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Abstract

Due to its air superiority and high mobility, unmanned aerial vehicle (UAV)
can obtain better line-of-sight (LoS) link transmission channel. Therefore,
UAYV assisted data collection for wireless sensor networks (WSNs) has be-
come an important research direction. This paper intends to minimize the
loss of WSNss for the robust data acquisition and communication assisted by
UAYV under the imperfect channel state information (CSI). On the premise of
ensuring the completion of the communication task, we jointly optimize the
wake-up schedule of SNs and the flight trajectory of the UAV, by considering
the flight speed of the UAV and the sparse access of all sensor nodes (SNs) in
WSN. Because the formulated optimization problem is a mixed integer non-
convex problem, we decompose the original problem into the efficient subop-
timal solutions to overcome the difficulty of the optimization. Finally, the
number of access node corresponding to the optimized operation time and
access efficiency is induced for the entire WSN system efficiency improving.
The simulation shows the performance gains of our proposed scheme and the
influences of the system parameters are analyzed.
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1. Introduction

Wireless sensor networks (WSNs) are usually composed of a large number of

low-cost sensor nodes (SNs). Since the extensively deployed SNs are usually po-
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wered by limited energy sources, it is difficult to recharge them when exhausted.
Noticed its high mobility and flexibility, Unmanned Aerial Vehicle (UAV) is
widely used in military and civil fields, such as search and rescue, air surveillance,
data packet transmission [1] [2]. It is achievable to improve WSNs’ energy saving
ability by UAV aided. Generally, there are three applications of UAV in wireless
communication: the first is as an air base station to supplement the service area
that the ground base station cannot cover. Some papers studied The best location
of the UAV [3] and the corresponding path loss model that simultaneously applies
line-of-sight (LoS) and non line-of-sight (NLoS) conditions are studied [4]. In [5],
the influence of the altitude and trajectory of the UAV on the coverage rate of the
system in two scenarios in the D2D communication network is considered. The
second one is to provide connection for remote users without direct connection
between users and base stations, as an air relay. In order to maximize the end-to-
end throughput between the source node and the destination node, the multi-hop
and the single-hop UAYV relay systems are mainly considered [2] [6]. Besides, ap-
plying UAYV as a flight access point for data collection and information dissemina-
tion has become an attractive field of research [2] [7]-[12].

Because WSN has the characteristics of a large number of node deployments and
large-scale data sampling, the data collection strategy based on UAV access is more
suitable for large-scale WSN scenarios. In [7], the main consideration is to minimize
the transmission energy consumption by optimizing the ground node transmission
strategy and the trajectory of the UAV. When the UAV collects data, in addition to
the transmission loss, there is also the power consumption of the UAV flying. [8]
presents optimization problems that minimize the weighted sum of two consump-
tion. In [9], the trade-off between the ground node transmission loss and the UAV
flight loss for two practical UAV flight trajectories (circular flight and straight flight)
is discussed. While [10] is for the flight trajectory planning, the scheduling and pow-
er allocation strategy of the ground nodes and the UAV are jointly optimized. In ad-
dition to the above-mentioned case of data collection by a single drone, there is also
a multiple drones case for data collection on a group of nodes. [11] discusses the re-
lationship between multiple drones and one set of nodes, so as to the problem of the
trade-off between the aviation cost and the ground cost between the group of sensor
nodes. In the entire data collection process, the time of data collection is also very
important. Therefore, in [12], the trajectory and the height of the UAV are directly
considered to minimize the total task time.

In view of the problem of data collection between multiple nodes and drones,
there still exist several short comings at this stage:

1) Often in real life, the distribution of ground nodes is relatively concentrated
and random. But the current research is mainly for a small number of scattered
SNs. Due to the centrality of SNs distribution, it should be multi-access, however
it only considers the single node access scenario.

2) In the current papers, the optimization time problem mostly only considers

the time for UAV to collect data, but not consider the entire time required for
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the target problem planning, including computing time etc.

