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Abstract—This study develops a drone positioning system for
use in indoor environments, including dark places, inaccessible
areas, and ordinary living environments that do not accommodate
conventional methods. Various indoor drone applications have
been developed, such as drone communication systems and wall
surface inspection, which require remote estimation of drone
position. For outdoor applications, a Global Navigation Satellite
System (GNSS) is generally used to obtain the drone position.
However, as the GNSS radio waves cannot reach indoors or
between buildings, camera-based methods, such as Simultaneous
Localization and Mapping (SLAM), are applied to estimate the
drone’s position. The system uses noise-resistant, code-division-
multiplexed spread spectrum (SS) ultrasonic waves for three-
dimensional positioning. Transmitter and receiver hardware is
developed using SS ultrasonic waves and the effect of wind
and sound of the positioning system during drone operations
on the SS ultrasonic positioning is evaluated. Transmitter and
receiver hardware is developed using SS ultrasonic waves and
the effect of wind and the sound of the positioning system
during drone operations on the SS ultrasonic positioning is
evaluated. The accuracy of the positioning system is verified
through experiments, and the results indicate that a positioning
accuracy within 15 cm is possible despite the effects of downwash
generated by the drone’s wings, and there was no effect of
multipath on the positioning error.

Index Terms—Drone; Indoor Positioning System; SS Ultrasonic
Waves; Downwash; IoT Devices.

I. INTRODUCTION

This paper is an extension of the paper initially presented
at the VEHICULAR 2020 Ninth International Conference on
Advances in Vehicular Systems Technologies and Applications
[1]. In this paper, we additionally describe a detailed system
configuration to store positioning data in cloud storage using
Internet of Things (IoT) technology. We studied the robustness
of the system to drone noise when using Gold code with the
conventional M-sequence. We also compared the experimental
results in an anechoic chamber with those in a reverberant ex-
perimental environment to study the effect of the reverberation
in the tunnel.

Because they can take off and land vertically in small
spaces, drones can be used to perform various activities in
unstable places where people and vehicles cannot access.
Previous studies have investigated the use of drones for many
uses, including autonomous search and rescue operations for
victims following a disaster [2], meteorological observations
[3], and logistics such as home delivery [4].

When used indoors, drones act as communication robots
[5]. However, an appropriate distance is required to allow
natural and smooth communication between a human and an
autonomous mobile robot. To ensure the appropriate position-
ing in indoor spaces, the drone’s coordinates can be used
to develop real-time centimeter-order positioning. A relevant
study investigated the use of drones for periodic inspection to
detect aging degradation of locations where staff are unable
to work, such as high walls of tanks and industrial chimneys
[6]. Using drones for this purpose is expected to reduce the
high cost of these inspections.

Use of drones indoors is more dangerous than outdoors
because the drone can easily crash into obstacles such as
humans and walls. Thus, it is essential to determine the
position of the drone in relation to other objects. As horizontal
and vertical relationships are important in these applications,
it is essential to obtain absolute coordinates in space. While a
Global Navigation Satellite System (GNSS) is generally used
to obtain the absolute coordinates of a drone, the GNSS signal
is difficult to detect indoors. Simultaneous Localization and
Mapping (SLAM) is often used in non-GNSS environments.
However, the flight path of a routine inspection is often in a
dark place and the walls do not always follow a uniform pat-
tern, causing large errors in SLAM’s self-position estimation.

We therefore propose an indoor positioning system for
drones using spread spectrum (SS) ultrasonic waves [7]. This
system is expected to obtain three-dimensional (3D) coor-
dinates with an accuracy of 10cm. However, the accuracy
may be negatively impacted by noise from the propellers or
downwash of a drone. Downwash is the wind created by
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the drone’s propellers. Therefore, in this study, we conduct
an experiment to evaluate the positioning accuracy of drone
flights during a periodic inspection.

