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Abstract—This study develops a drone positioning system for use
in indoor environments, including in dark places, inaccessible
areas, and ordinary living environments where it is difficult to
realize by any conventional methods. Various indoor applications
using drones have been developed for applications such as
drone communication systems and wall surface inspection, which
require remote estimation of their position. For outdoor applica-
tions, a Global Navigation Satellite System (GNSS) is generally
used to obtain the drone position. However, as the radiowaves of
the GNSS cannot reach indoors or between buildings, camera-
based methods, such as Simultaneous Localization And Sapping
(SLAM), are applied to estimate the drone’s position. The system
uses a noise-resistant, code-division-multiplexed Spread Spectrum
(SS) ultrasonic waves for three-dimensional positioning. We
develop transmitter and receiver hardware using SS ultrasonic
waves and evaluate the effect of wind and sound of the positioning
system during drone operations on the SS ultrasonic positioning.
The accuracy of the positioning system was verified through
experiments, and the results showed that a positioning accuracy
within 15 c¢cm was possible despite the effects of downwash
generated by the drone’s wings.

Keywords—Drone; Indoor Positioning System; SS Ultrasonic
Waves; Downwash

I. INTRODUCTION

As Unmanned Aerial Vehicles (UAV), drones can be flown
autonomously or operated by remote control. Because they
can take off and land vertically in small spaces, they can
be used to perform a variety of activities in unstable places
where people and vehicles cannot enter. Previous studies
have investigated the use of drones for autonomous search
and rescue operations for victims following a disaster [1],
meteorological observations [2], and logistics such as home
delivery [3].

When used indoors, drones act as communication robots
[4]. However, an appropriate distance is required to allow
natural and smooth communication between a human and
an autonomous mobile robot. To ensure the appropriate po-
sitioning in indoor spaces, the drone’s coordinates can be
used to develop real-time centimeter-order positioning. On the
other hand, a relevant study investigated the use of drones for
periodic inspections to detect aging degradation of locations
where staff is unable to work, such as high walls of tanks
and industrial chimneys [5]. Using drones to conduct periodic
inspections is expected to reduce the high cost of these
inspections.
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It is more dangerous to use drones indoors than outdoors
because it is easier to crash the drone 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 [6]. This
system is expected to obtain 3D coordinates with an accuracy
of 10cm. However, noise from the propellers or downwash
of a drone may lower this accuracy. Downwash is the wind
created by the drone’s propellers. Therefore, this study con-
ducts an experiment to evaluate the positioning accuracy of
drone flights during a periodic inspection. Section II presents
related research. Section III presents an overview of indoor
positioning systems using SS ultrasound. Section IV presents
the experiments and their results.

II. RELEVANT STUDIES AND PREVIOUS WORKS

There is no positioning method with drones for indoor
multi environments, including dark environments with accu-
racy under 10 cm. Various sensor systems have been inves-
tigated for indoor positioning purposes, including pseudolites
[7] and beacons [8]. Of these, ultrasonic-wave-based systems
have lower cost and greater accuracy. 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 grows, they generally have weak
noise resistance and are slow to acquire data. Systems using SS
ultrasonic signals have therefore been investigated to overcome
these drawbacks [9] [10].

Analogous to SS radiowave systems (e.g., 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 microproces-
sor [11] [12]. In previous studies, we discussed factors such
as positioning errors in indoor environments [6] and signal
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degradation with band-limited transducers [13] and showed
the measurement accuracy of the positioning system using SS
ultrasonic signals. We also proposed a calculation algorithm
based on the Newton—Raphson method for continuous signals,
rather than conventional pulse signals. As a result, 3D co-
ordinates can be obtained every 80ms using Code Division
Multiple Access (CDMA) with continuous signals [14].

We evaluated the positioning accuracy of SS ultrasonic
waves using a ground-based mobile robot [15]. Other studies
have proposed using not only SS ultrasonic waves but also
image sensors for drone positioning [16] and applying drones
to limited situations such as a greenhouse [17]. Indoor posi-
tioning accuracy has been discussed using the Kinect camera,
the average positioning error was 48mm [18]. However, it 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.

