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Abstract: Most of the wireless nodes in the Internet of Things (IoT) environment face the limited
energy problem and the way to provide a sustainable energy for these nodes has become an urgent
challenge. In this paper, we present an unmanned aerial vehicle (UAV) to power the wireless nodes
in the IoT and an investigation on the optimal resource allocation approach based on dynamic
game theory. This IoT system consists of one UAV as the power source and information receiver.
The wireless nodes can be powered and collected by the UAV. In order to distinguish the wireless
nodes, the wireless nodes are divided into two categories based on the energy consumption. The UAV
tries to power these two categories of nodes using a different power level based on the proposed
approach, where the wireless nodes control the resources for information transmission. Based on
Bellman dynamic programming, the optimal allocated resources for power transfer and information
transmission are obtained for both the UAV and wireless nodes, respectively. In order to show the
effectiveness of the proposed model and approach, we present numerical simulations.
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1. Introduction

The Internet of Things (IoT) [1-4] is playing an important and significant role in the next generation
mobile communication and wireless networks and is currently used in various services in our daily
life. With the implementation of the Internet of Everything, data transmission has become denser,
and the amount of information exchange is becoming larger and larger. Therefore, it is essential to use
new communication technologies with a greater bandwidth, higher speed, lower latency, and lower
energy consumption, to guarantee the popularity of the IoT [5,6]. Meanwhile, due to the limited energy
of the wireless devices in the IoT, the developments and applications of IoT technologies are facing
unprecedented and severe challenges. How to provide sustainable energy for the wireless devices in
IoT has become an urgent problem to be solved, restricting the development of IoT.

As an important method for sustainable energy supply, wireless power transfer (WPT) technology
is regarded as an ideal solution for providing sustainable energy to the wireless devices in the IoT and
can effectively solve the bottleneck of the limited energy problem in IoT [7,8]. More and more wireless
devices may use WPT technology to reduce the excessive dependence on the battery. WPT has been
widely used in portable electronic devices, implanted medical devices, smart homes, electric vehicles
(EVs), and so on [9]. Applying the WPT to wireless communication networks can permit wireless
powered communication networks (WPCN) to be constructed and can effectively improve the energy
efficiency of the network [10-19]. Compared with the conventional WPT system with a relatively fixed
energy source, UAV can dynamically move the IoT devices around, power the IoT devices, and realize
the data gathering and transmitting services [20]. The UAV-assisted WPT can greatly improve the
performance of the WPCN by dynamically adjusting the power source position. Utilizing the high
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mobility of UAV, the WPCN can provide ubiquitous energy for wireless devices with a large area
distribution, which is faster, more flexible, and more controllable.

In this paper, we research the UAV-assisted wireless-powered loT and solve the resource allocation
problem in the proposed IoT system. The resource allocation problem between the UAV and wireless
nodes is researched based on a dynamic game and dynamic programming. In our proposed system,
the wireless nodes harvest energy from the UAV and transmit data to the UAV. The UAV works as
a power source that can move around to charge the wireless nodes based on the wireless power transfer
technique. The UAV can also gather all the data from the wireless nodes. A dynamic game-based
model for the resource allocation problem between the UAV and wireless nodes is given, and Nash
equilibriums for the model can be obtained based on Bellman dynamic programming. Based on the
Nash equilibriums, the UAV can optimally allocate its energy resources for wireless power transfer.
The main innovations and contributions are summarized as follows:

e  Firstly, the UAV-assisted wireless-powered IoT system is given, including one UAV and many
wireless nodes. The UAV tries to harvest the wireless nodes based on the wireless energy transfer
techniques. The wireless nodes use the harvested energy for information transmission;

e  Secondly, the wireless nodes are divided into two categories based on their energy consumption.
The wireless nodes with different energy consumptions will have different energy supplied from the
UAV. The energy transferred from the UAV should be different based on the energy consumption;

e  The resource allocation problem between the UAV and wireless nodes is formulated as a dynamic
game. In the proposed dynamic game, the UAV can optimally control its resources for energy
transfer, and the wireless nodes can optimally control their resources for information transmission;

e Finally, based on the dynamic game, we have proposed two objective functions for the UAYV,
which are both formulated as profit maximization functions. The objective functions will be
distinguished for different wireless nodes based on the energy consumption assumptions.

