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Abstract—Electromagnetic scattering of metallic column covered
by double-negative (DNG) metamaterials is simulated with auxiliary
differential equation method in Finite-Difference Time-Domain
method. Lossy Drude polarization and magnetization models are
used to simulate DNG media. Numerical result shows that though
the backward scattering of metallic column covered by DNG media
decrease, the forward scattering increase. The effects to the backward
scattering caused by the variation of DNG media’s depth, plasma
frequency, damping frequency and incident wave frequency are
discussed.

1. INTRODUCTION

In 1968 Veselago [1} theoretically stated that media with negative
permittivity and permeability would have distinet electromagnetic
characteristic. Such as, negative refraction, reversed Doppler shift
and reversed Cerenkov radiation. In 2001, inspired by the work of
Pendry [2] et al., Smith (3] et al. foremost constructed a composite
“medium” in the microwave regime by arranging periodic arrays of
small metallic wires and split-ring resonators (SRRs). These kinds of
media can also be mentioned metamaterials, negative-index materials,
left-handed medium or double-negative (DNG) metamaterials et al.
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Many experimental and theoretical investigations [1-15] have
been made to study wave propagation property [4-8] and scattering
[9-14] of DNG media with different methods and its applications
in a highly resolution perfect lens, sub-wavelength compact cavity
resonator, enhanced electrically antennas and stealth effect et al. Most
of the references, which compute scattering of DNG media, do not
consider the effects caused by dispersive characteristic of DNG media.
" The differential-equation (DE) method, the integral-equation (IE)
method, and the equivalent-circuit models are fundamental numerical
methods for characterizing DNG media. Among these methods,
the Finite-Difference Time-Domain method (FDTD) is a popular
algorithm to predict the properties of DNG media in arbitrary shapes.
FDTD can study not only DNG media made of SRRs and metallic
wires [15], but also DNG media is equivalent to dispersive media. For
the latter case, lossy Drude polarization and magnetization models are
often used to simulate DNG media with auxiliary differential equation
method in FDTD. Auxiliary differential equation (ADE) method
[7,8], recursive convolution method [16,17], z-transform method and
shift operator method {14] are popularly used to simulate dispersive
media. The ADE method has higher precision than the others. The
computational cost and memory requirement of ADE method are lower
than those of shift operator method.

In the paper, we firstly derive auxiliary differential equaftion
method in FDTD. Then, after the numerical verification of the program
being shown, the bistatic and backward radar cross scattering (RCS)
of DNG media are computed with ADE method in FDTD. The
 effects to the backward scattering caused by DNG media’s depth,
plasma frequency, damping frequency and incident wave frequency are
discussed in detail.

2. 2D-FDTD SIMULATOR

Lossy Drude polarization and magnetization models are used to
simulate the DNG media [9,10]. In the frequency domain, this means
the permittivity and permeability are described as

gw) = o {1l —wh/ [wlw + i)}
ﬂ'(w) = H0 {1 - wgm/ [w(“-" + irm)]}

where w represents incident wave frequency, €p and pp differently
represent vacuum permittivity and permeability. wpe, Wpm, I'e and
T,, represent electric plasma frequency, magnetic plasma frequency,
electric plasma damping frequency and magnetic plasma damping

(1)
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frequency respectively.

D =¢E =¢go(1 + xc)E = e0E + P = 0E + ¢ox.E

2

B = pH = 115(1 + X JH = poH + poM = poH + poxmH @)
where D, B, P, M, Y., xm represent electric displacementmagnetic
inductionpolarization intensitymagnetizationelectric susceptibility and
magnetic susceptibility respectively. By comparing (1) with (2), we
obtain ,

P = — {eowl./ [ww +ilC)]} E

3
M= —{wf,m/ [w(w +ily)]} H (3)

Equation (3) can be rewritten as
[~(—iw)? — (~iw)Te] P = —cowp Bl @

[~(~iw)? — (~iw)lm] M = —? H

By using the transform relation between frequency domain and time
domain (iw — 8/0t), we get

FP/0t* + T.O0P/0t = eqw? B

(5)
M,/ 0t* + T, M, /0t = pow? H
The normalized magnetization is introduced to make the electric and
magnetic field equations completely symmetric, i.e., M,, = Myug. By
introducing the induced electric and magnetic currents

J=9P/0t K=0M,/dt (6)

The time domain equations solved with the FD'TD simulator for the
matched DNG media are

VxH=¢dE/t+J VxE=—udH/ot — K .
830t + T = gl E IJK/ot+ T K = ,ugwgmH (7)

where K has been normalized by pg to make the magnetic current
equation dual to the electric current definition.

