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ULTRA WIDEBAND TIME DOMAIN RCS PREDICTION OF NAVY PLATFORMS

1. INTRODUCTION

In recent times, the transient analysis of electromagnetic scattering has received a great deal of attention.
With the advent of faster computers and an increase of memory space, many scattering problems of complex
objects are being performed directly in the time domain. There are various reasons as to why we should be
interested in calculating and predicting transient electromagnetic behavior. First, many systems are employ-
ing short-pulse radar systems. These systems are being used for target identification, high range resolution,
and wide-band digital communications. Although transient data may be obtained by solving the problem in
the frequency domain and taking an inverse Fourier or Laplace transform, direct time-domain methods may
be better suited and more straight forward to apply. Direct time-domain techniques can generally handle
nonlinearities more conveniently. Further, these techniques provide an opportunity to observe and interpret
electromagnetic scattering behavior. By noting the return times of various peaks, it may be possible to iden-
tify major scattering centers on an object. Also, for certain types of problems, direct time-domain techniques
are more efficient where broad-band spectral information is desired. Besides, it seems natural to observe
actions and responses as a function of time since return pulses observed from radar or on oscilloscopes are
functions of time. Finally, the direct time-domain technique may be viewed as another way to verify results
or another tool to understand the complex nature of electromagnetic scattering behavior.

1.1 Methods of Transient Analysis

Of all the available solution techniques to obtain transient responses, the most popular are a) the finite-
difference time-domain (FDTD) approach, b) the transmission line matrix (TLM) method, c) frequency
domain solutions with inverse Fourier transforms, and d) time-domain integral equation (TDIE) solvers. A
more detailed overview of time domain techniques may be found in references [1, 2].

The FDTD method directly solves Maxwell’s differential equations in the time domain and was initially
presented by Yee [3]. In this method, the scatterer and the surrounding infinite space are discretized into
cubical cells. The spatial and temporal derivatives in Maxwell’s equations are approximated by a set of
finite difference equations. An explicit expression may be obtained by “leap frogging” the electric and
magnetic fields in space and time. This means that the fields at one time instant depends only upon the
fields at previous time instants. This explicitness aids in speeding up the computation time. An advantage of
FDTD is that it can model complex structures including inhomogeneous materials rather easily. However,
in order to obtain a numerical solution, the discretization grid has to be truncated at a suitable distance
from the scatterer. Also, problems arise from spurious reflections at the lattice truncation boundaries and
the modeling of curved structures with stair step approximations. In three-dimensional cases, the memory
requirement is large due to the fact that six field quantities and three material parameters need to be stored
for each cell. Finally, if the angle of incidence, polarization, or time variation of the incident field is changed,
the solution procedure must be started all over again.

Manuscript approved February 6, 2020.
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The TLM method was developed by Johns and Beurle [4] in which space is modeled as an intercon-
nection of transmissions lines and may be considered as a discretized form of Huygen’s principle. By
calculating the shunt voltages and currents at each node, the field quantities may be obtained. Like FDTD,
TLM is a time stepping procedure in which the currents and voltages at one time instant are written ex-
plicitly in terms of currents and voltages of previous time steps. The impulse response may be obtained by
exciting the mesh with an ideal Dirac impulse function. Therefore, the response to a general waveform (with
frequency content below the mesh cutoff frequency) may be obtained by convolution of the output impuise
function with the desired excitation function. However, if the polarization or angle of incidence of the exci-
tation field is changed, the solution must be performed again. TLM suffers from similar computer storage
problems of FDTD in that the material parameters, voltages, and currents need to be stored at each node.
TLM also experiences dispersion problems where frequency components experience different velocities due
to the discrete nature of the mesh.

The classical frequency domain approach solves for the induced current or the scattered fields from a
scatterer for a range of frequencies from the lower end to the upper end and then performs an inverse Fourier
transform. The solution at each frequency may be carried out by using the quasi-static solution or the method
of moments at low frequencies and the geometrical theory of diffraction {(GTD) or the physical theory of
diffraction (PTD) approximations at higher frequencies. In the low frequency range, MOM is the preferred
approach wherein integral equations are formed by enforcing boundary conditions on the electromagnetic
fields [5]. The integral equation techniques are generally confined to the scattering structure, and the ra-
diation condition is automatically enforced. In this solution method a set of basis functions with unknown
weight are used to represent the unknown quantities, and a matrix equation is obtained by testing the integral
equations with a set of testing functions.

Some of the early analytical work in transient electromagnetic problems were based on physical optics
to obtain the approximate impulse response from conducting flat plates, spheres, and prolate spheroids [6].
A time domain solution for an infinite cylindrical antenna was performed by Wu in 1961 [7]. Bennett ob-
served that an integro-differential equation obtained by enforcing the boundary conditions of the tangential
field components on the surface of the scatterer could be solved for directly in the time domain {8]. This
technique has been labeled the marching-on-in-time (MOT) algorithm or the space-time integral-equation
(STIE) technique. Like MOM, the MOT method discretizes the scatterer into segments or patches. The time
axis is generally divided into equal increments. With this method, the currents on the scatterer at a certain
time ¢ = t; are related to the currents on the scatterer at ¢ < r;. This is because the “effect” of a current
requires a finite time to “travel” to the observation point. By properly choosing a time step, an explicit solu-
tion for the present-time currents may be obtained which may be solved iteratively. So, once the currents at
1) are determined, the time is incremented to the next interval, and the procedure is repeated.

Although MOT or STIE solutions have been attempted for complex problems, until recently, most radar
cross section (RCS) prediction algorithms have been developed in the frequency domain (FD) using Maxwell
equations as the starting point and assuming time-harmonic behavior, Hence, whenever there is a time
domain (TD) RCS signature requirement, it is a common practice to model the given object suitable for
FD solution, run the algorithm at a number of frequencies, and use the Inverse Discrete Fourier Transform
(IDFT} to accomplish the task. It should be noted that except for some simple canonical problems, TD RCS
calculations are prohibitively expensive, since the calculations must be repeated for different frequencies
where each frequency calculation requires substantial computational resources. To alleviate computational
burden, recent efforts for predicting TD RCS for complex objects are concentrated in solving the problem
directly in the time domain.
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In theory, direct TD prediction techniques are inherently superior to FD techniques by providing the
signature for a wideband of frequencies from a single set of calculations. We note that the TD methods
provide several other advantages, such as: 1) more suitable for ultra-wideband signature studies 2) provide
better visual representation for understanding the field interactions and, 3) computationally more efficient
when solution is required over a large band of frequencies.

Generally, all the available TD prediction techniques may be classified into two categories: a) Differ-
ential equation (DE) based solution methods, such as Finite Difference Time Domain (FDTD) method [3],
and b) Integral equation (IE} based solution methods. In this work, we only consider IE based methods.

Next, we note that the IE based TD solution is invariably obtained by a time-stepping process popularly
known as the Marching-on-in-Time (MOT) method [9]. The main advantage of MOT method is that, when
used as an explicit scheme, requires no matrix inversion, a computationally intensive step in any numerical
algorithm [9]. Unfortunately, the MOT procedure is prone to late-time instabilities and there have been
several proposed remedies to overcome this problem [9-13]. However, most of the proposed remedies only
try to arrest the instabilities, work only for simple problems, and invariably fail for complex objects. Even
the implicit schemes in TD, which require a matrix-inversion, are vulnerable to instability problem [9] and
hence of little use to a practicing engineer.

Recently, a new type of algorithm was developed to obtain TD RCS by a process known as marching-
on-in-degree (MOD) method [14-16]. In this method, the time variable is modeled by a series of decaying
polynomials viz. Laguerre Polynomials. The underlying philosophy is that the decaying functions would not
be prone to late-time instabilities. Although the MOD solution scheme appears to suppress instabilities, in
our experience, the procedure, as appeared in the published literature, is computationally intensive requiring
a large number of time functions even for simple canonical problems.

Another important limitation of all the available TD methods, whether the method is DE or IE based, is
the inability to process multiple excitations in an economical manner. Since all the TD methods are some
sort of iterative methods, the solution has to be obtained for each excitation separately. Mathematically
speaking, if x is the amount of time to solve one incident field, then ax is the total time required for » incident
fields. This is in complete contrast to the frequency domain solution, where handling multiple excitations is
a trivial task viz. IE based frequency-domain methed of moments (FD-MOM) solution technique [5]. In the
FD-MOM solution, once the matrix is formed and inverted, thousands of incident fields can be processed
with a fraction of total computation time. However, in FD-MOM, only one frequency can be handled at a
time because once the frequency is changed, the whole solution process must be restarted.

In this work, we present a new TD sclution method based on conventional method of moments (MOM)
solution procedure, ideally suited to handle a large number of excitations in a trivial manner. The method
presented in this work can handle multiple incident pulses, with varying frequency signature bands, in a triv-
ial manner with only a fraction of additional cost as compared to a single incident field, a very useful feature
not available via frequency-domain MOM. We further emphasize that a) all the previous time-marching
solutions, although efficient, are plagued by instability problems. The source of instability is primarily the
method itself where the accumulation of error occurs at each time step. For many practical cases, the pre-
viously available methods are simply useless. The new method is based on entirely a new line of thinking
where the error is suppressed in both time and space. There is no time marching involved in this procedure.
Further, this new algorithm remains stable for a very long solution time. In the following Chapters, we
present the evolution of the method with detailed mathematical steps, numerical solution procedure, and
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numerical results. The numerical results in each case are compared with data obtained using the FD-MOM
plus IDFT procedure.
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2. WIRE-GRID MODELING OF ARBITRARY BODIES - FULL MATRIX APPROACH

In this chapter, a stable solution method is presented to obtain scattering response from arbitrary wire
structures illuminated by a Gaussian plane wave directly in the time domain. Although the method presented
in this chapter is not efficient, it forms the basis for a new and highly efficient method presented in later
chapters. The method presented in this chapter represents a new way of approaching the problem. Further,
contrary to all the available time domain algorithms until now, this method, besides being stable, is also
capable of handling multiple excitations in a trivial manner, The new procedure is based on the conventional
method of moments and utilizes standard pulse functions for expansion of the space variable and time-
shifted Gaussian functions for the time variable. The testing procedure is accomplished by collocation. The
numerical results obtained using the new procedure are validated by comparing with the data obtained from
the frequency domain solution using the same modeling scheme and performing aninverse discrete Fourier
transform.

2.1 Wire-Grid Modeling of Arbitrary Surface

Figure 1 shows several conducting objects modeled by a series of electrically short, straight wires to be
used in the numerical scheme. In this scheme, we assume a constant radius for each wire although it is not
required for the solution procedure. Note that all the wire-grid models include wire junctions where several
wires are attached to a common point, referred to as node. Thus, each node, in general, will have multiple
wires connected to it, except the boundary node where only one wire is connected. We note that, in the
present work, the induced current is calculated at the nodes via MOM procedure. In the next two sections,
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Fig. 1 — Wire-grid model of conducting objects

we present mathematical steps and MOM solution procedure for a single, arbitrarily-oriented wire for the
sake of brevity and discuss modifications necessary to include wire-junctions,
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2.2 Mathematical Formulation

Let § denote an open or closed perfectly conducting, arbitrarily-oriented wire of radius a, modeled by a
series of straight wire segments, as shown in Figure 2.

