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Abstract: UAV swarm passive positioning technology only requires the reception of electromagnetic
signals to achieve the positioning and tracking of radiation sources. It avoids the active positioning
strategy that requires active emission of signals and has the advantages of good concealment, long
acting distance, and strong anti-interference ability, which has received more and more attention.
In this paper, we propose a new UAV swarm formation flight method based on pure azimuth
passive positioning. Specifically, we propose a two-circle positioning model, which describes the
positional deviation of the receiving UAV using trigonometric functions relative to the target in polar
coordinates. Furthermore, we design a two-step adjustment strategy that enables the receiving UAV
to reach the target position efficiently. Based on the above design, we constructed an optimized
UAYV swarm formation scheme. In experiments with UAV numbers of 8 and 20, compared to the
representative comparison strategy, the proposed UAV formation scheme reduces the total length
of the UAV formation by 34.76% and 55.34%, respectively. It demonstrates the effectiveness of the
proposed method in the application of assigning target positions to UAV swarms.

Keywords: passive positioning; UAV positioning; UAV adjustment; UAV formation

1. Introduction

UAYV swarm formation flight involves multiple UAVs flying in a specific formation
to achieve cooperative operation, task division, and information sharing. The technology
has wide-ranging applications in military, civil, scientific research, and entertainment
fields [1-10]. To control multiple UAVs in a specific formation, it is primum necessary
to localize them [7]. In UAV localization studies, early approaches can be categorized as
active localization methods. These methods locate targets by transmitting signals outward
and receiving echo signals. Although this technique offers fast positioning speed, it is
easy to detect and interfere with, thus affecting positioning accuracy [11,12]. In order
to compensate for this drawback, passive localization methods have recently become
more and more popular. Unlike active localization methods, which require the sending of
signals, passive localization methods only require the receiving of electromagnetic signals
in order to locate and track the source of radiation [13]. Depending on the radiation source
information received by the UAV, a number of passive localization methods [4,14-17] have
been developed. The method based on Angle of Arrival (AOA) [15,18] is particularly
suitable for multi-UAV distributed systems due to its high positioning accuracy, anti-
jamming performance, and lack of need for time synchronization of the receiving station.

Incorporating channel model considerations is crucial for accurate AOA-based posi-
tioning, as the air-to-ground (A2G) communication link properties can significantly impact
the accuracy. Recent studies, such as those by Mao et al. (2023) [19] and Lyu et al. (2023) [20],
highlight the importance of understanding the dynamic and nonstationary characteristics
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of A2G channels. These studies provide valuable insights into the path loss, shadowing,
and multipath effects [16,21-23] encountered in UAV communications, which are essential
for designing reliable UAV-based wireless communication systems.

Many UAV formation schemes based on passive positioning have been
proposed [1-3,24-28]. Li et al. [3] proposed a moving target passive positioning method
based on the A-optimization criterion. Li et al. [29] proposed a unified formulation to
calculate the accuracy factor (DOP). Li et al. [24] proposed a passive UAV positioning
model based on Monte Carlo strategy in the context of passive positioning, and provided
a trajectory planning decision scheme based on predictive computation of predefined
endpoint positions of deviating UAVs. Fu et al. [25] proposed an analytical geometry-based
pure azimuth passive positioning UAV localization and adjustment scheme. No et al. [2]
proposed a procedure to compute guidance commands for controlling the relative geometry
of multiple UAVs in formation flight. Li et al. [1] proposed an intelligent algorithm that
combines model predictive control and standoff algorithm to solve the trajectory planning
problem that the UAVs may encounter when tracking moving targets cooperatively in
complex 3D environments. Wu et al. [26] proposed a multi-UAV cluster control method
based on improved artificial potential field (APF), using k-means method to integrate and
optimize the attractive force between the UAVs and introducing the concept of virtual
core to achieve cluster control and adaptive formation flight of multi-UAV. Liu et al. [27]
provided a detailed survey of the operational techniques of multi-vehicle systems in a
variety of environmental domains, focusing on formation control and cooperative motion
planning, with particular emphasis on the use of flexible formation shapes to achieve
collision avoidance for multi-vehicle systems. Although progress has been made with
the methods described above, two main limitations remain. Firstly, they may produce
multipath effects during signal propagation. That is, the signal undergoes reflection and
refraction during the propagation process, resulting in changes in signal arrival time and
direction. As a result, more than one path for the signal reaches the receiving station,
which affects the positioning accuracy in practical applications. Secondly, many methods
are complex and computationally intensive, requiring more computational resources and
increasing the cost of schemes.

To alleviate the above problem, we propose a new UAV swarm formation flight method
based on pure azimuth passive positioning. We first propose a two-circle localization model
to describe the deviation of the receiving UAV relative to the target position using polar
coordinates and trigonometric functions. To accomplish this, we changed the previous
method in which one UAV transmits and multiple UAVs receive, enabling a receiving
UAV to receive angle information from multiple transmitting UAVs simultaneously. After
determining the initial position of the UAV that receives the signals, we further propose
a two-step adjustment strategy that guides the receiving UAV to move to the specified
target position. Specifically, in the first step, the receiving UAV first moves in a straight line
along the direction of the transmitting signal of one transmitting UAV until the receiving
angle is the middle of the target angle. In the second step, the receiving UAV then moves
in a straight line along the direction of the transmitting signal of another transmitting
UAV until the receiving angle matches the target angle. Based on the above design, we
further develop a formation scheme for multiple UAVs to assign target positions using the
Hungarian algorithm.

