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Abstract — In scattering analysis of layered media using
the finite-difference time-domain (FDTD) method, con-
ventional total-field/scattered-field (TF/SF) technique
cannot inject the plane wave source. To overcome
this limitation, this paper extends a generalized TF/SF
(G-TF/SF) technique that embeds the TF/SF bound-
ary within the convolutional perfectly matched layer
(CPML), thus facilitating the handling of 3D electro-
magnetic scattering from layered media. The G-TF/SF
method effectively mitigates edge effects in numerical
calculations for infinite layered media. Numerical simu-
lations validate the effectiveness of the G-TF/SF method.
The method is expected to be helpful in scattering mod-
els of rough surfaces.

Index Terms — Electromagnetic wave, finite-difference
time-domain (FDTD), generalized total-field/scattered-
field (G-TF/SF), layered media.

L. INTRODUCTION

Electromagnetic wave interactions with layered
media are pivotal in numerous disciplines, including
remote sensing, earth science, and object recognition [1—
3]. The finite-difference time-domain (FDTD) method is
a potent tool for numerically solving problems related
to electromagnetic propagation and scattering based on
Maxwell’s equations [4-6]. The key advantages of the
FDTD method over other techniques such as the method
of moment, finite element method, or integral equa-
tion method include: (1) avoidance of matrix inversion,
(2) immediate availability of time-domain response, and
(3) ability to obtain different frequency responses from
a single simulation. A crucial aspect of FDTD analy-
sis for layered media is the successful introduction of
electromagnetic waves. While the conventional total-
field/scattered-field (TF/SF) technique performs ade-
quately in free space, it confines scatterers within the
TF/SF boundary, causing complications for infinite lay-
ered media. For the conventional TF/SF technique, lay-
ered media must stop immediately inside the TF/SF or
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perfectly matched layer boundary, leading to spurious
internal reflections if care is not taken to minimize trun-
cation artifacts. Of the several approaches devised to
alleviate spurious edge reflections, none appear simple
to implement, sufficiently general, or fully effective. To
address this issue, this paper adopts a generalized total-
field/scattered-field (G-TF/SF) technique to handle 3D
electromagnetic scattering from layered media.

The three-wave FDTD method [7], a prevalent
approach for solving half-space scattering, necessitates
the computation of incident, reflected, and transmitted
fields at the TF/SF boundary. Winton et al. introduced a
1D modified Maxwell’s equation (1D MME) to obtain
the exciting field at the TF/SF boundary for 2D lay-
ered media [8]. However, this method limits the treat-
ment for TE waves to the modulated pulse of narrow-
band. Capoglu and Smith [9] enhanced the 1D MME by
incorporating a magnetic auxiliary variable, permitting
the handling of wideband plane waves. Nonetheless, in
conditions of total internal reflection, the leap-frog algo-
rithm for solving the 1D MME exhibits inherent insta-
bility. Drawing from the literature [9], Capoglu et al.
developed a software tool named Angora [10], which
is a powerful tool to address the electromagnetic issues
of layered media. However, Angora fails to capture the
reflected field of the medium within the scattered field
region. Further, Angora solves the 1D MME assuming
that both the uppermost and lowermost layers are loss-
less. Jiang et al. proposed a scheme characterized by an
unclosed I1-shape TF/SF boundary [11], this is imperfect
for near-to-far-field transform, which relies on a closed
TF/SF boundary. Chen and Xu [12] presented a novel
configuration of an auxiliary 1D FDTD grid for provid-
ing the incident waves at the TF/SF boundary, where
the incident waves are directly obtained from eight 1D
FDTD simulations. As per the phase matching theory,
twelve auxiliary 1D propagators are utilized to com-
pute the excited field values at the TF/SF boundary for
the analysis of layered magnetized plasma [13]. While
this method was originally developed for magnetized
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plasma, its adaptation to other anisotropic dispersive lay-
ered media is relatively straightforward. The above meth-
ods can not obtain reflected field of layered media in
the scattered field area of FDTD grids, and the reflected
field is necessary for the scattering problem and the com-
putation of specific quantities of interest, such as the
radar cross section. Zhang et al. formulated a 3D FDTD
method for fully anisotropic periodic media, incorporat-
ing the Bloch-Floquet periodic boundary condition [14].
The issue under study exhibits Bloch-Floquet periodic-
ity in the horizontal dimensions, yet remains finite in the
vertical dimension.

