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ABSTRACT This article investigates the strategies to measure the scattering matrix and the extinction
coefficient of the chaff corridor. A complete error model is adopted to describe the power transmission
properties of the indoor measurement system. Based on this model, a polaristic calibration method is
employed to correct the measurement errors. After calibration, a scattering matrix measurement method for
different types of chaff corridors is addressed. When dealing with the extinction coefficient measurements,
Beer-Lambert’s law is introduced to describe the power loss of the electromagnetic wave passing through
the chaff corridor. According to this law, a method of the extinction coefficient measurement for the chaff
corridor is proposed. Finally, simulations and measurements are conducted to verify the methods presented
in this article and obtain the electromagnetic scattering properties of various types of chaff corridors.
Experimental results show that the scattering matrix and extinction coefficient are not sensitive to the
polarization of the incident wave for uniformly distributed chaff corridor. Besides, high attenuation occurs
when electromagnetic wave passes through the chaff corridor.

INDEX TERMS Scattering matrix, extinction coefficient, indoor measurement, chaff corridor.

I. INTRODUCTION
The chaff cloud, emerging as a passive jammer, has been
widely used in many battle scenarios for its low cost and high
jamming performance. Chaff packages burst open and form a
chaff cloud immediately when the target is under attack. The
released chaff cloud obstructs the radar and leads to a failure
in target detection [1]–[3]. Generally, the chaff cloud consists
of a large number of small metal-fibers which can reflect
the radar signals to produce a strong echo. To ensure that it
has an excellent jamming performance, complex geometric
modeling and electromagnetic (EM) scattering evaluation
processes are derived before it is put into use.

Many EM computational methods have been presented
to determine the EM scattering properties of the chaff
cloud. Researchers spontaneously start their efforts with the
EM scattering evaluation of a single chaff element [4]–[6].
Van Vleck derived a formula to calculate the radar cross
section (RCS) of an arbitrary-length element. The total RCS
of the chaff cloud has been evaluated by summing all the
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RCSs of wires together with probabilities to pursuit a high
calculation efficiency [7], [8]. For polaristic EM scattering
evaluation of the chaff cloud, many proposals are firstly
put forward to theoretically study the polaristic scattering
characteristics of the chaff element with the aid of scattering
matrix and Stokes matrix theories [9]–[14]. Based on the
matrix descriptions of a single chaff element, the superposi-
tion method is then adopted to add all the EM polaristic scat-
terings of the chaff elements with probability and multiplying
rotation matrixes. For both the nonparasitic and polaristic
scattering evaluation methods of the chaff cloud mentioned
above, the EM coupling between chaff elements is always
neglected, which makes the scattering results inaccurate and
not reasonable for element-dense chaff cloud. Still, these
methods provide an efficient way to evaluate the polaristic
scattering properties of the chaff cloud.

Chaff corridor, known as a type of the chaff cloud, plays
an important role in electronic countermeasure (ECM). The
EM scattering estimation of the chaff corridor has been the
subject of many published works [15]–[19]. In most of these
works, the radar equation is employed to calculate the trans-
mission and reflection properties of the EM wave in the chaff
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corridor. Researchers, like S. Kownacki et al., used the power
attenuation coefficient to measure the power loss of the EM
wave within a unit path length in the chaff corridor [20], [21].
With this parameter, Fang et al. studied the transmission
characteristics of the EM waves passing through the chaff
corridor on a rainy day [22]. One can also evaluate the EM
scattering properties of the chaff corridor directly using the
probability density functions (PDFs) obtained from experi-
ments [6], [23]. These methods provide an efficient way to
access the scattering power of the chaff corridor in a relatively
short time. But the accuracy of these methods depends upon
the value-reliability of the constants involved in the radar
equation and the PDFs of the scattering power.

If one wants to accurately access the EM scattering of
the chaff corridor, numerical algorithms can be naturally
adopted [24], [25], but they cannot deal with the chaff cor-
ridor which contains huge numbers of elements. The reason
is that the numerical methods cause a considerable compu-
tational burden in solving equations. Besides, the numerical
methods can only estimate the EM scattering of the static
model of the chaff corridor which is just a sample selected
from the model population of the chaff corridor. Therefore,
if it is desired to obtain the statistical EM scattering properties
of the chaff corridor using the numerical methods, large
numbers of chaff corridor models need to be generated and
numerically processed. This further leads to an additional
computational load.

Experimental study of the EM scattering properties of the
chaff cloud (corridor) is an irreplaceable way to investigate
some complex factors which are not fully considered in the
theoretical analysis [26], [27]. The basic principle of the EM
scattering measurements is the radar range equation. Based
on this principle, Wang et al. chosen a proper emitting and
receiving time window for efficient dynamic measurement
of the chaff corridor [28]. Zeng et al. have experimentally
determined the parameters in the PDF of the RCS of the chaff
cloud in the S and X band [29]. Zou et al. have established a
chaff measurement system at a frequency of 94.5 GHz [30].
However, studying the scattering properties of the chaff
cloud (corridor) using the presented experimental methods
is expensive, especially for the outdoor experiments. More
importantly, the geometric model of the chaff cloud (corridor)
and experimental conditions are quite hard to be controlled
using the methods presented in the available literature, which
causes difficulties in comparing the simulation results with
the experimental ones.

