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Abstract

When a cluster of unmanned aerial vehicles (UAVs) is flying in formation, it
is crucial to maintain the formation and not to be interfered by external elec-
tromagnetic wave signals. In order to maintain the formation, this paper
proposes to use pure azimuth passive positioning to adjust the position of
UAVs, ie, certain UAVs in the formation transmit signals, the rest of the
UAVs receive the signals passively, and extract the orientation information
from them to adjust the position of the UAVs [1] [2] [3]. In this paper, the
position adjustment problem of UAVs in “circular” formation flight under
three models is investigated. To address the problem of “how to obtain the
position of the receiving UAV when there are two UAVs with known num-
bers and evenly distributed on the circumference in addition to the UAV
transmitting at the known center of the circle, and the rest of the UAVs with
slight deviations in their positions are receiving the signals”, two purely ma-
thematical geometric methods, namely, triangular localization method and
polar co-ordinate method, are proposed respectively. We have determined
the position of the receiving UAV; we have used the exhaustive method and
the construction and disproof method to solve the problem of “how many
UAVs are needed to transmit signals in order to realize the effective posi-
tioning of the UAVs when it is known that a certain UAV with a slight devia-
tion in its position receives the signals emitted by two UAVs at the same
time”, and the results show that: in addition to the known signals emitted by
two UAVs, it is also necessary to transmit the signals emitted by two UAVs.
The results show that in addition to the known two UAVs transmitting
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signals, two additional UAVs are required to transmit signals for precise posi-
tioning. When the position of UAVs has deviation at the initial moment, the
ideal approximation method and the target delimitation method are pro-
posed, and the target of nine UAVs uniformly distributed on a circle of a spe-
cific radius is achieved through several adjustments, after which the advan-
tages and disadvantages of each model are analyzed, and suggestions for im-
provement are put forward. The purely azimuthal passive localization method
and the constructed model approach proposed in this paper can be extended
to other fields, such as spacecraft formations in space and battleship forma-
tions at sea, as well as other formation flight position adjustment problems.

Keywords

Pure Azimuth Passive Positioning, Unmanned Aerial Vehicle (UAV) Position
Adjustment, Electromagnetic Silence

1. Introduction

In recent years, UAV clusters have gained increasing attention for their potential
applications in a variety of fields, including surveillance, search and rescue, and
monitoring, and UAV formation flights have demonstrated significant applica-
tion potential and value in a number of fields. In UAV formation flying, the po-
sitional adjustment of the UAV formation is crucial to ensure the overall stabili-
ty and mission execution capability of the formation. Each UAV in the forma-
tion should maintain an even distribution over a defined circumference to en-
sure the compactness of the formation and flight safety. If the positions of the
UAVs deviate, the shape of the formation will become irregular, which may lead to
collision risk, communication interference, and mission execution failure. There-
fore, adjusting the position of UAV formations is crucial to ensure formation flight
stability and mission success. However, in existing UAV formation flights, emitting
electromagnetic wave signals actively and performing ranging or angular measure-
ments is usually necessary to achieve UAV localization and navigation. This me-
thod increases the electromagnetic wave signal emission of the formation, which
causes potential interference and safety issues, and is not feasible under the re-
quirement of electromagnetic silence.

When flying in formation, UAV clusters must minimize electromagnetic
emissions to avoid external interference. Therefore, maintaining electromagnetic
silence is key for efficient and safe UAV operations. Therefore, the main chal-
lenge of this study is to extract accurate orientation information by relying only
on passively received signals without transmitting electromagnetic wave signals,
and to adjust UAV positions based on this information to achieve formation
flight stability and formation maintenance. We consider a purely azimuthal pas-
sive localization method to adjust UAV positions, Ze., localization and position
adjustment by having some UAVs transmit signals and the remaining UAVs

passively receive signals and extract orientation information from them [1] [2]
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[3]. However, researchers have studied purely azimuthal passive localization
methods relatively little to date, and they have not yet widely used them in UAV
formation flights. Therefore, the uniqueness of this study is to explore the prac-
tical feasibility of pure azimuth passive localization methods in UAV formation
flying. Meanwhile, by adjusting the position of UAVs based only on the received
orientation information, this study can provide a safer and more efficient me-
thod of formation flying, which has a wide application potential.

In this study, we examine a “circular” formation of 10 UAVs (FY00 - FY09)
with fixed numbers, of which 9 UAVs (FY01 - FY09) are uniformly distributed
on a circle circumference, and one UAV is located at the center of the circle (as
in Figure 1) [1] [2] [3]. The relative position of each UAV in relation to other
UAVs in the formation remains constant. We assume that the UAV receiving
the signal can extract orientation information from the angle a of the line be-
tween the two UAVs connected to it that transmit the signal.