N+1

Fig. 2 — Arbitrary wire divided into subdomains

An electric field E'(t,r), defined in the absence of the scatterer, is incident on and induces a surface
current /(¢,r) on S. Using basic mathematical steps outlined in [9], the scattered electric field E*(t,r)
computed from the surface current is given by

dA(t,r)
t

Eer) = -5

vo(,r), (1)

where the magnetic vector potential and the electric scalar potentials are given by

§1(t —Rfe,”) ,,
Alt,r) .U/;Tdf )]
and
_ 1 fqu(t—Rfe,”)
() = = [e et de. 3)
In Egs. (2) and (3), § represents the unit vector of the source term along the wire axis, R = /|r — r/|2 4 a2,

H and € denote the permeability and permittivity of the surrounding medium, respectively, r and r’ are
the locations of the observation and source points on the wire, a is the radius, and c is the velocity of the
electromagnetic wave. Also, ¢ represents the parameter along the length of the wire. The linear charge
density gy is related to the induced current I by

o2 _ _9I

T @
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Differentiating Eq. (1) with respect to time and using Eq. (4), we obtain the following expression for the
time derivative of the scalar potential as

11

k3

P —_1'[£al(t—R/c,H);8£d£,. )

F 47R

The integro-differential equation for 7 can be derived using the boundary condition (E* + E*),, = Q on § as
JdA ;
[— + V‘b] Zx B (6)
dt tan

The charge density appearing in the scalar potential of Eq, (6) may be eliminated by differentiating Eq. (6)
with respect to time and using Eq. (5}. Thus, the electric field integral equation for an arbitrary wire in the

time domain is given by
9’4 JE!
Bl [
al fan at tan
which needs to be solved for the unknown current I{¢, r).

2.3 Method of Moments Solution Procedure

For numerical purposes, the wire is divided into N + 1 linear segments. The position vector r, n =
0,1,...,N+1, defined with respect to the global coordinate origin (), represents the beginning point of each
linear segment along the wire axis. Although not included in the present work, notice that, we can assign
different radii for each segment which allows us to model wire structures with non-uniform radius. Further,
we divide the time axis into uniform time intervals given by Af and denote 1, = mAt form = 0,1,2, ....00,

Next, we discuss the numerical solution procedure to solve Eq. (7) using the method of moments. As a
first step, define a set of basis functions for time variable 7 and space variable ¢, given by

falt) = (B 0<t<oo (8)
and
1 € <E€<E,.)
= =i T kg
&n(6) { 0 otherwise. S

where £, 1= £t AT‘ Note that Eq. (8) represents time-shifted Gaussian functions utilized for representing
the time variable. Since these functions span the time interval O to eo, they can be considered as entire domain
basis functions. We further note that the Gaussian functions decay as time progresses, reach zero at infinity,
easily differentiable, not prone to late-time instabilities, and well-suited for the present work. Further, the
pulse functions, defined in Eq. (9} to represent the space variable £, are standard subdomain basis functions
commonly used in the FD-MOM scheme. Also, note that the node points, excluding the boundary nodes,
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refer to the unknowns in space and the current pulse function spans half-pulse distance on either side of the
node. This type of description satisfies the required Kirchoff’s current law.

Using Eqs. (8) and (9), the induced current I{t, ) for the first M time steps is approximated as

1e,0) ~ )"f 3 Inn fnlt) 8(8) 10)
m=1 n=1

where I, » represents the unknown coefficients to be determined by the MOM procedure. Note that there
are P = M x N number of unknowns in this scheme and M denotes the number of time steps required to
represent the incident pulse adequately.

2.3.1 Testing Procedure

For testing purposes, we use delta functions for both time and space variables in accordance with the
collocation scheme. Thus, we can write Eq. {7) after testing as

PAs(tm)  OWa(tm)

3 T3¢ — Falta) (11)
form=1,2,---Mandn=1,2,---N, where
An(’m) = an'A(tm:en) (12)
3‘1‘_321"_,1 a,,-V‘I’(tm,f,,) (13)
OE! (tn
Fatw) = g, 22aln) (14)

and aj, is the unit tangential vector at £ = £,.

Using finite difference approximation for time and space derivatives, we may re-write Eq. (11) as

Am-r-l,n - Mm,n +Am— In ‘Pmyﬂ
A2 e

~
Fors = s as)

where Ay n = An(tm), Wi = Wa(tm), and F, ,, = Fy(t,). Lastly, by replacing the time index mby m — 1, we
have

Amn —2Am 4n+Am_21 lI’m Inti ™ ‘Pm—l.n—%
AL T | = Fnin (16)
n+§ n—%

Next, we consider the expansion procedure.
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2.3.2 Expansion Procedure
Using Eq. (10}, A,y 4, as defined in Eq. (12) , may be written as

M N Rn i
Ann = BY Y L) filtn——27) [0n- /)% an
i=1j=1
where
av
Kn.j EJFRH’ (18)

Ry = |ra — |, Rnj = |ra —rj, and a; is the unit tangential vector at £ = £;.

Next, let us consider the evaluation of ¥, ,. Considering Eq. (5), replacing the derivative operation with
finite difference approximation, and substituting Eq. (10), we have

1M N 1
Yun = o2 Bl g % i) Kooy ~mp DRy 09
i=t jo1 I BERAEY
where

d¢
Knjij = ]g;:l:% AnR) (20
Ru,;'i{; e |"n_rjii n

R ...
Tm.!!,j:b% = Iy ".:. -3 (22)

Using the expansion and testing procedures described so far, it is trivial to generate a matrix equation
ZX =Y of dimension P = M x N. The elements of Z-matrix are formed by assembling either A, , and ¥, .
Note that this matrix is not a dense matrix because of the causality condition. The right hand side ¥ involves
the incident field terms which is trivial to calculate once the incident wave form is described. By solving the
matrix equation, using any of the standard matrix equation solving methods such as Gaussian elimination
or LU-decomposition, it is simple to obtain the induced current at all locations for the first M time steps. It
is obvious, at this stage, to note that multiple incident fields can be processed in a trivial manner with this
procedure by adding more columns to ¥ -matrix.

In order to generate the response for next M time steps, we note that only the right hand side of the matrix
equation needs to be modified. We note that for this case, the right hand side would be ¥ — ZX ,,, where
X pre represents the coefficients already calculated for zero to M-steps and Z represents the matrix containing
vector and scalar potential terms contributing to zero to M time steps. The Z-matrix can be obtained in the
same manner as Z-matrix. Also note that Z-matrix need not be inverted and does not require to be stored.
Hence, obtaining induced current for M + 1,--- ,2M is a trivial task. This process can be easily repeated
for as many multiples of M-time steps and can be terminated when the norm of the right hand side at the
k- multiple of M-time steps falls below a pre-determined value, i.e. less than 10~4, when compared to the
norm of the first multiple of M- time steps.
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2.3.3 Application to Multiple Wires and Wire-Junctions

The analysis described so far is only applicable to a single, arbitrarily-oriented wire. However, to apply
for more complex cases, we recognize that, referring to Figure 2, the induced current is evaluated at node
points n = 1,...,N. Note that the node points ry and ry 4 are excluded since the current is zero at these
locations or, in other words, referred to as boundary nodes. One easy way to distinguish a boundary node is
to note that only one wire segment is attached to it. For a non-boundary node, the number of wires attached
must be two or more. If only two wires are connected to the non-boundary node then we have a simple
arbitrary wire and that node would support just one basis function. However, if X number of wires are
attached to the non-boundary node, then we have a junction node and X — 1 basis functions must be defined
for this node. Assuming that the current flows from lower number wire segment to higher numbered wire
segment, the Kirchoff’s current law is automatically satisfied in this procedure for the wire-grid model.

Next, we note that a wire-grid model for a truly arbitrary body can be generated by specifying two sets
of input data. The first is an indexed list or node matrix of position vectors r; = (x;,yi,2;),f = 1,2,-+- N,
The components of the vectors r; are the Cartesian coordinates of the i** vertex with respect to a global
coordinate system. The second set of data is an edge matrix

E=leyl, i=12,,N; j=12, (23)

in which is listed in the /** row the indices of the two vertices to which the i'* edge is connected.The vertex
and the edge matrix together completely determine the surface geometry and would be amenable for further
processing to obtain a wire-grid model. Since, the non-boundary nodes support the basis functions required
for the TD calculation, we note that identifying the non-boundary nodes and calculating the total number
of basis functions from the given set of data can be carried out in the pre-processing stage efficiently. We
further note that multiple wire-grids can be handled in a similar way.

2.3.4 Far-Field Calculation

Once the transient currents on the scatterer have been determined, we can calculate the electric and
magnetic fields anywhere outside the scatterer using the following procedure.

First of all, we note that the scattered magnetic field, H*(t,r), at a point r is related to the induced
currents by

§’I(t—-H

Hie,r) — EVXA vx f at 4)

where R = /|r— r'|2+4?. Taking the curl operator inside the integral and using the vector identity V x
(wA) = wV x A+ Vw x A, results in

) _ Vx#I(t-8rF) g ,
H(1,7) /c [ — ey (B -,r')] ae (25)
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where ag is a unit vector in the direction r — r. Since we are restricting ourselves to the far field, we may
neglect the second term in Eq. (25). Using simple algebra, we have

R 137
VxéIt—= =__ ¢
x § I(t c,r’) CarRs X ag (26)

where fg =t - §‘ Substituting Eqgs. (10) and (26) into Eq. (25) gives

N
H(nr)~ Y 1 9L(tg) fxande,

i€ dtg Ji ARR ’

@7

For far field calculations, we can make the following approximations: R = r, for magnitude terms where r =
||, R = r — ¥’ - a,, for time retardation terms, and ag = a,. The time derivative of the current is approximated
with a finite difference approximation.

The far-scattered electric field may then be obtained with
E*(ty,r) = nH (tp,7) % a, (28)
where 77 is the wave impedance in the medium surrounding the scatterer.

2.4 Numerical Results

In this section, we present numerical results for several representative example problems illuminated by
a Gaussian plane wave, given by

Ei(s,r) = EOTLﬁe- 7 29)

with
4
Y= ?(ct—cta—r-ak), 30)

where a; is the unit vector in the direction of propagation of the incident wave, T is the pulse width of the
Gaussian impulse, E, - a; = 0, r is a position vector relative to the origin, ¢ is the velocity of propagation in
the external medium, and 1, is a time delay which represents the time at which the pulse peaks at the origin.
The time delay is introduced to ensure a smooth rise of the incident field from a zero value. The pulse width
T is defined such that for ¢t — cf, —r-a; = :I:%, the exponential has fallen to about 2% of its peak value.
For all example problems, we have E, = 120%a,, ct, = 6.0LM, T =4.0LM, and k = —a,. Note that 1 LM
= 3.333 nSecs. Further, for all example problems, the wire radius is chosen equal to 0.001m.

Next, we note that the incident field, as described by Eqs. 29 and 30, reaches it’s maximum value at
6 LM and essentially becomes zero at 12 LM. Thus, for all the example problems, we approximate the
time variable by 60 Gaussian functions spanning 0 — 12 LM, each one shifted by 0.2 LM, except for the
aircraft-like structure example where 30 functions have been used to keep the matrix size smaller. The IDFT

UNCLASSIFIED



UNCLASSIFIED

12 Sadasiva M. Rao

solution, for comparison purposes, is obtained by using the same wire-mesh as used for the TD solution and
sampled at 256 equally spaced frequency points in the interval 0 — 400 MHz.