Compared to previous methods, the proposed method has four distinct advantages.
Firstly, by designing a receiving station to receive angle information from multiple trans-
mitting stations simultaneously, the proposed method can corroborate each other according
to the angle relationship, greatly increasing the error tolerance rate and significantly reduc-
ing the effect of multipath effects. Secondly, the proposed localization model represents
the complex signal processing process with a few simple mathematical expressions. It
reduces the difficulty of system implementation and achieves accurate localization results.
Thirdly, the proposed adjustment strategy can control the receiver UAV to move to the
target position using angle information with only two linear motions, greatly reducing
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the computation required to control UAV movement. Fourthly, the proposed formation
scheme significantly reduces the sum of trajectory lengths when assigning random target
locations to individual UAVs. The proposed formation scheme is effective for any shape of
UAV swarm formation. Without loss of generality, a circular formation will be described as
an example in the following section.

The rest of the paper is organized as follows. In Section 2, we present our UAV
swarm formation flight method, including the two-circle positioning model and two-step
adjustment strategy. Section 3 details the experimental setup and validates our method
through comparisons with a representative strategy. Section 4 discusses the implications,
advantages, limitations, and future research directions of our findings. Finally, Section 5
summarizes the key contributions and potential practical impacts of our proposed methods.

2. The New UAVs Swarm Formation Flight Method

This paper presents a novel approach to UAV swarm formation flight. We first analyze
the drawbacks of the trilateral positioning method in angle-based passive positioning. To
overcome this problem, we propose a two-circle localization model based on analytical
geometry and trigonometric function theory that realizes the real-time precise localization
of the three transmitting signal UAVs to the passive receiving signal UAVs based on AOA.
Second, we design a two-step adjustment strategy to guide the passive signal-receiving
UAVs to move the target position through a two-step linear motion using only the AOA
changes received by the signal-receiving UAV during the motion. Finally, an n X n matrix
is constructed with the position coordinates of all UAVs and all target positions, and the
overall shortest distance matching is obtained by the Hungarian algorithm. The meanings
represented by the symbols involved in the paper are shown in Table 1. As shown in
Figure la—c, the proposed UAV swarm formation method consists of three key components:
UAV positioning, UAV adjustment, and UAV swarm formation. In UAV positioning, the
receiving UAV measures angles « and  with respect to transmitting UAVs to determine
its position using the two-circle positioning model, where r represents the distance to the
target point and 6 is the angle formed with respect to the reference axis. In UAV adjustment,
the receiving UAV first moves to align with the direction defined by the signal at angle
a1, then adjusts to align with the signal at angle &, ensuring accurate positioning with
minimal movement. In UAV swarm formation, as shown in Figure 1c, each UAV U; is
assigned to a target position in a circular formation using the Hungarian algorithm to
optimize the overall movement distance, with initial transmitting UAVs Ly and L, assisting
in localization.

(a) UAV Positioning (b) UAV Adjustment (c) UAV Swarm Formation

Figure 1. Three key aspects of the proposed UAV swarm formation method.
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Table 1. Symbols and descriptions in new UAV swarm formation flight method.
Symbol Description
A,B,C The points of the transmitting UAVs
D The point of the receiving UAV
0 Radial distance of the receiving UAV at point D
00 Radial distance of the target point O
0B Radial distance of the transmitting UAV at point B
oc Radial distance of the transmitting UAV at point C
o Angle ZOAB formed by points O, A and B
o’ Angle ZDAO formed by points A, D, and O
Oc Polar angle coordinate of transmitting UAV at point C
4 Distance between the target point O and the receiving UAV at point D
0 Angle formed between vector ﬁ and vector O
« Angle ZADB formed by points A, D, and B
B Angle ZADC formed by points A, D, and C
o Angle ZAD'B formed by points A, D', and B
B Angle ZAD'C formed by points A, D', and C
O Origin of the polar coordinate system at the target point
@ Intermediate target angle calculated in the first step of Model I
an Intermediate target angle calculated in the second step of Model I
S The distance movement of the first step in Model I
S The distance movement of the second step in Model I
o1 Coefficient determining the direction of the first movement
OF Radial distance of the stopping position after the first movement in Model I
aq’ Intermediate target angle calculated during the first step of Model II
ay' Intermediate target angle calculated in the second step of Model II
Si The distance movement of the first step in Model II
S5 The distance movement of the second step in Model II
o Coefficient determining the direction of the second movement
OF Radial distance of the intermediate point F’ in Model II
R; Total distance of the first adjustment route
Ry Total distance of the second adjustment route
R The shorter total distance between Ry and Ry
U; The i-th receiving UAV
O; The i-th target position
Lo The initial transmitting UAV used as the origin of the polar
coordinate system
Ly The initial transmitting UAV used to assist in localizing the position
of the first UAV
r The radius of the polar coordinate system, set to 100
n X n matrix The distance matrix from the coordinates of each receiving UAV

to the target coordinates

2.1. Two-Circle Positioning Model

A. Two-circle Positioning Principle

When the UAV swarm is attempting formation flight, in order to avoid external
interference, it should maintain electromagnetic silence as much as possible and emit fewer
electromagnetic wave signals to the outside. As a result, passive localization methods are
becoming increasingly popular because they only require the reception of electromagnetic
signals to locate and track the source of radiation. In particular, in the formation method
based on pure azimuth passive positioning, it consists of a few UAVs being responsible
for transmitting signals and the remaining UAVs passively receiving signals, from which
the azimuth information is extracted for positioning and used to adjust the positions of
the UAVs. Each UAV in the formation is assigned a fixed code number, and the relative
position of each UAV to the others in the formation remains constant. As shown in Figure 2,
the UAVs numbered FY01, FY02, and FY03 transmit signals, and the UAV numbered FY04
receives the azimuth information as a1, &>, and «3.
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FY03 FY01

Figure 2. Example of using three transmitting UAVs and the receiving UAV to obtain angle informa-
tion for passive positioning.

