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To solve the detection angle limitation of conventional ultrasonic sensors, we propose a
localization system based on omnidirectional ultrasonic sensing by using a reflection cone to
generate ultrasonic beams with 360° propagation. The architecture of the proposed localization
system includes four ultrasonic receivers deployed around a square measuring environment and
a mobile robot carrying an integrated omnidirectional ultrasonic module as a transmitter. When
the ultrasonic receivers receive ultrasonic signals from the integrated omnidirectional ultrasonic
module, distance measurements between the transmitter and the receiver can be obtained by
time-of-flight calculation, which are sequentially transferred to a remote PC via a Zigbee
wireless network. Using the distance measurements collected from the receivers, the coordinates
of the mobile robot can be determined by using the established dual-circle localization method.
Experimental results have shown satisfactory accuracy in determining the coordinates of the
mobile robot via the proposed localization system.

1. Introduction

It is critically important for a mobile robot to move from place to place without running into
obstacles or getting lost. The successful management of this navigation task depends on a robust
and reliable solution to the estimation of the robot position in the world space.!) The current
trend toward the self-localization of mobile robots in an indoor environment has been extensively
studied®* and has many practical industrial applications, for example, real-time moving object
monitoring. Over the past years, many methods by which mobile robots can avoid obstacles have
been developed. Multisensor information fusion and a control algorithm based on a fuzzy neural
network®) were proposed for obstacle avoidance by mobile robots. Moreover, some researchers
deployed an OmniHyper camera on a robot to capture 360° circular images for image processing,
so that the robot can successfully avoid obstacles by combining an improved dynamic window
approach with an artificial potential field for path planning.©®)

Among the localization methods, the Global Positioning System (GPS)() is regarded as a
popular and versatile approach that has been used in a wide range of applications.®?
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Unfortunately, signals are seriously blocked when GPS is used indoors. As a result, GPS is not
suitable for indoor environments in general. Various indoor localization techniques have
therefore been developed in recent years using different sensors, including approaches based on
lasers, vision, RFID, Zigbee, ultrasonics, and wireless networks. Although laser-based
approaches are accurate for localization,(1%!)) the cost of implementation is very high for low-
cost applications. Although vision-based approaches(!%!13 provide a rich source of environment
information, they may require intensive computation and be time-consuming. One of the
applications of a stereo vision-based self-localization system(!¥) was in the 2010 RoboCup soccer
humanoid league competition, where it was used to increase the precision of distance
measurement by an artificial neural network technique. Signal-strength-based localization
techniques, including RFID,(®) Zigbee (19 and wireless networks,(1”) however, suffer from
inaccurate measurements because the signal strength is generally deteriorated by various noises
in the environment. The other indoor localization approach is based on a light illuminance
sensor, which can calculate the distances between the target and lighting sources from the
illuminance obtained by active control through a trilateration method.® However, the problem
of the effect of sunlight or human shadow must be solved for such localization. Alternatively,
ultrasonic sensors are extensively used for localization since their measurement principle is
simple to implement in hardware.(1%29 In particular, the accuracy of ultrasonic sensors has
reached the centimeter level.?) One of the disadvantages of ultrasonic sensors, however, is the
detection angle limitation due to their radiation amplitude pattern. Interference among ultrasonic
sensors also imposes another constraint when multiple sensors are used to localize objects in an
environment.

As an attempt to address the above-mentioned problems caused by conventional ultrasonic
sensors, in this paper, we propose a localization system based on omnidirectional ultrasonic
sensing to circumvent the detection angle limitation of conventional ultrasonic sensors by using
a reflection cone to generate ultrasonic beams with 360° propagation. The architecture of the
positioning system is composed of four ultrasonic receivers around a square measurement
environment. The omnidirectional ultrasonic module is installed as a transmitter on a mobile
robot. Each ultrasonic sensor is integrated with a Zigbee module for communication with a
remote PC.>2:23 When the ultrasonic sensor receivers receive an ultrasonic signal from the
integrated omnidirectional ultrasonic module, distance measurements between the transmitter
and the receiver are obtained by time-of-flight (TOF) calculation and sequentially transferred to
the PC via the Zigbee wireless network. On the basis of the distance measurements collected
from the receivers, the coordinates of the mobile robot are determined by using an established
dual-circle localization method.??

