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MULTI-BEAM OPTICAL SENSOR FOR MEASURING DRONE COORDINATES

The article presents a multi-beam optical sensor for measuring drone coordinates in three-
dimensional space. The first part of this sensor is installed around a landing pad or a goods delivery
pad. It forms a set of low-energy optical beams of a certain shape. Each beam transmits a digital code
that characterizes its location relatively the pad. The second part of this sensor is a small set of minia-
ture photodetector units that are fixed under the drone. The proposed technique based on the beam
code analysis helps to calculate the drone coordinates relatively the pad. This sensor guarantees few
centimetres accuracy, which is necessary for accurate drone taking off or landing without usage of an
expensive digital camera or a human operator. The paper describes the classification of drone coor-
dinate measurement techniques, sensor design, and experimental tests of the proposed optical sensor.

The advantages and possible applications of these sensors are also discussed.
Keywords: optical sensor, coordinate measurement, drone navigation, vision-based positioning,

data fusion, multi-beam technique, coded beams.

Introduction. Drones are already an im-
portant part of our lives. They are widely used for
observation and remote sensing, rescue services,
goods delivery, etc. Drone taking off, landing
and, especially, goods delivery are carried out
many times. It most cases human operators do
these operations and, as a result, it increases the
price and risk of drone usage. Modern techniques
for automatic control of drones require digital
cameras on stabilized gimbal, powerful comput-
ers and high-speed telecommunication units [1-
9]. It also makes drones and drone usage expen-
sive. For widespread implementation of drone
goods delivery and other fields, drones must have
a reliable and economical system for coordinate
measurements during fully automatic taking off,
landing and goods delivery. But any coordinate
measurements using digital cameras or with the
help of a human operator become very expensive
and not reliable enough for numerous routine
drone flights.

Goal and tasks. The goal of this study is
to find and to study the compact and economical
drone positioning system (DPS) that can work
without usage of digital cameras and control of a
human operator. This DPS should cover the gap
between several meter accuracy of coordinate
measurements in economical global position sys-
tem (GPS) modules and the required accuracy
equal to 0.25-0.5m for accurate and automatic
landing, taking off and goods delivery. To
achieve the specified goal, the following tasks
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must be solved: study of the known techniques
for drone coordinate measurements, identification
of the best DPS design, creation of mathematical
description of the proposed DPS and perfor-
mance of experimental research that should con-
firm the correctness of the proposed solution.

Methods

1. Overview of techniques for drone coor-
dinate measurement. All DPSs can be conven-
tionally divided into two big categories: DPSs
that use digital cameras and DPSs that do not use
cameras (Figure 1). DPSs with digital cameras
can be divided into systems in which the cameras
are located on the ground and those in which the
camera is located on the drone (Figure 1). The
main idea of the first is to recognize the drone,
track it and transfer information to the drone for
its correction [1, 2]. The second, with the help of
a camera, recognize markers on the ground, and
based on their size and position, receive infor-
mation about the location of the drone in space
relative to these markers. Markers can be: ob-
jects, inscriptions (for example, a QR-code),
light, and combinations thereof [3-9].

DPSs that do not use cameras use emitting
devices and radiation receivers, which can be
located both on the ground and on the drone in
various combinations, [10-16] (Figure 1). Emit-
ters can use different wavebands (infra-red (IR),
visible, radio waves, etc.), receivers are selected
according to the band that has been chosen. De-
scriptions of these DPSs are made in [17, 18].
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Figure 1. Classification of drone positioning systems

2. Description of the proposed DPS. The
proposed DPS refers to systems that do not use
cameras. The main idea of the proposed DPS is
the application of the spatial structure of IR
beams. These beams transmit coded data about
the direction to the landing site in three-
dimensional (3D) space. A drone is equipped
with one or more small photodetector units that
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receive coded data from one or more optical
beams.

The DPS consists of two parts: the first
one is the illumination part installed on the
ground around the landing site. The second part 8
is the receiving part. It is fixed on the drone (Fig-
ure 2) [19, 20].
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The illumination part includes a power
source 3, a control unit 2 and two or more beam
formation units (BFU) 1, which illuminate low-
energy IR beams 7. Each beam transmits digital
codes that set the direction to the landing site in
3D space (Figure 2). The receiving part is just a
few very small photo detectors 4 mounted on the
bottom surface of the drone. They work only
during landing, when they capture coded optical
signals and send them to the flight controller (or
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drone computer) 6. The control unit 2 generates
codes for each beam, and these codes are separat-
ed in time. Therefore, the photodetector units can
record and analyze the codes of various beams.
Analyzing the received codes — data about the
direction to the landing site — this computer cal-
culates the drone's path to it. Battery 5 supplies
light-sensitive units 4, drone computer 6 and oth-
er drone units with electricity (Figure 2).
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Figure 2. Proposed design of the multi-beam drone positioning system

3. Mathematical model of multi-beam
DPS. The requirements for the proposed multi-
beam DPS are as follows:

1. The DPS should be economical. This
means that the number of illumination units and
IR beams should be kept to a minimum.