Based on the EM scattering results obtained by various
means, several authors have considered the tactical usage
of the chaff cloud (corridor). Yang et al. have studied the
target detection methods under chaff jamming with GPS/INS
by taking the azimuthal in-phase mono-pulse ratio of radar
seeker as the test statistic [31]. Widdel et al. have exploited
the chaff cloud as a tool to detect dynamical features of the
atmosphere or conduct emergency communication [32]–[34].
Zak et al. have discussed using a source to illuminate the chaff
cloud to produce a suitable Doppler frequency on the radar

echo to improve the jamming efficiency. Zuo et al. also stud-
ied the EM scattering properties of the chaff cloud illuminated
by a beam [35]. However, the reliability and effectiveness
of these applications are all guaranteed by the accurate EM
scattering prediction of the chaff cloud (corridor) before they
are put into use.

Although much progress is made in the fields of the geo-
metric modeling and the EM scattering evaluation of the
chaff corridor, there are still some problems remained that
are not fully resolved. To solve these problems, the main
contributions of this article are listed in the following.

(i) The modeling of the chaff corridor. A specific element
insertion device is designed and used to make the physical
model of the chaff corridor for testing. The geometric model
of the chaff corridor is firstly generated on computer. Then,
the elements insertion process is performed to produce the
physical model of the chaff corridor in accordance with the
simulation one. This innovation provides a controllable and
precise physical model for measurements. It also provides a
possibility to compare the EM simulation with measurement
results of the chaff corridor reasonably.

(ii) Experimental study of the scattering matrixes and
extinction coefficients of the chaff corridor. Most of the pub-
lished works focus on the EM scattering evaluation of the
chaff corridor, especially the RCS, by running simulations.
Even so, the polaristic EM scattering and attenuation proper-
ties of the chaff corridor are still rarely addressed from both
the aspect of the simulations and the experiments. Besides,
many complex factors are ignored in simulations. This article
conducts experimental research on the EM scattering and
attenuation characteristics of the chaff corridor, which also
provides a reasonable way to take an insight into the complex
EM scattering phenomenon of the chaff corridor.

(iii) An analytical formula derivation of the calibration and
measurement processes of the EM polaristic measurements
of the chaff corridor. In most previous works, the polaristic
calibration formulas are derived based on the matrix method
and the Mason equation, which gives no analytical formu-
las for the process of the calibration and the measurement.
This strategy results in computational complexity in applying
these methods. This article proposes an analytical derivation
to provide clear descriptions and applicable strategies for the
polaristic EM scattering measurement process of the chaff
corridor.

On the basis of the analysis presented above, this article
is organized as follows. Section I introduces the research
background of this article and gives relative progress made
by other researchers. Following this, the innovations of this
article are put forward. Then, the methods for simulation
and physical model establishing of the chaff corridor are
addressed in Section II. Next, the principals for the EM
scattering matrix and extinction coefficient measurements of
the chaff corridor are subsequently presented in Section II.
Finally, experiments are conducted and some analysis is
performed in Section III to give useful conclusions of the
polaristic scattering properties of the chaff corridor.
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FIGURE 1. The flow chart of the measurement theorem.

II. TEST THEORY FOR EXPERIMENTS
In this section, the methods how to measure the polaristic
scattering matrix and the extinction coefficient of the chaff
corridor are addressed. The strategies of simulation model
generation and the physical model making for the chaff cor-
ridor are firstly presented. A specific device is designed for
chaff elements insertion to guarantee the fabricating accuracy
of the physical model. Then, the test error model is adopted
to describe the power transmitting properties of the EMwave
in the chamber to perform the calibration process. Next, the
theories to obtain the scattering matrix and extinction coeffi-
cient of the chaff corridor are proposed, which are applicable
for the stepped frequency measurement system. In the end,
the test facilities are introduced and the measurement steps
are given. The flow chart of the measurement strategies is
illustrated in Fig.1.

A. MODELING OF THE CHAFF CLOUD
In this part, the simulation model of the chaff corridor is first
established on the computer by programming according to the
probabilistic methods. Then, the block-making strategy and a
specific insertion device are used to make the physical model
of the chaff corridor.

Tomathematically describe themodel of the chaff corridor,
the global coordinates system is first established as Fig.2 (a).
In general, the central coordinates’ distributions of the chaff
elements obey the uniform distribution. Hence if we denote
the central coordinates of a chaff element as (x, y, z), then we
have 

x = xmin + (xmax − xmin) · rand()
y = ymin + (ymax − ymin) · rand()
z = xmin + (zmax − zmin) · rand()

(1)

where, x ∈ [xmin, xmax], y ∈ [ymin, ymax], z ∈ [zmin, zmax].
xmin, xmax, ymin, ymax, zmin, and zmax are the lower and upper
bound of the central coordinates of the chaff elements, respec-
tively. The function rand() generates a uniformly distributed
random number in the interval (0, 1). Then, the model of the
chaff corridor can be obtained by repeating the calculation
process for all the chaff elements as (1).