The rest of the paper is organized as follows. Section 2 describes the omnidirectional
ultrasonic module, which serves as a transmitter during the localization. The proposed dual-
circle localization algorithm is derived in Sect. 3. Section 4 presents the architecture of the
localization system based on omnidirectional ultrasonic sensing. Section 5 shows experimental
results obtained when using the proposed localization system to estimate the position of a mobile
robot in a measurement environment. Conclusions are drawn in Sect. 6.
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2. Ultrasonic Sensors
2.1 Orientation limitation of ultrasonic sensors

Ultrasound TOF sensors have been widely used in mobile robot applications such as distance
measurement, environment perception, and robot navigation. However, they have been only
marginally successful. In many applications such as environment perception or robot navigation,
ultrasonic sensors have been considered unreliable and inaccurate, essentially owing to the
inefficient use of the ultrasound information.*¥) Figure 1 shows the radiation amplitude pattern
of a typical Polaroid 600 series transducer,>® where the beam is narrow and conical and has a
number of secondary lobes representing the equipotential of the sound energy level. As a result,
objects lying outside the detection geometry cannot be detected by the beam pattern because of
the orientation limitation of the ultrasonic sensors.

2.2 Proposed omnidirectional ultrasonic module

The detection capability of ultrasonic sensors is significantly affected by their orientation
limitation, therefore limiting the measurable area. In this paper, we integrate an ultrasonic
sensor with a reflection cone mounted under an ultrasonic transmitter to reflect the incident
ultrasonic signals from the ultrasonic transmitter to form an ultrasonic beam with 360° radiation.
Figure 2 shows a reflection cone made of Bakelite that we have designed as part of the
omnidirectional ultrasonic module. The cone has a diameter of 2 cm and a height of 1 cm with
an angle of inclination of 45°. Note that the diameter of the ultrasonic sensor of 1 cm is smaller
than that of the reflection cone to ensure that the ultrasonic signals do not disperse. Figure 3
shows the integrated omnidirectional ultrasonic module as a transmitter comprising an
ultrasonic sensor and a reflection cone. As illustrated in Fig. 3, the ultrasonic signals transmitted
from the integrated omnidirectional ultrasonic module form a 360° ultrasonic plane because of

the reflection of the ultrasonic signals.(>?-23)

Fig. 1. Radiation pattern of a Polaroid 600 series Fig.2. Reflection cone designed as part of
transducer. omnidirectional ultrasonic module.
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Fig. 3. (Color online) Integrated omnidirectional ultrasonic module.
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Because of the geometric design of the reflection cone, the distance traveled by the ultrasonic
wave due to reflection (B + C) is the same from all directions, as if the ultrasonic signal is
directly transmitted from the center of the cone without reflection (distance 4 + C), as illustrated
in Fig. 423 As a result, the distance traveled by the ultrasonic wave due to the reflection cone is
identical to the distance obtained when the system is deployed with the receiver directly opposite
a transmitter, as demonstrated in Fig. 5.

As a result of the omnidirectional ultrasonic module, the ultrasonic pulses generated by the
reflection cone propagate in the form of a 360° ultrasonic plane as shown in Fig. 6, where
ultrasonic receivers U; — U, installed at different directions within a detectable area can easily
receive the ultrasonic signal transmitted from a mobile robot 7" equipped with an omnidirectional
ultrasonic module. The omnidirectional ultrasonic module makes it unnecessary for the
ultrasonic transmitter to repeatedly adjust its transmitting direction towards the ultrasonic
receiver.
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Fig. 6. Propagation of ultrasonic pulses generated by omnidirectional ultrasonic module.

3. Dual-circle Localization Algorithm

To determine the robot’s position, a localization scheme is required. In this paper, we propose
a dual-circle localization method®? to estimate the absolute position of a mobile robot with an
omnidirectional ultrasonic module by collecting distances from its ultrasonic receivers. Figure 7
shows a simplified scheme to determine the coordinates of the robot by using the dual-circle
localization method, where U, represents the omnidirectional ultrasonic module for transmitting
the ultrasonic signal in all directions and U; — U, are ultrasonic receivers for receiving ultrasonic
signals from the omnidirectional ultrasonic module used to calculate the distances between the
robot and the receivers. Assume that the coordinates of Uy, U;, U,, Us, and U, are (X, Y), (X;, 1)),
(X5, 15), (X5, 13), and (X4, Y4) and that the distances between U, and Uy, U, and U,, and U; and
Uy, are Ry, R,, and R;, respectively. The objective of the dual-circle localization method is to
determine the coordinates U, (X, Y) given the distance measurements of R, R,, and Rs.

