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Double Tip Diffraction Modeling: Finite Difference
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Abstract—Discontinuities such as tips and edges cause diffracted
fields when electromagnetic waves interact with objects. Two-dimensional (2D) wedge with non-penetrable boundaries is a canonical structure which has long been investigated analytically and numerically for the understanding and extraction of diffracted waves.
Multiple-diffraction has also been investigated. Here, double tip
diffraction is modeled with both finite-difference time-domain and
method of moments and reference data are generated.
Index Terms—Diffraction, double diffraction, double tips, finite difference time domain (FDTD), high frequency asymtotics,
method of moments (MoM).

I. INTRODUCTION

E

LECTROMAGNETIC (EM) waves interact with objects and scatter. Major scattered field components are
reflected, refracted, and diffracted fields. High frequency
asymptotic (HFA) methods, such as geometric optics (GO),
physical optics (PO), geometric theory of diffraction (GTD),
uniform theory of diffraction (UTD), and physical theory of
diffraction (PTD) have long been used to analyze scattered
fields when the wavelength is small compared to object size
[1]–[6]. A useful MATLAB based virtual tool has also been
introduced for the use of HFA modeling in the classical wedge
problem [7]. Fringe waves excited by a finite-distance line
source are extracted in [8]. Backscattering from a wedge with
different boundary conditions is also modeled analytically [9].
An interesting discussion on the diffraction modeling can be
found in [10].
Diffraction modeling has also been investigated numerically
[11]–[15]. Diffracted waves and diffraction coefficients are extracted with the finite-difference time-domain (FDTD) method
using time-gating in [11]. A more general multi-step FDTD approach is also used in diffraction modeling [12], [13]. Similarly,
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it is shown in [14], [15] that the method of moments (MoM) is
also successful in diffraction modeling.
Double diffraction has also been investigated analytically
and numerically [16]–[25]. The double wedge or double tip
is a canonical geometry which arises in many practical structures. The analysis via a spectral extension of the UTD has
been described, which yields closed-form expressions for the
field doubly diffracted in the far zone by the edges of two
interacting wedges illuminated by a plane wave in [17], [18].
The UTD has been extended to include double diffraction by
an arbitrary configuration of two wedges and a scalar double
diffraction coefficient is defined in [19]. An HFA analysis of
the scattering by a double impedance wedge via the extended
spectral ray method and diffraction coefficients were derived
for up to and including the triple diffraction mechanism in
[23]. A time domain single-diffraction solution of a wedge
type obstacle is extended to double-diffraction and the resulted
waveform is compared with the corresponding solution in the
frequency domain by applying the inverse Fourier transform of
the waveform in [25].
In this study, novel double tip diffraction modeling approaches are introduced by using both FDTD and MoM. An
analytical solution using a spectral approach for the problem
of scattering by two-dimensional (2D) semi-infinite or finite
polygonal objects with an imperfectly reflective surface, illuminated by a plane wave can be found in [26].
II. DOUBLE TIP DIFFRACTION STRUCTURE
The structure shown in Fig. 1 is used in double tip diffraction modeling. The polar coordinates
are used. It is a
non-penetrable rectangular object infinite along excited with
a line source. The problem has a translational symmetry along
therefore can be investigated in 2D on the
-plane. The
origin is chosen at midpoint of the top edge with length therefore the top boundary extends from
to
on
the -axis. The lengths of left and right boundaries are infinite
. The line source is assumed only in the first
quadrant
because of the structural symmetry.
The dashed circle with radius shows the locations of receivers.
360 receivers are located on this circle which yields
angular resolution. Under these assumptions, top-boundary reflected fields exist for the receivers located between the lines
and
, while side boundary (specular) reflections occur
only for the receivers between the lines
and
. Incident
fields do not exist in the shadow region bounded by the left side
of the structure and the line
. The two tips are responsible
for the creation of the diffracted fields which exist everywhere.
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Fig. 1. Double tip structure (Structure-1).

