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Abstract

Unmanned aerial vehicle (UAV) location is an important tool to obtain information.
Bearing only passive location has been paid much attention because of its advantages of
small computation and high accuracy. This paper starts from the relevant theories,
analyzes the geometric characteristics of the problem, establishes coordinates based on
the formation of UAVs, builds a model to solve the coordinates of UAVs with Matlab, and
finally solves the problem with iterative thinking. For the first question of question 1, we
establish a polar coordinate system with the central UAV as the pole O and discuss the
position relationship according to the characteristics of the problem. We use the sine
theorem to list the trigonometric equation, specify that the deviation range of the
receiving UAV is at a reasonable position, use the phase angle to roughly estimate the
orientation between UAVs, and then use the algorithm to calculate the approximate
positioning of the UAV, According to the requirements of angle only positioning given by
the topic, AOA passive positioning algorithm is used, and Matlab software is used to
assist calculation. By giving the form of polar diameter and polar angle, the passive
positioning model of any UAV in the circular surface is established. For the second
question of question 1, based on the first question model, another UAV is selected as the
signal sending machine on the basis of the known signal sending UAV, which cannot
make accurate positioning. Therefore, we assume that two new UAVs with unknown
numbers can meet the requirements of the topic and establish a relationship model of
UAV positions. Through the method of traversal, the unknown number UAV and the
known UAV are successively brought into the first question model to solve, and different
coordinate sets are obtained. The intersection of coordinate sets is the corresponding
position of the unknown UAV. In addition to the known sending UAV, at least two sending
UAVs can be added to effectively locate the UAV.

Keywords
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1. INTRODUCTION
1.1.Background

No matter in the field of modern commerce or military technology, the development and
research of UAV is gradually valued by all countries because of its sensitive, compact, easy to
operate and other characteristics[1]. The bearings only passive location method has the
advantages of strong concealment, strong anti-interference, strong endurance, and is widely
used in navigation and wireless networks[2]. The combination of the two represents an
advanced development trend. When UAV clusters fly in formation, in order to reduce
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interference from other factors, bearings only passive positioning[3][4] is preferred to locate
UAVs, and the formation is adjusted through the received direction information|[5].

1.2.Problem Restatement

In a UAV cluster flying in a certain formation, each UAV has a corresponding fixed number,
and the relative position of each UAV in the cluster remains unchanged.

Question 1: There are ten UAVs forming a circular formation (as shown in Figure 1), among
which nine UAVs numbered FYO1~FY09 are evenly distributed on a circle with the number
FYO0O as the center. It is known that these 10 UAVs are always at the same altitude during flight
based on the altitude information they receive.

Now, 3 UAVs with known numbers in the center of the circle and formation are transmitting
signals, and 7 UAVs with slightly deviated positions are receiving signals. It is necessary to
establish a positioning model to solve the position of UAVs with passive receiving signals.

It has been determined that FYO0 and FYO1 are transmitting signals, and there are several
unmanned aerial vehicles with unknown numbers transmitting signals. If the unmanned aerial
vehicles transmitting signals have no deviation, how many more unmanned aerial vehicles are
required to transmit signals in addition to FYO0 and FYO1 in order to accurately locate the
position of the remaining unmanned aerial vehicles?

Keep formation, and the nine UAVs are evenly distributed on the circumference with the other
one as the center and 100m as the radius. The initial position of the UAV is known, and there is
a deviation in the position at this time. At present, up to 3 UAVs on FY00 and the circumference
are selected to transmit signals. The remaining UAVs are adjusted to the position without
deviation according to the received direction information, ignoring the adjustment time, and
finally 9 UAVs are evenly distributed on a certain circumference. Please provide the adjustment
scheme.