Among the previous positioning methods, the trilateral positioning method [30] is
a representative one. Figure 3a shows the basic idea of the trilateral positioning method,
in order to get the position of the unknown point D, we need to know the coordinates of
three points, which are point E, point F and point G, meanwhile, we also need to know the
distances from the unknown point D to the three points (E, F, G), which are the straight
lines |[ED|, |FD| and |GD|. Compared to the distance information of the three sides, the
angle information between the three transmitting UAVs and the receiving UAV is more
convenient to obtain and has a higher positioning accuracy. Therefore, in order to construct
a pure azimuthal passive localization model, it is required to improve trilateration by using
the angle information.

B
G
(a) Three-side positioning (b) Two-circle positioning

Figure 3. Comparison of different positioning principle.

As shown in Figure 3b, the coordinates of the three transmitting UAVs and the angle
« and f are known when the receiving UAV at point D can measure the angles («,
and ZBDC) between three sides through the three transmitting UAVs. We can easily
compute the coordinates of the intersection of the two circles by using the representations
for the two outer circles, i.e., A and D. Where intersection point A is the location of the
transmitting UAV that can be ruled out, intersection point D is the location of the receiving
UAV. Therefore, under this hypothetical condition, the positioning can be done by using
only the geometric relationship between the two circles. Also, this proves that at least three
transmitting UAVs are needed for localization under this hypothetical condition.

B. Two-circle Positioning Model

Based on the above discussion, we propose a two-circle positioning model. As shown
in Figure 4a, the two-circle positioning model of the receiving UAV is established by the
position relationships between the points. Suppose the UAVs at point A, point B, and point
C in the formation transmit signals; the UAV at point D receives signals; and the point O is
the target position of the receiving UAV. The polar coordinate system is established with the
point A as the origin and A — B as the positive direction of the polar coordinate axis. Where

the angle ZOAB formed between A0 and AB is denoted by 6, the angle /D AO formed
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between AD and AO is denoted by 6" and the angle between OD and AQ is denoted by
6. D is on a circle with O as the center and r as the radius. The polar coordinates of the
receiving UAV at point D are (p, 8’ + 6p), the polar coordinates of the transmitting UAV C
are (rc,0c), and the polar coordinates of the target point O are (g, ).

From the azimuth information received by the receiving UAV, we can obtain the angle
information ZADB and ZADC, denoted by « and , respectively. In ADAO, according to
the cosine theorem, the cosine representation for angle ZDAQ is given by:

IDA|* + |OA[* — DO

0 =
€08 2[DA[-|[0A] 0
_ P> +po” —1?
2ppo
So,
p? —2pppcos 8 + po* —r* = 0. )

In AADB, according to the sine theorem of the triangle, we can obtain the representa-
tion as:
|DB| |AB|

|sin /DAB|  |sin ZADB|’ ®)

When we draw the perpendicular line from the point D to the line AB and inter-

sect AB at point E. By the relationship between polar coordinates and Cartesian coor-

dinates, the Cartesian coordinates of point E can be obtained by converting its polar

coordinates, which yields (o cos(6' + 6p), psin(6’ + 6p)). Then, |AE| = |p cos(6’ + 6p)| and
|DE| = |psin(6’ + 6p)| can be obtained.

(a) The two-circle positioning model. (b) Two-solution problem with two-circle
positioning

Figure 4. Comparison of different positioning principle.

In ABDE, according to the Pythagorean Theorem, we can obtain the following repre-

sentation as:
|DB| = \/m'
=/ losin(®" + 60)? + [p — peos(e’ + &) W
_ \/pz + pp2 — 2pppcos (6’ + 6p).

Combining Equations (3) and (4), we can obtain representation as:

%+ pp? — 2ppp cos (0" + 6p) _ B
|sin (6" + 6p)| sina’




Drones 2024, 8, 243

7 of 19

Similarly, in AACD, according to the sine theorem of the triangle, we can obtain
representation as:

VP2 + pc? —20pc cos(0c — 0" — 6p) _ _fPc ©6)
|sin(6c — 6p — 6')| sin B’

However, it is not sufficient to use only Equations (5) and (6) for two-circle positioning,
which may lead to the two-solution problem. As shown in Figure 4b, in the case where the
line |AD| is perpendicular to the line |CB|, the angle « is complementary to the angle «’
and the angle B is complementary to the angle f/, thus making the sine of a equal to the
sine of a’ and the sine of B equal to the sine of f/, resulting in a situation where two pairs
of circles with the same radius can be made and the coordinates of the intersection points
resulting from these two pairs are not the same, i.e., resulting in two solutions. To avoid
this situation, we further restrict on AADC and AADB.

