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Abstract—TIn this paper, we consider a wireless-powered
communication network with transmit antenna selection
(TAS), where an energy-limited multi-antenna information
source, powered by a dedicated power beacon, commu-
nicates with a mobile user (MU). The MU is equipped
with a single-antenna and its mobility is characterized by
the well-known random waypoint mobility model. Differ-
ently from previous works which considered only static
scenarios, this paper aims to investigate wireless power
and information transfer in the scenario with a random
mobile user under Nakagami-m fading. To this end, exact
analytical expressions for the outage probability, average
delay-limited throughput, ergodic capacity, and average
delay-tolerant throughput are derived. The analytical re-
sults are compared with Monte-Carlo simulations in order
to validate the analysis and provide useful insights on the
impact of different parameters on the system performance.

Index  Terms—Energy harvesting, multi-antenna,
Nakagami-m fading, random way-point mobility.

I. INTRODUCTION

Wireless energy transfer (WET) technology offers
a new paradigm to prolong the lifetime of energy-
constrained wireless systems [1]. In such a technology,
wireless devices can harvest energy remotely from the
radio-frequency (RF) signals radiated by energy trans-
mitters. Similar to wireless information transmission,
WET also suffers from various propagation loss, such
as shadowing, path loss, and fading. One important
application of RF-enabled WET is wireless powered
communications (WPCs). In the literature, there are
basically two scenarios of WPCs. In the first scenario,
an access point (AP) sends energy signal to users in the
downlink mode [2]-[4]. Then, users harvest energy and
employ it to send information to the AP in the uplink
mode. In the second scenario, wireless devices harvest
energy from RF signals emitted from a (dedicated) power
transmitter before their information transmission [5]-[8].
In both scenarios, the “harvest-then-transmit” protocol
proposed in [1], [9] is implemented.

Over the last few years, the performance of different
communication systems in the context of wireless power
transfer has been extensively investigated. In [10], the
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authors investigated capacity performance in WPC sys-
tem under Rician fading channels. In [11], closed-form
expressions of the average throughput for delay-limited
and delay-tolerant transmission modes in WPC network
over Rayleigh fading were derived. The tradeoff between
harvested energy and information rate in a simultane-
ous wireless information and power transfer (SWIPT)
system under time-switching (TS) and power-splitting
(PS) schemes was investigated in [12]. The effect of co-
channel interference (CCI) in WPC system on the av-
erage signal-to-interference-plus-noise ratio, the outage
probability and the average throughput were examined in
[13]. The performance of average bit error rate (BER)
of space-shift-keying-based WPC was analyzed in [14].
The authors in [15] studied the performance of downlink
multiuser scheduling for a time-slotted system with
SWIPT. A dynamic PS scheme in which the received
signal is split into two streams with adjustable power
levels for information decoding and energy harvesting
separately based on the instantaneous channel condition
that is assumed to be known at the receiver was proposed
in [16].

A common feature of prior works is that they con-
sidered only static scenarios in which the transmitter
sends information to a static user. Unlike existing works,
this paper aims to analyze the performance of wireless-
powered communication networks (WPCNs) considering
a mobile user (MU). Specifically, we consider a WPCN
where a multi-antenna access point (AP) transmitter
harvests energy from a power beacon (PB) before trans-
mit the data to a mobile MU. It is noteworthy that
the considered WPCN setup was widely adopted in
the literature [5]-[8]. Additionally, we assume that the
receiving node mobility is governed by the random way-
point (RWP) model, which is a commonly used mobility
model to evaluate different wireless systems. Based on
the considered setup, exact analytical expressions for
the outage probability, average delay-limited throughput,
ergodic capacity, and average delay-tolerant throughput
are derived. The analytical results are compared with
Monte-Carlo simulations in order to validate the analysis
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Fig. 1: System model for wireless energy and informa-
tion transfer.

and provide useful insights on the impact of different
parameters on the system performance.

