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Abstract: UAVs can be deployed in many scenarios to provide various types of services via 6G edge
communication. In these scenarios, it is necessary to obtain the position of the UAVs in a timely and
accurate manner to avoid UAV collisions. In this paper, we consider improved passive localization
algorithms aimed at reducing convergence time and adapting to extreme conditions. For the sake of
reducing the complexity of signals and ensuring the reliability of receiving processes, we reconsidered
the angle between arrival signals as the feature in positioning. Then, according to the characteristics of
the positioning process, we draw on the cyclical process of the iterative greedy algorithm to construct
the coding, destruction, and reorganization process to guide the movement of the UAV. Moreover,
an improved Metropolis criterion is added to prevent falling into the local optimal solution. Finally,
the proposed algorithm is verified in the simulation results. The results show that the algorithm can
achieve precise positioning and excellent track planning within a small number of iterations, and it
reduces the amount of information carried by the signal and convergence time compared with the
traditional method.

Keywords: autonomous control system; UAV; passive positioning; edge communication; 6G

1. Introduction

In the past decade, unmanned aerial vehicles (UAVs), providing fast service and
flexible operation mode, have been widely used in all walks of life [1,2]. Meanwhile,
considering the advanced technologies, e.g., 6G edge communication and collaborative
operation of UAV swarms, the internal and external positioning of UAV swarms via 6G are
the focus of our attention. Conceivably, by combining edge computing and 6G technology,
communication latency can be reduced, allowing UAVs to respond to commands faster.
This is important for scenarios that require immediate feedback and quick decision-making,
such as UAV positioning and flight.

Considering that there are complex environmental situations and frequent electronic
interference in the UAV application environment, and traditional UAV autonomous control
technology and GPS cannot meet the existing needs, GPS errors will accumulate over
time during the positioning process, and the accuracy will gradually be affected by the
inertial navigation system, which is obviously not applicable in dense UAV swarms [3–5].
Therefore, we can gradually apply passive positioning to the internal communication
of actual UAV swarms. According to the characteristics of passive localization, when
in closed UAV swarms, passive positioning only requires several UAVs to act as BSs to
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transmit signals outward, and then other UAVs can passively receive signals to realize
their own positioning, which only needs to be based on communication characteristics.
From the perspective of users, this way of positioning can effectively protect and hide
UAV swarms [6–8].

Recently, passive positioning has shown great potential. Liu et al. [9] fused TDOA
(time difference of arrival) with DOA (difference of arrival) to achieve passive position-
ing and discussed the effects of different delays and spatial structures on positioning.
Feng et al. [10] used a single-target optimization model to guide the movement of UAV in
passive positioning. In the process of UAV flight, Wang et al. [11] used Newton’s iterative
algorithm to establish multiple nonlinear equations and then completed the positioning
of the formation. Xiong et al. [12] introduced the concept of BR (bistatic range) matrices,
which effectively removed noise in passive positioning.

Although passive positioning is less restrictive and more concealed, we can still further
improve the method to enhance its advantages. Specifically, (1) most of the literature studies
the improvement of mainstream algorithms, such as TDOA and other algorithms that use
signal time difference of arrival. However, it is also of great significance to study the use
of other characteristics of the signal to construct algorithms. (2) Passive positioning is
mostly used in electronic countermeasures for BS–aircraft (base station) or aircraft–aircraft
positioning, but it can also be used for internal positioning of UAV swarms in closed
environments [13–15]. (3) Although there is a consensus to improve positioning using GPS
by considering different environments, there is little research on positioning that does not
rely on GPS when considering different environments.

Motivated by the above issues, we explore a passive localization system using a small
number of geometric factors combined with environmental noise, and a UAV autonomous
control system is constructed based on this. In detail, geometric factors contain range and
bearing measurements, such as azimuth and TDOA [16,17], among which we select the
angle between two arriving signals only to implement the algorithm. In addition, we use
for reference the iterated greedy algorithm [18] and give the specific movement strategy of
the UAV swarm. The main contributions of this paper are summarized as follows.

