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Abstract. Presently, chaffs are widely used as electronic counter measure in deceiving tracking radar systems, since they have low
production cost and yet they are very effective in creating false radar signatures. These chaffs are designed to cover radar frequency range
from 2-18 GHz. However, in future, tracking radars will operate in higher frequency range and will have improved algorithms to mitigate
chaff noise of certain Radar Cross Section (RCS) threshold. There are various factors to improve backscattered RCS of the chaff cloud at
higher frequencies. In this paper, the effect of surface roughness of electrically conducting fibre (which is used as chaff) on its backscattered
RCS has been studied. It has been observed that with an increase in surface roughness of the fibre there is decrease in its backscattered RCS.
This relationship between fibre surface roughness and its backscattered RCS were obtained by performing simulations in Ansys HFSS with
dipole length of 100mm and 50mm and later validating the same with the measured results for SOmm. Also it has been observed that with
increase in frequency range the effect of surface roughness is more pronounce than at the lower frequencies for a given surface roughness

range.
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1. Introduction

Since early days of World War II, metallic strips are
being used as electronic counter measure to create false
radar return to confuse enemy tracking radar systems. These
metallic strips are known as Chaffs. Earlier these chaffs
were consisted of 300mm long and 15mm wide strips [1],
but nowadays these are reduced to few mm long with
thickness in microns. The strips are cut to various lengths
and each resonates at a particular radar frequency, thus by
dispensing dipoles of several cut lengths, chaff can be made
effective over a wide band of frequencies. These dipoles are
also effective at harmonics of radar frequency [1] [2].

RCS behavior of any chaff payload depends upon various
factors like chaff cut lengths, number of dipoles, mutual
coupling, screening effects, polarization of EM waves, chaff
ejection method etc [3]. Thus, for an effective chaff payload
design, effects of all these parameters on RCS response must
be analyzed and investigated using available simulation tools
(like HFSS-IE, etc). Apart from these parameters, surface
roughness of the electrically conducting fiber also affects its
backscattered RCS response.

There are many research [1] [2] [3] on chaff RCS
behavior on its various physical and electrical parameter
variations. The average bistatic scattering cross section of
thin cylindrical dipoles as a function of frequency, bistatic
angle and polarization have been studied in [4]. The average
backscattering cross section of clouds of linear metallic
dipoles of resonant length and random orientation is
investigated in [5]. A plane electromagnetic wave scattering
by a straight resistive wire of finite length in an isotropic
homogeneous medium is reported in [6]. A similar study of
an electromagnetic wave scattering from both a perfectly
conducting and lossy straight wire was also reported in [7].
Theoretical prediction and measurement of the scattering
from a thin wire with one dimensional random orientation is

analyzed in [8]. An approximate representation of the
current along a perfectly conducting straight thin wire is
reported in [9]. Transient analysis of straight thin wire
scatterer by a multiresolution time domain integral equation
method is reported in [10]. Another study on scattering
characteristics of chaff for radar is reported in [11]. A new
technique base on Inverse Synthetic Aperture Radar (ISAR)
for the characterization of chaff elements is presented in
[12]. A lot of work has been done on study of EM wave
scattering from a thin dipole (a straight conducting wire) but
there is no literature in which effect of chaff fibre surface
roughness on its backscattered RCS is evaluated. In the
present paper, relation between monostatic RCS of a chaff
fiber with its surface roughness has been analyzed using
simulations and latter validated with the measured results.

Radar cross section is a ratio of backscattered power per
steradian in the direction of the radar from the target to the
power density incident on the target. Mathematically, RCS
can be represented by [13] [14]

Sr

o = limp_,, 4mR? )]
Here, R is the range, S, is the reflected power per steradian
and S, is the transmitted power density.

Surface roughness (SR) is a feature of surface texture. It
is quantified by the deviations in the direction of the normal
vector of a surface from its ideal form. If these deviations
are large, the surface is rough and if they are small, the
surface is considered to be a smooth surface. There are
various models available to quantify surface roughness like
[15] or [16]. Recently, Huray et al. proposed a physics-based
“snowball” model for surface roughness [17] [18]. Their
model is based upon analytic solutions for the fields
surrounding a hemispherical ball attached to a metal surface.
The Huray model has been found to be more accurate than
earlier approaches when the surface is very rough. In the
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present paper, simulations are performed in Ansys HFSS
which is having two surface roughness models viz. Groisse
model and Huray model. In this paper, Groisse model [16],
which is considering surface roughness as a single value, has
been used to model surface roughness of electrically
conducting fibres. Higher the value of Groisse surface
roughness parameter higher will be the surface roughness of
the electrically conducting fibre.

Surface roughness of cylindrical metallic fibre can be also
quantified by simply using the standard deviation of the
diameter readings of the fibre being measured at multiple
locations across the fibre axis. Higher the standard deviation
of electrically conducting fibre diameter reading higher will
be its surface roughness.