II. SYSTEM, CHANNEL, AND MOBILITY MODELS

Consider a wireless powered network as shown in
Fig. 1, which consists of a PB, transmitter AP, and
MU. In this network, PB and MU are equipped with a
single antenna, while AP is equipped with N antennas.
We assume that AP is an energy-constrained node and
harvests the RF energy transferred by PB before data
transmission to MU. We adopt the time-splitting protocol
proposed in [1], [5]-[8]. As such, the total transmission
time slot 7" is divided into two orthogonal sub-slots. The
first time slot is dedicated for power transfer from PB
to AP with time duration of 77, with 7 (0 < 7 < 1)
being the time-splitting ratio. In the second time slot,
ie., (1 — 7)T, the AP applies the harvested energy to
transmit the information to the MU. Unlike the existing
works in the literature, it is assumed that the RWP is
used to model the mobility of MU. Also, we assume
that all channels are modeled as quasi-static fading
and remain unchanged during each time block but vary
independently from one block to another.

During the energy harvesting phase, the received sig-
nal at AP y, can be expressed as

| Py
y2 = ?gh2$s + no, (D

where P; is the transmit power of the PB, Dy is the
distance between BP and AP, « is the path loss exponent,
the NV x 1 vector hy denotes the power transfer channel
between PB and AP, x, is the energy signal normalized
as E[|z|?] = 1, whereby E[-] and || are the expectation
operator and the absolute value, respectively. n, is an
N-dimensional additive white Gaussian noise (AWGN)
vector with E[nonl] = 021y, where (-) is the complex
conjugate operator. o2 is the noise power, and Iy is the
identity matrix of size N.

At the end of the first phase, the total amount of energy
harvested by the AP during the period 77, denoted by
Ej, is given by

Py[hg|f?

Ey =M MT——— 2
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where A (0 < A < 1) is the energy conversion efficiency
and || - || denotes the Frobenius norm.

During the second phase with duration (1 — 7)7’, the
transmit power at AP can be computed as

B,
1-7)T

In this paper, Nakagami-m fading distribution is used
to model the power transfer channel, i.e., the amplitude
of each element of hy follows Nakagami-m distribution
with shape parameter msy and average power (5. Also,
the channel between the AP and the MU, h;, follows
the Nakagami-m distribution with shape parameter m,
and average power ();.

Turning now out attention to the RWP mobility model
employed to describe the mobility of the MU. The PDF
of the distance r between the AP and MU can be written
by the general form as [17]

T

P = —.
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fr(r) = 0<r<D “)
where D is the maximum distance between AP and MU.
The parameters n, By and 5, depend on the number of
dimensions for a given network topology. For 1D, n = 2,
B, = [6,—6] and B, = [1,2], while for 2D, n = 3,
B, = (12/73)[27,-35,8], and 5, = [1, 3, 5], and for 3D,
n = 3, By = (35/72)[21,—34,13], and B, = [2,4,6].
In RWP mobility model, the receiving node is located
at randomly selected coordinate points in the service
area, which depends on the network topology. For a 1D
topology, the transmitter is located at the origin while
the receiving node moves on a line. The 2D topology
is assumed to be a circle, whereas a 3D topology is
a spherical network. For 2D and 3D topologies, the
transmitter is placed at the origin of a circle and sphere,
respectively.

A. Transmit Antenna Selection (TAS)

In TAS, the antenna with the maximum AP-MU
channel gain is selected, i.e.,

— 12
g=arg max [hidl", (5)

where h;q is the i-th element of main channel h;.
Therefore, the PDF of g can be obtained via

o) = N(Fa (@)™ fal), ©

where fz(x) and Fy(x) are, respectively, the PDF
and CDF of the Nakagami-m fading channel (AP-MU
channel), which are given by
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where I'(-) and 7(-,-) are the Gamma and lower in-
complete Gamma functions [18, Eq. (8.31)], [18, Eq.
(8.350.1)], respectively.

Using (7) and (8), the PDF in (6) can be derived as

f ({E) N o ( mle>
= — eX —
! C(m) ¥ P\,
) my k+mi N
k4+miN—1
x> ok (m) ghrmiN=11(9)
k=0
N-1
where ¢ = (%) and ¢, =

I'(mi+1) v EN—v
v Zk:l T(mi+k+1) Cy—k for v 2 1.