• We investigate the application of passive localization in the context of a new user
localizing itself rather than the transmitting source by being dynamically received,
and we then formulate a localization algorithm based on a hyperbolic position system.

• We establish a 6G edge communication rule inside the UAV independent of the outside
world and realize the process of receiving signals and extracting information during
the flight of a single UAV.

• We use a greedy iterative algorithm to adjust the current environment. For preventing
the algorithm from falling into a local optimal solution, we use Metropolis to construct
a corresponding mutation algorithm.

The remainder of this paper is organized as follows. Section 2 enriches the background
of the problem and simply establishes various restrictive conditions. The basic environment
model, communication model, and positioning model are constructed in Section 3. Section 4
describes the corresponding algorithm process in detail. The experiments and analysis are
given in Section 5. Finally, Section 6 draws a conclusion.

2. Materials and Methods

As shown in Figure 1, we consider a UAV air-to-air (A2A) model for independent
edge communication via 6G, and the UAV swarm is ordered; that is, each UAV has a
specified relative position (SRP) which is known to UAVs. Among them, everyone has
simple half-duplex communication capability and limited computing power. However,
during the flight, due to various reasons, there are always some small deviations from
the SRP. Therefore, the UAV swarm maintains an overall relatively orderly state with
local fluctuations, which means although SRP is known, the actual location needs to be
determined through communication. In addition, this article assumes that the model is in
an area where GPS is not available, and there is no external signal to assist communication
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during the flight, so the UAV swarm performs positioning, formation adjustment, and
communication through the A2A internal link. On the other hand, there are only a limited
number of UAVs transmitting signals which do not contain valid information, such as the
source UAV number, distance, etc., acting as aerial base stations (ABSs) according to certain
rules at the same time, and other UAVs act as APs to passively receive the approach angles
of signals.

Figure 1. Overview map of UAV swarm communication.

2.1. Geometrical Model

We take the UAV in the leading position of the formation as the origin p0 = [0, 0, 0]T

of geometric coordinate system OG ∈ LG:

LG = {[x, y, z]T | − ε ≤ δx, δy, δz ≤ +ε, |x + δx| ≤ XL, |y + δy| ≤ YL, |z + δz| ≤ ZL} (1)

is the area covered by the internal link communication; XL, YL, and ZL are the boundary
values of the x-axis, y-axis, and z-axis, respectively; δx, δy, δz are position offset; and ε is the
speed of the UAV. k is denoted as a vector vk,t = [vx,k,t, vy,k,t, vz,k,t]. The general mobility
model of the UAV can be expressed as

vk,t = ωkvk,t−1 + δk,t, (2)

where ωk is the inertia coefficient and δk,t = [δx,k,t, δy,k,t, δz,k,t] is the variation in speed.
What is more, the displacement model can be represented as

pk,t = pk,t−1 + vk,t∆t + κk,t, (3)

where pk,t represents the position of access point (AP) k in time slot ∆t, ∆t is the time stamp
of one slot, and κk,t represents white noise which can be regarded as random offsets due
to the environment and other factors. We use wind and rain in the environment as the
basis for calculating κk,t. We consider wind and rain as influencing factors in the actual
environment. The formula for calculating the equivalent force of wind at different h is [19]:

fw =
1
2

CρSVw(h)2, (4a)

Vw(h) = Vr

(
h
hr

)A
, (4b)

where Fw is the size of the wind, C is the drag coefficient (which is set to 0.2), S is windward
area, Vw(h) is the average wind speed at h, Vr is is the average wind speed at hr, h is
geometrical height, hr is the known altitude, and A is the ground roughness factor affected
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by factors such as terrain, stratification stability, etc., and the value is set to 0.4. Finally,
we use

