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ABSTRACT Centralized controls in wireless-powered communication networks (WPCN5s) induce consid-
erable overhead for channel estimation and high complexity for optimization, as the number of wireless
devices (WDs) increases. To tackle this problem, we apply slotted ALOHA protocol to WPCNSs and design a
slotted ALOHA-based energy-harvesting medium access control protocol. In this protocol, the WD randomly
selects one of the given random access (RA) slots and continuously harvests the energy from the hybrid access
point (HAP) until it has access. We analyze the average channel throughput and obtain the optimal number
of RA slots allocated (m™) to maximize it. Thereafter, we present a prioritized access control to alleviate the
doubly near-far problem in the WPCN. Considering the near and far WDs from the HAP, we assign the far
WDs a high priority and make them access at the later part of the frame in order to allow them to have a longer
energy harvesting time than the near WDs. In terms of Jain’s fairness index, we obtain the optimal ratio of
RA slots allocated for the low- and high-priority WDs («*) to maximize the fairness. Through an asymptotic
analysis in the high signal-to-noise ratio (SNR) environment with a sufficient number of accessing WDs, it is
shown that there are unique m* and o* that maximize the channel throughput and user fairness, respectively,
and both depend only on the average of the minimum SNRs of the WDs without the knowledge of full
channel state information.

INDEX TERMS Wireless powered communication networks, wireless energy harvesting, slotted ALOHA,

random access control, throughput maximization, priority, fairness.

I. INTRODUCTION

The recent progress in radio frequency (RF)-based wireless
energy transfer (WET) technology has resulted in the cre-
ation of a new networking structure called wireless pow-
ered communication networks (WPCNs), where wireless
devices (WDs) replenish energy wirelessly from dedicated
power transmitters and use it for wireless information trans-
mission (WIT). Because the WPCN eliminates the need for
manual battery replacement or recharge, it can effectively
prolong the network lifetime, avoid energy outage of devices,
and reduce the operation cost. Moreover, the WPCN can fully
control both WET and WIT operations so that the transmit
power, time/frequency, user scheduling, and antennas can all
be controlled to match various network environments and
service requirements for stable and on-demand energy supply
[1], [2]. Therefore, many early studies on the WPCN are
based on the centralized control, under which various types

of radio resources are managed by a central coordinator
(e.g., the hybrid access point (HAP)) to maximize perfor-
mances [3]-[8].

In [3], the harvest-then-transmit protocol was proposed
and the WET and WIT times were optimized under round-
robin scheduling to maximize throughput. This harvest-
then-transmit protocol was extended to the multi-antenna
WPCN [5], full-duplex (FD) WPCN [6], FD WPCN with
energy causality [7], and cooperative WPCN [8]. In [5],
the downlink (DL) energy beamforming, uplink (UL) trans-
mit power and receive beamforming, as well as WET/WIT
time allocation, were jointly optimized to maximize the min-
imum throughput of all users. In [6], the WET/WIT time and
the transmit power at the FD HAP were jointly optimized
to maximize the weighted sum-rate. In [7], the WET/WIT
time allocation was optimized to maximize the sum-rate
or minimize the total transmission time under the energy
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causality constraint. In [8], the WET/WIT time was opti-
mized by considering the harvested energy from co-channel
interferences among nearby users.

Such centralized approaches can achieve optimal perfor-
mance in the WPCN, but require the global channel state
information. This induces considerable signaling overhead
for channel estimation and feedback and also high complex-
ity for computation in proportion to the number of WDs.
For this reason, most previous works have assumed that
the HAP perfectly knows all channel information without
overhead or considered a small number of users for opti-
mization [3]-[8]. However, considering the current level of
WET technology, which can transfer tens of microwatts of
RF power to WDs from a distance of more than 10 m [9],
the WPCN is potentially suitable for low-power applications
with devices operating power up to several milliwatts, such
as wireless sensor networks (WSNs) and RF identification
networks. These applications generally support a large num-
ber of WDs and require to use a simple processor for low
cost and energy saving. Therefore, it is difficult to maintain a
centralized control in such practical WPCN environments so
that a distributed protocol with low overhead and complexity
needs to be designed.

Among the traditional random access protocols, slotted
ALOHA operates in a simple distributed manner with low
overhead and complexity and also offers many advantages,
such as low delay to transmit a short packet, no initial
connection setup, no pre-procedure before transmission, and
no dedicated radio resource allocation for connection main-
tenance. Thus, it is more suitable than any other random
access protocols when a large number of distributed nodes
transmit data sporadically to the central node [10]. Therefore,
we apply slotted ALOHA to the WPCN in this paper. Our
main contributions are summarized as follows:

o We design a slotted ALOHA-based energy-harvesting
medium access control (MAC) protocol for the WPCN.
In this protocol, the WD randomly selects one of the
given random access (RA) slots, continuously harvests
the energy from the HAP until it has access, and then
transmits data at the selected RA slot using the harvested
energy.

o We perform an optimal resource allocation to maximize
the throughput of the proposed protocol. To this end,
we analyze the average channel throughput and derive
the optimal number of RA slots to maximize it.

o To solve the doubly near-far problem' in WPCNs,
we present a prioritized access control method in the
proposed protocol. We divide the frame into two parts
considering the near and far WDs from the HAP. Then,
we assign the far WDs a high priority and make them
access at the later part in order to allow them to have a

IThe doubly near-far problem occurs because far users from the HAP
receive less wireless energy than near users in the DL but have to transmit
with more power in the UL. Due to this problem, the throughput maximiza-
tion approach severely degrades user fairness in the WPCN [3].
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longer EH time than the near WDs, which have a low
priority and access at the front part.

« We analyze the user fairness considering the near and
far WDs and derive the optimal allocation ratio of RA
slots to maximize fairness. Considering Jain’s fairness
index as a function of the average throughputs of low-
and high-priority WDs, we obtain the optimal ratio of
RA slots allocated for the low- and high-priority WDs
to maximize the fairness.

The rest of this paper is organized as follows. In Section II,
we introduce the related distributed energy-harvesting MAC
protocols. In Section III, we present the system model for
the considered WPCN and explain the proposed protocol
in detail. In Section IV, we analyze the average channel
throughput and derive the optimal number of RA slots to
maximize it. In Section V, the results for the optimal resource
allocation are presented. In Section VI, we propose a priori-
tized access control method to alleviate the doubly near-far
problem, analyze the user fairness, and derive the optimal
ratio of resource allocated to low and high priorities for
fairness maximization. In Section VII, we show the results for
the prioritized access control. Finally, the concluding remarks
are provided in Section VIII.

