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Abstract: Chaff jamming is a widely used passive interference method. A chaff cloud diffusion model
for the widespread chaff cloud was presented. The high-density chaff cloud aerodynamic model
can rapidly predict the chaff elements’ time-varying spatial orientation, location, and overall spatial
distribution. Basing on these pieces of information, the radar cross section (RCS) for the single chaff
fibre can be obtained based on the method of moments (MoM). For high-density chaff clouds, the
attenuation and shielding effects on the signal must be considered. This paper proposed a voxel
splitting method in rotated coordinates, dividing the chaff cloud into rectangular cells with one side
perpendicular to the direction of radar entry. The varied polarized RCS features of the chaff cloud
were simulated and analysed on this foundation. By dividing the chaff cloud into dynamic voxels
and considering the uneven density distribution of the chaff cloud and the signal attenuation in each
segment caused by the continuous fluctuating shape, fine-grained simulations of the chaff cloud
radar echoes can be performed.

Keywords: chaff jamming; chaff cloud diffusion model; electromagnetic scattering; voxel segmentation;
shielding and attenuation

1. Introduction

A chaff cloud is an aerial reflection target cloud made up of a huge number of metal
filaments or metallic coated fibres. Electronic countermeasures to radar detection and air
motion measurements take full advantage of this technology [1–3]. Chaff clouds interfere
with radar mainly by creating a target-like spoof signal or by masking the signal of a
real target. After chaff fibres are released into space, its position and attitude constantly
change over time. The consequent RCS of the chaff cloud also varies with time. These
changes eventually affect radar echoes of the chaff cloud. To estimate the radar echo of
the chaff cloud, three parts are differentiated: (1) the Chaff kinetic model determines the
orientation, position of chaff elements, and the density distribution of the chaff cloud;
(2) the electromagnetic scattering model calculates the RCS based on the chaff orientation
and the radar parameters; (3) the radar echo model calculates the radar echo from the chaff
RCS and the relative distance to the radar.

Kinematic diffusion properties of chaff clouds are the basis for the study of radar
echoes from the chaff cloud. There are many models of chaff motion based on experimental
research and aerodynamic knowledge currently. Marcus [4] proposed a chaff cloud model
(CCM) and described the helical motion model. Seo [5] introduced an aerodynamic model
of the chaff based on the six degree-of-freedom (6 DOF) equations of motion, which
provided a functional simulation of the angular variation and motion of the chaff. The
above models provided a good simulation of the movement of the chaff in the absence
of wind, but the consideration of diffusion and movement under wind conditions in real
scenarios were slightly lacking. Knott [6] and Arnott [7] gave a model for the general
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first-order motion of the chaff under the influence of wind, based on an analysis of the
forces on the chaff in the air. We have combined existing research with simulation of chaff
movement under the influence of wind, diffusion due to helical rotation, and changes in
attitude angle. The chaff fiber has a high aspect ratio with length and ultra-fine radius.
The electromagnetic scattering theory of thin metal wires can be used to calculate the RCS
of a single fiber. The wire moment method is used to determine the segmented induced
current, and the backscattering cross-section can then be calculated [8–10]. In practice, the
RCS calculation for a huge chaff quantity using the MoM [10] is time-consuming. To solve
this problem, we used parallel for loops to fully exploit the multi-core performance of the
computer and keep the overall time of the simulation within an acceptable limit.

When the distance between each chaff fiber is larger than 2λ, the effect of mutual
coupling can be ignored. Normally, a chaff cloud contains hundreds of thousands to
millions of chaffs and the mutual coupling effect should be fully considered. Kownacki [11]
and Marcus [8] described the effects of electromagnetic wave propagation through a unit
volume chaff cloud, and the resulting shielding effect of the cloud. Zhang [12] built the
bistatic RCS model of a high-density spherical chaff cloud based on the vector transport
theory of random media. The above study is about the regular shaped chaff cloud, but in
fact the shape and position of the chaff cloud change constantly during their movement.
Seo [5] introduced a generalized equivalent conductor (GEC) method to calculate the RCS
of the chaff cloud. Due to the uneven density of the chaff cloud, it is necessary to divide
the chaff cloud into sub-small blocks to consider the mutual coupling effect of each part
separately. Seo [5] used octree to segment the chaff cloud. Depending on our tests, the
segmentation efficiency decreases dramatically when the sub-block size differs too much
from the overall size. Pinchot [13] divided the chaff cloud into 3D cells according to the
principle of solid angle elements in the spherical coordinate system. For the study of radar
echoes from chaff clouds, the research focused on the effect of chaff motion on the spectral
characteristics [14–17].