In this paper, we mainly study the data collection between multiple randomly
distributed ground nodes and UAV. On the premise of ensuring the completion of
the communication task under the imperfect channel state information (CSI), UAV
trajectory and ground node wake-up scheduling plan are jointly designed and dep-
loyed to reduce the loss of ground node. Especially, we focus on the multiple nodes
deployed densely enough on the ground are sparsely connected to the UAV for data
transmission. In addition, the optimization time and efficiency performances are
also studied via varying the numbers of the connecting ground sensor nodes at the

same time. The best overall efficiency is given through simulation.

2. System Model

We consider the UAV assisted wireless sensor network shown in Figure 1,
where the UAV is responsible for collecting data from SNs. Suppose there are
KSNs on the ground, denoted as {s,,1<k < K}, and the horizontal position are
randomly distributed as x, € R”*. Denote the position of the k-tA SN as
[x.,0]" . The UAV flies at a fixed height of # m, and the maximum flying speed
is Vmax m/s. The trajectory projected by the UAV on the ground is assumed to be
g(d, q(t) e R®*, where the position of the UAV can be expressed as

[a@t)",H] . Let, ||h||=h, ||y, (t)]l=q(t)-X,, assume that there is a slight dis-
turbance to the UAV's altitude and trajectory during flight, denoted as, Ah(t),
AQ() , where, |AR@ /IR lI<&, IAGO IS @ <z, &,e <<1.

During the flight, it is assumed that its initial point and end point are fixed,
expressed as (Q,,q; , and satisfied q,,q. € R**. The time of the UAV in the en-
tire data collection process is 7, and each ground node generates S bits of data
within this time. It can be seen that the UAV should satisfy at least the following
formula during the flight: |[g. -, <V,,,T > so that there is at least one path
that satisfies the full flight from the initial point to the end point on the basis of
the maximum speed and mission time. In order to facilitate the overall optimi-

zation, the entire time 7'is divided into A time slots, and the length of each time

Figure 1. System model diagram.
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slot is At, so thereis T = M x At . As far as possible, the Afcan be made infinite-
ly small. Then the position of the UAV in each flight time slot can be regarded as
unchanged. Therefore, the trajectory of the UAV can be regarded as a sequence
thatis {g[m],1<m < M}. Assuming that the maximum distance traveled by the
drone in the time interval is Di.., where D, =V, xAt.

During the duration 7, in order to avoid the waste of energy due to idle mon-
itoring of SNs, each SN is awakened by the UAV. Define a variable a,(t) to
represent the wake-up and sleep relationship of the &-tA SN at time ¢, which sa-
tisties a, (t) €{0,1}. When a, (t) =1, it means that the k-tA SN is in the awa-
kened state at this time, and transmits data to the UAV. In order to avoid mutual
interference when multiple SNs transmit data to the UAV at the same time, we
assume that the communication system uses orthogonal frequency division mul-
tiplexing (OFDM) technology, and the SNs occupy different frequency bands to
upload data to the UAV separately. According to the unmanned track coordi-
nates and the horizontal position of the SNs, the real-time distance between

them can be expressed as:

d, [m] = [l ,[m]+ AG[m] | + || A+ AR[m] |?, 0<m<M. (1)

It is assumed that the link from the SNs to the UAV to upload data is a qua-
si-static block fading channel, where the channel remains unchanged in each
fading block and may change between fading blocks. The duration of each fad-
ing block is usually much smaller than Az Therefore, we denote the number of
fading blocks in each time slot as S. In fact, Sis much larger than 1. Under the
general fading channel model, the channel coefficient of the s-¢A fading block in
time slot m between the UAV and the k-tA SN can be modeled as
h [m,s]=./5, [m]ﬁk [m,s], where pB.[m] represents the large-scale channel at-
tenuation, and this value only depends on the distance between the UAV and the
SN, h.[m,s] represents the small-scale channel attenuation. The large-scale
channel attenuation can express in time slot m: g, [m]= £,d, “[m] .