Il. RELATED WORKS

Distributed energy-harvesting MAC protocol is mainly
divided into CSMA-based and ALOHA-based. In [11],
an energy adaptive carrier sense multiple access (CSMA)-
type MAC protocol was proposed, in which the access
probability of a WD varies with its energy harvesting
rate. In [12], the RF-MAC protocol was proposed, where
multiple energy transmitters perform WET in respond to
WDs’ energy request and the energy harvesting WDs use a
CSMA-based MAC protocol to coordinate the data exchange
among one another. This RF-MAC requires the WDs to
perform complicated computation and channel estimation
tasks, and therefore a simplified version of RE-MAC was pre-
sented [13]. The throughput of RF-MAC was then analyzed
with the energy queueing model [14]. Further, the harvest-
then-transmit-based modified enhanced distributed coordina-
tion function (DCF) protocol was proposed by applying the
IEEE 802.11e enhanced DCF to the harvest-then-transmit
protocol, and optimization was performed to maximize the
energy harvesting rate [15].

The performance of CSMA-based MAC protocols may
deteriorate in dense networks with a large number of con-
tending nodes because of its binary exponential backoff
mechanism [16]. On the other hand, ALOHA-based MAC
protocols have been applied to dense network environments
with energy harvesting as an alternative distributed proto-
col. In [17], the throughput of slotted ALOHA protocol was
analyzed in energy harvesting wireless networks. In [18],
slotted ALOHA was applied to coordinate the transmission
of data to a gateway in machine-to-machine (M2M) networks
with energy harvesting, and the optimum sleep period was
derived to keep the energy consumed in each device lower
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than the harvested energy. In [19] and [20], dynamic framed
slotted ALOHA was analyzed in data collection networks
with energy harvesting capabilities, and the MAC protocol
and energy harvesting strategy were jointly optimized to
prolong the network lifetime. However, these studies have not
considered the WET from any dedicated energy transmitter
as in WPCNs and assumed a fixed amount of energy arrival
at random time instants from ambient energy sources. To the
best of our knowledge, ALOHA-based protocols have never
been applied to WPCNSs.

Ill. SYSTEM AND PROTOCOL

In this section, we first describe the system configurations
and assumptions, and then explain the details of the proposed
protocol.

A. SYSTEM CONFIGURATIONS AND ASSUMPTIONS

We consider a WPCN cell with one HAP and N WDs,
as shown in figure 1. The HAP has a stable energy supply, but
the WDs do not have any embedded energy sources. Thus,
the HAP transfers energy wirelessly to all the WDs in the
cell, and the WDs replenish energy from the HAP. The WDs
then use the harvested energy to operate circuits and transmit
UL data.

---9p» Wireless energy transfer
—» Uplink random access

FIGURE 1. Considered wireless powered communication network.

Considering the low efficiency of WET technology,
the WPCN is generally applicable to WSN or M2M network.
In such applications, the WDs are usually regarded as low-
power-consuming sensors with a small form factor. Thus,
we suppose that the WDs store the harvested energy in a
supercapacitor instead of a battery because the supercapacitor
has the advantages of a small form factor, fast charging
cycle, and many years of charging and discharging cycles,
as compared to rechargeable batteries. However, superca-
pacitors suffer from high self-discharge and so may not be
able to store the harvested energy long enough to be used
for the next communication cycle [21]. To account for the
high self-discharge characteristic of supercapacitors and the
potential long delay between any two communication cycles
in WSNs, we assume the WDs do not harvest energy after
their transmission and transits to sleep mode until the next
event occurs, In other words, it is beneficial for WDs with a
supercapacitor to start energy harvesting when traffic occurs,
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rather than continuing energy harvesting while waiting for
future traffic. These assumptions and system models are used
in [7] and [22]-[24].

In addition, to achieve high spectral efficiency and efficient
operation, we suppose that the HAP operates in FD mode so
as to broadcast energy via DL WET and receive information
via UL WIT at the same time [6], [7], [14]. The FD operation
has become practical with the latest self-interference cancel-
lation (SIC) technology, and because the efficiency of SIC is
not the main focus in this study, we assume perfect SIC at
the HAP [6], [7].2 On the other hand, the WDs are assumed
to operate in time-division half-duplex (HD) mode for low
implementation cost so that they harvest energy in the DL
and transmit data in the UL orthogonally over time.

B. PROTOCOL DESIGN

When a large number of nodes generate traffic sporadically
depending on the occurrence of an event, it is inappropriate
to use the centralized access control, such as round-robin
scheduling [3]-[8], so we consider a distributed access con-
trol by adapting a simple framed slotted ALOHA protocol
[18]-[24]. Figure 2 shows the frame structure and the oper-
ation of the proposed protocol. Each frame consists of one
beacon followed by multiple RA slots. At the beginning
of every frame, the HAP broadcasts the beacon packet for
frame synchronization and also to inform the WDs of the
number of RA slots provided in a frame. During the period
of RA slots, the FD HAP transfers energy wirelessly to the
WDs and concurrently receives the UL data transmitted from
them. On the other hand, the active WDs with the data to
send randomly select one of the given RA slots, harvest the
energy until they have access, and then transmit UL data
at the selected RA slot using the harvested energy. After
transmission, the WDs no longer continue harvesting energy
and transit to sleep mode because the supercapacitor of WDs
is subject to the high self-discharge property and it may take

2If the HAP operates in HD mode, two frequency bands for DL and UL
are required for the proposed protocol. Even in this case, our formulation in
Section IV is still valid by only the minor scaling of the pre-log factor.

Frame I Frame | | Frame
Success 4%?@?§@ﬁ/:> Succes:
s
4 0 1 2 3 s k s m
o
-
WD, [RX EH TX
wD, [RX[ EH [ TX Different
> EH times
wD; [ Ed = for WDs
WD; |RX EH TX
-

FIGURE 2. Frame structure and operation of proposed protocol.

