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Abstract — In this work, a new model has been
proposed for the finite-difference time-domain
analysis (FDTD) of sub-structure coupling
problems. By stretching the total-field/scattered-
field (TF/SF) boundary and the perfect electric
conductor (PEC) plane into the convolution PML
(CPML) layers, the coupling of sub-structures
loaded on infinite planes induced by plane waves
can be simulated. The validity of the proposed
model has been approved from the comparison of
the results obtained from the proposed model with
the analytical and the open region results. The
CPML performances of this model are compared
in different parameters, furthermore the optimal
constructive parameters of the CPML have been
chosen for the high-resolution simulation of the
proposed model, which can help for development
of optimal sub-structure coupling.

Index Terms — Convolution PML (CPML), Finite-
difference time-domain method (FDTD), Sub-
structure, Total-field/scattered-field (TF/SF)

I. INTRODUCTION

Coupling through sub-structures (e.g., holes
and seams) in conducting screens is of greater
concern as the speed of the electronic designs
increases [1-3]. The sub-structures may be located
on conducting walls for CD-ROM’s, heat vents,
and input/output (I/O) cables among others. These
coupling problems can be mostly simplified as one
problem, which is the coupling of sub-structures
located on an infinite conducting wall.
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Understanding the coupling mechanisms involving
seams is important for estimating and reducing
electro-magnetic interference.

The finite-difference time-domain (FDTD)
method, which provides a simple and efficient way
of solving Maxwell’s equations for a variety of
problems, has been widely applied in solving
many types of electromagnetic coupling problems,
for it has numerous time-domain and frequency-
domain information.

The standard FDTD simulation with a
sufficient structure resolution can be useful for
analyzing the coupling mechanisms, and is
frequently used as a reference to verify the subcell
methods [1-5].

In [1], Wang presents a model to simulate the
slot on a finite metal plate, but the truncating
electric and magnetic walls wok as a waveguide
and the reflection from the walls occurred. The
total-field/scattered-field technique (TF/SF) [6-7]
is always occupied to induce the plane wave, but it
is difficult to simulate infinite scatterers
illuminated by a plane wave, for the TF/SF
boundary must be large enough to surround the
scatterers.

In this work, a new model has been proposed
for the FDTD analysis of structures on infinite
planes illuminated by plane waves. The
convolution perfect matched layer (CPML) [8-10]
is used to truncate the computational domain. The
TF/SF boundary is occupied to induce the infinite
plane wave by extending the TF/SF boundary into
the CPML layers. The perfect electric conductor
(PEC) plate, where the sub-structure is loaded, is
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stretched into the CPML layers to model the
infinite metal plates.

In the present model, the reflection from the
electric and magnetic wall of [1] can be avoided,
and infinite scatterers illuminated by plane waves
can be simulated without resulting in huge
computational resources.

In this model, the integrality of the CPML
layer is destroyed, thus the CPML performance is
greatly affected, especially when the high-
resolution grid is adopted. The CPML
performance in this model are compared in
different parameters, furthermore the optimal
constructive parameters of the have been chosen
for the high-resolution simulation of the proposed
model, which can help for development of optimal
sub-structure coupling.

II. THE MODEL FOR THE FDTD

ANALYSIS OF INFINTE PLATES

To analyze the sub-structure coupling
mechanism, the PEC plane where the supposed
structure is located must be large enough to
eliminate the edge effect. The conventional
total-field/scattered-field technique (TF/SF) [6] is
always occupied to induce the plane wave, but it is
difficult to illuminate infinite scatterer for the
total-field region must be large enough to surround
the scatter.

