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Abstract: Chaff is the most basic electromagnetic countermeasure against radars. However, electromagnetic analysis of chaff clouds
is very difficult because individual chaff has an electrically short and chaff cloud consisting of an extremely large number of chaffs. In
this study, we estimated the radar cross section (RCS) of chaff clouds composed of 0.5), 0.754, and 1i-long chaff fibers using the
effective medium method (EMM) and analyzed the effect of coherent and incoherent RCSs on the average RCS of chaff clouds. The
RCS obtained using the EMM was verified by comparing it with the results obtained using the method of moments applying the Monte
Carlo method. At low densities, the RCS levels of chaff clouds, composed of 0.5A-long chaff fibers and chaff clouds composed of 1A-
long chaff fibers, were almost in agreement. However, as the density increased, the RCS levels of chaff clouds composed of 1i-long
chaffs became much larger. Additionally, the chaff cloud composed of 0.75\-long chaffs showed a lower RCS level than other chaff

clouds because resonance did not occur. However, the RCS of the chaff cloud was mainly determined by the incoherent component as

opposed to the coherent component, and the coherent RCS was negligible to a much lower level than the incoherent RCS.
Keywords: Chaff, Coherent RCS, Effective medium method (EMM), Incoherent RCS, RCS

1. Introduction

The chaff is a metallic fiberglass or foil, and it has electromag-
netic characteristics that resonate and disturb when it has a length
of half the wavelength of the radar operating frequency [1].
Given these characteristics, chaff is widely used as the most basic
electromagnetic countermeasure for radar detection. However, a
single chaff cartridge is composed of as few as thousands or as
many as millions of chaff fibers, and when used, numerous chaff
fibers are scattered in the air to form a chaff cloud [2]. As large
number of chaff fibers are scattered to form a chaff cloud, the
coupling between the chaffs must also be considered when cal-
culating the radar cross-section (RCS) of the chaff cloud. To ac-
curately consider the coupling between chaffs, low-frequency
numerical methods, such as the method of moments (MoM) and
finite element method (FEM), should be used. Although these
low-frequency numerical methods provide high accuracy, they
require considerable computing resources and computation time.

Therefore, in practice, only hundreds to thousands of chaffs can
be analyzed. Owing to the limitation of low-frequency methods,
in an early study, the RCS of chaff clouds was simply obtained
by multiplying the average RCS of a single chaff to the number
of chaffs [3]-[5]. However, only approximate RCS level infor-
mation is provided because the coupling between the chaffs, ori-
entation, and location distributions are not considered. Recently,
studies have been conducted to dramatically reduce the amount
of computation and computation time using various approxima-
tion techniques by considering the coupling between chaffs and
information on orientation and location distributions. Marcus [6]
considered the coupling between chaffs as an equivalent conduc-
tor with the same conductivity as the slab by dividing the chaff
clouds into very thin slabs and assuming a high density of chaff
clouds. Conversely, Alvarez [7] considered the coupling between
slabs using a transmission line approximation. In a manner simi-

lar to [6], Seo [8] considered the chaff cloud as an equivalent
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conductor and considered coupling, but divided it into cubes as
opposed to slabs using an octree algorithm. Additionally, it is
possible to calculate the RCS for chaff clouds with various ori-
entation distributions [8]. Y. Zuo [9] simulated the RCS of the
chaff cloud by considering coupling using vector radiative trans-
fer (VRT), which is used when particles with arbitrary shapes are
randomly distributed in the medium [9].

In this study, the RCS of the chaff cloud was obtained using
the effective medium method (EMM) mentioned in [8], and it
was verified by comparing it with the MoM, which is a conven-
tional numerical method with high accuracy. Additionally, the
characteristics of the coherent and incoherent RCS of a chaff
cloud and their effect on the average RCS of the chaff cloud were

analyzed.

2. Effective Medium Method for RCS Analysis
of Chaff Cloud

EMM is a method for calculating the electromagnetic charac-
teristics of the entire scattering body by replacing the chaff cloud

formed by the dispersion of the chaffs with an effective medium.