As a first example, consider three straight wires, each 2.0 m long, placed along the x, y, and z axes and
joined at the origin, as shown in the inset of Figure 3. Each wire is divided into 10 segments and the wire-
junction is illuminated by a Gaussian plane wave described by Eq. 29. The induced current at the center of
the wire placed along the x-axis is obtained using the new procedure and shown in Figure 3. The result is
compared with the FD-MOM solution. There are 30 and 60 basis functions for space and time variables,
respectively, for the time domain solution. Hence the matrix size for this problem is 30 x 60 = 1,800.
Since the wires are high-Q structures, the induced current remains significant for a very long time and both
solutions compare very well throughout. Further, the new TD solution remains stable in the late time as
seen in the second part of the figure spanning from 60 to 300 LM. The x-component of the scattered electric

1 § : ; :
FD-IDFT ~———— z
_ |TD-MOM -——
<05
=
o
3 0
-0.5 - - -
0O 10 20 30 40 50 60
Time (LM)
0.15
< 0.05
=
@
3 -0.05
-0.15 ~ . ~
60 120 180 240 300

Time (LM)

Fig. 3 — Cumrent induced on a 3-wire structure illuminated by a Gaussian plane wave. The wire
radius=0.001 m

far-field is shown in Figure 4 and compared with the IDFT sclution. The scattered far-field is obtained in
the back-scattered direction, i.e. along the a.-axis. Again, we note good comparison in the two solutions.
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Fig. 4 — X-component of the scattered electric field from the 3-wire structure illaminated by a Gaussian
plane wave.
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Next, consider a wire-mesh arranged in the shape of a square plate of 1.0 x 1.0 m, located in the XY-
piane. The mesh is illuminated by a Gaussian plane wave described by Eq. 29. The induced current at the
center of the mesh, highlighted by a dot in the inset of Figure 5, is obtained using the new procedure and
compared with the FD-MOM solution. There are 377 and 60 basis functions for space and time variables,
respectively, for the time domain solution. Hence the matrix size for this problem is 377 x 60 = 22, 620.
Although, the matrix size is large, it is a sparse matrix with many zeros. Both TD and IDFT solutions
compare very well, as shown in Figure 5, and remain stable in the late time as seen in the second part of the
figure spanning from 60 to 300 LM.

0.04

FD-IDFT ———
0.02; TD-MOM

Current (A)
o

-
~0.02|

_ ; : A N
0.045—=6 20 30 40 50 60

Time (LM)

0.0003

g F TD-MOM ————

S 0

=

Q
00008 ——50 180 240 300

Time (LM)

Fig. 5 — Current induced on a wire-mesh model of a square plate illuminated by a Gaussian plane wave.
The wire radius=0.001 m

UNCLASSIFIED



UNCLASSIFIED
LUttra Wideband Time Domain 15

The x-component of the scattered electric far-field is shown in Figure 6 and compared with the IDFT
solution. The scattered far-field is obtained in the back-scattered direction, i.e. along the a,-axis. Again, we
note good comparison in the two solutions.

FD-IDFT ———
TD-MOM

-

S,

N

=

Q 0 V7 .
>

Lid

-

0 10 20 30 40 50 80
cT-R (LM)

Fig. 6 — X-component of the scattered electric field from a square plate illuminated by a Gaussian plane
wave.
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Next, we consider a spherical wire-cage, 1.0 m radius, located with the center of the wire cage coinciding
with the coordinate center. The mesh is illuminated by a Gaussian plane wave described by Eq. 29. The
induced current is obtained at the equator of the sphere, highlighted by a dot in the inset of Figure 7 using the
TD solution procedure and compared with the IDFT solution. There are 559 and 60 basis functions for space
and time variables, respectively, for the time domain solution. Hence the matrix size is 559 x 60 = 33,540,
Both TD and IDFT solutions compare very well, as shown in Figure 7, and remain stable in the late time as
seen in the second part of the figure spanning from 60 to 300 LM.

0.02 -
FD-IDFT —
TD-MOM
< 0
= Z
o
3 -0.02} G000 y
&
ooal .. X
0 10 20 30 40 50 60
Time (LM)
0.0001
- 6e-05  TpMOM _____ |
T 2e-05}
c
o
5 -2e-05}
O
-6e—05[
-0.000 - - -
5% 120 180 240 300

Time (LM)

Fig. 7 — Current induced on a wire-mesh model of a sphere illuminated by a Gaussian plane wave. The
wire radius=0.031 m
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The x-component of the scattered electric far-field is shown in Figure 8 and compared with the IDFT
solution. The scattered far-field is obtained in the back-scattered direction, i.e. along the a,-axis. Again, we
note good comparison in the two solutions.

60 - -

w
o

O

FD-IDFT —

TD-MOM
30070 20 30 40 50 60
cT-R (LM)

Fig. 8 — X-component of the scatiered electric field from a sphere illuminated by a Gaussian plane wave.

rEX (volts/m)
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As a fourth example, we consider a cubical wire-cage, 1.0 m on a side. The mesh is illuminated by a
Gaussian plane wave described by Eq. 29. The induced current is obtained at the center of the top plate using
the TD solution procedure and compared with the IDFT solution. There are 469 and 60 basis functions for
space and time variables, respectively, for the time domain solution. Hence the matrix size is 469 x 60 =
28, 140. Both TD and IDFT solutions compare very well, as shown in Figure 9, and remain stable in the late
time as seen in the second part of the figure spanning from 60 to 300 LM.

0.14 - - - v

0.1
< 0.06!
[ L
o
£ 0.02} !
Q e —F
-0.02} FD-IDFT ——— |
- TD-MOM —m ;
00— .
0 10 20 30 40 50 60
Time (LM)
0.0003
< TD-MOM
S
® 0
5
O
-0.0003 R : .
60 120 180 240 300
Time (LM)

Fig. 9 — Current induced on a wire-mesh model of a cube illuminated by a Gaussian plane wave. The
wire radius=0.001 m

The x-component of the scattered electric far-field is shown in Figure 10 and compared with the IDFT
solution. The scattered far-field is obtained in the back-scattered direction, i.e. along the a,-direction. Again,
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we note good comparison in the two sclutions. The apparent discrepancy in the two graphs can be attributed
to the fact that the FD solution did not have a data point at the peak.

0O 10 20 30 40 50 60
cT-R (LM)

Fig. 10 — X-component of the scattered electric field from a conducting cube iluminated by a Gaussian
plane wave.
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As a final example, consider an aircraft-like object, shown in Figure 11, illuminated by the incident
Gaussian pulse plane wave described by Eq. 29. The object is symmetrically placed in the XY-plane such
that the center of the lower-side (belly) approximately coincides with the coordinate origin. The object
dimensions for this example are: 2.5 m, 2.2 m, and 0.6 m along the X, ¥, and Z axes, respectively. There
are 1700 and 30 basis functions for space and time variables, respectively, for the time domain solution.
Hence the matrix size for TD solution is 1700 x 30 = 51,000. The current is sampled at the middle of
one of the edges connecting the nose to the first ring. For comparison, we also present the IDFT solution.
The results obtained by TD and FD-IDFT solutions are shown in Figure 12. We note a good comparison
for both solutions. Further, the TD solution remains stable in the late-time as shown in the second part
of the figure. The small discrepancies in the two results can be attributed to insufficient number of spatial
unknowns required to model a large body such as an aircraft.
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Fig. 11 — An aircraft-like object modeled by wire-grid.
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Current (A)
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Fig. 12 — Current induced on a wire-mesh model of an aircraft-like object illuminated by a Gaussian
plane wave, The wire radius=0.001 m.
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2.5 Conclusion

In this chapter, a stable time-domain procedure is presented to calculate the currents induced and far-
fields on a perfect electric conducting object via wire-grid modeling and method of moments. The novelty
of the present solution scheme is the simplicity and capability to handle multiple incident fields with ease.
We use entire domain, time-shifted Gaussian functions to approximate the induced current variation with
respect to time ensuring the elimination of late-time instabilities. Note that the MOM matrix generated in
this procedure is real and sparse. Admittedly, it is a large matrix and hence the solution is not efficient. In
the next chapter, we develop an improved scheme where the solution is extremely efficient.
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3. WIRE-GRID MODELING OF ARBITRARY BODIES - LOWER TRIANGULAR MATRIX
APPROACH

Until recently, a time-stepping process, popularly known as the Marching-on-in-Time (MOT) method
[9], has been the preferred technique for solving the numerical solution of Time Domain Integral Equation
{TDIE) for electromagnetic field problems. The main advantage of MOT method is that, when used as an
explicit scheme, it requires no matrix inversion, a computationally intensive step in any numerical algorithm
[9]. Unfortunately, the MOT procedure is prone to late-time instabilities. The primary source of instability
seems to be the method itself where the accumulation of error occurs at each time step. Even the implicit
schemes in time domain, which require a matrix inversion, are vulnerable to the instability problem and
hence are of little use to a practicing engineer.

In the previous chapter, a new type of algorithm was developed and applied to wire-grid models of arbi-
trary bodies to solve the time domain integral equation (TDIE) using the conventional method of moments
{(MOM) solution procedure. In the MOM numerical solution scheme, the arbitrary wire was divided into
subdomains and the standard pulse functions were used to represent the space variable along the length
of the wire. The time variable is approximated by a set of time-shifted Gaussian functions. Note that the
time-shifted Gaussian functions represent entire domain functions and decay as time extends to infinity. As
a result, the time domain signature stays stable even at a late time. For testing purposes, point matching was
used for both the space and time variables. Because of the conventional MOM procedure, the new method
can handle multiple incident pulses, with varying frequency signature bands and directions of incidence,
necessary for monostatic RCS calculations, with only a fractional additional cost as compared to a single
incident field. However, one disadvantage of this new procedure is the required inversion of a large real
matrix of dimension P = M x N, where M and N represent the number of time functions and number of
wire subdomains, respectively. Thus, the matrix P could be quite large even for moderately complex wire
models.

In this chapter we present an improvement which alleviates this problem, i.e. storage and inversion of
a large matrix, by re-defining the Gaussian functions used for expressing the time variable in a controlled
manner and adopting Galerkin procedure as described in the following sections. These modifications allow
us to generate a block-wise lower triangular matrix, which is also block-wise Toeplitz, instead of a full matrix
as in Chapter 2. Further, the block-wise Toeplitz nature of the new matrix drastically reduces the storage
also. Finally, the solution is obtained by a trivial process of back substitution resulting in an extremely
efficient numerical procedure.

The new procedure offers several advantages and makes the algorithm computationally efficient. First
of all, the MOM matrix of dimension P is a block-wise lower triangular matrix and hence easily solvable
by back-substitution avoiding expensive matrix-inversion. Next, the lower triangular matrix is alsc a block
Toeplitz matrix with each block of dimension N. Thus, we need to compute only P x ¥ elements compared
to P2 elements as in Chapter 2. Since the matrix inversion step is eliminated, the new algorithm is very
efficient and remains stable for very long solution times. The most important point to be noted regarding
the work presented in Chapter 2, and work presented in this chapter, is that the central idea is a departure
from the time-marching methods of the previous 50 years. It should be noted that the problem is solved by
developing a matrix equation over a fixed time interval and space domain utilizing the standard method of
moments (MOM). Obviously, we have a lot of freedom in selecting basis and testing functions for the MOM
solution which eventually dictates the structure of the MOM matrix and accuracy of the solution. The final
matrix equation can be solved in any suitable manner including inverting the matrix as done in Chapter 2.
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Also, because of this fact, one can solve multiple right-hand sides unlike any previously available MOT
methods.

In the following sections, we present detailed mathematical steps, numerical solution procedure of the
improved scheme, and numerical results comparing with data obtained using the frequency domain method

of moments (FD-MOM) solution plus IDFT procedure.

3.1 Mathematical Formulation

Consider an arbitrary shaped body, modeled as a wire-mesh as shown in Figure 13, illominated by a
time-domain pulse.

Fig. 13 — An arbitrary body modeled by wire-grid.

Following the mathematical procedure presented in Chapter 2, the time-domain integral equation (TDIE)
may be written as

%A JE!