Against this background, we ask the following three questions. First, for prob-
lem 1, it is known that the UAV at the center of the circle (FY00) and 2 other
UAVs (with known numbers) transmit signals, and there is no deviation in their
positions. The remaining 7 UAVs receive signals passively and there is a slight
deviation in the positions of these 7 UAVs. It is now required to determine the
location of the receiving UAV based on passive signal reception. Secondly, for
Problem 2, the UAVs with known numbers FY00 and FY01 and several other
UAVs in the formation with unknown numbers transmit signals and there is no
deviation in their positions. However, there is a deviation in the positions of the
UAVs that receive these signals. It is now required to determine the minimum
number of additional signal-transmitting UAVs, in addition to FY00 and FY00,
required for effective positioning. Finally, for Problem 3, consider that one UAV
needs to be positioned at the center, while the remaining 9 UAVs are distributed
around a circle with a radius of 100 m. It is known how many UAVs will be po-
sitioned at the initial moment. It is now known that the positions of the UAVs at

the initial moment have slight deviation (data in Table 1), under the condition

FYO0S

FYO07 FY08

Figure 1. Schematic of a circular formation of drones.

DOI: 10.4236/jamp.2023.1110203

3077 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2023.1110203

Q. Zhang et al.

Table 1. Initial position of the drone.

Drone number Polar coordinates (m, °)
0 (0,0)
1 (100, 0)
2 (98, 40.10)
3 (112, 80.21)
4 (105, 119.75)
5 (98, 159.86)
6 (112, 199.96)
7 (105, 240.07)
8 (98, 280.17)
9 (112, 320.28)

that the adjustment time is negligible, each time we choose the UAV with FY00
number and at most 3 UAVs on the circumference to transmit signals, and the
other UAVs to receive the signals [3] [4]. It is now required to propose a rea-
sonable UAV position adjustment scheme, through multiple adjustments, each
time selecting the center UAV FY00 and at most three UAVs on the circumfe-
rence to transmit signals, and the rest of the UAVs will make position adjust-
ments according to the received direction information [1] [2] [3] [4], so that
these nine UAVs can finally realize a uniform distribution on a certain circum-
ference.

The three problems are interrelated and are predicated on a circular forma-
tion flight of 10 UAVs. Each problem addresses specific aspects of positional
adjustment and localization within the formation. Problem 1 lays the foundation
for understanding the localization process within the formation; Problem 2, by
exploring the minimum number of additional UAVs required, further investi-
gates the dependencies between the various UAVs for precise localization; and
Problem 3 encompasses the practical issue of adjusting the UAVSs’ positions
based on the information received, which contributes to the formation achieving
the desired configuration. By addressing these three problems, this paper pro-
vides a comprehensive analysis of position adjustment and localization in for-
mation flight. Each issue contributes to the overall goal of maintaining forma-
tion integrity and demonstrates different aspects of the localization process, in-
cluding vehicle position adjustment and localization.

By adopting a purely azimuthal passive localization method, we are able to
adjust the position of the UAV and realize the formation requirements of the
formation while maintaining electromagnetic silence. This is of great signific-
ance for UAV formation flying in scenarios with high electromagnetic environ-
ment interference. Our results are important for the safety and reliability of
UAYV formation flying and have potential generalization value in other fields.

The remainder of the paper is organized as follows. Sections II through IV

present our research methodology and modeling process. Then, we present the
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experimental results in Part V and analyze and discuss the results. Finally, in
Section VI, we summarize the application of purely azimuthal passive localiza-
tion methods in UAV formation flying, and in Section VII, we evaluate the ad-
vantages and disadvantages of the models involved in this paper and suggest
improvements and look forward to the future directions of further research and

potential extended applications. As shown in Figure 2.

2. Problem 1: No Deviation in the Position of the
Transmitting Signal Drone

2.1. Formulation of the problem

In the context of a “circular” formation, it is known that one UAV at the center
of the circle (FY00) and two other UAVs transmit signals, while the rest of the
UAVs with slightly deviated positions passively receive signals [3]. We need to
build a localization model that uses the received direction information to deter-

mine the position of the receiving UAVs.

2.2. Analysis of the Problem

The known conditions are: 1) A drone with the number transmits a signal. 2)
There are two other drones with known numbers that transmit signals. 3) The
drones transmitting signals are all positioned without deviation [3], except at the

center of the circle, and the other two are on the circumference of the circle. 4)

Y

— Triangulation Method Cosine Theorem |—

. Question 1 Complementary to each other

\ 4

Positioning Models

— Polar Co-ordinate Method Theorem of Sine —

Y

(Circle" Formation F lyi@ Question 2 Exhaustive method and Optimal solutions in combinatorial mathematics

— Goal Delimitation Method

Y

Simulation Diagram (—

“— Question 3

Concrete and Abstract Ad‘] ustment Scheme

—— Ideal Approximation Method |—» Optimal Radius

Figure 2. Framework of ideas for the full text.
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The position of the drone receiving the signal is deviated and is not on the cir-
cumference of the circle.

Problem 1 requires us to model the position of a UAV (FY00) at the center of
a known circle and two other UAVs in the formation with known numbers and
no deviation in their positions, to model the localization of a UAV that receives
signals passively [5]. The problem is a purely mathematical one. This problem is
a purely mathematical problem where a mathematical model is developed to
calculate the relationship between the received direction information and the
position of the UAV. By observing and analyzing the received direction infor-
mation, we can find that the angle with each UAV transmitting signal is deter-
mined, so the position of the UAV can be deduced from these angles. To solve
this problem, we adopt two methods.