Question 2: In practice, the UAV cluster can also be in a conical formation (as shown in Figure
2), and the distance between two adjacent UAVs is the same, so the adjustment scheme of UAV
is still given using bearings only passive location method.
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Figure 1. Schematic Diagram of Round UAV Formation

Figure 2. Schematic Diagram of Conical UAV Formation

2. PROBLEM ANALYSIS

This paper mainly determines the position of the UAV receiving the signal based on the
bearings only passive location method of the UAV, and gives an adjustment scheme accordingly,
so that the UAV can be adjusted to a given formation.
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2.1. Analysis of Question 1

The first question: It is mainly required to use the UAV FY00 located at the center of the circle,
and select any two UAVs FYOM and FYON located on the circumference to send signals. The
remaining seven UAVs will give positioning according to the received direction information and
the selected position of the three UAVs without deviation. The polar coordinate system is
established by taking FY0O as the pole and making the polar axis with the ray of the line segment
where FYOM (or FYON) is located. Once FYOM and FYON are selected, the corresponding polar
coordinates can be obtained by their numbers. The trigonometric function is used to calculate
the relationship between angles, and the approximate solution of the angle is obtained by
iteration in Matlabl®l. The polar coordinates of the other seven UAVs with position deviation can
be further obtained for positioning.

Using FY00 as the pole, Mark the known information

the ray formed by FY00 into the coordinate system
and either of the selected X YSte
- and apply trigonometric
two unbiased drones forms -
functions to accurately locate

a polar axis, es;abhshmg the receiving signal drone
polar coordinates

Select any two drones on the
circumference to transmit signals,
while the other drones with deviations
receive signals to obtain directional
information

Figure 3. Flow chart of the first question and answer

The second question: FY00 and FY01 are required to transmit signals according to the known
topic. In addition, there are several UAVs with unknown number and unknown number
transmitting signals. First, consider that there are three UAVs sending signals. In addition to
FY00 and FYO01, another UAV is selected on the circumference to send signals, and another UAV
is selected to receive signals. At this time, a polar coordinate point of the UAV receiving signals
can be obtained by substituting the model of the first question. Assuming that FYOM is selected
as the UAV sending signals, FY00, FYO1 and FYOM send signals, and FYOJ receives signals to
obtain a polar coordinate about FY0J (0, 8, ) , then when FYOM takes all possibilities except
FY0]J, a total of 7 polar coordinates are obtained, and these 7 coordinates are recorded as
setsA;;Assuming that FYON is selected as another UAV to send signals, FY00, FYO1 and FYON
send signals, and FYO] receives signals to obtain a polar coordinate about FY0J(p;,, 8;,,) , then
when FYON takes all possibilities except FYO0], a total of 7 polar coordinates are obtained, and
these 7 coordinates are recorded as setsA,;There must be oneteA; AndteA,, tlt is the
coordinate of UAV FYO0J] with position deviation.

Obtain the first polar
coordinate point of
the receiving signal

drone

Obtain the seven
coordinate points of the
receiving signal drone

A

Choose another Select another drone Solve using the
drone to receive on the circumference —>» model established by |—>1
signals to send a signal the first question

Yes

No

ave all the remaining droné
been traversed?

Figure 4. Flow chart of the second question and answer

The third question: This question gives the radius of the round formation that the UAV group
needs to maintain, that is, the distance from all UAVs in the formation to the central UAV
numbered FY00.After a preliminary analysis of the data given in the question, the given initial

84



World Scientific Research Journal Volume 9 Issue 8, 2023
ISSN: 2472-3703 DOI: 10.6911/WSR]J.202308_9(8).0013

position of the UAV is displayed on the coordinate axis, it can be clearly found that the initial
formation is not a regular circle, and it does not meet the requirements of formation in the
question. Through further analysis of the subject, we know that we need to adjust the distance
between each UAV and FY0O0, and also need to keep the center angle formed by the connection
between each two adjacent UAVs and the central UAV of FY0O the same. For a given bivariate
problem, our most common idea is to reduce the dimension of the problem model, first solve
the problem arising from a variable, and then transform the problem into a more familiar one-
dimensional problem!”l. The two variables in this question make it easier to solve the distance
between each UAV in the formation and the FY0O0 central fighter first, because each UAV is on
the line from the central UAV to its original initial position, which means that if the UAV does
not need to receive other information, we can first let the UAV return to the coordinates given
by us along this line, Then, two error free UAVs, FY00 and FY01, start to fine tune the angle of
the aircraft already in other circles, find the standard position of each UAV in the formation, give
the adjustment plan, and complete the solution of the third problem.