After determining the central coordinates of the chaff ele-
ments, now we deal with the orientation selection for each
chaff element. The local coordinates system is defined as
Fig.2 (b). The origin, designated (0, 0), is located at the
geometric center of the chaff element. Besides, the x-axis,
y-axis, and z-axis are parallel to that of the global coordinates

FIGURE 2. The figure of a chaff element in its coordinates system. (a) The
coordinates system of the chaff cloud. (b) The coordinates system of the
chaff element.

FIGURE 3. The figure of how to make a test model.

system defined in Fig.2 (a). The orientation of a chaff element
is specified by the (θor , ϕor ), θor is the angle of rotation from
the initial meridian plane, and ϕor is the angle from the polar
axis. When the chaff element is mass uniform and released in
thin air, the PDFs of the angle θor and ϕor can be written as

f (θor ) = 1, f (ϕor ) = 1 (2)

Thus, one can determine the orientation of chaff elements by
generating uniformly distributed random numbers in [0, π]
for θor and [0, 2π ] for ϕor . After performing the processes
as (1) and (2), a simulation model of the chaff cloud can be
established.

The subsequent kernel issue is how to make the physical
model of the chaff corridor according to the simulation one.
The simulation model is firstly divided into several parts
on computer which can be seen in Fig.3. Then, a tooling is
made according to the geometric information of these divided
blocks to give a guide for chaff elements inserting. The design
drawing of the chaff block and the tooling is shown in Fig.4.
R is the diameter of the guiding holes which is slightly larger
than the diameter r of the chaff element. L denotes the length
of the chaff elements. For the facilitating convenience, the
size of the block is chosen as 50 mm × 50 mm × 50 mm.
The 3D showing of the chaff block and tooling is shown in
Fig.5.

B. SCATTERING MATRIX MEASUREMENT
The scattering matrix, which is used to characterize the polar-
istic scattering properties of the chaff corridor, is crucial for
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FIGURE 4. The tooling for filberts insertion.

FIGURE 5. The 3D figure of tooling for filberts insertion.

target recognition. To study this, we use a plane EM wave
incident upon a chaff corridor which can be written as

EE inc = p̂EE incp + q̂EE
inc
q (3)

where, p̂ and q̂ are the unit coordinates vectors. In our topic,
p̂ = θ̂ and q̂ = ϕ̂ in spherical coordinate system. Similarly,
the scattered field can be expressed as

EEsca = p̂EEscap + q̂EE
sca
q (4)

and used to obtain[
EEscap
EEscaq

]
=
e−jkR

R

[
Spp Spq
Sqp Sqq

][
EE incp
EE incq

]
=
e−jkR

R
S(0)target

[
EE incp
EE incq

]
(5)

where k is the wave number, R is the length of the radius
vector ER determined by the origin of the coordinate system
and the observation point. S(0)target is the scattering matrix of
the target. With this definition of the RCS

σpq = lim
R→∞

4πR2
∣∣∣EEscap

∣∣∣2/∣∣∣EE incq ∣∣∣2 (6)

FIGURE 6. The model of signal transition in measurement.

one can rewrite (5) as[
EEscap
EEscaq

]
=

1
√
4πR

[√
σppejϕpp

√
σpqejϕpq

√
σqpejϕqp

√
σqqejϕqq

][
EE incp
EE incq

]

=
1
√
4πR

Starget

[
EE incp
EE incq

]
(7)

where the phase terms in matrix Starget indicate that the ele-
ments in the matrix are complex numbers. The signal flow
chart of the measurement can be seen in Fig.6. One then can
write the transfer function as [36]

Ur =
[
C+ RStargetT

]
Ui (8)

where the symbols Ui and Ur are the incident and scattered
field vectors. Using this equation, the measured scattering
matrix Smeasure can be expressed as

Smeasure =
[
C+ RStargetT

]
(9)

It can be clearly seen from (9) that one cannot obtain the
accurate scattering matrix Starget of the target under test
without error compensation. In the following discussions, the
method to determine matrix C, R, and T is presented using
calibrators with known polaristic scattering matrix. Then the
matrix Starget can be accessed according to (9).
To determine the matrix C, One just needs to set matrix

Starget as the zero matrix and get the following:

Smeasure =

[
S(0)m11 S(0)m12
S(0)m21 S(0)m22

]
= C =

[
c11 c12
c21 c22

]
(10)

Equation (10) holds when there is no scatter in the test region.
One just needs to perform the test in a chamber without a
target to obtain the matrix C.
Secondly, the scattering matrix of a metal plate has the

following form

Splatetarget = γ1

[
−1 0
0 1

]
(11)

where γ1 is a complex constant. One can measure the metal
plate and obtain[
S(1)m11 S(1)m12
S(1)m21 S(1)m22

]
−

[
c11 c12
c21 c22

]
= γ1

[
R11 R12
R21 R22

] [
−1 0
0 1

] [
T11 T12
T21 T22

]
(12)
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FIGURE 7. The model of rectangular dihedral reflector.