[w”’"’] - [ﬁ] ey

ian fan

where

(81 -R/cY)
Altr) = [e e g (32)

=1 [ 3IG-Re,P)oL
Yer) = = ft = ae. (33)

and R = f|r—r{+a’ (34)
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In Egs. (31) - (34),

£ — Unit vector along the wire axis.

I — Induced current.

r — Observation point on the body.

¥ - Source point on the body.

E' — Incident electric field.

i — permeability of the surrounding space.
€ — permittivity of the surrounding space.
a — radius of the wire.

Next, we consider the solution of Eq. (31) using the MOM.
3.2 MOM Solution Procedure

First of all, we note that the wire mesh consists of several electrically short wires, referred to as wire
segments, mutually attached to each other to approximate the given body. The common point where several
wire-segments are attached is known as a node. If only one segment is attached to a node, then that node is
referred to as a boundary node and removed from the solution scheme. When only two wires are attached
to a given node, the node is referred to as an ordinary node and one unknown is associated with this node
as shown in Figure 14. Further, if more than two wire segments are attached to a given node, then we have
a function node and the number of unknowns associated with this junction node is one less than the total
number of wires connected to this node. We note that the junction node can be easily handled in an identical
manner as an ordinary node as presented in Chapter 2.

Let us consider an ordinary node as shown in Figure 14. Let the position vector r,, defined with respect to
the global coordinate origin O, represent the n** node. Two-wire segments, ST, with radii af, are connected
to this node and the induced current is arbitrarily chosen as flowing from S, to §;}.

Next, for numerical purposes, let us define the upper limit on the time variable f = T, where T represents
the time when the incident pulse becomes negligible. Then, we divide the time axis 0 — T into M uniform
time intervals given by Ar and denote 1,, = mAt form = 1,2,....M. We note that, initially, the MOM scheme
is applied to a finite interval 0 — T. We also note that extending the time interval to later times is trivial as
discussed later.

Now, we define the approximation to the induced current I(z,7) as

M N
16,)= Y, Y Inn fu(r) ga(r) (35)
m=1 n=1
where
Oz ) 0crce (36)
and
1 re(r, 1,r41)
&nlr) = { 0 otherwis:e. ? (37
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Fig. 14 — Wire segments connected to an ordinary node,

In Egs. (36) and (37) o, represents the standard deviation of the Gaussian function and r nt TEprEsent the

midpoint of segment S*. Here, we note that the choice of & is critical to obtain a block -wise Toeplitz
moment matrix as dlscussed later.

Thus, for a complex body approximated by a wire mesh, we have N space basis functions including basis
functions associated with junction nodes, M time functions, and P = M = N unknowns in the MOM scheme.
The induced current is calculated for each unknown by solving Eq. (31) as described in the following:

Considering the Galerkin testing procedure, we use the functions defined in Eq. (36) for time variable
and Eq. (37) for space variables, respectively. Defining

< FulO)8n(n)8, Fo(1)gg(F)S > = [ [z ) fo(0)gn(r)gq (") §-8 deadr (39)

we can write Eq. (31) after testing as

2 i
< finlt)gn(r)3, [%:‘ +V‘If} > = < fult)ga(r)s, [%E; ] (39)

form=1,2,---Mandn=1,2,---N

Considering the integration on space variable, we can rewrite Eq. (39) as,

£, /fm [BZA(t,rn,r') ‘] dt + [fm(t) ¥, r, {’ —W(t,r,,1 ,r’)] dt

. f Fnlt) [—aE (t,1a) f,,] dt (40)
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where §, and ¢, represent the unit tangential vector at r — r, and length of the n#-wire segment, respectively

[9].
Next, the integration on the time variable is carried out in the following manner:
e Divide the interval 0 — 7 into K uniform time intervals given by Az and denote f; = (k— 1A% +0.5A%

for k=0,1,2,....K. Note that, in general, A, # Ar which also implies that X # M. However, for
simplicity, we may choose them to be same.

o Applying the numerical integration on time variable and using finite difference approximation, we can
re-write Eq. (40), as

X

K
z {t) [AQt, 7'} - 5] %%me(tk) [Atg_1,rn,7) - 4]
k ko)

1
A MACI OSSR NORARS WA
X ) ¥l Y= 1 fol) [0 ] @
Considering the expansion procedure next, we have
Altisrni?’) = "z‘i):l"’ﬁ'*__}s’x” (42)
i=1j=
fork=1,2,---,K, where

dae
K, —_ 43
i ¢, 4T R,’ “3)

Ry = |rn — 7|, Rpj = |ra — rj|, and §; is the unit tangential vector at £ = ;.

Next, let us consider the evaluation of W(t, r,, 7). Considering Eq. (33), replacing the derivative opera-
tion with finite difference approximation, and substituting Eq. (35), we have

lM N

.'P(tkarmr')_ _E EIU' I ™ [f('rk.n,jli-) Kn. f;(TkﬂJ %) L] i] (44)

€ 3= |11' -4

fork=1,2,---,K where
de
1= — 45
Ko jd f 411:RM+|' (“45)
Rn,ji% = |In j-l-%l (46)
R, ..}

Tinjep = -t @)
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Using the expansion and testing procedures described so far, it is trivial to generate a matrix equation
ZX =Y of dimension P = M x N. The elements of Z-matrix are formed by using Eqs. (41), (42), and (44).
Note that Z, ; represents a matrix element of the Z-matrix, where

p=(m—UN+n, g=({—-1)N+j, mi=12,-- M, and n,j=12,--- N.
Thus, we have

& S
Lpg = Jlfr[sn’sj Kn,jIEfm(fk) [filTen) = 2F T 1) + [iTe-2.,5)]

K

* s|zj+. 7 oty £ MGt pod) K g
K
s|£J+| = k);lf'" WMfiTiny jey) Kamgje
K
= | = kg,lfm 0 f(Tpid jt) Kaidjd
At
+ Wzﬁn(f&)f:(fkn 154 Koty (48)

The right hand side ¥ involves the incident field terms, given by
Y = [1),Y2Y5,Yu), (49)

where each Y,,m = 1,2,---M is a column vector of dimension ¥ and the elements are given by

At (50)

Tam = o me(,k [aE (tl;:rn) A]

At this stage, we note that multiple incident pulses with varying frequency content can be easily accommo-
dated by adding more column blocks to the ¥Y-matrix.

As mentioned earlier, the choice of ¢, defined in Eqgs. (36) is important for the generation of a block
Toeplitz matrix. Considering Eq. (36) and with the choice of ¢ = %. we observe that the m-Gaussian
function is essentially nonzero only in the interval £ = (m — 1)Ar to t = (m + 1)Ar. Here, we note the
following;:

e Because of the nature of the retarded kernel, the matrix generated is a lower triangular matrix given by

Zi 0 o - (4]
Zyy Z3p O - O

Z=| Zsa Z3p Z33 -+ O (51)
Zyy Zmp Zm3y 0 Zum
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where eachZ,,,;, m=1,2,---Mandi=1,2,--- ,M is a matrix of dimension N representing the mutual
interaction between the spatial basis functions for a given pair of testing time function m and and source
time function i.

¢ Referring to Eq. (48), we note that for i > m, the matrix blocks are zero. This is because, for time
functions fi(fx) and fi( 7 ;). the time intervals do not overlap resulting in zero value of the product.

e We further note that all the diagonal blocks are the same and all off-diagonal blocks are given by
Zmi =Zlm- i+1,1-

o Because of the Toeplitz nature, only the blocks in the first column of Eq. (51) need to be computed
and stored. All other blocks can be generated from the first column as needed.

¢ Because of the lower-triangular nature of the matrix, the solution can be obtained in a trivial manner.
To obtain the solution, we need to invert and store the first block Z; ;. However, this needs to be done
only once.

Further, the response to next M time steps, i.e. from T —+ 2T can be easily obtained by only modifying the
right hand side. We note that for this case, the right hand side would be Y — ZX pre Where X .. represents the
coefficients already calculated for zero to M-steps and Z represents the matrix containing vector and scalar
potential terms contributing to zero to M time steps. The Z-matrix is also Toeplitz and can be obtained in
the same manner as Z-matrix. Also note that the Z-matrix need not be inverted and may be stored if several
M-time steps are needed,

3.3 Numerical Results

In this section, we present numerical results for several conducting objects modeled by wire-grid with
wire radius set equal to 0.001m. Further, for all examples, the incident field is given by

Ei(t,r) = B, —e~F (52)

where

4
Y= T—P(cr - Clo— I~ ag). (53)

In Eqgs. (52) and (53), & is the unit vector in the direction of propagation of the incident wave, Tp is the pulse
width of the Gaussian impulse, E, - ar = 0, r is a position vector relative to the origin, ¢ is the velocity of
propagation in the external medium, and #, is a time delay which represents the time at which the pulse peaks
at the origin. Also, we have E, = 120%a,, ctg =6.0LM, T — P =4.0LM, and ¥ = —a,. Note that 1 LM
= 3.333 nSecs. Further, for all examples, we have T = 2 ctp = 12 LM, by which time the incident pulse
drops to negligible value. Lastly, we note that the number of time basis functions depend on the maximum
frequency content of the incident pulse and 30-60 time-shifted Ganssian functions are required for the given
incident field to generate reasonable accuracy in the time-domain solution.

Initially, we consider the same examples presented in Chapter 2 for comparison purposes and also to
show that the present method is more efficient. The time history is restricted to 30 LM in each case to obtain
proper measure of the efficiency.
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As a first example, consider three straight wires, each 2.0 m long, placed along the x, y, and z axes and
joined at the origin, as shown in Figure 15. Each wire is divided into 10 segments and the wire-junction
is illuminated by a Gaussian plane wave described by Eq. (52). The induced current at the center of the
wire placed along the x-axis is obtained using the present procedure and shown in Figure 15. The result is
compared with the method presented in Chapter 2. There are 30 basis functions for space and time variables,

respectively, for the time domain solution. The CPU times for this problem is: 0.024 seconds for the present
method and 3.964 seconds for the solution presented in Chapter 2.
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Time (LM)

Fig. 15 — Current induced on a 3-wire structure illuminated by a Gaussian plane wave. The wire
radius=0.001 m
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Next, consider a wire-mesh arranged in the shape of a square plate of 1.0 x 1.0 m, located in the XY-
plane. The mesh is illuminated by a Gaussian plane wave described by Eq. (52}. The induced current at the
center of the mesh, highlighted by a dot in the inset of Figure 16, is obtained using the new procedure and
compared with the method presented in Chapter 2. There are 377 and 30 basis functions for space and time
variables, respectively, for both time domain solutions. Both TD solutions compare very well, as shown in
Figure 16. The CPU times for this problem is: 7.452 seconds for the present method and 2,126.2 seconds
for the solution presented in Chapter 2.
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Fig. 16— Current induced on a wire-mesh model of a square plate illuminated by a Gaussian plane wave.
The wire radius=0.001 m
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Next, we consider a spherical wire-cage, 1.0 m radius, located with the center of the wire cage coinciding
with the coordinate center. The mesh is illuminated by a Gaussian plane wave described by Eq. (52). The
induced current is obtained at the equator of the sphere, highlighted by a dot in the inset of Figure 17 using
the TD solution procedure and compared with the solution procedure presented in Chapter 2. There are 449
and 30 basis functions for space and time variables, respectively, for both time domain solutions. Both TD
solutions compare very well, as shown in Figure 17, The CPU times for this problem is: 9.68 seconds for
the present method and 3,813.2 seconds for the solution presented in Chapter 2.
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Fig. 17 — Current induced on a wire-mesh model of a sphere illuminated by a Gaussian plane wave. The
wire radius=0.001 m
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As a fourth example, we consider a cubical wire-cage, 1.0 m side. The mesh is illuminated by a Gaussian
plane wave described by Eq. (52). The induced current is obtained at the center of the top surface using the
TD solution procedures of Chapter 2 and the present procedure. There are 469 and 30 basis functions for
space and time variables, respectively, for the time domain solution. The numerical results for the present
method and the method presented in Chapter 2 are shown in Figure 18. The results compare very well. The
CPU times for this problem is: 13.8 seconds for the present method and 4,174.2 seconds for the solution
presented in Chapter 2.
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Fig. 18 — Current induced on a wire-mesh model of a cube illuminated by a Gaussian plane wave. The
wire radius=0.001 m
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Now, we consider a few more examples using only the present procedure and compare the results with
the frequency domain solution combined with inverse discrete Fourier transform (IDFT) method.