Among them, a is the path loss index. In general, its value is a = 2, and
represents the power gain of the reference channel when the distance is 1 meter.
Small-scale channel attenuation is considered to be an independent and un-
iformly distributed random variable, so it satisfies E{|h [m,s]*}=1. Because
the distance between the UAV and the SN in each small time slot is regarded as
constant. Therefore, the channel coefficient is the same in the same time slot, but
are changed in different time slots. By confirming the UAV’s trajectory, wake-up
scheme, and transmission rate, the UAV notifies the optimized transmission rate
on the time slot through the downlink control link. For the k-tA sensor, the
achievable rate on the s-tA fading block of time slot m can be expressed as:
|h [m,sIF R

C.[m,s]=log, 1+ Y

). 2)

where, ¢ represents the noise power, and Py represents the transmission power
of the k-th SN to send data to the UAV. A is the signal-to-noise ratio differ-
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ence between the actual modulation scheme and the theoretical Gaussian signal.
Considering the inter-ruption probability between the UAV and the SN, assum-
ing that Ry [m] represents the transmission power, and the probability of differ-
ent fading blocks in each time slot is the same, the k-#A SN can be interrupted at
time m and the probability is expressed as follows:

pcIml = P(C,[m,s] < R [m]) = P( h [m,s]P< o® (%™ -DA/BImIR)  (3)

According to the definition of the cumulative distribution function, the above
formula can be transformed into the following formula:
o? (2RIM _)A
A Im]R

The Pr function represents the cumulative distribution function related to

P.[m] = Pr( ). (4)

| h [m,s][?, and the probability function is a non-decreasing function related to
the transmission power. In order to complete the transmission task of each SN,
the transmission power under the maximum tolerable probability should be able
to finally meet the task requirements. B,[m] =« , it can be expressed as follows:

Pri(x)P. 5,

Rk =I 2 l 2 o al 2 h h 2yt
=100 2 g, ml+ AQEmI I + 11+ ARTm] [Py A

). )

where x is the maximum tolerable interruption probability, and the Pr* func-

tion is the inverse function of the Prfunction.

3. Problem Formulation

In order to ensure the fairness of SNs in terms of energy consumption, minimizing
the maximum energy consumption of SNs is chosen. Let A={a [m],Vvk,m},
Q={q[m],vm}. Our goal is to jointly optimize the wake-up plan A and the
UAV’s trajectory Q to minimize the maximum energy consumption of all SN,
while ensuring that sufficient information can be obtained from the SNs. Bis the
bandwidth of the channel, the power in the time interval can be expressed as:

E, = AtP, . The entire optimization problem can be written as follows:

(P)): )r(nér?g o
st. Y a[mlE <0, vk, (6)
Zrk::lak [mIR [m]>r,, where Zn':':lak[m] #0 VK, (7)
> almR [m]>r, vm, (8)
Z::lak[m] <n vm, 9)
a,[m] {01}, vk, m, (10)
q[] = 9o,9[M] = Qe (11)
[l alm]—a[m —1][| < Dy vm=>2. (12)

Here, the constraint variable & is used to represent the minimized maximum

energy consumption, where the constraint (6) ensures that the energy consump-
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tion of each sensor node does not exceed 6. Constraint (7) is to ensure that the
data volume goal of each ground node can be achieved. Constraint (8) is to make
all the data collected by the UAV reach a certain value at the same time. Con-
straints (9) and (10) indicate the SNs scheduling scheme. At the same time, the
number of ground nodes connected to the drone to upload data is not More
than n. Constraints (11) and (12) constrain the UAV’s speed, initial and final
position. Since P1 is a mixed integer non-convex problem, it is usually difficult
to get the optimal solution. Therefore, in this paper, the main goal is to obtain an
effective suboptimal solution of (P1).

1) Problem reconstruction:

In order to reconstruct the binary wake-up scheduling variable, it should be
noted that there are a total of $*A/ fading blocks in the time range 7. If the solu-
tion A of the relaxation problem is not binary, We can assign N,[m] fading
blocks to any time slot m of the ground node. Where,

N, [m]=(N| mNin N —Sa,[m]|,N € Z) The value represented by N is the near-
est integer to Sa,[m]. When S is large enough, the gap between N,[m] and
Sa, [m] is practically negligible. After relaxing the binary constraint in (10) to

0<a,[m] <1, the optimization problem can be described as follows:
(PD): min 0
st. 0<a[m]<] vk, m, (13)
(6).(7),(8),(9),(10), (11),(12)

2) Decompose Pl into two sub-problems:
a) For any given trajectory @, the optimal relaxation wake-up scheduling

problem can be obtained by solving the following standard linear programming:

(P2): min st. (6),(7),(8),(9), (13).