In this paper, effect of surface roughness of electrically
conducting fibre on its backscattered RCS has been studied
by performing RCS simulation in Ansys HFSS which is
followed by RCS measurement of chaff dipole array with
varying surface roughness in anechoic chamber using a time
domain RCS measurement facility which gives RCS from 2
to 18 GHz in single measurement. Here, in the study,
comparison and analysis of simulated and measured RCS
data is done at resonant frequency i.e. 3GHz for 50 mm
chaff rather than the entire frequency range, since RCS at
non-resonant frequencies is negligible as compared to RCS
at resonant frequency. A good agreement in the simulations
and measurements has been observed which validates the
trend that with an increase in surface roughness of the fibre
there is a decrease in its backscattered RCS. This
relationship will help in optimizing tradeoffs between
various chaff payload design parameters to improve its
backscattered RCS response.

2. Experimental setups and measurements
2.1. Fiber diameter measurement

Direct measurements of electrically conducting fiber
diameters are performed using Optical Microscope with
resolution of 0.37 micron at 100x magnification [19].
Images of two individual fibers are shown in Fig. 1 and Fig.
2. The main advantage of using this method is capturing of
actual variation of chaff dipole diameters. Using this
method, 50 measurement readings were taken for each
sample and then mean and standard deviation of the
measured reading for each fiber are calculated. The mean
and standard deviation of two fibers with large contrast in
surface roughness (SR) are shown in Figure 1Fig. 1and Figure
2. The mean and standard deviation of the fiber shown in
Figure 1 are 24.59 um and 0.27 pum respectively and for the
fibre shown in Fig. 2 are 24.90 um and 2.42 um respectively.
Table 1 lists mean and standard deviation of optical
microscope measurements of diameters of the conducting
fiber samples whose corresponding backscattered RCS
measurements are carried out in anechoic chamber.

2.2. Preparation of dipole array

For a study of Backscattered RCS behavior of different
chaff dipoles for a given sample, dipole arrays of fixed

Fig. 2. Electrically conducting fibre with mean diameter of 24.90 pm with
standard deviation of 2.42 um (higher standard deviation).

Table 1: Mean and standard deviation of optical microscope measurements
of conducting fibers used for rcs and surface roughness analysis.

Sample Number of Mean Standard
No. Fibres in Fiber Deviation of Fibre
each Dipole | Diameter Diameter
Array (um) Readings (um)

1 36 12.66 2.78

2 36 11.68 1.29

3 36 8.86 1.85

4 36 9.61 0.95

5 36 9.96 1.02

6 36 11.10 0.99

7 36 12.94 1.27

8 36 9.68 0.90

9 36 11.39 1.22

10 36 10.39 1.57

11 36 12.46 0.64

12 36 14.34 1.11

13 36 13.65 0.72

14 36 14.38 0.78

15 36 16.56 1.37

16 36 16.89 1.37

17 36 13.99 1.26

18 36 25.17 0.46
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arrangements (horizontal and vertical spacing) of predefined
dipole cut length (50 mm) are prepared on a microwave
transparent thermocol sheet to evaluate effects of different
surface roughness over its backscattered RCS. Figure 3
shows the schematic of prepared dipole array used for the
experiments. Cut length of the chaff dipoles used is 50 mm.
The horizontal spacing between each dipole is 50mm and the
vertical spacing is 25mm.

3. Results and observations
3.1. Simulated data

Simulations are performed in Ansys HFSS [20] [21] using
Integral Equation Method. Two different length of chaff
dipole viz 100 mm and 50 mm are considered with varying
Groisse surface roughness (SR) parameter from 0 to 1 um.
The simulation results for 100mm and 50mm chaff dipoles
are shown in Figure 4 and 5, respectively. It can be easily
observed that in both cases with increase in SR values there
is a decrease in backscattered RCS of the electrically
conducting fibre. Thus, indicating an inverse relation
between surface roughness of the electrically conducting
fiber and its backscattered RCS response.

50 mm 25 mm
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Fig. 4. Simulated backscattered RCS v/s fibre surface roughness (SR) for
100 mm electrically conducting fibre. unit of surface roughness (SR)
parameter is in micron (pum).
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Fig. 5. Simulated backscattered RCS v/s fibre surface roughness (SR) for
50 mm electrically conducting fibre. unit of surface roughness (SR)
parameter is in micron (pm).

3.2. Measured data

In the present study, time domain techniques are used for
backscattered RCS measurements. In Time domain (TD)
technique, ultra-wide band pulse of ~30 picosecond is used
to carry out measurements which gives monostatic RCS over
a wide frequency range of 2-18 GHz in single measurement.
Figure 6 shows the experimental setup for TD static RCS
measurements of chaff dipole array in anechoic chamber.

Since it is not feasible to perform RCS measurement of
bloomed metallic fiber cloud in anechoic chamber, therefore
a different approach for test coupon fabrication has been
thought off. For this, metallic fibers are placed on
microwave transparent 2D thermocol sheet (schematic is as
shown in Figure 3) and measurements are performed.
Measured data are shown in Table 2. There are three
parameters of electrically conducting fibers which are
measured and reported in Table 2 are namely, mean fibre
diameter, its corresponding standard deviation of the fiber
diameter readings and Backscattered RCS. It must be noted
that all the data has been normalized with respect to the
highest value in each column.