Fw = [ fw cos αwx sin αwz, fw sin αwx sin αwz, fw cos αwz], (5)

to represent wind forces in three-dimensional space where αwx is the angle between direc-
tion of the force of wind and the x-axis and αwz is the angle between direction of the force
of wind and the z-axis. Then, we perform a force analysis of the rain. Based on Newton’s
second law, the momentum law, and the best raindrop distribution function, the impact
force on the structure per unit area is as follows [20]:

frain = 44.18× 10−9ρrainπRrainv2
rain, (6a)

vrain =

{
1− exp

[(
103drain

1.77

)1.147]}
, (6b)

where ρrain is the density of rainwater, vrain is the final force of a raindrop, drain is the
diameter of raindrops, and Rrain is the intensity of rainfall. We use

Frain = [ frain cos αrx sin αrz, frain sin αrx sin αrz, frain cos αrz], (7)

to represent rain forces in three-dimensional space where αrx is the angle between direction
of the force of rain and the x-axis and αrz is the angle between direction of the force of rain
and the z-axis. So within the time slot ∆t, taking into account wind and rain, the offset is
calculated as follows:

κk,t =
1
m
(Frain + Fw)∆t, (8)

where m is the weight of the UAV.

2.2. Communication Model

Regarding the acquisition and the release of the information regarding the angle
between two arriving signals (AOAI), on the condition of their containing little valid infor-
mation in signals, we have formulated three functions for quantification: the monitoring
function (FM), calculation function (FC), and persistence function (FP).

FC is mainly used to record the switch of the action and distinguish the signal batch
at the same time.

FC(t) =
{

0∨ FC(t− 1) ∧ Td, no signal received
1∨ FC(t− 1) ∧ Td, signal received

, (9)

where ∧ is the logical operation AND, ∨ is the logical operation OR, 0 represents the end
of state, and 1 is the beginning of it. Among these, Td is the specified cut-off time within
which signals arriving are grouped into the same batch and its specific value is related to
FP by

Td(t) = Td(t− 1) + FP(t) + t− t0, (10)

where t0 is the time when listening state started and the function expression of FP is
as follows:

FP(t) = ¬FC(t− 1) ∧ FC(t) · 4t, (11)

where ¬ is the logical operation NOT, and4t is the longest span in time of the same batch
of signals specified in advance. Then, let us quantify the specific FM by

FM(t) = θs(t) · FC(t), (12)



Appl. Sci. 2023, 13, 11014 5 of 16

where θs(t) represents the angle of arrival of the signal at time t. Finally, we use matrix AS
to store the angle between signals:

AS =


|FM(1)− FM(1)| · · · |FM(1)− FM(n)|
|FM(2)− FM(1)| · · · |FM(2)− FM(n)|

...
. . .

...
|FM(n)− FM(1)| · · · |FM(n)− FM(n)|

, (13)

When in different environments, the signal will receive interference and attenuation of
model strength. So, we add offsets to AS to simulate real-life errors:

ASX = AS + EX, (14)

where EX is an equal-sized matrix with only 0 or 1 internal elements to represent the impact
of the environment, in which 0 means the signal cannot be received correctly because its
strength is attenuated or interfered with and 1 means a signal is received. Therefore, on
the basis of obtaining AOAI, the batch calculation can be performed according to the
above method.

2.3. UAV Localization via Pass Position

We believe that the UAV swarm has a regular formation at the initial time; that is,
each UAV has its SRP. However, various disturbances will occur in actual flight. At this
time, if the position of ABP is correct, positioning can be performed by obtaining the
relative distance between ABP pn = [xn, yn, zn]T and the receiver pc = [xc, yc, zc]T . For the
stability of the transmission link, the signal in the A2A internal link does not carry effective
information, so the relative distance cannot be directly transmitted. Therefore, we use
passive positioning where each AP passively receives signals and uses AOAI obtained by
them using the communication model as the signal feature used in passive positioning. In
the condition of knowing the AOAI based on the circular angle theorem: the circular angle
subtended by an arc is equal to half of the central angle it subtends, and we can be sure
that the receiver is located on the only circle with connection with two ABSs as the chord.
Considering that this is in three-dimensional space, the center of it should change from a
certain point to a three-dimensional ring. From the vector angle formula, we can obtain

AS(n1, n2) =
(pc − pn1)(pc − pn2)

|(pc − pn1)| · |(pc − pn2)|
, (15)

