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Abstract. Chaff is one of the most extensively used passive electronic countermeasure to disrupt radar tracking and are designed to cover 

wide frequency range from 2-18 GHz. There are various factors to improve backscattered RCS of the chaff cloud at higher frequencies. In 

this paper, the effect of coating thickness of conducting material of electrically conducting fibre (which is used as chaff) on its backscattered 

RCS has been studied. The relationship between fiber coating thickness of conducting material and its backscattered RCS were obtained by 

performing simulations in Ansys HFSS with dipole length of 50mm and 15mm and later validating the same with the measured results. It is 

observed that with an increase in coating thickness of conducting material of the fibre there is increase in its backscattered RCS. When 

coating thickness of conducting metal becomes greater than the skin depth of the conducting metal, the increase in observed RCS with 

increase in coating thickness is marginal. Thus, further increase in coating thickness greater than the skin depth of the conducting metal will 

not improve the backscattered RCS of the fiber significantly but it will add weight penalty for the fiber.   
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1. Introduction 

First used during World War II to confuse the enemy 

tracking radar systems, chaff still remains one of the most 

cost effective and constantly used passive electronic 

countermeasure till date. Chaff consists of large number of 

thin, highly conducting wires, cut to form dipoles of varying 

lengths that are resonant at specific frequencies of 

microwave radiations [1], [2]. 

Many factors like chaff cut lengths, number of dipoles, 

mutual coupling, screening effects, polarization of EM 

waves, chaff ejection method etc. affects the RCS behavior 

of chaff payload [3]. Thus, for an effective chaff payload 

design, effects thin dipole having optimized coating is to be 

analyzed keeping over all weight and its persistence in air in 

consideration. 

RCS simulation using Ansys HFSS which is followed by 

RCS measurement of chaff fibers with varying coating 

thickness of conducting material in anechoic chamber at 2- 

18 GHz. A good agreement in the simulation and 

measurement results is observed. 

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 [4], [5]. 

             
  

  
                              (1) 

Here, R is the range, Sr is the reflected power per 

steradian and St is the transmitted power density. 

A lot of work has been done on scattering of 

electromagnetic waves from a metallic wire [6]-[10]. RCS 

simulation and measurement of microwave dipoles has been 

reported in [11]. Realization of low RCS and wide beam 

radiating element for Ku-band phased array has been 

reported in [12]. Effect of surface roughness on 

backscattered RCS of chaff fiber has been studied in [13]. In 

this paper, for optimization of backscattered RCS of chaff 

fibre, effect of coating thickness of conducting metal 

(copper) over a base fibre has been studied. Conducting 

metal chosen for coating is copper as it has excellent 

conductivity and small skin depth. 

Skin depth is that distance below the surface of a 

conductor where the current density has diminished to (1/e) 

of its value at the surface. 

Mathematically, skin depth of a conductor is given by 

[14]: 

                
 

      
                       (2) 

Where r= resistivity of the material (ohm/meter), this is 

inverse of conductivity 

f= frequency of the current 

    =      permeability of the material, where o=4  10
-7

      

(H/m) 

Terminal velocity of any particle is the steady speed 

achieved by the particle freely falling through a gas or 

liquid. 

Mathematically, terminal velocity of a particle is given as 

[2]: 
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t = terminal velocity 

viscosity of the fluid=1.983x10
-5

 Kg/m.s for air

g = acceleration due to gravity 

  = density difference between fiber and air 

c = radius of fiber 

l=length of fiber 

 

In this paper, measurements are performed using a 

conducting metal (copper) coated over a low density base 

fibers. The fiber with different metal coating over base fibers 
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are taken for the study of effect of coating thickness of 

conducting metal (copper) on backscattered RCS of chaff 

fibers. The mean diameters of the base fibre used for chaff 

fiber preparation is 6.5 micron. On these base fibers, 

conducting metal coating of thickness ranging from 0.5 μm 

to 4 μm is performed to prepare chaff fibers which gives 

diameter range of chaff fibers from 7 to 10.5 microns. 
 

2. Simulated results 

2.1. Simulated RCS data 

Simulations are performed using Ansys HFSS [15], [16]. 

HFSS-IE solver is used to simulate RCS of chaff dipoles. 

Two different cut lengths of chaff dipole viz 50 mm and 15 

mm are considered with varying diameter of chaff fiber viz. 