The first method adopts the trigonometric method, from the principle of “the
common intersection of three circles is at most one”, we can know that the dis-
tance from the unknown point to the known three points is fixed, so that we can
uniquely determine the three distances by the cosine theorem, and then finally
determine the unique position of the unknown point according to the ternary
Monge’s theorem. Specifically, in the aircraft formation, we start with the UAV
(set as a point P) that receives signals passively in relation to the position of the
circular formation is discussed to obtain the abstract orientation information.
Then we classify the discussion with different values to get concrete orientation
information and determine the UAV positioning model (FYON is set to be the
number of one of the UAVs whose number is known to transmit signals).

The second method uses polar coordinates and sinusoidal theorem method,
by discussing the positional relationship between the UAVs receiving signals
passively and the circular formation, first, the abstract orientation information is
obtained, and then the concrete orientation information is obtained by discuss-
ing with different values of kof FYO0k.

2.3. Modeling and Solving

2.3.1. Model Solving Based on Triangulation Method

As shown in Figure 3, let the drone with a known number be FY0k;, FY0k, set
to the point A, B. Where there is no harm in setting &, <k,,

k..k, €{1,2,3,4,5,6,7,8,9} . Let the drone receiving the signal be P, it is only ne-
cessary to find the coordinates of the drone P. The specific steps are shown in
Figure 4.

We just have to take FY00 as the origin and FYO01 as the (z; 0) point to set up a
planar right-angle coordinate system. And we have to set: FYOk, =(a,,b,),
FYOk, =(a,,b,), (k, and k, known shows that ;b known and ie{l,2}.
And let the radius of the standard circle be r).

Stepl: Calculate /= |d(FY01,FY02)| = \/(“1 ~a,)’ +(b —b,)" .Itis now known
that Z/APO=¢,, /BPO=a,, ZAPB=a,. Let |BP|=m, [OP|=n, |AP|=p,

then the formula for the cosine theorem of a triangle can be obtained as in the

following equation:
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B(FY0ks) A(FYOk,)

Figure 3. Schematic diagram of two-point localization.

Calculate |AB]

v

Use the cosine theorem to build a system of ternary
quadratic equations and solve |AP|,|BP|,|OP|.

\ 4

Make three circles © (4,|4P|), ® (B,|BP]),® (0, |0P|)

A 4

Solve the root axes of the three circles /i, 15, I3

!

Calculate the coordinates of the intersection point p' of the three axes,
and prove that the position of p' is approximately the position of P.

Figure 4. Triangle positioning method idea diagram.

m* +n° —2mncosa, =71’
m2+pz—2mpcosa3:lz:(al—az)2+(bl—b2)2 (1)

n’+p’ —2npcosa, =1’

This system of ternary quadratic equations is computed by MATLAB to ob-
tain m, n, p. The exact value can be obtained when there is explicit arithmetic
data.

Step2: We respectively take A, B, O as the center of the circle and m, n, p as
the radius to make a circle (Figure 5).

Introduce Monge’s theorem: any three circles in the plane, if the three circles

are not co-centered, then the three root axes intersect at a point, which is called
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Y axis

» X aris

01

Figure 5. Three circles co-point schematic.

the center of their roots; if the three circles are co-centered, then the three root
axes are parallel to each other [6]. Then, by the Monge theorem, two two root
axes of the three circles (a total of three) common point (not parallel) [7], then
the only point of co-occurrence is the position of p'. Within the tolerance of er-
ror, the position of point p' can be considered as the position of P. The exact

value can be obtained when clear arithmetic data are available.

2.3.2. Model Solution Based on Polar Co-Ordinate Method
The specific steps are shown in Figure 6.

Stepl: Get the abstract orientation information.

Set A, B, D be the points at which the drone transmits signals, respectively C,
P be the points at which the drone receives signals, respectively, and ¢,,,,a;
is the angle set in the question. According to the conditions of the question, if
there is no deviation between the drones transmitting and receiving signals, the
standard schematic is shown in Figure 7.

The setup of this problem is that the drone at point P is slightly deviated, and
the direction of the new information formed when it is deviated from the origi-
nal position is correlated with the direction of the original information. So on
the basis of Figure 1 we can have the following discussion situation:

1) When «, <@, > the UAV receiving the signal (point P) is outside the
circle, as in Figure 8(1).

Proof: Because A, B, C, D are on the circle O and ZACB has a common arc
AB with ZADB, so ZACB=ZADB=g¢,,,. And because in APDB,
ZACB=ZADB+ /PBD=q, + ZPBD . Therefore, @, =, +£PBD . The

same can be proved for the other cases, which will not be proved in detail below.
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Discuss the position of the UAV that receives the signals
passively (let it be point P) in relation to the "circle" formation.

!

Abstract orientation information is obtained

v

Classify the discussion in terms of different values of k

'

Obtain concrete orientation information to determine the UAV

Figure 6. Polar coordinate method.

LZACB= Q) fized
LACO=qy fized
AOCB = O3 figed

Figure 7. Angle diagram.

1) (2)

3 (4) ®)

Figure 8. Deviation diagram.
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2) When ¢, >, > the UAV receiving the signal (point P) is inside the cir-
cle, as in Figure 8(2).

3) When a, =@, ;,,4,, =@, 4, > the point P coincides with the point C and
there is no deviation, as in Figure 8(3). The case is not discussed in this question
because the question sets P to have a deviation.

4) When o, =44, > @, 4, > the point P is coincident with point D with
point P on the circle and the deviation is to the left, as in Figure 8(4).

