof). Therefore, as T → 0 in (60),
Pr(A) → 1, and in turn,

∑U
l=1 Pr(rsel = r(l)) → 0.

Also, note that by using Pr(rsel = r(l)) as derived in (58) and
(59), as illustrated in Section IV-A, the maximum power outage
probability of the selected user can be derived in a similar
manner. For each possible combination b in which the lth bit
is one, the spectral efficiency analysis of the user at rank l
can be conducted as described in Section V. By considering
the spectral efficiency of all such possible combinations and
multiplying them with their corresponding Pr(b), the analysis
for rank l user can be performed in a straightforward manner
using the developed framework.

VII. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we validate the accuracy of the derived
expressions and analyze the performance of an uplink wireless-
powered macrocell network. The trade-off between spectral
efficiency and fairness is analyzed for both the conventional and
harvesting-constrained user selection schemes.

The radius of the macrocell is taken as 200 m. The path-loss
exponent β is taken as 2.5. Generalized-K composite fading
is approximated by the Gamma distribution using (8), i.e., the
downlink composite fading fχ(χ) ∼ KG(2, 2, 1) is approxi-
mated as Gamma(2, 0.5), whereas the uplink composite fading
density fζ(ζ) ∼ KG(2, 1, 1) is approximated as Gamma(0.5, 2)
with ε = 0.75 and ε = 0, respectively. For simulations, we
consider Generalized-K distribution, whereas for analysis we
consider Gamma distribution. We consider thermal noise power
density of 1× 10−16 W/Hz and the maximum transmit power
capability of a user and macrocell BS as Pmax = 0.1 W and
Ptot = 40 W, respectively. The minimum power required by
the user to successfully transmit over time τ is set to Pmin =
0.001 W. The receiver efficiency η = 70% and transmission
time τ = 0.5 ms. The values of all above mentioned parameters
are same unless stated otherwise.

A. Conventional User Multiuser Scheduling Schemes

1) Probability of Selecting a User at Rank l: Fig. 2 depicts
the probability of selecting a user at rank l in a given macrocell
for conventional greedy scheduling scheme. Numerical results
for the derived expression in (20) nearly coincide with those
obtained from Monte-Carlo simulations. Since the users at
higher ranks have considerably higher chances of existing at the
cell-edge, their corresponding chances of selection on a given
transmission channel are less. On the other hand, round-robin
scheduling selects a user arbitrarily irrespective of its distance
rank. Thus, the probability of selection is the same for all users,
i.e., 1/U . It can also be observed that an increase in path-loss
exponent β causes higher signal attenuation, which reduces the
chance of a user to be selected for uplink transmission even fur-
ther. While conventional greedy scheduling selects the best user
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Fig. 2. Probability of selecting a user at rank l in terms of its distance from
serving macrocell BS considering greedy scheduling and different path-loss
exponents.

Fig. 3. Minimum power outage probability as a function of the energy har-
vesting duration T considering greedy and round-robin user selection schemes
and different number of users in a macrocell.

in terms of uplink channel gain, it cannot be guaranteed that the
same user is also an efficient energy harvester. Nevertheless, the
impact of path-loss dominates in both the uplink and downlink
channel of the selected user; therefore, it is highly likely that the
user selected through greedy scheduling will also be an efficient
energy harvester.

2) Minimum Power Outage: Fig. 3 depicts the minimum
power outage (or power failure) probability of the selected user
as a function of the maximum allowed energy harvesting time T
considering greedy and round-robin scheduling schemes. With
greedy scheduling, the minimum power outage probability re-
duces significantly with increasing T and number of users. This
follows from the multiuser diversity that enhances the chance
of selecting a user at a closer distance and thereby having a
relatively better downlink channel available for energy harvest-
ing. Nonetheless, the non-opportunistic nature of the round-
robin scheduling selects any user arbitrarily, and therefore, the
minimum power outage remains unchanged for any number of
users. The derived results for the round-robin scheduling match

Fig. 4. Spectral efficiency of uplink transmission as a function of charging (or
harvesting) duration considering greedy and round-robin scheduling schemes
and different number of users in a macrocell.

perfectly with those from the Monte-Carlo simulations. Since
we neglect the dependency of random variables in calculating
(20), the obtained results in case of greedy scheduling do not
match perfectly, however, they are in close agreement with
the Monte-Carlo simulations. Note that, due to the dependence
of uplink spectral efficiency on T , minimizing power outage
does not necessarily guarantee the improvement in spectral link
efficiency which is demonstrated in the next figures.