The scattering matrix of a metal sphere can be written as

Sballtarget = γ2

[
1 0
0 1

]
(13)

where γ2 is a complex constant. Similarly, one can measure
the metal sphere and obtain[
S(2)m11 S(2)m12
S(2)m21 S(2)m22

]
−

[
c11 c12
c21 c22

]
= γ2

[
R11 R12
R21 R22

] [
1 0
0 1

] [
T11 T12
T21 T22

]
(14)

Now, let us consider a rectangular dihedral reflector which
is denoted in Fig.7. Vector

−→
OA can be written as

−→
OA∣∣∣−→OA∣∣∣ = 1

√
2

(
x̂ + ŷ

)
(15)

where 6 AOB = 90◦. If one rotates the rectangular dihedral
reflector around the x axis with angle θ , the scattering matrix
of the rectangular dihedral reflector can be express as

Srdrtarget = γ3

[
cos 2θ sin 2θ
sin 2θ − cos 2θ

]
(16)

For example, when setting θ = π/4, the scattering matrix can
be then written as

Srdrtarget = γ3

[
0 1
1 0

]
(17)

Similar works can be done and obtain[
S(3)m11 S(3)m12
S(3)m21 S(3)m22

]
−

[
c11 c12
c21 c22

]
= γ3

[
R11 R12
R21 R22

] [
cos 2θ sin 2θ
sin 2θ − cos 2θ

][
T11 T12
T21 T22

]
(18)

If one introduces the matrix G to represent the results in the
right hand of (12), (14) and (18). One gets

G(1)
=

[
S(1)m11 S(1)m12
S(1)m21 S(1)m22

]
−

[
c11 c12
c21 c22

]
(19)

G(2)
=

[
S(2)m11 S(2)m12
S(2)m21 S(2)m22

]
−

[
c11 c12
c21 c22

]
(20)

G(3)
=

[
S(3)m11 S(3)m12
S(3)m21 S(3)m22

]
−

[
c11 c12
c21 c22

]
(21)

Therefore, (12) and (14) can be rewritten as

G(1)
=

[
G(1)
11 G(1)

12
G(1)
21 G(1)

22

]

= γ1

[
R11 R12
R21 R22

] [
−1 0
0 1

] [
T11 T12
T21 T22

]
(22)

G(2)
=

[
G(2)
11 G(2)

12
G(2)
21 G(2)

22

]

= γ2

[
R11 R12
R21 R22

] [
1 0
0 1

] [
T11 T12
T21 T22

]
(23)

G(3)
=

[
G(3)
11 G(3)

12
G(3)
21 G(3)

22

]

= γ3

[
R11 R12
R21 R22

][
cos 2θ sin 2θ
sin 2θ − cos 2θ

][
T11 T12
T21 T22

]
(24)

We can solve R from (23) and subtitle it into (22), yields[
R11 R12
R21 R22

]
=

1
γ2

G(2)
[
T11 T12
T21 T22

]−1
(25)

and[
T11 T12
T21 T22

] (
G(2)

)−1
G(1)

=
γ2

γ1

[
−1 0
0 1

] [
T11 T12
T21 T22

]
(26)

After algebraic operations, we can define matrix as

D1 =

[
d (1)11 d (1)12
d (1)21 d (1)22

]
=

[
G(2)
11 G(2)

12
G(2)
21 G(2)

22

]−1 [
G(1)
11 G(1)

12
G(1)
21 G(1)

22

]
(27)

Then, one can obtain
d (1)11 T11 + d

(1)
21 T12 = −

γ1

γ2
T11

d (1)12 T11 + d
(1)
22 T12 = −

γ1

γ2
T12

(28)

Thus, (
T11
T12

)2

d (1)12 +

(
d (1)22 − d

(1)
11

) T11
T12
− d (1)21 = 0 (29)

the solution of (29) can be obtained, say ξ1. Similar works
can be performed and get

d (1)11 T21 + d
(1)
12 T22 =

γ1

γ2
T21

d (1)21 T21 + d
(1)
22 T22 =

γ1

γ2
T22

(30)

Thus, (
T21
T22

)2

d (1)12 +

(
d (1)22 − d

(1)
11

) T21
T22
− d (1)21 = 0 (31)

the solution of (31) can be obtained, say ξ2. Next, by
using (16), one can obtain

D2 =

[
d (2)11 d (2)12
d (2)21 d (2)22

]
=

[
G(3)
11 G(3)

12
G(3)
21 G(3)

22

]−1 [
G(1)
11 G(1)

12
G(1)
21 G(1)

22

]
(32)
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and thus,

d (2)11 T11 + d
(2)
21 T12

d (2)12 T11 + d
(2)
22 T12

=
T11 cos 2θ + T21 sin 2θ
T12 sin 2θ + T22 cos 2θ

(33)

and

d (2)11 T21 + d
(2)
21 T22

d (2)12 T21 + d
(2)
22 T22

=
T11 sin 2θ − T21 cos 2θ
T12 sin 2θ − T22 cos 2θ

(34)

Deriving from (33) and (34), one can get

tan 2θ =
T 2
11d

(2)
12 −T11T22d

(2)
11 −T11T12d

(2)
22 −T12T22d

(2)
21

T 2
12d

(2)
21 + T11T12d

(2)
11 −T11T21d

(2)
12 −T12T21d

(2)
22
(35)

tan 2θ =
T 2
11d

(2)
12 −T

2
22d

(2)
21 + T21T22

(
d (2)22 −d

(2)
11

)
T11T21d

(2)
12 −T12T21d

(2)
11 + T11T22d

(2)
22 −T12T22d

(2)
21
(36)