5) When &, =@ 4,.4,% <@,4,, the point P is coincident with point D with
point P on the circle and the deviation is to the right, as in Figure 8(5).

Step2: Getting Specific Direction Information

Since the remaining 9 points except point FY00 are uniformly distributed on a
certain circle, it is useful to assume that the radius of the circle is R and the angle
between the lines connecting each neighboring drone and the drone at the center
of the circle (FY00) is 8= 2n/9.

From the equivalence of uniformly distributed points on a circle, it is useful to
set one of the drones transmitting a signal as FY01, with the point A instead, and
the drone FYO0O at the center of the circle is replaced by point O. Since there is a
fixed number of drones with known numbers, let the other drone transmitting
signals be FY0k, and replace it with the point B where 2<k<9, ke N". Then
let the drone receiving the signal be the point P. Now, on the circumference of
the circle with the point O as the pole, and OA direction is the polar axis direc-
tion to establish a polar coordinate system [8] [9] [10]. Then have the point O(0,
0) point A(R, 0) and point B(R,(k - 1)6) , and then set the point P(x,a).

Let the angle between the line between point P and point O and point A4 be
a, , the angle between the line between point P and point A and point B be «,,
and the angle between the line between point P and point A and point B be ¢;.
The different model cases are discussed in terms of different values of & Since
the circle is axisymmetric about the OA line (FY00 and FY01), & can be divided
into three categories:

i) k=2, ie, FYON is adjacent to FY01 adjacent.

ii) k=3, 4, 5, ie, the points in the upper semicircle that is not adjacent to
FYOI.

iii) 5<k<9, ie, the points of the lower semicircle that is symmetrical to the
upper semicircle.

1) When & =2, the drones transmitting the signal are point O(FY00), point A
and point B.

a) When ¢, >a,, the specific case is in Figure 9(1). The sine theorem for
AOPA, AOPB respectively has:

sing, _ Sin((n—al)—(2n—a)) _ sin(rr—oc1 —a)

R x X @)
sina, sin((n—a2)—(Zn—a)—(k—l)é?) B sin(n—a2 —a+(k—l)0)
R x Bl X

obtain a solution:
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@ 2

3) 4) 6))

Figure 9. P point position deviation diagram.

sin(a, )sin(er, ) —sin (e, )sin(a, - (k -1)0)
cos(a, —(k—1)0)—sin (g, )sin(a, )cos(a;)

a= arctan{
(3)

Rsin(a, +a,)
x=—
sin(a,)

b) When «, <a,, the specific case is in Figure 9(2). The sine theorem for
AOPA, AOPB respectively has:
sing, _sin(n-a, -a)

R X

4
sina, _sin(n—az—a+(k—l)¢9) )
R X
obtain a solution:
« 2 . _ . _ _
o = arctan sin® (& )sin(, ) —sin(a, —(k-1)0)
cos(a, —(k—1)6)—sin (g, )sin(a, )cos(a;) 5)

_ Rsin(a, +a,)
T s ()

2) When k = 3, 4, 5, we will use the magnitude relation of ¢; to determine
whether the drone with deviation in position (point P) is between two deter-
mined drones (points A, B) on the circumference.

Since when N= 5, AB is longest and the circle made with |AB| as the diameter
has the largest range, set to ©1. It may be useful to use the circle to determine

the size of a5, which is the angle between the line connecting the point P with
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A and B. From the knowledge of the circle, the angle ZBCA = n/2 because the
angle ZBCA and angle Z/BPA ( &; ) have the same arc. So if point P is outside of
®1 then «, <m/2;if point P is inside of @1 or on a circle then «a, >7/2.

a) When ¢, <g, a, =a, +a,, the specific case when point P is not in the
middle of point A and B is in Figure 9(3). The sine theorem for AOPA, AOPB
respectively has:

sina] sin(n—(xl—a)

R X
sina2 sin(n—az—a+(k—1)6’)

(6)

R X
The solution is obtained as in (5).

T . . . .
b) When ¢, <5 , a, =a, +ay, the specific case when point P is not in the

middle of point A and B is in Figure 9(4). The sine theorem for AOPA, AOPB

respectively has:

sing, _sin(n-a, -a)

R X @)
sina, sin(n—a+(k—l)l9—a2)
R x

The solution is obtained as in (5).

c) When ¢, Zg the specific case when point P is not in the middle of point

A and B and P is in the @I interior is in Figure 9(5). The sine theorem for
AOPA, AOPB respectively has:

sina, sin(n—oz1 —(Zn—a)) _ sin(n+a, —a)

) ) ) (®)
sina, Sin(n—(Zn—a)—(k_l)g_az)
R x

Getting the solution:

sin(a, )sin(a, ) —sin (g, )sin(a, +(k—1)0)
o = arctan
cos(a, )sin(a, ) —sin (g, )cos(a, +(k—1)6) ©)
o sin(.a] -a,)
sing,

3) When 5<k'<9, by the symmetry of the circle, this case is similar to the
first two cases. Let k'=11—-k (2<k<6), which is also known as (1<k<5).
Then it is sufficient to replace the equation containing the k-variable in the first
two cases by variable k'=11-k, ie, (k—1)@ isreplacedby (10-k")6.

Therefore, all possible scenarios have been discussed.