In AADB, according to the cosine theorem of the triangle, the cos a can be
represented as:

cosq — AP +|BD[ — | ABJ®
~ 2.]AD[-[BD]
_ p — pgcos(6 +6p)

VP2 + pB2 — 20ppcos(0’ +6p)

)

Similarly, in AADC, according to the cosine theorem of the triangle, then the cos
can be represented as:

p — pc cos(0c — 0" — o)
V% +oc? —2ppccos(Bc — 60" — )

Combining Equations (5)—(8), the position of the receiving UAV at point D can be
determined based on the azimuth information obtained from the passively received signal
of the UAV at point D. Thus, the positioning model of the receiving UAV in the polar
coordinate system with point A as the origin and A — B as the polar coordinate axis can be
represented as:

(8)

cos B =

pa|sin(6"+6o)|

S V/p*+pB>—20pp cos(6'+6p)”
sin g = pcsin(fc—00—0')| ,
VP> +pcE—2ppc cos(0c—6'—0p) (9)
COS & — p—p5 cos(8'+6o)
V/p*+pB%—20pp cos(6'+6p)”
cosf = p—pc cos(0c—8'—by) )
VP2 +0c2—2ppc cos(6c—6'—6p)

In turn, the four conditions can be converted into two conditions by trigonometry as:

palsin(6o+6")|
p—pp cos(fo+6")”
tan f = pclsin(6c—fo—0")| (10)
p—pc cos(Bc—bp—0")

tana =

From Equation (10), we can find p and 6’ so that we can determine the positioning
coordinates of the receiving UAV as (p, 6y + 0’). Using the target point O as the origin and
A — O as the polar axis, a new polar coordinate system is established. Bringing in p and ¢/,
the representation of r and 6 can be obtained as:

r = /p% —200p cos 0’ + po?, I
po>+12—p? ) ) (11)

— 0 (- _
0= o (71’ arccos S
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Finally, in the coordinate system with the target point O as the origin and A — O as
the polar axis, the positioning coordinate of the receiving UAV is (7, 6).

2.2. Two-Step Adjustment Strategy

After the receiving UAV has completed its positioning, it needs to be adjusted to the
target position O. Compared with the positioning scheme, this adjustment scheme requires
only two transmitting UAVs and one receiving UAV to complete the measurement of
an angle.

A. Mathematical Model

In this model, the Cartesian coordinate system is established with point A as the origin
and the direction from A to B as the positive direction of the polar coordinate system.
Since the polar coordinates of the localized UAV at point D are (p, 6y + 6’), by observing
the initial position of the receiving UAV, a two-step adjustment strategy can be used
according to the initial movement direction of the receiving UAV. As shown in Figure 5, the
trajectories of the two routes are indicated by red and blue arrows at different positional
situations, respectively.

B

(a) the routes with angle 6’ is less than 90° (b) the routes with angle 6’ is more than 90°

Figure 5. The two adjustment routes for the UAV in different positional situations.

Model I: The receiving UAV starts its first movement along the straight line, passing
through points A and D, in either the direction of AD or DA.

In that case, the point F is the stopping position of the receiving UAV after the first
movement, and the coordinates of F are set to (of, 0y + 6’), which are the coordinates after
localization using Equation (10). The point O is the stopping point of the receiving UAV
after the second movement and is the target point of the receiving UAV. When the azimuth
information received by the receiving UAV is a1, it will stop its first movement and start
its second movement along the straight line passing through points O and B, in either the
direction of O? or EB When the azimuth information received by the receiving UAV is a»,
it will stop its second movement.

Step 1: In AAFB, from &, and 6’, we can obtain a; = ay — 6. According to the sine
theorem of the triangle, we can further obtain the representation as:

4F| __|49]

sin /AOF  sin ZAFO' (12)
Since ‘zﬁ‘ = o, ﬁ‘ = pf, sin ZAFO =sinaq, sin ZAOF =sin(ay + 6’), that is,
sin(aq + 6’
PF = (17)%- (13)

sin aq

The distance |Sq| of the first movement of the receiving UAV is ‘ﬁ — zﬁ‘ The
coefficient that determines the direction of the first movement of the receiving UAV is ¢,



Drones 2024, 8, 243

90f19

whichis §; = %ﬁz. From Figure 6, it can be obtained that: when §; is 1, the receiving
UAV moves in the direction away from UAV A. When 4, is —1, the receiving UAV moves
in the direction of the approaching UAV A. Further, by combining Equations (3) and (5),
the distance S; of the first movement can be represented as:

51:51\[7?

= |pr| — |pl-

7

(14)

B

(a) the route with angle ¢’ is less than 90°. (b) the route with angle ¢’ is more than 90°.

Figure 6. The route for Model I in different positional situations.

Step 2: The distance |S;| of the second movement of the receiving UAV is ’I?)‘ The
length of ’l@’ obtained from F(pg, 6y + 6’) and O(pp, 6p), that is:

’m‘ = \/PF2 + po% — 2000 cos 8. (15)
The coefficient that determines the direction of the second movement of the

i ich i 56| [78] BO 2 L 2 Ik
UAV D is 6,, which is 6, - Since ‘B ] - \/p3+p0 — 2pppo cosfy, |F ‘ -
\/ p% + p% — 2pppr cos(by + 0). From Figure 6, it can be obtained that: when 6 is 1, UAV
D moves in the direction away from the UAV at point B. When 47 is —1, the receiving

UAYV moves in the direction of the approaching UAV at point B. Further, by combining
Equations (7) and (8), the distance Sy of the second movement can be represented as:

52:52@?

= \/p32 + po? — 2pppo cos By — \/p32 + pp% — 2pppE cos(6y + 6).

7

(16)

In summary, the receiving UAV starts its first movement along the straight line passing
through points A and D. It moves in the direction away from the UAV A when §; =1,
51 > 0, or it moves in the direction of approaching the UAV at point A when §; = —1,
51 < 0. The receiving UAV stops moving when the azimuth information it receives is
a1 = ay — 0'. At the same time, the receiving UAV has reached point F and completed the
first movement, whose distance is |Sq|. The receiving UAV starts its second movement
along the straight line passing through points O and B. It moves in the direction away
from the UAV at point B when d; = 1, S; > 0, or it moves in the direction of approaching
the UAV at point A when §; = —1, Sp < 0. The receiving UAV stops moving when the
azimuth information it receives is wp. At the same time, the receiving UAV has reached the
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target point O and completed its second movement, whose distance is |S;|. The Model I
can be represented as:

Nl = Ny — 9/

+'
PF = Sms(g\lal )P 0 (17)
1= lorl = lpl,

S» = \/pB% + P02 — 2pBpo cos By — \/pp% + pr? — 2pppr cos(fy + 6').

