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Abstract—An efficient hybrid method, based on time-domain integral
equation (TDIE) and time-domain physical optics (TDPO), is
proposed for studying on transient electromagnetic responses of some
wire and surface structures illuminated by an electromagnetic pulse
(EMP), respectively. Two groups of triangular-type basis functions
are used to expand the currents on both of them. The derived
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hybrid TDIE-TDPO equations are solved by marching-on-in-time
(MOT) scheme. In comparison with the full TDIE-based MOT
method, computational complexity of our developed method is reduced
significantly, and at the same time, with high accuracy maintained.
Numerical results of EMP responses of some typical wire and surface
structures are presented to demonstrate its versatility, accuracy and
efficiency, with proximity effects between them captured and discussed.
1. INTRODUCTION
In the study of EMC and EMI problems of various communication
systems, we often require wideband transient responses of many
perfectly conducting objects with arbitrary geometries in the presence
of one or more electromagnetic interference signals [1–10]. We
know that time-domain electric field integral equation (TD-EFIE)
technique [11–19] has been used for studying many scattering,
radiation and signal transmission problems in the time domain. In
order to solve the TD-EFIE, marching-on-in-time (MOT) scheme [20]
is often implemented. However, MOT-based TDIE solver always
suffers from high computational complexity. Its computational cost
for large scale problems increases rapidly with operating frequency. To
handle such a difficulty, we need to employ other methods, such as
Physical Optics (PO), etc.. The PO method is accurate for studying
electrically large and smooth objects. However, many electrically large
ones often have fine structures which are very electrically small in
comparison with single wavelength. Under such circumstances, hybrid
method consisting of TDIE and time-domain PO (TDPO) will be an
appropriate choice [21–26].
In this paper, an efficient hybrid method of TDIE-TDPO is
successfully implemented for studying on transient electromagnetic
responses of several wire and surface structures in the presence of an
EMP. In our method, a group of planar triangular patches [27] are
used to simulate the surface structure with the spatial RWG basis
function employed, and a linear tubular segment model is used for
simulating the wire structure with the triangular spatial basis function
implemented [28]. Here, the temporal basis functions of the high order
time domain ones are also employed in our mathematical treatment. In
particular, each structure is partitioned into TDIE and TDPO regions.
In the TDIE region, surface currents are updated by solving one TDEFIE using the MOT scheme. While in the TDPO region, PO currents
are obtained according to the incident fields as well as the ones radiated
by all currents in the TDIE ones. Under such circumstances, using our
proposed hybrid TDIE-TDPO method, computational complexity can
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be reduced significantly. In contrast to the results obtained by TDEFIE based on MOT scheme, our method is accurate and efficient
for handling various transient scattering and radiating problems of
composite structures, with proximity effects between them captured
and examined in detail.
2. FORMULATION
As shown in Fig. 1, the parameter S denotes one perfectly conducting
surface illuminated by an electromagnetic pulse, and n denotes the
outward pointing normal to S. In general, it consists of one conducting
object denoted by SB and one or several conducting wires (SW ). So, we
can divide the problem domain into TDIE and TDPO regions, denoted
by S IE and S PO , respectively. The TDIE region consists of the full
wire surface SW and a part of the object surface SB , and the remaining
part of SB is the TDPO one.

Figure 1. Geometry of the problem.
The incident EMP is described by {Ei (r, t), Hi (r, t)}, and its
interaction with the surface S induces a surface current denoted by
J(r, t), which in turn generates the scattered fields {ES (r, t), HS (r,
t)}, as described by
ES (J(r, t)) = −L(J),
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where R = |r − r0 | represents the distance between an arbitrary
observation point r and the source one r’, τ = t − R/c is the retarded
time, µ and ε are the permeability and the permittivity of the outer
space of structure, in which the velocity of electromagnetic wave is
denoted by c, σ is the surface charge density, and J is the surface
current density of the structure.
By applying the boundary condition on the surface S, we obtain
£ ¡
¢
¡
¢
¤
n × ES JIE (r, t) + ES JPO (r, t) + Ei (r, t) = 0, ∀r ∈ S IE (5)
£ ¡
¢
¡
¢
¤
JP O (r, t) = 2n̂× Hs JIE (r, t) +Hs JP O (r, t) +Hi (r, t) , ∀r ∈ S PO (6)
In the TDIE region, the excited currents are updated by solving
one TD-EFIE. In the TDPO one, currents are obtained using
the TDPO approximation, which inherently neglects the mutual
interaction effects within currents in the TDPO region and imposes
the shadowed condition [23]. Thus, we obtain
¯
¡
¢
¡
¢¯
Ei (r, t)¯tan = L JIE + L JPO ¯tan ,