VOLUME 6, 2018



H.-H. Choi, W. Shin: Slotted ALOHA for WPCNs

IEEE Access

a long time until the next data occurs [7], [22]-[24]. For this
reason, the proposed protocol allows the WDs to have dif-
ferent EH times according to the position of the selected RA
slot, unlike the previous harvest-then-transmit protocol that
allocates the same EH time to all WDs before transmission.
That is, later-transmitting WDs harvest more energy and this
is consistent with the concept of energy causality addressed
in [25]-[27]. Moreover, the WDs in the proposed protocol can
harvest energy even in the idle slots where no one transmits
data, while the typical slotted ALOHA and the harvest-then-
transmit protocol cannot utilize the idle slots.

As shown in figure 2, in the proposed protocol, the first
RA slot (i.e., slot 0) is dedicated to energy harvesting only to
ensure that even the WD that selects the next RA slot (i.e.,
slot 1) can harvest the minimum energy for UL transmis-
sion [6]. Each frame provides m RA slots available for UL
transmission, and each WD performs a random access to one
of the m slots. Random access fails when two or more WDs
select the same slot and succeeds when only one WD selects
one slot, assuming that there is no channel error and capture
effect [20].

IV. OPTIMAL RESOURCE ALLOCATION FOR
THROUGHPUT MAXIMIZATION

In this section, we analyze the average channel throughput
of the proposed protocol and derive the optimal number of
RA slots to maximize it.

A. THROUGHPUT ANALYSIS
When an arbitrary WD; chooses the k-th slot for random
access, its harvesting energy is expressed as

EF=GiPhikTs, i€{1,2,--- N}, ke{l,2,---,m} (1)

where 0 < ¢; < 1 is the energy harvesting efficiency of WD;,
P is the constant transmit power of HAP, &; is the channel
power gain from the HAP to WD;, and T is the length of one
RA slot. Then, the transmit power of WD; when it transmits
data at the k-th RA slot is given by

k
nik;
Pt =—1
Ts
where 0 < 1; < 1 is the fraction of the harvested energy used
by WD; to transmit its UL data.

If the WD;’s random access at the k-th slot is successful,
the achievable rate of WD; is calculated as

T, g,'P]-(

Rt ] 14 =L

i mT, ng( + o2
1 gini¢iPhik
—log, 1+ 222

m 0g2< o2

1
= —logy, (1 + y;k) [b/s/Hz] 3)
m

= n;i¢iPhik ()

where g; is the channel power gain from WD; to the HAP,
I' represents the SNR gap, and o2 denotes the noise power at
the HAP. Here, for the purpose of investigating the achiev-
able maximum throughput, we assume that each WD has
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a sufficient amount of data to transmit during its selected
slot duration and the HAP can estimate the uplink channel
information g; by using a typical uplink channel estimation
method [29]. In addition, y; is defined as
a &iMiGiPhi
' To?
Note that y; is determined by the channel conditions and
energy harvesting capability of WD; and so it is an indepen-
dent parameter given to WD;. We call y; the minimum SNR
(mSNR) of WD; at the HAP because y; is the smallest SNR
value that WD; can have when it selects the RA slot with k =
1. Note that as shown in (3), the actual SNR of WD; is jointly
proportional to its mSNR y; and the selected slot number k.
Let 1 be the average packet arrival rate at each WD in
each frame. That is, each WD generates a packet to be sent
with a probability of A every frame. Thus, we can suppose
that AN WDs try to access m RA slots every frame from the
perspective of long-term average. In this case, the average
successful access probability that only one WD accesses in
a slot is given by

1 lAN—l
e (D0 e

Then, the average channel throughput (i.e., the average
achievable rate of WDs during one frame) is calculated as

, ief{l,2,---,N} “4)

m

5= 3 k
=52 D PR

i=1 k=1

A 1 AN—1 m N
=—2<1——) ZZlog2(1+y,-k) [b/s/Hz]. (6)

" n k=1i=1

B. THROUGHPUT MAXIMIZATION

The average channel throughput S is a function of m (i.e.,
the number of RA slots allocated) for given N, A, and y;.
To obtain the optimal m analytically, we apply a high-SNR
approximation (i.e., y;k > y; > 1) to (6). This is quite rea-
sonable because the WPCN is suitable to high-SNR environ-
ments due to the low efficiency of practical WET technology
[9], [28]. In afll\(/iition, we apply the Poisson approximation

(i.e., (1 — %) ~ e_%) assuming that the average num-
ber of accessing WDs is large enough (i.e., AN > 1) [30].
Then, S(m) is approximated as

m N
~ A AN
Stm) = —e~m > "log, (yik)

m
k=1 i=1

bl il +Nil k
= — m — ny; n
" in2 i=1 ; k=1

N m
AN _wv [ 11 1
i=1 k=1
N (v ijl k %
= —e¢ m - R n
In2 m 1712k_1
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where we define y £ ]iv Zivz 1 In y;, which corresponds to the
average of the mSNRs of all the WDs in logarithmic scale.
Using another approximation ) ;' Ink =~ flm Inxdx =
mlnm — m + 1 as a lower bound, the approximate average
channel throughput Sis expressed as

§( )N)LN W [y mlnm—m+1
™ 2t m m?
_ N _wmlinmt G = 1)+ 1
~ 2 m?
AN _wm(lnm+7yp)+1
=—e m — (8)
In2 m?

where 7' £ 7 — 1 is defined.

Now we can find the optimal number of RA slots that max-
imizes the approximate average channel throughput given
by (8).3 The following lemma determines a unique solution
of the optimal m.

Lemma 1 (Solution of the Optimal m): Let the optimal m
be m* = arg,, max S(m). m* is then a unique solution of
f(m) =7, where f(m) = 2= — & —lnm + 1.

Proof: The derivative of S with respect to m is given by

dS AN AN{AN m(nm + 7) + 1

= m

dm ~ m2° m2 m?2
m*(Inm+ 7’ + 1) —2m*(Inm + 7') — 2m
mh
AN W _,
=~ " {AN =m2 = AN(Inm + "))
—m(Inm+ 7§ — 1)}
AN _ - {(AN Y1+ (Inm + y"ym)
= m nm m
min2¢ v
+m(m — 1)} )
where % > 0 is satisfied when m < AN
because ¥ > 0 and m > 1. Moreover, the right-

hand side of (9) can be expressed as (AN — m) +
{AN —m)(nm + 7' — 1)+AN}m — m. This is less than

zero when m > eAN because 3’ > 0 and AN > 1. That

18, dsf;l") < 0 is satisfied when m > eAN. Thus, there is

at least one m™ that satisfies %
AN < m* < eAN.