Then, one can let the right hand term of (35) equal to that
of (36) and obtain

T 2
11d

(2)
12 − T11T22d

(2)
11 − T11T12d

(2)
22 − T12T22d

(2)
21

T 2
12d

(2)
21 + T11T12d

(2)
11 − T11T21d

(2)
12 − T12T21d

(2)
22

=

T 2
11d

(2)
12 − T

2
22d

(2)
21 + T21T22

(
d (2)22 −d

(2)
11

)
T11T21d

(2)
12 −T12T21d

(2)
11 +T11T22d

(2)
22 −T12T22d

(2)
21

(37)

Then, one gets the polynomial equation

A
(
T21
T11

)3

+ B
(
T21
T11

)2

+ C
(
T21
T11

)
+ D = 0 (38)

where the constants in (38) are written as

A = −

(
d (2)12 +

d (2)22

ξ1

)
·

d (2)21 + ξ2

(
d (2)11 − d

(2)
22

)
ξ22

(39)

C = d (2)12

(
d (2)12 +

d (2)22

ξ1

)

+

(
d (2)12 −

d (2)22

ξ1

)
·

(
d (2)21 −

d (2)11

ξ1
+
d (2)22

ξ2
−
d (2)21

ξ1ξ2

)
(40)

B =

[
d (2)21 +

ξ2d
(2)
22 − ξ2d

(2)
11 − d

(2)
21

ξ1ξ2

]

·

ξ1d (2)11 +d
(2)
21

ξ21

·

ξ2

(
d (2)11 −d

(2)
22

)
+d (2)21

ξ22

−
ξ1d

(2)
11 +d

(2)
21

ξ1ξ2


(41)

D = −d (2)12 ·
d (2)11 ξ1 + d

(2)
21

ξ21

(42)

with (29), (31) and (38), the matrix T is determined. The
matrix R can be subsequently determined by (25). So the
scattering matrix of the target can be written as

Starget = (1/γ2) · T
(
G(2)

)−1
(Smeasure − C)T−1 (43)

from (43), one can obtain the scattering matrix of the target
just performing basic matrix operations. It should be noted
that one or two amplifiers are added into the measurement
system when needed. Thus, the calibration and measurement
processes mentioned above need to be conducted consider-
ing the amplifiers as a part of the system. When the sys-
tem settings are changed, the calibration process must be
re-conducted.

C. EXTINCTION COEFFICIENTS MEASUREMENT
The extinction coefficient κ refers to the energy attenuation
rate of the EM wave passing through the chaff corridor. The
wave number k of a homogeneous wave may be written as

k =
ω

c
N =

ω

c
(n+ iκ) (44)

where c is the speed and ω is angular frequency of the wave.
N is so called the complex refractive index. Using this for-
mula, a plane homogeneous wave, transit along ẑ, has the
form

EEc = EE0 exp
(
−
2πκz
λ

)
exp

(
i2πnz
λ
− iωt

)
(45)

As the wave traverses the chaff corridor, the power is expo-
nentially attenuated

PL = P0e−αL (46)

in this equation, P0 and PL are the power obtained at z = 0
and z = L, respectively. α is the absorption coefficient with
the form of

α =
4πκ
λ

(47)

where λ is the wavelength. Then, α, and hence κ , can be
obtained in principle from the relation described in the next
equation:

αL =
4πκ
λ

L = ln
P0
PL

(48)

The scattering model of a block of the chaff corridor can be
reported in Fig.8.

It is obvious that the power at the two surfaces of the
chaff corridor is hard to be detected. A more convenient
way to estimate the extinction coefficient is measuring the
reflectance and transmittance of the chaff corridor. We denote
the reflectance and transmittance of the chaff corridor as
R and T , respectively. After some algebraic manipulations,
we obtain the following equation:

1− R
T
= exp

(
4πL
λ
κ

)
(49)

The next important issue that needs to be addressed is how
to perform measurements to obtain the reflectance and trans-
mittance of the chaff corridor. The ‘‘comparison’’ method is
adopted. At first, a plane with known reflectance is tested as
shown Fig.9 using antennas A and B. By noting the transmit-
ting power as P0t , and the receiving power as P0r , we obtain

00 = ξ1
P0r
P0t

(50)
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FIGURE 8. The figure of the energy passing through a test range.

where 00 is the reflectance of the plane and ξ1 is the cali-
bration coefficient of the measurement system which will not
change under the same test condition. Secondly, the test of
a chaff corridor which has the same area with the plane is
performed under the same condition. Thus, we obtain

0c = ξ1
Pc
P0t

(51)

where 0c and P0c are the reflectance and reflected power of
the chaff corridor, respectively. From the division of (50)
and (51), we get

R =
00Pc
P0r

(52)

The experimental determination of the transmittance of the
chaff corridor can be performed in the same way. Instead of
arranging an object with known transmittance, we place an
imaginary standard material within the test region, i.e. the air.
In other words, we measure the power with the absence of the
chaff corridor. Then we can obtain

T0 = ξ2
P0r
P0t

(53)

where ξ2 is calibration coefficient of the measurement sys-
tem. The chaff corridor is tested and thus we get below:

Tc = ξ2
Pc
P0t

(54)

After some algebraic operation, we obtain:

T =
T0Pc
P0.r

(55)

If one wants to obtain the polaristic extinction coefficient of
the chaff corridor, the polaristic reflectance and transmittance
should be probed. One rotates two antennas simultaneously
to form different polaristic angles. Meanwhile, the polaristic
reflectance and transmittance of the standard materials (or
objects) under the same incident and received conditions are
sampled to set a reference for the extinction measurement of
the chaff corridor. The test scenario is shown in Fig.9.