2.1 Effective Medium Model [10]
The effective permittivity (eerr) of a chaff cloud with a random

distribution is as follows:
, 1< .
eory = €0 (1—J 22 p2%-1-1) = gg(1 — js), (1)

where ¢o denotes the permittivity in free space, o denotes the
characteristic impedance in free space, p denotes the density of
the chaff cloud, 4 denotes the wavelength, | denotes the length of
the chaff, and s denotes nondimensional parameter of effective
permittivity. Furthermore, T denotes the effective average current

of the chaff per unit wavelength and is expressed as follows:
= ﬁ 2T [T1(6, @) sin 6 dOdo, @)

where 1(6, ¢) denotes the scattered field component in the -x di-
rection when a z-polarized plane wave is incident on the chaff as

shown in Figure 1. This can be calculated as follows:
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where [(8,¢) denotes the orientation vector of chaff in the
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spherical coordinate system. Equation (2) assumes that chaff is

randomly oriented in all directions.

Incident

field

Figure 1: Geometry of the chaff

However, if there are many distributions in the specific orienta-
tion of the chaffs, the probability density function (pdf) of the
orientation distribution is set as the weighting function W and
weight is applied to the specific orientation by using the weighted
average [11]. The weighted average is as follows:

JET T i0.6) W (6,0)d0d

i: T T
JZT T wo.¢)aodep

4)

Based on these procedures, the chaff cloud can be replaced by an
effective medium with the effective permittivity of the chaff

cloud considering the orientation distribution of the chaffs.

2.2 Coherent RCS

The reason for calculating the number of chaffs by replacing
them with an effective medium with effective permittivity in-
volves obtaining a coherent RCS. A coherent RCS is the average
RCS. Specifically, the coherent RCS is determined by the overall
shape of the effective medium and can be calculated from the
reflection coefficient at the effective medium interface as shown

in Figure 2.
Region 1 Region 2 Region 3
€0 My €o> My
Incident

field

Figure 2: Geometry of the effective medium
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The input reflection coefficient of the slab structure shown in

Figure 2 is as follows:

L. = [y,+0,5e72v24d
I 4T ,Tpze~2r2d!

)

where I'12 and I'23 denote the interference reflection coefficients
between Regions 1 and 2 and between Regions 2 and 3, respec-
tively, and y2 denotes the complex propagation constant in Re-
gion 2.

The field scattered by the effective medium is a coherent scat-

tered field, and the coherent RCS can be obtained as follows:
Ocon = 4TA?|Tjp|? (6)
where A denotes the area of the effective medium.

2.3 Incoherent RCS [12]

When a large number of scatterers exist, there are not only co-
herent scattered fields but also incoherent scattered fields, and
the incoherent scattered fields are changed by a spatial change in
the scatterers. Therefore, the incoherent field represents fluctua-
tions in the scattered field. Specifically, as the number of scatter-
ers increase and similarity between the scatterers decrease, the
incoherent scattered field component increases. Therefore, even
in the field scattered by the chaff with the same density, as the
thickness of the effective medium increases, the coherent com-
ponent decreases and incoherent component increases. To calcu-
late the incoherent RCS of the effective medium, the incoherent
scattered field can be obtained by ignoring the mutual coupling
between the chaffs, calculating only the scattered field by the
chaffs, and considering only the location of the scatterers. The
incoherent scattered field of the effective medium is as follows:

e—JkoR

Eincon = —jwA = —jo 2 [, J(r)=——V

ik2eikox _ iy Syt
= —%-ﬂﬁ fod Eqe ko (2j+3)x dx'dA’, (7)

where zo denotes the permeability in free space, J denotes the
volume current density, R denotes the distance between the target
and observation point, ko and ki denote the wavenumber of the
free space and effective medium, respectively, and A denotes the
cross-section of the effective medium. Using this scattered field,
the incoherent RCS can be obtained as follows:

2m? sA -
Oincon = =, (1 —e7Ho5) ®)

Finally, the RCS of the effective medium is obtained by adding
the coherent RCS and incoherent RCS as follows:

0 = Ocon + Oincon )

3. RCS of Chaff Cloud and Analysis

In our simulation and analysis, we assumed that the volume of
the chaff cloud was cylindrical with a radius of 5 and height of
5. To obtain the RCS of the effective medium, a cross-section
of the effective medium was used. Therefore, not only cylinders
with a circular cross-section, but also cubes with a rectangular
cross-section can be used. However, in conventional studies, a
cylinder with a circular cross-sectional area is commonly adopted
because the shape of the chaff cloud is formed in the shape of a
sphere or ellipsoid [8][13]-[15]. The EMM has a limitation
wherein it can be applied only when the densities of the chaff
clouds in the volume are all the same. If the densities of the chaff
cloud in the volume are not the same, then EMM is applied by
dividing the chaff cloud to maintain the same volume density. In
this study, the chaff cloud, which is the simplest case, is set to
exhibit random orientation and location distributions, and all
densities within the volume are set to be the same. Therefore, the

probability density functions of r', ¢', z' are defined as follows:

fG& ==, (10a)
fl¢) =, (10b)
f@) =+ (10c)