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, and two pairs of spheres
are selected centering on Tr; and Trs, and Tro and Trs,
respectively. From these pairs of spheres, Plane;3 and Planess
are solved as a simultaneous equation and a line of intersection
is obtained from the two planes. Last, the points at the
intersection of the line with an equation of an arbitrary sphere
are solved. Figure 2 also shows a flowchart of the algorithm for
the positioning calculation in Figure 1. Two intersection points
are obtained transmitters are installed along the wall; therefore,
one solution becomes outside of the room. Thus, 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 Times Of Flight (TOF) between the transmitters and the
receiver. Figure 3 shows the system architecture of the TOF
measurement for the positioning system. The transmission
unit contains a D/A converter and an FPGA to generate
carrier waves and M-sequences. The reception unit includes
an A/D converter and an FPGA for correlation calculation,
peak detection, and time measurement.

An SS signal is generated by the transmission unit to
multiple carrier waves by M-sequences and is outputted from
a transducer after D/A conversions. At the start of the trans-
mission, 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
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Figure 1. Positioning calculations for the indoor positioning system.
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Figure 2. Flowchart on our position calculation

transmitters and receiver. The correlation calculator part is
installed in the hardware as shown in Figure 3. Distance
is obtained from the TOF obtained from the hardware and
dimensional position is measured. Real-time positioning is
enough available because this processing can be calculated
lightly in software using optimized expressions.

C. SS signal

In our indoor positioning system, SS signals are modulated
by binary phase shift keying using M-sequence, a pseudo-
random code sequence, with a direct sequence method. Al-
though the M-sequence of ‘0’ or ‘1’ is generated by a shift
register, we replace a value of ‘-1’ with ‘0’ for easy signal
processing. Figure 4 shows a received SS signal, where the
signals corresponding to ‘1’ and ‘-1’ are plotted in solid and
dashed lines, respectively. Each dot of Figure 4 is described
as a sample convert to digital signal; the amount of sample
including one period of carrier waves is decided on four
samples. Here, chip length ¢, is defined as the time required to
describe 1-chip of the M-sequence; the chip length can also be
described as t. = 4/ f using carrier frequency f. The length of
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Figure 4. Spread spectrum ultrasonic signal.

SS ultrasonic signals becomes 2° — 1 = 511 [chip] due to a 9-
bit 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}. 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”
SiSonic™ultrasonic receiver (SPM0404UD5, Knowles) as
general-purpose ultrasonic transducers.

Figure 5 shows the layout of the transmitters and receiver
for our proposed system. We use two example situations, a
dark plant and a room, as shown in Figures 5(a) and 5(b),
respectively. Figure 5(a) represents a periodical inspection at
a plant, where it is difficult to install infrastructure, such
as transmitters, in the building. Transmitters are therefore
set on a cross-shaped mount, as shown in Figure 5(a), for
convenient mounting. Considering the Dilution Of Precision
(DOP), the larger the mount size, the more accurate the
expected positioning accuracy, although a larger size limits
the installation position options and is inconvenient to carry.
Figure 5(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 the situation in Figure 5(a). In this paper, we conduct
experiments using the layout shown in Figure 5(a).

The drone is fitted with a microphone and small receiving
hardware, which processes the ultrasonic waves. Figure 6
illustrates the hardware schematic mounted on the drone. 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
receiver unit; a USB interface for output coordinates; an input
part to receive the ultrasonic waves, including an A/D converter
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Figure 5. Measurement layout for the proposed system for (a) a dark plant
and (b) a room.
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Figure 6. Receiving hardware for the drone measurements.

and amplifier; and SD-RAM for the real-time correlation
calculations.

The USB interface and input part are connected to a
computer and a microphone, respectively. Ultrasonic waves re-
ceived 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 SD-RAM processes
the real-time correlation calculations, and the transceiver mea-
sures the TOF based on the transmission timing received from
the ultrasonic transmitter. Finally, the drone obtains the TOF
by USB UART/FIFO IC (FTDI FT232H).

IV. POSITIONING ERROR BY DRONE NOISE AND
DOWNWASH

We conducted experiments to evaluate the effect of motor
noise, wind noise, and downwash generated by the pro-
pellers during flight on the SS ultrasonic positioning. Figure
7 shows the environment used for this experiment, which
was a room 2000mm long and 4000mm wide. We used
a Mavic 2 zoom by DJI™drone for this experiment. Four
transmitters Tr;—Try were placed near the center of the room.
As shown in Figure 7, the drone’s starting point was the floor
at the left front edge of the room. The coordinates of the
transmitters were Tr;[mm] = (500, 2000, 1500), Tro[mm| =
(1000, 1500, 1500), Trz[mm] = (1500,2000,1500), and
Try[mm] = (1000, 2500, 1500). The transmitting SS signal
was amplified to 50V_,,.
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Figure 7. Layout for the positioning experiment.