3) Spectral Efficiency: Fig. 4 illustrates the spectral effi-
ciency of uplink transmission considering greedy and round-
robin scheduling schemes as a function of T . When T is
very small, link spectral efficiency C is also negligible due to
extremely high power outage probability. However, with the
increasing values of T , the minimum power outage reduces and
C increases. Although a continuous increase in T guarantees
a further reduction in the minimum power outage probability
and may also guarantee a maximum-powered transmission of
the selected users, the achieved spectral efficiency may not be
improved. Higher spectral efficiency gains can be obtained at
lower values of T if the number of users (i.e., multiuser diver-
sity) increases in greedy scheduling. This observation however
is not valid for round-robin scheduling.

B. Harvesting-Constrained Scheduling Schemes

1) Spectral Efficiency-Fairness Trade-Off: The indifference
of conventional greedy scheme to harvesting channel conditions
does not allow spectral efficiency improvement at low values of
T . The same fact does not allow significant spectral efficiency
gains for round-robin scheduling, albeit the maximization of
fairness among users. This can be observed from Fig. 5 in
which the harvesting-constrained user selection schemes (with
both greedy and round-robin scheduling in the second step) are
observed to outperform the conventional schemes, especially
for low values of T . Note that, the region in which T has
small values will be of interest to network designers. Since the
harvesting-constrained schemes select only those users who are
able to charge their batteries with at least the minimum energy
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Fig. 5. Spectral efficiency comparison of the conventional and harvesting-
constrained greedy and round-robin scheduling schemes.

Fig. 6. Comparison of the fairness among users at different ranks in both the
conventional and harvesting-constrained scheduling schemes (for U = 10).

level, there is no minimum power outage event. Thus acquiring
the knowledge of downlink CSI and then employing harvesting-
constrained scheduling schemes improve spectral efficiency at
low values of T with a trade-off between spectral efficiency
and fairness among users. Finally, when the number of users
is small (e.g., U = 10), the overall performance trends are ob-
served to be same with a degradation in the spectral efficiency in
the cases of greedy scheduling, harvesting-constrained round-
robin scheduling, and harvesting-constrained greedy schedul-
ing. This degradation results due to reduction in the multi-user
diversity gains.

Fig. 6 depicts the probability of selecting a user at rank l in
terms of distance from the BS. This probability serves as an in-
dicator of fairness among users. Unlike conventional schemes,
the fairness among users is a function of T in harvesting-
constrained schemes (as can be seen from (55)). As T reduces,
the chance of selecting far users also decreases. While this
reduces the fairness of harvesting-constrained schemes, their
resulting spectral efficiencies turn out to be higher as can be
seen in Fig. 5. Therefore, from spectral efficiency point of view,
the harvesting-constrained schemes are beneficial especially for

Fig. 7. Average spectral efficiency of conventional and harvesting-constrained
scheduling schemes as a function of minimum transmit power required for
transmission (for U = 25).

low values of T (e.g., until 0.1 ms). For higher values of T ,
the probability of minimum power outage decreases and thus
the conventional schemes may be employed to introduce more
fairness while attaining a reasonable spectral efficiency.

Finally, Fig. 7 represents the spectral efficiency gains of
harvesting-constrained scheduling schemes as a function of
Pmin. In harvesting-constrained schemes, as Pmin → 0 all users
can transmit on a transmission channel; thus, the gap between
conventional and harvesting constrained schemes reduces. On
the other hand, if Pmin → Pmax, the probability of idle events
becomes high which leads to a reduction in the spectral effi-
ciency. For conventional scheduling schemes, the increase of
Pmin does not impact the scheduling decision. However, once
the user is selected for transmission, the likelihood of its power
outage tends to increase with the increase of Pmin. This is due
to the fact that the higher values of Pmin naturally increases the
probability that the user’s harvested energy will be insufficient.
Thus the reduction in the spectral efficiency due to increase in
Pmin and in turn power outages is self-explanatory.

