
Trajectory Planning Technology of UAV
Swarm Cooperative Stealth Based

on Formation Control

Shizhong Liu1, Yizhe Wang2(B), Yimin Gao1, Ping Liu1, and Yating Wang1

1 China Ship Development and Design Center, Wuhan 430064, China
2 Lanyu Nanjing Technology Co., Ltd., Beijing 100043, China

1041437090@qq.com

Abstract. Aiming at the problem of unmanned aerial vehicle (UAV)
swarm stealth and penetration in complex battlefield environment in the
future, a trajectory planning method based on cooperative stealth of
UAV swarm formation is proposed from the perspective of swarm intel-
ligence cooperation. In the process of cooperative stealth of UAV swarm
formation control, the UAV swarm is treated as a three-dimensional
sparse array, and the radar cross section (RCS) of the UAV swarm can
be controlled by adjusting the space coordinates of each UAV. The func-
tional relationship between the detection probability of radar and the
RCS of the UAV swarm is also studied. The detection probability and
range of radar can be reduced by aligning the detection radar to the
lower RCS direction, which can be used to improve the trajectory plan-
ning of the UAV swarm. In this paper, the trajectory planning problem is
described as a multi-objective optimization problem, and an ant colony
algorithm is used to optimize and simulate the trajectory path of UAV
swarm to achieve the shortest path and lowest detection probability of
UAV swarm. The simulation results show that the cooperative stealth
based on formation control can effectively shorten the trajectory length
of UAV swarm, and greatly reduce the detection probability of radar in
the process of penetration.

Keywords: UAV swarm · Radar cross section (RCS) · Sparse array ·
Trajectory planning

1 Introduction

The UAV (unmanned aerial vehicle) swarm is one of the major weapon systems
in the future, which can go deep into the battlefield for reconnaissance and
attack. But with the rapid development of radar detection technology, how to
improve the ability of UAV swarm stealth penetration, and evade the detection
of the ra-dar network, is more and more import. So the trajec-tory planning with
stealth considered needs to be studied.

Trajectory planning is a planning problem to ob-tain optimal performance
under the conditions of ini-tial state, mission objective, threat area and some
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known environmental information. It is one of the key technologies of UAV
swarm stealth penetration. Cur-rently, the single-machine flight path planning
tech-nology has been quite mature. Unlike single UAV, the space and time coor-
dination among UAVs need to be considered in the trajectory planning of UAV
swarm, which mainly includes trajectory planning, formation reconstruction and
formation maintenance. UAU swarm cooperative trajectory planning is one of
the key technologies to improve the effectiveness of UAV swarm performance.
Furthermore, increasing interest in UAV swarm has accelerated the integration
of tra-jectory planning.

A constrained unmanned aerial vehicles trajectory optimization problem is
formulated in the literature [1]. A hp-adaptive pseudospectral method is intro-
duced to transform the trajectory planning into nonlinear pro-gramming. The
trajectory planning problem is formu-lated as a convex programming problem.
The results indicate the algorithm can get better performance compared with
other typical optimal control solvers.

An approach to trajectory planning of UAV using Invasive Weed Opti-
mization is presented in the litera-ture [2]. The trajectory planning problem
is character-ized using a simple and elegant model. Invasive Weed Optimization
is used as the optimization technique for finding safe and short paths for UAVs
for going from source to destination, and B-spline curve is formed to smoothen
the resultant trajectory.

In recent years, how to make use of UAV swarm formation to cooperative
communication and detection also got more and more attention. In the litera-
ture [3,4], the UAV swarm is respectively treated as 2D and 3D MIMO array.
By changing the spatial location of each UAV in the UAV swarm coordinates,
the main lobe gain and channel capacity of UAV array are im-proved. Experi-
mental results show that it is an effec-tive method to improve communication
performance by UAV swarm formation cooperation. In the literature [5], aiming
at the problem of signal occlusion in communication, UAV swarm is designed
as a reflec-tion array. By optimizing the position of each UAV in swarm, com-
munication signals are reflected and transmitted to the specified direction, the
problem of communication signal occlusion can be solved by UAV swarm. UAV
swarm is regarded as antenna array in the literature [6], the application of UAV
swarm array in radar imaging is explored. By combining phase com-pensation
with optimization of sparse UAV formation, the resolution of radar imaging is
improved with UAV swarm array.