According to existing research, the following problems need to be solved for chaff
cloud radar echo simulation: (1) The influence of the attenuation effect of the chaff cloud on
the electromagnetic signal is fully considered in the calculation of the chaff cloud echoes;
(2) a more flexible and efficient voxel partitioning algorithm is required to accommodate
radar echo simulation of large areas with numerous elements in the chaff cloud. In this
paper, to ensure that the projection plane perpendicular to the incident wave was easy
to obtain and that the length of the incident wave through each voxel was the same, we
created a rotational coordinate system based on the incident wave direction and converted
the chaffs to the rotational coordinate system; the chaff cloud can be voxel split according
to the direction of the coordinate axes. The method of partitioning by position is extremely
efficient in the calculation of blocks for large areas.

This article is organized as follows: Section 2 describes the aerodynamic model. The
method of moments (MoM) is recommended to determine the surface current and the RCS
of fibers subsequently. In Section 3, the shielding and attenuation models for high-density
chaff clouds are analyzed. Afterwards, the coordinate rotation and voxel splitting methods
are presented.

In Section 4, simulations of the chaff cloud mobility under various atmospheric con-
ditions are shown, firstly. The fluctuation of the chaff cloud polarization properties with
the angle of incidence and time is examined on this basis. The attenuation impact of the
chaff strip cloud on electromagnetic waves is then simulated for various radar frequen-
cies, polarization conditions, and the different total number of elements. Finally, chaff
cloud echoes are simulated, with an emphasis on the impacts of radar incidence angle and
polarized echoes.

2. Chaff Kinetic Model and the Electromagnetic Scattering Reckoning

The RCS of a fibre is related to the radar observation angle and flight carriage of
the fibre. During chaff fibre diffusion, it includes vertical and horizontal motion and
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a quasi-steady-state spiral. The diffusion model is utilized to determine the orientation
distributions of elements within a chaff cloud, the RCS of which can be calculated. The chaff
cloud diffusion model based on aerodynamic principles is given in this section. Afterwards,
the electromagnetic (EM) scattering method is investigated to achieve the RCS of a single
chaff fibre.

2.1. Chaff Cloud Diffusion Model

Because of their extraordinarily wide aspect ratios, chaff fibres have a remarkable
aerodynamic property in that they can linger in the air for a long time. The initial velocity
of the chaff cloud as it bursts open is rather high, and it will be susceptible to more air
resistance. The horizontal velocity gradually changes and eventually converges to the
wind speed. Meanwhile, chaff fibres continue to fall due to the combined effects of gravity
and lift. In practice, non-rigid thin metallic wires inevitably undergo bending or torsion,
causing helicoidal motion due to the unequal force induced by shape change.

As illustrated in Figure 1, the axes of the reference coordinate system are parallel to
those of the global coordinate system, respectively. U is the wind speed at the height of the
fibre, and V is the speed of the fibre displacement. The midpoint of the chaff is located at the
origin of the reference coordinate system. Assuming the orientation vector of the chaff fibre
is d, θ and ϕ are the zenith and azimuth angles of the chaff fibre’s orientation, separately.
The chaff dynamic equations in the reference coordinate system are given by [6,7]:{

m dV
dt = F−mgz,

F = ρCD A
2 (U−V)|U−V|,

(1)

where ρ is the density of air [18] and m denotes the mass of a chaff fibre. The predicted
area of chaff on the plane perpendicular to the velocity plane is defined as A, which is the
characteristic frontal area of the body. The chaff drag coefficient CD is calculated using the
following equation [7]:

CD = 10.5(
|V|Dρ

µ
)
−0.63

(2)

where D is the chaff diameter, and µ is the dynamic viscosity of air.
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Figure 1. Illustration of the coordinate system.

Due to slight bending in the fibre and horizontal movement accompanied by direc-
tional change, the fibre’s descent is in the form of a helix [19]. It is assumed that the
rotational velocity is Ω; then the radius of the circular trajectory is written [4,6,19]:

R =
√

V2
x + V2

y /Ω (3)
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where Vx and Vy are the horizontal components of the chaff motion velocity and the
probability density that a given fiber will have a rotational velocity Ω can be written as [4]:

F(Ω) = 2
Ωe

(
1− Ω

Ωe

)
, 0 < Ω < Ωe (4)

A time interval is determined, assuming that the chaff speed is stable for a period of
time. The spatial position of the fibre at different times can be obtained according to the
above formula.