Figure 8 shows the experimental environment. SS Ultra-
sonic waves are transmitted upward from Tr;—Tr, mounted on
a tripod, and received by Rc, mounted on a bridge of wood.

Figure 9 shows the measurement point. The white and
black circles in Figure 9 denote the transmit and receive points,
respectively. Re(1000,2000,3000) [mm], Re(1000,2000,3500) [mm],
and Re(1000,2000,4000) [mm] are the receiving points at the cen-
ter of the x —y plane of the four transmitters, located 1500mm,
2000mm, and 2500mm above the transmitters, respec-
tively. Of the other receiving points, Rec(1000,1500,3000)[mm]
and Rec(1000,1500,4000)[mm] are above transmitter Tro and
Re(500,2000,4000)[mm] is above transmitter Tr;.

l1, 1o, I3, and 14, which are the distances between the
transmitters and a receiver (Figure 7), are measured for each
receiving point. The drone is made to hover at a position
approximately 500mm above the receiver. We examine the
accuracy when the drone is in flight and when the drone is
not in flight in the environment. Five trials were conducted for
each receiving point.

A. Measurement error in distance

Figure 10 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 [y to
l4 to Try to Try, 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 of the experiment show that all measured
distances are obtained when the drone is flying, but the mea-
surement distance is affected by the drone’s flight. Figure 10(a)
shows the drone’s distance for the four transmitters, where the
receiving point is on the center of the x — y plane. A greater
distance between the transmitter and receiver indicates larger
measurement distance. Figure 10(b) compares the accuracy of
the distance measurement at the center position (1000, 2000)
with that when the drone is above Trsy at heights of 3000mm
and 4000mm. The difference in distance measurement above
Try is the same as that shown in Figure 10(a). Especially the
difference in the distance between Try and Re(1000,1500,4000)
where above Trs, is increased by the drone hovering. Fig-
ure 10(c) shows the measurement distance at the height of
4000mm, which shows that the difference in the distance
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Figure 9. Measurement points of the receivers.

between Try and Re(s00,2000,4000) increases. Compared to
Rc(10007200074000), however, the average difference decreases.

These graphs indicate that a drone’s downwash and noise
have a significant effect on the measurement distance when the
transmitter and receiver are facing each other. The difference
in the measured distance with and without drones is within
sem.

B. Positioning Error

The experimental results were evaluated using the Root
Mean Square (RMS) of the difference between the results and
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Figure 10. Difference in the measured distance occurred by drone flight.

the installed distances. em,n, is defined as

(dm; — d;)? (D

EMyms =

where d; and dm; are the measured distance and the true
distance between a receiver and i-th transmitter, respectively.

Figure 11 shows RMS positioning errors at the same
receivers shown in Figure 10 and the maximum and minimum
positioning errors as “an expression” of variance. The vertical
and horizontal axes of Figure 11 denote the RMS positioning
error and the receiver coordinates, respectively. The positioning
errors are an average of five trials.

These results indicate that the positioning error increased
when the drone is flying because of downwash and flight noise;
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Figure 11. RMS positioning error.

however, the average errors are less than 15cm. The results of
Figures 11(a) and 11(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 11(c) shows that the most variance is observed
at the center of (1000, 2000, 4000).

The results of the experiment indicate that the transmission
is accurate enough to measure a drone for a periodic inner
wall inspection. We can expect more accurate positioning by
compensating for errors caused by the angle of the transmitter
and receiver and by the measurement distance [19].
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V. CONCLUSIONS

This study proposed a positioning system using SS ultra-
sonic waves for indoor applications, such as drone communi-
cation and wall surface inspection, and evaluated the effects of
the system against drone downwash and noise. The proposed
SS ultrasonic positioning system transmits and receives SS
signals using M-sequence, and the distance is measured using
the TOF method. This study mounted small hardware and
wideband microphones on the drone. The experimental results
for assuming an inner wall inspection by the drone shows that
downwash increases the positioning errors, but the errors are
less than 15cm. We can expect greater accuracy in the layout of
a communication robot because of low DOPs. Therefore, our
positioning system using SS ultrasonic waves can be applied
for drone application. We will examine the errors in positioning
with multiple drones and discuss their errors occurred by flight
noise and downwash.
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