To overcome the shortage, we stretched both
the PEC plate and TF/SF boundary into the CPML
layers to simulate the infinite plate illuminated by
plane waves with the minimal computational
usage, as shown in Fig. 1.
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Fig. 1. The model for the FDTD analysis of
sub-structures located in an infinite plate which is
illuminated by a plane wave.
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In this work, the CPML [8] is used to truncate
the computational domain and the time-marching
equation for the magnetic field component /), in
the CPML can be written as
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where u is the permeability, o,, is the equivalent
magnetic loss, x, and k., are constitutive
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The updating equation for the electric field £,
in the CPML can be written as
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The updating equation for the electric field E,

in the CPML can be written as
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Within the CPML layers, the constitutive
parameters are scaled using polynomial scaling
[12]:

o(p)=0,.(p/D)", (10)
k(p)=1+(k,. ~1)(p/D)", (1)
a(p)=a,.(1-p/D)", (12)

where p indicates the distance from the air-CPML
interface into the CPML layer, D is the depth of
the CPML, and m is the order of the polynomial
and is chosen to be 4 in this work. The choice for
Omax SUgEest in [13] is expressed as
m+1 .
Ot = 1507, y 1=X,2, (13)

where A; is the grid spacing along the x and z axis.

To simulate a seam located in an infinite plate,
we extended the PEC wall into the CPML layers,
shown as the hatching areas in Fig. 1, which is:

E (x,nz3:nz4), x € (nx2,nx3) (14)
0, xe(nx0,nx2)U(mx3,nxa)’

Note that some segments of the PEC plates lie in
the CPML region.

The TF/SF technique is extensively used to
induce the plane wave, but TF/SF connecting
surface is always a closed surface and the scatterer
is fully imbedded in the total field region, as
shown in [6, Fig. 2]. Therefore, to simulate the
plane wave illuminating the infinite PEC plate,
one has to use a very large total-field domain to

E (x,nz3:nz4)= {
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embed the plate, which will result in huge memory
usage, especially when high-resolution simulation
is involved.

In this work, the TF/SF boundary is stretched
into the CPML layer to induce a plane wave
illuminating an infinite PEC plate, shown as the
dashed line in Fig. 1. Therefore, the connecting
surface has only one face and the FDTD updating
equations at the boundary can be written as:

H)" (x,nz2 =)= H}" (x,n22 = 3) sy
A ,(15)
+TtE;’i(nz2), x € (nx0,nxa)
E" (x,nz2)= E"™" (x,n22) oprp

+ SATZ‘H;T] (nz2-1), x e(nx0,nxa)

z

It is worth to note that the TF/SF boundary
dimension in the x direction of both the E, and H,
are from nx0 to nxa, which is from the down
CPML edge to the up CPML edge.

When the incidence of oblique propagation
directions is involved, the generalized TF/SF
(G-TF/SF) [11] technique is used.

Vie' = X0 Apip (0056,56,) - (17)

num

Here, w,." represents the required incident E,
or H ;’f field component in (15) and (16) in the
CPML region. X 1is the corresponding free
space incident field. 4,,(6,..S,,¢,) is the
appropriate multiplying factor at the observation
point in the CPML region, where: 6, 1is the
incident angle of the plane wave; & =d ¢, s
$.=d.C.pys Copyand & py, are the electric or
magnetic loss constants at the observation point in
the CPML region in the x and z directions,
respectively; and d, and d, are the depths of the
observation point inside the CPML region in the x
and z directions, respectively. 4,,,(6,..$..S,)
can be derived from [11] for the up and down
CPML areas respectively.

The segments of the TF/SF boundary and the
PEC plates that lie in free space are treated exactly
like the conventional TF/SF [6] boundary and PEC
plates. While in the CPML regions, special
treatment are needed. The flowchart of the field
update in the CPML regions is shown in Fig. 2.
For other regions, the conventional time-marching
equations can be useful.
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There is a key advantage to this methodology,
that the area at the right side of the TF/SF
boundary is the entire total field region. Therefore,
only a limited computational domain can model
the infinite scatterer illuminated by an infinite

plane wave.

Update ¥ atn by (2)and (3)
v
Update H, at n+1/2 by (1)
v
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| |
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v
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v

Fig. 2. Flowchart of field in the CPML region.

ITII. NUMERICAL VALIDATION OF THE
PROPOSED ODEL

A. Validation of the proposed TF/SF boundary

In this section, numerical examples are
implemented to validate the TF/SF boundary of
the proposed model. The computational domain is
shown in Fig. 3, where the PEC plane is removed.
The TF/SF boundary is set to be 12 cells away
from the left air-CPML interface, and 28 cells
from the right air-CPML interface. The
computational domain is 25 cells from the up
air-CPML interface to the down interface. The
computational domain is truncated along the x-
and z-directions by 10 additional CPML layers,
which results in a 45x60 cells lattice. The electric
field component E, is monitored at the center of
the reference plane, which is 16 cells away from
the TF/SF boundary.