The orientation distribution of the chaff has an essential effect on diffusion and descent.
As for the azimuth and zenith angles, this paper used typical statistical distributions to
generate them [20]:

F(θc) =
1√

2πσ2 exp
[
(θc−θ0)

2

2σ2

]
, F(ϕc) =

1
2π

(5)

The majority of chaff attitudes in the steady state, according to the measured data
and the simulation results, are horizontal [5–7,19]. In this paper, θc is generated with the
mean value θ0 = 90◦ and the variation σ2 = 10◦. The above angular distribution is only a
reasonable assumption based on existing research.

2.2. Chaff Radar Cross Section

The chaff fibre can be represented as a wire in the EM calculation procedure, since
it is a narrow cylinder with a high aspect ratio and a very thin section radius [10]. In the
plane-wave field, according to the boundary condition, the electric field on the conductor
surface is zero. It is known that there is an induced current on the surface of the chaff, as
shown in Figure 2.
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Figure 2. Induced currents on chaff segments under plane wave incidence.

Dividing the chaff into N segments using the pulse basis function fn, the expression
for the surface current on the chaff fibre is the following:

I =
N

∑
n=0

In fn n = 0, 1, ..., N (6)

A coordinate system is established with the chaff axis l as the z-axis. For a chaff
irradiated by a plane wave with the incident direction at an angle θ to the z-axis, the
following equation is derived from the boundary conditions [21] (p. 83):

jωµ
∫
L

[
1 +

1
k2

∂2

∂z2

]
I
(
z′
)
G
(
z, z′

)
dz′ = Einc · l (7)

The above equation is discretized by the weight function ωm = δ(z− zm) and substi-
tuting (6), the matrix form can be written as: [Z][I] = [V] [22]. Furthermore, using MoM,
the induced current distribution can be calculated. Finally, the chaff RCS can subsequently
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be calculated from the scattered field generated by the induced current and the known
incident field.

The above calculations are performed in the chaff local coordinate system, where each
chaff has its own local coordinate system during diffusion. Whereas the radar polarization
is defined in the global coordinate system, the conversion of the two coordinate systems is
analysed next. A diagram of the coordinate system conversion is shown in Figure 3. The
incident wave and vector direction in the global coordinate (xG, yG, zG) is

(
θG

i , φG
i
)
. The

chaff attitude angle in the global coordinate system is
(
θG

d , ϕG
d
)
. The direction vector of the

chaff’s long axis is written as:

d =
(

cos ϕG
d sin θG

d , sin ϕG
d sin θG

d , cos θG
d

)
(8)

The incident wave vector is defined as:

ki = (sin θG
i cos φG

i , sin θG
i sin φG

i ,− cos θG
i ) (9)

The polarization vector of the incident wave electric field is defined as:

Hi =
(
− sin φG

i , cos φG
i

)
(10)

Vi = (− cos θG
i cos φG

i ,− cos θG
i sin φG

i , sin θG
i ) (11)

The direction vector of the chaff local coordinate system can be expressed as:

zL = d
yL = zL × ki/|zL × ki|
xL = yL × zL

(12)

Subsequently, the polarization vector in the local coordinate system can be written as:

hi = yL (13)

vi = hi × ki (14)

The polarization angle Φ [23] required for the line MoM can be calculated using
geometric relations by the equation below:

cos Φ =
[

Hi · vi Vi · vi
]

(15)
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The MoM and the angular relationship can be used to calculate the RCS of a chaff with
varied polarizations. Figure 4 shows the RCS of a single chaff back-scattered at an attitude
angle (30◦, 60◦) as a function of incident wave angle.
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(d) VV.

Variations of polarized RCS with incident angle for 500 chaff fibres with uniformly
distributed attitude angles are given in Figure 5. To reduce the effect of randomly generated
chaff attitude angles, the results in the graphs are averaged over 10 calculations. Figure 5a
shows φ = 0◦ and θ variation and Figure 5b shows θ = 0◦ and φ variation. The zenith angle
θ of the incident wave has a substantial influence on the vertical and cross-polarization
RCS, as shown in Figure 5, but the horizontal polarization RCS fluctuates very little with
the incident wave angle. We conducted experiments based on the simulation parameters
in [24], repeated the calculations 10 times, and averaged them to reduce uncertainty. The
comparison results are shown in Table 1. The simulation result we calculated has an error
of 0.84% with the analytical value [25] and the simulation result in [24], which can prove
the validity of the calculation.
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Figure 5. Angular distribution of the uniformly distributed chaff cloud RCS for different polarizations.
(a) ϕ = 0◦, θ = 0◦ ∼ 180◦; (b) ϕ = 0◦, θ = 0◦ ∼ 180◦.
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Table 1. Comparison of computed RCS (dBsm) of a spherical chaff cloud.

