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Abstract—In this paper a novel and normalized Z-Transform-

based finite-difference time-domain (ZTFDTD) method is 
presented for simulating the interaction of electromagnetic (EM) 
wave with unmagnetized plasma. The 2-D ZTFDTD formulations 
for unmagnetized plasma are derived. Using a simplified 2-D 
model for perfectly conducting cylinder covered with 
unmagnetized plasma, the stealth effect of unmagnetized plasma 
is studied in different thicknesses of plasma, electron densities of 
plasma, EM wave frequencies and plasma collision frequencies. 
Numerical results indicate that plasma stealth is effective in 
theory and the reasonable selection for the plasma parameters 
can greatly enhance its effectiveness. 
 

Index Terms—FDTD, plasma stealth, radar cross section 
(RCS) , Z-Transform.  

I. INTRODUCTION 

 he plasma stealth is a novel technology in theory. The 
study of target plasma stealth has attracted much attention 

from the United States, Russia and other countries around the 
world because of its advantages. A lot of work has been 
previously done in plasma stealth and modeling plasma with 
the FDTD technique. Vidmar [1] discussed that the absorber 
of EM wave depends on incident wave frequency, plasma 
density, and momentum-transfer collision rate. Laroussi [2] 
studied numerical results of the reflection, absorption, and 
transmission of microwaves by a magnetized nonuniform 
plasma slab. Shi [3] discussed the problems of 
electromagnetic reflection of conductive plane covered with 
magnetized inhomogeneous plasma by using numerical 
method, where the plasma electron density profile is assumed 
as parabolic, and the external magnetic field also varies across 
the plasma. Nickisch [4] integrated the dynamical equations of 
dielectric tensor with Maxwell’s equations and implemented 
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an FDTD model. Luebber [5] considered the dispersive 
plasma in addition to Debye dielectrics. However, the 
functional form of the formulation made use diverges as the 
electron collision frequency goes to zero, and hence it is 
restricted to plasma exhibiting significant absorption. They 
described an FDTD formulation which incorporates both 
anisotropy and frequency dispersion at the same time enabling 
the transient analysis of magneto active plasma.  

In this paper a novel and normalized Z-Transform-based 
finite-difference time- domain (ZTFDTD) method is presented 
for simulating the interaction of EM wave with unmagnetized 
plasma. This FDTD method is originally suggested by 
Sullivan [6]-[7] and has been applied to dispersive media. The 
main purpose of this paper is to induce the ZTFDTD method 
into plasma stealth technology. The 2-D ZTFDTD 
formulations for unmagnetized plasma are derived. Using a 
simplified 2-D model for perfectly conducting cylinder 
covered with unmagnetized plasma, the stealth effect of 
unmagnetized plasma is studied in different thicknesses of 
plasma, electron densities of plasma, EM wave frequencies 
and plasma collision frequencies.  

II. Z-TRANSFORM-BASED FINITE-DIFFERENCE TIME-DOMAIN  
A more general form of Maxwell’s equations which uses 

the E, H, D fields is 
∂

= ∇ ×
∂
D H
t
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where D is the electric flux density, E is the electric field, H 
is the magnetic intensity. Because µ and ε differ by several 
orders of magnitude, the E field and H field will differ by 
several orders of magnitude. This can be avoided by making 
the following change of variables: 
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Substituting (4) into (1), (2), and (3) gives 
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Equations (5) and (7) will lead to very simple finite 
difference equations. The only change is to use variable D 
instead of E. Equation (6) has to be formulated into a time 
domain difference equation for implementation of FDTD. The 
first task is to get it from the frequency domain to time domain. 
Using the Wentzel– Kramers–Brillouin (WKB) approximation 
[8], the permittivity of unmagnetized plasma is described as 
follows: 

( ) ( )

2
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ω
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ω ν ω
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cj

                                                   (8) 
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where fp is the plasma frequency,νc is the electron collision 
frequency, Ne is the electron density, e is the electron charge 
and me is the mass of the electron.  

In frequency-dependent media, we can avoid dealing with 
troublesome convolution integrals in the time domain using Z 
transforms for the FDTD formulation. By using partial 
fraction expansion and Z transform, (8) can be written as 
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By the convolution theorem, the Z transform of (6) is 
( ) ( ) ( )*

rD z t z E zε= ∆ ⋅ ⋅                                                  (11) 
By inserting (10) into (11), we obtain 
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An auxiliary term will be defined as  
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E(z) can be solved for by 
( ) ( ) ( )1E z D z z M z−= −                                                (14) 

Therefore, the FDTD simulation becomes 
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III. ZTFDTD ANALYSIS OF PERFECTLY CONDUCTING 
CYLINDER COVERED WITH UNMAGNETIZED PLASMA 

The plasma can be satisfied in a wide range of frequency 
bands with a strong absorption capacity of the incident wave, 
while reducing the reflection of the incident EM wave. In 
order to reduce the radar cross section (RCS), it is necessary 
to choose the distribution function of plasma electron density 
reasonably. Ideal plasma boundary condition is 