According to basic circular geometry, the intersection of the circle centered at U; with radius
R, and the circle centered at U, with radius R, can be obtained by solving the equations

(X -X)?+(Y-%)* =R’ )
(X=X, +(Y=%)" =R,". b

If Y, = Y,, we obtain
(X -X))*—(X-X,)* =R*-R7 3)

by subtracting Eq. (2) from Eq. (1). Therefore, the intersection point (X, Y) can be obtained as



458 Sensors and Materials, Vol. 34, No. 2 (2022)

Fig. 7. Simplified scheme of dual-circle localization method.
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Consider the case where Y] # Y. The intersection of the circle centered at U, with radius R, and
the circle centered at Uy with radius R3 can be obtained by solving the equations

(X - X,)* +(Y-1,)* =R’ ©6)
(X = X3)* +(Y -¥3)* = Ry, (7)

Subtracting Eq. (7) from Eq. (6), we obtain

20X - X)X +2Y(H - 1) =Ry - R + X3 - X, + 137 -1 @

After rearrangement, Y is given by

Y=MX +K, )

where M and K are expressed as

X, - X
M=22_23 (10)
L-
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K= (11)
2(; -1)
Substituting Eq. (9) into Eq. (7), we obtain
(X X3 +(M - X +K -Y;*) =R’ (12)
which can be simplified as
A-X*+B-X+C=0, (13)
where A4, B, and C are expressed as
A=1+M? (14)
B=2(M-K-M-Y;—-X3), (15)
C=X+Y2+K?-2K Y, - R%. (16)
Finally, X can be obtained as
X:—Bi\/BZ—4A-C a7

24

by solving Egs. (13)-(16) and Y can be found from Eq. (9). Thus, we have obtained the
coordinates Uy(X, Y) of the mobile robot. Note that only two ultrasonic receivers are sufficient to
determine the coordinates of the robot. Using three or four ultrasonic receivers, however, will
help enhance the precision of measurement through sensor data fusion techniques.(2%)

4. Omnidirectional Ultrasonic Sensing Localization

To estimate the position of a target object, such as the mobile robot, distance measurements
must be obtained via the ultrasonic sensors before we can calculate the coordinates of the robot
by using the dual-circle localization method described in Sect. 3. Because of communication
requirements, Zigbee wireless modules are incorporated into the omnidirectional ultrasonic
module and ultrasonic receivers to receive commands from a remote PC and transmit distance
measurements to the remote PC to calculate the position of the mobile robot.
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4.1 Localization scheme

Figure 8 shows the localization scheme based on omnidirectional ultrasonic sensing in an
environment where the target is a mobile robot carrying an integrated omnidirectional ultrasonic
module U, as a transmitter with Zigbee wireless communication capability.(>>23) A
microcontroller embedded with the Zigbee module is required to activate the ultrasonic sensors.
Four ultrasonic receivers with Zigbee wireless communication capability are positioned around
the measuring site, forming a square in the experimental environment. Because the Zigbee
modules are integrated with ultrasonic sensors, a wireless network can be established for
seamless communication between the ultrasonic sensors and the remote PC. As a result, the PC
can directly give instructions to the integrated omnidirectional ultrasonic module (transmitter)
and the four ultrasonic receivers over the wireless communication network. Distance
measurements collected by the four receivers are then transferred to the PC for processing to
estimate the position of the robot by using the established dual-circle localization method. By
using the proposed method based on omnidirectional ultrasonic sensing, the angle limitation
constraint imposed on conventional ultrasonic sensors is therefore overcome.