The locations of chaffs randomly obtained through the location
distribution function are transformed into the Cartesian coordi-

nate system using the following transformation.

x =2, (11a)
y=r7r'cos¢’, (11b)
z=r'sing’. (11c)

The orientation distribution of the chaffs was also set as ran-
domly distributed in all orientations as the simplest case. In this
case, the probability density functions 6 and ¢ are as follows:

sin 6

f(o) =222 (16)
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1

f($) =5 (17)
The number of chains in the volume was set from 100 to 900, and
simulations were performed for densities of approximately 0.25
to 2.30 N/A%. When the MoM is used, the RCS is obtained by
increasing the number of chaffs by 200, from 100 to 900, because
it requires considerable computing resources and computation
time to obtain the RCS [16]. The EMM requires the chaff density
and orientation distribution for the RCS calculation; however, the
exact orientation and location of all chaff fibers must be deter-
mined for the MoM for verification. The 900 chaffs exhibit a
chaff cloud volume and random location distribution as shown in

Figure 3.

Figure 3: Location distribution of 900 chaffs within chaff cloud

3.1 Chaff Cloud Composed of 0.5A-long Chaffs

The length of the chaff, composing the chaff cloud, was set to
0.5A. When simulating the RCS of 900 chaffs using MoM, the
calculation time required for one simulation was approximately
95 min. When using the EMM, a total of 1.7 s were required.
Additionally, the MoM requires a large amount of calculation
time by repeating the analysis 20 times for each case using the

Monte Carlo method.

Mom

EMM
N
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RCS
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Figure 3: RCS of the chaff cloud composed of 0.5A-long chaffs
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As shown in Figure 4, there is a small difference of 2 dB be-
tween the results of EMM and MoM. If the number of iterations
in the Monte Carlo method increases, then the difference is ex-
pected to decrease.

The RCS obtained by EMM can be separated into coherent
and incoherent RCS as shown in Figure 5. The level of coherent
RCS increases as the density increases. Even at a density of 2.3
N/A3, there is a 5-dB difference between the two components, and
the coherent RCS is relatively negligible. Additionally, the inco-
herent RCS level increases as the density increases, but it can be
shown that it gradually becomes saturated as the density in-
creases. At a density of 2.3 N/A3, the difference between RCSg4
and incoherent RCS is very small (0.5 dB), and accordingly, it

can be confirmed that the effect of coherent RCS is very small.

(dB

eze]

RCS

-40

Density (N/ A

Figure 5: Comparison of incoherent and coherent RCSs of the chaff

cloud composed of 0.5A-long chaffs

3.2 Chaff Cloud Composed of 0.75A-long Chaffs

A chaff cloud composed of 0.751-long chaff fibers is consid-
ered. When the RCS of 900 chaffs is simulated using the MoM,
the calculation time required for a single iteration is approxi-
mately 185 min, and when the EMM is used, a total of 2.9 s are

required.

30

20 |

by )

(@8
5

RCS

L
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Figure 6: RCS of the chaff cloud composed of 0.75\-long chaffs
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The results of the EMM and MoM are plotted in Figure 6, and
the difference between the results of the two methods is small
within 1.8 dB. Given that a chaff fiber with a length of 0.7\ does
not resonate at the corresponding frequency, the average RCS at
a density of 2.3 N/A%is about 5.6 dB, which is 10 dB lower than
that of a chaff cloud composed of 0.5\-long chaffs where reso-
nance occurs.

As shown in Figure 7, the difference between coherent RCS
and incoherent RCS even at a density of 2.3 N/A% is 14 dB. Given
that resonance does not occur in 0.751-long chaff, the RCS level
is 9 dB higher than that of 0.5A-long chaffs. Moreover, the differ-
ence between RCSy4 and incoherent RCS at the density of 2.3
N/A3 is very small, i.e., 0.1 dB. Hence, coherent RCS is negligi-
ble.