Direction ksc usc Analytical [25] Computed [24] This Paper

mono x z 21.30 dBsm 21.32 dBsm 21.14 dBsm

3. The Signal Attenuation Model of the Chaff Cloud

Because one component of the chaff cloud is blocked by another, it cannot operate
as an electromagnetic wave scatterer. The chaff blocking effect occurs when the chaff in
front of a high-density section of the chaff cloud stops the chaff behind it from receiving
electromagnetic energy. The attenuation effect occurs when an EM wave passes through a
chaff cloud and loses energy owing to scattering by the chaff [24].

For a sufficiently diffuse cloud of randomly oriented chaff particles, which have an
uneven spatial density distribution, there is also a position difference in the attenuation
degree of the signal. The attenuation of the signal for a unit volume chaff cloud of area 1m2

with a thickness of dx along the direction of the incident wave can be calculated according
to the following equation [26]:

Pout = Pin exp

(
−

NV

∑
i=1

σi · dx

)
(16)

where Pin is the signal power at incidence terminal, σi is the RCS for a single chaff in the
grid cuboid, NV is the total amount in the volume units, and dx is the chaff cloud thickness
along the incident direction.

According to (16), supposing the attenuation coefficient of each cell is Γ, the double
distance attenuation of each region can be written as:

Λ(r, c, p) =

(
p

∏
n=1

Γ(r, c, n)

)2

(17)

As the chaff cloud density increases, chaffs will block each other. The shielding effect
between chaffs will make the total RCS per unit volume smaller than the sum of all unit RCS
superposition [11,25,27]; Ac is assumed to be the projected area of the chaff cloud-resolving
cell perpendicular to the incident wave. According to the absorption theory, the shielding
model of a chaff cloud is given as follows [26]:

σs = AC[1− exp(−σT)] (18)

σT = ∑NV
i=1 σi/Ac (19)

where NV is the total number of dipoles in the grid cuboid and the RCS of each chaff is σi.
Using statistics σs = 0.153λ2N [25] to estimate the shielding effect, the shielding curves

for different incident wave frequencies are given in Figure 6. As the frequency increases,
the chaff density required to reach the limit value is greater. Furthermore, the shielding
effect decreases rapidly as the chaff density decreases. The shielding effect is only apparent
at the stage when the chaff is first spread out and the density is very high.

One opposite face of the voxel needs to be perpendicular to the incident wave when
calculating the RCS of the chaff voxel. Chaff coordinates can be rotated to the same or
opposite direction of the z-axis and the incoming wave direction (red line) using coordinate
rotation, as shown in Figure 7, so that the edge of the voxel can be parallel to the coordinate
system vector during segmentation.
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Assume that the chaff coordinate matrix is [xc, yc, zc]. The direction of the incident

wave is (θi, ϕi). According to the order of z-y-x, a new coordinate matrix
[
x
′
c, y

′
c, z

′
c

]
can

be obtained by rotating counterclockwise. The rotation matrix is indicated in (19). And the
rotation coordinates can be calculated according to the Equation (20).

R(ρ, θ, ϕ) =

 cos(θ) cos(ϕ) cos(θ) sin(ϕ) − sin(ϕ)
cos(ρ) sin(ϕ) + sin(ρ) sin(θ) cos(ϕ) cos(ρ) cos(ϕ)− sin(ρ) sin(θ) sin(ϕ) sin(ρ) cos(θ)
sin(ρ) sin(ϕ) + cos(ρ) sin(θ) cos(ϕ) cos(ϕ) sin(ρ) + cos(ρ) sin(θ) sin(ϕ) cos(ρ) cos(θ)

 (20)

[
x
′
c, y

′
c, z

′
c

]
= [xc, yc, zc] ·R(0, θi, ϕi) (21)

For voxel partitioning of chaff clouds, the octree algorithm is often utilized [5]. The
octree algorithm allows adaptive control of voxel size depending on the density of the point
cloud, is flexible in use, and has important applications in voxel segmentation. In this paper,
it is necessary to control the segmentation of voxels of the same size, and this requirement
leads to a reduction in efficiency of the octree algorithm. Therefore, we improved the
voxel segmentation algorithm for the above problem. The following is the segmentation
approach employed in this study:

(1) Determine the range of the axis-aligned bounding box (AABB) [28] from the upper
and lower limits of the coordinates of the chaff cloud in a rotating coordinate system;
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(2) The preset voxel cell sizes Vx, Vy and Vz, and the bounding box ranges
[min(x′c), min(y′c), min(z′c)] and [max(x′c), max(y′c), max(z′c)], are used to deter-
mine the range for each voxel. Floor operations are used to turn the chaff coordinates
and the center coordinates of each voxel into serial numbers. Each chaff’s location,
velocity, and RCS information may then be stored as a structure in the associated
voxel-based on its serial number.