Note that Fig. 1 shows the reflection and shadow regions for
.
Mathematically, the problem is postulated via the 2D wave
equation in polar coordinates

(1)
is the wave-number,
is the line current amplitude,
and
specify the source and the observation
points, respectively,
is the Dirac delta function. The related
non-penetrable boundary conditions (BCs) are
(TM
case) or
(TE case) on the structure. Radiation
condition also applies.
In the limit when the lengths of left and right boundaries goes
to zero
the structure yields another canonical
scattering problem; the infinite strip problem. This is pictured in
Fig. 2. The tips marked with number 1 and 2 are responsible for
the creation of the diffracted fields. In this case, reflected fields
only exist for the receivers located between the lines
and
. The region between the lines
and
is the shadow
region where no incident field exists. The incident, scattered,
and diffracted field components all exist elsewhere.
Note also that, the structure in Fig. 1 also reduces to (vertical) half-plane problem when
meaning that three important canonical problems can be investigated at the same time
once numerical models are established for the Structure-1 in the
figure.
Electromagnetic line source may be the -component of either electric field intensity (
, TM case) or magnetic field
intensity (
, TE case). In the case of acoustic waves,
these conditions refer to acoustically soft
and
hard
boundary conditions, respectively.
Note that, the word scattering represents all types of waves
generated from EM (incident) wave-object interaction (e.g., reflections, refractions, diffractions, creeping waves, whispering
gallery waves, etc.). The addition of scattered and incident fields
yields total fields. Diffractions occur from edge and/or tip type
discontinuities.
where

Fig. 2. Infinite strip problem (Structure-2).

III. FDTD-BASED DIFFRACTION MODELING
The FDTD method is one of the most popular and widely used
models used in electromagnetics [27]. It has been widely used
in variety of EM problems, from radiation, propagation, scattering to microstrip circuit design, from subsurface imaging to
antenna design, etc. The FDTD method has also been used in the
calculation of diffraction coefficients and there are many studies
in modeling diffraction from various wedges [11]–[13]. Note
that, the incident field is a pulse in time therefore broad band
diffraction characteristic can be obtained via a single FDTD
simulation. Once incident and diffracted pulses are recorded,
discrete/fast Fourier transform (DFT/FFT) can be applied and
diffraction coefficient vs. frequency and/or diffraction coefficients vs. angle variations can be obtained.
The 2D FDTD models used for TM and TE polarizations on
the -plane contain sets of
,
,
and
, ,
components, respectively. The update equations for
polarization and
polarization are shown as

(2a)
(2b)

(2c)

(3a)
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the standard MoM, the source-excited segment fields are calculated, the matrix system is built, and the segment currents are
calculated numerically from the solution of the derived system
of equations [14]. The segment-scattered fields at the observer
are then accumulated.
Necessary MoM equations (with the
time dependence) in this procedure are
(4a)
(4b)

(3c)
The multi-step FDTD approach introduced in [13] is extended here for the calculation of double tip diffractions. The
incident, reflected, and diffracted fields are separated in the time
and then total and/or diffracted fields vs. angle are obtained by
the application of FFT. For the structure in Fig. 1, diffracted
fields are extracted with the following 4 steps:
1) Run the FDTD simulation with the structure and record
transient responses at the specified number of receivers on
the observation circle. This will yield total fields.
2) Remove the structure, re-run the FDTD simulation in freespace and record transient responses at the same receivers.
This will yield incident fields.
3) Replace the structure with infinite-plane (in other words,
extend the top edge of the structure infinitely on the horizontal axis) and re-run the FDTD simulations. Recorded
fields will include only incident and reflected fields on the
upper half plane. Use them only for the receivers located
between the lines
and .
4) Extend the right side of the structure infinitely on the vertical direction and repeat step 3. Recorded fields will include only incident and reflected fields on the right half
plane. Use them only for the receivers located between the
lines
and .
Once time variations of the fields for the 4 steps are obtained
incident and reflected fields are extracted in regions where they
exist and only time variations of diffracted fields are left at the
receivers on the observation circle. Diffracted fields at a specified frequency can then be extracted by the application of FFT
on all receivers’ data.
Note that, only the first 3 steps are enough to extract diffracted
field data for the infinite strip shown in Fig. 2. Moreover, only
the first 2 steps are enough to obtain scattered field.
IV. MOM-BASED DIFFRACTION MODELING
A similar multi-step MoM is also used in diffraction modeling as described in [14], [15]. Here, the method is extended to
double tip diffraction problem.
In this model, the three boundaries of Structure-1 in Fig. 1 are
divided into small segments (where segment lengths are much
smaller than the wavelength). Although
, they
have to be finite in numerical algorithms. Side-boundary lengths
between
are enough depending on the parameters
of the problem at hand. The length of top-boundary is finite.
The currents on each segment are assumed to be constant. In

where
denotes the field at matching points
segment and the impedance matrix is obtained

on each

(5a)