2.2. Analysis of Question 2

In this question, the formation of UAVs becomes a conical formation, and the distance
between any two UAVs is required to be equal. First, fix the number FY05 as the center of
formation circle, group the remaining UAVs, draw concentric circles, and use geometric
characteristics to plan, so that the ideal positions of as many UAVs as possible are located on the

circumference[8]. For the remaining UAVs FY11. FY15After the other UAVs have adjusted
their positions, the received signals will be used for adjustment.

3. GENERAL ASSUMPTIONS

To simplify the problem, we make the following basic assumptions, each of which is properly
justified.

1. Assume that the radius of circular formation is known, which is r;

2. It is assumed that there is no influence of electromagnetic environment and other factors,
that is, there is no error in the direction information received by the UAV;

3. Assume that the adjustment time is ignored when the UAV is adjusting;
4. Assume that the position of UAVs in all formations is only slightly deviated;

5. It is assumed that there are no extreme weather conditions or unmanned aerial vehicles
out of control during flight.

4. VARIABLES AND ABBREVIATIONS

Symbol Definition Units
r Radius of circular formation m
d Spacing between two adjacent UAVs in conical formation m
o; Direction information received by UAV degree
P Distance between passive signal receiving UAV and circle center m
6 Direction angle of passive signal receiving UAV in polar degree
coordinates
I¢] The angle between two signal transmitting UAVs on the degree
circumference and the pole
FYOI No. of the first aircraft /
A; Get the set of UAV coordinates /
b; UAV number in polar coordinates /
(Zoep ™, New position coordinates of UAV after one iteration /

85



World Scientific Research Journal Volume 9 Issue 8, 2023
ISSN: 2472-3703 DOI: 10.6911/WSR]}.202308_9(8).0013

5. MODELING AND SOLVING
5.1.Model I: UAV positioning and adjustment

According to the information in the question stem, it can be seen that the relative position
relationship between UAVs in formation remains unchanged, and 10 UAVs are always at the
same altitude during flight, so it can be converted into a model on a two-dimensional plane.

5.1.1 Model I-1: Using planar geometry to locate UAVs

Optional UAV FYOM and FYON on the circumference,M, N € {1,2,3,4,5,6,7,8,9}, as two other
UAVs transmitting signals on the circumference;

On the two-dimensional plane, point M represents UAV FYOM, and point N represents UAV

FYON;Take FY0O as pole O and ray OM as polar axis to establish polar coordinate system, then
2

M(r,0), N(r, §7T|M— N|) Assume that the radius r of circular UAV formation is known.

Select any one UAV FYOD with slight position deviation,D € {1,2,3,4,5,6,7,8,9}, mark as point
D(p, 6).

After selecting M point, set the number of FYOM tob;, number increases tobg, FYON number
is b,, FYOD Nob,.Specify current numberb;,i > 9When, represents the number b;_oUAV.

The figure is as follows:

Figure 5. Polar coordinate model diagram

According to the question, click D to get three angles of information. We define:

/NDM =ay, ZMDO =ay ~/NDO = a, 4NOM:ﬂ:%7r|M—N| 0
1
/NMD=,1, /DMO= .2, /DNO= /4, /MDO= /5.

1) Scenario 1: Number of signal receiving UAV FYOD b; Number of the third signal
transmitting UAV FYONb,, Satisfaction formula: b,, < by < by 43.

Figure 6. Polar model diagram of case 1
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po _ DN _ r
sin/4  sin/5  sinay

T
&
sinas;

=k, from which we can get

DO = k-sin/4
DN k-sin/5 ,

DOI: 10.6911/WSR].202308_9(8).0013

(2)

(3)

Applying the law of sines in ADONThe sum of known triangle internal angles is 180 °, that is

Z1+ 22 4+ a3 = 180°,

Applying the law of sines in AMNDUsing the sine theorem

MN DN

sin oy sin £1

Applying the law of sines in AMODUsing the sine theorem

MO DO
sin ap,  sin /2

/1 4,2 = ”;ﬁ

o tos=as

(4)