Section II presents related research. Section III provides an
overview of indoor positioning systems using SS ultrasonic
waves. Section IV examines the drone’s robustness against
noise for positioning in a no-multi-path situation through
an experiment conducted in an anechoic chamber with no
reverberation. Section V evaluates the positioning error when
the experiment is conducted in an echoing environment with
the same system configuration as in Section IV. Section VI
compares the results of Sections IV and V. Section VII
provides a summary and future perspectives.

II. RELATED AND PREVIOUS WORKS

There does not almost exist positioning method with drones
for indoor multi environments, including dark environments,
with accuracy under 10cm. Various sensor systems have been
investigated for indoor positioning purposes, including pseudo-
lites [8] and BLE beacons [9]. Of these, ultrasonic-wave-based
systems using the time of flight (TOF) between the time of
transmission and the time of reception systems have the lowest
cost and greatest accuracy because of their slow propagation
speed and ease of improving resolution. However, because
these systems use the time-division multiplexing method with
on-off keying, which grows increasingly cumbersome as the
number of objects to be measured increases, they generally
have weak noise resistance and are slow to acquire data.
Systems using SS ultrasonic signals have therefore been in-
vestigated to overcome these drawbacks [10] [11].

Analogous to SS radiowave systems (e.g., global posi-
tioning system (GPS)), we have proposed a real-time 3D
positioning system using SS ultrasonic signals with a band-
limited transducer, a low-power field programmable gate array
(FPGA), and a small microprocessor [12]. In previous studies,
we discussed factors such as positioning errors in indoor
environments [7] and showed the measurement accuracy of the
positioning system using SS ultrasonic signals. We also pro-
posed a calculation algorithm based on the Newton-Raphson
method for continuous signals, rather than conventional pulse
signals. As a result, 3D coordinates can be obtained every
80ms using Code Division Multiple Access (CDMA) with
continuous signals [13].

We evaluated the positioning accuracy of SS ultrasonic
waves using a ground-based mobile robot [14]. Other studies
have proposed using not only SS ultrasonic waves but also im-
age sensors for drone positioning [15] and applying drones to
limited situations such as greenhouses [16]. Indoor positioning
accuracy has been discussed using the Kinect camera, with an
average positioning error of 48mm [17]. However, the Kinect
is difficult to use in the dark. This study develops an indoor
positioning system using only SS ultrasonic waves that can be
used in dark places where image sensors are ineffective.

Figure 1. Positioning calculations for the indoor positioning system.

III. INDOOR DRONE POSITIONING SYSTEM USING SS
ULTRASONIC SIGNALS

This section describes the indoor positioning method using
SS ultrasonic waves and our proposed system.

A. A method for positional calculation

Figure 1 presents the positioning calculations for the indoor
positioning system using SS ultrasonic waves. Spheres are
drawn to determine the center point on the radius between
a receiver Rc and each transmitter. Two pairs of spheres
are selected centering on Tr1 and Tr3 and Tr2 and Tr3,
respectively. From these pairs of spheres, Plane13 and Plane23
are solved simultaneous equations and a line of intersection
is obtained from the two planes. Finally, the points at the
intersection of the line with an equation of an arbitrary sphere
are solved. Figure 2 shows a flowchart of the algorithm for
the positioning calculation in Figure 1. Two intersection points
are obtained as two transmitters are installed along the bottom
or sides of the positioning range. Therefore, one solution is
outside the room and the other solution becomes the position
of the receiver Rc. When using four transmitters, four position
results are obtained. Thus, the measurement position is defined
as an average of these results.

B. Hardware structure of a positioning system using SS ultra-
sonic waves

A 3D position can be calculated on the basis of three or
more TOF between the transmitters and the receiver. Figure 3
shows the system architecture of the TOF measurement for the
positioning system. The transmitting hardware contains a digi-
tal to analog (D/A) converter and an FPGA to generate carrier
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Figure 2. Flowchart of position calculation.

Figure 3. System architecture of the TOF measurement.

waves and M-sequences. The receiving hardware includes an
A/D converter and an FPGA for correlation calculation, peak
detection, and time measurement.