2 2

1 0 1

( ) 0, ( ) 1
( ) , ( ) 0
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N r N n r
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⎨ = =⎩                                                   (16) 

where Ne is the electron density, n is the refractive index, 
Neo is the peak value electron density. According to (16), the 
electron density of plasma is taken as: 

( ) ( ) ( )2 2
0 2 2 1

m m
e eN x N r r r r= ⋅ − −                                  (17)  

Substituting (17) into (9): 
( ) ( ) ( )max 2 2 1

m m
p pr r r r rω ω= ⋅ − −                                  (18)  

To demonstrate the aforementioned ZTFDTD formulation 
for unmagnetized plasma, we compute the RCS of EM wave 
through a perfectly conducting cylinder covered with 
unmagnetized plasma. Fig.1 shows three boundaries and 
zoning of the FDTD grid. The incident wave is imported to 
equations (5)-(7) by connecting boundary, and the reflected 
wave of EM wave is absorbed by UPML. Using a simplified 
2-D model—perfectly conducting cylinder (The radius is 
10cm) covered with unmagnetized plasma, the stealth effect of 
unmagnetized plasma is studied in different thicknesses of 
plasma, electron densities of plasma, EM wave frequencies 
and plasma collision frequencies. The incident EM wave is 
sinusoidal plane wave (Ein=sin (2πft)) 
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Fig.1 boundaries and zoning of the fdtd grid  

 
Fig.2 shows RCS of perfectly conducting cylinder covered 

with nothing (ZTFDTD and analytical solution [9]), 
homogeneous and inhomogeneous unmagnetized plasma 
(HUP and IUP). The electron density, plasma frequency, 
plasma collision frequency of HUP are, respectively, 
1.12× 1017/m3, 3GHz and 10GHz. the value of m, maximum 
electron density, plasma frequency, plasma collision 
frequency of IUP are, respectively, 1, 1.12 × 1017/m3, 3GHz 
and 10GHz. The EM wave frequency is 3GHz. The HUP and 
IUP all have the absorption to the incident EM wave, but the 
IUP is better. This is mainly due to the fact that the edge of the 
HUP obviously is not continuous, and it can create the 
stronger reflection for incident EM wave, while the IUP has a 
better continuity. 

Fig.3 shows RCS of perfectly conducting cylinder covered 
with IUP in different electron densities (m=0.5, 1, 1.5, 2). The 
EM wave frequency is 3GHz. The plasma collision frequency, 
maximum electron density and corresponding plasma 
frequency of HUP are, respectively, 20GHz, 1.12 × 1017/m3 
and 3GHz. In this condition the plasma stealth is effective. 
The smaller the value of m is, the more remarkable the plasma 
stealth effect is. 
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Fig.2 RCS of perfectly conducting cylinder covered with nothing, HUP and 

IUP  
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Fig.3 RCS of perfectly conducting cylinder covered with IUP in different 

electron densities 
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Fig.4 RCS of perfectly conducting cylinder covered with IUP in different EM 

wave frequencies 

0 50 100 150
-10

-5

0

5

10

15

20

θ(0~180)

R
C

S
/d

B

vc=10GHz
vc=20GHz
vc=30GHz
vc=40GHz

 
Fig.5 RCS of perfectly conducting cylinder covered with IUP in different 

plasma collision frequencies 

Fig.4 shows RCS of perfectly conducting cylinder covered 
with IUP in different EM wave frequencies (f=3, 3.75, 5GHz). 
The value of m, plasma collision frequency, maximum 
electron density and corresponding plasma frequency of HUP 
are, respectively, 1, 20GHz, 1.12 × 1017/m3 and 3GHz. The 
ability of IUP absorption different frequency EM wave is 
much different. When the EM wave frequency approaches to 
the lower limit of plasma frequency, the attenuation of EM 
wave is increased because of the plasma resonance absorption 
of EM waves. 

Fig.5 shows RCS of perfectly conducting cylinder covered 
with IUP in different plasma collision frequencies (νc=10, 20, 
30, 40GHz). The EM wave frequency is 3GHz. The value of 
m, maximum electron density and corresponding plasma 
frequency of HUP are, respectively, 1, 1.12 × 1017/m3 and 
3GHz. The plasma collision frequency has a best value. When 
the plasma has this collision frequency, the attenuation of EM 
wave is biggest.  

From Fig.2 to Fig.5 we can find that when the bistatic angle 
of the radar system is zero or small, the plasma can 
enormously reduce the RCS. Alternatively, when the bistatic 
angle is large, the plasma increases RCS. 

IV. CONCLUSION 
A novel ZTFDTD method is applied to study the RCS of 

perfectly conducting cylinder covered with unmagnetized 
plasma, Numerical results indicate that plasma stealth is 
effective in theory and reasonable selection of the plasma 
parameters can greatly enhance its effectiveness.  
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