The PDF of the signal power, at AP, is given by

mo N
1 ma\ " e
F(mQN) QQ

X exp (—?;%v) , (10)
2

By its turn, received power at MU can be expressed
as

finy 2 () =

0 = Ki||ho||*r—2, (11)

where K1 = )\Psm.
2
Moreover, it can be seen that the conditional PDF of
the received signal power at MU can be expressed as

N
= Q = —a = —
Ix(zlr,y) [ (95’ 1= Kyyr ) T(m)™
o k+mi1 N
- my k+miN—1
X e g Ck (FW) A )

k=0
(12)

where y = ||hz||%.

Thus, applying concepts of probability, the uncondi-
tional PDF of the received signal power at MU can be
given by

D o)
fx(a) = / / Fx(alry) fr ) fo(r)dydr. (13)

Now, using (4), (10), and (12), the unconditional PDF
of the received signal power at MU can be written as

follows
N Mo moN o0 n
[['(m1)]NT'(m2N) (QQ) ZZC”C
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fx(z) =

The inner integral w.r.t. y can be solved in closed-form
using [18, Eq. (3.471.9)]. Thus, (14) reduces to (15), at
the top of the next page. The unconditional PDF in (15)
can be obtained, by representing the function K, (-) in

terms of Meijer’s G-function [19, Eq. (14)], using [19,
Eq. (26)], [20, Eq. (8.2.2.15)], and after some algebraic
manipulations, as in (16), where G5 [-|-] is the Meijer’s
G-function [18, Eq. (9.301)]. On the other hand, the
corresponding CDF can be obtained as in (17). To the
best of authors’ knowledge, (16) and (17) are new.

III. PERFORMANCE ANALYSIS

A. Delay-Limited Transmission Mode

In delay-limited transmission mode, the average
throughout can be obtained by evaluating the outage
probability with a fixed transmission rate [1]. That is

PLim — (1 - Pout)(l - T)Ra

where R is the constant transmission rate, and P,,; is
the outage probability, which is defined as the probability
that the instantaneous channel capacity drops below the
source’s fixed transmission rate R, that is

(18)

P, =Pr(logy(1+2) < R) =Pr(z <xzo), (19

where Pr(z < x9) = Fx(z0) with zp = 2% — 1 and
Fx(-) is given in (17).

The average throughout of the delay-limited transmis-
sion mode can be obtained using (17), (18), and (19). The
result is shown in (20). Note that the coefficients ¢, > 0
is for all values of v. Thus, it is worthwhile to emphasize
that (20) converges rapidly and steadily, requiring few
terms (i.e., ~ 20 terms) for an error smaller than 10~8.

B. Delay-Tolerant Transmission Mode

In delay-tolerant transmission mode, the average
throughput can be calculated by evaluating the ergodic
capacity at any constant rate [1], i.e.,

pror = (1 —7)C, 21

where C' is the ergodic capacity of the system, which
can be defined as

1

C= /ODO In(1+ 2) fx(x)dx.

In(2) 22)

Using (16) and (22), then representing the logarithmic
function in terms of Meijer’s G-function [Eq. (8.4.6.5)],
and capitalizing on [20, Eq. (2.24.1.1)], the ergodic
capacity can be attained as in (23), at the bottom of
the next page.

Accordingly, the average throughput of the delay-
tolerant transmission mode can be obtained using (21)
and (23) as in (24), at the bottom of the next page.
Note that (23) and (24) have not been reported in the
literature as far as the authors are aware. Moreover,
although (23) and (24) are expressed in terms of infinite
series, however, the coefficients ¢, > 0 for all values of
v. Therefore, (23) and (24) converge rapidly and steadily,
requiring few terms for accurate results.
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IV. ASYMPTOTIC ANALYSIS and
. . . . ] 1 N-1p N —mN
To obtain further insight into the derived expressions, Fx(z) = ( /Iinl) T (|m§V NWT]\I, _1\)
in the this section, we derive asymptotic analytical ex- ¢[T(my)] (Cm?, )
pressions for the outage probability. Asymptotic analyses " M Z L ¢ o
can be carried out based on the behavior of the PDF of K1Q5 — Gitalt )"

the received signal power around the origin. As such, for
small values of x, the modified Bessel function K, ()
can be reasonably approximated by

