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Abstract 
In recent years, agricultural drones have significantly increased use for tasks such as field irrigation, pest 
detection, and crop health monitoring. To improve operational efficiency and speed across extensive 
agricultural regions, the deployment of drone swarms is becoming increasingly prevalent. However, in 
remote regions where Global Positioning System (GPS) signals may be inaccurate or unavailable and real-
time kinematic services are expensive, the need arises for effective methods to determine the precise relative 
positions of drones within a swarm. 
The purpose of this work is to develop relative positioning algorithms for agricultural drone swarms in 
GPS-challenged environments. These algorithms should enable the determination of the relative positions 
of drones and the overall configuration of the swarm even in the complete absence of GPS signals. 
As a result of this study, an algorithm for determining the relative position of swarm elements in the 
absence of global positioning signals and the corresponding mathematical apparatus was developed. It takes 
into account possible inaccuracy of distance measurement.  
Various configurations of possible relative positions of swarm elements, their impact on determining the 
relative position, and possible solutions to problems in case of an unsuccessful initial arrangement were 
analyzed. The obtained results were successfully confirmed by practical calculations. 
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1. Introduction 

In recent years, agricultural drones have significantly increased use for tasks such as field irrigation, 
pest detection, and crop health monitoring [1]. To enhance the efficiency and speed of operations 
over large agricultural areas, drone swarms are increasingly being used [2]. However, in remote 
regions where Global Positioning System (GPS) signals may be inaccurate or unavailable, the need 
arises for effective methods to determine the precise relative positions of drones within a swarm to 
prevent collisions and ensure high-precision task execution [3]. 

Proposed solutions that are used nowadays typically rely on expensive networks of fixed stations 
(anchors) with verified positions [4]. 
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2. Goal 

The purpose of this work is to develop relative positioning algorithms for agricultural drone swarms 
in GPS-challenged environments. These algorithms should enable the determination of the relative 
positions of drones and the overall configuration of the swarm even in the complete absence of GPS 
signals, or with GPS signals available only to the operator. Algorithms should work even in case of 
long distances between drones. 

3. Analysis of previous studies 

This problem has been a persistent focus of scientific research, as evidenced by the large body of 
published research on the topic. We will now examine some of the most significant and pertinent 
studies. 

Work [5] provides a taxonomy of drone positioning systems. The taxonomy categorizes drone 
positioning systems into two major methods: vision-based and non-vision-based. The taxonomy 
further divides each method into several sub-methods based on the equipment and calculation 
method. The taxonomy also provides the advantages and disadvantages of each method. 

In the work [6] the effect of multiple sensors on 3D indoor position accuracy is investigated using 
the flexible Online Asynchronous State Estimation sensor fusion platform. However, this method is 
not suitable for agricultural drones, as they may operate over long distances from each other and in 
adverse weather conditions. 

Work [4] explored the approach of replacing all the fixed anchors with a single drone that flies 
through a sequence of waypoints. At each waypoint, the drone acts as an anchor and securely 
determines the positions. However, this approach has proven a slow and ineffective solution. 

Work [7] introduced several localization techniques that are independent of GPS, each with its 
advantages and disadvantages. Unfortunately, these disadvantages also make such techniques 
inapplicable for our case. 

Work [8] offers the usage of a gray-scale low-resolution camera and an ultra-low-power System-
on-Chip based on a novel vision, to use it with the fully convolutional neural network, however, for 
our task it faces the same disadvantages, as the approach, offered in [6]. 

In [9] topology perception and relative positioning algorithms were offered. But agricultural 
drones are mostly working at low altitudes over the fields  big similarly looking spaces  which 
makes this method inapplicable. 

enough results to apply to the current task. 

positions of drones and the overall configuration of the swarm even in the complete absence of GPS 
signals. 