(3) Because the point cloud coordinates sorting has no effect on the form of the point
cloud, each chaff is sorted in x-y-z order.

(4) Place the information for each fibre into the corresponding grid according to the
desired rectangular grid size.

(5) The coordinates are reversed and rotated back to the original position.

We presented a comparison between the above method and the octree method for voxel
partitioning under different experimental conditions in Table 2. The computer configuration
used in the experiment is: Intel Xeon W-2245, 32 GB DDR4 memory, Win10 system, and
MATLAB 2021b software. The dimensions of the voxel size are 1 m square. The area of the
square where random elements are located has the side length L and the total number of
elements is n. The time taken for this experiment is the sum of the coordinate rotation and
voxel partitioning time. The rotation angle is (45◦, 45◦). The efficiency advantage of the
method in this paper becomes progressively more apparent as the area to be segmented
increases. Generally, the chaff movement process scatters the area in the range of tens to
hundreds of meters, and the method of this paper is appropriate to the chaff cloud.

Table 2. Time-consuming comparison of voxel segmentation for regions of different sizes using
two methods.

L(m) n Octree This Paper Speedup

10 500,000 0.71 s 0.74 s 0.96
20 500,000 4.05 s 0.66 s 6.13
40 500,000 44.1 s 0.75 s 58.8
60 500,000 44.77 s 1.01 s 44.32
80 500,000 1638.5 s 1.27 s 1290

100 500,000 1616.9 s 1.76 s 918.69

According to the above operation and Equations (9)–(11), the RCS and attenuation
coefficient of each grid cuboid can be obtained. Eventually, the signal received by the
monostatic radar from the chaff cloud is given by [14]:

s(t) =
Nx

∑
i=1

Ny

∑
j=1

Nz

∑
k=1

√
σs(i, j, k)Λ(i, j, k) exp[−j(2π f0t + Φ(i, j, k))] (22)

Φ(i, j, k) = 4πR(i, j, k)/λ (23)

where λ is the wavelength of the radar and R(i, j, k) is the range from the radar to each
voxel center.

Figure 8 depicts the flow chart for the chaff cloud radar echoes simulation. For a
simulation with a total simulation time of T and time intervals of ∆t, the dynamic chaff
cloud radar echo simulation steps are as follows.

Step 1: Calculation of chaff attitude angles and spatial positions using the chaff cloud
diffusion model.

Step 2: Calculation of the RCS using the MoM based on the chaff fibers’ attitude;
Step 3: Rotation of the spatial coordinates of each fiber and voxelization of the chaff

cloud in the rotated coordinate system.
Step 4: Calculation of the shielding RCS and power attenuation for each grid cuboid.
Step 5: Calculation of radar echoes.
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Step 6: If the tn is less than the pre-defined total duration of the simulation T, then
tn+1 = tn + ∆t and the simulation returns to the first step and is calculated in sequence. If
tn > T, the simulation is terminated.
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4. Electromagnetic Scattering Results and Analysis

The physical dimensions of the chaff elements are 14.475 mm length and 12.5 µm
radius. This is a typical chaff specification, which has a first resonant frequency of 10 GHz.
All the chaff clouds analyzed afterwards are composed of this dipole unless otherwise
specified. In the chaff cloud motion simulation, the number of chaff fibres is set to 500,000.
We suppose the initial distribution of the chaff cloud is the spherical shape and each
chaff fiber has an initial velocity along its radius. In an environment with wind speeds of
(5, 5, 0) m/s and (10, 10, 0) m/s, falling at the initial position of (0, 0, 500) m, the spatial
density distributions of chaff clouds after 30 s are illustrated in Figure 9.

As can be seen from the diagram, chaff clouds undergo a density buildup in the wind
direction due to wind action. In environments with different wind speeds, the overall
manifestation is a different diffuse area due to the increased force gap between the elements
in the chaff cloud. Due to the different attitude angles of the chaffs, the lifting forces differ,
which is reflected in the slow fall of the chaffs close to the horizontal and the fast fall
of the chaffs close to the vertical, forming an angularly stratified inverted conical chaff
cloud pattern.