On the other hand, the increase of Pmin directly impacts the
decision of harvesting-constrained scheduling schemes. Note
that these scheduling schemes select only those users who are
capable of transmitting with power Pmin at the least. Therefore,
as Pmin increases, it becomes more likely that the nearby users
with better channel quality are selected for transmission. The
benefit of selecting nearby users for transmission becomes more
prominent in the case of round-robin scheduling when com-
pared to greedy scheduling (since greedy scheduling by default
selects the nearby users with higher channel quality). This is
why, at first we observe an increase of spectral efficiency only
in the harvesting-constrained round-robin scheduling scheme.
This is due to the selection of users with high channel quality;
however, further increase of Pmin results in large number of
idle states in which no user is selected for transmission. The
effect of these idle states overcomes the benefit due to the high
channel quality of the selected users. Consequently, the spectral
efficiency reduces with increasing Pmin for both the harvesting-
constrained greedy and round-robin scheduling schemes.
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Fig. 8. Comparison of the power consumption at BS for wireless charging in
the conventional and harvesting-constrained scheduling schemes (for U = 25).

2) Average Transmit Power at BS for Wireless Charging of
Uplink Users: Fig. 8 compares the BS transmit power required
to transfer energy in conventional and harvesting-constrained
user selection schemes. The harvesting-constrained schemes
significantly outperform the conventional schemes for small
values of T . This is because, in this case, it is more likely that
users cannot harvest sufficient energy which leads to maximum
power transmission of the BS in conventional case. On the other
hand, for harvesting-constrained schemes, it pushes the BS to
go into an idle state as no users are scheduled and thus resulting
in significant power savings at the BS for wireless charging. For
high values of T , the power consumptions for both the schemes
converge since all users are able to harvest sufficient energy.
Finally, it can be concluded that greedy scheduling outperforms
the round-robin scheduling from both spectral efficiency and
power consumption perspectives with a trade-off in fairness
among users. In addition, due to the opportunistic nature of
greedy scheduling, the reduction in power consumption is evi-
dent at higher values of T compared to round-robin scheduling.

VIII. CONCLUSION

A novel framework has been developed to characterize the
performance of user selection policies in dedicated RF-powered
uplink cellular networks. The framework captures the stochastic
nature of uplink and downlink channels, the locations and finite
energy storage of multiple energy harvesting devices, and the
maximum transmit power constraint of the source of wireless
charging (i.e., the base station in our case). It has been shown
that spectral efficiency gains cannot be optimized in energy
harvesting networks with conventional user selection schemes,
especially for small values of energy transfer time. In this re-
spect, we have developed harvesting-constrained user selection
schemes and demonstrated their advantages over the conven-
tional schemes. Energy transfer (or wireless charging) time is
observed to be a key parameter that need be optimized based on
different network objectives (e.g., spectral efficiency maximiza-
tion, fairness maximization). Numerical results have confirmed
the accuracy of the analysis and demonstrated the efficacy of the

harvesting-constrained schemes over the conventional schemes
from spectral efficiency and power consumption perspectives.

APPENDIX A
MONOTONICITY PROOF OF (29) AND (56) IN TERMS OF T

Since FPbs
(p) is the CDF of the transmit power of the BS,

it is a monotonically increasing function of p. Note that, the
derivative of the CDF is the PDF which is positive over the
range of 0 ≤ p ≤ ∞. Therefore, the increasing monotonicity
of FPbs

(p) is evident. To prove the monotonicity of FPbs
(p) in

terms of K and hence T (since K = ηT
Pmaxτ

), we can write (28)
as follows:

FPbs
(p)=

U∑
l=1

U−l∑
j=0

A
(
Γl

(
κχ+B, E

K

)
( E
K

)B +Γu

(
κχ,

E
K

))
, (A-1)

where A =
Pr(rsel=r(l))

(2/A)(U−j)R2(j−U)Γ(κχ)
, B = 2(U−j)

β , and E =

Rβ

pΘχ
. Note that A, B, and E are non-negative. Now differen-

tiating (A-1) with respect to K gives:

∂FPbs
(p)

∂K
=

U∑
l=1

U−l∑
j=0

ABE
( E
K

)−1−B
Γl

(
κχ+B, E

K

)
K2

≥0. (A-2)

The derivative is calculated by using standard mathematical
software package MATHEMATICA. From (A-2), it is concluded
that FPbs

(p) is a monotonically increasing function of T . Since
the maximum power outage probability is 1− FPbs

(Ptot), it is
monotonically decreasing function ofT since ∂

∂K (1−FPbs
)≤0.