7.5, 8.5, 9.5, 10.5, and 11.5  micron.  

Simulation of rectangular strips is much easier as 

compared to cylindrical fibers, since meshing of 2D planar 

object is simple as compared to meshing of 3D curved 

surface in the order of micron range. Since the radius of 

chaff fiber is in ~5 micron therefore to mesh the curved 

surface of chaff fiber in the order of sub-micron reduces the 

size of mesh element and increasing the number of meshing 

elements. Increase in meshing element increases the time for 

simulation. We have performed a simulation in which we 

compared the simulated RCS results of rectangular strip and 

a cylindrical fiber and it is observed that there is not much 

significant difference in backscattered RCS of the 

rectangular strips and cylindrical fibers of same width 

(diameter) thus cylindrical fibers are models as rectangular 

fiber in HFSS in order to avoid time consuming meshing in 

simulations. Figure 1 and Figure 2 show the simulated 

backscattered RCS for 50 mm and 15 mm long chaff dipole 

array with varying diameters. 

2.2. Effect of weight on terminal velocity of chaff 

The chaff fiber is metal coated base fibers. Generally, the 

density of base fiber is typically around ~ 1900 kg/m
3
 while 

that of conducting metal (Copper) is nearly 4 times that of a 

base fiber, thus with small increase in coating thickness of 

conducting metal over base fiber there will be huge increase 

in the net weight of the fiber. Figure 3 demonstrate that 

weight of the chaff fiber increases drastically with an 

increase in metal coating thickness. 

 

Fig. 1. Simulated backscattered RCS of 50 mm chaff fibers. Units 

of legends is in m (micron) 

 

Fig. 2. Simulated backscattered RCS of 15 mm chaff fibers. units 

of legends is in m (micron) 

 

Fig. 3. Theoretical relation between metal coating thickness (m) 

and total weight of 50mm and 15mm Chaff fibers. 

The effect of an increase in weight of the chaff fiber on its 

terminal velocity is also estimated. Since terminal velocity 

of chaff fibre is an important parameter as it decide the 

settling time of chaff cloud. Ideally, chaff cloud should 

remain suspended in air for longer time and for that one need 

terminal velocity of the chaff fiber to be low. Chaff fiber 

with higher terminal velocity will tend to settle faster as 

compared to the lower terminal velocity. In Figure 4, 

relationship between terminal velocity and chaff fiber 

equivalent weight and orientation is shown. It can be 

observed from Figure 4 that with higher weight of the chaff 

fiber, the terminal velocity increases thus resulting in faster 

settling of the chaff cloud. Thus one need to minimize chaff 

fiber weight as much as possible for longer settling time. 
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Fig. 4. Terminal velocity of metal coated carbon with different 
copper coating thickness over carbon fiber 

3. Experimental setups and measurements 

3.1. Fiber diameter and coating thickness measurement 

Direct measurements of electrically conducting fiber 

diameters are performed using Optical Microscope with 

resolution of 0.37 micron at 100x magnification [17]. Image 

of a chaff fiber taken from optical microscope is shown in 

Figure 5.  

3.2. Preparation of dipole array 

For a study of backscattered RCS behavior of different 

chaff dipoles of given samples, dipole arrays of fixed 

arrangements (horizontal and vertical separation) of 

predefined dipole cut length (50mm and 15mm) are prepared 

to evaluate effects of different coating thickness of 

conducting material over base fiber on its backscattered 

RCS. Figure 6 shows the schematic of dipole array design 

used for the experiments. Cut length (//2) of the chaff 

dipoles used are 50 mm and 15mm in order to cover two . 

The horizontal spacing between each dipole is /2 and 

vertical spacing is /4. Figure 7 shows the prepared test 

coupons (Dipole Array) for measurements. 

 

Fig. 5. A typical metal (copper) coated chaff fiber 

 

Fig. 6. Schematic of chaff dipole array design in HFSS 

 

 
(a) 

 

(b) 

Fig. 7. Array of metal coated base fiber used for RCS measurement 

in Anechoic Chamber (a) 50 mm length (b) 15 mm length 

3.1. RCS measurement setup 

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 time 
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duration is used as test signals and measurements are carried 

out over the frequency range of 2-18 GHz. 