The sinusoidal modulated Gaussian pulse is
excited as the normal incident pulse

t—T

Ex(t)zexp[—47{ - ] ]sin[zzﬁ,(t—z)], (18)

d

where ;=1 GHz, T~2/f,, T.=0.6T,.

The source is induced through the proposed
TF/SF boundary (15) and (16), where nz2=22.
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Square cells are used, with the grid size A=1 cm,
and the time step is A=A/2c¢, where c is the speed
of light in the free space.
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Fig. 3. Computational domain.
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Fig. 4. Comparison of the electric field component

got from the proposed method with analytical
result.

To verify the validity of the proposed TF/SF
boundary, which is stretched into the CPML layers,
the electric field component at the two monitor
points is compared with the analytical result. The
reference Point 1 is at the center of the plane 16
cells from the TF/SF boundary, and the Point 2 is
one cell from the down air-CPML interface.

Figure 4 plots the waveforms calculated at the
two points, where the analytical result is also
presented as a benchmark. It is clear that the fields
predicted by the proposed method are in good
agreement with the analytical result. Comparison



of the fields at other positions indicates the same
conclusion.

B. Validation of the proposed PEC boundary
In this section, numerical examples are
implemented to validate the proposed PEC

boundary, which is stretched into the CPML layers.

The computational domain is the same as Fig. 3,
where the PEC plate is set to be 12 cells from
TF/SF boundary and 15 cells from the right CPML
interface, and the PEC plate is 1 cell thick. The
slot, which is 1 cell wide, is located at the center
of the PEC plate. Other conditions are the same as
the above section.
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- - - proposed method at 1
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N proposed method at 2

T T T T T T 1
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Fig. 5. Waveforms of the electric field component
E, as computed from the proposed model and the
open area results.

To provide a benchmark for comparison, an
open area result is needed. To this end, the same
mesh is extended by 150 cells in the x and z
dimensions, leading to a 340x350 cells lattice. We
compared the electric field component as
computed from the proposed model and that from
the reference solution, showing a very good
mutual agreement at both the two measure points,
as shown in Fig. 5.

IV. CPML PARAMETERS FOR THE

HIGH-RESOLUTION SIMULATION

When the FDTD method is adopted to analyze
the sub-structure coupling, the grid dimension is
always chosen to be small compared with the
supposed structure size (e.g., w/15 or d/15, where
w and d are the slot width and depth respectively),
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in order to satisfy the precision demand on the slot
resolution [2]. It can be seen from Figs. 4-5 that
the CPML performance is excellent with the
ordinary resolution, but the CPML performance
with high-resolution has not been analyzed. In the
present model, the integrality of the CPML layer is
destroyed, thus the CPML performance is greatly
affected, especially when the high-resolution grid
is adopted.

To check the CPML performance of the
proposed model, the computational domain shown
in Fig. 6 is adopted, where the configuration is
also shown. The source of (18) is chosen to be the
incident pulse, and square FDTD cells are adopted
with the size A=0.3 mm. The depth of the slot
plate is 20 cells. The slot, which is located at the
centre of plate, is 15 cells wide. 10-cell-thick
CPML layers terminate the grid, which results in a
55x166 cells lattice.

| 12cells | 12cells |20 cells; 102 cells |
T

L
I T 1

PEC

|:
PEC
z

CPML Region 0

35 cells
Ll ___TRSF_____ 1 |
15 cells
>y
.
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Fig. 6. Computational domain of the 2-D
structures, where the observation point is 2 cells
from the CPML boundary.