An SS signal is generated by the transmitting hardware
to multiple carrier waves by M-sequences and is output
from a transducer after D/A conversion. At the start of the
transmission, a time counter is started to measure the TOF
and correlation values are calculated from the sound data via
the A/D converter as online and real-time hardware processing.
The time counter measures the TOF by counting the sampling
times until arriving at peak correlation values obtained by
the peak detector. Then, the 3D position of the receiver can
be calculated based on three or more TOFs between the
transmitters and receiver. The correlation calculator component
is installed in the hardware as shown in Figure 3. Distance
is calculated from the TOF obtained from the hardware and
the dimensional position is measured. Real-time positioning is
sufficiently available because this processing can be calculated
with low cost using optimized expressions.

C. SS signal

In our indoor positioning system, SS signals are modulated
by binary phase shift keying using an M-sequence with a direct
sequence method. Figure 4 shows the M-sequence generator.
‘ 0 ’ or‘ 1 ’ sequence is generated by the shift register.

Figure 4. M-sequence generator with tap 4,9.

Figure 5. Spread spectrum (SS) ultrasonic signal.

Each number in [] in B1 of Figure 4 means the number
of bits. Tap is defined as a position where exclusive OR
calculation is performed. In the case of Figure 4, tap position
is shown as {4,9}, which named by the shift register where
connected to exclusive OR gates. By changing the position of
the tap, several M-sequences with low cross-correlation can
be generated.

Figure 5 shows a received SS signal, where the signals
corresponding to‘ 1’and‘ -1’are plotted solid and dashed
lines, respectively. We replace values of‘ -1 ’with‘ 0 ’
from generated M-sequence for easy signal processing. Each
dot in Figure 5 is a sample to convert to digital signals. The
amount of sample including one period of carrier waves is
decided on the basis of four samples. Here, chip length tc is
defined as the time required to describe a 1-chip of the M-
Sequence. The chip length can also be described as tc = 4/f
using carrier frequency f . The length of SS ultrasonic signals
becomes 29 − 1 = 511 [chip] owing to a 9-stage shift register
for the M-sequence in our system. These four channels of
the transmitters are generated by the following tap positions:
{4,9}; {3,4,6,9}; {4,5,8,9}; and {1,4,8,9}.

The M-sequence has few combinatorial channels and lim-
ited cross-correlation. Therefore, to increase the number of
channels, Gold codes obtained by multiplied M-sequences are
considered. As shown in Figure 6, the Gold code is generated
by using two shift registers, B1 and B2 to generate the M-
sequence and combining the two registers by an exclusive OR
operation. The following tap positions are used to generate the
Gold code: combination of{4,9} and {4,5,8,9}, combination
of {3,4,6,9} and {4,5,8,9}, combination of {4,5,8,9} and
{1,4,8,9} and combination of {1,4,8,9} and {3,4,8,9}. In this
system, the frequency of the carrier waves is 40.2kHz.

D. Our proposed indoor positioning system using SS ultra-
sonic for drones

In this system, we use a transmitter with a closed-type
aperture (PC40-18S, Nippon Ceramic Co., Ltd.) and a “Mini”
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Figure 6. Gold code generated by the M-sequence with tap 9,4 and tap
9,6,4,3.

Figure 7. Measurement layout for the proposed system for (a) a dark plant
and (b) a room.

Si Sonic™ultrasonic receiver (SPM0404UD5, Knowles) as
general-purpose ultrasonic transducers.

Figure 7 shows the layout of the transmitters and receiver
for our proposed system. Two example situations, a dark plant
and a room as shown in Figures 7(a) and 7(b), respectively,
are used. Figure 7(a) represents a periodical inspection at a
plant where it is difficult to install infrastructure, such as
transmitters, in the building. For convenient mounting, trans-
mitters are therefore set on a cross-shaped mount, as shown in
Figure 7(a). Considering the dilution of precision (DOP) [18]
[19], especially horizontal DOP, the larger the mount size, the
more accurate the expected positioning accuracy. However,
a larger size limits the installation position options and is
inconvenient to carry. Figure 7(b) represents a communication
drone. Transmitters are mounted in four corners of a room. In
this situation, the transmitters are more difficult to install, but
the DOP is better than in Figure 7(a). In this study, we conduct
experiments using the layout shown in Figure 7(a),because
this configuration in Figure 7(a) has not been considered in
previous studies.