(5)

(6)

(7)

(8)

Combined with Formula (4), (5), (6), (7), (8), we can get£1, £2, Z4, /5, And write
an appendix program in Matlab. Given an initial value £ 1, the values of £ 4and £ 5 can

be calculated through iteration,
44 =T
5= T2 ’
Applying the law of sines in ADON using the sine theorem again in

p r
. - . ’
sinn; sinas
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sin
Solved p=r1" .—771,
Sin. g
And
0 =08+ n, (11)

2) Scenario 2: Number of signal receiving UAV FYOD b; Number of the third signal
transmitting UAV FYONb,, Satisfaction formula: b, , < by < by, 5.

Figure 7. Polar model of case 2
At this time, the expressions of (4), (5) and (6) remain unchanged, but
o =, + o, (12)

o
21 -z2 =755, (13)

=

Causative”:»> 7)2Solution transformation, but the coordinates of FYOD(p, 6) The expression
is still the same as case 1

3) Scenario 3: Number of received signal UAV FYODb,;Number of the third signal transmitting
UAV FYONbD,,Satisfaction formula: b, ;4 < by < by47.

v P

Figure 8. Polar model of case 3

At this time, the expressions of (4), (5) and (6) remain unchanged, but

a2:a1+a3, (14‘)
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s

/1 -/2 = ; , (15)

D

Causative?:s 72 Solution transformation, D point polar coordinates(p, 6) by

_ . sinmp
p sin a3 , (16)
0 =08-mn

4) Scenario 4: Number of received signal UAV FYODb,;Number of the third signal transmitting
UAV FYONb,,Satisfaction formula: b, ,¢ < by < by 49.

Figure 9. Polar Model of Case 4

At this time, the expressions of (4), (5) and (6) remain unchanged, but

041:062+063, (17)

T—pf

Causative”:,> 72 Solution transformation, but the coordinates of FYOD(p, 6) The expression
is still the same as case 3

In summary:

When point D is numbered by € (b, by,45)Its polar coordinates(p, 6) by

. sin 7,
P sin a3, (19)
0 = ,6 + T2

When point D is numbered by € (b,14, byy1o)Its polar coordinates (p, ) by
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sin
p—p. SR
sin g (2())
0 =08 -mn

Where, angle a3=Angle NDO , Anglem =Angle DNO , Anglen: =Angle DON .UAV Nob;,i >
9When, represents the numberb;_qUAV.
5.1.2 Model I-2: Positioning comparison method

According to the known topic, FYO0 and FYO1 are required to transmit signals. In addition,
there are several UAVs with unknown number and unknown number transmitting signals. In
the case of only two launching aircraft, it is impossible to achieve effective positioning of UAVs.
Now a UAV FYO0] is selected (] € {2,3,4,5,6,7,8,9}Receive signal.

First, consider to select another UAV FYOM at random except FYOO and FY01 (M €
{2,3,4,5,6,7,8,9}) transmit signals. The situation of selected UAVs is discussed by using the
ergodic search method. For each selected UAV to transmit signals, the model of the first question
can be used to get the information about FY0J (0, 6, ) When all UAVs except FMO] are taken,
7 different coordinates are obtained and recorded asA4,,

Al:{(pﬁwajm)?m:za :.7717]+17 ety 9} (21)

At this time, it is impossible to determine which coordinate is the true FYOJ coordinate.

Now, 1 UAV FYON except FY00 and FYO01 is selected (N € 2,3,4,5,6,7,8,9, N # M) Transmit
signals. After each UAV other than FMO] is selected, 7 different coordinates about FYO] are
obtained again and recorded asA,,

As={(pjn,0n),n=2, ... ,j—1,5+1, ..., 9} (22)
There mustbe a coordinate 7eA; N A,lsthe position information of UAV with slight deviation.