4.2 Hardware configuration

Figure 9 shows the hardware configuration of the proposed localization scheme based on
omnidirectional ultrasonic sensing. As the first step, the remote PC issues a receiving command
to all of the ultrasonic receivers over the Zigbee wireless network to instruct them to get ready to
receive ultrasonic signals. Immediately after issuing a receiving command, the remote PC then
issues a transmission command to the integrated omnidirectional ultrasonic module over the

D'\
Zigbee signal

Up - Omnidirectional ultrasonic module as transmitter
U;-Uy : Ultrasonic receivers

Fig. 8.  (Color online) Localization scheme based on omnidirectional ultrasonic sensing.
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Fig. 9. (Color online) Hardware configuration of omnidirectional ultrasonic sensing localization scheme.

Zigbee wireless network to transmit ultrasonic signals towards the ultrasonic receivers. When
the ultrasonic receivers receive the ultrasonic signals from the integrated omnidirectional
ultrasonic module, distance measurements between the transmitter and the receiver can be
obtained by TOF calculation, which are sequentially transferred to the PC via the Zigbee
wireless network. Using the distance measurements collected from the receivers, the position of
the mobile robot can be determined by the dual-circle localization method.

To establish a wireless communication network, Zigbee modules are incorporated into the
PC, the integrated omnidirectional ultrasonic module, and the ultrasonic receivers. The Zigbee
module we adopted in this paper, XBee, provides three communication modes: peer-to-peer,
waiting, and broadcasting. In this paper, the broadcasting mode is used because each receiver
passively receives commands from the remote PC, which is suitable for the broadcasting mode.
Its simplicity in terms of the configuration and implementation is also an advantage.
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4.3 Localization procedures

Figure 10 shows a flowchart of the proposed localization system based on omnidirectional
ultrasonic sensing.>!-23) Initially, the PC issues a command via the Zigbee wireless network to
instruct all four ultrasonic receivers to prepare to receive signals. At the same time, a command
is issued to the ultrasonic transmitter on the robot over the Zigbee wireless network to transmit
ultrasonic signals towards the receivers. The ultrasonic signals received by the receivers that are
converted into distance measurements using the TOF all have the same frequency of 40 kHz.
Without an identification procedure, interference is inevitably encountered when all four
receivers receive signals at the same time. To identify the corresponding relationship between
the distance measurements and the receivers, a sequential polling operation is used to control the
ultrasonic receivers so that they transfer their distance measurements one by one. Figure 11

Start
Y
Output the localization Initialize
results (7=1)
\4
Calculate position of the Activate all ultrasonic
»  robot via dual-circle receivers to wait for
localization receiving signals
y
Proceed to the next Activate ultrasonic
ultrasonic receiver transmitter to transmit
(n=n+1) signals
y

All ultrasonic receivers

Y receive signals for

conversion into distance
measurements

Data collection
ompleted (n=4)2

Fig. 10. Flowchart of proposed omnidirectional ultrasonic sensing localization system.
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Fig. 11. Communication timing of ultrasonic sensors for distance measurement based on polling scheme.
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shows a timing chart illustrating the sequences of the ultrasonic sensors transmitting/receiving
ultrasonic signals to obtain distance measurements based on a polling scheme. After the polling
cycle is completed when the PC has collected all the distance measurements from the receivers,
the position of the robot can then be calculated by the dual-circle localization method.

5. Experimental Results

In our experiments, we use Devantech SFR02 ultrasonic sensors having an opening angle of
around £30° and XBee Zigbee modules to construct ultrasonic transmitter and receiver modules
with wireless communication capability. Each ultrasonic sensor has a unique ID number for easy
identification. Figures 12 and 13 show the integrated omnidirectional ultrasonic module
incorporating a reflection cone and a Zigbee module as the transmitter and the ultrasonic module
incorporating a Zigbee module as the receiver, respectively. The measuring site is a square of
side 4 m, where the measuring area is confined to an area of 3 m by 3 m. There are nine locations
uniformly sampled for testing by driving the mobile robot in the measuring environment as
shown in Fig. 14.23 Since the sound speed is 340 m/s and the farthest receiving distance in the 3

Fig. 12. (Color online) Integrated omnidirectional Fig. 13. (Color online) Ultrasonic module
ultrasonic module incorporating Zigbee module as incorporating Zigbee module as receiver.
transmitter.