The sequence to send positioning data to the cloud system
is shown in Figure 8. A microphone, receiving hardware, and
a Raspberry Pi are mounted on the drone. The positioning data
will be sent to Azure CosmosDB using the Microsoft Azure
IoT Hub. The data are sent from the receiving hardware to
the Azure IoT hub via the Raspberry Pi. In the Azure, the
received data are stored in Azure Cosmos DB through Azure
Stream Analytics jobs that process and analyze the events in

Figure 8. Overview of the sequence to send positioning data from Raspberry
Pi to Azure Cosmos DB.

Figure 9. Receiving hardware for drone measurements.

real time. The positioning data can be remotely checked by
accessing Azure Cosmos DB online.

Figure 9 illustrates the receiving hardware schematic
mounted on the drone, as shown in Figure 8. The hardware
consists of an Evaluation Board (ACM204-1158C) installed
in the FPGA (Intel Cyclone IV); a transceiver for timing
the synchronization of the ultrasonic transmitter unit; a re-
ceiver unit; a universal serial bus (USB) interface for output
coordinates; an input part to receive the ultrasonic waves,
including an A/D converter and amplifier; and synchronous
dynamic random-access memory (SDRAM) for the real-time
correlation calculations.

The USB interface and the input component are connected
to a computer and a microphone, respectively. Ultrasonic
waves received by the microphone are converted to A/D
and input into the FPGA, where the correlation calculations,
peak detection, and TOF calculations are performed. The
SDRAM processes the real-time correlation calculations, and
the transceiver measures the TOF based on the transmission
timing received from the ultrasonic transmitter.

In the Raspberry Pi, the positioning data are calculated by
TOF, as obtained by the receiving hardware. Figure 10 shows
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Figure 10. Schematic diagram of the program installed in Raspberry Pi.

an overview of the program running on the Raspberry Pi.
This program generates four threads for parallel processing.
After the initial setup, we create three threads to run methods,
calculates positioning, performs backup, and sending to Azure
CosmosDB in parallel. The main thread 1⃝ is configured to
connect to Azure and USB, and three threads, 2⃝, 3⃝, and 4⃝,
are created. In thread 2⃝, the distance d between the receiver
and the respective transmitter is measured by the TOF sent
from the receiver hardware. The distance is obtained by

d = υ × γ (1)

Here, γ and the υ are, respectively, the TOF and the speed of
sound calculated by the following approximation formula:

υ = 331.5 + 0.60714× T (2)

The temperature T ◦C is measured by SENSIRION’s SHT31
module [20]. A receiver’s position is calculated by four dis-
tances from the four transmitters using the method described
in Section III-A. At thread 3⃝, the positioning data are saved
in CSV format. At thread 4⃝, positioning data are sent to the
Azure IoT hub that manages and monitors IoT devices and
their communications.

A constant error could occur in the positioning system.
More accurate TOF measurement is expected by calibration,
which removes this type of error. Thus, in this system, constant
errors are removed from measurement results.

IV. POSITIONING EXPERIMENT WITHOUT SOUND
REFLECTION.

Before the measurement in a real environment, posi-
tioning experiments were conducted in anechoic chamber
without sound reflection to study the effect of noise and
wind generated by the drone on the distance measurement
of SS ultrasonic waves. The experimental environment is
shown in Figure 11. The solid line in Figure 11 indicates
the environment of the anechoic chamber used, which is
4000mm long, 4100mm wide, and 3000mm high. The area
in the dotted line in Figure 11, which is 4000mm long and
2000mm wide, is defined as the comparison area against

Figure 11. Schematic of the experimental setting in the anechoic chamber.

normal sound reverberation area described in the next sec-
tion. The lower left corner in this area is defined as the
origin of the coordinates. Four transmitters Tr1-Tr4 were
placed near the center of the room. The coordinates of
the speakers were Tr1[mm] = (500, 2000, 0),Tr2[mm] =
(1000, 1500, 0),Tr3[mm] = (1500, 2000, 0) ,Tr4[mm] =
(500, 2000, 0),and Tr4[mm] = (1000, 2500, 0).