4. Main part 

We begin the analysis of the proposed algorithm by describing the fundamental approach used  
determining the direction and distance from each drone to every other drone. To determine the 
distance between a pair of drones, it is proposed to use either RSSI signal measurements [11] or the 
built-in distance measurement tools that are available on many models [12]. However, in any case, 
it is necessary to consider the presence of errors in signal measurement. 
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4.1. Application of radio modules for mutual positioning of drones 

The primary purpose of classical radio modules is to complement the Internet of Things networks to 
enhance the capabilities of narrow artificial intelligence in sensor networks of smart homes, offices, 
and household devices equipped with radio beacons, such as electronic key fobs, smart vacuum 
cleaners, remote configuration of refrigerators and climate control equipment, etc. Such radio 
modules were developed to improve positioning accuracy in indoor environments, transmit sensor 
data over distances from a few centimeters to 300-600 meters, and interact with radio modules in 
smartphones and tablets. This approach effectively addresses challenges such as multipath 
reflections from walls, interference, and dead zones. By measuring the transmission time of a packet, 
radio module can achieve positioning accuracy within a margin of one centimeter. 

Over the past eight years, numerous scientific studies and practical implementations have 
explored the use of such technologies for positioning small mobile robotic systems, such as wheeled 
robots and quadcopters. These systems can be organized into swarms, utilizing network-based 
technologies for coordinated operation [13], [14]. One of the tasks to be solved for controlling a 
swarm of drones [15] is to obtain an estimate of the coordinates of the swarm members in local and 
global coordinate systems [16]. 

The evaluation of local coordinates for a swarm element relative to others is achieved through 
direction-finding techniques, which rely on measuring the time of flight of a data packet transmitted 
between the swarm element and other network members (drones) and back. Radio modules equipped 
with omnidirectional antennas, characterized by a toroidal radiation pattern, are employed to 
calculate the distance between two drones within the swarm. Subsequently, a mathematical 
algorithm, potentially coupled with a calibration maneuver of the drone, is used to resolve any spatial 
uncertainty in positioning. 

Adding a directional antenna to ready-made drone swarm radio modules is difficult, as it would 
require embedding into the highly integrated system-on-chip of the radio module. Some 
manufacturers provide the ability to connect a directional antenna, but the size and weight 
characteristics of such modules increase by 2-4 times. 

4.2. Algorithm for calculating the distance from a drone to the position zone of 
another drone and the viewing angle from the drone to this zone 

To accurately determine the directional angle of each drone relative to another, measuring only the 
distance between them is insufficient. Consequently, the deployment of two drones is required to 
measure the distance to a third drone, thereby facilitating the calculation of their respective angular 
positions. This concept will be elaborated upon in the following sections. 

Figure 1 schematically depicts two drones, A and B, and a drone T (target), whose distance and 
angle must be determined. 

Two circles are drawn centered at point A and two circles are centered at point B. These circles 
represent the distance from drones A and B to T plus or minus the measurement error. Due to the 
measurement error, T is not located at a specific point but rather in a certain zone formed by the 
intersection of these circles. 

The distance between drones A and B is determined using the same methods as the distance to 
the drone T. Their relative positions can be refined using data acquired from cameras installed on 
these drones. 

We are interested in the relationships between the various distances and angles shown in Figure 
1. Let us illustrate these distances and angles in more detail in Figure 2. 
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 Figure 1: Schematic depiction of the calculated distances from two drones to a third 
 

 
Figure 2: Distance and angle notation 

We introduce a coordinate system and the following notation: 
• x-axis is horizontal and aligned with the baseline 𝐴𝐵 
• y-axis is vertical and passes through the midpoint of 𝐴𝐵 to  
• 𝐴𝐵  drones used for determining the position of a drone  
• r  measured distances from drones 𝐴𝐵 to  
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•  the measurement errors of the distance r from drone to  
• b  half-length of the baseline  distance from the center of the segment AB to any end of 

this segment 
• C  intersection point of the circle centered at point B with radius r   and the circle centered 

at point  with radius  
• G  point of intersection of two circles each having a radius of r   
• F  point of intersection of two circles each having a radius of  
• E  orthogonal projection of point C onto the x-axis  
•  angle of view from the midpoint of the AB segment at the T position locus  
• h1  distance from the center of the segment AB to point G 
• h2  distance from the center of the segment AB to point F 

4.2.1. Relationship between r, b and  
Firstly, we will show that the relationship between r, b and  can be expressed by the following 
formulas: 