Model I-3: Local optimal adjustment model

i. First of all, according to the polar axis and polar diameter of the UAV in the polar coordinate
system given in the title, combined with the coordinate system established with the center UAV
FYO0O as the origin in the first two questions, we draw the initial position distribution of the
formation UAV, as shown in the following figure,

100 -

50

-50 -

-3;)0 -2IDD -1 60 ll) ¢ 1[I)D 2(;0 3(;0
Figure 10. Initial position of UAV
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After visualizing the initial position of UAV formation, it can be clearly observed that nine
UAVs form an irregular circle around FY0O as the center.

ii. After the distance between the initial position of each UAV and the center of the circle is
controlled to be 100 meters, we can obtain the ideal position coordinates of the No. FY02 UAV
through the initial positioning of the two UAVs FY00 and FY01 without deviation and the ideal
state of uniform distribution. The topic requires us to select the No. FY0O0 UAV and at most three
UAVs on the circumference to transmit signals each time, The remaining UAVs are adjusted to
the ideal position according to the received direction information (the time of each adjustment
is ignored), so that the nine UAVs are finally evenly distributed on a certain circle, which means
that the angular information formed between each UAV receiving information and the UAV is
consistent. Based on this, we can further calculate and discuss.

iii. In order to facilitate the calculation, and in combination with the three-point positioning
method on satellite positioning[9][10], based on this, we know that three UAVs can determine
the position of a UAV at the signal receiving end. Then for each UAV, we assume that except for
FY00, we can use the two UAVs farthest away from it as the signal sending end, and the
coordinates of the UAV farthest away from it,We can get it from FY00 and FY01 with no
deviation in initial position, as shown in the following figure.

iv. Because nine UAVs are finally evenly distributed on a certain circumference, the included
angle between any UAV receiving signals and the two farthest UAVs at the signal sending end
should be the same and fixed. We call this set included angle target as the target value
temporarily.

v. That is, the two inclinations are identical, so the overall algorithm flow is as follows:

Next lterate Draw iteration points
Output iteration results
Iteration Input Selept Read Expression
. Iteration Start -
flowchart Expression Method Draw function image

Figure 11. Iteration Flow Chart

Step 1: Calculate the included angle between each UAV and the two aircraft with the farthest
linear distance on the circle except FY0O0 central UAV, namely (6‘'= 0'+0°+060°) , the

number 't’ represents the t-th cycle, forming an array; According to the three-point positioning
method, the UAV tilt angle calculation[1][2]for the i-th signal receiving end[11][12] can be
expressed as

(fo1 = Tacp, fs1 = Yaen) * (for — Tacpy f1 — Yacp)

| (for — Tacps fy1 — yacp)| N (for— Tacps fy1 — yacp) |
(foo — Tacps fy2 = Yaep) - (foo — Tacpy Fy2 — Yaep)

| (foo — Tacps fy2 — yacp)| | (for— Tacps fy2 — yacp) |
(fa3 = Tacp» f13 = Yaen) * (fa3 — Tacp, fy3 — Yacp)

| (fe3 = Tacpy fy3— Yacp) | [(fos — Tacps fy3 — Yacp) |

0, = arccos

< 60, =arccos (23)

05 = arccos
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among (fr:, fy:) , i€[l,2,3]Itisthe spatial coordinate position of three signal sending

UAVs, (fzi, fyi) Isthe space coordinate position of FY00 UAV, and according to the subject
description, we need to keep the relative position of FY00 UAV fixed, that is, always
(fry, fyr) =(0,0).The spatial coordinates of the UAV receiving signals at the same time

Ne N
are <$acp e’w,yacp ew)

Step 2: Set the iterative update formula of coordinates of each UAV. Here, our constraint is
that "the other nine UAVs are evenly distributed on the circumference with a radius of 100m"
given by the title as the constraint. Under the large condition that the height of each UAV
remains unchanged, the UAV moves in a two-dimensional space coordinate system. Then, the
coordinates of each receiving end UAV can be iteratively updated as

( xacpNew, yacpNew ) = ("Eacp + A‘IL‘ ’ yacp + Ay) (24‘)

At the same time, there are restrictions, namely

{\/ (f$1—$a6pNew) 2 _ (fyl—yacpNe’”)z = 100

25
6, — 0, (25)
The specific update process is as follows:
Step 2-1: Adjust the distance between all UAVs and the central UAV FY0O to ensure
Vo — 2™ 2 = (fyr— Yu™) > = 100 (26)

Step 2-2: According to simple plane geometry knowledge, it is easy to know that if we can
move the aircraft to be positioned and adjusted (recorded as FYON) to the middle vertical line
of the connection between the two UAVs furthest away from it, and ensure that the distance
between FYON and FYO0O is always 100, then we can get an ideal figure for FYON.