Consider a conducting object shaped as an almend as shown in the inset of Figure 19. We note that this is
an object with a low radar cross section, and hence difficult to model. The object is described mathematically

as follows:

Let (5,#) represent two parametric coordinates. Then, for the upper surface, we have — 35 < f <0,

x=Lt, y=0.193333L,/1 — (1)2coss, and z = 0.064444L, /1 — (1Z)2sins. For the lower surface, we
have -3 <t <0

y = 4.83345L[ 1 %)2 0.96] CcOs5s,

1.61115L [\/ 1- (;—2;)2 = 0.96] sins.

Also, the parameter s changes from -7 to & and L = 1.4538 m. The induced current is sampled at the center
of the upper surface indicated by a dot in the figure. There are 1079 and 60 basis functions for space and time
variables, respectively. The TD solution procedure is compared with the IDFT solution. The IDFT solution
is obtained by solving the frequency domain MOM problem at 256 equally spaced frequency points in the
0 - 400 MHz frequency band and performing the inverse Fourier transform. We note a good comparison
between the two solutions.

and z

To illustrate the absence of late time instabilities, the magnitude of the current is plotted as a function of
time using log scale and shown in the same figure. Note that the base of the logarithm is 10. We note that
the current reaches a value of 1073% at around 25 LM and set to zero beyond.
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Fig. 19 — Current induced on a wire-mesh model of an almond itluminated by a Gaussian plane wave.
The wire radius=0.001 m.
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Next, consider a sphere of 0.5 m radius, with center coinciding with the coordinate origin, modeled by
thin wires, as shown in the inset of Figure 20. This example is presented to illustrate the capability of the
present method to handle multiple incident fields. The object is illuminated: a) by a Gaussian impulse as in
the previous example (case 1), and b) by a similarly polarized pulse with half the pulse width (case 2). The
time domain solution results are compared with the IDFT solution and presented in the Figure 20. There are
524 and 60 basis functions for space and time variables, respectively. We note good comparison for both

008
0.06
0.04
0.02

r

.y
-
L

L]

Current (A)

¥ Case]-IDFT e

0
- i casel-TD O
0 ) 02 case2-IDFT

_OO 4 ' , : case2-TD O, ,
0 5 10 15 20 25 30
Time (LM)

Fig. 20 — Current induced on a wire-mesh model of a sphere of 0.5 m radius illuminated by a Gaussian
plane wave. The wire radius=0.001 m.

Next, we consider an aircraft-like object, as shown in Figure 13. The object is symmetrically placed in
the XY-plane such that the center of the lower-side (belly) approximately coincides with the coordinate ori-
gin. The object dimensicns are: 0.97 m, 0.86 m, and 0.25 m along the X, ¥, and Z axes, respectively. There
are 1700 and 30 basis functions for space and time variables, respectively, for the time domain solution. The
current is sampled at the middle of an edge shown by a dot in the Figure 13. The IDFT solution is obtained
in a similar manner as in the previous example. The results obtained by FD-IDFT, the method presented
in Chapter 2, and the present method are shown in Figure 21. Although there is a good comparison for all
solutions, some discrepancies are apparent. These discrepancies may be attributed to possible insufficient
sampling at the higher frequencies for the IDFT solution and may be corrected by a denser grid. However,
we did not attempt developing a denser grid since it involves considerable effort. The CPU times for this
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problem is: 452.89 seconds, 4,834.7 seconds, and 173,750 seconds for the present method, IDFT method,
and the solution presented in Chapter 2, respectively. Also, as in the case of almond, the magnitude of the
current is plotted as a function of time using log scale and shown in the same figure. Note that the base of

the logarithm is 10. We note that the current reaches a value of 1073® at around 60 LM and set to zero
beyond.

0.01
<0.005 !
=2
o
[
& ,
S5 0 AP RIAIIE
© i Solution —
o Reference [21] —
-0.005 . Present Method  ©
0 5 10 15 20 25 30
Time (LM)
° |
@ -50
g .
3; 100+
= -150} present Method —
EI -200}
& -950|
390510 20 30 40 50 €0 70 80

Time (LM)

Fig. 21 — Current induced on a wire-mesh model of an aircraft-like object illuminated by a Gaussian
plane wave. The wire radius=0.001 m.
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Finally, we consider a ship-like object, shown in Figure 22. The ship is 5.56 m long, 0.716 m wide,
and 0.387 m height and placed such that the origin is approximately coinciding with center of the top deck.
There are 22,694 and 30 basis functions for space and time variables, respectively, for the time domain
solution. The current is sampled at the middle of the upper-deck approximately coinciding with x =y = 0.
The numerical results obtained by the method presented in this work is shown in Figure 23. Also, note that
IDFT solution for this example is prohibitively expensive and hence not attempted.

Fig. 22 — Wire-grid model of a ship-like object.

3.4 Conclusions

In this work, a stable procedure is to solve the time-domain integral equation for conducting bodies
using MOM solution procedure is presented. Note that the MOM matrix generated in this procedure is
lower triangular and block-wise Toeplitz. Hence, solution of this matrix is extremely efficient.

UNCLASSIFIED



Current (mA)

UNCLASSIFIED

Ultra Wideband Time Domain

39

TD-MOM ——

e A
— DN o B

S O
o = ©

S
o

10 20 30 40 50 60
Time (LM)

Fig. 23 — Current induced on a wire-mesh model of a ship-like object illuminated by a Gaussian plane
wave. The ship is 5.56 m long, 0.716 m wide, and 0.387 m height and placed such that the origin is
approximately coinciding with center of the top deck. The wire radius=0.001 m.
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4. PATCH MODELING OF ARBITRARY BODIES

In this chapter, we discuss the numerical procedures to calculate the transient scattering from perfectly
conducting, arbitrarily shaped, three dimensional, finite sized bodies via patch modeling approach. In the
previous two chapters, we have developed the numerical procedures to solve the problem via wire-grid
modeling approach. The wire-grid modeling approach has been remarkably successful in treating many
problems, particularly in those requiring the prediction of far-field quantities such as radiation patterns and
radar cross sections. Not only is the connectivity of a wire-grid model easily specified for computer input,
but the approach also has the advantage that all numerically computed integrals in the moment matrix are
one dimensional. However, the approach is not well suited for calculating near-field and surface quantities
such as surface current and input impedance. Some of the problems encountered include the presence of
fictitions loop currents in the solution, ill-condtioned moment matrices and incorrect currents at resonant
frequencies of the scatterer, and difficulties in interpreting computed wire currents and relating them to
equivalent surface currents. The accuracy of wire-grid modeling has also been questioned on theoretical
grounds. Most of these difficulties can be either wholly or partially overcome by surface patch approaches
and, hence, we develop numerical procedures for the solution of TDIE using the patch modeling scheme.
However, the numerical procedures developed in this chapter follow similar numerical steps presented in
Chapter 3.

4.1 Integral Equation Formulation

Let § denote the surface of a closed or open perfectly conducting bedy illuminated by a transient elec-
tromagnetic pulse as shown in Figure 24. This pulse induces a surface current, J(r,¢), on S which then
re-radiates a scattered field. If S is open, J(r,t) is regarded as the sum of the currents on the opposite sides
of the surface.

b 4 Scattered Field

Incident 2
Pulse

Fig. 24 — Transient pulse incident upon an arbitrarily shaped body.
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The boundary conditions require that the total tangential electric field on the conducting surface be zero
or

[E*()+EY),, =0 on S, (54)
where E*(J) and E' represent the scattered electric field due to the induced current J and the incident electric
field, respectively. The scattered field radiated by the current J may be written in terms of the magnetic
vector and electric scalar potentials as

E(J) = ‘;—’: Vo (55)

where
AR = ] Mds' , (56)
() = - /S %;R)ds' 57)

and, R = |r - r/|. InEqgs. (54)~(57), 4 and & are the permeability and permittivity of the surrounding medium,
c is the velocity of propagation of the electromagnetic wave, r and /' are the arbitrarily located observation
point and source point on the scatterer, respectively. Also, note that the incident field, E', is defined in the
absence of the scatterer.

Upon using the continuity equation, given by

9gs ‘
v, g=-22 . v,-Jd, (58)
31‘ =0
we may rewrite the scalar potential term as
i-Rfcy. J r’ )
®(r,1) [ f dS’dt. (59)

Using Eqs. (54) and (55), we may write the time domain electric field integral equation as

[‘;Ag A1) | vap(y :)} —E_(r,1) (60)

An alternate form of the TDIE may also be obtained by differentiating Eq. (60) with respect to time,

given by
?A(r,t) _ [9E(r,¢)
St =[5, o
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where

WAL GRER).
‘P(F‘,t) = ?LTJS’ 62)

We remark here that, both versions i.e. Eqs. (60) and (61) are popular and have been used in the literature
[10,17, 18]

4.2 Numerical Solution Scheme

The first step in the numerical scheme is to describe adequately the geometry involved to the digital
computer. This task is most easily accomplished by covering the body surface with planar triangles to
generate a “patch model” of the actual body. We choose the planar triangular patches to model the body
because they have the ability to conform to any geometrical surface or boundary. In fact, simple as well as
complex bodies, can be easily modeled by planar triangular patches and can be described to the computer
using automated schemes. Further, for numerical purposes, it is very easy to increase the patch density in
areas where more resolution is required.

Next, we note that the triangular mesh consists of several electrically short patches, mutually attached to
each other to approximate the given body. The common edge where several patches are attached is known
as a interior edge. If only one paich is attached to an edge, then that edge is referred to as a boundary edge
and removed from the solution scheme. When only two triangular patches are attached to a given edge, that
interior edge is referred to as an ordinary edge and one unknown is associated with this edge. Further, if
more than two triangular patches are attached to a given edge, then we have a junction edge and the number
of unknowns associated with this junction edge is one less than the total number of patches connected to
this edge.

The next task in the numerical solution procedure is to develop an algorithm to sclve the integral equa-
tion {(61). We accomplish this task by selecting the well-known method of moments [5] and applying the
numerical procedures developed in Chapter 3 to obtain an accurate and efficient numerical method.

4.2.1 Definition of Sapce and Time Basis Functions

Assuming that the body is modeled with triangular patches, we define the basis function for any edge m
common to the two triangles T;%, referring to Figure 25, given by

5:{'“4'- p) forrel)
fm(r) =4 smp, forrel, (63)
0 otherwise

o

In Eq. (63), I, denotes the length of the m™® edge and AZ is the area of triangle 7,¥. Further, an arbitrary
point in T} may be located by the position vector r, relative to the origin, O, or by p}, referenced at the
free vertex of T,}. For an arbitrary point in 7,,, the position vector p_, is similarly defined except that it is
directed toward the free vertex of 7,, . The “+” or *~” convention is determined by choosing a reference
direction for positive current flow for the m** edge. This current is assumed to flow from T,! to T, . Also, we
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Fig. 25 — Triangle pair and geometrical parameters associated with the m® interior edge.

follow the convention where superscripts refer to the faces and subscripts refer to the edges. For example,
T} is the positive triangle associated with edge m.