The remainder of the paper is organized as follows: Section 2 summarizes the related work in
WPT and UAV assisted WPT. The system model and problem formulation are given in Section 3.
The analysis of the proposed game model is shown in Section 4. The numerical simulations are given
in Section 5, and finally, we conclude the work in Section 6.

2. Related Work

The WPT technique, as an essential way to solve the limited energy problem in IoT, has been
researched by many academics. In reference [10], an energy efficient power management approach is
proposed according to the user’s Quality of Services (QoS) requirements in WPCN, and the optimal
power of the power stations can be obtained based on the authors’ adaptation algorithm. In [11],
multiple users can obtain energy from fixed power stations in WPCN, and through the combination
of power control and time allocation, the problem of network energy efficiency maximization is
studied. From the above references, we can view that in the conventional WPT system, the energy
source is relatively fixed in position. Recently, an unmanned aerial vehicle (UAV) has been
used in many applications, such as traffic monitoring [12], data transmission [13], communication
enhancement [14,15], and so on. In order to solve the fixed energy source problem in the conventional
WPT system, UAV can be used due to its inherent agility and on-demand quality [16], which has
attracted considerable attention in the IoT [17-20].

In order to supply removable energy, UAV is used as new kind of power source for IoT
devices [21-26]. References [21,22] have studied the resource allocation problem of the UAV auxiliary
network. Using UAV as the energy source, this network can provide energy and information
collection services for the devices and maximize the transmit rate to improve the system throughput.
Zeng et al. [23] have established an energy consumption model of the UAV system to solve the
energy-efficient communication problem via optimizing the trajectory of UAV, and have improved the
energy utilization rate of the UAV system. In [24], the relay function was installed on the UAV, and an
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approach was proposed to optimize the throughput in the UAV-based relay system. The transmit
power and relay trajectory were optimized in this paper. Zhang et al. [25] studied a mobile relay system
that supports UAV to achieve tradeoff between the maximum spectrum efficiency and bits/Joule energy
efficiency by taking advantage of the new degree of freedom of UAV trajectory design.

3. System Model and Problem Formulation

As shown in Figure 1, a UAV-assisted wireless-powered IoT system is proposed, which includes
a power source UAV and a large number of wireless nodes [26]. The UAV is assumed to move around
the wireless nodes for wireless power transfer, and the wireless nodes need harvest energy from the
UAV, and use the harvested energy to transmit information. Our goal is to find the optimal resource
allocation approaches for the wireless power transfer and information transmission in the proposed
IoT system. In our proposed system, the wireless nodes require energy from the UAV, and transmit
information to the UAV using the received energy. The UAV works as the power source that moves
around to charge the wireless nodes. The UAV can also gather all the information from the wireless
nodes. In this paper, although the wireless nodes are randomly distributed in the IoT environment,
they are all assumed to be charged by the UAV.

f{é?;y ,1/
irel d UAV
data upload energy download 9 AQ 9 @ A wietess node
S

Figure 1. System model. UAV, unmanned aerial vehicle.

In the IoT system, different wireless nodes will be allocated different tasks for data collection and
transmission, and the energy consumptions of the wireless nodes should be different. Based on this
assumption, in order to distinguish the various wireless nodes, we divide the wireless nodes into two
categories. One includes the higher energy consumption nodes (HEC nodes), which need more energy
for data collection and transmission, and the other includes the lower energy consumption nodes
(LEC nodes), with lower energy requirements. Then, the energy transferred to the wireless nodes from
the UAV will be different. The HEC nodes may have more energy transferred from the UAV compared
with the LEC nodes. During the data transmission, the wireless nodes in the same energy consumption
category are assumed to share the same channel, and will cause inter-channel interferences. It is
assumed that when the UAV transfers energy to the wireless nodes in one category, there is no energy
transfer and information transmission between the UAV and the wireless nodes in the other category.
Then, the intra-channel interferences between the two categories can be ignored. The aim of the paper
is to find the optimal resource allocation solutions for the UAVs to harvest the wireless nodes, and for
the wireless nodes to transmit information. It is assumed there are Ny nodes in the HEC category,
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and Ny = [1g, ..., Ng] is the HEC nodes set. The number of the nodes in the LEC category is denoted
by N, and the LEC nodes set is N; = [11,...,N]. Because the wireless nodes use the harvested
energy for information transmission, the wireless nodes should pay for the UAV for energy harvesting
and the resources for information transmission are affected by the available harvested energy. UAV
can control the power level for energy transfer and can control the unit energy price for the wireless
nodes. Based on all these assumptions given in the above, the UAV is considered to be the leader of
the dynamic game, and the wireless nodes are treated as the followers. The relationships between the
UAV and the wireless nodes are shown in Figure 2.