Defence Laboratory Jodhpur (DLJ) has established a 

Time Domain RCS Measurement facility, a unique of its 

own kind in the country, having   Laboratory Time Domain 

RCS Measurement instrumentation and associated 

accessories comprising of Differential Pulse generator, Real 

Time Oscilloscope, Digital Sampling Oscilloscope, time 

domain antennas, computer controller, positioner etc. to 

measure 2-20 GHz. The facility is capable of doing mono-

static RCS measurement from 2-20 GHz using time domain 

instrumentation which enables RCS measurement & ISAR 

imaging of UUT (Maximum weight of UUT - 100 Kg). It 

has facility for automatic calibration with a standard 

reference target. The system also has filters to eliminate 

GSM frequencies to reduce errors.   

Figure 8 shows the experimental setup for TD static RCS 

measurements of chaff dipole arrays. Since it was 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 fiber are pasted on microwave transparent 

2D thermocoal sheet and measurements are performed.  

3.2. Measured data 

Measured data are shown in from  

Fig. 9Figure 9 to 12 for various coating thickness for chaff 

fibers of 50 mm and 15 mm cut lengths. It can be observed 

that initially with increase in conducting metal coating over 

base fiber increases backscattered RCS and slowly it get 

saturate as the coating thickness of conducting metal comes 

in the range of 1 to 2 times of skin depth of the conducting 

metal at the operating frequency. Figure 1 and Figure 2 show 

the monostatic RCS of the chaff fiber at resonant frequencies 

with increasing coating thickness of a conducting metal on a 

base fiber. It can be easily observed that backscattered RCS 

increases with increase in coating thickness of the 

conducting metal till ~2 micron (in the range of 1 to 2 times 

of the skin depth of the conducting material at operating 

frequency) then it get saturated.  

 

Fig. 8. Indoor Backscattered RCS measurement set up in Anechoic 

Chamber 

 

 
Fig. 9. Measured backscattered RCS of 50 mm Chaff Fibers. Units 

of legends (coating thickness) is in m (micron) 
 

 

Fig. 10. Measured Backscattered RCS of 15 mm Chaff Fibers. 

Units of legends (coating thickness) is in m (micron) 

 

Fig. 11. Relationship observed between measured RCS and 
conducting metal coating thickness of 50mm Chaff fiber at 3 GHz 
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Fig. 12. Relationship observed between measured RCS and 

conducting metal coating thickness of 15 mm Chaff fiber at 9 GHz 

 
Fig. 13 Correlation between simulated and measured RCS at 

resonance frequency with varying coating thickness (Blue for 15 

mm and Red for 50mm Chaff fibres) 

4. Results and discussion 

It is observed from both simulated and measured data as 

shown in Figure 11 and 12 that with an increase in fiber 

coating thickness of conducting material there is an increase 

in its backscattered RCS. This trend goes on until one 

reaches coating thickness of the conducting metal in the 

range 1 to 2 times of skin depth (SD) of the conducting 

material at operating frequency. With further increase in 

coating thickness (greater than twice of the skin depth of the 

material), increase in its backscattered RCS response 

becomes less prominent. Thus, from the results it can be 

concluded that the most optimized coating thickness of the 

conducting metal over any light weight base fiber should be 

in the range 1 to 2 times of Skin Depth of the material at the 

operating frequency.  With further increase in coating 

thickness of conducting metal greater than twice the skin 

depth will not give any significant improvement in 

backscattered RCS but its weight penalty for the fiber will 

start dominating as the density of conducting metal is 

generally large compare to density of base fiber. In addition, 

this increase in weight will increase the terminal velocity of 

the chaff fibres resulting in faster settling of the chaff fibers. 

From Figure 13, a good correlation between simulated 

and measured data at resonance frequencies is observed for 

both 50 mm and 15 mm chaff fibres for various coating 

thickness of the conducting metal. The coefficient of 

determination (R2), which is the measure of linear 

correlation between two data sets (simulated and measured) 

is 0.9971 as shown in Figure 13, indicating a good 

correlation between simulated and measured data. 