D. THE MEASUREMENT SYSTEM
1) SCATTERING MATRIX MEASUREMENT FACILITIES
The scattering matrix measurements of the chaff corridor
are performed in the radio anechoic chamber which can
reduce unnecessary reflected power. The facilities in our

FIGURE 9. The scenario of reflectance and transmittance measurement.

lab operate at frequencies from 18 to 24 GHz. The stepped
frequency measurement system is adopted which can realize
a wide-total-bandwidth and full-polarization measurements.
The block diagram is shown in Fig.10. A pair of horn anten-
nas are used as the transmitting and receiving devices that
realize 360-degree angle polarization measurements without
losing of focus. In practical measurements, the reflected
power level of the object is not always very high, which
causes difficulty in reflected signal capture. Therefore, two
amplifiers are adopted associating with the transmitting and
receiving antennas to improve the dynamic range of the
measurement system. The central computer of the system
is set as the ‘‘commander’’. It controls the vector network
analyzer (VNA) and turntable to perform the measurements.
The turntable is located on the opposite side of the antennas.
The object under test, i.e., the model of the chaff corridor,
is placed on the upper surface of the turntablewhich can rotate
around the plumb line. To restrain the EM scattering of the
turntable, an absorbing wall is built in front of the turntable.
Besides, a microwave absorbing board is set between two
antennas to suppress the direct-transmission noise.

Based on the test principals and facilities, the test has four
steps: First, the measurement system runs for about 30 min-
utes before test. Secondly, the height of the antenna is
adjusted to ensure that the centers of the target and antennas
are located within the same plane and aligned. Thirdly, the
system is calibrated using standard calibrators as described
in the previous sections. To reduce the multipath effect, the
virtual time-domain gating technique is used. Fourthly, after
the calibration, all of the facilities and variables in the soft-
ware are fixed and the object is put back on the turntable.
The rotation angle of each antenna is set according to the test
plan. The central computer controls the turntable to rotate
for each step. In those steps, the antennas emit the stepped
frequency signals and receive the echo. The software gives
the S-parameters at every frequency point, every azimuth
angle, and every set of the antennas’ polaristic angles. These
collected data are used to determine the scattering matrix of
the chaff corridor. The block diagram of the measurement
process is illustrated in Fig.11.

2) THE FACILITIES FOR EXTINCTION COEFFICIENT
MEASUREMENT
The extinction coefficient is always used to describe the
ability of the EM wave passing through the chaff corridor.
The measurements of the extinction coefficients of the chaff
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FIGURE 10. The block diagram of the measurement system.

FIGURE 11. The block diagram of the measurement process.

corridor are still performed in the chamber. The instruments
operate at frequency from 18 to 24 GHz. The waveform of
the emitting signal is also selected as the stepped-frequency
continuous-wave. The block diagram of this test mode is
shown in Fig.12. The target under test is arranged between
two horn antennas. A low-RCS pylon is installed to support
the target. At this time, the power amplifier is optional. When
the reflected power level of the target is high enough, it allows
one or two of the amplifiers to be turned off.

The test has several steps: First, the measurement system
is installed and the laser positioning system is used to make
sure the two antennas are center aligned. Next, the system is
calibrated. Meanwhile, the reflected and transmitted power
is probed. If this power level does not meet the testing cri-
terion, power amplifiers are added into the circuit. Then,
the transmitted and received power of the EM field with
the absence of the target, and later with the presence of the
chaff corridor are recorded. At the same time, the thickness
of the chaff corridor is measured. Finally, data are processed
by the central computer to obtain the extinction coefficients of
the chaff corridors. In addition, the angle of two horn antennas
is adjusted to obtain the polaristic extinction coefficients of

the chaff corridor. The block diagram of the measurement
process is illustrated in Fig.11.

III. MEASUREMENT AND ANALYSIS
In the prior sections, we have addressed the theory how to
determine the scattering matrix and the extinction coefficient
of the chaff cloud by experiments. In this section, we first
perform the validation experiments to confirm the methods
presented in this article. Then, the scattering matrixes and
extinction coefficients of different types of the chaff corridors
under different polaristic angles and frequencies are deter-
mined. Finally, some useful conclusions are given. The pho-
tos of the test facilities are shown in Fig.13 where (a) and (b)
show the test scenarios of the scattering matrix measurement,
while (c) and (d) show the test scenarios of the extinction
coefficient measurement.

A. ALGORITHM VALIDATION
In this part, we focus on the validation of the measurement
method presented in Section II. At the beginning of this part,
two typical objects (metallic cubic and corner reflector) are
tested in the chamber. As a contrast, the theoretical scattering
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FIGURE 12. The block diagram of the measurement system.