𝑡𝑔
𝛾

2
=

𝑟𝜀

√(𝑏2 − 𝜀2)(𝑟2 − 𝑏2)
 (1) 

𝑟2 = 𝑏2 [1 +
𝜀2

(𝑏2 − 𝜀2)𝑡𝑔2
𝛾
2
− 𝜀2

] (2) 

For relatively large values of r, the term b can be neglected, and the formula (1) for the angle 
simplifies and becomes independent of r: 

𝑡𝑔
𝛾

2
=

𝑟𝜀

√(𝑏2 − 𝜀2)(𝑟2 − 𝑏2)
≈

𝑟𝜀

√(𝑏2 − 𝜀2)𝑟2
=

𝜀

√𝑏2 − 𝜀2
 (3) 

𝑡𝑔
𝛾

2
≈

𝜀

√𝑏2 − 𝜀2
 (4) 

The formula (3) explains why calculations yield similar values for the angles for various large r. 
The formula (4) also explains the similar values of b for large r and the independence of b from r. 

𝑡𝑔
𝛾

2
≈

𝜀

√(𝑏2 − 𝜀2)
⇒ 𝑏2 ≈

𝜀

𝑡𝑔2
𝛾
2

+ 𝜀2 (5) 

𝑏2 ≈
𝜀2

𝑡𝑔2
𝛾
2

+ 𝜀2 (6) 

4.2.2. Formulas for h1 and h2 
ℎ1 = 𝐺𝑦 = √(𝑟 − 𝜀)2 − 𝑏2 (7) 

ℎ2 = 𝐹𝑦 = √(𝑟 + 𝜀)2 − 𝑏2 (8) 
  
When r in (7)-(8) is big enough: h2  h1  
Next, we will demonstrate how the presented relationships between parameters r, b and  were 

obtained, and we will derive formulas for h1 and h2  
4.2.3. Derivation of the relationship for r, b and  
The x and y coordinates of point C. 

Since C is the intersection point of the circle centered at B with radius r  and the circle centered 
at A with radius , its coordinates can be found by solving the corresponding system of equations: 

{
𝐵: (𝑥 − 𝑏)2 + 𝑦2 = (𝑟 − 𝜀)2

𝐴: (𝑥 + 𝑏)2 + 𝑦2 = (𝑟 + 𝜀)2
⇒ {

𝑥2 − 2𝑥𝑏 + 𝑏2 + 𝑦2 = 𝑟2 − 2𝑟𝜀 + 𝜀2

𝑥2 + 2𝑥𝑏 + 𝑏2 + 𝑦2 = 𝑟2 + 2𝑟𝜀 + 𝜀2
 (9) 

Subtracting the first equation from the second in (9). 

⇒ 4𝑥𝑏 = 4𝑟𝜀 ⇒ 𝑥 =
𝑟𝜀

𝑏
⇒ (10) 

Substituting x into equation B:(x b)2+y2=(r )2, we can solve in (10) for y. 
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⇒ 𝑦2 = (𝑟 − 𝜀)2 − (𝑥 − 𝑏)2 ⇒ 𝑦 = √(𝑟 − 𝜀)2 − (𝑥 − 𝑏)2 ⇒ √(𝑟 − 𝜀)2 − (
𝑟𝜀

𝑏
− 𝑏)

2

. (11) 

We chose the positive value of the root for y in (11) since point C is located above the horizontal 
axis. 

Therefore, 

𝐶𝑥 =
𝑟𝜀

𝑏
, 𝐶𝑦 = √(𝑟 − 𝜀)2 − (

𝑟𝜀

𝑏
− 𝑏)2 (12) 

The viewing angle  from AB center point to the target area T. 

𝑡𝑔
𝛾

2
=
𝐶𝑥
𝐶𝑦

=
𝑟𝜀

𝑏√(𝑟 − 𝜀)2 − (
𝑟𝜀
𝑏
− 𝑏)2

= (13) 

We will move b in (13) under the radical sign. 

=
𝑟𝜀

√𝑏2(𝑟 − 𝜀)2 − (𝑟𝜀 − 𝑏2)2
= (14) 

We will expand the brackets in (14) and collect like terms. 