Anantha and Taflove [15] initially introduced a G-
TF/SF FDTD algorithm, combined with Berenger’s split
perfectly matched layer (BPML) [16] absorbing bound-
ary condition (ABC), for modeling 2D infinite wedges.
The present work marks the first application of the G-
TF/SF technique for 3D electromagnetic scattering from
layered media. The convolutional perfectly matched
layer (CPML) [17], known for its superior absorption, is
employed to terminate the FDTD grids. The 3D G-TF/SF
technique’s formulation within the CPML region differs
from that in the BPML region, and we derive the formula
required to model the G-TF/SF in the CPML region.
Unlike the conventional TF/SF, the G-TF/SF algorithm
incorporates boundaries within the CPML region(Fig. 1).
A truncated layered media, partially embedded in the
CPML, is encompassed by the G-TF/SF boundary. Sim-
ilar to the conventional TF/SF technique, the G-TF/SF
boundary requires only the calculation of the incident
field. The primary benefits of the G-TF/SF technique for
processing layered media are: (1) mitigating edge effects
in numerical calculations for infinite layered media, (2)
unrestricted waveform selection for the incident wave,
and (3) being independent of layered media, facilitat-
ing extension to rough layered media. It is important to
note that the truncated layered media artificially intro-
duces edges and corners absent in the actual infinite
media. Nonetheless, it is anticipated that the scattering
field, originating from the CPML-embedded edges and
corners of the truncated media, will be negligible, as it
must pass through the CPML region before reaching the
FDTD grid’s interior.

In this paper, we develop a 3D FDTD method for
layered media based on the G-TF/SF technique. The new
contributions of this work have two aspects. (1) The
present work is the first to extend the G-TF/SF technique
of the FDTD method to model 3D electromagnetic scat-
tering from the layered media. (2) In the simulation of
infinite layered media, plane waves can be introduced
through CPML region. The reflected field of the medium
can be obtained in the scattered field region.
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Fig. 1. Conventional TF/SF and G-TF/SF boundary con-
figuration of electromagnetic scattering from layered
media: (a) conventional TF/SF and (b) G-TF/SF.

I1. G-TF/SF TECHNIQUE

A. Formulation of G-TF/SF technique

In this section, we derive the G-TF/SF formulation
for generating plane waves in the 3D FDTD grid, with
G-TF/SF boundary configured for electromagnetic scat-
tering from layered media, as depicted in Fig. 1 (b). A
discrete spatial point on a uniform rectangular lattice is
denoted as (i, j,k) = (iAx, jAy,kAz). Here, Ax, Ay and
Az signify incremental spacings in the x, y and z coordi-
nate directions, respectively, with 7, j and k as integers.
Assume that the total field region is defined by iy <i <1y,
Jjo < j < j1, ko < k < ky. Note that the faces i, i1, jo, j1
and ko lie entirely within the CPML region, whereas a
portion of the k; face resides within the CPML region.

Like the conventional TF/SF approach, the G-TF/SF
boundary partitions the spatial lattice into two distinct
regions: the total field region and the scattered field
region. Therefore, the G-TF/SF approach requires that
the incident field should be either subtracted or added
to update equations for adjacent field nodes tangential
to the boundary. In free space, the G-TF/SF algorithm
is treated identically to the conventional TF/SF tech-
nique [18]. For field nodes located along the G-TF/SF



boundary and situated in the CPML region, specific
update equations need to be applied. We first review the
standard explicit update equations for fields in the CPML
region. As an illustration, the update equation for E), is:

IR | PO |
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The medium-related coefficients (C,, Cp,) and the
CPML-related coefficients (x,, by, and ¢,,, w = x,y or 2)
can be found in pertinent literature[18]. Here n signifies
the discrete time point which is an integer. The update
equations for Ey, E;, H,, Hy and H; can be found in the
literature [18].

