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Abstract—A low power consumption and efficient com-
munication scheme is crucial to boost the data collecting
effectivity in a WSN (Wireless Sensor Network) with a
large number of SNs (Sensor Nodes). To enhance the
received signal power and avoid frequent signal collision,
RADMA (Rotational Angle Division Multiple Access) has
been proposed. In RADMA, a UAV-BS (Unmanned Aerial
Vehicle-Base Station) equipped with ULA (Uniformly Lin-
ear Array antenna) is deployed as the mobile data collector,
To improve the performance of RADMA when serving a
larger area, it is required to design an effective trajectory
to dynamically deploy the UAV-BS within the area. In this
paper, a simple UAV-BS trajectory decision method based
on sectorized K-means clustering is proposed to provide
uniform QoS (Quality-of-Service) among all SNs. First, the
area is sectorized with equal sector size. Then, the initial
centroid coordinate of each cluster is randomly generated
within each sector area to avoid biased centroids. Finally,
the trajectory is formed by connecting the centroids of the
SNs clusters. The numerical results have validated that
combining RADMA with sectorized k-means clustering-
based trajectory enables all SNs to transmit all the data
within a predetermined mission time and with low trans-
mission energy.

I. INTRODUCTION

WSN (Wireless Sensor Network) with a large number
of SNs (Sensor Nodes) has become one of the major
research issues as it can be deployed to monitor a partic-
ular area. Because it is difficult to change or recharge the
battery once deployed [1], SNs are required to communi-
cate with low power consumption to prolong its battery
lifetime. However, many SNs located at edge area may
suffer an outage, where the achievable SNR (Signal-to-
Noise power Ratio) falls below a certain threshold, due
to the long-distance communication link to FC (Fusion
Center) located at the center of the area. Therefore, it
is required to deploy multiple FCs to provide uniform
QoS (Quality-of-Service) among all SNs.

Recently, the use of UAV-BS (Unmanned Aerial
Vehicle-Base Station) as FC has been considered as
it can be dynamically deployed. Further, UAV-BS can
provide several advantages such as the high probability
of having LoS (Line-of-Sight) links to SNs due to its
high altitude, and the shorter communication distance to
each SN by leveraging its high mobility [2]. Therefore,
deploying a single UAV-BS as a mobile FC, which mov-
ing to several coordinates within the area sequentially
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to serve all SNs, is considered as a promising approach
instead of deploying multiple FCs [3].

In [4], RADMA (Rotational Angle Division Multiple
Access) has been proposed. In RADMA, a UAV-BS is
equipped with ULA (Uniformly Linear Array antenna)
to serve the SNs. The aim is to realize a low power
consumption and efficient communication protocol. Due
to the high gain of ULA, the received power of SN,
even transmitted with low transmission power, can be
enhanced. The main lobe of the ULA can be exploited
to form a virtual sector [5]. The virtual sector can be
multiplexed by rotating the UAV-BS horizontally with
an appropriate time interval. As the communicating SNs
can be limited within the virtual sector, signal collisions
can be avoided. In order to enhance the performance of
RADMA when serving a larger area, it is required to
design an effective trajectory to dynamically deploy the
UAV-BS within the area.

Trajectory design has been a major research area to
enhance the performance in UAV-BS enabled communi-
cation systems. In [6], UAV-BS trajectory is designed to
minimize the maximum energy consumption of all SNs
while ensuring the data of each SN is collected reliably
within a certain time, which is defined as mission time.
UAV-BS is able to approach the SNs location if a longer
mission time is given but only able to fly straightly from
one side to the opposite side if the given mission time is
short. This method seems not efficient to serve a large
number of SNs as UAV-BS is required to visit all SNs.
In [7], UAV-BS trajectory is designed to minimize the
mission time while ensuring each GT (Ground Terminal)
recovers the file with a certain probability. The GTs
are clustered based on the UAV-BS coverage range
threshold, then the center of the clusters are defined
as the waypoints. This method seems not effective as
some clusters may overlap and still requires an additional
algorithm to optimize the visiting order of the waypoints.