S—

Transmitter & Receiver Section

Fig. 6. Indoor backscattered RCS measurement set up in anechoic chamber
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Table 2: measured backscattered RCS and its corresponding electrically
conducting fibre diameter and their standard deviation normalized with their
corresponding highest values

Normalized Normalized Standard = Normalized
Mean Fibre Deviation of Fibre Backscattered RCS
Diameter Diameter readings

0.503 1.000 0.282
0.464 0.462 0.499
0.352 0.664 0.144
0.382 0.343 0.173
0.395 0.365 0.178
0.441 0.356 0.485
0.514 0.455 0.258
0.384 0.324 0.203
0.453 0.439 0.456
0.413 0.562 0.415
0.495 0.228 0.692
0.570 0.399 0.688
0.542 0.258 0.655
0.571 0.279 0.646
0.658 0.492 0.713
0.671 0.493 0.790
0.556 0.452 0.771
1.000 0.166 1.000

In order to estimate effect of fiber diameter and fiber
surface roughness (represented by standard deviation of the
fiber diameter readings) a multiple linear regression is
performed on measured data of Table 2. Linear Regression
Analysis of Measured Values (i.e., Normalized Mean Fiber
Diameter (um), its Standard Deviation (um) and Normalized
Backscattered RCS, — are performed in the form of
following equation (1)-

RCS = a x Fib_Dia + b x Std_Dev + ¢ 2)

Here- a, b & c =linear regression coefficient;
Fib_Dia=Normalized Mean Diameter of the fibre (um),
Std Dev = Normalized Standard Deviation of the fibre
diameter readings. Here, Std_Dev indicates the roughness of
the Fibre & RCS = Backscattered RCS of the Fibre Array.
The result of linear regression is given in Table 3. It can
be observed that the coefficient for the mean fiber diameter
‘a’ is positive (1.31) indicating that with increase in fibre
diameter there will be increase in backscattered RCS of the
electrically conducting fibre while the coefficient for the
fiber surface roughness i.e. ‘b’ is negative (-0.24) indicating
that with increase in fibre roughness there will be a decrease
in its corresponding backscattered RCS of electrically
conducting fibre (also shown in Figure 7). So, in order to get
maximum backscattered RCS from a given chaff fibre, the
fiber must be as smooth as possible.

Table 3: Values of Coefficients after performing regression on normalized
measured data

Coefficient Values
a 1.31

b -0.24

c -0.08
Adjusted R Square 0.68
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Figure 7 Relationship observed between normalized values of backscattered
RCS vs electrically conducting fibre diameter and backscattered RCS vs
fiber diameter standard deviation

It is observed from both simulated and measured data that
with an increase in fiber surface roughness there is a
decrease in its backscattered RCS. There may be two
possible reasons for this trend- first with an increase in its
surface roughness, specular backscattering reduces which
results in lower values of backscattered RCS. Secondly, with
increase in surface roughness there is an increase in the
metal surface area relative to a smooth surface which will
certainly affects current transport, increasing the observed
loss. This is particularly true when the skin depth becomes
comparable to or less than the average height of the surface
roughness [22] [23]. A typical standard deviation of these
diameter readings is in the range of 0.5 to 2 microns.

From the RCS simulation graphs of 100mm and 50mm
fiber one can also estimate percentage reduction in
backscattered RCS for a given range of surface roughness
(SR) (0-1 pum) with frequency. It can be observed form
Figure 4 at SR=0 um the backscattered RCS value is 0.150
sqm and at maximum SR=1 pm the backscattered RCS
value is 0.101 sqm at 1.5 GHz resonant frequency. So, the
percentage reduction in backscattered RCS at 1.5 GHz is
[(0.150-0.101)/0.150] *100 ~ 32.67%. Similarly, percentage
reduction in backscattered RCS at 3 GHz is 40%. Thus, it
can be clearly be observed that percentage reduction in
backscattered RCS is more at higher frequencies than at
lower frequencies for a given surface roughness (SR) range.
The skin depth in any good conducting metal
copper/aluminum at 1 GHz is around 2 microns, so the
surface roughness effects will become more prominent for
multi-gigahertz backscattered RCS values as the skin depth
becomes more comparable to the surface roughness.

4. Conclusion

In the present paper, effect of surface roughness of
electrically conducting fibre on its corresponding
backscattered RCS has been studied. It is observed from
both the simulation and measured results that with an
increase in roughness of the electrically conducting fibre
surface there is a decrease in its corresponding backscattered
RCS response. Thus, if other parameters of electrically
conducting fibers are kept constant then its backscattered
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RCS can be improved with increasing smoothness of the
electrically conducting fibers. It is also observed that with a
given increase in surface roughness the percentage reduction
in its corresponding backscattered RCS is more at higher
frequencies. Thus the effects of the surface roughness will
be more pronounced at higher frequencies.
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