= 0 in the range of

dS(m)

From (9), the condition that satisfies = 0 is given by
i m(m — 1)
1 m=—-—=-—1 10
(Inm+7m = == (10)
ey=m-t 1y (11)
= ———1Inm

v m—AN m

m—1 1
y = ———1 = 12
SF = —mk 1 2fn) (12)
where we define f(m) = m":\}\, — % — Inm + 1.

Here, lim,,,_n f(m) o0, limy— oo f(m) = —o0, and
f(m) is a monotonically decreasing function because

3Such approximations are applied only for theoretical analysis and the
impact of the applied approximations will be verified by numerical simula-
tions in practical environments in Section V.
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d{jgf) = (an;A})Z - mm—}l < 0 due to AN > 1 and
m > 1. Therefore, there exists a unique solution m* that
satisfies ds(m ) = 0 in the range of AN < m* < eAN. This
indicates that S(m) has a fundamental tradeoff with respect
to m because dS(m) > 0 form < AN and dsf:l") < 0 for

m > eAN. Finally, the optimal solution m* is calculated from

m* — 1 1 _
f(m)——m—%—lnm*—i—l:y. (13)
This completes the proof. [ ]

Because m* derived from Lemma 1 is a real value,
we finally determine the value of m™ as an integer as follows:

- {rm*1 i@ > S,

|m*] otherwise.

Remark 1: 1t is worth noting that the HAP only needs to
know the value of y (i.e., the average of the natural log of
the mSNRs of all the WDs) for optimal resource allocation,
without explicit knowledge of the individual channel of all the
WDs. In practice, the value of y can be estimated by gathering
the mSNRs extracted from the successfully received signals
of the WDs at the HAP from the perspective of the long-
term average. This, in turn, significantly reduces the channel
feedback overhead.

V. RESULTS FOR OPTIMAL RESOURCE ALLOCATION

This section provides the analysis and simulation results of
the proposed protocol using the optimal resource allocation.
Table 1 summarizes the parameters used for the evaluation.
We deploy a WPCN cell with a radius of 25 m and uniformly
distribute 100 WDs in the cell considering the environments
of high SNR and high density [31]. We then change the packet
arrival rate A from 0.1 to 1 to control the number of accessing
WDs in each frame. The transmit power of the HAP and
the SNR gap are fixed as 40 dBm and 9.8 dB, respectively.
Considering a practical WET level, the energy harvesting
efficiency ¢; is set to 0.5 for all i [3]. Moreover, the fraction of
harvested energy used for UL transmission #; is set to 0.8 for
all i considering the extra energy needed to operate the circuit.

TABLE 1. Parameter setup.

Parameter Value

Cell radius of WPCN r=25m
Number of WDs in a cell N =100
Packet arrival rate A=0.1~1.0
Transmit power of HAP P =40 dBm
SNR gap I'=9.8dB
Energy harvesting efficiency ¢; =05V
Fraction of harvested energy used for tx. n; = 0.8 Vi
Noise spectral density at HAP —160 dBm/Hz
Channel bandwidth 1 MHz
Channel power gain h; = gi = Gp2d; "
Ave. power attenuation at aref. dist. of Im | G = —30dB

Channel fading p? ~ Exp(1)

Distance between HAP and WD, d; = Uniform[1, 25] m
Path loss exponent n = 2~3 (default=2.5)
Simulation trials 10,000
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The noise spectral density at the HAP is set to —160 dBm/Hz,
and the channel bandwidth is set to 1 MHz. For ease of expo-
sition, we consider a simple distance-dependent path loss
model given by h; = g; = G,oizdi_” under the assumptions
that the DL and UL channels are reciprocal [14]. Here, G
refers to the average power attenuation at a reference distance
of 1 m and is set to —30 dB [8], p; represents the additional
short-term fading with Rayleigh distribution [3], d; is the
distance between the HAP and a WD uniformly distributed
between 1 and 25 m, and n is the path loss exponent that
varies between 2 (line-of-sight (LoS)) and 3 (non-LoS) and is
set to 2.5 as default if not mentioned otherwise. It is assumed
that both the DL and UL channels are quasi-static flat-fading,
where £;’s and g;’s remain constant for each frame.

Throughout the results, we present two analysis results:
one is the exact analysis in which the throughput is obtained
from (6) without an approximation and the optimal m* is
found by exhaustive search. The other is the approximate
analysis in which the throughput is obtained from (8) and
the optimal m* is calculated by (14). We also perform Monte
Carlo simulations with 10,000 trials to validate these analysis
results.

Figure 3 shows the average channel throughput versus the
number of RA slots (m) when the packet arrival rate ()
is set to 0.5 and 1, respectively. As m increases, the chan-
nel throughput increases monotonically and then gradually
decreases after a certain value of m. That is, there exists a
unique optimal m* that maximizes the channel throughput in
each A, as proved in Lemma 1. When more WDs are accessing
(i.e., at A = 1), a larger m™* is needed and a higher throughput
is shown due to the longer EH time. The exact analysis results
match the simulation results well. However, there is a slight
difference between the exact and approximate analyses due to
the high-SNR approximation used to obtain the approximate
throughput.

w
o
T

w
T

n
(6]
T

n
T

3
T

—_
T

Average channel throughput (b/s/Hz)

X Simulation
Analysis (exact) |
— — - Analysis (approx)

0.5

0 20 40 60 80 100 120 140 160 180 200
Number of RA slots (m)

FIGURE 3. Average channel throughput vs. number of RA slots when
A=0.5and 1.
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2
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o
8 e0f n-2
g O n=2 (approx)
c X n=2 (estimated)
g 40 —-—-n=2.5 (exact) 1
=1 A n=2.5 (approx)
o + n=2.5 (estimated)
20 — — n=3 (exact) i
O  n=3 (approx)
*  n=3 (estimated)
I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Packet arrival rate ( \)

FIGURE 4. Optimal number of RA slots (m*) vs. packet arrival rate
according to path loss exponent (n).