2. The beams must cover a sufficient 3D
volume around the landing pad without unlit are-
as, considering that all beams are the same.

3. The positioning system should be com-
pact with the possibility of installation on any
small plane.

4. The dimensions of the working area of
the positioning system should be large enough
for drones of different types and sizes.

5. The number of beams in the horizontal
direction must not be even.

To meet the requirements, a beam geome-
try is chosen with only one illumination unit in
vertical direction and two illumination units in
horizontal direction.
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To understand how much is needed by the
radiation source on each block to ensure the re-
quired accuracy, it is necessary to carry out cal-
culations using Figure 3 and Figure 4.

First, let's calculate horizontal beams
(Figure 3). For this, it is necessary to set the posi-
tioning accuracy, which is equal to: Rp; the radius
of the landing zone Ry, as well as the distance
from the center of the landing zone to the radia-
tion source Lg.

At the same time, it is necessary to fulfill
the following requirement:

Lg > Ry > Rp.

The first step is to calculate the angular

size of the landing pad Aa. For this, using

Figure 3 and the given parameters, we will get:

Rp
Aa = 2 - arctan (—),
Lg
where Rp is landing pad radius; Lg is the distance

between the center of the landing pad and the
BFU; arctan() is inverse tangent function.
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Figure 3. Horizontal beams in the multi-beam drone positioning system

In the next step, using Figure 3 and the ini-
tial parameters, we will calculate the radiation
angle of the BFU block ay:

Ry
ay = 2 - arctan (—),
Lp
where Ry, is the radius of the working area; Lg is

the distance between the center of the landing
pad and the BFU: Lg > Ry.

Having found the angles Ao and ay, you
can calculate the number of beams of the same
thickness that fill the space given by the angle
aw, using the following formula:

aw
a7 Aa’

Since Nqy can only be an integer, it is neces-
sary to round up to a larger number of beams.

Knowing that the beams overlap each other
with a ratio of 1/3 to form the equal angular
zones, as well as the number of identical Ny
beams, you can calculate the number of radiation
sources in one BFU:

N,

Ng, Ns must be an integer. Therefore, it is
necessary to round the obtained result to a larger
value in order to cover all the working area of the
system with beams.

Similarly, let's calculate vertical beams
(Figure 4).

Landing pad

W

orking area

Figure 4. Vertical beams in the multi-beam drone positioning system
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All beams are similar and have an overlap-
ping area equal to 1/3 of the full size of the angle.
This guarantees the absence of unlit areas be-
tween two beams (Figure 4).

As in the case of horizontal beams, to
begin with, we will calculate the angular size of
the precise positioning zone Ap:

Hp
Af = arctan (—),
Lp
where Hp is the height of landing pad; Lg is the
distance between the center of the landing pad
and the radiation block.
The next step is to calculate the angular
size of the landing zone p:
Hy,
Bw = arctan (—)
Lg
where L is the distance between the center of the

landing pad and the BFU; Hy, is the height of the
positioning working area.

Having found the angles A and Sy, you
can calculate the number of beams of the same
thickness that fill the space given by the an-
gle Sw, using the following formula:

_bBw
=15

Since N, can only be an integer, it is neces-
sary to round up to a larger number of beams to
accurately cover the working landing area.

Let's calculate the number of radiation
sources in one BFU:

Ny

N—M+1
h_Z .

Ny, like N,, cannot be a fraction, so it is
necessary to round up to a larger value.

The total number of radiation sources on
the three blocks will be equal to

N =2 Ng + Nj.

For experiments, it is necessary to calcu-
late the specific number of radiation sources in
horizontal and vertical blocks of the BFU, which
will be able to satisfy the given positioning accu-
racy. The results of calculations are presented in
Table 1.