∀r ∈ S IE
¡
¢
JPO (r, t) = 2n̂ × Hi (r, t) + 2n̂ × K JIE , ∀r ∈ S PO

(7)
(8)

In order to handle the time integral term in (3) together with
the time derivative of the vector potential, we introduce a new source
vector P, defined by
∂
J(r, t) =
P(r, t),
(9)
∂t
σ(r, t) = −∇0 · P(r, t).
(10)
The vector potential PIE and PPO in both TDIE and TDPO
regions are expanded individually using the spatial-temporal basis
functions [20] as
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and
PO

PO

P

Nt N
X
X
¡ 0 ¢
¡ ¢
PO PO
r , t = (4πε0 )
Pn,i
fn r0 T (t − i∆t) ,

(12)

i=1 n=1
IE and P P O are the coefficients corresponding to the TDIE
where Pn,i
n,i
S and P W are the
and TDPO regions, respectively. The variables Pn,i
n,i
coefficients corresponding to the surface and wire parts, respectively,
which all belong to the TDIE region. The parameters N IE , N P O
and Nt are the spatial and temporal free degrees in both regions,
respectively. The function f Sn (r’) is the spatial basis one used for the
TDIE region, while f Pn O (r’) is used for the TDPO one. These basis
functions are different from each other, but both are used for simulating
the surface of the 3-D conductive objects. Therefore, a set of RWG
basis functions is needed here. For an arbitrary wire structure, we use
“reduced kernel” to approximate the wire part [28, 29], and f W
n (r’) is
chosen to be the piecewise triangular basis one. The variable ∆t is the
time step, and T (t) is the high-order temporal basis function [19].
By expressing the terms L(PIE ), L(PP O ) and K(PIE ) in (7) and
(8) as the integral forms of {PIE (r, t), PP O (r, t)} in (11) and (12),
and testing (7) and (8) using the separate functions f Sm (r), f W
m (r) and
f PmO (r) at the time tj = j∆t, a set of matrix equations is derived as
follows:
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where the matrix elements and vectors are given by
*
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and < · > is an inner product operator. Int(·) is an integration value
operator. ζ and υ = S and W , respectively. Ziζ−υ , Ziζ−P O , ZiP O−υ and
CiP O−P O represent the multiple interactions among different TDIE and
TDPO regions, while Vjζ and VjP O are the incident source vectors in
the TDIE and TDPO regions, respectively. R = |r − r0 | represents
the distance between an arbitrary observation point r and the source
one r0 . ∆t is the time step, and τ = t − R/c. The unknown current
coefficient vector Pj in (13) can be computed from the known Pj−i and
the incident source vector Vj .
In comparison with the pure TDIE method, the reduction in
complexity of the hybrid TDIE-TDPO method is evident as mutual
interactions between the TDPO regions are excluded. Therefore, we
can eliminate the large matrix in TDPO region ZiP O−P O to CiP O−P O ,
with much memory and computational time saved. We introduce
β = N IE /(N IE +N P O ), so the computational complexity of interaction
in the same TDIE region scales as O(β 2 (N IE + N P O )2 ). While the
computational complexity of interaction between the TDIE and TDPO
regions is O(β(1−β)(N IE + N P O )2 ). For the Nt time steps, the
total computational complexity of the hybrid TDIE-TDPO method is
O(βNt (N IE +N P O )2 ), and it is O(Nt (N IE +N P O )2 ) for the pure TDIE
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method. Therefore, it will be reduced drastically if the parameter β is
very small, i.e., the TDIE region is electrically small.
3. NUMERICAL RESULTS AND DISCUSSION
According to the above numerical formulation, one hybrid algorithm is
developed for accurately capturing EMP responses of several wire and
surface structures. Here, we use a temporal pulse with a modulated
Gaussian shape as an excitation, and it is given by
4
2
Ei (r, t) = ui E0 √ e−γ cos (2πf0 t) ,
(21)
T π
1
Hi (r, t) = k × Ei (r, t) ,
(22)
η
4
γ =
(ct − ct0 − r · k) ,
(23)
T
where ui is the unit vector that defines the polarization of the incoming
plane wave, E0 is the amplitude of the incoming wave, T controls the
width of the pulse, f0 is the central frequency of the pulse, t0 is the
time delay, and k is the unit wave vector. Several numerical examples
are given below to demonstrate the capability of our proposed hybrid
method for capturing transient electromagnetic responses of some wire
and surface structures, respectively.
Example 1: we at first consider a log periodic antenna (LPDA)
placed near a square PEC plate, as shown in Fig. 2, both antenna and
plate are illuminated by an EMP.