Currently, the research of UAV swarm trajectory planning and formation con-
trol was mainly focused on the optimization method and collaborative communi-
cation. How to use UAV swarm formation to improve stealth penetration ability
is less studied, especially in the trajectory planning process. In most of the cur-
rent research focused on radar detection threats, the RCS of the whole UAV
swarm on radar detection is not con-sidered, they take the RCS of each drone as
a basic constant for their calculations. In this article, the RCS control of the UAV
swarm and the trajectory planning is combined to reduce the radar detection
probability. An algorithm is proposed to comprehensive the whole RCS of UAV
swarm and plan the performance by ad-justing the formation. The simulation
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results shows that this algorithm can greatly improve the perfor-mance in UAV
swarm trajectory planning.

2 The Electromagnetic Scattering Model of UAV Swarm

In the cooperative stealth process of UAV swarm, the whole UAV swarm is
regarded as a three-dimensional sparse array, the scattering charac-teristics of
UAV swarm can be analyzed and integrated by the array analysis method. The
RCS of the UAV swarm can be expressed by:

σ(θ, φ) =
N∑

n=1

σn(θ, φ) · Pn · ej{k(
→
d n·r̂n)}. (1)

As shown in Fig. 1, θ represents the angle between the electromagnetic wave
direction and the Z axis, ϕ represents the angle between the projection of elec-
tromagnetic wave direction on the XOY plane and the X axis, σ(θ, ϕ) is the
RCS of the UAV swarm, σn(θ, ϕ) is the RCS of each UAV among the UAV
swarm, which is only determined by the shape and material characteristics of
the UAV. Pn represents the normalized scattering current which is excitation by
the plane wave shining on each UAV, and can be regarded as the excitation of
scattering array.

Fig. 1. Schematic diagram of scattering phase analysis.
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Unlike the situation in the radiation problem, the phase of the scattering
current is determined by the scattering characteristics of each UAV itself and its
spatial location. As usual, the distance between the radar and the UAV swarm
is far more than the distance between the UAVs, the amplitude and phase of
the electromagnetic wave on the surface of the UAVs can be considered equal.
Therefore, the amplitude of scat-tering current generated by plane electromag-
netic wave on the surface of UAV can also be considered equal, namely

Pn = 1 · ej·(φn+ηn). (2)

In (2), φn represents the phase of the scattering current generated by the
relative position of the UAV, ηn represents the phase of the scattering current
generated by the scattering characteristics of the UAV itself. As shown in Fig. 1,
the equiphase plane of the far-field electromagnetic wave is perpendicular to
the incident direction of the electromagnetic wave, and the phase difference
of the electromagnetic wave irradiated to the surface of each UAV is mainly
determined by the projection of UAV coordinates on the incident direc-tion of
the electromagnetic wave.

φn = k· →
b n ·r̂n. (3)

Thus, (1) can be written as follows:

σ(θ, ϕ) = σe(θ, ϕ) ·
N∑

n=1

ej·ηn · ej(2k·→b n·r̂). (4)

For the UAV swarm composed of the same type of UAV, the values ηn are
generally the same. But the scattering phase of each UAV still can be regulated
by the active met-amaterials. One feasible way is to use the intelligent skin
technology composed of electromagnetic met-amaterials to regulate the phase of
echo, making the scattering echo of the UAVs varies between 0◦ and 180◦ [7].

In this situation, the scattering current phase control variables Cn can be
defined as follows:

ηn = Cn · 180◦. (5)

Since, ηn = 0◦ or 180◦, the scattering current phase control variables Cn = 0
or 1, these variables are mainly used to characterize the change of the scattering
phase of each UAV, if Cn = 0, this means that the scattering phase of UAV is
not regulated by the intelligent skin technology, while Cn = 1 means that the
scattering and echo phase of UAV changes to 180◦.