This paper proposes a simple trajectory decision
method based on sectorized K-means clustering. The
aim is to enable the UAV-BS approaches most of the SNs
while ensuring the fairness concern. Before executing the
K-means clustering, the area is first sectorized exactly
with equal size. Then, the initial centroid coordinate of
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each cluster is randomly generated within each sector
area. Thus, this enables clustering without biased cen-
troids. One round trajectory can be simply formed by
assigning the UAV-BS to fly to the next centroid within
the neighbour sector. Further, RADMA is assigned as the
communication protocol to enhance the received signal
power and avoid frequent signal collisions. The numeri-
cal results have validated that combining RADMA with
sectorized k-means clustering-based trajectory enables
all SNs can transmit all the data within the mission time
and with low transmission energy.

The rest of the manuscript is organized as follows.
In Section II, the system model is given. In Section III,
the communication protocol is explained. In Section IV,
UAV-BS trajectory is described. Finally, some selected
simulation results are provided in Section V in order to
validate the effectiveness of the proposed method.

II. SYSTEM MODEL
A. System Description

A UAV-BS is deployed as a mobile data collector,
i.e., FC, to gather information from a WSN consisting
of K SNs that generate delay tolerant data packets. The
set of SNs is denoted by X = {1,---,K}. The 2D
(two-dimensional) location of SN k£ € K is denoted
by wi = (zp,yr) € R?2XL. All SNs are randomly
and uniformly distributed within the coverage area. Each
SN transmits the generated sensing data with an omni-
directional antenna and a fixed transmission power Pr.

B. Channel Model

The communication link between each SN and UAV-
BS is modeled with path-loss and shadowing-loss. For
the simplicity of the initial stage of this research, the
uplink channel is considered to be a non-fading channel.
It is reasonable to consider such a non-fading uplink
channel as no scatters exist around the UAV-BS [8].

In particular, free-space path-loss model is considered
for the link between SN k and the UAV-BS, which is

given by )
4 f.d
Ly = (’Z’“) , (1)

where f, is the carrier frequency [Hz] and c is the speed
of light [m/s]. The distance dj, between SN k and the
UAV-BS can be calculated by

di, = \/||WUAV —wi|]® + HZ \vs 2

where wyay € R?*! and Hyay are the 2D location
and the altitude of UAV-BS, respectively.

The log-normally distributed shadowing loss, ¥y [dB],
can be written as [9]

Vr.as ~ N (u, 07) 3)

where,
o) = kiexp(—Fka0y), 4

with g and o2 are the mean and the variance of the
shadow fading, respectively. k; and k5 are constant val-
ues which depend on environment. 6, = sin™*(H/dy)
is the elevation angle of the UAV-BS and SN k.

III. COMMUNICATION PROTOCOL

In this section, the communication protocols are pre-
sented. The transmissions from the SNs are carried out in
an autonomously distributed manner based on a random
access scheme. To avoid the signal collisions due to the
simultaneous transmission of multiple SNs, CSMA/CA
(Carrier Sense Multiple Access/Collision Avoidance) is
applied. However, the probability of signal collision in-
creases proportionally to the number of SNs in the WSN.
This is because as each SN transmits the signal in a
distributed manner. This signal collision deteriorates the
communication efficiency as the packet retransmission is
required. Furthermore, the retransmission consumes the
excessive energy at the SNs. Therefore, it is necessary
to avoid the excessive signal collision to save the energy
consumption of SNs.

A. Conventional Method

UAV-BS is equipped with a single omni-directional
antenna to serve the communication area at once. In this
protocol, the signal collisions might frequently occur due
to the increasing number of SNs served at once.

B. RADMA

UAV-BS is equipped with ULA to serve the SNs. The
ULA gain towards the signal transmitted from SN k
with a direction of arrival (DoA) ¢, respect to the array
antenna axis is given by the following equation [10]

N—1 2

Z g(ek’gﬁk)eijﬂ'nAsin@k cos ¢y,
n=0

where IV is the number of antenna elements and A is
the antenna element spacing normalized by the carrier
wavelength. g(0x, @) is the directivity of the antenna
element. In this manuscript, a half-wave dipole antenna
is used for each antenna element and the directivity
g(0, ¢r) is given by the following equation [10]:

9(Ok, dr) = V1.64 cos (g cos 9k> /sinf;.  (6)