Figure 4 shows the optimal number of RA slots (m*)
versus the packet arrival rate (A) for different values of the
path loss exponent (). It is observed that the optimal m*
linearly increases as X increases (i.e., the number of access-
ing WDs increases). In addition, the optimal m* increases
as the path loss exponent increases. This is because the
higher path loss exponent reduces the SNR of WDs, and
thus they require a higher transmission power (i.e., a longer
EH time) to compensate for it and maintain the throughput.
From Lemma 1, we can also understand that the optimal m*
satisfying f(m™) = y increases as the average mSNRs y is
decreased by the higher path loss exponent because f (m) is a
decreasing function. When the path loss exponent is greater
than 2.5, the difference between the exact and approximate
analysis begins to emerge, because the high-SNR approxi-
mation does not fit well from this point. Additionally, we
investigate the effect of the estimated y on the optimal m*
from the practical point of view. Since the access of the WDs
may be collided, it takes time to compile all the WD’s y
values, as mentioned in Remark 1. Thus, there might be an
error between the estimated y and the actual . However,
we can observe that there is no significant difference in the
optimal m™ when we use y estimated for four frames.

Figure 5 shows the average channel throughput versus the
packet arrival rate. When the fixed m is used, the throughput
increases and then decreases with increasing A because the
number of offered RA slots does not adapt to the number
of accessing WDs. However, when the optimal m is used,
the throughput always maintains peak values regardless of A.
It is shown that there is little difference among the uses
of the exact m*, approximate m*, and m* obtained from
the estimated ¥, in terms of the throughput. Moreover, we
compare the proposed protocol with the competitive harvest-
then-transmit-based slotted ALOHA protocol [20]. This
harvest-then-transmit-based slotted ALOHA protocol allo-
cates a separate fixed EH time to all WDs at the beginning of
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FIGURE 5. Average channel throughput vs. packet arrival rate.

the frame and then attempts random access based on slotted
ALOHA after harvesting, unlike the proposed protocol allows
the WDs to have different EH times. Here, the length of
EH time is optimized by exhaustive search to maximize
throughput for a fair comparison with proposed method.
As shown, the harvest-then-transmit-based slotted ALOHA
has significantly lower throughput than the proposed proto-
col. This is because it uses a separate additional EH time and
also there exist the idle slots that are not used for any purpose
during the RA period.

VI. PRIORITIZED ACCESS CONTROL FOR FAIRNESS
MAXIMIZATION

To tackle the doubly near-far problem in the WPCN,
we present a prioritized access control method in the pro-
posed protocol. After presenting the motivation and basic
operation of the method, we analyze user fairness consider-
ing two priorities and derive the optimal allocation ratio of
RA slots for each priority to maximize fairness.

A. MOTIVATION AND OPERATION

The WPCN suffers from the doubly near-far problem that
is caused by the double signal attenuation in both the DL
and the UL. Due to this problem, the throughput maximiza-
tion approach significantly degrades user fairness [3], [6].
Similarly, the throughput maximization solution in the pre-
vious section also degrades user fairness. That is, near WDs
from the HAP experience a much higher throughput than far
WDs from the HAP.* By the way, in the proposed protocol,
a node that selects a larger RA slot number has a longer
EH time than another node that selects a smaller number.
Therefore, if we make the near WDs access the earlier slots in
the frame and the far WDs access the later slots in the frame,
the near/far WDs can use lower/higher transmission power
than when accessing in the entire slot area. This can reduce

4This phenomenon will be shown in figure 9(b).
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the difference in throughput between near and far WDs so
that the doubly near-far problem is alleviated.

To realize this concept, we develop a prioritized access
control, where the entire RA slot is divided into two parts
considering two priority groups of the near and far WDs,
as shown in figure 6. To give more opportunity for the far
WDs to harvest more energy before access, we give high
priority to the WDs with low mSNR (i.e., far WDs) and
make them access the second RA slot area. On the contrary,
the WDs with high mSNR (i.e., near WDs) have a low priority
and access the first RA slot area. Specifically, the WDs that
satisfy Iny; > y (i.e., if its mSNR is greater than or equal to
the average mSNR of all WDs in logarithmic scale) become
the low-priority WD, and the other WDs that satisfy Iny; < y
become the high-priority WD.> Thus, each WD needs to
know both values of y; and y to determine its priority. Since
y is measured in the HAP, the HAP should inform the value
of y to WDs through the beacon message at the beginning of
every frame. In addition, the WDs can estimate its y; while
receiving the beacon message assuming that DL and UL
channels are reciprocal [14]. Specifically, it can be estimated
by y; = ﬁmigiyi’ where y/ is the SNR received at the WD;
given by y/ = %”'Z and 7; is the estimated DL channel from
the HAP to WD,.

----- P> Wireless energy transfer
— Uplink random access

I:7igh mSNR " Low mSNR
-\“\ ~~~~~~~~ =

e I )
1 2 N, N+ N2 N

N, low-priority WDs N4 high-priority WDs

r e N
Frame: 0 1 2 [am] |lam}+1|lom]+2| ... m
- N~ N y
[am] slots [(1-a)m] slots
m RA slots:

FIGURE 6. Prioritized access control considering near and far WDs.

According to these criteria of dividing priority, the total N
WDs is divided into Ny low-priority WDs and Np high-
priority WDs (i.e., Np + Ng = N). Moreover, we suppose
that among the total m RA slots given, my, slots are allocated
to the low-priority WDs and mpy slots are allocated to the
high-priority WDs (i.e., my, + my = m). Then, there remains
only the matter of deciding how to divide the entire slot
for each priority. By applying a ratio 0 < « < 1, we set

SNote that 7 is a representative parameter indicating the average channel
state of all WDs managed by the HAP for optimal resource allocation,
as mentioned in Remark 1. Thus, we can easily apply it to distinguish WDs.
Through experiments in various environments, we have confirmed that this
criterion is well suited for dividing near WDs and far WDs.
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myp = [am] and myg = [(1 — a)m], where [x] is a function
that returns the nearest integer to x. Thus, our objective is to
find the optimal « to maximize user fairness by considering
two priorities of near and far WDs in order to solve the doubly
near-far problem.®

B. FAIRNESS ANALYSIS

First, we analyze user fairness. When AN WDs try to access
m RA slots in each frame, the average throughput of WD; is
obtained from (3) and (5), as follows:

1 m
k
PR

k=1

A 1 AN—1 m
—|1—-— 1 1 k),
W(175) Xemamn

ie{l,2,---,N} (15)

U;

Without loss of generality, we suppose that WD; for i €
{1,2,---,Np} has low priority and WD; for i € {Np +
1, Np+2,---, N}has high priority, subject to Ny +Nyg = N.
When Np low-priority WDs access the first my slots and
Npg high-priority WDs access the later mg slots, the average
throughputs of low- and high-priority WD; are respectively
expressed as

1 &
L k
Uk(a) = N > PR!
k=1
A 1 ANp—1 mg
= —(1-— 1 1+ yik
- m) Dtz 14 70,
ie{l,2,---,N}. (16)
1 m
H k
Ui'(a) = N_Hk_z PsR;
=mp+1
3 1\ M1 m
=—<1——> > logy (1+ k).
myg myg
k=m—mpg+1
ie{NL+1,NL+2,---,N}L (17)
Similar to (7) and (8), Ul.L fori e {1,2,---,Np} is approxi-
mated as
~ A ML L
Ul () = —e "y " logy(yik)
my,
k=1
)\' )‘NL 1
= nTLe my, ﬁ (mL lny, —i—Zlnk)
k=1
A M

(@ A AN, am
~ “am (Iny; + — / In xdx
n2°

6Considering only two priority levels facilitates the numerical analysis and
optimization, but the extension to multiple priority levels is also possible in
the same context. This is left as future work.
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A WL
= Ee am <lnyl~+

A N 1
= am lny,—}—lnm l1+4Ina+— (18)
n2¢ am

amlnam —am + 1
am

where (a) comes from Y /%, Ink =~ [ 1’" Llnxdx =~
" In xdx. In addition, Ul.H forie {Np, +1,N. +2,--- ,N}
is approximated as

Ul (@)
R /7R
=—e¢ Y log(yik)
my
k=m—mpy+1
A _MNg m
= —e "i — |mglny; + Z Ink
my In P
=m—mpy+1
A Mg 1 -
= Ee "mH lny,+— Z Ink
k m—mpy+1
(b A _ My 1 mn
X —e T-om (|ny; + ———— In xdx
In2 1 —o)m Jom
A _ Mg mlnm — m — amln(am) + am
= — ¢ U-om !]pn Vi +
In2 1—a)m
A __MH o
= —e¢ Tom|Iny;+Inm—1-— Ino (19)
In2 -«
where (b) comes from Y, . Ink~ [T Inxdx ~

/i (;’:n In xdx.
To evaluate user fairness, we adopt Jain’s fairness
index [32], which is formulated as

JW1, Uz, -+, UN)
N (Zivzl Ui>2
N YL U
(Zﬁ\gl UiL(“)‘FZf'V:NLH U,-H(Ol))2
N+ Ni) [ U@+ (U @)
(Z?]:Ll lN]iL(O‘) + Ziy:NLJr] lN/iH(Ol))z

W+ Nip) {22 @) + Xy, T @)
e

(20)

~

This Jain’s fairness index has a maximum value of one when
U; is identical for Vi € {1,2,---,N}. By the way, both
UL and UM are functions of y;, and y; is a different constant
given by the channel condition and energy harvesting capabil-
ity of each WD. Thus, for any given o and m, we cannot make
U = Uk forVi,j e {1,2,--+ ,N}i #jand U = Uf
forVi,je {NL+ 1,N. +2,--- ,N},i #], respectlvely, as
long as y; # y;. Thus, as an altematlve approach, we take
into account the averages of UL and UH (i.e., the average
user throughput in each pr10r1ty) and equahze them by con-
trolling « in the average sense.
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The average throughputs of low- and high-priority WDs
are respectively calculated as

1 &
ALy ~L
Ul () = E;Ui (@)
N
A AN, 1
:me_anf( X;Inyl—i-lnm—l—i—lnot—i— )
1
A AN 1
=" ¢ o (jp+Inm—1+na+— |, (22)
In2 oam
| N
0@ =— > U@
Ny .
i=Np+1
A _ Ny
= 15¢ T=oym Z Iny; +1Inm
—NL+1
a
e Inx
1 —
A Tlxivfg v + 1 1 « 1
= 15¢ vy +1Inm - no
(23)

- A 1 N, | N
where y, = - Y it Iny; and yg = N > imn, +1Iny; are

defined, which correspond to the average of the mSNRs of
low- and high-priority WDs in the logarithmic scale, respec-
tively. From (21), by letting U* = U and U? = U", Jain’s
fairness index for the average user throughput in each priority
is reexpressed as

(NL O (@) + Ny U (@)’

(NL + Ngp) {NL(U%(@))? + Na(UH (@))?}
(24)

Jw*r, Uy =

This Jain’s fairness index corresponds to the upper bound
of the original Jain’s fairness index given by (21), which is
verified by the following Proposition 1.

Proposition 1: Let x and y be column vectors with all
components non-negative in R™ and R”, respectively, for
m,n > 1. The means of the x and y vectors are given by
Uy = %l,ax and py, = 1Ty, respectively. Jain’s fairness
index is defined as

Uy xi+ 2 )
(m +n) (i 57 + 2012
It then follows that 7(x,y) < J(X,y) where X = 1, 1,, and

y = uyln.
Proof: Please refer to Appendix. ]

JXx,y) = (25)

C. FAIRNESS MAXIMIZATION
Now, we find the optimal « that maximizes J (UL, UMY as
the upper bound of 7 (UiL, Ul.H ), which is expressed as

* = arg, max J (UL, UH). (26)
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Note that the difference between this approximate o* and the
exact o™ = arg, max J (UiL, Ul-H ) will be verified by numer-
ical simulations in Section VIIL. Because 7 (UL, UH) is max-
imized when UL (a) = U (), we can obtain the optimal «
satisfying the following relationship from (22) and (23):

AN

1
e am {?L—I—lnm—l—i—lnoz—l-—}
am

ANy

=¢ (-am {;7;1 +Inm—1-— a
l—«o

Ino } (27)

The following two lemmas explain that there exists a unique
solution of the optimal « satisfying (27).
Lemma 2 (Existence of the Optimal a): Let f (a) =

(L +Inm—1+1Ina+ L) and fr(e) =
(yH +Inm—1- % Ina) w1th any given y, yg,m > 1.
There then exists at least one solution @* such that fj(a*) =
fr(a®) fora* € (0, 1).