Therefore, by adjusting the three-dimensional coordi-nate position of UAV
swarm and the scattering phase of each UAV, the scattering characteristics of
the whole UAV swarm can be comprehensively designed. The low scattering
azimuth can be aligned with the incoming wave direction of the detection radar
to avoid detection.
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3 Probabilistic Model of Radar Detection for UAV
Swarm

The factors that affect the trajectory planning of UAV swarm generally include
geographical condition, radar detection threat and air defense fire threat, among
which radar detection threat is the main threat in the future battlefield envi-
ronment. How to reduce radar detection is the key problem of the UAV swarm
trajectory planning. At present, most of the trajectory planning methods do not
consider the RCS of the whole UAV swarm, but only consider the RCS of each
UAV individually, which is very inconsistent with the actual situation.

In the process of trajectory planning, the RCS of the whole UAV swarm are
need to be considered, It’s a function of azimuth and pitch, and these angles
are determined by the relative position relation between the UAV swarm and
the radar. When the radar is lo-cated in the (θ, ϕ) direction of the UAV swarm,
according to the radar equation, the signal to noise ratio (SNR) required for
radar monitoring can be written as follows:

(SRN)P d =
PT G2λ2σ(θ, ϕ)

(4π)3kTeBFLR4
. (6)

In (6), PT represents the transmitting power, G represents the gain of the
radar antenna, λ represents the wavelength of the electromagnetic wave, L rep-
resents transmission loss of radar signal, σ(θ, ϕ) represents the RCS in the (θ, ϕ)
direction of the UAV swarm, k represents the Boltzmann constant, Te represents
the Fahrenheit.

The relationship of the signal to noise ratio (SNR) required for radar mon-
itoring ,the detection probability Pd and false alarm probability Pfa can be
simply estimated by Albersheim’s (7) [8]:

A = ln 0.62
Pf a

B = ln Pd

1−Pd

(SRN)P d = −5log10N + [6.2 + 4.54/
√

N + 0.44]∗
log10(A + 0.12AB + 1.7B).

(7)

where, N is the number of noncoherently integrated sam-ples. According to the
(6) and (7), we can get the following equation.

−5log10N + [6.2 + 4.54/
√

N + 0.44] ∗ log10(A + 0.12AB + 1.7B)
= PT G2λ2σ(θ,ϕ)

(4π)3kTeBFLR4

(8)

For alerting radar, the false alarm probability is generally set to 10−6 or
10−7. Thus, once the radar parameters are determined, the detection probability
is determined by the distance and RCS of the UAV swarm.

To illustrate the new contribution in methodological research, the number of
noncoherently integrated samples is set to N = 1, the false alarm probability is
set to 10−6, then we can get
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10 ∗ log10(13.3 + 3.3B) =
PT G2λ2δ(θ, ϕ)

(4π)3kTeBFLR4
(9)

According to (9), B can be viewed as a function of δ(θ, ϕ) and the distance R.

B = F1(δ(θ, ϕ), R) = (10
PT G2λ2σ(θ,ϕ)

10(4π)3kTeBF LR4 − 13.3)/3.3 (10)

where, B is a monotonically increasing function of σ(θ, ϕ) and a monotonically
decreasing function of the distance R.

In (7), B is monotonically increasing function of the detection probability Pd

in its domain [0, 1], so the inverse function Pd is also a monotonically increasing
function of B.

Pd = F2(B) =
eB

1 + eB
(11)

The probabilistic model of radar detection for UAV swarm is determined by
(10) and (11).

Pd =
e(10

PT G2λ2σ(θ,ϕ)
10(4π)3kTeBF LR4 −13.3)/3.3

1 + e(10
PT G2λ2σ(θ,ϕ)

10(4π)3kTeBF LR4 −13.3)/3.3

(12)

In (12), the detection probability Pd is monotonically increasing with the
RCS of UAV swarm and is monotonically decreasing with the dis-tance between
UAV swarm and radar. This means ethor decrease the RCS of the UAV swarm
or increase the distance R can reduce the detection probability and this can be
used to the UAV swarm trajectory planning.

4 Trajectory Planning Algorithm for UAV Swarm
Cooperative Stealth

In the UAV swarm trajectory planning, the UAV trajectory can be divided into a
number of segments according to the radar distribution situation. In this paper,
the rasterization method is used to discretize the region uniformly. Thus, the
trajectory of the UAV swarm is composed of lattice cells, and each lattice cell
represents a segment of the trajectory.