From (6), the maximum value of g(f, $r) can be
obtained at 0 = /2, which is impossible as SN k has
to be at the same altitude as UAV-BS. So it is necessary
to arrange the antenna elements with a certain tilt angle
.11 instead of vertical placement. In this manuscript, the
tilt angle 6y, is determined so that the direction of the
main beam towards the center of the coverage radius r,
which is defined by the half-length of the sector’s side.
In this case, the tilt angle 6:;; can be written as the

following equation:
r/2
/ > . @)

T
Ouite = — — tan™*
tilt 2 (HUAV

GRrr = )
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Substituting (7) into (5) and (6) gives

N—1 Z

Gr = Z 9O, d)k)e*jQ’T"A sin(0x +0ti1e) cos o
n=0
(8)

where

cos (g cos(fy + Hmt))

g(9k7 ¢k) v 1.64 Sin(ek n etilt) . (9)
The concept of virtual sector is introduced in this
method. The virtual sector is formed by the main lobe
of the ULA beam. Thus, the whole coverage area is
split into partially overlapping virtual sectors. In order
to give communication opportunities to all SNs within
the communication area, the multiple virtual sectors
are created by rotating the UAV-BS horizontally with
a specific rotational angle Ogr € {0,27} within SNs

density adjusted sector time Ty ;, which is given by

= Thover ) ( 1 O)

K

where Thover 1S the hovering time of UAV-BS [s], J =
27 /Ogr is the number of sectors, and K ;j is number of
SNs within the virtual sector j = {1,---,J}.

The probability that multiple SNs simultaneously
transmit the signal can be lowered as the communicating
SNs are limited per each virtual sector. In addition, the
high gain of the ULA can enhance the received signal
power from the SNs. Thus, the outage probability, where
achievable SNR falls below a certain threshold, can be
lowered, and a higher transmission rate can be assigned
to shorten the transmission duration.

Tsec,j =

C. Transmission Rate

The received SNR ~; from SN £ at the UAV-BS can
be given by
_ Pr Gr1Gr
BNy Ly’

where Pr, G, B, Ny are the transmission power of SN,
the transmit antenna gain at SN, the bandwidth, and the
noise power spectrum density, respectively. Gr is the
received antenna gain at UAV-BS, which is determined
by the omni-antenna gain for conventional method, and
ULA gain GR ), for RADMA. 1, = 10¥*a8/10 Adopt-
ing IEEE 802.11 as the wireless access protocol, each
SN can transmit its data with different transmission rates
adjusting to the channel condition, e.g., SNR.

Tk (1)

D. Required Condition for Successful Decoding
Suppose that the SN £ is within the virtual sector
7. When a signal collision occurs, the received SINR

(Signal power to Interference plus Noise power Ratio)
SINRy;, of SN k at the UAV-BS is given by

P
B

SINRy, = )
% Ek’EKj hkzl(k,k‘/) + NQ

12)

a Rotation ]
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Fig. 1: Virtual sector and rotation concept

where I(k, k") denotes the indicator function indicating
that whether the SN k and SN £’ can carrier sense with
each other, which is given by

, 1 if SN %’ cannot sense SN k
Ik, k) = { 0 otherwise ’
(13)
In this paper, the SN whose transmitted frame (signal)
received by FC first is defined as the desired user. Even
when a frame collision occurs, it is assumed that the

frame is decodable if the following condition is satisfied.

min{SINR;} > pin &, (14)

where pyp, 1 1s the SNR threshold to define the achievable
transmission rate of SN k.

IV. UAV-BS TRAJECTORY

In this section, the UAV-BS trajectory is described.
UAV-BS is assigned to temporarily hover at a specific
coordinate to serve the SNs located around the coordi-
nate. Then, move to the next coordinate and temporarily
hover to serve SNs surround. UAV-BS is set to start to
fly from an initial coordinate and required to come back
to the initial coordinate within a predetermined time,
which is defined as mission time 7Tipjssion-

A. Circle-Shaped Trajectory

UAV-BS is assigned to fly on a circle-shaped trajec-
tory. The coordinates, where UAV-BS temporarily hovers
at, are uniformly spaced on the circle-shaped trajectory.
To prioritize the SNs at the edge of the WSN area, the
radius of the circle-shaped trajectory is set to L/3, where
L is the length of the WSN area.