20 |

(dB )\)

foXo}
\

20 | -

RCS
\
\

_ _ _ CoherentRCS
-40
Incoherent RCS

05 1 15 2

Density (N/ 2

Figure 7: Comparison of incoherent and coherent RCSs of the

chaff cloud composed of 0.75x-long chaffs

3.3 Chaff Cloud Composed of 1i-long Chaffs

The length of the chaff composing the chaff cloud was set to
1A. In the case of simulating the RCS of 900 chaffs using the
MoM, the calculation time required for a single iteration was ap-
proximately 266 min; in the case of using the EMM, a total of
3.8 s were required. As shown in Figure 8, there is a small dif-
ference of 1.2 dB between the RCSs of the MoM and EMM. At
a density of 0.25 N/A3, the difference from the chaff cloud with a
0.5A-long chaff was 0.1 dB, which was small. However, as the
density increased, the difference with the RCSys of the chaff
cloud, composed of 0.5A-long chaffs, increased, resulting in a dif-
ference of 4.7 dB at a density of 2.3 N/A3.

Given that resonance occurs in 1A-long chaff, as shown in Fig-
ure 9, the difference between the coherent RCS and incoherent
RCS at a density of 2.3 N/A% is 11.9 dB, which is 6.9 dB higher
than that of the 0.5\-long chaffs. When comparing the coherent
RCS with the incoherent RCS, the coherent RCS is at a similar
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Figure 8: Comparison of incoherent and coherent RCSs of the

chaff cloud composed of 1A-long chaffs
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Figure 9: Comparison of incoherent and coherent RCSs of the

chaff cloud composed of 1A-long chaffs

level within 1.2 dB when compared to the chaff cloud composed
of 0.5\-long chaffs. However, the incoherent RCS is within 5.6
dB, it is less than 5.6 dB, and the effect of the coherent RCS is
smaller and effect of incoherent RCS is higher. Additionally, at a
density of 2.3 N/A3, the difference between RCSg4 and incoherent
RCS is very small and corresponds to 0.2 dB, and the coherent
RCS is negligible.

Based on these results, as the number of chaffs increases and
the chaffs resonate with an odd multiple of the half-wavelength
of the radar operating frequency, the effect of incoherent RCS
becomes greater than that of coherent RCS. As the number of
scatterers increases, the incoherent scattered fields owing to var-
ious orientations and locations increase. Additionally, it can be
shown that this occurs because individual chaffs generate more
scattered fields near the resonance frequency. Furthermore, the
larger deviation of the scattered field between scatterers owing to
the orientation distribution of the chaff is due to the similarity

between the scatterers.
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4, Conclusion

In this study, the RCSs of chaff clouds composed of chaffs with
lengths of 0.5, 0.75, and 1A were simulated using the EMM. The
RCSs obtained using the EMM were verified by comparing them
with the results obtained using the MoM by applying the Monte-
Carlo method. In the case of chaff clouds composed of chaffs
with resonant length, RCSs exhibited similar levels at low den-
sity, but as the density increased, the incoherent RCS of chaff
clouds composed of long chaffs increased. Therefore, the effect
of coherent RCS was small and had a higher level. Additionally,
the RCSs of the chaff clouds obtained using EMM were mainly
determined by the incoherent RCS. At a density of upto 2.3 N/A3,
the coherent RCS increased as the density increased, but was
negligible at a very small level. If the density is higher than 2.3
N/A3, then the effect of coherent RCS increases and cannot be
considered as negligible. However, a density higher than that can
be observed immediately after the chaff is spread. In this case,
RCS analysis is not difficult because the volume of the chaff
cloud is small and can be treated as a single conductor.

Conventional studies have mostly focused on calculating the
coherent RCS as opposed to the incoherent RCS to consider the
coupling. However, even at a density of 2.3 N/A3, with the highest
coherent RCS level, the coherent RCSs were 5 dB, 14 dB, and
11.9 dB lower than their incoherent RCSs of 0.5-, 0.75-, and
1.0A-long chaffs, respectively. Therefore, coherent RCS has a
very small effect on the average RCS of a chaff cloud when com-
pared to incoherent RCS. If future studies are focused on inco-
herent RCS calculations, then a more accurate and faster analysis

of chaff clouds is possible.
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