Information
Transmission

Resource
allocation control

Energy
Transfer

Figure 2. Leader-follower relationships between the UAV and the wireless nodes.

Letpp i(t)(i € {}) denote the allocated resource of the HEC nodes, and pr ;(t) (i € {L}) represent the
allocated resource of node i in the LEC category. In order to achieve information transmission between
the wireless nodes and the UAV, the allocated resources given by py i(t) (i € {g}) and pr;(t)(i € {})
mean the minimum energy requirements of the wireless nodes from the UAV. The wireless nodes
transmit information to the UAV using the required energy from the UAV. When the wireless nodes
obtain the energy form the UAYV, they can use the obtained energy to transmit the information and
earn revenue from the information transmission process. As the wireless nodes in the same category
transmit information in the same channel, there exists inter-cell interference among the wireless nodes
in the same category. At this point, we can use the signal to interference noise ratio (SINR) to denote
the revenue earned from the information transmission, which can be expressed in the form of the
power level for information transmission as follows:

_ 8k (H)pri(t) _ ki®pri(t)
égﬁj'(t)Pk,j(t) + 02(t) Iii(t)
j#i

)

k,i

where k is the category number and k = {H, L}. g ;(#) is the channel gain from transmit node i in category
k to the UAV. ¢?(t) is the background noise, and jé:i g];;(t) Pr,j(t) is the inter-cell interference from the

other transmit node j in the category k to the transmit node i. Then, [ ;(t) = . glli'j.(t)pk,]-(t) + o2(t)
jE

is the total interference for the wireless node i in category k, which is the overall sensed interference
by the wireless node i in category k. It is assumed that the nodes in our proposed system know their
distance between the nodes and the UAV, and the distance among the nodes. The effect of distance on
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transmission is uniformly represented by the channel gain. Based on the SINR definition given in (1),
the cost function of energy transfer for the wireless nodes during the observation time [0, T] is given
as [27]:

’ 2
max [ {[pus 0) =] = mlopea())e et o

where v, denotes the SINR threshold, which also means the QoS constraint; 7 (t) is the unit price of
energy transfer controlled by the UAV at time ¢; r is the discount rate; and e~ is the discount factor.
Solving the above equation yields the optimal solutions of py ;(t):

0 I .(t)

1 ki
(8) = 52+ v
T 0 0

@)

The wireless nodes in different categories will enjoy different energy supply services from the UAV,
because the energy consumptions are different. Energy transferred to one kind of wireless node cannot
be harvested by the other kind of node. Based on the dynamic game, the UAV should make its choice
on the power level for energy transfer, and the wireless nodes in different categories should control
their power level for information transmission. Let x(f) denote the state function of the proposed
dynamic game model, which is the energy level of the whole IoT system at time t. The dynamic
variation of the state function can be described by the following differential equation:

dx(t) Ny N
ar k;‘L} Mkpi(t) + ; pri(t) + ; pLi(t) + ox(t) W

where py (1) is the allocated power level for energy transfer for the nodes in category k; 1, denotes the
energy conversion efficiency; and 0 denotes the energy consumption rate of the whole IoT system,
which should be a constant value. The initial value of the system state is denoted by xg = x(0).