B. K-means Clustering Based Trajectory

The trajectory is formed by the link connection be-
tween deployment coordinates. The trajectory coordi-
nates are defined by the centroids of SNs clusters, which
means that UAV-BS is required to move from one cen-
troid to other centroids. Therefore, the clustering method
and coordinates visiting order will bring a significant
impact on the performance. Creating uniform centroids
deployment within the area is the key point to provide
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uniform QoS among all SNs. However, the clustering
method that creates uniform centroids gives an extra task
to UAV-BS due to its complexity. Thus, it is essential to
consider the complexity of the clustering method.

K-means clustering method is considered in this paper.
The reason is the simple and computationally light algo-
rithm which is suitable to UAV-BS with limited comput-
ing resource. However, the generated cluster depends on
the initial centroid. Thus, a biased centroids deployment
possibly happens as the centroids of the clusters are
randomly initialized. As a consequence, some particular
SNs may suffer poor channel conditions due to the long
communication link.

The visiting order of the centroids is not a negligible
issue due to the randomness of the centroids deployment
as UAV-BS is required to fly from an initial coordinate
and come back again to the initial coordinate within a
predetermined mission time Tipission- Thus, an algorithm
to find the best visiting order is required to minimize the
flying distance. However, applying such additional algo-
rithm may lead tasks increment which is not suitable for
a UAV-BS with limited energy and computer resource.

C. Sectorized K-means Clustering Based Trajectory

This trajectory method is the extension version of the
K-means clustering based trajectory. Before executing
the K-means clustering method, the area is divided into
9 sectors with equal size as shown in Fig. 2. The
initial centroid of each cluster is generated randomly
within each sector area. Hence, the biased centroids
deployment, described previously, can be avoided.

The center sector is not necessarily to be served
particularly as the SNs located surrounding the center
sector can be served by the UAV-BS when serving
around the other 8 sectors. Further, an algorithm to find
the best visiting order is unnecessary as UAV-BS is only
needed to fly to the next centroid within the neighbour
sector. Thus, one round trajectory can be simply formed.

In Fig. 2, an example of SNs clustering generated
by K-means and sectorized K-means is shown. Fig. 2
shows that the centroids generated by K-means clus-
tering are biased due to the randomness of the initial
centroids. This problem can be solved by sectorized K-
means clustering as the initial centroids are generated
within each sector. Thus, a uniform QoS among SN is
realizable to be provided by deploying UAV-BS with the
trajectory formed by the centroids of sectorized K-means
clustering method.

D. Combination of RADMA and Sectorized K-means
Based Trajectory

The combination of RADMA as the communication
and sectorized K-means clustering based trajectory as
the UAV-BS trajectory decision method is considered
in this paper. As shown in Fig. 3, the direction of the
ULA’s main lobe is required to be considered according

351

- n
s XX = ]
i % < "
x>( A ¥
= X Sensor node
3 x Initialized randomly
L A 2 WS x After k-means
= = |nitialized based on 9 sectors
x 4 9 sectors combined k-means
™ X
n
A A
A
| |
L

Fig. 3: Combination of sectorized k-means and RADMA

to the serving location of the UAV-BS. When UAV-BS is
serving at the corner sectors, the direction of the ULA’s
main lobe should be toward the edge of the WSN area
to prioritize the SNs located at the edge. However, when
the UAV-BS is serving in the inner sectors, the direction
of the ULA’s main lobe should be towards the center
sector to prioritize the SNs located in the center sector.

In RADMA, the received signal power of SNs can
be enhanced due to the high gain of ULA. Thus, the
achievable SNR is still possible to surpass the required
SNR threshold even with a large path-loss due to the
long communication distance. Hence, SNs are possible
to communicate in more than one cluster. When the data
transmitting is not completed yet, this method enables
the SN to continue transmitting the data when the UAV-
BS moves to the next coordinate to hover.