Step 2-3: Repeat this iteration for each point, and calculate the’ =6' +6* + 6°

Step 2-4: Judge the objective functionf{ =03 =---=0; =05 =05 If it is true or the precision
reaches a certain value, it will exit the loop. If it is not true, it will return to Step2-1 to continue
the iterative update.

(The Matlab code in the above iterative solution process is stored in the directory. After 12
iterations, we calculated the standard coordinates that the UAV should reach and stored in the
variable adjustCarcoor)

After the precision reaches our target value, we stop iteration to get the coordinates we need,

and then we can give the adjustment scheme of UAV from the initial position to the standard
position according to the coordinates, as shown in the following table,
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Table 1. Adjustment Scheme of UAV

Forward

UAV Number direction length/M Signal sending UAV

1 No adjustment required \ \

2 Adjust 0.1 ° to east by north -2 FY05. FY06

3 Adjust 0.21 ° to the west by 12 FY07. FYO8
east

4 Adjust 0.25 ° to north by 5 FY08. FY09
west

5 Adjust 0.14 ° to north by ) FY09. FYO01
west

6 Adjust 0.04 ° to the west by 12 FYO1. FY0?2
south

7 Adjust 0.07 ° to south by 5 FY02. FY03
west

8 Adjust 0.17 ° to east by south 2 FY03. FY04

9 Adjust 0.28 ° to east by south -12 FY04. FYO5

Explanation to the above table: we need to adjust the UAVs one by one. Every time we adjust
a UAV, we will query the UAV number needed to determine its position according to the above
table. After the two UAVs are selected, we can send adjustment instructions to the UAVs to be
adjusted through their direction information.

The following figure shows the new UAV formation after adjustment. It can be seen that the
formation is evenly distributed on a certain circumference

@ [nitial position point

100 e : @ After adjusting the relative position with the FY00 drone
<
50 r
@
or @ o
o®
-50
%
L 1 1 ‘ L . 1 L 1
-300 -200 -100 0 100 200 300

Figure 12. Polar coordinate distribution of UAV after and before adjustment

5.2.Model II: Planar circle based queue reordering

The goal of this problem is to make the whole cluster of UAVs become a standard conical
formation through an adjustment scheme, that is, any two adjacent UAVs have the same distance.
It is assumed that the UAV position of the cluster is only slightly biased.

Step 1: Convert to round formation

First, the target conical formation is transformed into circular formation. With FY05 as the
center of the circle, divide FY05. FY11. FY15The other 12 UAVs are divided into three
groups. The radius considered isrCircumference of 0; And divide them into 12 equal parts.
The first group is UAVs FY02,FY03,FY04,FY06, FY08,

FYQ09, the ideal location is evenly distributed in O, upper; The second group is UAVs
FYO01,FY07,FY10,FY13 the ideal location is at a radius of V37 on the circumference of; The
third group is UAVs FY12, FY14,the ideal location is at a radius of 2r on the circumference of.
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And FY11,FY15 unable to O; the corresponding position is found on the 12 bisector of the,
so wait for the other 13 UAVs to adjust before adjusting.

UAV grouping is shown in the figure below.

Figure 13. Ideal Position Distribution of UAV

Step 2: Adjust formation

In the third question of question 1, we have given a specific scheme to adjust UAVs to be evenly
distributed on a certain circle. Here we can directly use this scheme to iterate three groups of
UAVs distributed on different circles, so that they are in an ideal position.

For FY11. FY15At this time, the other UAVs are in the ideal position, so only two sets of
random signal information received by them can be used to determine their angle information.
The distance can be determined by sine theorem and angle information.