In this paper, we have divided the set of wireless nodes into two categories, which are the HEC
nodes and the LEC nodes. Each category will be allocated different energy. For the UAV, once the
energy is transferred to one kind of wireless node, there will be less energy available for the other kind
of wireless node. In this paper, this kind of energy transfer effect is some kind of category of activity,
and is considered the energy transfer cost for the system. In our model, the “harvest-then-transmit”
protocol [28] is used, and the wireless energy transfer and wireless information transmission can
operate at the same frequency. Then, information transmission will cause interferences to the UAV.
In this paper, we use eg
nodes to the HEC nodes, and use e% and EILJ to denote the information transmission interference of
the wireless nodes to the LEC nodes. The UAYV that is responsible for the energy transfer of the two
categories of wireless nodes should maximize the energy transfer profit minus the cost during the
wireless information transmission and power transfer process. The objective functions of the UAV for
the two categories of wireless nodes are given by

and 8%1 to denote the information transmission interference of the wireless

Nu
VH(t) = maxfT E‘l[[yHri(pH,i(t)) -
0

NH NL
i L piilt) - SLHZl pri(t) — pmx(t)
i= i—

12 = m ()pri(1) ] - e’ (1)
etdt +spx(T)e™  (5)

Np

r| Z[DwipLi(t) =y
L(#) = max i=1
VE(t) = j;

NL NH
—ep L puilt) = ef! B pralt) - pux(t)
1= =

12 = m (8)pLit)] - cup? (1)
e dt + spx(T)e™'T (6)
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In (5) and (6), ch%I(t) denotes the cost of energy transfer to the HEC nodes, and ch%(t) denotes
the cost of energy transfer to the LEC nodes. up and pj are the natural energy attenuation rate.
st(T)e_’T and sLx(T)e_rT are the terminal cost for the two categories of wireless nodes. Based on (3),
we can find the optimal solutions for information transmission, which are mainly varied based on the
unit price of transferred energy. After the UAV announces the unit energy price for the two categories,
the wireless nodes can make optimal decisions. The unit price of the transferred energy is based on the
optimal solution of (5) and (6), combined with (4).

4. Optimal Solutions for Energy Transfer

In this section, we discuss the solutions to the resource allocation problem given in (5) and (6).
The UAV is considered to be the leader in the proposed dynamic game. The UAV should achieve
optimal power control for energy transfer based on (5) and (6), and the optimal unit energy price
can also be achieved. In order to solve the above problems, a feedback Nash equilibrium can be
characterized as follows.

Definition 1. For each nodes category, there exists optimal feedback solutions, which are denoted by
{n;(t), pl*((t)}(k = {H,L}), if continuously differentiable functions V*(t,x) exist for each nodes category
k = {H, L}, and V*(t, x) should satisfy the following differential equations [29]:

Ny
Zl[b/H,i(PH,i(f)) — vl - HH(f)PH,i(t)] ~ cupg(t) t
= Ny N e’
-VH(tx) = max —el Y pi(t) — by X pri(t) — pax(t) @)
(5 py(t) i=1 i=1 N N
+ij(t/x)[ {% Mk (t) + ‘;1 pi(t) + ,§1PL,i(f) +5x(t)]
VH(T, x) = spx(T)e™™T (8)
N, 5
'Zl[b/L,i(PL,i(t)) —yu) = (DpLi(t)] - e () t
A Ny e’
- VE(tx) = max —er Y. pri(t) = el Y. pri(t) — px(t) )
T(L(t),PL(t) i=1 i=1 N N
+V§(t,x)[ Y mpe(t) + Xopai(t) + X pLi(t) +5x(f)]
k={H,L} i=1 i=1

VE(T, x) = spx(T)e™'T, (10)

where,

Nu

| L [ yii(pri(H) = vl —ﬂH(f)PH,i(f)] —crpy (1)

maxf =1 e7tdt +syx(T)e™™,  (11)
’I}'Z

N
H,i(t) = ffL{El pLi(t) = unx(t)

Np
| L{0wilpLi(t) = vl = e (B)pri(H)] - cp? (1)
VE(t) = max f = Ny et +spx(T)e™T  (12)
0 —Sfigl pLi(t) - Efig ph,i(t) — prx(t)