E. Hovering Time

It is important to note that the assignment of the
hovering time 7j,over Of UAV-BS has a significant impact
on system performance. On one hand, a longer Tjover
provides more time for the UAV-BS to serve a particular
cluster. Thus, the probability for all the SNs within the
cluster can transmit all the data increases. On the other
hand, a longer Tjover also incurs a more substantial



TABLE I: Computer simulation parameters

Parameters Values

Coverage area 2000 x 2000 [m?]
Number of SNs K =200

UAV-BS altitude Hyav = 30[m]
UAV-BS flying speed vuav = 10[m/s]
UAV-BS antenna elements N =3

Normalized antenna spacing | A = 0.5

Rotation angle OrT = 2?" [radian]
SN’s height 0.1 [m]

SN’s antenna gain G = 0 [dBi]

SN’s transmit power Pr =10 [mW]

SN’s data size S = 50 [Mb]

Carrier frequency fe = 2.4 [GHz]
Bandwidth B = 20 [MHz]

Noise power density No = —174 [dBm/Hz]
Noise figure 10 [dB]

k1,k2,91,92 10.39, 0.05, 29.06, 0.03
HLoS» MNLoS 1, 10 [dB]

a, B 0.6,0.11

TABLE II: Transmission rate & the required SNR range

SNR range [dB] | Transmission rate [Mbps]
4<SNR<6 1
6<SNR<S8 2
8<SNR<10 5.5
10<SNR< 12 18
12<SNR< 16 24
16<SNR<20 36
20<SNR<21 48

21<SNR 54

access delay for SNs existing outside of the cluster
which is currently being served. Instead of fixing to a
specific value, adjusting the hovering time Tj,ver, to the
number of SNs K. within the cluster c is also considered
to enhance the network performance, which is given by

Thover,c = fc (Tround - Tﬂy) 5 (15)

where the flying time Tj, is the required time to fly
from initial coordinate until come back to the initial
coordinate after finishing visiting all the coordinates,
which is given by

Tﬂy _ Lround7
VUAV
where Lyounq is the one round flying distance, which is
defined by the total distance from the initial coordinate
until back again to the initial coordinate after visiting all
coordinates, and vyay is the flying speed of UAV-BS.

(16)

V. NUMERICAL RESULTS

In this section, the numerical results are provided.
These results are obtained by executing computer sim-
ulation and the system model is reconstructed into C
language. SNs K = 200 are randomly located within an
area with length of side L = 2000 [m]. The hovering
altitude Hyav and flying speed vyay are set to 30
[m] and 10 [m/s], respectively. The number of antenna
elements N of the ULA at UAV-BS is set to 3, and
the normalized antenna elements spacing A is set to
0.5. Transmit power Pr and antenna gain G at SN are
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set to 10 [mW] and O [dBi], respectively. All SNs are
set to transmit data with size of 50 [Mb]. The carrier
frequency is set to f. = 2.4 [GHz] and the bandwidth is
B = 20 [MHz]. The noise variance is set to 02 = —174
[dBm/Hz] and the noise figure is 10 [dB]. Mission time
Thission 18 taken as a parameter.

First of all, let us evaluate the impact of different UAV-
BS deployment on the outage ratio of SNs. In this paper,
SN k is considered in outage when the received SNR
v, of SN k falls below a certain threshold, which is
4 [dB] as shown in TABLE II. Here, the conventional
method with an omni-directional antenna is adopted
as the communication protocol. The center deployment
means that the UAV-BS is deployed at the center of the
WSN area. For the dynamic deployments, the number
of the trajectory’s coordinates is set to 8.

Fig. 4 clearly shows that the outage ratio can be
lowered by deploying the UAV-BS according to the sec-
torized K-means clustering based trajectory. The reason
is that the UAV-BS can reach all the SNs while keeping
fairness among SNs. Thus, this trajectory method will
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be assigned to present the performances comparison of
conventional method and RADMA further.

Next, the probability that the SNs can complete the
data transmission within mission time Tpyission € {8, 10}
[mins] is shown in Fig. 5. As can be seen from Fig. 5, all
SNs can complete the data transmission within 7};ission
by combining RADMA as the communication protocol
and sectorized K-means clustering based trajectory as
the UAV-BS trajectory decision method. The reason for
this performance improvement is because the SNs can
transmit the data at a higher data rate due to the enhanced
received signal power by the high gain of ULA, and the
capability to transmit the data within multiple clusters.

In Fig. 6, the signal collision ratio occurred during the
transmission is shown. Signal collision ratio is defined
as the ratio of the collided transmission’s number and
the total transmission’s number. Fig. 6 shows that the
signal collision ratio is lower when applying RADMA
compared to the conventional method. This is because
the number of communicating SNs can be limited as
each cluster is served per each virtual sector in RADMA.