Substitute pn = [xn, yn, zn]T , pc = [xc, yc, zc]T , simplify, and obtain{
(xc −Ox)Ox + (yc −Oy)Oy + (zc −Oz)Oz = 0
(xc −Ox)2 + (yc −Oy)2 + (zc −Oz)2 = r2 , (16a)

where

Ox =
1
2
(xn1 − xn2), (16b)

Oy =
1
2
(yn1 − yn2), (16c)

Oz =
1
2
(zn1 − zn2), (16d)

r =
1
2

√
(xn1 − xn2)2 + (yn1 − yn2)2 + (zn1 − zn2)2 tan(

α

2
), (16e)

α = AS(n1, n2), (16f)
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For convenience of expression, the above formula can be converted into spherical coordi-
nates:

x = r sin θ cos φ + Ox, (17)

y = r sin θ sin φ + Oy, (18)

z = r cos θ + Oz =
1
3
(rOxsinθcosφ + rOysinθsinφ), (19)

where θ is the angle between the point and positive z-axis and φ is the angle between the
point and positive x-axis. On the other hand, the radius of circle R is fixed:

R = r sin(
α

2
), (20)

From the above formula, we can easily see that the actual position of AP is above the
intersection of the torus, and this is very similar to directly obtaining the geometric model
of the distance between ABS and AP, so we use O1 = (Ox, Oy, Oz) as the virtual air base
station (VABS). It is convenient to establish the distance equation from the VABP to the
receiver: 

(x2
c + y2

c + z2
c − r2

1 − R2
1)

2 + 4R2
1z2

c = 4r2
1R2

1

(x2
c + y2

c + z2
c − r2

2 − R2
2)

2 + 4R2
2z2

c = 4r2
2R2

2
· · ·
(x2

c + y2
c + z2

c − r2
k − R2

k)
2 + 4R2

kz2
c = 4r2

k R2
k

, (21)

where rk is the inner radius of the moving ring calculated by the K UAV through
Equation (16e) and Rk is the outer radius of the moving ring calculated by the K UAV
through Equation (20).

To solve the above nonlinear equation system, after subtracting the nth equation from
the first n − 1 equations, the linear equation is obtained:

AX = b, (22a)

where

A =

2 f (1, k) 2 f (1, k) 2g(1, k)
...

...
...

2 f (i, k) 2 f (i, k) 2g(i, k)

, (22b)

f (i, k) = r2
k + R2

k − r2
i − R2

i , (22c)

g(i, k) = r2
k − R2

k + R2
i − r2

i , (22d)

b =

 (r2
k + R2

k)
2 − (r2

1 + R2
1)

2 + r2
1 − r2

k
...

(r2
k + R2

k)
2 − (r2

k−1 + R2
k−1)

2 + r2
k−1 − r2

k

, (22e)

Solving the above equation by the method of least squares, we obtain

X = (AT A)−1 ATb, (23)

Therefore, in the case that signal has no valid information, the coordinates of the follower
can be obtained if the ABS coordinates are correct.

3. Problem Formulation

In this section, we give and optimize the objective function as well as formulate the
corresponding problem.
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3.1. Optimization Objective

The issue of optimizing the UAV positioning and adjustment aims to minimize the
position error in the A-2-A link for independent edge communication via 6G after posi-
tioning adjustment and the total number of adjustments, and we formulate a reasonable
steering scheme under the constraints of the actual environment. The objective function is
as follows:

min
1
N

1
M ∑

n∈N
∑

m∈M
αs + β∆pn,m, (24a)

s.t. α + β = 1, (24b)

[x, y, z] ∈ LG, (24c)

where s is the number of times the signal is transmitted, ∆pn,m is the overall positioning error,
M is the number of UAVs, N is the number of iterations, (24b) represents the relationship
between weights, and (24c) represents the range of the three-dimensional space considered.