Figure 12 illustrates the anechoic chamber experiment en-
vironment. Figure 13 shows the measurement point of the
receiver for this experiment. The measurement points to be
obtained are Rca, which is 1500mm directly above the center
of the x−y plane; Rcb, which is 1500mm directly above Tr1;
Rcc, which is 1500mm directly above Tr2; and Rcd, which
is 1500mm directly above Tr4. The transmitter and receiver
distances l1-l4 for each measurement point were obtained. The
drone was a Mavic 2 zoom by DJI™. The drone hovered
approximately 500mm over the receiver. The position was
obtained five times at each measurement point. The trans-
mitting waves were 48Vp−p, and both the M-sequence and
Gold codes were used in the experiment. For the positioning
calculation, the average of the difference of the ultrasonic
measured distances was subtracted from the true distance at
each point as the constant error from the l1 − l4 measured
distance at each point.

A. RMS positioning error of M-sequence

Figure 14 shows the Root Mean Square (RMS) of the
difference between the results and the installed distances. The
vertical and horizontal axes of Figure 14 show the RMS
positioning error and the coordinates of the measurement
points, respectively. emrms is defined as

emrms =
√

(dmi − di)2 (3)

where di and dmi are the measured distance and the true
distance between a receiver and i-th transmitter, respectively.
The line on the bar in Figure 14 has its upper and lower ends
at the maximum and the minimum RMS positioning errors,
respectively.
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Figure 12. Experimental environment in the anechoic chamber.

Figure 13. Measurement points of the receivers in Figure 12.

The results show that the range of minimum and maximum
RMS positioning errors was wider at all measurement points
with the drone because of the sound and wind effects from the
drone; however, no other significant trend was identified. The
RMS positioning error for all measurement points was within
150mm.

B. Horizontal and vertical errors by M-sequence code

The measurement error on each measurement position was
considered for the x − y horizontal error and the z direction
error. The horizontal error was calculated as the RMS posi-
tioning error of x and y directions on each measurement point.
The error in the vertical direction is the absolute value of the

Figure 14. RMS positioning error by M-sequence in an anechoic chamber
experiment.

Figure 15. Horizontal and vertical positioning errors by M-sequence code in
the anechoic chamber.

error in the z direction. Figure 15 shows the horizontal and
vertical errors at each location with and without the drone.
The vertical and horizontal axes show the positioning error and
measurement point, respectively. Darker and lighter bars in the
graph indicate vertical positioning and horizontal positioning
errors, respectively.

Figure 15 shows that the horizontal error is larger than the
vertical error at all locations. The error in the plane direction
is greatly affected by the DOP because the transmitters are
placed at a distance of 500mm from the center of the x −
y plane. Increasing the interval between the transmitters is
expected to improve the accuracy.

C. Comparison of positioning error between Gold code and
M-sequence

Figure 16 compares the RMS positioning error after sub-
tracting the constant error of the position using M-sequence
and Gold codes. The vertical axis of the graph shows the same
RMS positioning error as in Figure 14. The horizontal axis is
the measurement point. Similar to Figure 14, the line on the
bar in Figure 16 has its upper and lower ends at the maximum
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Figure 16. RMS positioning error of Gold code and M-sequence in an
anechoic chamber.

and the minimum RMS positioning errors, respectively. The
experiment demonstrated that positioning with Gold codes was
possible at all points as well as in the M-sequence. Flying the
drone increased the range of maximum and minimum RMS
positioning errors in the Gold code. In terms of the RMS
positioning error between the M-sequence and the Gold code,
there was no dominant difference. The RMS positioning errors
were 30mm without the drone and 2mm with the drone.