Model II: The receiving UAV starts its first movement along the straight line passing

through points D and B in either the direction of Iﬁ or lﬁ
Step 1: In AAF'B, from &, and ¢, according to the sine theorem of the triangle, we
can further obtain the representation as:

48] _ |aF

sin /AF'B = sin ZABF''

(18)

Since ’1@‘ 0B,

AF' ’ o, sin ZAF'B =sinay/, sin ZABF' = sin(a’ + 6p). So, ppr =
sin(ay’ +90)

sina,”~P5- The distance |S1’| of the first movement of the receiving UAV is ‘DF ’l. The
length of ‘DF’ obtained from F'(pg, 6) and D(p, 6 + 0'), that is:
’DF’ = \Jor? + 02— 2pppcosd. (19)

The coefficient that d_e;rermines the direction of the first movement of the UAV
i ﬁ‘ I'B 2 2 DB
F/B‘ - \/pP/ +p3 —20pppcostby, |D ‘ -

\/ p2 + p% — 2ppp cos(6p + 0'). From Figure 7, it can be obtained that: when 47 is 1, the
receiving UAV moves in the direction away from point B. When §; is —1, the receiving
UAV moves in the direction of approaching UAV at point B. Further, by combining ¢; in
Equations (13) and (14), the distance Sy’ of the first movement can be represented as:

is 41 , which is 6; = Since

(DF’

—
S,/ = Jl‘DF’,

(20)

= \/pF/Z + pp? — 2pppp cos by — \/p2 + pp2% — 2ppp cos(bp + 6').

4 B

(a) the route with angle 0’ is less than 90°. (b) the route with angle ¢’ is more than 90°.

Figure 7. The route for Model II in different positional situations.
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—
Step 2: The distance |S,’| of the second movement of the receiving UAV is |F’ O‘. The
—
length of F’O’ obtained from F/(pr6y) and O(po, ), that is:
=2
’F O\ = leo = ppl. (21)

The coefficient that determines the direction of the second movement of the receiving

AC|-|aF
UAV is ép, which is 6, = %‘—. From Figure 6, it can be obtained that: when 6, is 1, the

receiving UAV moves in the direction away from the UAV A. When 4, is —1, the receiving

UAV moves in the direction of approaching the UAV at point A. Further, by combining
Equations (16) and (20), the distance of the second movement can be represented as:

—

Sy =5 |FO

4

(22)
= lol = lox|-

In summary, the receiving UAV starts its first movement along the straight line passing
through points B and D. It moves in the direction away from the UAV B when §; = 1,
S1 > 0, or it moves in the direction of approaching the UAV at point B when é; = —1,
51 < 0. The receiving UAV stops moving when the azimuth information it receives is
a1’ = ag + 6. At the same time, the receiving UAV has reached the point F and completed
its first movement, whose distance is |S1|. The receiving UAV starts its second movement
along the straight line passing through points O and A. It moves in the direction away
from the UAV at point A when J; = 1, 5; > 0, or it moves in the direction of approaching
the UAV at point A when é, = —1, S, < 0. The receiving UAV stops moving when the
azimuth information it receives is wp. At the same time, the receiving UAV has reached the
target point O and completed its second movement, whose distance is |Sy|. The Model II
can be represented as:

' =wag+ 6,

PP = WPB, (23)
S = Vor?+ pp? —20ppp cos Oy — \/p% + pp2 — 2ppp cos(0y + '),
$2" = lpl = |-

B. Two Step Adjustment Strategy.

The above shows two ways in which the receiving UAV can be positioned by two
transmitting UAVs to reach the target location after a two-step movement. Therefore, one
of these two options can be chosen to complete the adjustment. In order to minimize the
UAV movement distance and reduce the UAV movement energy cost, the option with the
shorter overall movement distance of these two options needs to be selected. When the
total distance of the first movement is Rj and the total distance of the second movement is
Ry, then the shorter path R can be represented as:

Ry = |Sl‘ + |52|,

RH = |51/| + !Sz’
R = mil’l(RI,RH).

, (24)

The concrete implementation of the two-step adjustment strategy is shown in
Algorithm 1.
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Algorithm 1: Two step adjustment strategy.

Input: The coordinate of the receiving UAYV, the coordinates of positioning UAVs,
and the coordinate of the target location, constant 6/, ¢ = 1 x 10,
Output: Move the receiving UAV to the coordinate of the target location.

1 Calculate the intermediate target angle a, with the coordinates of positioning
UAVs and the coordinate of the target location;
Calculate the intermediate target angle a; using formula aq = ap — ¢’;
Calculate the distance R; with Equations (14) and (16);
Calculate the distance Rj; with Equations (20) and (22);
Select the optimal route with R = min(Ry, Ryy);
while (|o/ — aq| > ¢) do
‘ Adjust the receiving UAV along the optimal route and calculate the angle a’;
end
while (Ja’ — ap| > €) do
‘ Adjust the receiving UAV along the optimal route and calculate the angle a;
end

© ® 9 O Ul e W N

==
= o

2.3. UAV Swarm Formation Scheme

After determining the movement strategy of a single UAYV, it is also necessary to
consider the movement strategy of the whole UAV swarm. In order to make the UAV swarm
formation flight with the least overall energy consumption and the shortest movement
distance, we introduce the Hungarian algorithm to assign the optimal matching scheme for
all UAVs.