Equations (1), (2), and (3) hold true exclusively
when all the field components (Ey,H,,H;) are either
entirely total fields or scattering fields. Given that the
field component within the G-TF/SF boundary (inclu-
sive of the boundary itself) constitutes the total field (the
sum of the incident field and the scattered field), the field
component beyond the G-TF/SF boundary is the scat-
tered field. For field nodes positioned along the G-TF/SF
boundary and situated within the CPML region, the
application of specific update equations is required. Let
us consider the update equation for Ey at the io face of the
G-TF/SF boundary within the CPML region, Equations
(1) and (3) involve both total and scattered fields. Specif-
ically, Ey at (ig, j + %,k) and H, at (i, j + %,k:l: %) are
treated as total fields, analogous to H, at (ip+ %, Jj+ %,k).
However, H; at (io — 5,j+ 3,k) is treated as scattered
field, rendering equations (1) and (3) invalid for this con-
figuration. To derive the appropriate update equation for
E, at the i face, it is essential to incorporate the relevant
incident field H_ ;,. into equations (1) and (3). In other
words, H,(ip — %7j—|— %,k) +H jnc(io — %,j—}— %,k) needs
to be substituted for H,(ip — %,j—l— %,k) in equations (1)
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and (3). The formula for updating E}’f“ at the i face is:
1 1
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By rearranging equation (4) in a more convenient
form:
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and {‘PZW (i,j +
%,k)J CPUL are the updated fields obtained by equations
(1) and (3), respectively. The equation for updating

1
‘ng (io, j+ %.k) is identical to equation (2).

The remaining special update equations for the G-
TF/SF boundary inside the CPML region can be derived
similarly. Consequently, these equations, coupled with
the conventional update equations for the TF/SF algo-
rithm in free space, constitute the complete set of special
field update equations required for the G-TF/SF method.
The implementation of these special update equations is
straightforward, on condition that the appropriate inci-

1
dent fields, such as HZ ;3 (i — 1,j+ 1,k) in equations
(5) and (6), are known. There is no need to calculate the

reflected and transmitted fields.

B. Incident fields for G-TF/SF boundary

The incident electric and magnetic fields, which are
essential in the convenient update equations for the G-
TF/SF boundary in free space, can be acquired using a
table look-up procedure [18]. For nodes adjacent to the
G-TF/SF boundary in the CPML, the incident field com-
ponents in the update equations necessitate a multiplica-
tive factor, which is determined by the attenuation within
the CPML.

Here, we elucidate the process to ascertain the
incident electric and magnetic fields within the CPML
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region. These fields act as inputs to the G-TF/SF algo-
rithm, as denoted by equations (5) and (6). Owing to
the reflections originating from the vacuum-CPML or
CPML-CPML interface, the amplitude of the electro-
magnetic wave does not exhibit a perfect exponential
decay within CPML region. To ensure accuracy, it’s
imperative to obtain the incident electric and magnetic
fields within the relevant CPML region via FDTD cal-
ibration. For a specified CPML geometry, a calibration
is required only once, but it is incident angle-dependent.
Therefore, if the incident angle alters, an additional cali-
bration is necessary.

Figure 2 illustrates the FDTD calibration where the
measured nodes are embedded in the CPML. The TF/SF
boundary has only one side, resulting in some spurious
radiation from this boundary’s termination. The compu-
tational domain must be adequately large to ensure the
incoming field reaches the measured nodes before this
spurious radiation, thereby enabling the time-gating of
the spurious radiation from the measured data. The dis-
tance between the TF/SF boundary and the CPML on the
lower or upper side of the domain (Fig. 2) is unimportant
— it can be as minimal as a single cell.