In summary, we can determine the position of the UAV by establishing a lo-

calization model and using the received direction information. In the case that
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we know the position of the transmitting signal UAV and there is no deviation
[11], we can realize the localization by the angle between the passive receiving

signal UAV and the transmitting signal UAV.

3. Problem 2: Determining the Number of Additional UAVs
for Effective Localization

3.1. Formulation of the Problem

It is known that a UAV with a slightly deviated position receives signals emitted
by UAVs numbered FY00 and FYO01, as well as signals emitted by a number of
other UAVs with unknown numbers [11]. With no deviation in the position of
the UAVs transmitting signals, we need to determine how many other UAVs be-
sides FY00 and FYOI need to transmit signals in order to achieve effective loca-

lization.

3.2. Analysis of the Problem

This problem is strictly a combinatorial problem that requires us to determine
the minimum number of additional drones needed to achieve effective localiza-
tion. First we use the inverse method to determine the highest criterion for effec-
tive localization. Second, from the fact that the three circles intersect to one
more intersection point, we can roughly determine that at least two drones are
required. Finally, using the exhaustive method, we determine the relative posi-

tion of the drones to the origin for localization.

3.3. Modeling and Solving

Consider Fact 1: No matter how many additional signaling aircraft are added, it
is impossible to determine uniquely the position of the receiving aircraft. This
fact is demonstrated below:

(1) There are nine remaining points on the circumference of the circle, then
removing the point that has been fixed. The remaining points are symmetrical
about a straight line, as in Figure 10.

Obviously, the axis of symmetry / is the line between the points FY00 and
FY01, and we number the remaining points as shown in Figure 10(1).

(2) Then for any k point (k < 7), there is no harm in setting this &k coordinates
of the point {(ak,bk )} . Then it is proved by the converse, ie. If there exists a
function fsuch that at & points, after k£ point operations, it is guaranteed that
there exists a unique solution x to £ then it can be proved by hypothesis that for
any other & points, they have no solution by the action of £

But if you take all & points about the axis of symmetry /for symmetry treat-
ment, then consider {(a,i,b,i )} where a; =a,, b, =-b,. At this point, the &
points have been acted upon by £ After the action, since P also has the symmetry,
we can obtain P' where P and P' are symmetric about £ As in Figure 10(2), if the
target point is on the symmetry axis / the position can be uniquely determined

at this point, but it is meaningless because the symmetry results are the same.
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Figure 10. Symmetry processing diagram.

This contradicts £s conclusion about the existence of uniqueness of the &-point
action.

Thus, from (1) (2) e, no matter how many signaling aircraft are selected, it is
impossible to uniquely determine the unique coordinates of the receiving air-
craft.

Based on Fact 1, we agree that a valid measurement in this question is defined
as if the position of the target point relative to the origin can be determined from
the known information, as shown by OP with cosZPO1 where P remains the
target point in (1), then it is said to be a valid measurement. The basis and rea-
son for this definition can be based on the fact 1, as shown in Figure 10(3). We
can take FY0O as the origin and |[FYOOFY001| as the radius. Establish a plane
rectangular coordinate system and agree that the vertical coordinates of FY02,
FY03, FY04, FY05 are greater than zero. Set the coordinates of FY02, FY03, FY04,
FYO05 as (a.b), (a,.b,), (ay.b,) and (a,.b,),and the corresponding coor-
dinates of FY06, FY07, FY08, FY09 as (as,b;), (aq.b5)> (a;.b,) and (ag.by).
Then, firstly, by FY00, FY01 both send signals and the position of the receiving
aircraft is located above the X-axis so as to know that the set of all possible positions

of the receiving aircraft, so is a section of circular arc as shown in Figure 11(1).

The radius of this circular arcis 7 = , then consider the coordinates

_r
sin ZOP1
of the center of circle O in (1) are known and can be solved for unknown.
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Figure 11. Receiver primary and secondary positioning (possible x-point position) schematic diagrams.

Now continue to abstract an airplane to a point and consider the additive
point problem. By calculation and proof, we know that the minimum number of
points to be added is 2, ‘e, at least 2 more drones are needed to transmit signals.
Our ideas and proofs are given below:

(1) Calculation of the feasibility of the number of two planes: If two drones
have been added, and we take one of them, there are at most eight cases of its
position. Thus, from 2.1, any one of the planes is fixed to a position, and the di-
rection and position of the localized plane can be uniquely determined. From
this list, we remove the points with vertical coordinates less than 0 (up to 8
points). Finally, ZOP3 is computed for all the filtered points. There are 6 possi-
ble locations for the last point, which results in a 6-element array for x,, as
shown in Figure 11(2). Consider whether the 6 points have correspondence
with the last angle data. If there is a correspondence, the corresponding x, is
the desired one, and it is sufficient to compute x, with sinZx,0l; if there is
not any correspondence, replace the serial number of the first point and contin-
ue the computation until the result is computed.