4. Experimental studies of multi-beam
DPS prototype. To confirm the functionality of
the proposed DPS, a working prototype of such a
system was designed and assembled, and a set of
experiments were conducted with it. To achieve
the required forms of the indicatrix, various com-
binations of diaphragms were used on the illumi-
nation part, as well as the receiving part to reduce
the influence of external interference.

The DPS prototype contains the illumina-
tion part, which is placed on the ground, and a
receiving part, which is placed on the drone. The
illumination part has a control unit in which there
are an Atmega8 microcontroller [21], a power
supply and three BFUs. Five radiation sources —
IR light emitted diodes TSAL6100 [22] — are
installed in each BFU.

Table 1. Angular size and angular coordinates of the beams

Parameters Horizontal direction Vertical direction

The size of the working area, m Rw=0.5 Hw =0.35
Landing area size, m Rp=0.1 Hp=0.1
The distance between the center of the landing _

. o Lg=1.0
site and the source of radiation, m

Corner overlap, corner degrees Aa=7 AB=4
Angular size of the working area, angle degrees aw =77 Bw =59
The number of identical beams Ng=5 N,=5
Total number of beams N =15

The receiving part is located on the drone.
It has a signal processing unit, a power source (a
drone power source can be used) and photodetec-
tor units TSOP32156 with a frequency of 56kHz
[23]. For visualization of drone coordinate this
unit has an indicator — a set of light emitted
diodes.

Results. The experimental research was
carried out in various times and weather condi-
tions, including summer, winter, sunny days,
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cloudy days, nights, etc. Figure 5 shows the ex-
periment with one illumination unit and a drone
with the indicator of the coded beams.

The experimental results showed that the
proposed DPS works correctly. The receiving
part gradually turned off the indicators as it devi-
ated from the center of the receiving part. Table 2
shows the measured positioning deviations for
different combinations of diaphragms used.
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Discussion. The Table 2 shows that the
best result was obtained with a combination of
diaphragms on the emitting unit and a cone on
the photodetector unit. The deviation at 1 m dis-
tance with such a combination is 180 mm. It
means that accuracy of coordinate measurements
can be evaluated as 1/3 of beam width — 60 mm

when the distance is 1 m. It means that the accu-
racy 180-240 mm could be reached when dis-
tance is in the range 3-4 m. In this case DPS
should have only two BFUs and minimum 5
emitters in each BFU. These experimental studies
have confirmed the correctness of the proposed
mathematical apparatus.

Figure 5. Drone on the landing platform during experiments
with the proposed multi-beam drone positioning system

Conclusions. The scientific novelty is the
new approach for measurements of drone coordi-
nates during taking off, landing and goods deliv-
ery. This approach is application of multiple IR
beams with definite angular orientations and an-
gular dimensions that cover 3D space above a

landing pad. Each beam transmits a digital code,
and a drone can calculate its coordinates using
received beam codes. As a result, this DPS can
guarantee the coordinate measurement accuracy
less than 180-240 mm in a zone with radius up to
1-2m.

Table 2. Experimental measured beam width

Emitter without Emitter without Emitter with Emitter with
The distance diaphragms + diaphragms + diaphragms + diaphragms +
from the photodetector unit | photodetector unit | photodetector unit | photodetector unit
with a cylinder with a cone with a cylinder with a cone
centre of the . . . .
landing pad to diaphragm diaphragm diaphragm diaphragm
gp Central | Edge | Central Edge | Central Edge Central Edge
the BFU
beam beam beam beam beam beam beam beam
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
200 mm. 150 190 150 220 80 150 70 130
500 mm. 290 340 220 300 190 260 100 165
1000 mm. 460 540 300 365 400 490 180 300

The proposed DPS closes the gap between
the accuracy of economical GPS modules and the
accuracy necessary for accurate taking off, land-
ing and goods delivery. It makes possible accu-
rate and fully automatic drone taking off, landing
and goods delivery.
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The practical value is possibility to manu-
facture the commercial multi-beam DPSs using
the solutions from experimentally tested DSP
prototype. These solutions include the BFU de-
sign, hardware and software for signal generations
for coded beams, the design of the indicator for
measurements of beam orientations and beam

10
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geometry, etc. It should be noted, that the pro-
posed DPS can be used in technical education for
illustrations and practical works in disciplines
such as photonics, microcontrollers and geometry.