Proof: Both fi(a) and f(«) are continuous functions
for « € (0, 1) because both are differentiable with respect
to o. When « approaches 0 or 1, fi(«) and f>(c«v) approach as
follows:

H
e (] o)m

1im0 file) =0, (28)

AN 1
lim fi(@) = G 4 Inm—14-)>0, (29
oa— m

AN
lim (@) = (Jg +Inm— e > 0, (30)
a—0
lim fa(a) = 0 G1)
a—1

which can be obtained by L’Hopital’s rule. Because
limgofi(@) < limgofa(@) and limgifi(@) >
limy, 1 f>(v) are established, there exists at least one inter-
section of fj(«) and f>(«) where o € (0, 1). This completes
the proof. [ ]
Lemma 3 (Uniqueness of the Optimal «): There exists a
unique solution * such that f(a*) = f2(a™) for a* € (0, 1)
if the condition yy +Inm — 1 > ﬁ is satisfied.
Proof: The derivative of f](«) with respect to « is given
by

9 AN, AN 1
f1 () :e—wli( L><yL+lnm—1+lna+—>
o mo? oam
_a (1 1
—|—e am —_—2
o ma

-8 (5 -
ma

AN,

1 1
e {—2(ANLJ7L - 1)+—} (32)
mo o

where we define g(a) ln(ozm)—i—— 1. Then, g(e) > O for
e (0 1) because g(L) — 0, 28 _ 1 (1-a5) <0for

o o
a < —,and dg(“) > 0 foro > E' Moreover, AN yL—1>0
because AN Z 1 (r.e., at least one user is accessing) and
7L > 1. Therefore, "ggy) > 0 is satisfied so that fi(a) is a

monotonic increasing function for o € (0, 1).
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In addition, the derivative of f>(«r) with respect to « is
written as

af2(er)
oo
AN, —
=e_05"$<fy+lnm—l— 1falno¢)
+e_% <_—11na— ! )
(1—ay -«
=e—ﬂﬁm{ﬂ(—(yf,+mm—1)+ al lna)
(1—a)?m 11—«
o—Ina—1
(1 —a)? }
= 67%& {—(yg +Inm —1)
(1 —w)m
* lna+l(a—lna—l)} (33)
+ l—« )\.NH

where we define h(a) = —k; + 19 Ina + k(o — Ina — 1)
by letting k; = yy +1Inm — 1 and kp = ﬁ Applying the

relation “;;1 <lha < % to h(w), it is formulated as [33]
o 2 — 1) a?—1
ho) < —k — 14k — —1
(@) < 1—i_l—oz 1+ +2(a 200
k 2k +ky+4 2k +k
_ 2 o3 1+k+ o2 1+ 201
20(14+a) ko ko
k 2k
< 2 (a3—a)a2—a)a+l) , w2 = +1>0
20(1+a) ko
ky o+1—(w+1)?2—4
= — o —
2a 2
—0 if w1
o+1+/(w+1)?—4
a—
2
—>(w+1) if w>1
k
= é(a—a)— 1) ifw> 1
<0 (-0<a<landw > 0). (34)
If w > 1, h(e) < 0 and thus % < 0 is satisfied because
AN,
the first term in (33), e_ﬂffg'" %, is non-negative.

Therefore, f>(«) is a monotonic decreasing function for
a € (0, 1) when w > 1, which is equivalent to k; > k; by
definition; that is, yg +Inm—1 > ﬁ Under this condition,
fi(x) and f>(«) intersect at only one point where o € (0, 1).
This completes the proof. ]

On the basis of the Lemmas 2 and 3, the optimal o*
satisfying (27) can be easily found by using a numerical
method (e.g., the bisection method).

Remark 2: It is worth noting that we have confirmed
through numerical simulations that the condition yg +1nm —
1 > ﬁ is always satisfied in the considered WPCN
environments with sufficient WDs and a high SNR (i.e., with
the parameters of N = 100, A = 0.1 ~ 1,n = 2 ~ 3, etc.,
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as shown in Table 1). Therefore, we can find the unique o*
satisfying fi(a*) = f2(*) in the considered WPCN environ-
ments. This result will be shown in figure 8 in Section VII.

Remark 3: Similar to Remark 1, the HAP only needs to
know the values of y;, and yy to obtain the optimal allocation
ratio o, without explicit knowledge of the channel infor-
mation of each WD. Likewise, this requirement significantly
reduces system overhead and complexity.

VII. RESULTS FOR PRIORITIZED ACCESS CONTROL

This section provides the analysis and simulation results for
the proposed prioritized access control. We use the same
parameters as shown in Table 1. In addition, we set the total
number of RA slots used in the prioritized access control
to the optimal m* derived from (14) for throughput max-
imization, in order to compare the proposed scheme with
the no-priority scheme with maximum channel throughput.
Similarly, we present two analysis results: one is the exact
analysis in which the fairness is calculated by (20) without
approximation and the optimal «* that maximizes (20) is
found by exhaustive search. The other is the approximate
analysis in which the fairness is calculated by (24) and the
optimal «* is obtained from (27).

Figure 7 shows the average user throughput of low- and
high-priority WDs and Jain’s fairness index versus the allo-
cation ratio of RA slots for each priority (o) when A = 1. As«
increases, the throughput of low-priority WDs increases, but
the throughput of high-priority WDs decreases. Accordingly,
there exists a unique «* that makes the throughputs of the
two priorities equal and also the fairness has a maximum at
this o*. In this case, N = 40 and Ny = 60 are determined
by the criterion of dividing the priority user, but the optimal
a* = 025 < 404% is derived. This means that a lot
more RA slots should be allocated to the high-priority WDs
to provide them with longer EH time and more successful
access considering their poor channel conditions. In terms of
the average user throughput, the simulation, exact analysis,
and approximate analysis exhibit close agreement. However,
the approximate fairness is slightly higher than the exact
fairness because it is the upper bound of the exact fairness.
Nevertheless, the optimal «* derived from the approximate
analysis is almost the same as the optimal o* obtained by the
exact analysis and simulation.