Observation points

Fig. 2. Geometry of preliminary CPML calibration runs
used to measure attenuation of plane waves.

III. NUMERICAL RESULTS

In the succeeding illustration, if not specified, the
incident wave is denoted by E(¢) = sin(27fr) with the
frequency of f = 300 MHz, the wavelength of A = 1 m.
The FDTD grid consists of cubic cells with a side length
of A = A/40. The CPML region exhibits a thickness
of 20A. The G-TF/SF boundary in CPML extends 17A
into the CPML absorbing boundary region. A polyno-
mial grading exponent of m =3, k =1 and a =0 is
used for the CPML implementation.

A. Single-layer media

We use the G-TF/SF technique to simulate the
single-layer medium. The inner discrete points of CPML
are il = jb = —40, ¥ = j¥ =40, k = —10, k¥ = 85.
Specifically, the k = O face is treated as the interface
between the free space above and the ground below,
the latter being characterized by the dielectric constant
& = 10 and the conductivity of c = 0.001 S/m. The ele-
vation and azimuthal angles of the incidence wave are
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6, =150°, ¢; = 0°, respectively. The polarization angle is
0°. Given that the incident wave exhibits time harmonic-
ity, the total field environment above the medium also
presents this characteristic. In this context, we solely dis-
play the amplitude of the total field above the medium.
We expect that scattering from vertices, edges, and
sides, caused by the truncation of the media inside the
CPML region, can be attenuated. This is attributed to
the CPML region’s inherent ability to absorb electromag-
netic energy. Figure 3 illustrates the amplitude of electric
field components E, and E, at various heights above the
single-layer lossy medium. These amplitudes are com-
puted using both analytical and G-TF/SF methods. The
analytical value is calculated by Fresnel reflection law
[19]. Given that the incident wave includes a component
propagating in the —z direction, and the reflected wave
contains a component advancing in the z direction, both
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Fig. 3. The amplitude of electric field at different heights
above single-layer medium.

3.0

254

2.0

154

Relative error(%)

1.0+

0.5

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
z(n)
Fig. 4. The relative error between G-TF/SF and the ana-
lytical method.



sharing the same frequency, a stationary wave conse-
quently materializes in the z direction above the medium.
Figure 4 shows the relative error between the G-TF/SF
method and the theoretical method. The G-TF/SF results
for the single-layer medium show good agreement with
the analytical method, thereby affirming the effective-
ness of the G-TF/SF method. Figure 5 presents the elec-
tric field amplitude on the j = 0 face above the single-
layered medium. Given the medium’s planarity, the elec-
tric field amplitude is independent of the horizontal posi-
tion. The results obtained via the G-TF/SF technique
adhere to physical laws.
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Fig. 5. The electric field amplitude on j = 0 face above
the single-layer medium: (a) Ex and (b) E..

B. Two-layer media

The G-TF/SF technique is utilized to model a two-
layered medium scenario. The inner discrete points of
the CPML are il = ji = —40, i = j¥ =40, k' = -25,
and k¥ = 85. The thickness of the upper medium is
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quantified as a quarter-wavelength (A /4). For the upper
layer, the electrical parameters are specified as &) =
10,01 = 0.001 S/m, whereas for the lower layer, they
are &9 = 20,0, =0.01 S/m.