TABLE 1. The scattering matrices of typical objects.

matrices of these objects are obtained in the commercial
software under the same conditions. Then, three materials
are utilized to verify the method of extinction coefficient
extraction. Different from the measurements of the scattering
matrix, the validation processes of the extinction coefficient
extraction are all conducted in the commercial simulation
software. Since we do not have enough types of materials
with known material parameters, especially very large or
small extinction coefficient materials.

To verify the scattering matrix method presented in the
previous section, the standard objects, i.e., cubic and corner
reflector, are adopted for testing. The geometric models and

corresponding coordinates system are illustrated in Fig.14.
These objects are all perfect electric conductors (PECs).
When conducting the software simulations on computer and
measurements in the chamber, they all respect the same
coordinate systems and test conditions. For convenience, the
spherical coordinate systems are defined cooperating with the
Cartesian coordinate system defined in Fig.14 (a) and (b).
The simulation and experimental conditions are presented
in the notes part of Table 1. The corresponding results are
also reported in Table 1. It can be seen from the table that
the scattering matrices obtained by the method presented in
this article have a good agreement with the theoretical ones.
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TABLE 2. The extraction coefficients of typical materials.

FIGURE 13. The measurement facilities in chamber. (a) and (b) are the facilities for scattering matrix measurements. (c) and (d) are the facilities for
extinction coefficient measurements.

However, when the reflected power level of the cross-
polarized mode is low, the prediction errors increase. The
possible reason is that the antennas we used in the test are not
pure linear polarized and the physical model of the standard
object cannot be arranged strictly according to the simulation
one. Besides, the measurement accuracy of the scattering
matrix of the standard objects decreases with the increasing
frequencies. This is mainly because the phase detection errors
caused by the positioning error of the standard object and
facilities increase.

We now deal with the validation of the method for extinc-
tion coefficients measurement. The coordinate system of the
simulations is shown in Fig.14 (c). The origin is located at
the geometric center of the material block. In the software
simulations, two virtual probes are set on both sides of the
material along the direction of the incident wave, which
is similar to the scenario in Fig.13 (d). Then, the data is
collected and processed following the method presented in
Section II. The simulation conditions are given in the notes
part following Table 2. The extinction coefficients obtained
by the method presented in Section II (we treated then as
the ‘‘measurement’’ results) and through the calculation from
the material parameters (we treat them as the ‘‘simulation’’
results) are reported in Table 2. From these results, it can
be found that the extinction coefficients predicted by the
method presented in this article are very close to the true
values of the materials. We also find that larger prediction
errors occur when the thickness of the material is smaller
and the operating wavelength of the radar is larger. The
possible reason is that an object can be considered as a layer
of material more reasonably when they are electrical large

relative to the operating wavelength of the radar. Besides,
from Case 1 and Case 2 in Table 2 we also find that the
theatrical values of the extinction coefficient of the chaff
corridor are not changing with the thickness of the material
in our simulations. Because the extinction coefficient is only
determined by the electric attributes of the material [37], [38].
Overall, the validation experiments performed in this part
verify the scattering matrix and extinction coefficient mea-
surement methods presented in this article.

B. SCATTERING MATRIX MEASUREMENTS
In the scattering matrix measurements, six models are tested.
The pictures of these models can be found in the second
column of Table 3. The chaff models consist of many blocks
which are made according to the simulations. The size of
each block is 5 cm × 5 cm × 5 cm. There are 24 elements
involved in each block. The length of the chaff elements is
selected as 3 cm. For Case 1 and Case 3, the model of the
chaff cloud is formed as ellipsoid. Three axes lengths of
Case 1 are 13 cm, 13 cm, and 25 cm. Three axes lengths
of Case 3 are 8 cm, 8 cm, and 17 cm. For Case 2, an irregular
shaped chaff cloud model is made. To investigate the EM
scattering properties of different types of chaff cloud, Case 4,
Case 5, and Case 6 give the chaff model shaped as cuboid.
For Case 4, Case 5, and Case 6, the edge lengths of the chaff
cloud are 15 cm× 15 cm× 10 cm, 10 cm× 10 cm× 10 cm,
and 15 cm × 10 cm × 5 cm, respectively. The operating
frequency of the measurement system ranges from 20 GHz
to 24 GHz. The transmitting and receiving antennas are both
the standard-Gain horn antennas.
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TABLE 3. Results of the scattering matrix measurements.

The test results are shown in Table 3. The measurements
are performed at different polaristic angles and frequencies.
The definition of the four components in the scattering matrix
respects the form in (5). Besides, all the components in the
scattering matrix are normalized by the value of the Spp. One
finds that the complex values of the Spp and Sqq in each
scattering matrix are similar to each other. Because the chaff
elements orientations obey the uniform distribution, which
causes unobvious polaristic properties. When examining the
cross-polarized components in the scattering matrix, the val-
ues of the Spq and Sqp components are still close to each

other. This result shows that the chaff cloud generated in this
article is unsuitable to be detected using cross-polarization
recognition method.

When the polaristic angle of the antenna changes, the
magnitudes of the four components within the scattering
matrix almost maintain unchanged, but the phase angles of
these components are dramatically changing. The possible
reason is that the chaff elements are randomly distributed
in space, which makes the polarization-matched chaff ele-
ments distributed at different distances relative to the antenna
within the chaff cloud. This reason also leads to a randomly
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FIGURE 14. Test objects and coordinates system definition.