6. MODEL ANALYSIS

AOA positioning accuracy analysis:

When positioning the UAV receiving radiation, due to various measurement errors,
electromagnetic environment and other factors, there will be a certain error between the
estimated result of the UAV to be located and its true value, which is the positioning error.
Generally, the geometric precision factor (GDOP) is used as the index to measure the positioning
accuracy, The size of GDOP value indicates the positioning accuracy. The larger the GDOP value
is, the lower the positioning accuracy is. On the contrary, the higher the positioning accuracy is.

The position coordinates of M UAVs in two-dimensional space areu; = [x;,y;]%,i = 1,2,..., M,
unknown received signal UAV source location coordinate is s=[z,y]" According to the
geometric relationship, the azimuth measured by each UAV is:

bi=tan (3—20), i=1, 2, =M (27)

Differentiate both sides of the above equation at the same time:

db; = g dx + gy, dy +ki» i=1, 2, M (28)

Where, 9. =— (y—v,) /r}, g,= (x—=z) [r?, ki=— gudz,— g, dy;
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Sort the upper differential into matrix form,

dz=C-ds+dX, (29)

Where,dz =[df, df,,---,d0,]" Is the error caused by AOA measurement,ds = [dz,dy] ” Is the

positioning error of the radiation source,dX; = [ky, k,, ..., ky]" It refers to the error caused
by the UAV itself, C is the coefficient matrix, and its value is:

G1z Gy

Gumz Gy

Use the least square method to solve the differential equation in the form of the upper matrix,
and the location error of the radiation source is:

ds= (CTC) "CT (dz—dX,) (31)

[t can be seen from the above formula that the location error of the radiation source is related
to the AOA measurement error and the UAV site error. Order F = (CTC)™*CT The covariance
matrix of radiation source location error can be obtained as follows:

P,=E{ds-ds"}=F{FE{dz-dz"}+{dX,+dXI}}F" (32)

Where,

o
E{dz-dz"}= (33)

Oy,

912z0'z21 + 912y0'y21
E{dXs-dXST}I (34)

2 2 2 2
GrzOom + Gy O ym

Among them, 0y, is the standard deviation of the standard error of AOA measurement of the i-
th UAV. For the convenience of calculation, it is assumed that the site errors of each UAV are
equal, i.e.Ufi :0-1121' :Uf,i =1,2,--M,

Because 9-+ gz%, =1 /7‘,-2, the above formula can be simplified as:

GDOP =+/trace (P;) (35)
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Based on the AOA positioning method, multiple UAVs can estimate the position of the UAV
only by knowing the azimuth of the UAV to be positioned relative to other UAVs. The principle
is relatively simple, but in practical engineering applications, its positioning accuracy is not high
and its real-time performance is poor, because the AOA positioning accuracy is greatly affected
by the multipath effect and has high requirements for the antenna, Therefore, the combination
of AOA and TDOA[13] can achieve higher positioning accuracy.[14]

7. MODEL EVALUATION
7.1.The Advantages of Model

1. The first question provides a model for deriving the coordinates of drones receiving signals
in general, making it easier to solve the positioning problem in circular formations.

2. When iteratively solving, we set the step size to 0.1° , with smaller values, which can
improve the accuracy of the results.

3. This article has a high level of hierarchy. The positioning model and adjustment plan model

in this article are simplified to complex, and gradually progress according to the requirements
of the topic.

7.2.The Disadvantages of Model

1. When establishing the model, we did not consider electromagnetic interference and other
situations, that is, we did not consider the error of the direction information received by the
drone, which may cause certain deviations in the model solution results and have poor
adaptability to more extreme situations.

2. Due to the small step size setting and long program running time, the solution cannot be
completed quickly, which makes it difficult for the model to be adopted in practice.

3. The objective function of minimizing the control of drone target position adjustment using
computers is an iterative process at the initial point, and the computational complexity is closely
related to the setting of step size, making it impossible to adapt to general situations.

7.3.Extension of Model

This article abstracts drones as geometric points, but in reality, it does not use any of the
characteristics of drones. Therefore, the model in this article can be used for spacecraft
positioning, ship positioning, etc.
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