3.2. Problem Statement

Problem (24) tries to minimize the positioning adjustment error and time consumption
and the number of operations changing the path under the actual environmental constraints.
In this situation, without GPS (global positioning system) and just relying on internal links for
communication, only with a passive location algorithm based on AOAI can the position of
UAV as AP be solved by their distance from VABS if the position of ABS is correct. However,
the above method not only needs to know the number of source ABS but also relies too much
on the accuracy of the ABS location, which cannot be guaranteed during the actual flight. This
is unacceptable if the UAV has strict anti-collision requirements in formation. On the other
hand, in the UAV position adjustment stage in the positioning process, how to plan a suitable
route according to the current situation is also of great significance.

Faced with such a complex problem, traditional methods are unable to effectively
solve it. Fortunately, passive positioning and the greedy strategy can solve this problem
well. We optimize the angle-based passive positioning through a greedy iterative algorithm
so that when part of the signal emitter is unknown and the position of ABS is in error, the
UAV swarm can be achieved with fewer iterations and accurate positioning. Then, we
reconstruct the environment perception model, and we also use the greedy idea to optimize
the trajectory of the UAV to meet the anti-collision requirements.

4. Algorithm Design

According to the unique features discussed above, based on the positioning model, we
first use the communication rules of passive positioning to obtain the position information
represented by AOAI to achieve positioning so as to adapt to the acceptance of position
information in the absence of GPS and the complex external electromagnetic environment.

Then we propose an improved iterative greedy algorithm according to the scene charac-
teristics and formulated the rules for destruction and used the greedy strategy to guide the
formulation of flight strategy according to the environment model. The reasons are as follows:
(1) The iterative greedy algorithm can quickly find the locally optimal solution and gradually
approach the optimal solution. (2) Actively destroying the obtained strategy can avoid falling
into the local optimal solution. (3) The multiple updates of the greedy algorithm can help
UAVs make local adjustments without obtaining global information.

4.1. Coding Rules

We define the position vector C = [p1,t, p2,t, . . . , pk,t] to be the encoding of the UAV
swarm, and the value pk,t in C represents the actual position of the UAV. Considering that
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each item of C represents a strategy, the corresponding strategy space S is the possible
position fluctuation range of the UAV:

Sk = C(k)− δc, (25)

δc = [[δx1, δy1, δz1]
T , . . . , [δxk, δyk, δzk]

T ], (26)

When it comes to encoding initialization, we need to initialize C, which is the actual position
of the UAV before the start of positioning, and C0, which is the SRP of each UAV. Since
pk,t is unknown to the UAVs, from the perspective of the algorithm, the initial strategy is
unknown, so the swarm can only infer and reconstruct the code through communication.
In addition, the code update performed by each UAV is only known to itself. From a global
perspective, a single UAV does not know the overall strategy and can only update its
corresponding code during the code update process.

4.2. Greedy-Based Local Search

There is a deviation in the position of the ABS, so Equation (23) does not yield a unique
solution. The set Ft of this group of circles is

Ft = { fk(x, y, z)|k ∈ N,
(xkx + yky + zkz)2

R2
k(x2

k + y2
k + z2

k)(x2 + y2 + z2)
= 1}, (27)

where rc = [xk, yk, zk] are the center coordinates and N is the number of circles. Considering
the offset of the ABS position, the possible set of offset circles is

F′t = { f ′k|k ∈ N+, f ′k(x, y, z) = fk(x− δx, y− δy, z− δz)}, (28)

Use Fxyt, Fyzt, and Fxzt to represent the projection equations of Ft on the x-y, y-z, x-z plane,
and then calculate the similarity of projection between Ft and F′t , where the similarity is
expressed by the arithmetic mean of the overlapping areas of the projections:

ρk =
1
3k

k

∑
i=1

(ρ1k,i + ρ2k,i + ρ3k,i), (29a)

ρ1k,i =
∫ x2,i

x1,i

|Fxyt,i − Fxyt| dx, (29b)

ρ2k,i =
∫ y2,i

y1,i

|Fyzt,i − Fyzt| dy, (29c)