Figure 8 shows the optimal allocation ratio (o*) versus
the packet arrival rate (1) for different values of the path
loss exponent (n). The optimal «* decreases as the path loss
exponent increases. This is because as the path loss exponent
increases, the SNR of far WDs becomes much smaller than
the SNR of near WDs so that more resources should be
allocated to the far WDs. The optimal o* values obtained
by the exact analysis and the approximate analysis agree
well overall. However, as n becomes greater than 2.5 and
becomes smaller, the difference between the two o™ values
becomes larger because it violates the assumptions of high
SNR and sufficient number of accessing WDs.
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FIGURE 7. (a) Average user throughput and (b) fairness vs. allocation ratio « when A = 1.
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FIGURE 8. Optimal allocation ratio («*) vs. packet arrival rate according
to path loss exponent (n).

Figure 9 shows the cumulative distribution function of the
user throughput when A = 1 in terms of all, low-, and high-
priority WDs. For the purpose of comparison, we consider
the no-priority case and the fixed @ = 0.5 (i.e., equal resource
allocation) case. In the no-priority case, the near WDs labeled
“low” show a much higher throughput than the far WDs
labeled “‘high” as shown in figure 9(b); i.e., the doubly near-
far problem is observed. When the optimal «* is applied, the
distribution of the throughput of low-priority WDs and high-
priority WDs becomes similar, and thus its throughput distri-
bution of all WDs becomes significantly narrower than that
in the no-priority case. This is because the prioritized access
control using the optimal «* gives the far WDs with high
priority a longer EH time and more RA slots by sacrificing the
near WDs with low priority. Eventually, the doubly near-far
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problem is alleviated when using the optimal «*. On the other
hand, in the fixed « = 0.5 case, the throughput distribution
of all WDs becomes rather wider than that in the no-priority
case as the throughput of the low-priority WDs increases and
the throughput of the high-priority WDs decreases inversely.
This implies that the wrong choice of « (i.e., simple equal
allocation) may have the adverse effect of increasing the
throughput difference between near and far WDs.

Figure 10 shows the average user throughput, minimum
user throughput, and fairness versus the packet arrival rate.
In each scheme of no-priority, fixed @ = 0.5, and optimal
a*, the average user throughputs of all, low-, and high-
priority WDs are shown separately. In the no-priority case, the
difference in throughput between low- and high-priority WDs
is significant so that it shows a low minimum user throughput
and a low fairness index. On the other hand, the use of the
optimal o* sacrifices the average user throughput of all WDs,
but equalizes the average user throughputs of the low- and
the high-priority WDs so that it increases the minimum user
throughput and achieves the best fairness index, which even-
tually contributes to alleviating the doubly near-far problem.
However, in the fixed « = 0.5 case, the throughput difference
between low- and high-priority WDs is greater than that
in the no-priority case. Thus, its average user throughput
of all WDs increases, but the minimum user throughput
deteriorates and the fairness decreases compared with the
no-priority case. In terms of throughputs and fairness, there
is no difference between the exact o* and the approximate
o™ except when a small number of WDs is accessing with
A = 0.1. Moreover, the centralized control method of the
prioritized access control is plotted as a reference upper
bound. This centralized scheme controls that the farthest WD
with the minimum rate accesses to the last RA slot to harvest
energy for the longest time and the other WDs access the RA
slots ahead. Thus, the minimum user rate is maximized and
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FIGURE 10. (a) Average user throughput, (b) minimum user throughput, and (c) fairness vs. packet arrival rate.

the rate of all WDs can be equalize with this minimum user
rate, which eventually achieves the maximum fairness index
of one, as shown in figure 10(c). It is also shown that the
difference between the proposed scheme and the centralized
scheme is gradually decreased as A increases.

VIIl. CONCLUSION

In this paper, we designed a slotted ALOHA-based energy-
harvesting MAC protocol for WPCNs and maximized its
average channel throughput. The analysis results revealed
that there always exists a unique optimal number of RA
slots greater than the average number of accessing WDs in
the high-SNR environment with sufficient accessing WDs,
and it depends only on the average mSNR of WDs with-
out knowledge of full channel state information. Thereafter,
we presented a prioritized access control to alleviate the
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doubly near-far problem in WPCNs. On the basis of the fact
that the proposed protocol has different EH times according
to the position of the selected RA slot, we made the near WDs
access the former RA slots and the far WDs access the latter
RA slots. Similarly, the analysis verified that there exists a
unique optimal ratio of RA slots allocated for the low- and
high-priority WDs and it depends only on the average mSNRs
of near and far WDs. The results also showed that the pro-
posed prioritized access control sacrifices the throughput of
near WDs, but improves the user fairness and thus mitigates
the doubly near-far problem effectively. We expect that in
future the proposed protocols will be usefully applied to a
distributed WPCN environment that requires low overhead
and complexity. For further study, we plan to consider mul-
tiple priority levels and optimize the fairness jointly with the
throughput.
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APPENDIX

PROOF OF THE PROPOSITION 1

For p > 1, the p-norm of z € R¥ is defined as llzll, =
1

(Zle |z;|?)? . Using this, Jain’s fairness index can be rewrit-

ten as follows:

X" y"] 113
JX,y) = . (35)
YV i [y 12
Note that
I 1ati0" ALy ] i3
J&§) = :
m -+l | GLa1lx" GLay7 |13
@ X"y ] 36)
(m+ml [ 1a1f0" LTy |13
where (a) comes from | [(11 1207 (11,1 y)T] I =
m S x) +nG 2y = 1 [XT ¥ ]
We then have
Ty | [(11 10" G, l,fy)T] 13 -
JX.y) I[x" y7]13
@ (||AZ||2)2 38)
Izl
(2 max ai,. (39)
9, (40)

where (a) comes from the fact that z £ [x” y’]7 and

1 T A T !
(Elmlmx) (;lnlnY)
1 T
117 o ] m
= X =AZ 41
[ 0 sl y @D

where A is a block diagonal matrix, which can be represented
in terms of its eigenvalues and eigenvectors as follows:

A [llmﬂ; o,mr}
0nxm zlnln

Moreover, Step (b) uses the solution of Rayleigh quotient
problems [34], and Step (c) comes from the fact that the
largest eigenvalue of A is 1 from (42). Note that the eq]ual—

or

ity in (b) holds only when z is either [—1 01x»

Smom
[lem [ . This implies that 7(x,y) < J(X,y) for any
given x and y unless either x or y has all components equal to
Zero.
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