Suppose that in the /-th iteration, the generated ground node scheduling
scheme and the flight trajectory of the UAV are expressed as: A’ and Q' respec-
tively. During the /-th iteration operation, the transmission power can be ex-

pressed as:

Pr(«)R f3,

R, [m]=log, 1+ _
e Sl g™ [l + -+ ARG )™

) (14)

b) For any given wake-up plan A, optimize the UAV’s trajectory to maximize
the weighted minimum of the communication throughput of all ground nodes,
where the weight is inversely proportional to ri. Due to the existence of non-
convex constraints, an effective approximate solution can be obtained through
continuous convex optimization technology [13], and it is guaranteed to con-
verge to at least one local optimal solution. The main idea of this method is to
maximize the lower bound of the transmission power in each iteration. It en-
sures the robustness of the communication system by limiting the lower bound

of the transmission rate. The problem can be described as:

DOI: 10.4236/jcc.2021.95008

114 Journal of Computer and Communications


https://doi.org/10.4236/jcc.2021.95008

X.Y.Fuetal.

(P3): max min ¢
st LY amR[ml> g vk, (15)
rk a

To decompose the P3, the lower limit of the transmission rate needs to be
changed first. Transform the formula (5):

Pri(x)P. A,
Al g [m1IP +2(Ad[m]- g, [m]) + [ A | + 2(h - AR[m]y)*"?

R.[m] ~ log, (1+ ) (16)
Among them, because ||Ah(t)|?,|| Ag(t)|* are very small, they can be ig-
nored. It can be seen that the transmission rate is a decreasing function about
Ah(t),Aq(t). When Ah(t) =g ||h|,Aq(t) =&, || ¥, (t) ||, it can obtain the lower
limit of the transmission rate. Let &, (q) =|lg[m]-x |*, & (") =y Im]I’,
1+2¢

T 142,

, T=0?A(l+2¢,)**. Then:

Pr(x)P.A,
o? AL+25,)"2 (yH2+ || g [m] |*)*"
Taylor expansion, the lower bound of R, [m] can be expressed as:
Pr(x)R.fy )
(yH? +8, (@)™ T
_ Pr(x)R,fya log, e(5, (a)-6,(d'))
2(7H? + 5@ N((rH? +6,@)D)* + Pri(e)Rfy)

According to [14], it can be known that the first-order Taylor expansion of the

R.[m]=log,(1+ ).. Through the first-order

Rif[m] = log, (1 +

convex function is a global low estimate. Assuming that the transmission power is
set to 0 after the first-order Taylor expansion at a certain point, R, [m]>R/"[m]
can be obtained. According to the paper [1], the problem can be optimized as:
(P3): max g™ st %Zx:lak[m]R;’f,f [m]>¢"™, vk,
' k

In this problem, ¢™ is a slack variable that needs to be maximized, and R!""
is a concave quadratic function related to g[m]. Therefore, the P3 problem is a
convex function and can be solved with the CVX tool.

3) The overall algorithm can be summarized as follows:

Since the relaxation problem is not jointly convex for X and Q, we use the
block coordinate descent technique to solve X and Q alternately. When per-
forming the (/+ 1)-tA alternate solution, assign @, at this time to the trajectory
of the P2 problem to find Xj,. Then bring X, into the P3 problem and get Qi
at this time through optimization. When it is judged that the loss increase in the
P1 problem is less than a certain value, the optimization is completed. For the
solution of the P2, because the weighted minimum throughput of the P3 is
maximized, making the constraint (7) relaxed. So more optimization space is left
for the reduction of &in P2. The objective function of P2 will not increase and
the solution algorithm is convergent. For the solution of the P3, its objective

function value does not decrease in iterations, and the solution algorithm guar-

DOI: 10.4236/jcc.2021.95008

115 Journal of Computer and Communications


https://doi.org/10.4236/jcc.2021.95008

X.Y.Fuetal

antees convergence.

Solution for the problem of P1

1: Initialize Qv;

2: Start to solve alternately, the number of iterations is 4

3: Solve the Asin the P2 problem according to Q.1 at this time;
4: Solve@sin P3 problem from A;in P2;

5: Number of iterations / =7+ 1;

6: The objective function is reduced to a certain extent, stop iteration.