Some advantages of expressing the current in terms of the f, ’s have been noted here. For example,
along the outer boundary of the triangle pair, the current has no component normal to the boundary so no
line charges exist along the boundary. The current normal to the m*" edge, i.e. the edge common to T}
and T, , is constant and continuous across the edge. These two results imply that all of the edges of T,
and T, are free of line charges. This is an important consideration while developing an efficient and robust
numerical procedure, since the presence of such line charges involve extra unknowns and cumbersome
evaluation of singular integrals. Lastly, the surface divergence of the basis functions is given by

ﬁ‘f- forre T}
Ve fal(r) = L forre T, (64)

'm

A
0  otherwise.

The surface divergence is proportional to the charge density. Therefore, the charge density is constant
on each triangle, and the total charge associated with each triangle pair is zero.

Next, for numerical purposes, let us define the upper limit on the time variable t = T, where T represents
the time when the incident pulse becomes negligible. Then, we divide the time axis 0 — T into A, uniform
time intervals given by Az and denote 1, = nAr for n = 1,2, ....N,. We note that, initially, the MOM scheme
is applied to a finite interval 0 — T. We also note that extending the time interval to later times is trivial as
discussed in Chapter 3. Defining the basis function for time variable as,

I I‘TTI"I te (‘n—l:tn-i-l)

8(t) = { 0 otherwise. ()
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we approximate the induced current /{r,t) as

Ny N

(=Y, lIm,n Fn(r) ga(t) (66)

m=ln

where Ng and N, represent the number of basis functions in space and time, respectively. Thus, for a com-
plex body approximated by a triangular mesh, we have Ng space basis functions including basis functions
associated with junction edges, N, time functions, and P = Ng x N, unknowns in the MOM scheme. The
induced current is calculated for each unknown by solving Eq. (61) as described in the following:

4.2.2 Testing Procedure

Considering the Galerkin testing procedure, we use the functions defined in Eq. (63) for space variable
and Eq. (65) for time variables, respectively. Defining

< FnOes0 800> = [ [Fnl)-5(7) £a(0)gal0) dS d Q)
we can write Eq. (61) after testing as

2 i
< fm(r)ga(t), [% +V‘I‘] > = < fu(r)gat), I:'aa—E:] > (68)

form=1,2,---Nsand n = 1,2,--- N,. Further, we can rewrite Eq. (68) as,

[g,,(;)g—; /s [A(7.1) - fndS ] dt [gn(t) /s [VE(r, 1) £ dS] dt
= /,gn(t)fs[w-fmds] dt (69)

Now, let us consider the testing procedure on the time variable. Using the well-known integration by
parts scheme on the first integral of Eq. (69), and using Eq. (63), the integration on the time variable is
carried out, to obtain

/[A(r,r’,t,,H) 2A(r, 7 tn) +A(r, 7 e 1))
5

= f.dS + [s[V‘I’(r,r',t,,}-fmdS]

= fs [%’?“" S ds] (70)

Next, we consider the testing procedure on the space variable, as follows:
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First, let us consider the testing procedure with the vector potential term. Using Eq. (63), we can write
< A, f, >, at any time instant as,

In b
JA) = ——pt.AdS + / —p,. -AdS. 71
A [ apn )

The integrals will be approximated by evaluating A at the centroid of the T.F triangle. Therefore,

l l
AmA”-Lf “SA""'--"'-]‘dS. 72
) [(pm AL Jpi P @5+ AW )5 = [ P (72)
The integrations in Eq. (72) are trivial and the result is given by

lm [ e+ - e—
{fmA) = 2 [Al00) - P +A(PT ) P ] (73)

where p&t is the vector from the free vertex to the centroid of 7,/ and p§,” is the vector from the centroid to

the free vertex of 7, .

Next, let’s consider the testing of the scalar potential term. Using the vector identity V- {(PA} =A -V +
&V - A and using the properties of the basis function f,,, we have

(for Vi) = — [S O, - £, dS. 74)

Using Eq. (64) and approximating the integral by evaluating it at the centroids of the triangles, Eq. (74)
becomes

In I
—/scpvff,,,ds = _[A_,:,f,; ds - .1 Tm_cpds]
x| P(ry) ~ (i) (75)

where r<t are the centroids of triangles T,

Finally, the testing procedure is applied to the incident field term. As in the vector potential case, we
approximate the integral by using the field evaluated at the center of the m™ edge. This assumes that the
incident field does not vary in time and space over the triangles T, . This gives,

i l i ff o £—
(fmE) =5 [E(pR) -pol + (P )P (76)
Next, we describe the expansion procedure.
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4.2.3 Expansion Procedure

We now consider the expansion procedure. Here, we approximate the current on S by

):1 )fllp of p(7) 84(0), an
plg

where I, , is the unknown current coefficient at edge p at time ¢t = £,
Let us first look at the determination of the vector potential at some observation point r = r,, at time
t = t,. Substituting Eq. (77) into Eq. (56) gives

Ny N £ (7)gqltn — XLy
A("m’rn) - p'zl Z 1 ﬂ] £ 47:|rm ’JI dS’
pelog=

mp
K Ip— —)K,
A ) mp+gfI(ﬂ p )

H (78)
with
£ _ 35
Kby = ,/:r,,* e (79)
RE, lrm — 1%, (80)
Ry = |m—"|, (81)

where Tpk represent the triangles connected to p**-basis function

Now, we consider the evaluation of the derivative of the scalar potential at some observation point r = r,,
and time £ = t,. Following steps similar to the evaluation of the vector potential, we combine Eqgs. (62) and
(77) to get

NS N,
W(rmty) =2 Z E Ipq[gq(:,,

)‘Vmp HE gq (‘ﬂ mp)v:;p] (82)
p=1g=I1 ¢
where
) ds’
£ o "'r
Ymp = 42 /T; ameR,, 33

Using the expansion and testing procedures described so far, it is trivial to generate a matrix equation

ZX =Y of dimension P = Ny x N;. The elements of Z-matrix are formed by using Egs. (73), (75), (78) and
(82). Note that Z,, ; represents a matrix element of the Z-matrix, where

p={m-1)N+n, g=({-1)N+j, mi=1,2

' 1NSs and n,j= 1y2!"' )Nl‘-

UNCLASSIFIED



UNCLASSIFIED
Ulltra Wideband Time Domain 47

Further, we note that the Z-matrix in this case will be lower triangular, block-wise Toeplitz as in the case of
wire-grid modeling presented in Chapter 3. At this stage, we note that multiple incident pulses with varying
frequency content can be easily accommodated by adding more column blocks to the ¥ -matrix.

Lastly, note that the numerical procedure presented so far allows to obtain the current distribution on the
scattering structure as a function as time. Once an accurate current distribution is obtained, it is a simple
process to obtain near-fields, far-fields, and any other required parameters. The mathematical details to
obtain such parameters are well-known and available in [9] and hence not repeated here.

4.3 Numerical Results

In this section, we present numerical results for several conducting objects modeled by triangular patches.
Further, for all examples, the incident field is given by

Eit,r) = By e (84)

where

Y= Tip(ct—ct,,—r-ak). (85)

In Eqs. (84} and (85), ay is the unit vector in the direction of propagation of the incident wave, 7p is the
pulse width of the Gaussian impulse, E, - a; = 0, r is a position vector relative to the origin, ¢ is the velocity
of propagation in the external medium, and #, is a time delay which represents the time at which the pulse
peaks at the origin. Also, we have E, = 120xay, ¢ty = 6.0 LM, Tp = 4.0 LM, and k = —a,. Note that 1 LM
= 3.333 nSecs. Further, for all examples, we have T = 2+ ¢ty = 12 LM, by which time the incident pulse
drops to negligible value.

As a first example, consider a square plate of 2.0 x 2.0 m, located in the XY-plane. The plate is il-
luminated by a Gaussian plane wave described by Eq. (84). The induced current on the plate is obtained
using the new procedure. There are 153 and 108 basis functions for space and time variables, respectively,
for the time-domain solution. The results are compared with the solution obtained using the frequency do-
main MOM using the same spatial patch scheme and inverse discrete Fourier transform (FD-IDFT}). The
FD-IDFT solution is obtained by using 512 frequency samples in the O to 512 MHz range. For illustra-
tion purposes, the induced current density at the center of the plate is shown in Figure 26 and note that the
solutions compare very well.

UNCLASSIFIED



48

UNCLASSIFIED

Sadasiva M. Rao

Current Density (A/m)

1.2 L T L 1 1

o FD-IDFT ~ —

T

F TD Solution  —
0.4

op N

> X
_1.2 1 1

0 30 60 90 120 150
Time (LM)

Fig. 26 — Current induced at the center of a square plate (L=2.0 m) illuminated by a Gaussian plane
wave.
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Next, we consider a sphere of radius 1.0 m, located with the center coinciding with the coordinate origin.
The sphere is illuminated by a Gaussian plane wave described by Eq. (84). The sphere is modeled with 722
triangular patches with 1083 spatial basis functions. The time-domain solution is obtained by employing 60
basis functions in time. The results are compared with the solution obtained using the frequency domain
MOM using the same spatial patch scheme and inverse discrete Fourier transform (FD-IDFT). The FD-IDFT
solution is obtained by using 512 frequency samples in the O to 512 MHz range. For illustration purposes,

the induced current density at the equator is shown in Figure 27 and note that the solutions compare very
well.

0‘4 ¥ L] T T T
FD-IDFT -

| TD Solution —
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2
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o
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(]
-
o
[+9]
£-04f i
=
O

-0.8 1 1

0 30 60 90 120 150 180

Time (LM)

Fig. 27 — Curent induced at the equator, shown by a red dot, of a conducting sphere (a=1.0 m)
illuminated by a Gaussian plane wave.
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Next, we consider a conducting cube of side length 1.0 m, located with the center coinciding with the
coordinate origin. The cube is illuminated by a Gaussian plane wave described by Eq. (84). The cube is
modeled with 224 triangular patches with 336 spatial basis functions. The time-domain solution is obtained
by employing 60 basis functions in time. The results are compared with the solution obtained using the
frequency domain MOM using the same spatial patch scheme and inverse discrete Fourier transform (FD-
IDET). The FD-IDFT solution is obtained by using 512 frequency samples in the 0 to 512 MHz range. For

illustration purposes, the induced current density at the center of the top face is shown in Figure 28 and note
that the solutions compare very well.

0.8 : :
B
g 04} .
&
/)]
o
[H
a
I=
=
o
FD-IDFT —
TD Solution
-0.4 I i i i i
0 30 60 90 120 150 180
Time (LM)

Fig. 28 — Current induced at the center of the top face of a conducting cube (a=1.0 m) illuminated by a
Gaussian plane wave.

UNCLASSIFIED



UNCLASSIFIED
Ultrg Wideband Time Domain 51

Next, we consider a combination of two square plates, each of side length a = 1.0 m and separated
by d = 0.1 m, located with the center of the bottom plate coinciding with the coordinate origin. The two-
plate configuration is illuminated by a Gaussian plane wave described by Eq. (84). Each plate is modeled
with 112 triangular patches resulting in 366 spatial basis functions. The time-domain solution is obtained
by employing 60 basis functions in time. The results are compared with the solution obtained using the
frequency domain MOM using the same spatial patch scheme and inverse discrete Fourier transform (FD-
IDFT). The FD-IDFT solution is obtained by using 512 frequency samples in the O to 512 MHz range. For
illustration purposes, the induced current density at the center of the top plate is shown in Figure 29 and note
that the solutions compare very well. We note that the induced current oscillates for a long time because of
the close proximity of the plates and the solution captures this phenomenon very well.