Figure 10 shows the variation of the polarization RCS with the changing angle of
incidence for one million chaffs moving for 30 s. The VV polarization RCS reduces rapidly
with rising θ because the chaff attitude is mostly horizontal. The HH polarization RCS
varies little with the angle of incidence and remains at a high value. This is explained by
the fact that the majority of fibres within the chaff cloud tend to be horizontal.
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Figure 9. The projection of the density distribution of a chaff cloud in space on the coordinate plane.
(a) wind speed (5, 5, 0) m/s, xOy plan; (b) wind speed (5, 5, 0) m/s, xOz plan; (c) wind speed
(5, 5, 0) m/s, yOz plan; (d) wind speed (10, 10, 0) m/s, xOy plan; (e) wind speed (10, 10, 0) m/s, xOz
plan; (f) wind speed (10, 10, 0) m/s, yOz plan.
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Figure 10. The angular distribution of the chaff cloud RCS with 500,000 elements for different
polarizations. (a) ϕ = 0◦, θ = 0◦ ∼ 90◦; (b) θ = 0◦, ϕ = 0◦ ∼ 360◦.

The horizontally polarized electric field vector excites a greater induced current, which
has a greater induced electric field in the horizontal direction. Since the azimuth of the
chaff is random, the chaff cloud RCS does not vary significantly.

Figure 11 exhibits the polarization RCS over time for 500,000 chaffs with different radar
incidence angles. Because the chaffs are not entirely distributed at the beginning of the
motion, the shielding effect between them is visible. In the constant diffusion state, the RCS
of the chaff cloud fluctuates just slightly and is slightly smaller than the theoretical analysis.
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Figure 11. Monostatic polarization RCS for a dynamic chaff cloud. (a) θ = 30◦ , ϕ = 0◦; (b) θ = 45◦,
ϕ = 0◦; (c) θ = 60◦, ϕ = 0◦.

The signal attenuation by the chaff cloud is shown in Figure 12 for various incident wave
frequencies. The simulation parameters are as follows: atmospheric wind speed = (5, 5, 0) m/s,
resolution cell = 1 × 1 m2, θi = 30◦ and ϕi = 0◦. The horizontal coordinates are the
serial numbers of the resolution cells along with the longitudinal extension in the direction
of the incident plane, and the vertical coordinates are the signal power after the chaff
cloud has attenuated it. The attenuation of the spread-out chaff cloud for the incident
wave at 5 GHz, with chaff elements of 1,000,000, 500,000, and 1,000,000, respectively, are
presented in Figure 12a–c. The incident wave at 10 GHz is given in Figure 12d–f, with
chaff elements of the 1,000,000, 500,000, and 1,000,000, respectively. The graph shows that
when the total number of chaffs rises, the number of cells with severe attenuation increases,
and the maximum attenuation increases at the same time. To obtain the same amount of
interference for higher frequency radar signals, additional chaffs are necessary.
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Figure 12. Attenuation coefficients for each resolution cell of chaff clouds with different number of
elements. (a) 5 GHz, N = 1,000,000; (b) 5 GHz, N = 5,000,000; (c) 5 GHz, N = 10,000,000; (d) 10 GHz,
N = 1,000,000; (e) 10 GHz, N = 5,000,000; (f) 10 GHz, N = 10,000,000.
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Figure 13 shows the three-dimensional distribution of the echo amplitude for 500,000 chaffs
under varied polarized incident wave conditions and wind speeds of (5, 5, 0) m/s. The
incident wave zenith angle θi = 30◦, HH polarization and VV polarization echo amplitude
distributions are shown in Figure 13a,b. The incident wave zenith angle θi = 60◦, HH
polarization and VV polarization echo amplitude distributions are shown in Figure 13c,d,
respectively. As can be seen in Figure 13, the region impacted by the chaff cloud varies
based on the θi of incidence. The distribution of strong locations of the echoes is also
affected by the polarization of the radar.
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5. Conclusions

The attenuation of signals in high-density chaff clouds is investigated in this work
using the diffusion model and the electromagnetic model. The issue of unequal chaff
density distribution and a method for estimating the attenuation coefficient in a sub-region
are investigated. The main contribution of the proposed scheme is the fast partitioning
of the chaff cloud within it by creating a rotating coordinate system as opposed to the
traditional method of partitioning in a global coordinate system. In the simulation, the voxel
partitioning method in this paper has a great improvement in computational efficiency
compared to the octree method. The scheme in this paper takes full account of the influence
of the projection surface of the chaff cloud over the distance travelled by the electromagnetic
wave on the calculation of the attenuation and shielding effects. The electromagnetic
scattering characteristics of high-density chaff clouds are then examined, as well as the echo
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simulation method. Different polarizations, radar incident frequencies, and total numbers
of chaff are considered in the simulation. After that, simulated analysis of radar echoes in
complex settings with target and ground-sea clutter can be performed.