FIGURE 15. The reflected and transmitted power of different types of the chaff cloud.

distributed phase angles of the components in the scatter-
ing matrix. These results indicate that it is hard to find the
differences between components of the scattering matrix in
both amplitude and phase angle for the elements’ orientation
uniform distributed chaff cloud.

When the test frequency is increasing, there is not a large
change occurring for the magnitudes of the co- or cross-
polarization components in the scattering matrix. This result
indicates that the polaristic scattering properties of the chaff
cloud are not sensitive to the frequency changing of the
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TABLE 4. Results of the extinction coefficient measurements.

incident wave. This is mainly because the polaristic scattering
characteristics of the chaff corridor are always determined by
its geometric shape, material, and the posture in the wave. So,
if one wants to change the polarization scattering properties
of the chaff cloud, the structure of the chaff elements should
be carefully designed to achieve an arbitrary orientation
distribution.

When dealing with the shape of the chaff cloud, this
article measures different types of the chaff clouds which
are described in Table 3. From these test results, one finds
that the polarization properties of the chaff cloud are not
strongly determined by the shape of the chaff cloud because
the chaff elements are separated-defused in the space. This
property unlocks the strong dependence of polarization scat-
tering properties on the shape of the chaff cloud. That is to
say, the shape of the chaff cloud cannot influence the polar-
ization jamming performance dramatically, which relaxes the
diffusion shape requirements. This is one possible reasonwhy
the chaff clouds are so widely used.

C. EXTINCTION COEFFICIENT MEASUREMENTS
According to the test principles presented in Section II, the
extinction coefficient measurements are performed in the
chamber. Test scenario is shown in Fig.13 (d). The chaff

corridor is made as a 5 cm thick board for each case. All of the
fourmodels obey the same PDF. The number density of all the
chaff boards is 96,000 per 1 m3. The test frequency is from
20 GHz to 24 GHz. The transmitting and receiving devices
are selected as the standard Gain horn antennas. The tests
are performed at different frequencies and polaristic angles.
The transmitted and reflected power of the chaff boards are
reported in Table 4 and Fig.15.

From Fig.15, one finds that the reflected power of the chaff
board is lower than the transited power. This means that the
reflection of the chaff board is veryweak as the chaff elements
are dispersed distributed in the space and the ratio of the
volume of the chaff elements to that of the model is quite
small. Therefore, the power of the EM wave can easily pass
through the chaff board. This indicates that if one wants to
achieve a high reflected power, huge numbers of the chaff
elements should be released. From the results in Fig. 15,
it also can be seen that the chaff cloud with uniform orienta-
tion distribution is not sensitive to changing polaristic angles.
When the frequency increases, the values of the reflected and
the transmitted power fluctuate as well. But the transmitted
power changes relatively small compared with the reflected
power. Meanwhile, the transmitted power decreases with the
increasing frequency. This result demonstrates that it is harder
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for high frequency EM wave to pass through the chaff board.
To further prove this point, experiments are conducted at
lower frequency f = 5 GHz for Case 1 and Case 3 in Table 4.
Other simulation conditions are the same to that of Case 1 and
Case 3. We measure the extinction coefficient of the chaff
corridor under different polaristic angles of 0 degree and 30
degrees. They are 127.338 (Case 1, 0 degree), 126.524 (Case
1, 30 degrees), 115.259 (Case 3, 0 degree), and 112.705.
(Case 3, 30 degrees). These results still hold the conclusion
that high-frequency wave is hard to pass through the chaff
corridor. The possible reason is that the effective electric
length of the chaff element is shortened when the wavelength
of the incident wave increases, thus resulting in a low reflec-
tion power and high transmission properties of the EM wave,
vice versa.

Based on these data, the extinction coefficients are calcu-
lated and listed in Table 4. At the most polaristic angles, the
extinction coefficients are about 140 m−1. These coefficients
show that the power of the EM wave to pass through the
chaff board drops very quickly. In addition, the values of
the extinction coefficients increase with the increasing of the
operating frequency. One also finds that the values of the
extinction coefficients of the chaff corridor at most polaristic
angles are close to each other. This is mainly caused by the
random distribution characteristics of the chaff elements. The
results also denote that the polaristic extinction coefficients
are approximately independent from the polaristic angles.
This characteristic provides usage of the chaff cloud to coun-
termeasure the polaristic recognition of the target.

IV. CONCLUSION
This article investigates the scattering matrix and the extinc-
tion coefficient measurement methods of the chaff cloud.
Initially, the principles of the test are presented. Then, the
measurements are performed in a chamber. This article finds
that the polaristic scattering properties of the chaff cloud are
determined by the orientation distribution of the chaff ele-
ments, instead of the shape of the chaff cloud and frequency.
Based on the measured data, the extinction coefficients of
the chaff cloud are determined. The results show that the
extinction coefficients increase with the frequency and are
not sensitive to the polaristic angles of the transmitting and
receiving antennas. In the future, more models will be made
and measured to obtain the statistical polaristic scattering
properties of the chaff cloud. In addition, the composite
polaristic scattering measurements of the chaff cloud with the
target will be conducted in the future.
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