(5b)
is the segment length,
is the intrinsic
where
and
are the first kind Hankel
impedance of free space,
functions with order zero and one, respectively,
is the
exponential of the Euler constant,
denotes the unit normal
vector of the segment at , and
is the unit vector in the
direction from source
to the receiving element
. While
considering the effects of segment currents, the scattered fields
are

(6a)

(6b)
The MoM procedure is implemented as follows: The fields
upon segments in (4) are calculated by using the free-space
Green’s function. The impedance matrix in (5) is formed. Then,
the source-induced segment currents are obtained. Finally, scattered fields in (6) on the chosen observation points are calculated
from the superposition of segment radiations using the Green’s
function.
The direct wave from the source to the receiver and scattered
waves from all segments to the receiver are added and total wave
at the receiver is obtained.
For the structure in Fig. 1, MoM computed diffracted fields
are extracted with the following 3 steps:
1) Run the MoM simulation with the structure and record the
scattered fields at the specified number of receivers on the
observation circle.
2) Replace the structure with infinite-plane (in other words,
extend the top edge of the structure infinitely on the horizontal axis) and re-run the MoM simulations. Recorded
scattered fields will include only reflected fields on the
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Fig. 3. Single and double tip diffractions; (a) single diffraction from right tip,
(b) double diffractions from RL-tips, (c) single diffraction from left tip, (d)
double diffractions from LR-tips.

Fig. 4. Total, diffracted, and scattered fields around Structure-1;
,
,
,
,
, TM/SBC case, Solid: MoM,
Dashed: FDTD.

upper half plane. Use them only for the receivers located
between the lines
and .
3) Extend the right side of the structure infinitely in the vertical direction and repeat step 2. Recorded scattered fields
will include only reflected fields on the right half plane.
Use them only for the receivers located between the lines
and .
Only the first 2 steps are enough to extract diffracted field data
for the infinite strip (Structure-2) shown in Fig. 2. MoM directly
yields scattered fields therefore only the first step is enough for
the extraction of scattered fields.
MATLAB algorithms are developed for both FDTD—and
MoM-based diffraction modeling. The next section presents
several comparisons. Note that, diffracted fields presented in the
following examples contain single and double tip diffractions
from both tips. Fig. 3 illustrates single and double diffracted
waves from the left tip. The right tip also contributes the same
single and double diffracted waves.
Note that, standard free-space FDTD and MoM algorithms
are used here. The FDTD space is terminated with absorbing
boundary layers and edges are directly extended into these
layers. This is how infinite length structure
is
simulated. On the other hand, edges are truncated in MoM so
that
and
are finite, but the lengths of the truncated edges
are long enough to simulate
. One needs to
check if the first segment beyond the truncation has negligible
induced current. Beyond the truncation, this (i.e., the simulation
of the infinite edges) is achieved if the scattered field at the
nearest receiver, caused by the segment currents is less than
a specified value corresponding to the stated accuracy and/or
error. Relative accuracy of 1% or less is used to generate all the
examples presented in the next section.