(a)

(b)

Figure 2. A log periodic antenna and a PEC plate are illuminated by
an EMP at the same time. (a) 3-D and (b) top views of the LPDA,
respectively.
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In Fig. 2, the log periodic antenna consists of nine dipoles, the
lengths of the longest and the shortest ones are chosen to be 0.345 m
and 0.172 m, respectively. The structure parameters τ = 0.917 and
σ = 0.07, the width of the PEC plate is 4 m, and the distance between
the log periodic antenna and the PEC plate is 1.0 m. One delta-gap
source is used to feed the antenna [30–32], the feed point is shown in
Fig. 2(b) and the source is chosen to be a modulated Gaussian pulse.
The incident EMP with the polarization along the direction of +x,
characterized by T = 26.67 ns, ct0 = 33.33 ns, E0 = 20.0 kV/m, and
f0 = 200 MHz, propagates along the −z axis. The extension of the
TDIE region in our calculation is not only on the wire, but also on one
part of PEC plate, and the remaining part of the plate is the TDPO
one. Fig. 3(a) shows the transient current response captured at the
feed point of the shortest dipole, with the case of no-EMP incidence
also given for comparison, and Fig. 3(b) shows the comparison of
the backward scattered EMP field in the far zone obtained by TDIETDPO-MOT and TDIE-MOT methods, respectively, and it is evident
that good agreement is obtained between them. The computational
time used by the TDIE-MOT method is about 10.55 minutes, while
for the TDIE-TDPO-MOT one, it is only about 2.33 minutes.
Example 2: Fig. 4(a) shows a log periodic antenna placed near a
partial sphere, with its transient current response recorded at the feed
point of the shortest dipole plotted in Fig. 4(b). While Fig. 4(c) shows
the backward scattered EMP field of both objects in the far zone.
In Fig. 4(a), the sphere radius is chosen to be 3.0 m, its bottom
radius is given by 2.14 m, its height is set to be 0.9 m, and the

(a)

(b)

Figure 3. (a) Transient current recorded at the feed point of the
shortest dipole. (b) The backward scattered EMP field of both objects
in the far zone.
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(a)

(b)

(c)

Figure 4. (a) A log periodic antenna is placed near a partial sphere.
(b) Transient current recorded at the feed point of the shortest dipole.
(c) The backward scattered EMP field of both objects in the far zone.
distance between the antenna and the object is 1.0 m. The geometrical
parameters of the antenna are the same as the one in Fig. 2, and
the incident EMP also takes the same form as above. Again, we have
compared the time taken by both TDIE-MOT and TDIE-TDPO-MOT
methods, and they are about 6.67 and 2.13 minutes, respectively.
Example 3: we further consider the case of a log periodic antenna
near three parallel cylinders with the same length, as shown in Fig. 5.
In Fig. 5, the radius and the length of each cylinder are chosen to
be 0.3 and 2.0 m, respectively, the distance between the central cylinder
and the antenna is 1.2 m, and the distance between two adjacent
cylinders is given by 1.0 m, respectively. The geometrical parameters
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(a)

(b)

Figure 5. A log periodic antenna is placed near three finite cylinders
illuminated by an EMP at the same time. (a) 3-D and (b) crosssectional views, respectively.

(a)

(b)

Figure 6. (a) Transient current recorded at the feed point of the
shortest dipole. (b) The backward scattered EMP field of both objects
in the far zone.
of the antenna are the same as the one used above. Figs. 6(a) and (b)
show the transient current response recorded at the feed point of the
shortest dipole and the backward scattered EMP field of both objects
in the far zone, respectively. Here, the computational time used by
the TDIE-MOT method is about 11.08 minutes, while for the TDIETDPO-MOT one, it is only about 3.25 minutes.
Example 4: Further, we consider the case of a log periodic antenna
placed behind three finite cylinders, as shown in Fig. 7, and both of
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(b)

Figure 7. A log periodic antenna is placed behind three finite
cylinders. (a) 3-D and (b) cross-sectional views.

Figure 8.
Transient current
recorded at the feed point of the
shortest dipole.