4. Simulation and Results

In this section, numerical results are given to verify the proposed design. The
simulation runs on a 64-bit processor computer: Intel(R) Core(TM) i5-7200U
CPU @ 2.50 GHz 2.70 GHz. It is assumed that ten nodes are randomly generated
within a range of 1600 m * 1600 m. g is (—800, 0) and gris (800, 0). The UAV
flies from a fixed height of /7= 100 m. It starts from the initial point and arrives
at the end point to collect data. The entire data collection process assumes that
the time is 7'= 50 s. Furthermore, we set V., =50 m/s, At=0.5s, 5=1MHz, £
=-60dB, 0 = -120 dBm, A =8 dB, a=2, & = 0.001, & = 0.01, =02 W, =
10 Mbits and « = 0.01. When the result of each iteration does not increase more
than 0.0001, the optimization ends.

According to the Rice fading channel distribution, K'is used as the Rice factor.
In this paper, we assume that the Rice factor K= 10. According to [15], the cu-

mulative distribution function can be expressed as:

c?MM-_nAL o? (2% _A
Pr(w)—l Q(\/ﬁ,\/2(K+1)—ﬁk[m]Pk ) (17)

where, the Q function represents the Marcum Q function defined by the first

kind of zero-order modified Bessel function, which can be expressed in the fol-

lowing form:
2 2
Q(a,b) = J':xexp(—a%)lo(ax)dx (18)

In Figure 2, it shows the optimization results of drone flight trajectory when
at most 1, ..., 5 SNs are connected at the same time. It can be observed that the
trajectory when n = 1 is obviously different from when 2 is other values. The
trajectory is almost the same when accessing more than two nodes at the same
time.

In Figure 3, it shows the wake-up scheduling scheme where ten randomly
generated SNs access at most one SN to upload data at the same time. According
to the image, it can be seen that at most one node can upload data at the same
time. It shows the scheduling scheme of ten randomly generated SNs simulta-
neously accessing at most two SNs in Figure 4. It can be seen that two SNs are

connected at the same time.

DOI: 10.4236/jcc.2021.95008

116 Journal of Computer and Communications


https://doi.org/10.4236/jcc.2021.95008

X.Y.Fuetal.

UAV trajectory(T=50)
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Figure 3. Wakeup scheme when n=1.
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Figure 4. Wakeup scheme when n=5.
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Table 1. The optimal time for randomly generating ten nodes to access at most n.

n 1 2 3 4 5

time (s) 38,420.34 24,830.11 22,590.62 18,494.69 19,928.12

Table 2. The loss of each node of ten randomly generated nodes.

[ k=1 k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9 k=10

64.07 63.53 63.30 63.55 63.57 63.56 6350 64.51 63.56 63.63

S]
Il
—

n=2 6496 6448 65.06 6451 6458 64.56 6449 6520 64.57 64.84

65.13  64.69 6527 6474 6481 6477 6469 6540 64.77 65.07

]
1]
w

65.17 6472 6529 6478 64.84 64.80 6472 6543 64.80 65.09

]
1]
'S

n=5 6535 64.87 6548 6491 6501 6494 64.86 6561 6494 65.27

Table 1 shows the optimization time when n = 1, ..., 5 respectively. It can be
found that the optimization time is the longest when at most one SN is con-
nected. n =4 and n =5 corresponds to the optimal and suboptimal time respec-
tively. When the value of n is greater than 1, the optimization time will be cut
back.

Table 2 shows the efficiency of each node after the optimization. It can be

found that the efficiency is generally low when at most one node is connected.

5. Conclusion

This paper proposes an energy-saving scheme based on sparse access to optimize
data collection between SNs and UAV. It is mainly by randomly generating ten
ground nodes, jointly optimizing the trajectory of the UAV and the wake-up
scheme of the SNs to minimize the data transmission loss. For the same number
of SNs with the same distribution location, no more than n nodes can be used
for data transmission at the same time. When the value of 1 is greater than 1, the
optimization time and transmission efficiency are usually better than the value
of 1. This means that the optimization algorithm proposed in this paper will im-

prove the time efficiency and transmission efficiency.
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