The chaff does not resonate at exact resonant frequency 

which it was designed for, the reason supporting the above 

claim is that the dipole thickness should be infinitesimally 

small to resonate at theoretical frequency [1] which is 

beyond fabrication point of view, so a minimum acceptable 

value of dipole thickness is taken to compensate for the shift 

in peak. Also, if the thickness is further reduced the peak 

shift more toward the resonant frequency. The curve 

sharpness as well as resonant length of dipole depends on 

the “Aspect Ratio”, which is a ratio of length to diameter 

(l/d) of the fibre. The same can be observed form simulated 

and measured data sets. Shifting of resonance frequency is 

more pronounced in 15mm chaff than the 50 mm chaff as 

diameters of the chaff fibres is same but the length of fibres 

is comparatively less for 15 mm chaff fibres making lower 

aspect ratio (l/d) for 15 mm chaff fibres as compared to 50 

mm chaff fibres. 

Backscattered RCS of chaff cloud is directly proportional 

to the number of the chaff dipole elements present in the 

chaff payload [1]. Analytically, the maximum RCS is given 

by [18] 

       
    

 
,                                (4) 

where G is the gain and λ is the   wavelength. 

The maximum gain in far field for half wavelength antenna 

is given by  

Σmax = 0.856λ
2
                               (5) 

For random orientation of dipole and averaging over 4π  

for N elements,  

                                       (6) 

From equation (6), RCS of dipoles (σ) is directly proportional 

to the number of dipoles (N).  

In practical applications of chaff, the chaff payload weight 

is specifically given and remains constant for a given design. 

In a given specified payload weight (W), the number of 

dipoles (N) are given by- 

  
 

    
                             (7) 

   = Volume of a fiber = r
2
l,  

Here, r = radius of the fiber and l = length of the fiber, and  = 

Equivalent density of the fiber. 

Let’s consider two fibers (f1 and f2) with fiber radius r1 

and r2 and equivalent density andrespectively. The 

radius of base fiber is rb. Then, the number of dipoles in a 

specified weight (W) of chaff payload are- 

For a chaff payload consisting of fibre (f1) only   

    
 

        
                 (8)   ,  

and 
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For a chaff payload consisting of fibre (f2) only    

    
 

      
                                                  (9) 

Where, v1= r1)
2
l, 

v2= r2)
2
l 

For any given fiber with radius rf and length l and 

equivalent density of ρeq, let base fiber density is b and 

conducting metal density is c, then the volume of fiber is 

given by- 

   
   

      
        

    
     

   
                  (10) 

or,           
     

        
    

  

  
                  (11) 

 

Putting equation 10 and 11 in equation 8 and 9 the 

equivalent densities of two fibres f1 and f2 can be computed 

as- 

   
     

        
    

  

  
 ,                   (12) 

 

   
     

        
    

  

  
                     (13) 

For same cut length (l), from equation 8 and 9 we get, 

  

  
  

  
   

  
   

                     (14) 

Putting values of 1 r1
2 

and 2 r2
2
 from equation 12 and 13 in 

equation 14- 
  

  
  

     
        

    
  

     
        

    
  

                 (15) 
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From equation (16), it can be observed that as radius of 

the fiber increases (due to increase in coating thickness) the 

number of dipoles in chaff payload within a specified weight 

reduces. As per equation (6), reduction in number of dipoles 

in a chaff payload reduces its backscattered RCS response. 

Thus coating thickness of the conducting metal over base 

fiber plays an important role in optimization of chaff 

payload optimization.  

5. Conclusion 

In the present paper, optimization of coating thickness of 

conducting material (copper) over a light weight base fiber 

for maximum backscattered RCS is done. It is observed 

from both simulation and measured results that with an 

increase in coating thickness of the electrically conducting 

metal over a base fiber, there is an increase in its 

corresponding backscattered RCS response. However, when 

the coating thickness of conducting material reaches in the 

range of its  skin depth to twice of the skin depth of the 

material at operating frequency than further increase in 

coating thickness will not contribute much in backscattered 

RCS of the chaff fiber. Thus, one should not increase 

coating thickness of conducting material much greater than 

twice of the skin depth, since it will not prove to be efficient 

in terms of improving its backscattered RCS, instead it will 

start increasing weight penalty for fiber as conducting metal 

(copper) are generally having high density compared to the 

base fibers. Increase in weight of the chaff fiber increases 

the terminal velocity of the chaff fibers, which results in 

faster settling of the chaff cloud. Thus, from the study it is 

concluded that the best optimized coating thickness of 

conducting material (copper) over base fiber should be in the 

range of 1 to 2 times the skin depth of the conducting metal 

at operating frequency. 
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