ρ3k,i =
∫ z2,i

z1,i

|Fxzt,i − Fxzt| dz, (29d)

where the upper and lower bounds of the integral are the intersection points between the
projections. Furthermore, the weight of each ring can be expressed as

ωk =
ω′k

∑N
j=1 ω′j

, (30)

ω′k = 1− 1

1 + exp
ρk−ρmax

ρmax−ρmin

, (31)

where the closer ωk is to 0, the more similar the ring is to the result calculated using the
wrong position, that is to say, the greater the possibility of error. Therefore, we assign small
weights to reduce the impact in subsequent calculations, so as to select the optimal method
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in a single iteration. Then, based on the movement speed of the UAV, use the center of
circle rck = [xk, yk, zk] obtained in Formula (32) multiplied by ωk and get coordinates:

rc′ =
N

∑
k=1

(ωk ˙rck) + vc,t∆t + κk,t, (32)

Combine the coordinates with the AP’s SRP to form a vector r:

r = [α, d], (33)

r′ = rc′ − C0,c, (34)

α = arccos
pc,t ṙ′

|pc,t| ˙|r′|
, (35)

d = |r′|, (36)

where r is the next adjustment direction and step size of the UAV numbered c, so the
encoding for it becomes

C(c) = pc,k + r′, (37)

So far, a greedy search for a single UAV is completed.

4.3. Reconstruction and Destruction

When a cluster adjustment is made using a cyclic greedy strategy, there is a possibility
of the following situation: At the beginning, UAVs will have irregular position errors, and
if the error in the local area happens to be a distance away from the ABS as a whole, then
the calculated fight position will also be offset by the same distance from the ABS. In this
case, the loop stops directly when the UAV moves to the calculated wrong position, so we
need to add the destruction and reconstruction rules to circumvent this situation.

The destruction function is used to prevent the algorithm from converging on a local
optimal solution. We first extract the unchanged part from the code that completes the
greedy-based local search as πD and the rest as πC. And then, it is indispensable for us
to determine the range of offset values to avoid outliers. In this paper, the distribution of
the offset value is defined as a Gaussian distribution with mean a and variance b. In the
subsequent reconstruction function, we obtain the acceptance probability according to the
number of iterations:

ec =

{
1− exp( 1

e ), the three circles coincide
0, else

, (38)

where e is the current iteration count, and the mutation rule is to randomly move the
distance in any direction. The principle of this mutation is that when the number of
iterations increases, the probability of mutation decreases, and only when the current
position is determined to be error-free is there a probability of position mutation. After
each destruction, the process of encoding reconstruction needs to be accepted according to
the probability; that is to say, the process of reconstruction is actually to judge whether the
destruction function is accepted.

4.4. Loop Structure and Complete Algorithm Process

Since the overall coding is unknown to a single UAV, it can only adjust its own position
singly in one loop, so we added a nested loop to the original iterative structure. We use the
order in which the ABS emits signals as the rule for iteration. As shown in Figures 2 and 3,
the slice of the formation is divided into two parts: polygons (with corners) and circles
(with arcs), and circles and polygons are analyzed using circles and equilateral triangles,
respectively. For an equilateral triangle (Figure 3), the launch sequence is to start from
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the top corner and move to the opposite side according to the scale of three UAVs. The
UAV that is adjusted after each signal transmission is the positioning point for the next
transmission signal so that the positioning points are optimized before use to ensure the
accuracy of positioning. And after a complete iteration, all UAVs in the formation have
adjusted their positions three times, which is very even. The same is true for the circles
(Figure 2). The framework of the IGA Algorithm 1 is:

Algorithm 1: Enhanced Iterative Greedy Algorithm
input :The number of elements to be moved: num
output :The obtained best solution: π∗

1 π ← Initialization();
2 π ← LocalSearch();
3 π∗ ← π;
4 while Not Termination do
5 while Not Termination do
6 π′ ← Construction(πD, πC);
7 π′ ← LocalSearch(π′);
8 if Evaluation(π′) < Evaluation(π) then
9 π∗ < π′;

10 end
11 if P then
12 πD, πC ← Destruction(π, num);
13 end
14 end
15 π ← AcceptanceCriterion(π, π′);
16 end

Figure 2. Polygon array signal reception strategy.
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Figure 3. Circular formation signal reception strategy.