Figure 6 depicts the amplitude of electric field above
a two-layer medium with 6; = 180°, ¢; = 0° and a polar-
ization angle of 0°, calculated by analytical [19] and
G-TF/SF methods. Good agreement observed between
the two methods validates the effectiveness of the G-
TF/SF method. Figure 7 presents the electric field ampli-
tude on the j = 0 face above the two-layer medium. The
results are computed using both conventional TF/SF and
G-TF/SF methods. For the conventional TF/SF method,
the associated parameters are established as follows. The
region of the truncated two-layer medium is defined by
—40 < <40, —40 < j <40, —20 < k < 0. The con-
ventional TF/SF boundaries are set as iy = jo = —45,
i1 = j1 =45, kg = —25, ky = 40. The interior discrete
points within the CPML are denoted by i = jI' = —50,
it = jI =50, ki’ = =30, k}' = 45. Given the medium’s
planarity, the electric field amplitude should be inde-
pendent of the horizontal position. In the conventional
TF/SF method (Fig. 7 (a)), the artificial introduction of
edges and corners in the truncated layered media leads
to non-physical diffraction, severely compromising the
method’s accuracy. However, with the G-TF/SF method
(Fig. 7 (b)), the non-physical field — originating from
the CPML-embedded edges and corners of the trun-
cated media — becomes negligible. This is because it
undergoes attenuation while traversing the CPML region
before it reaches the interior of the FDTD grid. The
results obtained via the G-TF/SF technique adhere to
physical laws.
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<
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Fig. 6. The amplitude of electric field at different heights
above two-layer medium.

The electrical properties of media are significant
determinants of the electric field environment. Maintain-
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Fig. 7. The electric field amplitude on j = 0 face above
the single-layer medium: (a) conventional TF/SF and (b)
G-TF/SE.

ing consistent electrical parameters and thickness for the
upper layer (¢,1 = 10,67 = 0.001 S/m and a thickness of
A /8), the influence of the lower layer on the field envi-
ronment is evaluated by varying the electrical parame-
ter 0,. Figure 8 illustrates the changes in field behaviour
corresponding to different conductivities of the lower
layer (o, = 0.001,0.1,0.5,1,5,10 S/m), while keeping
the lower layer’s dielectric constant as €, = 10. In sce-
narios where the lower layer shares the same electrical
parameters as the upper layer, specifically a conductiv-
ity of 0.001 S/m, the two layers can be regarded as a
single-layer media. Figure 8 reveals that the electric field
amplitude range expands with increasing bottom layer
conductivity. The reason is that the increase in bottom
layer conductivity elevates the reflection from the lower
layer media, and subsequently, the range of electric field
amplitude. The layered structure’s impact on the electric
field environment is therefore non-negligible.
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Fig. 8. Sensitivity of electric field to the lower conduc-
tivity.

The influence of the upper layer’s thickness on
the electric field environment is depicted in Fig. 9,
assuming constant electrical parameters for both lay-
ers (&1 = 10,01 = 0.001 S/m for the upper layer and
&2 =20,02 =0.01 §/m for the lower one). This illustra-
tion clearly shows that the thickness of the upper layer
exerts a substantial impact on the electric field environ-
ment.

Assuming that the incident plane wave is sinusoidal
modulated Gaussian pulse E(r) = sin(27ft)exp | —
(=2)?] with f =300 MHz,7 =2 x 102 s and 1o = 4.
The incidence angle is 6; = 150°,¢ = 0° and a polar-
ization angle is 0°. The thickness of the upper medium
is 1 m. Figure 10 presents the electric field snapshot on
the j = 0 face at t = 5.6287 x 1078 5. It clearly shows
the multiple reflected and transmitted waves of a layered
medium.
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thickness.



x(m)

Fig. 10. The absolute value of the electric field in the
j =0 face.

IV. CONCLUSION

This paper presents an extension of the G-TF/SF
method to the electromagnetic scattering from 3D lay-
ered media, incorporating the use of CPML ABC. The
G-TF/SF method effectively mitigates the edge effects
of the infinite ground in numerical simulations, thereby
enhancing the precision of calculations for the lay-
ered media electromagnetic environment. The G-TF/SF
method requires only the introduction of incident fields,
thus circumventing the need to compute reflected and
transmitted fields. Future research will explore the appli-
cation of the G-TF/SF technique to layered rough media.
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