The future activity should be concentrated
on implementation of the proposed DPS in rou-
tine goods delivery operations made by drones,
including the development of the software for
reliable drone control in 3D space covered by
multiple coded beams, registration and analysis
of factors that decrease accuracy of coordinate
measurements, and evaluation of economical
profit from implementation of the proposed DPS.
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BATATOITPOMEHEBA OIITUKO-EJIEKTPOHHA CUCTEMA
JJIs1 BUMIPFOBAHHSA KOOPJAUHAT APOHA

B cmammi npeocmaeneno bazamonpomeredy onmuko-eneKmporHy cucmemy O0Jid 6UMIDIOGAHHSA
KOOPOUHAm OPOHA 8 MPUSUMIPHOMY Rpocmopi. Bci icHyroui cucmemu yMOBHO MONCHA NOOIIUMU HA
0ga Kuacu: cucmemu, AKi UKOPUCMOBYIOMb Kamepu, i cucmemu, AKi He 8UKOPUCIOBYIOMb KaMepu.
B nawiii pobomi nokazano Hogull Memoo cucmemu, KA He suxkopucmosye kamepy. OOHa wacmuHa
yiel cucmemu 6CMAHOBIIOEMbCS HABKOAO NOCAOKOB0I NIOWA0KU abo NiowaoKku, Hao KO HeoOXiOHO
30iticHumu no3uyionyeanHs. Bin ymeopioe nabip nuzvKoenepeemuyHux OnmuyHuxX NpoMeHi8 neeHoi
dopmu. Kooswcnuii npomins nepedac yughposuti koo, AKull Xapaxmepusye 1o2o po3mauty8anHs iOHOC-
HO naowadku. [pyea uacmuna yici cucmemu — ye HegeIuKull Haoip MiHIamiopHUx homooemexkmopis,
KD 3aKPINAIOmMsbest nio OpoHoM. 3anponoHo8aHA MEmOOUKA HA OCHOBI NOPIGHAHHS KOOY NPOMEHs.
003607151€ PO3PAXy8amu KOOPOUHAMU OPOHA 8IOHOCHO naowadku. Ll cucmema eapanmye mouHicme
¥ KiIbKa 0ecamKie caHmumempis, wo HeobXiOHO 018 MOYHO20 3IbONY YU NHOCAOKU OPOHA Oe3 UKOpU-
cmanus 00po2oi yughposoi kamepu uu m00uUHU-onepamopa. B cmammi 3anpononosano pospaxynox
KiIbKOCMI OOHAKOBUX NPOMEHI8 BUNPOMIHIOBANLHOL YACMUHU, SIKI HeOOXIOHI 0151 00CACHEeHHS 6CMAHO8-
JleHoi mounocmi. Po3paxyHok npogoouscs 6 060X HANPAMKAX: 20PU3OHMATILHOMY MdA 8ePMUKATLHOMY.
Lle 0ae 3m02y Kopezysamu NONONHCEHHS OPOHA Y MPUBUMIDHOMY NPOCMOPI AK 051 316b0MY/NOCAOKU,
Max i 01 niOMpumMKYU 00HO20 NON0JICeHHs Ha eucomi. TIpedcmasnenutl npayolouuil NPOMOMUN CUc-
memu, KA CKIA0AEMbCs 3 BUNPOMIHIOBANbHO20 ONIOKA HA 3eMi Ma NPUUMATbHO20 ONIOKA HA OPOHI.
Bunpominosanvruii 610k ¢hopmye y npocmopi K0008aHi npometi, sKi HA0X005iMb 00 NPUUMATILHO20
onoka. Iputimanohutl 610K 00pobIIOE OMpPUMany IHopMayir i HAOCUIAE cueHau 00 OIOKA Ynpas-
JUHHSL OPOHOM OJisl KOPe2YyB8AHHsL 1020 NOJONCEHHS BIOHOCHO NOCcaodkosoi 30Hu. Ilokazano pesyrvmamu
00CHI0IHCEHb NPU 3ACMOCY8AHHI PI3HUX diagpacm 015 c8ima00iodie ma GomonpuiMantbHUx RPUCMpo-
is. Bubpano natikpawuii eapianm KOHCMPYKYIL OIOKI6 Ma OMpuMano OYiHKY HOXUOOK GUMIPIOBAHHSL
KOOpOUHam OpoHie.

Knrouoei cnosa: onmuunuti 0amyux, UMIpHOBAHHS KOOPOUHAM, Hagieayisi Oe3niiomHUKa, no3u-
YIOHYBAHMSA HA OCHOBI OAYeHHs, 3TUMMS OAHUX, 6A2AMONPOMeEHe8a MeXHIKA, KOOOBAHI NPOMEH.
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