© : Ultrasonic transmitter module

@ : Ultrasonic receiver
U, @ @ U,

U @ QU

Fig. 14. (Color online) Test points for localization in the measuring environment.
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m by 3 m measuring area is 4.24 m, the TOF required for the transmitter/receiver ultrasonic
modules from transmitting to receiving is only 12.5 ms (4.24/340). In addition, the transmission
rate of the Zigbee module is 250 kbps at a frequency of 2.4 GHz, and thus the transmission time
of the Zigbee module is only 32 ms if 1 kB data is transmitted.

Experimental results obtained using the proposed localization method based on
omnidirectional ultrasonic sensing are listed in Table 1.2 All measurement errors lie within an
acceptable range of =6 cm, and the average absolute error in the coordinates is approximately
(2.5, 3.22). In addition, we change the localization algorithm to triangulation localization and
observe the measurement results, as shown in Table 2.? We find that the average absolute error
in the coordinates is about (2.89, 3.11); therefore, the proposed omnidirectional ultrasonic
localization has good localization accuracy regardless of which of the two localization methods
is used. Note that distance measurements are collected by sequentially polling the receivers
transferring their measurements to avoid possible interference. As a result, each receiver is
activated in sequence to transfer its distance measurement one at a time. The data collection
efficiency is slightly reduced by the polling process. However, for the navigation of the mobile
robot, whose coordinates can be instantly determined, the impact is minor and can therefore be
neglected.

Two well-known technologies, WiFi localization and Bluetooth localization, rely on the
received signal strength indicator (RSSI) to determine the position, and their localization
accuracies are 10—15 m and 1-3 m,??) respectively. According to the present experimental

Table 1

Experimental results of proposed system using dual-circle localization.

Point number Actual coordinates (cm) Measured coordinates (cm) Measurement error (cm)
1 (100, 100) (104, 99) 4, -1
2 (200, 100) (200, 101) 0, 1)

3 (300, 100) (302, 105) 2,5)

4 (100, 200) (104, 198) 4, -2)
5 (200, 200) (204, 197) “4,-3)
6 (300, 200) (300.5, 198.5) 0.5,-1.5)
7 (100, 300) (104.5, 295) 4.5,-5)
8 (200, 300) (202.5, 294) (2.5,-6)
9 (300, 300) (301, 295.5) (1,-4.5)
Table 2

Experimental results of proposed system using triangulation localization.

Point number Actual coordinates (cm) Measured coordinates (cm) Measurement error (cm)
1 (100, 100) (101, 99) (1,-1)

2 (200, 100) (196, 101) -4,1)
3 (300, 100) (295, 103) (-5, 3)
4 (100, 200) (100, 198) 0,-2)
5 (200, 200) (198, 197) (-2,-3)
6 (300, 200) (293, 198) -7,-2)
7 (100, 300) (101, 296) (1,-4)

8 (200, 300) (198, 294) (2,-6)
9 (300, 300) (296, 294) (-4, -6)
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results, the proposed localization based on omnidirectional ultrasonic sensing can achieve an
accuracy of less than 10 cm. Therefore, the proposed localization method has superior
localization accuracy to the other methods using RSSI detection. Using the reflection cone
integrated with an ultrasonic sensor as an ultrasonic transmitter overcomes the disadvantages of
the detection angle limitation due to the radiation amplitude pattern of the ultrasonic sensor.
However, the interference among ultrasonic sensors also becomes a constraint when multiple
sensors are used for localization.

6. Conclusions

In this paper, we presented a novel localization system for mobile robots based on
omnidirectional ultrasonic sensing that overcomes the angle limitation of conventional ultrasonic
sensors by using a reflection cone to generate ultrasonic waves with 360° propagation. To
provide seamless communication while avoiding interference in the measuring environment,
Zigbee modules are integrated into all ultrasonic sensors to transmit commands and receive
measurements by sequential control. Because of the use of a dual-circle localization scheme, the
coordinates of a mobile robot carrying the integrated omnidirectional ultrasonic transmitter can
be determined using the distance measurements obtained by the ultrasonic receivers deployed in
the measuring environment. Experimental results have shown a satisfactory accuracy of +6 cm
in measuring the coordinates of the mobile robot by the proposed localization system. Because
as many as six sets of distance measurements can be obtained at one time to determine the
position of the robot, sensor fusion techniques, for example, the Dempster—Shafer technique or
fuzzy logic, can be incorporated to obtain more reliable measurements in the future.
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