V. POSITIONING ERROR BY DRONE NOISE AND
DOWNWASH IN AN INDOOR ENVIRONMENT WITH NORMAL

SOUND REFLECTION

In structures such as tunnels, sound reflects off walls, and
multi-path effects may occur. To evaluate the effect of motor
noise, experiments were conducted in an environment with
sound reflection, wind noise, and downwash where reflected
waves are generated and comparison is performed with the
experiment in the anechoic chamber.

Figure 17 shows the environment used for this experiment,
which was a room 2000mm long and 4000mm wide. A
Mavic 2 zoom by DJI™drone as in the anechoic chamber
experiment was used. The m-sequence was used as pseudo-
random code in this experiment. Four transmitters Tr1-Tr4
were placed near the center of the room. As shown in
Figure 17, the drone’s starting point was the floor at the
left front edge of the room. To prevent the ultrasonic waves
from reflecting off the floor, the transmitter was placed at a
height of 1500mm above the floor. The coordinates of the
transmitters were Tr1[mm] = (500, 2000, 1500), Tr2[mm] =
(1000, 1500, 1500), Tr3[mm] = (1500, 2000, 1500), and
Tr4[mm] = (1000, 2500, 1500). The transmitting SS signal
was amplified to 50Vp−p.

Figure 18 shows the experimental environment. SS ultra-
sonic waves were transmitted upward from Tr1-Tr4, mounted
on a tripod, and received by Rc, mounted on a bridge of wood.
Figure 19 shows the measurement point. The white and black
circles in Figure 19 denote the transmit and receive points,
respectively. RcA, RcA′ , and RcA′′ are the measurement

Figure 17. Layout for the positioning experiment in reverberating indoor
environment.

points at the center coordinates (1000, 2000, 1500) of the x−y
plane of the four transmitters, located 1500mm, 2000mm, and
2500mm above the transmitters, respectively. RcC and RcC′′

are above transmitter Tr2 and RcB′′ is above transmitter Tr1.
The distances, l1, l2, l3, and l4, between the transmitters and

a receiver (Figure 17) were measured for each measurement
point. The drone hovered at a position approximately 500mm
above the receiver. The accuracy was examined when the
drone was and was not in flight in the environment. Five trials
were conducted for each measurement point. As in the Section
IV, all experimental results are shown after subtracting the
average of the difference from the true value from ultrasonic
measured distances.

A. Measurement error in distance in the reverberating Indoor
environment

Figure 20 shows the average differences in the distances
from the hovering drone for five trials. The vertical and
horizontal axes on each graph denote the difference in distance
from the drone compared to the measured distance from l1 to
l4 to Tr1 to Tr4, respectively. The differences in distances are
shown as absolute values, and the average difference in the
distance is shown as a black line.

The results show that all measured distances could be
obtained when the drone was flying, but the measurement
distance was affected by the drone’s flight. Figure 20(a)
shows the drone’s distance for the four transmitters, where the
measurement point is on the center of the x−y plane. A greater
distance between the transmitter and receiver indicates larger
measurement distance. Figure 20(b) compares the accuracy of
the distance measurement at the center position (1000, 2000)
with that when the drone is above Tr2 at heights of 3000mm
and 4000mm. The difference in distance measurement above
Tr2 is the same as that shown in Figure 20(a). The difference
in the distance between Tr2 and RcC′′ is increased by the
drone hovering. Figure 20(c) shows the measurement distance
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Figure 18. A view of the experiment environment shown from above.

Figure 19. Measurement points of the receivers in Figure 18.

at the height of 4000mm, indicating that the difference in the
distance between Tr1 and RcB′′ increases. Compared to RcA′′ ,
however, the average difference almost the same.

These graphs indicate that a drone’s downwash and noise
significantly affect the measurement distance when the trans-
mitter and receiver are facing each other. The difference in the
measured distance with and without drones is within 4cm.