To prove the monotonicity of pl in terms of c and T (both are
directly proportional), we can write (54) as follows:

pl=1−
U−l∑
j=0

A

⎛
⎝Γl

(
κχl

,
1

cPtot

)
−
Γl

(
κχl

+B, 1
cPtot

)
(cPtot)−B

⎞
⎠, (A-3)

where A = 1
ÃΓ(κχl

)
and B = 2(U−j)

β . Note that A and B are

non-negative. Now differentiating (A-3) with respect to c gives:

∂pl
∂c

=

U−l∑
j=0

AB
(

1
Ptot

)(
1

Ptotc

)−1−B
Γl

(
κχ+B, 1

Ptotc

)
c2

≥0. (A-4)

From (A-4), it is concluded that pl is a monotonically increasing
function of c and hence T .

APPENDIX B
PROOF OF (31)

The minimum power outage probability is defined as Pout =

Γl

(
κχ,

r
β
sel

TK′Θχ

)
Γ(κχ)

. Averaging over the distribution of the distance
of the selected user and the distribution of the corresponding
rank distances, Pout can be derived as follows:

Pout=
U∑
l=1

Pr
(
rsel=r(l)

)
Γ(κχ)

∫ R

0

Γl

(
κχ,

rβsel
TK ′Θχ

)
fr(l)(rl)drl.

(B-1)
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Substituting the distribution of fr(l)(rl) from (11) in (B-1) and
doing some algebraic manipulations, we can write:

Pout =

U∑
l=1

U−l∑
j=0

APr
(
rsel = r(l)

)
Γ(κχ)

×
∫ R

0

r
2(U−j)−1
(l) Γl

(
κχ,

rβ(l)

TK ′Θχ

)
drl. (B-2)

Finally, the closed-form expression for minimum power outage
probability can be given as:

Pout =

U∑
l=1

U−l∑
j=0

APr
(
rsel = r(l)

)
2(U − j)R2(j−U)Γ(κχ)

×
(
Γl

(
κχ,

1

cPtot

)

−(cPtot)
2(U−j)

β Γ(κχ +
2(U − j)

β
,

1

cPtot

)
, (B-3)

where c = K ′ΘχR
−β . Finally, by substituting the value of A

and doing some manipulations, the minimum power outage
probability can be obtained as given in the Lemma.

APPENDIX C
PROOF OF (41)

The PDF of ζm can be written as follows:

fζm(ζm) = U
e−

ζm
θ ζκ−1

m

Γ(κ)Θκ

⎛
⎝Γl

(
κ, ζm

Θ

)
Γ(κ)

⎞
⎠

U−1

. (C-1)

For integer fading parameters, the CDF Fζ(ζ) =
Γl(κ, ζmΘ )

Γ(κ) can

be simplified as Fζ(ζ) = 1− e−
ζm
Θ

∑κ−1
i=0

(ζm/Θ)i

i! . Based on
the above simplification and applying Binomial expansion,
(Fζ(ζ))

U−1 can be written as follows:

(Fζ(ζ))
U−1 =

U−1∑
k=0

(
U−1

k

)
(−1)ke−

kζm
Θ

(
κ−1∑
i=0

(ζm/Θ)i

i!

)k

.

(C-2)

Considering the factors of multinomial expansion, i.e.,(∑κ−1
i=0

(ζm/Θ)i

i!

)k

as α(f, k), we can simplify (C-2) as

follows:

(Fζ(ζ))
U−1=

U−1∑
k=0

k(κ−1)∑
f=0

(
U−1

k

)
(−1)ke−

kζm
Θ α(f, k)ζfm. (C-3)

Substituting the value of (C-3) into (C-1), fζm(ζm) can be
derived as follows:

fζm(ζm)=

U−1∑
k=0

k(κ−1)∑
f=0

U
(
U−1
k

)
(−1)kα(f, k)

Γ(κ)Θκ

× e−
(k+1)ζm

Θ ζκ−1+f
m . (C-4)

Substituting (C-4) in (41), we can reduce the number of inte-
grals required to compute spectral efficiency into two.
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