Equations (7) are discretized with the standard grid, leapfrog in
time approach. The electric field and electric current are taken at the
cell edge for integer time steps; the magnetic field and magnetic current
are taken at the cell center for half-integer time steps. Here we only
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give TM case. The discretized £, and J, in the 2D-FDTD simulators
are
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3. RESULTS AND DISCUSSION

3.1. Numerical Verification

To demonstrate the validity of auxiliary differential equation method
formulation and program for DNG media, Fig. 1 shows the phase
compensation characteristic of DNG media. As shown in Fig. 2, a
Continuous Wave (CW) Gaussian beam is launched toward a pair of
double-positive (DPS) and DNG layers. The CW frequency is chosen
to be fo = 30 GHz. Each layer having a thickness of 2Ag = 2cm. The
DPS slab has n{wy) = 3, while the DNG layer has ngea(wo) = —3,
i.e., Eq. (4), in which wpe = wpm = wp = 30GHz, I'e =T, =T =
0.1 GHz < wpe. The FDTD cell size is ¢ = Ao/50 and the time step
At = §/2c. The waist of the beam is wy = 17.58. The electric field
intensity distribution is measured at ¢t = 7500At. The beam expands in
the DPS slab and then refocuses in the DNG slab (due to its negative
index), and the waist of the intensity of the beam is recovered at the
back face. The result agrees with the result of Fig. 2 in reference [7].
Therefore the paper’s method and program are accurate.

3.2. Bistatic RCS

Figure 2(a) shows the diagram of metallic column covered by DNG
media. The bistatic radar cross section when transverse electric (TE)
wave and transverse magnetic (TM) wave irradiate on metallic column
covered by DNG media are given in Fig. 2 (b) and (c) respectively. The
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Figure 1. FDTD predict electric-field intensity distribution for the
phase compensator system of a DPS-DNG stacked pair.

solid line and the -A- represent bistatic RCS of metallic column and
metallic column covered by DNG media respectively. The frequency
of incident wave is fo = 6 GHz, The FDTD cell size is § = Ap/20 =
0.25cm and the time step At = §/2¢. The radius of metallic column
is 0.2m as shown in Fig. 2(a). The radius of DNG media is 0.025 m,
the DNG media has n(wp} = —6.0361 + 0.01874, i.e., Eq. (1), in which
wp = 100GHz, T" = 0.1GHz < wp. Though the loss characteristic
of DNG media make the RCS decrease of different degree in quite
broad angles, the forward scattering (zero degree angle) and the RCS
of little bistatic angles (near zero degree angle) increase inversely. Due
to the DNG media’s possible capability of guiding wave, the energy of
incident wave reaches the shadow of column as traveling wave, then
the forward scattering increase. The scattering characteristic of DNG
media is very similar to that of plasma [17], because they are simulated
with lossy Drude polarization and magnetization models.

3.3. Backward Scattering

In Fig. 3, we give the broadband backward radar cross section (have
been normalized by wavelength) of metallic column covered by DNG
media with different parameters. The radius of the metallic column is
2¢m as shown in Fig. 2(a). The FDTD cell size is § = 0.05c¢m, and
the time step At = §/2¢. Fig. 3(a) gives the results with DNG media
layer’s depth 2cm. The dash, solid and thick dash lines represent
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Figure 2. Metallic column covered by DNG media and bistatic
scattering of metallic column covered by DNG media. ' (a) Metallic
column covered by DNG media. (b) TM wave. (¢) TE wave.
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Figure 3. Backward écattering of metallic column covered by DNG
media. (a) Plasma frequency varies. (b) Plasma damping frequency

varies. (¢) Depth varies.
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RCS of metallic column without covering layer, DNG media with
I' = 0.1GHz, wp, = 100GHz, and w, = 1000 GHz respectively. In
Fig. 2(b), the depth of the DNG media layer is 2cm, and wp = 100 GHz.
The dash, solid, and thick dash lines represent I' = 0.1 GHz, 10 GHz,
1000 GHz respectively. In Fig. 3(c), DNG media’s w, = 100GHz,
I' = 0.1 GHz, the dash, thick dash and solid lines represent the depth
of DNG media d = 1cm, 2 cm, 3cm respectively.

Figure 2(a) shows that DNG media may decrease the target's RCS
in quite broad frequency bands. The increase of plasma frequency
leads to the decrease of RCS of targets covered by DNG media. In
Fig. 2(b), in relatively lower frequencies, the RCS firstly decrease
with the increase of DNG media’s damping frequency from 0.1 GHz to

. 10 GHz, and then increase in 1000 GHz. However, in higher frequencies,

the RCS decrease with the increase of DNG media damping frequency.
Fig. 2(c) shows that the increase of DNG media’s depth can reduce its
backward scattering in some frequency bands.

4. CONCLUSION

The auxiliary differential equation method in FDTD was derived for
DNG media. The bistatic and backward RCS of metallic column
covered by DNG media are computed. Numerical result shows that
the backward scattering of metallic column covered by DNG media
decrease, however the forward scattering increase. The backward
scattering of metallic column covered by DNG media is influenced
by DNG media’s depth, plasma frequency, damping frequency, and
incident wave frequency. With a careful selection of DNG media’s
parameters, the echo of radar targets can be effectively decreased.
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