In each segment or each lattice cell, the spatial position of each UAV in the
formation and the scat-tering phase state of each UAV in the swarm can be
optimized according to the azimuth of the detection radar.

After optimization, the radar wave incident direc-tion is located in the area
with small RCS of UAV swarm, so that the detection probability of radar is
reduced and can be calculated by (12). The detection probability can be used
as a threat price in the trajectory planning algorithm. The whole pro-cess can
be divided in two mainly process.
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4.1 UAV Swarm Cooperative Stealth Algorithm for Each
Trajectory Segment

When the dispersion is complete, in each segment, the RCS of the UAV swarm
can be optimized by using the three-dimensional coordinate and the phase con-
trol variables of each UAV.

Assuming that UAV swarm is located in the cen-ter of each lattice cell, the
threat angle of radar in this segment can be set θss < θ < θsd, ϕss < ϕ < ϕsd,
according to the position relationship between radar and UAV swarm. In this
angle domain, the RCS of the whole UAV swarm should be as low as possible.
Generally, We define the target scattering beampattern Sd(θ, ϕ), and in this
angle domain we set it to 0 as shown in (13). The values in other angle domains
are generally not specially restricted, indicating that the maximum scattering
direction is adjusted to other directions where no radar detects threats.

Sd(θ, ϕ) = 0 θss < θ < θsd, ϕss < ϕ < ϕsd. (13)

When the target scattering beampattern Sd(θ, ϕ) is determined, the scat-
tering beampattern S(θ, ϕ) of the whole swarm is optimized to approximate
the target scattering beampattern by adjusting the relative coordinate position
xi, yi, zi and scattering phase control variables of UAV swarm. The optimization
problem can be written as follows

min f = |S(θ, ϕ) − Sd(θ, ϕ)|
st : θss < θ < θsd

ϕss < ϕ < ϕsd

(14)

Evolutionary algorithms such as genetic algo-rithm can be used to approxi-
mate the problem. When the approximation error is minimized, and the optimal
RCS of UAV swarm in this segment can be obtained.

The limited maneuverability of UAV formation is the positioning accuracy of
each UAV in the swarm, to ensure control accuracy of the RCS, the positioning
accuracy should be less than a tenth of the wave length. For instance, when the
frequency of the radar is 1 GHz, the positioning accuracy should be less than
30mm.

4.2 Trajectory Planning Algorithm for UAV Swarm

When the RCS of UAV swarm is optimized in each cell, the radar detection
probability Pd can be calculated by (12), which can be used as one of the costs
of going through this segment.

In the process of UAV swarm trajectory planning, on the one hand, it is
necessary to ensure the lowest probability of being detected by radar in the
penetra-tion process, on the other hand, it is necessary to minimize the whole
penetration distance, which means less stagnation time and fuel consumption.

Therefore, the trajectory planning problem of UAV swarm can be modeled
as a multi-objective op-timization problem in the following equation:
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min f = α
∑
i=0

Pi + β
∑
i=0

di

st : α + β = 1, α, β > 0
(15)

In (15), di represents length of the ith segment in the trajectory, Pi represents
the detection probability of the ith segment in the trajectory. α, β represents
the weights of the length and the detection probability.

Parameters initialized according to the

lattice cell and detection probability

Building heuristic matrix

Iteration k=1

Ant m=1

Lattice cell select for next segment

update

Destination or not

and the number of lattice cell is

Greater than 1?

Store the segment to trajectory

The last segment is the destination?

Calculation the length and average 

detection probability

The length and

probability of the trajectory is

the minimum

Update the minest trajectory

m<M?

Update pheromone

k<K?

end

Set the length to 0

Yes

No

Yes

No

No

No

Yes

Yes

Yes

No

Fig. 2. Ant colony algorithm with the Trajectory Planning.

This multi-objective optimization problem can be solved with ant colony
algorithm in the process as shown in Fig. 2.

5 Simulation and Analysis

5.1 Simulation and Analysis of UAV Swarm Trajectory Planning

In the process of UAV swarm penetration, the distance between UAV and detec-
tion radar is relatively far, and the UAV swarm generally flies at a low alti-tude.
In this situation, the pitching angle between UAV swarm and the radar on the
ground is approximately 0◦. Therefore, in order to simplify the calculation, a
two-dimensional scenario is adopted for simulation test.