0.4 r r

09l FD-IDFT ——
N TD Solution
2
2 o
iz
=
b}
)
B-0.2}
@
&
=
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-06 i L ] 1 1
0 30 60 90 120 150 180

Time (LM)

Fig. 29 — Curent induced at the center of the top plate of a parallel plate configuration (a=1.0 m,
d=0.1 m) illuminated by a Gaussian plane wave.
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Now, we consider a combination of three square plates, each of side length a = 1.0 m and separated
by d = 0.2 m, located with the center of the center plate coinciding with the coordinate origin. The three-
plate configuration is illuminated by a Gaussian plane wave described by Eq. (84). Each plate is modeled
with 180 triangular patches resulting in 753 spatial basis functions. The time-domain solution is obtained
by employing 60 basis functions in time. The results are compared with the solution obtained using the
frequency domain MOM using the same spatial patch scheme and inverse discrete Fourier transform (FD-
IDFT}. The FD-IDFT solution is obtained by using 512 frequency samples in the O to 512 MHz range. For
illustration purposes, the induced current density at the center of the middle plate is shown in Figure 30
and note that the solutions compare very well. It is obvious that this configuration represents a complex
scattering structure from the scattering point of view. The electromagnetic wave bounces back and forth
between the plates and takes a very long time to decay to negligible value.

0.4 L] T i

FD-IDFT
TD Solution

| ‘ 1

Current Density (A/m)
o

_0.4 1 1 1 [l 1
0 30 60 90 120 150 180

Fig. 30 — Current induced at the center of the center plate of a 3-parallel plate configuration (a=1.0 m,
d=0.2 m) illuminated by a Gaussian plane wave.
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Next, we consider an almond-shaped structure described in the inset of Figure 19. The almond is mod-
eled with 432 triangular patches resulting in 648 spatial basis functions. The time-domain solution is ob-
tained by employing 60 basis functions in time. The results are compared with the solution obtained using
the frequency domain MOM using the same spatial patch scheme and inverse discrete Fourier transform
(FD-IDFT). The FD-IDFT solution is obtained by using 512 frequency samples in the O to 512 MHz range.
For illustration purposes, the induced current density at the center of the equator is shown in Figure 31 and
note that the solutions compare very well. It is well-known that the almond-shaped body represents a body
with low radar cross section and the time domain solution performs very well for this case.

0-4 L] T ¥ T T

FD-IDFT
u TD Solution

Current Density (A/m)
)
L

-04 L L L 1 1
0 30 60 90 120 1560 180

Fig. 31 — Current induced at the center of the equator of an almond-shaped structure illuminated by a
Gaussian plane wave.
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Next, we consider an aircraft-like object, as shown in Figure 13. The object is symmetrically placed in
the XY-plane such that the center of the lower-side (belly) approximately coincides with the coordinate ori-
gin. The object dimensions are: 0.97 m, 0.86 m, and 0.25 m along the X, ¥, and Z axes, respectively. There
are 1000 and 48 basis functions for space and time variables, respectively, for the time domain solution. The
current is sampled at the middle of an edge shown by a dot in the Figure 13. The IDFT solution is obtained
in a similar manner as in the previous example. The results obtained by FD-IDFT, and the present method
are shown in Figure 32. Again, we note good comparison between the two solutions,

0-4 T T
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Fig. 32 — Current induced on an aircraft-like structure illuminated by a Gaussian plane wave.
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Next, we consider a more complex aircraft-like object, as shown in Figure 33. The object dimensions
are: 5.85 m, 3.5 m, and 1.46 m along the X, ¥, and Z axes, respectively. There are 2673 and 40 basis
functions for space and time variables, respectively, for the time domain solution. The current is sampled
on a wing, shown by a red dot, in the Figure 33. The IDFT solution is obtained in a similar manner as in
the previous example, The results obtained by FD-IDFT, and the present method are shown in Figure 34.
Again, we note good comparison between the two solutions.

L‘\"'

‘N
ND
\/

N
N
\)

\/V/!
.
/)
N
p»

\/
%
Y
%

NV

» o s v - \T o
= \L] A AY v v L v =

f 534 N o AV' «A "‘, '..AAA‘
= A’ ‘v:v

AVAYAVAS

Fig. 33 — Triangulated model of an aircraft.
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Fig. 34 — Current induced on the wing of a model aircraft illuminated by a Gaussian plane wave,
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Next, we consider a deep cavity as shown in the inset of Figure 35, The depth of the cavity is 2.0 m.
The inner and outer radii of cavity are 0.267 m and 0.4 m, respectively. The object is symmetrically placed
in the XY-plane such that the center of the bottom surface coincides with the coordinate origin. There are
552 and 40 basis functions for space and time variables, respectively, for the time domain solution. The
current is sampled at an edge located in the inner surface at the bottom of the cavity. The results obtained
by FD-IDFT, and the present method are shown in Figure 35. Although we see a reasonable comparison,
considering the complexity of the problem, it is speculated that neither solution is converged to the correct
solution because of the coarse spatial sampling. The currents inside the deep zone are difficult to obtain and
may require much higher number of unknowns.
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Fig. 35 — Current induced on the bottom surface of a deep cavity illuminated by a Gaussian plane wave.
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Finally, we consider a ship-like object, shown in Figure 22. The ship is 5.56 m long, 0.716 m wide,
and 0.387 m height and placed such that the origin is approximately coinciding with center of the top deck.
There are 13,395 and 40 basis functions for space and time variables, respectively, for the time domain
solution. The current is sampled at the middle of the upper-deck approximately coinciding with x =y = 0.
The numerical results obtained by the method presented in this work is shown in Figure 36. Also, note that
IDFT solution for this example is prohibitively expensive and hence not attempted.
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Fig. 36 — Current at the selected point on the ship-like object modeled by triangular patches.
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5. RCS CALCULATION FROM TIME DOMAIN DATA

In this chapter, we present RCS calculations of selected targets after obtaining the current induced as
a function time from the technique as described in the previous chapter. Once the induced current at all
locations is obtained as a function of time, we use the straight-forward Fourier Transform method to obtain
the currents at a given frequency. The Fourier transform for a time domain data may be defined as

L(f) =27 / i(t)e 711 gt (86)
0
where i, (t) is the current induced at k-basis function and f is the given frequency. Here, we note that the

induced current is zero forr < 0.

Since the current data is obtained at equal time intervals, the integral in Eq. (86) may be easily approxi-
mated by

L(f) = 27 Y ix(jAt)e PR i% o 87
b

where Af is the time interval. Next, the far-scattered electric field is obtained by the CXPI‘CSSiOﬂ, given by
e Jkr S s
E“' = —jou —— r‘ eJak' d

where f, represents the k'5-basis function, & = 2% f, k = £ is the wave number, a; represents the unit vector
from the origin to the observation point, and c is the velocity of the electromagnetic wave.

Lastly, the radar cross section (¢} is given by

:EJI2
|Eim‘|2

o(6,¢) = lim anr’ (89)

which can be easily computed from Eq. (88) and the incident field given in Eq. (84).

Next, we present RCS (&) of several objects at number of frequencies and compare with the frequency
domain solution. We present two cases viz. a) Elevation cut (E-cut) where & is obtained as a function of 8
at ¢ — 0 and b) Horizontal cut (H-cut) where & is obtained as a function of ¢ at @ = 90°. Also, initially
we use the time-domain solution due to the incident pulse as given in Eq. (84) to obtain RCS at 75 and
150 MHz. We note that the incident pulse described in Eq. (84) has a pulse width T, = 4.0 LM and, hence,
essentially a low-frequency pulse with limited bandwidth from 0 to 200 MHz. Later, we present results for
several higher frequencies using a sharper pulse.

As a first example, we consider the square plate of length 2.0 m located in the XY-plane as shown in
the inset of Figure 26. The number of basis functions for this case is 153. In Figure 37, we present the
normalized bistatic RCS at 75 MHz and 150 MHz and compare with the frequency domain solution. We
note a good comparison between the direct time domain solution and the frequency domain solution at these
two frequencies.

UNCLASSIFIED



UNCLASSIFIED

60 Sadasiva M. Rao
FD Solution - TD Solution =
1f 0, Q
E-cut (75 MHz) H-cut (75 MHz)
FD Solution  ___ TD Solution

E-cut (150 MHz) H-cut (150 MHz)

Fig. 37 — Nommalized bistatic RCS of a square plate (2 x 2 m) located in the X¥-plane with center
coinciding with the origin at 75 MHz and 150 MHz.
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Next, we consider a conducting sphere of radius 1.0 m located with center coinciding with the origin
and shown in the inset of Figure 27. The number of basis functions for this case is 1083. In Figure 38,
we present the normalized bistatic RCS at 75 MHz and 150 MHz and compare with the frequency domain
solution. Although beth solution compare well, the minor deviations may be aitributed to the selected
incident pulse in the time domain because at these frequencies the amplitude of the incident pulse is quite

low.
FD Solution S TD Solution —
1)
E-cut (75 MHz) H-cut (75 MHz)
FD Solution S TD Solution ——

E-cut (150 MHz) H-cut (150 MHz)

Fig. 38 — Normalized bistatic RCS of a conducting sphere, radius 1 m, located with center coinciding
with the origin at 75 MHz and 150 MHz.
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Next, we consider a conducting cube presented in Figure 28. The number of basis functions for this case
is 882. In Figure 39, we present the normalized bistatic RCS at 75 MHz and 150 MHz and compared with
the frequency domain solution. The figure shows both the elevation cut (E-cut) and azimuthal cut (H-cut)
and we note a good comparison between the direct time domain solution and the frequency domain selution,

FD Solution TD Solution —

E-cut (75 MHz) H-cut (75 MHz)
FD Solution A TD Solution v
0 0
H-cut (150 MHz)

E-cut (150 MHz)

Fig. 39 — Normalized bistatic RCS of a conducting cube, length 1 m at 75 MHz and 150 MHz.
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Next, we consider a conducting almond presented in Figure 19. In Figure 40, we present the normalized
bistatic RCS at 75 MHz and 150 MHz and compared with the frequency domain solution. The figure shows
both the elevation cut (E-cut) and azimuthal cut (H-cut) and we note a good comparison between the direct
time domain solution and the frequency domain solution. The number of basis functions for this case is 648.

FD Solution TD Solution
0
E-cut (75 MHz) H-cut (75 MHz)
FD Solution = TD Solution ——
1 10
E-cut (150 MHz) H-cut (150 MHz)

Fig. 40 — Normalized bistatic RCS of a conducting almond at 75 MHz and 150 MHz.
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Next, we consider an aircraft-like body presented in Figure 13. In Figure 41, we present the normalized
bistatic RCS at 75 MHz and 150 MHz and compared with the frequency domain solution. The figure shows
both the elevation cut (E-cut) and azimuthal cut (H-cut) and we note a good comparison between the direct
time domain solution and the frequency domain solution. The number of basis functions for this case is
1000.

FD Solution W TD Solution ——
E-cut (75 MHz) H-cut (75 MHz)
FD Solution T TD Solution ——

E-cut (150 MHz) H-cut (150 MHz)

Fig. 41 — Normalized bistatic RCS of an aircraft-like body at 75 MHz and 150 MHz.
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Now, we present RCS (o) of four objects, i.e. a) square plate, b) conducting sphere, b) a deep cavity,
and d) an aircraft-like object. The frequencies considered are: 300 MHz, 600 MHz, 900 MHz, 1200 MHz,
and 1500 MHz. The time domain solution is obtained with a much sharper pulse with pulse width 7, =
0.5 LM providing a bandwidth from { to 1.5 GHz. We compare the numerical results with the frequency
domain solution. We note that the time domain solution requires a single computer simulation, whereas the
frequency domain solution must be carried out at each frequency separately.