(2) Rationalization: If only one point is added. Let O and 1 be the points with
known emitted signals and point /be the point with unknown emitted signal.
Then by (1) and the relative relationship between /and 1, we can solve at least 4
possible solutions. But since no other information exists, we cannot solve for
these possible solutions exactly, and thus cannot determine the range of imposs-
ible solutions (in general). So it is not possible to add just one airplane; and if
two points are added. Let the two points added be 2 and 3, define the three-point
system as follows: Based on the above proof, we can take any two points on the cir-
cumference (except 1), denoted as k,,k, , then we can get three angles «,,a,,a;
from the measurements, then we can define (l,k] ke ,az,a3) as a three-point
system. Denote a three-point system by the ¢, symbol, where |A| = |{set of all
3-point systems}|, A€ A. Let f:{qi}m\ —R?, then f(g,) are the coordi-
nates of the positions of the points identified with the 3-point system denoted by

q; -
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Since any three circles intersect at most one common point, we know that fis
a mapping such that a three-point system can determine points and at most one
point. Further reasoning leads us to the conclusion that with 2 more points, we
can uniquely determine the position of the drone at the unknown location.
Therefore, this scheme is reasonable and the proof is complete. In summary, in
addition to FY00 and FYO01, we need 2 more drones to transmit signals.

In summary, if the positions of the UAVs transmitting signals are known to
be without deviation, in addition to FY00 andFYO01, two additional UAVs are
required to transmit signals to achieve effective localization. By analyzing the
received direction information, we can calculate the number of additional signal
transmitting UAVs required, Ze., 2, based on the distribution characteristics of

the UAV swarms on the fixed circumference using the principle of geometry.

4. Problem 3: Position Adjustment for Uniform Distribution

4.1. Formulation of the Problem

It is known that the position of the UAVs at the initial moment is slightly de-
viated, and we need to adjust the position of the UAVs by several times so that
the 9 UAVs are eventually evenly distributed on a certain circumference. For
each adjustment, FY00 and up to 3 UAVs on the circumference are selected to
transmit signals, and the positions of other UAVs are adjusted according to the

received direction information [4].

4.2. Analysis of the Problem

This problem requires that when there is a deviation in the position of the
drones at the initial moment, multiple adjustments are made according to the
position information received by the drones [4], so that the final 9 drones are
uniformly distributed in a certain circle. According to the conditions of the
problem, the objective of Problem 3 is split into two:

i) Objective 1: 9 drones are distributed around a circle.

if) Objective 2: All 9 UAV's were evenly distributed around the circle.

We can utilize the ideal approximation method to keep approximating the ra-
dius of the optimal solution and get a generalized algorithm that can be used for
UAV position adjustment. At the same time, we also utilize the second method,
Le., the target delimitation solution method, which is equivalent to the specific
arithmetic example of the first method, to classify the UAVs into four categories,
and set the final target as a circle with radius of 98 m, 105 m, and 112 m, respec-
tively, and adjusted them many times through iterations to find a definite ad-
justment scheme so that the UAVs can be uniformly distributed on the target
circumference in the end. The specific steps are shown in Figure 12.

Based on the radius of each UAV in Table 1, they are (except for the FY00)
into the following four categories: the first category (FY01); the second category
(FY02, FYO05, FY07); the third category (FY03, FY06, FY09); category IV (FY04,
FY07).
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Question 3

‘ Concrete
Target delimitation method ‘

4

Ideal approximation method
Abstract

} }

Divide the 9 vertices into four Take FY00, FYOI as the
categories according to radius fixed launch points
\ 4 v
Set the target circle radius as Select FYOk as the launch point
98m, 105m, 112m and adjust FYO(k+1)
Multiplg cycles
\ 4 \ 4
Adjust each UAV using the nature Select FY09 as the emitting point
of the circumferential angle and adjust FY02
\ 4 \ 4
Simulation to simulate the
unmanned position movement Approximate the radius of the optimal solution
schematic in various cases

Figure 12. Problem 3 solution idea diagram.

4.3. Modeling and Solving

4.3.1. Targeted Delimitation Method

ZCEA and ZCOA are in the same arc. Since the size of the central angle of the
same arc is twice the circumferential angle, we have ZCO0A = 2ZCEA. If the drones
are uniformly distributed on the circle, then ZADC = 801, ZCEA = 40n. Accord-
ing to the meaning of «; as specified earlier, we get ZLZCEA=0a;, a,=40n,
neN".

Eis the desired location of point D. It may be stipulated that:

i) When ZADC < a;, the point D moves outward along the polar axis;

ii) When ZADC = q;, the point D does not move;

iii) When ZADC > a;, the point D moves inward along the polar axis;

There are three possible scenarios for this question as follows:

1) A circle with radius 98 m and center (0, 0) can be determined from drones
numbered 2, 5, and 8, and the positions of the remaining numbered drones can
be adjusted to this circle.

(Objective 1): Satisfy that 9 drones are on the circle. Take point 4 as an ex-
ample, connect 2-5, 2-4, 4-5, and intersect the circle O at point A. Since the
coordinates of points 2, 4, and 5 are known, the exact value of Z2A5 can be
found, which can be seen from Figure 13, and £542 > £2A5. 4 should move
inward in the direction of the polar path, gradually approaching the point A, and
when 4 coincides with A, it arrives at the circumference of the circle O, as shown

in Figure 13. The other 5 points can be moved in the same way.
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(Objective 2): Satisfy the uniform distribution of the 9 UAVs on circle O. The
UAVs will be distributed uniformly. Since the angles of the same arc are equal in
size, points 2 and 5 are fixed, and point 4 can be moved arbitrarily on the cir-
cumference of the circle. When point 4 moves to £405=40", the position of
point 4 and point 5 meets the requirement of Objective 2. Fix these two points,
and then follow the above steps to handle points 3, 2, 9, 8, 7, 6. Finally, all the
points are uniformly distributed on the circle with (0, 0) as the center and radius
r =98 m. The following Figure 14 is the point displacements obtained by the
simulation method.