In the simulation, the size of the penetration region is 200 km * 200 km. The
takeoff point is located near the origin of coordinates, and the destination point
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is located at (200, 200). Six radars are distributed in the region as shown in
Fig. 3, and the frequency is set to 1GHz, bandwidth is 10MHz. Number of UAVs
is set to 31. The weights of the trajectory length and the detection probability
are set equal α = β = 0.5.

Fig. 3. Detection radar distribution.

In order to better reflect the effect of cooperative stealth, the ant colony algo-
rithm is used to carry out the trajectory planning respectively for the cooperative
stealth and non-stealth situations. The results are shown in Table 1.

Table 1. The trajectory planning results

The length of
trajectory (km)

Maximum
detection
probability

Mean detection
probability

Cooperative stealth 262.4 0.012 0.0008

Non-stealth 303.8 0.23 0.0711

Table 1 shows that using formation optimization to control RCS of UAV
swarm can not only shorten the trajectory length, but also greatly reduce the
detection probability. The reason why the cooperative stealth can shorten the
length of the trajectory can be explain by (12). To reduce the probability of
radar detection, reducing the RCS of the UAV swarm by cooperative stealth has
the same effect with increase the distance between the radar and UVA swarm.
The comparison of the two trajectories is shown in Fig. 4.

In Fig. 4, the detection probability and detec-tion distance of radar can be
greatly reduced through the cooperative stealth. And the trajectory is basically
a straight line which is the main reason to reduce the length of the trajectory.
While the trajectory with no stealth optimized has to increase the distance
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Fig. 4. The comparison of two trajectories.

between radar and UAV swarm to reduce the detection probability, resulting in
longer flight trajectory and longer penetration time.

Table 2. The statistical results

Average length of
trajectory (km)

Average maximum
detection
probability

Cooperative stealth 266.7 0.017

Non-stealth 347.2 0.21

To illustrate the effectiveness of the method better, a more general simula-
tion is carried out with the radar randomly distributed over the area. The takeoff
point and the destination point remain the same. The total number of the sim-
ulation is 40, and the statistical results is shown in Table 2. In the simulation
the trajectory planning with cooperative stealth can always find a low detection
trajectory with increasing less distance between the radar and the UAV swarm.

5.2 Simulation and Analysis of Cooperative Stealth of UAV Swarm
Formation

Taking the first lattice cell as an example, the nearest radars are mainly in the
direction ϕ = 18◦, ϕ = 65◦ of the aircraft coordinate system. In order to avoid
radar detection, it is necessary to minimize the RCS of the UAV swarm in these
directions. As shown in Fig. 5, normalized scattering pattern Sd(θ, ϕ) is set as:

Sd(0◦, ϕ) = 0 0◦ < ϕ < 20◦, 63◦ < ϕ < 67◦. (16)
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Fig. 5. Normalized scattering pattern.

In this segment of trajectory, normalized scattering pattern Sd(θ, ϕ) in Fig. 5
is taken as the optimization target, and the genetic algorithm is used to synthe-
size the swarm array. In the optimization process, only the spatial coordinates
of UAVs are used as the optimization variables, and the iteration is set to 300.
The normalized scattering pattern S(θ, ϕ) obtained is shown in Fig. 6 below.

Fig. 6. The optimized scattering pattern.
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After array optimization, the scattering pattern S(θ, ϕ) is effectively reduced
in the direction of detection radar, with an average value less than 0.02 in this
range. Compared with other directions, the mean value of RCS is reduced by
more than 15 dB, which can effectively reduce the detection probability of this
segment trajectory.

6 Conclusion

In this paper, a trajectory planning method is proposed from the perspective
of UAV swarm cooper-ative stealth. The UAV swarm is regarded as a three-
dimensional sparse array, and the RCS of the whole swarm is optimized by array
synthesis method, the relationship between radar detection probability and RCS
of the swarm is also considered. Through simulation analysis, this method can
significantly re-duce the trajectory length and radar detection proba-bility of
UAV swarm.
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