In Fig. 7, the average required transmission energy
of each SN to complete the data transmission is shown.
It can be seen from Fig. 7, the average required trans-
mission energy can be suppressed by applying RADMA
compared to the conventional method. The reason is
that the SNs can complete the data transmission within
a shorter time due to the high transmission rate and
low retransmission frequency due to the capability to
communicate effectively.

VI. CONCLUSION

A low power consumption and efficient communi-
cation scheme is crucial to boost the data collecting
effectivity in a WSN with a large number of SNs. First,
RADMA has been introduced as the communication
protocol to enhance the received signal power and avoid
frequent signal collisions. Then, the combination of
RADMA and sectorized k-means clustering based trajec-
tory is proposed to ensure a target amount of data from
all SNs can be reliably collected within the predeter-
mined mission time. The numerical results have verified
that the proposed trajectory decision method enabled
the UAV-BS to suppress the outage ratio. Further, by
combining this trajectory method with RADMA, all SNs
are enabled to transmit all the data within the mission
time and with low transmission energy.

ACKNOWLEDGMENT

This work was supported by JSPS KAKENHI Grant
Number JP18K04127.

REFERENCES

[1] B. J. Lakshmi and M. Neelima, “Maximising Wireless Sensor
Network Life Time Through Cluster Head Selection using Hit
Sets,” in IJCSI (Int. Journal of Comput. Science Issues) , vol. 9,
pp. 328-331, Mar. 2012.

0.5

o o o
N w i
T
|

Signal Collision Ratio

©

i \ £
Conventional Method RADMA
Communication Protocol

Fig. 6: Collision Ratio vs Communication Protocol

D
o

H (o2} [e] o n H
o o o o o o
T T T T
1 i 1 |

Average Required Transmission Energy [mJ]
ny
o
T
|

I DI
Conventional Method RADMA
Communication Protocol

Fig. 7: Transmission Energy vs Communication Protocol

o

[2] Y. Zeng, R. Zhang, and T. Lim, “Wireless Communications with
Unmanned Aerial Vehicles: Opportunities and Challenges,” IEEE
Commun. Mag., vol. 54, no. 5, pp. 36-42, May 2016.

[3] A. E. A. A. Abdulla, Z. M. Fadlullah, H. Nishiyama, N. Kato,
F. Ono, and R. Miura, “An Optimal Data Collection Technique
for Improved Utility in UAS-Aided Networks,” in Proc. IEEE Int.
Conf. Comput. Commun. (INFOCOM), pp. 736-744, May 2014.

[4] L. Hendrik and K. Adachi, “Array Antenna for Power Saving of
Sensor Nodes in UAV-BS enabled WSN, ” in ICNC (Intl. Conf.
on Comput., Network and Commun.), pp. 1024-1028, Feb. 2019.

[5] H. T. Chou, “Design Methodology for the Multi-Beam Phased
Array of Antennas with Relatively Arbitrary Coverage Sector,”
in EUCAP (European Conference on Antennas and Propagation),
pp. 776-779, May 2017.

[6] C. Zhan, Y. Zeng, and R. Zhang, “Energy-Efficient Data Collec-
tion in UAV Enabled Wireless Sensor Network,” IEEE Wireless
Commun. Lett., Nov. 2017.

[7]1 Y. Zeng, X. Xu, and R. Zhang, “Trajectory Design for Completion
Time Minimization in UAV-Enabled Multicasting,” IEEE Trans-
actions on Wireless Commun., vol. 17, no. 4, April 2018.

[8] A. Al-Hourani, S. Kandeepan, and A. Jamalipour, “Modeling Air-
to-Ground Path Loss for Low Altitude Platforms in Urban Envi-
ronments,” in Proc. IEEE Global Commun. Conf. (GLOBECOM),
Austin, TX, USA, pp. 2898-2904, Dec. 2014.

[9] M. Mozaffari,W. Saad,M. Bennis and M. Debbah, “Efficient
Deployment of Multiple Unmanned Aerial Vehicles for Optimal
Wireless Coverage,” IEEE Commun., vol. 20, no. 8, pp.1647-1650,
Aug. 2016.

[10] A. F. Molisch, “Wireless Communications, 2nd edition,” 2011.

353