2) If the UAV's numbered 3, 6, and 9 determine a circle with a radius of 112 m
and (0, 0) as the center. The positions of the remaining UAVs are then adjusted
to that circumference. Take point 4 as an example. Since the coordinates of 3, 6,
and 4 are known, Z6A3 can be given a specific value. Point A is the ideal posi-
tion of 4, as shown in Figure 15(1), and £643 > Z6A3. So point 4 should move

Figure 13. UAV position shift diagram.
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Figure 14. Point displacement simulation mockup (radius of 98 m).
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outward along the polar path and approach point A. When 4 coincides with A, 4
is on the circumference of circle O, and the other 5 points can be moved in the
same way. The next steps are the same as in Discussion 1, and finally we can
realize that 9 UAVs are uniformly distributed on the circle with (0, 0) as the
center and 112 m as the radius. The following Figure 16 is a diagram of the
point displacements obtained by the simulation method.

3) If the UAVs numbered 4 and 7 determine a circle with radius 105 m and
center at (0, 0), then adjust the positions of the rest of the UAVs to the circle.
Take point 5 as an example, since the coordinates of 4, 7, and 5 are all known, as
in Figure 15(2), the specific value of Z7A4 can be obtained. Point A is the ideal
location for 5, and £754 > £7A4, so point 5 should move outward in the polar

@) (2)

Figure 15. Point map.
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Figure 16. Point displacement simulation mockup (radius of 112 m).
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direction, gradually approaching point A. When point 5 coincides with A, point
4 is on the circumference of circle O, and the other 6 points can be moved in the
same way. The next steps are the same as in Discussion 1, and finally we can
realize that 9 UAVs are uniformly distributed on the circle with (0, 0) as the
center and 105 m as the radius. The following Figure 17 is a diagram of the

point displacements obtained by the simulation method.

4.3.2. 1deal Approximation

It is assumed that the UAV re-orientation can be adjusted to any orientation, Ze.,
adjusting the UAYV is possible to move the to-be-adjusted UAV to any of the FY
orientations. Notice that no two of the nine points from YF01 to YF09 are on the
same circumference and have relative angles that are an integral multiple of 40.
Thus, it is not possible to select the appropriate transmitter in such a way that
the orientation of the transmitter is ideal enough to allow the receiver to accu-
rately compute its own orientation from the azimuthal angle information alone.
For any UAV (no harm in setting it to be YFOk (k {1,2,3,4,5,6,7,8,9} , it has
the following worst-case scenario: for any communication localization (trans-
mitter transmits a signal, receiver receives a signal), it is impossible for that re-
ceiver to accurately compute its own bearing. Therefore, for any finite positive
integer o €(1,»), after & adjustments, it is impossible for us to make that
UAV in the desired position.

Next, we consider the following error equation.

9
an = Z,‘:l|xi,real - xi,dream (10)

where x; is

i,real

is the actual position of the drone numbered YFOj and X,

i,dream
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Figure 17. Point displacement simulation mockup (radius of 105 m).
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the ideal position of the drone numbered YF04 and 2 is the number of adjust-
ments. By the previous note, we have the possibility of some special selection

situation that makes there:
VneZ ,a,#0

From there, there is at most:

0=lima, (11)

n—>0

Therefore, we fix the two UAVs YF00, YFO1 to transmit signals all the time,
using YFO7 (k €{2,3,4,5,6,7,8,9} ) to take turns transmitting signals. Each time
when YFO7 transmits a message, the information received by YFO(/ + 1) is used
to adjust the position of the aircraft, e, to move to the standard distance based
on the actual computed coordinates of the aircraft (with errors). In particular, if
k =9, the position of UAV YF02 is adjusted. After several adjustments, we can
approximate the adjustment of all UAVs to the fixed circle. (FY00 and FYO1 are
fixed transmitter points. Assuming that, in some cases, FY02 is the third trans-
mitter and FYO03 is the target receiver, FY03 may have a localization error, ie.,
the UAVs will be localized at point FY03', since FY02 is not at the standard posi-
tion. At this time, our adjustment strategy is to move the FY03’ point to the
FY03" point. (At this point in the real situation, the UAV will move in the same
direction from point FY03, which may form an adjustment bias.)

When determining position, from Problem 1(1), we know that given two
points (known positions), we can uniquely determine the target point coordi-
nates. Based on this conclusion, we can calculate the coordinates of the target
point (with deviation) and thus make multiple adjustments to minimize the er-
ror.

From the final result, we can see that after two adjustments, the error is re-
duced and is smaller than the original error (52) (only approximations are used
here), and the polar angles are closer to a uniform distribution.

To summarize, I can conclude that when the position of the drone is slightly
deviated at the initial moment, we can choose FY00 and up to 3 drones on the
circumference to transmit signals and adjust the position of other drones ac-
cording to the received direction information and adjust the position of the

drones through many iterations to achieve the final uniform distribution.