B. Positioning error in the reverberating indoor environment

The experimental results were evaluated using the RMS of
the difference between the results and the installed distances.
Figure 21 shows the RMS positioning errors at the same
receivers shown in Figure 20 and the maximum and minimum
positioning errors as an expression of variance. The vertical
and horizontal axes of Figure 21 denote the RMS positioning

(a) at each receiver’s height on the center position

(b) at the center position vs above Tr2

(c) at a height of 4000mm

Figure 20. Difference in the measured distance due to drone flight for Figure
18 environment.

error and the measurement point, respectively. The positioning
errors are an average of five trials.

These results indicate that the positioning error increased
when the drone was flying because of downwash and flight
noise; however, the average errors were less than 15cm. The
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results of Figures 21(a) and (b) confirm that the greater the
distance between the transmitter and receiver, the larger the
average RMS positioning error and variance when the drone
was being flown. Figure 21(c) shows that the most variance
was observed at the center of RcA′′ .

These results indicate that the transmission is sufficiently
accurate enough to measure a drone for a periodic inner
wall inspection. More accurate positioning is expected to be
achievable by compensating for errors caused by the angle of
the transmitter and receiver and by the measurement distance
[21].

VI. COMPARISON OF RMS POSITIONING ERRORS IN AN
ANECHOIC CHAMBER AND A TYPICAL ACCLIMATION

ENVIRONMENT

Figure 22 shows the average of all RMS positioning errors
acquired in the anechoic chamber and the reverberating indoor
environment, respectively, with and without the drone using
the M-sequence code. The vertical and horizontal axes in Fig-
ure 22, respectively, show the average value of the positioning
error for all results and the experimental environment. As with
Sections IV and V, the positioning calculation is done after
subtracting the average difference from the true value from the
ultrasonic measured distances. The line on the bar in Figures
22 and 23 has its upper and lower ends at the maximum and the
minimum RMS positioning errors, respectively. As shown in
Figure 22, the RMS positioning error in the anechoic chamber
and reverberant environment was 32mm with the drone and
10mm without the drone.

The two positions of Rca and RcA as well as Rcc and
RcC have respectively the same transmitter-receiver distance.
Figure 23 compares the difference in errors between the
anechoic chamber and the reverberating indoor environment.
The vertical and horizontal axes show the RMS positioning
error and measurement point, respectively. From Figure 23,
no trend of the difference in errors could be confirmed. These
results show that multi-path has little effect on the positioning
results.

VII. CONCLUSIONS AND FUTURE WORK

This study proposed a positioning system using SS ultra-
sonic waves for indoor applications, such as drone commu-
nication and wall surface inspection and evaluated the effects
of the system against drone downwash and noise. The pro-
posed SS ultrasonic positioning system transmits and receives
SS signals using M-sequence, and the distance is measured
using the TOF method. From the experiment conducted in
an anechoic chamber with no reverberation, the positioning
error was within 15cm, although the variance of the error
increased due to downwash. The results were compared with
the experimental results in a reverberating indoor environment,
and the effect of multi-path on the positioning error was not
observed. Greater accuracy in the layout of a communication
robot is expected because of low DOPs. In terms of DOP, a
large error was obtained in the horizontal direction because of
the layout of the transmitters in the experimental environment.

(a) at the center position

(b) at the center position vs above Tr2

(c) at a height of 4000mm

Figure 21. RMS positioning error for Figure 18 environment.

For the positioning of communication robots, higher position-
ing accuracy is expected owing to the different transmitter
layout. Therefore, our positioning system using SS ultrasonic
waves can be applied for drone application. We will conduct
positioning experiments by SS ultrasonic waves with a drone
in an actual tunnel to investigate the usefulness of the proposed
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Figure 22. Comparison of average RMS positioning error for all measurement
points with anechoic chamber and Figure 18 environment.

Figure 23. Comparison of RMS positioning error in the same positional
relations from the transmitter to receiver with the anechoic chamber and the
Figure 18 environment.

system.
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