Figure 9. The maximum surface current recorded at the central point of the shortest dipole as
a function of the distance between
the antenna and the three cylinders.

them are also illuminated by an EMP. The radius and the length of
each cylinder are given by 0.2 m and 2.0 m, the distance between two
adjacent cylinders is 0.2 m, and the distance between the antenna and
the central cylinders is 1.0 m. The geometrical parameters of antenna
are the same as the one in Fig. 2. The incident EMP propagates
along the +y axis, with the polarization along the direction of +x,
characterized by T = 26.67 ns, ct0 = 33.33 ns, E0 = 20.0 kV/m, and
f0 = 200 MHz.
Figure 8 shows the transient current recorded at the feed point
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of the shortest dipole, and the case of no EMP incidence is also given
for comparison. Obviously, the current response obtained by TDIETDPO-MOT method agrees well with that of TDIE-MOT one, but
both computational complexity and time in the former calculation are
reduced significantly.
Further, as the distance between antenna and three cylinders in
Fig. 7 is varied from 0.3 to 3.1 m, the captured maximum surface
current at the feed point of the shortest dipole is plotted in Fig. 9.
It is evident that proximity effect between the antenna and the
three cylinders on the maximum surface current at the central point
of the shortest dipole is evident, which does not change monotonously
with increasing the distance. The central frequency of the incident

(a)

(b)

(c)

Figure 10. (a) A log periodic antenna placed behind of a PEC
plate with an aperture. (b) Transient current response recorded at
the central point of the shortest dipole. (c) The backward scattered
EMP field of both objects in the far zone.
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EMP is set to be 200 MHz, so the distance is comparable with single
wavelength. On the other hand, we would like to indicate that as the
distance is decreased from 1.2 to 0.3 m, the antenna is in the shadow
region of three cylinders, and under such circumstances, the accuracy
of TDIE-TDPO-MOT method is reduced in comparison with that of
TDIE-MOT one.
Example 5: Fig. 10(a) shows a log periodic antenna placed behind
of a PEC plate with an aperture, and its transient EMP responses are
plotted in Figs. 10(b) and (c), respectively.
In Fig. 10(a), the width of the PEC plate is chosen to be 3.0 m,
the aperture size is given by 0.5 m × 0.5 m, and the distance between
the antenna and the PEC plate is given by 1.0 m. The incident highpower EMP propagates along the +y axis, with its polarization along
the direction of +x, characterized by E0 = 20.0 kV/m, T = 26.67 ns,
ct0 = 33.33 ns, and f0 = 200 MHz. It is also demonstrated that the
EMP responses predicted by both TDIE-TDPO-MOT and TDIE-MOT
methods agree well each other, but the computational time is very
different between them.
As all the geometrical parameters in Fig. 10(a) are not changed,
but the distance between the antenna and the PEC plate is varied
from 0.7 to 5.0 m, Fig. 11 shows the maximum surface currents
recorded at the central point of the shortest dipole for f0 = 200 and
300 MHz, respectively. It is obvious that the maximum current changes
periodically as the distance varies.
Finally, we choose the aperture size on the PEC plate as (a)
0.5 m × 0.5 m and (b) 0.125 m × 2.0 m (slot), respectively, while the
EMP parameters are the same as those in Fig. 10(a), and the distance

Figure 11. The maximum surface current recorded at the central
point of the shortest dipole as a function of the distance between the
antenna and the PEC plate.
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(a)

(b)

(c)

Figure 12. The aperture size on the PEC plate is (a) 0.5 m × 0.5 m
and (b) 0.125 m×2.0 m (slot). (c) Transient current responses recorded
at the central point of the shortest dipole.
is given by d = 0.3 m. Fig. 12 shows the comparison of the transient
currents recorded at the central point of the shortest dipole for two
cases.
In Fig. 12, two apertures on the PEC plate have the same area. It
is observed that the transient current response in Case (a) is stronger
than that of Case (b), which indicates that the slot orientation on the
PEC plate does have certain effect on the transient current response
of the antenna. Of course, after some numerical experiments, we can
suppress the current response by choosing an appropriate slot geometry
or its orientation.
4. CONCLUSION
In this paper, an efficient hybrid method, based on time-domain
integral equation (TDIE) and time-domain physical optics (TDPO),
is proposed for studying electromagnetic responses of several groups
of wire and surface structures illuminated by an electromagnetic
pulse (EMP), respectively. Two triangular-type basis functions are
used to represent the currents on the PEC wires and PEC surfaces,
respectively.
In comparison with the full TDIE-MOT method,
computational complexity can be reduced drastically using our
developed TDIE-TDPO-MOT method, and computational accuracy
is still maintained. The above numerical examples demonstrate that it
can be employed to predict electromagnetic pulse responses of various
multi-scale perfectly conducting objects.
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