Author Contributions: Methodology, S.-H.Z. and M.Z.; software, S.-H.Z. and J.-X.L.; supervision,
M.Z.; investigation, W.-Q.J. and M.Z.; validation, W.-Q.J. and P.-B.W.; writing—original draft prepara-
tion, S.-H.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
under grant Nos. 62171351 and 62001343; and the China Postdoctoral Science Foundation under
grant Nos. 2020M683425 and 2021T140532; and the Science and Technology on Electromagnetic
Scattering Laboratory Nos. JCKYS2019204020.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, Y.; Quan, S.; Xiang, D.; Wang, W.; Hu, C.; Liu, Y.; Wang, X. Ship Recognition from Chaff Clouds with Sophisticated Polarimetric

Decomposition. Remote Sens. 2020, 12, 1813. [CrossRef]
2. Jung, E.; Albrecht, B. Use of Radar Chaff for Studying Circulations in and around Shallow Cumulus Clouds. J. Appl. Meteorol.

Climatol. 2014, 53, 2058–2071. [CrossRef]
3. Kurdzo, J.M.; Williams, E.R.; Smalley, D.J.; Bennett, B.J.; Patterson, D.C.; Veillette, M.S.; Donovan, M.F. Polarimetric Observations

of Chaff Using the WSR-88D Network. J. Appl. Meteorol. Climatol. 2018, 57, 1063–1081. [CrossRef]
4. Marcus, S.W. Dynamics and Radar Cross Section Density of Chaff Clouds. IEEE Trans. Aerosp. Electron. Syst. 2004, 40, 93–102.

[CrossRef]
5. Seo, D.W.; Nam, H.-J.; Kwon, O.-J.; Myung, N.H. Dynamic RCS Estimation of Chaff Clouds. IEEE Trans. Aerosp. Electron. Syst.

2012, 48, 2114–2127. [CrossRef]
6. Knott, E.F.; Lewinski, D.; Hunt, S. Chaff Theoretical/Analytical Characterization and Validation Program; Georgia Tech Research

Institute: Atlanta, GA, USA, 1981.
7. Arnott, W.P.; Huggins, A.; Gilles, J.; Kingsmill, D.; Walker, J. Determination of Radar Chaff Diameter Distribution Function, Fall

Speed, and Concentration in the Atmosphere by Use of the NEXRAD Radar. Desert Res. Inst. 2004, 1–30. [CrossRef]
8. Marcus, S.W. Electromagnetic Wave Propagation through Chaff Clouds. IEEE Trans. Antennas Propag. 2007, 55, 2032–2042.

[CrossRef]
9. Zaharis, Z.D.; Sahalos, J.N. On the Electromagnetic Scattering of a Chaff Cloud. Electr. Eng. 2003, 85, 129–135. [CrossRef]
10. Wang, H.; Sun, H.; Li, A.; Xu, J. Mono-Static RCS of Chaff Simulated Based on MoM. IOP Conf. Ser. Mater. Sci. Eng. 2019,

563, 052084. [CrossRef]
11. Kownacki, S. Screening (Shielding) Effect of a Chaff Cloud. IEEE Trans. Aerosp. Electron. Syst. 1967, AES-3, 731–734. [CrossRef]
12. Zhang, M.; Wu, Z.; Xue, Q. Study on the Bistatic RCS of a Great Number of Dense Foil Clouds. Acta Electonica Sin. 2001, 29, 364.
13. Pinchot, J.L.; Béchu, O.; Pouliguen, P. A Chaff Cloud Modelisation. In Proceedings of the 11th International Symposium on

Antenna Technology and Applied Electromagnetics (ANTEM 2005), Saint-Malo, France, 15–17 June 2005; pp. 1–4. [CrossRef]
14. Bendayan, M.; Garcia, A. Signal Modeling of Chaff in Naval Environment Simulation. IEEE Trans. Aerosp. Electron. Syst. 2015,

51, 3161–3166. [CrossRef]
15. Jin-Liang, L.; Xue-Song, W.; Yong-Zhen, L. Full-Polarimatric Spectral Characteristics of Chaff Cloud. J. Infrared Millim. Waves

2009, 28, 198.
16. Yu, X.; Xu, B.; Xiong, K.; Du, H. Modeling and Simulation of the Radar Echo of Chaff Cloud. Syst. Eng. Electron. 2017, 39, 79.