=
𝑟𝜀

√(𝑟2𝑏2 − 2𝑟𝜀𝑏2 + 𝜀2𝑏2) − (𝑟2𝜀2 − 2𝑟𝜀𝑏2 + 𝑏4)

=
𝑟𝜀

√𝑟2𝑏2 + 𝜀2𝑏2 − 𝜀2𝑏2 − 𝑟2𝜀2 − 𝑏4
=

𝑟𝜀

√𝑟2𝑏2 − 𝑏4 + 𝜀2𝑏2 − 𝑟2𝜀2

=
𝑟𝜀

√𝑏2(𝑟2 − 𝑏2) − 𝜀2(𝑟2 − 𝑏2)
=

𝑟𝜀

√(𝑏2 − 𝜀2)(𝑟2 − 𝑏2)
 

(15) 

Therefore, 

𝑡𝑔
𝛾

2
=

𝑟𝜀

√(𝑏2 − 𝜀2)(𝑟2 − 𝑏2)
 (16) 

4.2.4. Measured distance between A and T 
Let us solve equation (16) in terms of r. 

𝑡𝑔
𝛾

2
=

𝑟𝜀

√(𝑏2 − 𝜀2)(𝑟2 − 𝑏2)
⇒ (𝑏2 − 𝜀2)(𝑟2 − 𝑏2)𝑡𝑔2

𝛾

2
= 𝑟2𝜀2 ⇒ (17) 

Let us distribute the term outside the second parentheses in (17). 

⇒ (𝑏2 − 𝜀2)𝑟2𝑡𝑔2
𝛾

2
− (𝑏2 − 𝜀2)𝑏2𝑡𝑔2

𝛾

2
= 𝑟2𝜀2 ⇒ (18) 

Let's factor r2 in (18). 

⇒ 𝑟2 [(𝑏2 − 𝜀2)𝑡𝑔2
𝛾

2
− 𝜀2] = (𝑏2 − 𝜀2)𝑏2𝑡𝑔2

𝛾

2
⇒ (19) 

⇒ 𝑟2 =
𝑏2(𝑏2 − 𝜀2)𝑡𝑔2

𝛾
2

(𝑏2 − 𝜀2)𝑡𝑔2
𝛾
2 − 𝜀2

 (20) 

4.2.5. Measured b as half the base length  the distance between points T and A 
Let us solve equation (17) in terms of b, as illustrated by  

Figure 3. We will square both sides of the equation. 

𝑡𝑔
𝛾

2
=

𝑟𝜀

√(𝑏2 − 𝜀2)(𝑟2 − 𝑏2)
⇒ 𝑡𝑔2

𝛾

2
=

𝑟2𝜀2

(𝑏2 − 𝜀2)(𝑟2 − 𝑏2)
⇒ (21) 

Let us expand the parentheses in (21). 

⇒ 𝑡𝑔2
𝛾

2
=

𝑟2𝜀2

𝑟2𝑏2 + 𝜀2𝑏2 − 𝑟2𝜀2 − 𝑏4
⇒ (22) 

⇒ 𝑡𝑔2
𝛾

2
(𝑟2𝑏2 + 𝜀2𝑏2 − 𝑟2𝜀2 − 𝑏4) = 𝑟2𝜀2 (23) 

By collecting at (23) the coefficients of b2 and b4, we obtain a quadratic equation in b2. 
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(𝑏2)2 − (𝑟2 + 𝜀2)𝑏2 + 𝑟2𝜀2(1 +
1

𝑡𝑔2
𝛾
2

) = 0 ⇒ (24) 

𝑏2 =

𝑟2 + 𝜀2 ±√(𝑟
2 + 𝜀2)2 − 4𝑟2𝜀2(1 +

1

𝑡𝑔2
𝛾
2

)

2
⇒ 

(25) 

 

 
Figure 3: Illustration of the derivation of formulas for h1 and h2 

We will express in (25) tangent as sine over cosine. 