Figure 8 shows an example of an assigned task with eight receiving UAVs, denoted
by U; (i € 1,2,...,8), and eight target positions, denoted by O; (i € 1,2, ..., 8). Figure 8a
shows the initial positions and target positions of the eight UAVs, and Figure 8b shows a
scheme of the matching problem. There are two initial transmitting UAVs, Ly and L, and a
polar coordinate system is established with the coordinate of the UAV L as the origin and
the direction from L to L as the positive direction of the polar coordinate system. The
distance between Ly and Ly is r (r = 100). UAV L is used to assist in localizing the position
of the first UAV. After U; has reached its target O;, U; becomes U/ and adjusts UAV U4
with Ly to reach O;, 1. These steps are repeated until all receiving UAVs are adjusted.

807

280

(a) initialization (b) target

Figure 8. An example of an assigned task of eight receiving UAVs.
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In order to obtain the shortest distance for the overall movement of the UAV, we first
calculate the distance matrix nxn from the coordinates of each receiving UAV to the target
coordinates. Since each target location corresponds to a fixed transmitter UAV (e.g., the
target location O; 1 corresponds to the origin and O; transmitter UAV locations). Therefore,
the distance of any receiving UAV to reach any target location can be obtained by the
two-step adjustment strategy. The optimal matching scheme can then be determined using
the Hungarian algorithm. So, the concrete implementation of the formation adjustment
scheme of UAVs is shown in Algorithm 2.

Algorithm 2: The formation scheme of UAVs.
Input: The initialization coordinates of n UAVs and the coordinate of n target
coordinates.
Output: The best formation scheme.

1 Calculate the n x n matrix between the initialization coordinates of n UAVs and
the coordinate of n target coordinates with Equation (24).

2 Hungarian algorithm is used for target location assignment.

3 Output the best match 1 x n matrix;

4 Use the matching matrix as the adjustment scheme for the UAVSs;

3. Experiments

In this section, we validate our proposed UAV swarm formation flight method based
on pure azimuth passive positioning. The experiments evaluate the accuracy of the two-
circle positioning model and the efficiency of the two-step adjustment strategy across
different scales, involving 8 and 20 UAVs. The results demonstrate that our method
significantly reduces the total movement length (measured in units) required for UAVs to
reach their target positions compared to the geometric optimization strategy, while also
offering lower computational complexity. The high positioning accuracy and effective
position assignment are demonstrated through detailed visualizations of UAV movement
paths and comparisons with other adjustment strategies. These findings confirm the
practical applicability and advantages of our method for real-time, large-scale UAV swarm
formations. Note that all lengths are measured in units, and all angles are measured
in degrees.

3.1. Experiment Setting

In experiments, we used Python 3.9.18 for data processing and algorithm implementa-
tion, MATLAB 2022b for numerical simulation and visualization, and Sketchpad 5.06 for
graphical representations. These tools are run on the Windows 10 platform.

3.2. The Validity of the Two-Circle Positioning Model

In order to demonstrate the effectiveness of the two-circle positioning model, we first
fix the coordinates of the three transmitting UAVs and the target point with the following
parameters: pp = 5.30 units, pp = 9.55 units, pc = 6.13 units, 6y = 30.91°, and 0¢ = 71.64°.
Next, we analyze the error of the two-circle positioning model under different scenarios by
varying the relative position of the UAV receiving the signal. In the coordinate system with
O as the origin and A — O as the polar axis, the receiving angles «(£ZADB) and f(£LADC)
are used in the calculation of the localization model in Equations (10) and (11), respectively,
and the localization coordinates of the receiving UAV are obtained as (r,0). We use the
error radius 7, to measure the fitting error of the two-circle positioning model, which
geometrically represents the Euclidean distance between the estimated positions and target
positions in polar coordinates. The error radius 7, is calculated using the formula:

Te = \/rZ + rtzarget — 2rTtarget cos(0 — Gtarget) (25)
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(a) Inside.

(e) Top left.

where r and 6 are the estimated position’s radial distance and angle, and 7target and Orarget
are the target position’s radial distance and angle. Smaller values of the error radius
indicate a more accurate fit.

In details, we chose seven representative situations in our experiment, notated as
‘Inside’, ‘Left’, ‘Right’, ‘Down’, “Top left’, ‘Bottom left’, and ‘Bottom right’. ‘Inside’ repre-
sents the case where the coordinates of the receiving UAV are inside the triangle AABC.
‘Left’, ‘Right’, and ‘Down’ represent the cases where the coordinates of the UAV D are
over the three sides outside the triangle AABC, respectively. “Top left’, ‘Bottom left’, and
‘Bottom right” represent the cases where the coordinates of the receiving UAV is above the
three top corners outside the triangle A ABC. The different locations of the receiving UAV
used for testing are shown in Figure 9, and the test results are shown in Table 2. It can be
observed that the positioning coordinates of the receiving UAV are very close to the actual
coordinates, indicating the high accuracy of this positioning system.

(b) Left. (c) Right. (d) Down.

(f) Bottom left. (g) Bottom right.
Figure 9. Examples of different spatial positions of the receiving UAV D and triangle AABC.

Table 2. The error radius of positioning model of the receiving UAV at different spatial positions.