[CrossRef]
17. Li, Y.; Liu, Y.; Pang, C.; Huang, D. Chaff Clouds Recognition Method Based on Layered Polarization Characteristics. Syst. Eng.

Electron. 2021, 43, 2099–2107. [CrossRef]
18. Berger, C.; Biancale, R.; Ill, M.; Barlier, F. Improvement of the Empirical Thermospheric Model DTM: DTM94–a Comparative

Review of Various Temporal Variations and Prospects in Space Geodesy Applications. J. Geod. 1998, 72, 161–178. [CrossRef]
19. Brunk, J.; Mihora, D.; Jaffe, P. Chaff Aerodynamics; Alpha Research Inc.: Santa Barbara, CA, USA, 1975.
20. Liu, Y.; Xing, S.; Li, Y.; Hou, D.; Wang, X. Jamming Recognition Method Based on the Polarisation Scattering Characteristics of

Chaff Clouds. IET Radar Sonar Navig. 2017, 11, 1689–1699. [CrossRef]
21. Gibson, W.C. The Method of Moments in Electromagnetics, 3rd ed.; Chapman and Hall/CRC: New York, NY, USA, 2021; pp. 81–104.

[CrossRef]
22. Harrington, R.F. Matrix Methods for Field Problems. Proc. IEEE 1967, 55, 136–149. [CrossRef]
23. Tai, C. Electromagnetic Back-Scattering from Cylindrical Wires. J. Appl. Phys. 1952, 23, 909–916. [CrossRef]
24. Alvarez, J.; Escot Bocanegra, D. Discrete Electromagnetic Model for the Evaluation of Wideband Bistatic Scattering Responses

and Statistics of Chaff Clouds. IEEE Trans. Antennas Propag. 2020, 68, 6256–6264. [CrossRef]
25. Marcus, S.W. Bistatic RCS of Spherical Chaff Clouds. IEEE Trans. Antennas Propag. 2015, 63, 4091–4099. [CrossRef]

http://doi.org/10.3390/rs12111813
http://doi.org/10.1175/JAMC-D-13-0255.1
http://doi.org/10.1175/JAMC-D-17-0191.1
http://doi.org/10.1109/TAES.2004.1292145
http://doi.org/10.1109/TAES.2012.6237582
http://doi.org/10.13140/RG.2.2.31298.79043
http://doi.org/10.1109/TAP.2007.900178
http://doi.org/10.1007/s00202-003-0158-6
http://doi.org/10.1088/1757-899X/563/5/052084
http://doi.org/10.1109/TAES.1967.5408853
http://doi.org/10.1109/ANTEM.2005.7852141
http://doi.org/10.1109/TAES.2015.140922
http://doi.org/10.3969/j.issn.1001-506X.2017.01.12
http://doi.org/10.12305/j.issn.1001-506X.2021.08.10
http://doi.org/10.1007/s001900050158
http://doi.org/10.1049/iet-rsn.2017.0121
http://doi.org/10.1201/9780429355509
http://doi.org/10.1109/PROC.1967.5433
http://doi.org/10.1063/1.1702329
http://doi.org/10.1109/TAP.2020.2985771
http://doi.org/10.1109/TAP.2015.2452963


Remote Sens. 2022, 14, 2415 15 of 15

26. Sterns, A.R. The Use of Chaff in Space as a Jamming Device between Ground Stations and Satellites; Air Force Institute of Technology
Wright-Patterson AFB OH School of Engineering: Montgomery, OH, USA, 1988.

27. Zhang, J.; Liu, Z.; Wang, H. A Chaff Cloud Echo Modeling and Simulation Method Based on Coherent Scattering Model. J. Comput.
Inf. Syst. 2015, 11, 1579–1586.

28. Xing, Y.-S.; Liu, X.P.; Xu, S.-P. Efficient Collision Detection Based on AABB Trees and Sort Algorithm. In Proceedings of the
International Conference on Control and Automation (ICCA) 2010, Xiamen, China, 9–11 June 2010; pp. 328–332. [CrossRef]

http://doi.org/10.1109/ICCA.2010.5524093

	Introduction 
	Chaff Kinetic Model and the Electromagnetic Scattering Reckoning 
	Chaff Cloud Diffusion Model 
	Chaff Radar Cross Section 

	The Signal Attenuation Model of the Chaff Cloud 
	Electromagnetic Scattering Results and Analysis 
	Conclusions 
	References