5. Experimental Results and Analysis

In this study, we address the need to maintain electromagnetic silence in forma-
tion flight by using purely azimuthal passive localization to adjust the position of
UAVs. Based on the requirements of Problem 1, Problem 2 and Problem 3, we
conducted a series of experiments and produced the following results and analy-
sis.

For Problem 1, in order to establish the localization model of the passive re-
ceiving signal UAV, we chose the FY00 UAYV located in the center of the circle
and the two transmitting signal UAVs numbered FY01 and FY02. We kept the
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position of the transmitting signal UAVs without deviation during the experi-
ment and recorded the angles between the passive receiving signal UAV's and the
lines connecting these two transmitting signal UAVs. By measuring multiple sets
of angle data, we obtained the relationship between the pinch angle and the posi-
tion of the passive receiving UAVs and established a localization model. Through
calculation and verification, we found that the position of the passive receiving
UAVs can be calculated according to Equations (2) to (9).

For Problem 2, we examined two signaling UAVs with numbers FY00 and
FYO01, and the existence of other signaling UAVs with unknown numbers.
Through experiments and calculations, we explored the number of requirements
of the transmitting signaling UAVs. According to our results, when the UAVs
with slightly deviated positions receive the transmitting signals numbered FY00
and FYO01, at least two more UAVs transmitting signals are required in order to
achieve effective UAV localization.

To solve problem 3, we designed a reasonable UAV position adjustment
scheme based on the formation requirements. We require 1 UAV to be located
in the center of the circle, while the remaining 9 UAVs are uniformly distributed
on the circumference of the circle with radii of 98 m, 105 m, and 112 m, respec-
tively. According to the experimental data Table 1, we found that by adjusting
the position several times, selecting the UAV numbered FY00 and at most 3
UAVs on the circumference to transmit signals each time, and the other UAVs
adjusting their positions according to the received direction information, the
uniform distribution of 9 UAVs can be finally realized [12].

In summary, our experimental results and analysis show that our proposed
purely azimuthal passive localization method can achieve UAV position adjust-
ment and can maintain formation alignment while maintaining electromagnetic

silence.

6. Summary of the Findings

This study proposes a solution to the pure orientation passive localization prob-
lem in UAV formation flight. We can use the received orientation information
to determine the position of the UAV by triangulation method and polar coor-
dinate method to establish the localization model. In addition, we can utilize the
exhaustive method to calculate the number of additional signal-transmitting
UAVs needed, ie, 2, when the positions of the signal-transmitting UAVs are
known to be free of deviation. Finally, we utilize the ideal approximation me-
thod and the target delimitation method, and through multiple adjustments,
each time we select the UAV with the number FY00 and at most 3 UAVs on the
circumference for launching, and the other UAVs adjust their positions accord-
ing to the received direction information, we can obtain a reasonable UAV posi-
tion adjustment scheme [12], which further makes the UAVs eventually evenly
distribute on the target circumference. In summary, our study addresses the

need to maintain electromagnetic silence during UAV formation flight and suc-
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cessfully adjusts the UAV positions by means of purely azimuthal passive locali-
zation. Our results have important practical application significance and pros-
pects for improving the safety and efficiency of UAV formation flight and pro-
vide an effective reference and guidance for the application of pure azimuth pas-

sive localization methods in UAV formation flight.

7. Evaluation, Improvement and Extension of the Model
7.1. Advantages of the Model

1) Problemsl and 3 use the triangulation method, which is easy to implement
and give specific location information.

2) Problem 1 uses both the sine and cosine theorems to simplify a complex
geometric problem into a simpler computational problem, and the sines and co-
sines make up for the deficiencies of their respective curves, making the results
more accurate.

3) Problem2 is solved using a combinatorial mathematical optimal solution
problem, thus making the process more rigorous and credible.

4) The purely azimuthal passive localization method used in this paper reduc-
es the need for UAVs to transmit electromagnetic wave signals, reduces the risk

of electromagnetic interference, and improves the safety of formation flying.

7.2. Disadvantages of the Model

The model requires a priori knowledge, i.e. that the position of the transmitting
signaling UAYV is unbiased and that the numbering is known. In practical appli-
cations, these prerequisites may not be satisfied. In addition, the model only
considers orientation information and ignores the utilization of other sensor da-

ta, limiting the positioning accuracy.

7.3. Modeling Improvements

1) Problem 3 was simulated only for circles with radii of 98 m, 105 m and 112
m, and more possible radii can be discussed in future research to achieve simu-
lation of UAV position adjustment.

2) The introduction of data from other sensors, such as distance information,
could be considered improving the accuracy of UAV localization.

3) It can be investigated how to localize the UAV with a slight deviation in its
position and address the dependence on the requirement of no deviation in the
position of the launching UAV.

7.4. Extension of the Model

The model can be applied to electromagnetic interference management in UAV
formation flight to improve the stealth and safety of the formation. At the same
time, we can generalize all the above models to a wider range of fields, such as
spacecraft formations in space, battleship formation studies at sea, wireless com-

munications, wireless sensor networks, etc. Other than that, this thesis only dis-
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cusses the case of UAV clusters forming circular formations. However, in actual

flight, UAV clusters can also be in other formations, such as conical formations,

and we can discuss and design UAV position adjustment schemes for other for-

mations by applying the models applied in this paper.
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