5. Results

In this section, we evaluate the performance of the enhanced iterative greedy algorithm
and passive localization through extensive experiments and analyze the validity of the
proposed method plus its superiority over baselines.

5.1. Experimental Settings

We have chosen two formations of UAVs; the numbesr of these are 7 and 10. Then, we
simulate thed positioning and adjustment scheme of the above method by simulating the
UAV array and adding environmental factors. We generated random numbers on a given
UAV array via Matlab to scramble the UAV array. In summary, we selected cases where the
error is 0–5, 0–10, 0–20, and 0–25 unit length for specific analysis. At last, we compared our
algorithm with TDOA, DP, and centroid localization algorithms.

5.2. Experimental Results

In Figure 4 and 5, we calculated the errors of different ranges: 0–5, 0–10, 0–15, 0–20,
0–25, etc. Each range has two characteristics of the normal distribution and mean dis-
tribution. Figure 4 reflects the absolute error in the process of UAV course correction,
and it describes the relative error in the process, that is, the ratio of absolute error to its
expectation. We can clearly see that although position error after iterations will increase
accordingly; they all converge in the end and stabilize below two unit lengths. At the same
time, combined with the error ratio curve in Figure 5, we can see that the ratio between
final error and distance is stable at about 0.1, so the algorithm for adjusting position is
considered to be excellent.

Then, we compared the errors of other algorithms. After our many experiments, we
obtained the performance trend of the commonly used DV algorithm and TDOA algorithm.
The performance of the above algorithm is independent of the number of iterations, and
multiple trials are only to avoid accidental events. Detailed experimental results are found
below. Figure 6 shows three improved DV-hop positioning algorithms, among which
the error of the algorithm with the best performance is still above 0.2. Figure 7 is the
TDOA algorithm based on Chan’s law. We have calculated the error under different
numbers of positioning points. It can be seen that the error ratio of the algorithm fluctuates
between 0.1 and 0.7. From the trend in the graph, we can see that the error fluctuates
between 0.1 and 0.7, and only a few specific experiments have an error below 0.1.
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Figure 4. Positioning error at different degrees of offset.

Figure 5. Proportion of positioning error.

Figure 6. Positioning error of multiple DV algorithms.
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Figure 7. Positioning error of TDOA.

Last, we chose a case where the initial error is between 0 and 15 unit lengths and
which follows normal distribution to show the iterative process. Figure 8–11 shows that
when we transmit signals according to the rule of Figures 2 and 3, after the ninth group
of UAVs completes launch, the flight array basically returns to its correct position, so the
algorithm can realize the position adjustment within one complete iteration.

Figure 8. Formation situation after one iteration.

Figure 9. Formation situation after three iterations.
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Figure 10. Formation situation after five iterations.

Figure 11. Formation situation after nine iterations.

6. Conclusions

In this paper, we discuss UAV localization, signal constraints, and optimal course
adjustment. In order to solve the problem of applying passive positioning to the positioning
of UAVs, we first proved the minimum number of launch base points and launch rules in
the formation. After that, we added it into the greedy iterative algorithm to obtain the most
general route planning. In addition, for preventing the algorithm from falling into a local
optimal solution, we used a mutation algorithm to optimize the overall route. The final
experimental results prove that our algorithm can achieve positioning and route planning
within a small number of iterations, and the error ratio of the final adjustment scheme
is concentrated below 0.1, which has good interpretability and robustness. Finally, the
comparison results with other algorithms show that we can consider our scheme reliable in
restricted contexts.
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Abbreviations
The following abbreviations are used in this manuscript:

UAVs Unmanned Aerial Vehicles
AOAI Angle between Two Arriving Signals
SRP Specified Relative Position
ABS Aerial Base Station
AP Access Point
TDOA Time Difference of Arrival
DOA Difference of Arrival
BS Base Station
GPS Global Positioning System
BR Bistatic Range
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