Position Coord. Target Coord. Error Radius (Units)

Inside (1.77,135.26°) (1.7690, 135.1851°) 0.0025
Left (6.62,132.61°) (6.6181, 132.5999°) 0.0022
Right (8.38, 16.66°) (8.3792, 16.6902°) 0.0045
Down (5.51, —132.28°) (5.5065, —132.2874°) 0.0036
Top left (6.72, 89.59°) (6.7238, 89.5719°) 0.0044
Bottom left (849, —174.11°) (8.4842, —174.1090°) 0.0058
Bottom right (9.05, —61.30°) (9.0446, —61.2753°) 0.0067

3.3. Compared to the Representative Adjustment Strategy

To validate the effectiveness of the proposed two-step strategy for UAV swarm for-
mation adjustment, we compare it with a geometric optimization-based approach ([7]).
This approach stems from classical geometry problems and adjusts the UAV position by
measuring and optimizing the path angle error through iterative calculations. This method
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requires iterative calculations to find the optimal path. Specifically, the geometric opti-
mization method determines paths by calculating multiple angles between initial positions
and target positions. Then, it minimizes the squared sum of angle errors by adjusting the
UAV paths iteratively. In this process, the geometric optimization method uses gradient
descent to determine the optimization direction. By calculating the gradient of the objective
function and moving in the opposite direction, the error is continually reduced. We also
compare three different two-step adjustment strategies.

Since both the comparison method and the proposed method use the Hungarian
algorithm, we can use the total length of the UAV’s movement to measure the performance
of the different adjustment strategies. We conducted experiments on 8 UAVs and 20 UAVs
in the formation scheme, respectively. As shown in Tables 3 and 4, the experimental results
demonstrate the formation effect with different numbers of UAVs. The movement distance
of each UAV and the total length of the formation are also provided in this analysis.

Table 3. The move length of different adjustment strategies on 8-UAV cluster initialization coordinates

(Init Coord.) and target coordinates (Target Coord.) in polar coordinates.

No. Init Coord. Target Coord. Og:i(r)nnil:::;(c)n rl;:;; ti:;
U (75.58, 4.66°) (100.00, 40.00°) 261.64 81.84
U, (64.99, 45.21°) (100.00, 80.00°) 33.26 91.21
Uz (40.36, 103.13°) (100.00, 120.00°) 139.06 82.81
Uy (112.35,195.95°)  (100.00, 160.00°) 51.66 82.67
Us (125.84,209.70°)  (100.00, 200.00°) 33.93 36.52
Ug (97.02, 257.83°) (100.00, 240.00°) 125.17 45.34
Uy (84.11, 288.20°) (100.00, 280.00°) 22.24 29.84
Usg (70.59, 331.74°) (100.00, 320.00°) 86.51 43.95

Total - - 753.47 491.58

Table 4. The move length of the different adjustment strategy on 20-UAV cluster initialization

coordinates (Init Coord.), target coordinates (Target Coord.) in polar coordinates.

No. Init Coord. Target Coord. O(;tei;n;ze;:ilgn ];:r(; Z;})
u, (63.22,356.41°)  (100.00, 17.14°) 339.04 74.15
Uy (63.40, 50.45°) (100.00, 34.29°) 44.02 48.03
U, (106.70,47.58°)  (100.00, 51.43°) 57.84 14.22
Uy (76.07, 61.12°) (100.00, 68.57°) 94.72 35.80
Us (91.13,77.02°) (100.00, 85.71°) 87.34 22.87
U (81.75,87.07°)  (100.00, 102.86°) 133.09 45.34
Uy (55.46, 130.98°) (100.00, 120.00°) 60.17 49.85
Ug (142.39,134.34°)  (100.00, 137.14°) 98.16 4791
Uy (89.99,146.39°)  (100.00, 154.29°) 89.34 22.63
Uso (81.91,173.37°)  (100.00, 171.43°) 79.98 19.97
Uqq (142.84,194.59°)  (100.00, 188.57°) 103.18 48.06
Uy (149.85,217.47°)  (100.00, 205.71°) 88.83 60.79
Ups (91.18,217.10°)  (100.00, 222.86°) 11351 17.86
Uyg (138.36,225.17°)  (100.00, 240.00°) 92.12 64.63
Ups (139.80, 250.65°)  (100.00, 257.14°) 101.81 52.17
Use (136.23,270.87°)  (100.00, 274.29°) 84.28 42.92
Uiy (100.84, 305.10°)  (100.00, 291.43°) 19.68 26.96
Usg (147.51,336.24°)  (100.00, 308.57°) 93.32 78.87
Uso (75.07,344.66°)  (100.00, 325.71°) 42.40 44.67
Uy (103.08, 349.62°)  (100.00, 342.86°) 36.36 12.68
Total - - 1859.19 830.38
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As shown in Table 3, given the same initialized and target positions of the UAVs, the
total path length for the geometric optimization strategy is 753.47 units, while the proposed
two-step strategy achieves 491.58 units. The total length adjusted by our method is only
65.24% of that of the comparison method. Similarly, as shown in Table 4, in the 20 UAVs
formation, the total length of movement for the comparison strategy is 1859.19, while the
two-step adjustment strategy proposed requires 830.38, which is only 44.66% of its total
length. Meanwhile, by comparing the individual path lengths of the 20 UAVs, it can also be
found that most of the paths of the proposed two-step strategy are smaller than the length of
the comparison strategy. For example, UAV U] moves a total of 74.15 units in the proposed
two-step strategy, whereas it moves 339.04 units using the geometric optimization strategy.
Similarly, UAV Uy requires 45.34 units of movement under the proposed two-step strategy,
compared to 133.09 units using the geometric optimization strategy. And a small number
of paths have slightly larger path lengths than the comparison strategy, but the difference is
not significant. The results show that the proposed two-step adjustment strategy requires
less cost in UAV swarm formations, making it more suitable for large-scale UAV formations
with stringent real-time requirements and demonstrating its practical advantages in terms
of passive UAV localization and fast formation adjustment.