𝑏2 =

𝑟2 + 𝜀2 ±√(𝑟2 + 𝜀2)2 − 4𝑟2𝜀2(1 +
𝑐𝑜𝑠2

𝛾
2

𝑠𝑖𝑛2
𝛾
2

)

2
⇒ 

(26) 

𝑏2 =

𝑟2 + 𝜀2 ±√(𝑟2 + 𝜀2)2 − 4𝑟2𝜀2(
𝑠𝑖𝑛2

𝛾
2 + 𝑐𝑜𝑠2

𝛾
2

𝑠𝑖𝑛2
𝛾
2

)

2
⇒ 

(27) 

𝑏2 =

𝑟2 + 𝜀2 ±√(𝑟
2 + 𝜀2)2 −

4𝑟2𝜀2

𝑠𝑖𝑛2
𝛾
2

2
 

(28) 

We take only the negative sign in front of the radical to ensure that b2 > 0. 

𝑏2 =

𝑟2 + 𝜀2 −√(𝑟2 + 𝜀2)2 − 4𝑟2𝜀2(
𝑠𝑖𝑛2

𝛾
2 + 𝑐𝑜𝑠2

𝛾
2

𝑠𝑖𝑛2
𝛾
2

)

2
⇒ 

(29) 
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4.2.6. Derivation of formulas for h1 and h2 
Given that G is the intersection point of two circles with radius r  and F is the intersection point of 
two circles with radius r+ , from  

Figure 3 and the Pythagorean theorem. 
ℎ1 = 𝐺𝑦 = √(𝑟 − 𝜀)2 − 𝑏2 (30) 

ℎ2 = 𝐺А𝑦 = √(𝑟 + 𝜀)2 − 𝑏2 (31) 
When r in (30)-(31) are big: 

ℎ1 = √(𝑟 − 𝜀)2 − 𝑏2 ≈ √(𝑟 − 𝜀)2 = 𝑟 − 𝜀 (32) 

ℎ2 = √(𝑟 + 𝜀)2 − 𝑏2 ≈ 𝑟  (33) 
Therefore, 

ℎ2 − ℎ1 ≈ 2𝜀 (34) 
So, we can determine the relative positions of the swarm elements with high precision. 

4.3. The Problem of Poor Angles Between Drones 

The schemes for determining the relative positions of drones in a swarm, considered in the previous 
sections, are well-suited for the case of a successful relative arrangement of three drones used to 
determine each other's position (Figure 4).  

 
Figure 4: An example of good relative positioning of drones for determining their mutual position 

However, other scenarios are possible, including the worst-case scenario where all three drones 
are located in the same straight line (Figure 5Figure 5). The problem of acute or obtuse angles can 
be solved by hardware means by rotating one or two drones temporarily by 90 degrees if the 
algorithm described in the previous sections detects that the current angle between the drones 
produces large measurement errors. 

 
Figure 5: An example of poor relative positioning of drones for determining their mutual position 

Options for adjusting sensor positions. The conditions for improving direction finding in a 
drone can be created by rotating one drone relative to another (Figure 6). 

 
Figure 6: Possible approaches to enhance the accuracy of determining a drone's direction 
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4.4. Practical Testing 
The derived formulas were validated experimentally by creating several test datasets for various 
relative positions of three drones and different distances between them. The obtained results 
confirmed the operability of the created mathematical model, allowing the determination of the 
relative position of drones in a swarm relative to each other (Figure 7). 

 
Figure 7: An example of the practical validation of the derived formulas for determining the relative 
position of swarm elements 

5. Conclusions 

Autonomous swarm elements enable precise, large-scale monitoring and management of agricultural 
tasks, optimizing resource use and reducing labor requirements. As a result of this study, the 
algorithm for determining the relative position of swarm elements in the absence of GPS signals and 
the corresponding mathematical apparatus was developed. It takes into account possible inaccuracy 
of distance measurement. 

Various configurations of potential relative positions within swarm elements, their influence on 
the accuracy of relative position determination, and solutions to issues arising from suboptimal 
initial configurations were analyzed. The results were validated through practical computational 
models. The obtained results confirmed the operability of the created mathematical model, giving 
measurement error of 1 percent or less. 

Future research will focus on the practical application and empirical evaluation of these findings 
within operational drone swarms. Special attention will be directed towards enhancing the relative 
positioning accuracy of closely spaced drones using visual techniques, particularly by integrating 
advanced computer vision algorithms. 
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