In the above equations, the functions V¥(t,x) are the objective functions of the UAV for profit
maximization during the wireless energy transfer for the two categories. The observation time
for the profit maximization is set to be [0,T]. The UAV can control its power transfer level for
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the two categories of wireless nodes based on the objective functions during the observation time
[0, T]. Substituting Formulas (1) and (3) into Formulas (7) and (9), we can obtain the following
differential equations:

N I(1) L, (f) 1
_1.2 H,i _ H,i _ )
i_1[ 1t )g,%,,m (t)Vth—,iu)] cupy (1)
N 0 I ()
H 1 H,i H,i it
_gHi—l(jnH(t)g%il(t) ( )) e’
“VH(tx) = max | -t NL(lT[ 0 ) 0 »
A ) =\ O ' _ ,
(t I,.
L mpk(t) + Z () 25 +7/thL(t)
—|—VH(t x) ={H,L} gH,i(t) ng,‘(t)
x \br Np () 1 (1)
+izl(%m<t>—ggi(t) i) voxty
r Np Izi(t) I ,v(f)
P! All %(t)g%i(t) ()ythgl;l(t)] CLP%()
N 2.t I
Ly (1 Li L i
_gLigl(EnL(t) g%,i(t) +ytth/i(t)) e’
Ny 0 L)
L == —eH 1 Hji H,i
S = ﬂﬂ%(t) L éLi_l(an * 8,(t) +V”fgh,,l(t)) HLx(t) | (14)
2
r )+ (b 0y )
+VL(t x) k={H,L} i=1 gH,i(t) ngi( )
x \br Np 1 I%].(t) ILi(t)
+X ERL(t)m + Yy |+ 0x(t)

Calculating the partial derivative for 77, (t) and 7, (t) in (13) and (14), the optimal unit price for
the wireless power transfer can be given as follows:

‘sl 3 B0 8,0
Ly;(1) j:l,j:tig%J,j(t) I i(#)

i (t) = VE(t x)e' — el - ZVch [VHtx t sg], (15)

0§ B0 2,0
I a0 1,0

7 (f) = VE(t, x)e"t — ek - Zythz [VE(tx)e - et]. (16)

Meanwhile, solving (13) and (14), the optimal allocated resource for wireless energy transfer p,, (t)
and p, (t) can be given as follows:

* _ T]HVJIC_I(t’ x)ert
py(t) = e / (17)
* _ nLVJ%(t/ x)ert
plt) =— — (18)
Theorem 1. The value functions VI (t,x) and VE(t,x) given in (11) and (12) can be obtained as follows:
VH(t,x) = [Ag(t)x + By (t)]e™, (19)
VE(t,x) = [AL(t)x + Br(1)]e ™", (20)

where Ay (t) is given by

Ap(t) = (2 4oy elore-n - B (21)
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Au(T) = su, 22
and Ay (t) is given by u u
L r— - L
O e R =
AL(T) = st. @)

Proof. By taking the derivative of V!(t, x) with respect to t and x, we obtain
VA (t,x) = {[~rAu(t) + An(t) ¢ + [-rBu () + Bu(t) |}, (25)

VH(t,x) = A (t)e™. (26)
Substituting (25) and (26) into (13), A, (t) is satisfied:

Au(t) = (r—08)Au(t) + pn- 27)
Then, we obtain
_(HH (r-0)(t-T) _ _MH_
An(t) = (r—é —|—sH)e pd 28)
Similarly, we can obtain
(e (r=5)(t=T) _ ML
Ar(t) = (—r_é +sL)e £ (29)

Based on (28) and (29), the optimal allocated resource in (17) and (18), which denotes the UAV’s
strategies for wireless energy transfer, can be re-written as follows:

. e [( HH (r=6)(t=T) _ ”_H]

Pu(t) = 2CH[( —5 ToH ) r—ol (30)
‘ T [( KL (r=0)(t-T) _ L ]

pL(t) = 2¢cr, [( -6 +s )e r—20 (31)

Meanwhile, we can obtain the optimal unit price for the wireless power transfer as follows:

* r=0)(t— 8H,i ()
T(H(t) = (f—% —|—sH)e( 6)(t-T) _ ;‘Pé H 27/ch IH o

32)
Nu B0 & (01 uy o(-1) .UH H (
+] 12]9&1 gH]](t) ' [0) [(m T )e(r . - ]
()
0 = (2 et D 2y, ¥ 8l
(33)

O O
L7 B (r=8)(t-T) _ #L _ L
=ty 8,0 1,0 (%5 +se)e =0 EL]
Based on the process used to obtain the optimal solutions for the energy transfer, we find that the
time complexity of the algorithm will be O(nz). In the proposed game model, the optimal solutions
for energy transfer should be solved for the wireless nodes in each group, which should also be

calculated for each time point in a finite time horizon. Then, the time complexity of the algorithm
should be O(nz). |
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5. Numerical Simulations

In this section, we will simulate the proposed dynamic game to get the optimal allocated resource
level for the UAV. MATLAB software is used to construct the simulation environment. The simulated IoT
system includes two kinds of wireless nodes, which have different energy consumption requirements.
Based on the Nash equilibrium given in Section 4, we can get the optimal power level of wireless
energy transfer for each kind of wireless node. Figure 3 shows the optimal allocated resources of
wireless energy transfer for each kind of wireless node. The UAV should transmit the energy to the
wireless nodes based on the nodes’ requirements and maximize the profit during the energy transfer.
As shown in the Figure 3, the wireless nodes in the HEC group need more energy compared to the
wireless nodes in the LEC group, because the energy consumption in the HEC group is higher than
that in the LEC group. As the game continues, the UAV needs to increase its power level for wireless
energy transfer to satisfy more requirements of the wireless nodes, and to increase its profit.

o 25 T T T
ol R
2 —— HEC
g LEC
[0}
c
o
(]
n
Q@
T 151 ;
=
-
Ke)
©
HEL -
o)
=
(o]
o
® 05 b
£
a
o
V)
<
+ oL 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

time/s

Figure 3. Power level for wireless energy transfer.

The discount factor also affects the optimal policies for wireless energy transfer, which is shown
in Figure 4. As shown in Figure 4, the optimal power level for wireless energy transfer is decreased
with the incensement of the discount rate. The optimal unit price for the transferred energy is given in
Figure 5. With the time incensement, the UAV will increase the unit price for the transferred energy,
because the larger the energy transfer time, the higher the transfer cost for the UAV. As the energy
conversion efficiency is low for wireless energy transfer, and it is a long distance for wireless energy
transfer, the UAV should carry more energy for wireless power transfer. All these factors will cause
an exponential increase in the energy transfer cost. Then, the UAV should increase the unit price for
the transferred energy when the time required for the wireless power transfer is large. In Figure 6,
the optimal solutions for the wireless nodes are given. In order to simplify the simulations for the
users, we assume that all wireless nodes in the same category are uniform and standard. From Figure 6,
we can find that the wireless sensors will increase the transmitted power for information transmission
to earn more profit, although the unit price for the transferred energy is increased over time. Based on
Figure 3, we can see that the wireless nodes will have more energy over time, because the UAV increases
its power level for wireless energy transfer to satisfy more requirements of the wireless nodes. Then the
wireless nodes can harvest more energy and will have more energy for information transmission.
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6. Conclusions

In this paper, we have researched the resource allocation problems in a UAV-assisted IoT system
based on a dynamic game. In the proposed model, the wireless nodes are divided into two categories
for energy harvesting. Each node category has its own power level transferred from the UAV. The UAV
can control its power for energy transfer based on the proposed dynamic game. Meanwhile, as the
harvested energy of the wireless nodes is mainly controlled by the unit energy price, the optimal
unit price of the transferred energy for the two categories of nodes can also obtained based on the
proposed dynamic game model. In order to get the optimal solutions for the resource allocation
problems, we use dynamic programming to obtain the Nash equilibriums of the proposed dynamic
game. The simulation results show that the proposed game model can achieve optimal power control
and price control for the UAV.
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