As shown in Table 5, we further compare the two adjustment strategies in terms of
three aspects: total move length, time complexity, and optimization method. We can see
that, compared to the comparison strategy, the proposed two-step strategy outperforms
the comparison method in three aspects. In details, the total path length for this method is
753.47 units, but it requires multiple iterations of angle error calculations, making its overall
computational complexity high. The time complexity of the geometric optimization method
is O(k - n), where k is the number of iterations and the average is greater than 12, and the
number of times increases gradually with the increase of the polar radius. 7 is the number
of UAVs. In contrast, the two-step method simplifies the path planning process by requiring
only one angle measurement and two liner movements with Equation (24), significantly
reducing computational complexity, with a total path length of 491.58 units. The time
complexity of the two-step method is lower, at O(n), where n is the number of UAVs. This
makes the two-step method more suitable for large-scale UAV formation adjustments with
high real-time requirements (e.g., 20, 50, or even more). Its scalability makes the two-step
adjustment strategy highly versatile and adaptable to various operational requirements,
ensuring efficient and real-time adjustments in UAV swarm formations regardless of
their scale.

Table 5. Comparison of geometric optimization strategy and two-step adjustment strategy.

Geometric Optimization Two-Step Strategy
Total length 753.47 491.58
Complexity O(k-n) O(n)
Optimization Gradient descent Equation (24)

As shown in Figure 10c,d, we show the visualization of the movement paths for both
adjustment strategies. The proposed two-step adjustment strategy needs to move along
two directions and does not require iterative optimization in a comprehensive perspective.
The strategy is easier to operate and has better robustness. Therefore, the two-step strategy
has significant advantages in practical applications of passive positioning of UAVs, making
it suitable for scenarios that require rapid formation adjustments.
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(a) Model L.

(b) Model II.

Figure 10. Visualization of movement paths for different adjustment strategies.

(c) Two-step strategy. (d) Geometric optimization.

3.4. Compared to Different Two-Step Adjustment Strategy

To further validate the effectiveness of the proposed two-step adjustment strategy
for the formation of eight UAVs, the moving distances of different two-step adjustment
strategies are compared and analyzed in this section. In part B of Section 2.1, we put forward
two adjustment strategies, Model I and Model II, through the two-circle positioning model.
Here, we compare the distance costs of these two two-step adjustment strategies. As shown
in Table 6, each column shows the distance traveled by each UAV under different movement
strategies. The move length S; of the first step and the move length S, of the second step
are shown in parentheses. It can be observed that when the initialized coordinates of the
UAVs and the target coordinates of the UAVs are the same, the total path length of Model I
is 616.5 units, the total path length of Model II is 571.27 units, and the proposed two-step
strategy achieves 491.58 units. Compared to Model I strategy and Model II strategy, the
proposed two-step adjustment strategy can choose the shortest path scheme of their two
strategies, thus reducing the total length of the UAV adjustment. As shown in Figure 10a,b,
we also show the visualization of the movement paths for both Model I and Model II. It can
be seen that the proposed two-step strategy has a distinct advantage over the comparison
strategy (Figure 10c).

Table 6. The moving length of the receiving UAV using different two-step strategies in formation
schemes. Where the move length S; of the first step and the move length S, of the second step are
shown in parentheses.

No. Model I Model II Two-Step Strategy
U 81.84 (21.86, 59.98) 124.19 (54.05, 70.14) 81.84 (21.86, 59.98)
Uy 91.21 (32.20, 59.01) 127.07 (48.77, 78.30) 91.21 (32.20, 59.01)
Us 82.81 (53.75, 29.06) 84.29 (14.45, 69.84) 82.81 (53.75, 29.06)
u, 160.33 (55.48,104.85)  82.67 (66.36, 16.31) 82.67 (66.36, 16.31)
Us 37.06 (17.66, 19.40) 36.52 (24.25,12.27) 36.52 (24.25,12.27)
Ug 60.72 (21.95, 38.77) 42.74 (30.12, 12.62) 42.74 (30.12, 12.62)
U, 38.70 (22.52, 16.18) 29.84 (12.04, 17.80) 29.84 (12.04, 17.80)
Us 63.83 (39.90, 23.93) 43.95 (14.43, 29.52) 43.95 (14.43, 29.52)

Total 616.50 571.27 491.58

4. Discussion

For the UAV swarm formation, we mainly focus on the positioning and adjustment
aspects and propose a 2D two-circle positioning model based on angle information and a
two-step adjustment strategy. The superiority of the proposed method is demonstrated in
UAYV swarm formation experiments at different scales. However, in order to focus more
on localization and adjustment aspects, we do not consider the influence of the channel
model on the positioning model as well as the derivation and validation of the positioning
model for the 3D coordinate system, which are the directions for further research in our
future work.
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5. Conclusions

In this paper, we propose a new solution for UAV positioning, adjustment, and swarm
formation based on pure azimuth passive positioning. In particular, we propose the two-
circle positioning model based on angle information, which requires only three transmitter
UAVs with known coordinates to perform pure azimuth passive localization of a receiver
UAV with an unknown position. Further, we design a two-step adjustment strategy that
enables the receiving UAV to reach the target position through a two-step movement. Based
on this, we construct an efficient UAV swarm formation scheme. The scheme obtains the
optimal target matching paths of the UAV swarm through the Hungarian algorithm, which
further improves the execution efficiency of the scheme. Simulation results at different
scales show that the proposed scheme significantly reduces the total flight distance and
energy consumption of the UAV swarm.
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