L (jv) (2)”'
2 x ’
Capitalizing on (25), taking the first term of the

summation over k, i.e., k = 0, which demands for

co = (1/mq) ", and after performing long mathemat-
ical manipulations. Thus, the asymptotic PDF and CDF
can be attained, respectively, as

K,(z) = v # 0. (25)
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where ¢ = min{m; N, moN}.
Outage Probability: The asymptotic outage probabil-
ity with aid of (27) can be written as

(1/m1)N71 r (|m2N _ m1N|)
C[F(mﬂ]Nr(mgN)leN—l

mlmgND"‘>< By ¢

X —_— /X
< K9y ;(5£+QC+1) 0
(28)

Note that the diversity order of (28) is ¢ =
min{mlN,mgN}.

Pout = Fx({E()) =

V. SIMULATION RESULTS AND DISCUSSIONS

In this Section, representative numerical examples are
presented to understand the impact of various param-
eters on the system performance. Also, Monte Carlo
simulations are provided to corroborate the presented
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Fig. 2: Outage probability vs. P, for 2D topology with
7=0.6 and N = 2.

analysis. In all results, unless otherwise stated, the path-
loss exponent is set to 2.5 while the maximum distance
between the AP and MU is set to 10m. Also, the energy
conversion efficiency A and the transmission rate R are
set to 0.75 and 2, respectively. In addition, D5 is set to
Im.

The outage probability performance as a function of
P, for 2D topology, with 7 = 0.6 and N = 2, is
plotted in Fig. 2. As expected, the outage probability
performance improves as P; increases. The results also
show that increasing m; leads to a significant outage
probability performance improvement and especially a
higher diversity order as reflected by the steeper slope of
the corresponding outage probability curves in the high
Py regime. For example, when m; = 1.5 and my = 2.5,
the diversity order is ¢ = min{m; N, moN} and equals
to 3. However, when m increases from 1.5 to 4.5, the
diversity order increases from 3 to 5, which reflects the
steeper slope of the corresponding outage probability
curves.

In Fig. 3, the average throughput of delay-limited
transmission mode versus the time-splitting ratio 7 and
various values of P, with N = 2 is depicted. The

Fig. 3: Average throughput vs. 7 for delay-limited trans-
mission mode for 1D topology with N = 2.

results show that as Py increases, the average throughput
improves. This can be explained by the following reason.
As Py increases, the received power at MU increases
which results in increasing the average throughput. Ad-
ditionally, the results show that as 7 increases, the
average throughput improves. However, as 7 continues
to increase, the average throughput reaches its maximum
at some value of 7, say 7*. As 7 goes beyond 77, the av-
erage throughput degrades. Also, the average throughput
becomes independent of the value of P as 7 increases
further; since the average throughput is limited by the
value of R(1 — 7).

The performance of average throughput for delay-
tolerant transmission mode against 7 in 2D topology
is shown in Fig. 4 for various numbers of antennas at
AP with Py = 25 dB. As N increases, the average
throughput improves, as expected. Also, it improves as 7
increases. However, as 7 exceeds some values (say 77),
the average throughput starts to degrades until it reaches
its minimum value as 7 — 1. This because that time 7
(assuming 7" = 1) is dedicated for power transfer and
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Fig. 5: Average throughput for delay-tolerant and delay-
limited transmission modes in 2D topology with P, =
30 dB, N =2.

the of time, i.e., 1 — 7, is used for data transmission.
For 7 < 7%, less time is used for power transfer, while
much time is used for data transmission, thus the average
throughput improves. However, as 7 > 7%, the time
dedicated for data transmission, compared with that of
power transfer, becomes inadequate to achieve better
throughput.

Fig. 5 depicts the average throughput of delay-limit
and delay-tolerant transmission modes in 2D topology.
We can see from Fig. 5 that the delay-tolerant transmis-
sion mode achieves better performance when compared
of that of delay-limit transmission mode. This is because
the average throughput in the delay-tolerant transmission
mode is limited by (1 — 7)C, while in the delay-limit
transmission mode it is limited by (1 — 7)R. Also, in
Fig. 5, we can quantify the optimal value of 7 which
maximizes the throughput. For the delay-tolerant mode,
the optimal value of 7 is about 0.3. On the other hand,
for the delay-limit mode, the optimal values of 7 is about
0.25.
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