V. EXAMPLES AND COMPARISONS
The examples given in this section present total, diffracted,
and scattered fields around Structure-1, Structure-2, and for the
vertical half-plane for a given line source at 30 MHz. Source and
observer radial distances are 100 m
and 80 m
, respectively. The polarizations and angle of incidences are
mentioned in figure captions.
In Fig. 4; total, diffracted, and scattered fields around the tip
of a vertical half-plane, simulated with both FDTD and MoM
approaches, are given. Here, the angle of incidence is
.
The top side of Structure-1 is taken as
. As observed in the total field plot, the ripples in the angular region
correspond the interference of incident
and diffracted fields, the ripples in the angular region
correspond the interference of incident, diffracted,
and reflected fields. The dominant diffraction occurs along the
two critical boundaries incident shadow boundary (ISB) and reflection shadow boundary (RSB). On the other hand, forward
scattering and specular reflections dominate the scattered fields.
Figs. 5–7 belong to scattering from Structure-1. Total, diffracted and scattered fields, simulated with both FDTD and
MoM approaches for different illumination angles and top
surface lengths are shown in Figs. 5 and 6. Only total and
diffracted fields are given in Fig. 7. Note that, there are two
tips and four critical boundaries. The diffracted fields along
these boundaries and their interference for different top surface
lengths are observed.
Figs. 8–10 belong to the FDTD and MoM simulation results
for the Structure-2 (infinite strip). Scattered fields are also included in Figs. 9 and 10. As observed angular variations of total,
scattered, and diffracted fields for different angles of illumination with different top surface lengths, the forward scattering
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Fig. 7. Total (Left) and diffracted (Right) fields around Structure-1;
,
,
,
,
, TM/SBC case, Solid: MoM,
Dashed: FDTD.

Fig. 5. Total, diffracted, and scattered fields around Structure-1;
,
,
,
,
, TE/HBC case, Solid: MoM, Dashed:
FDTD.

Fig. 8. Total (Left) and diffracted (Right) fields around Structure-2;
,
,
,
,
, TM/SBC case, Solid: MoM,
Dashed: FDTD.

Fig. 6. Total, diffracted, and scattered fields around Structure-1;
,
,
,
,
, TM/SBC case, Solid: MoM, Dashed:
FDTD.

and specular reflections dominate the scattering fields, but, as
mentioned above, dominant diffractions are observed along critical boundaries. On the other hand, interference of the double
diffractions may change the picture significantly depending on
the angle of illumination and top surface lengths.
Note that, different discretizations are required in MoM simulations for the TM (SBC) and TE (HBC) polarizations. Infinite

sides of Structure-1 are approximated by 10 -long finite sides
for the TM polarization. On the other hand, up to 100 -long
side-lengths may be required for the TE polarization (because
ill-conditioned matrices may be obtained in this polarization).
The segment lengths are chosen to be /20. The FDTD cell sizes
are taken as /20.
The source is above the horizontal plane in these examples,
but it can be located arbitrarily anywhere in the angular domain.
In this case, one has to pay attention to the infinite boundaries in
both FDTD and MoM procedures. In other words, when a plane
(or cylindrical) wave of incidence below the horizontal plane is
considered, the infinite boundaries must extend well beyond the
source.
Note also that, there are highly effective commercial FDTD
and MoM packages that can be used in numerical simulation
of broad range of EM problems. Unfortunately, they cannot be
used in solving the problems discussed in this paper. By using
a commercial package, total fields can be reproduced, but scattered and/or diffracted fields cannot be discriminated using the
multi-step approach introduced here.
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The novel multi-step multi-tip diffraction modeling introduced here is highly effective for the numerical models such
as FDTD and MoM. Its extension to 3D is straightforward.
Since the power and beauty of these numerical models is
their application capability directly in 3D, distinguishing and
discriminating scattered and diffracted fields for the realistic
objects in 3D would be very helpful in understanding and
designing low-visible objects.
Note that, the reader is referred to [28]–[31] for indoor, anechoic chamber measurement results which belong to 2D propagation above flat, perfectly reflecting surface with single and
double diffractive obstacles.
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Fig. 9. Total, diffracted, and scattered fields around Structure-2;
,
,
,
,
, TM/SBC case, Solid: MoM, Dashed:
FDTD.

Fig. 10. Total, diffracted, and scattered fields around Structure-2;
,
,
,
,
, TM/SBC case, Solid: MoM,
Dashed: FDTD.

VI. CONCLUSION
Double tip diffraction modeling using multi-step FDTD and
MoM approaches in 2D is discussed. MATLAB-based diffraction algorithms are developed and numerical results are presented. Very good agreement between the results shows that
both FDTD and MoM can be used effectively in diffraction
modeling.
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