To study the reflection error due to the CPML
in this model, a reference problem is also
simulated. The same mesh is extended by 4500
cells in the x and z dimensions, leading to a
9055%x9166 cells lattice. The fields within the
lattice are then excited by an identical source, and
the time-dependent fields are recorded within the
region representing the original lattice. The error
relative to the reference solution (in decibels) is
computed as a function of time using:

E! (1)~ EL (1)
max‘Ef (t)‘
where E,(f) represents the field computed in the
test domain and E.*(f) is the reference field

computed using the larger domain.
There are literatures about the parameters of

R, =20log, 5 (19)
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the CPML [8], [12]. In [8], Knax=5, Omar/Oop=1.3,
and a varies in the CPML layers with «,,,,=0.05. In
[12], Knax=25, Omar/Oop=1.6, While a=0.003 and is
held constant through the CPML layers. The
reflective error of the CPML with the two
parameters at the measurement Point 4, which is 2
cells (0.6 mm) away from the CPML interface
computed via (19) is recorded, as shown in Fig. 7.
It is shown that the reflection error can reach as
large as -50 dB for this case when the CPML is
adopted with the parameters of [8] and [12].

Kmax=5, a'max=1 .3,amax=0.05

-50- AR |- x ,=60,0.=1.3,4=0.003

-100

-150 +

Reflection Error (dB)

-200
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————
0 6000 8000 10000 12000 14000
Time steps

Fig. 7. Error in the electric field intensity relative
to the field's maximum amplitude versus time for
the CPML of the parameters of [8] and [12].

To get a better CPML performance, the o; is
chose to decrease to zero away from the boundary
interface as (12), and the relative reflection error is
calculated via (19) with varied CPML constitutive
parameters. Figure 8 plots contours of the
maximum relative error in dB as a function of .,
and ¢,./0,, at Point A, with a,,,=1.25. It can be
seen that the maximum relative reflection error as
low as -115 dB is achieved by selecting x,,,=40,
Omaxl 0op=0.9 and at,,,,,=1.25.

V. VALIDATION THE POPOSED MODEL
IN 3-D PROBLEMS

To verify the proposed model with the
supposed constitutive parameters, the three-
dimensional slot-coupling problem is included,
and the computational domain is shown in Fig. 9.
The depth of the slot plane is 2 mm, and the
conducting wall is introduced by the supposed
PEC boundary. The size of the slot, which is
located at the center of the conducting wall, is
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Lxw=150%1 mm. The slot plane is illuminated by
a normal incidence, and the pulse in [14] is excited
through the supposed TF/SF boundary
inc _ 1 1
EX (t) - 0.8258 e[—20(l—to)/ﬂ]+ e[(t—lo)/ﬂ] ?

where 7,=6.67x10°, and =6.67x10’.

(20)
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Fig. 8. Maximum relative error at Point A as a
function of x,, and G,4./0,,; (With D=10 cells,
Oma=1.25 and m=4)
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Fig. 9. Computational domain of the three-
dimensional slot coupling.

Cubic FDTD cell is used, and the spatial step
is 1/11 mm, while the time step is 0.06 ps. The
computational domain is truncated by a 10-cell
layer CPML, and the problem is simulated with
the CPML parameters of [8], [12] and this study.
The penetrating electric field component is
monitored at the center of the reference plane,
which is 90 mm away from the slot plane at the



shadow side.

Figure 10 shows the waveforms of the electric
field at the observation point. It can be seen that
obvious reflections from the CPML occurred for
the constitutive parameters given by [8] and [12],
while the CPML performs well with the
constitutive parameters in this work.

40 -
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Fig. 10. Waveforms of the penetrating electric
field component E calculated by the proposed
model with the constitutive parameters of [8], [12],
and this study.

VI. CONCLUSIONS

In this work, a new model has been proposed
for the high-resolution FDTD analysis of sub-
structures on the infinite plates induced by plane
waves. The CPML is used to truncate the
computational domain. The PEC plate, where the
sub-structure is loaded, is stretched into the CPML
to model the infinite plane. The TF/SF boundary is
occupied to induce the plane wave illuminating the
infinite PEC by extending the TF/SF boundary
into the CPML layers.

It has been approved that the set of the TF/SF
boundary and the PEC boundary in the proposed
model are numerically efficient. The CPML
performances are compared in different parameters,
furthermore the optimal constructive parameters of
the CPML have been chosen for the high-
resolution simulation of the proposed model,
which can help for development of optimal sub-
structure  coupling.  Three-dimensional  slot
coupling results are also used to wverify the
efficiency of the proposed model with the
supposed parameters.

The present model can be used for the
high-resolution FDTD analysis of the sub-
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structure coupling located on infinite conducting
walls illuminated by plane waves.
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