Consider a square plate of length 0.5 m located in the XY-plane as shown in the Figure 42. The number
of basis functions for this case is 2,628. In Figures 43, 44, and 45, we present the normalized bistatic RCS at
300 MHz, 600 MHz, 900 MHz, 1200 MHz and 1500 MHz and compare with the frequency domain solution.
‘We note a good comparison between the direct time domain solution and the frequency domain solution for
the selected frequencies. However, some minor deviation for the H-cut may be attributed to the fact that the

RCS for H-cut is quite low.
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Fig. 42 — Triangulated model of a square plate.
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FD Solution TD Solution 3
10, 1
E-cut (300 MHz) H-cut {300 MHz)
FD Solution e, TD Solution T
1 1
E-cut (600 MHz) H-cut (600 MHz)

Fig. 43 — Normalized bistatic RCS of a square plate (0.5 x 0.5 m) located in the XY -plane with center
coinciding with the origin at 300 MHz and 600 MHz.
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FD Solution " TD Solution =)
1 1
E-cut (900 MHz) H-cut (900 MHz)
FD Solution e TD Solution ——

E-cut {1200 MHz) H-cut (1200 MHz)

Fig. 44 — Normalized bistatic RCS of a square plate (0.5 x 0.5 m) located in the X¥-plane with center
coinciding with the origin at 900 MHz and 1200 MHz.
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FD Solution P TD Solution ——

E-cut (1500 MHz) H-cut (1500 MHz)

Fig. 45 — Normalized bistatic RCS of a square plate (0.5 x 0.5 m) located in the X¥-plane with center
coinciding with the origin at 1500 MHz.
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Next, we consider a conducting sphere of radius 0.25 m located with center coinciding with the origin.
The triangulated model of the sphere is shown in Figure 46. The number of basis functions for this case is
2,160. In Figures 47, 48, and 49, we present the normalized bistatic RCS at 300 MHz, 600 MHz, 900 MHz,
1200 MHz and 1500 MHz and compare with the frequency domain solution. We note a good comparison
between the direct time domain solution and the frequency domain solution for the selected frequencies.
The differences in the H-cut may be attributed to a weak component of the scattered field.

T e T

P Wi
2 G\
AN NN
AN
AN

VNN

Fig. 46 — Triangulated model of a sphere.
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FD Solution T TD Solution e

1 0.5
E-cut (300 MHz) H-cut (300 MHz)
FD Solution  ____ TD Solution
10,
E-cut (600 MHz) H-cut (600 MHz)

Fig. 47 — Normalized bistatic RCS of a conducting sphere, radius=0.5 m, located with center coinciding
with the crigin at 300 MHz and 600 MHz.
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FD Solution S, TD Solution —
Q.
E-cut (900 MHz) H-cut (900 MHz)
FD Solution — TD Solution ———
1 If O
E-cut (1200 MHz) H-cut (1200 MHz)

Fig. 48 — Normalized bistatic RCS of a conducting sphere, radius=0.5 m, located with center coinciding
with the origin at 900 MHz and 1200 MHz.
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FD Solution — TD Solution —

E-cut (1500 MH2z) H-cut (1500 MHz)

Fig. 49 — Normalized bistatic RCS of a conducting sphere, radius=0.5 m, located with center coinciding
with the origin at 1500 MHz,
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Next, we consider a deep cavity as shown in the inset of Figure 50. For this case, the depth of the cavity is
0.25 m and the inner and outer radii of cavity are 0.08 m and 0.1 m, respectively. The object is symmetrically
placed in the X Y-plane such that the center of the bottom surface coincides with the coordinate origin. The
number of basis functions for this case is 2,208. In Figures 51, 52, and 53, we present the normalized bistatic
RCS at 300 MHz, 600 MHz, 900 MHz, 1200 MHz and 1500 MHz and compare with the frequency domain
solution. We note a good comparison between the direct time domain solution and the frequency domain
solution for the selected frequencies. The differences in the H-cut may be attributed to a weak component
of the scattered field.
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Fig. 50 — Triangulated model of a conducting cavity.
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FD Solution - TD Solution T
E-cut (300 MHz) H-cut (300 MHz)
FD Solution e TD Solution —
E-cut (600 MHz) H-cut (600 MHz)

Fig. 51 — Normalized bistatic RCS of a conducting cavity, length=0.25 m, inner and outer radii of cavity
0.08 m and 0.1 m, respectively, located with center coinciding with the origin, at 300 MHz and 600 MHz.
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FD Solution T TD Solution AR

E-cut (900 MHz) H-cut (900 MHz)

FD Solution — TD Solution —

E-cut (1200 MHz) H-cut (1200 MHz)

Fig. 52 — Normalized bistatic RCS of a conducting cavity, length=0.25 m, inner and outer radii of
cavity 0.08 m and 0.1 m, respectively, located with center coinciding with the origin, at 900 MHz and
1200 MHz.
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FD Solution — TD Solution ——

I 0.5 0.5

E-cut (1500 MHz) H-cut (1500 MHz)

Fig. 53 — Normalized bistatic RCS of a conducting cavity, length=0.25 m, inner and outer radii of cavity
(.08 m and 0.1 m, respectively, located with center coinciding with the origin, at 1500 MHz.
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Next, we consider an aircraft-like body presented in Figure 54. The body is 48.6 cm long, 43.8 cm
wide, and 12.32 cm height. The number of basis functions for this case is 4025. In Figures 55, 56, and
57, we present the normalized bistatic RCS at 300 MHz, 600 MHz, 900 MHz, 1200 MHz, and 1500 MHz
and ompared with the frequency domain solution. The figures shows both the elevation cut (E-cut) and
azimuthal cut {H-cut) and we note a good comparison between the direct time domain solution and the

frequency domain selution.

Fig. 54 — Triangulated model of an aircraft-like body. The body is 48.6 cm long, 43.8 cm wide, and
12.32 cm height.
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FD Solution W = TD Solution P
10,
E-cut (300 MHz) H-cut (300 MHz)
FD Solution T TD Solution —

E-cut (600 MHz) H-cut (600 MHz)

Fig. 55 — Normalized bistatic RCS of an aircraft-like body, length=0.5 m, inner and outer radii of cavity
0.08 m and 0.1 m, respectively, located with center coinciding with the origin, at 300 MHz and 600 MHz.
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FD Solution — TD Solution i
E-cut (900 MHz) H-cut (900 MHz)
FD Solution —— TD Solution ——
E-cut (1200 MHz) H-cut (1200 MHz)

Fig. 56 — Normalized bistatic RCS of an aircrafi-like body, length=0.5 m, inner and outer radii of cavily
(.08 m and 0.1 m, respectively, located with center coinciding with the origin, at 900 MHz and 1200 MHz.

UNCLASSIFIED



UNCLASSIFIED
80 Sadasiva M. Rao

FD Solution . TD Solution —_

E-cut (1500 MHz) H-cut (1500 MHz)

Fig. 57 — Normalized bistatic RCS of an aircraft-like body, length=0.5 m, inner and outer radii of cavity
0.08 m and 0.1 m, respectively, located with center coinciding with the origin, at 1500 MHz.
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Lastly, we consider another aircraft-like body presented in Figure 33. In Figures 58 to 60, we present
the normalized bistatic RCS at 100 MHz to 500 MHz at 100 MHz interval and compared with the frequency
domain solution. Again, the figures shows both the elevation cut (E-cut) and azimuthal cut (H-cut) and
we note a reasonably good comparison between the direct time domain solution and the frequency domain

solution,

FD Solution p—!

TD Solution —_
Q .5 0 .5
E-cut (100 MHz) H-cut (100 MHz)

E-cut (200 MHz) H-cut (200 MHz)

Fig. 58 — Normalized bistatic RCS of an aircraft-like body (Figure 33) at 100 MHz and 200 MHz.
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FD Solution R
TD Solution S ——

E-cut (300 MHz) H-cut (300 MHz)
0.5
0 5
E-cut (400 MHz) H-cut (400 MHz)

Fig. 59 — Normalized bistatic RCS of an aircrafi-like body (Figure 33) at 300 MHz and 400 MHz.
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FD Solution -
TD Solution —_—

E-cut (500 MHz)

H-cut (500 MHz)

Fig. 60 — Normalized bistatic RCS of an aircraft-like body (Figure 33) at 500 MHz.
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6. SUMMARY AND CONCLUSIONS

In this work, a simple and efficient method of moments (MOM) solution procedure is developed to
determine the transient scattering from arbitrarily shaped, conducting scatterers by an arbitrary incident
pulse directly in the time domain. The scatterer may either be an opened or closed, finite three-dimensional
object.

In Chapter 2, conducting bodies are modeled as wire-grids and straight-forward method of moment
solution procedure is applied. The wire-grid model enables the development of simple one-dimensional
integro-differential equation for the induced current due to an incident pulse. Next, the pulse functions and
Gaussian functions are used for expansion of the one dimensional space variable along the length of the
wire and time variable, respectively. The testing is carried out by simple point matching procedure for both
space and time variables. The resulting method of moments matrix is simply inverted without any further
manipulation to obtain the current coefficients. The results for various geometrical shapes are compared with
the solution obtained in the frequency domain at 2 number of frequencies and performing inverse Fourier
transform (IDFT Solution). All the numerical results compared well with IDFT solution.

It may be noted that the numerical procedure presented in Chapter 2 is conceptually simple and easy
to formulate and yet applicable to any type of complex body. However, the drawback of this procedure is
the generation of a large moment matrix and inverting such a matrix is computationally expensive requiring
prohibitively large computer time and memory. To overcome this drawback, a simple remedy is developed
and executed in Chapter 3. In the new scheme, the Gaussian functions for expanding the time variable are
defined in a controlled manner while retaining the pulse functions for the space variable. Further, the testing
procedure is completely modified by resorting to Galerkin procedure where the expansion functions for
space and time variables are also used as testing functions. The new procedure retained all the advantages
of the numerical procedure developed in Chapter 2 with additional benefit being the new MOM matrix is
actually a lower-triangular matrix. Further, the new MOM matrix is also block-wise Toeplitz, which requires
much lower storage in terms of computer memory. Numerical results with the new procedure are identical
to the old procedure and requires only a fraction of computer resources.

Next, in Chapter 4, arbitrarily shaped, three-dimensional bodies via patch modeling scheme were in-
vestigated. Note that patch-modeling scheme is superior to wire-grid modeling method because the elec-
tromagnetic conditions are enforced in a more accurate manner. In this work, the bodies were modeled by
a set of triangular patches, Triangular patches have the ability to conform to any geometrical boundary or
surface, The EFIE was used for the conducting case so that open or closed surfaces could be analyzed.

Finally, in Chapter 5, radar cross section (RCS) of many objects at various selected frequencies are
calculated and compared with the frequency demain solution. It is important to note that only one simulation
in the time domain is necessary to compute the RCS for various frequencies whereas the frequency domain
solution needs to be performed for each frequency separately.

This work presented in this report can be extended in several different ways. The new procedure needs
to be extended to dielectric bodies and dielectric coated conductors. This could be useful to stealth-type
technology. The analysis could first be performed on two-dimensional bedies and then applied to three-
dimensional ones.

Another area of further research could be in the area of target identification. The transient response
obtained by this method may be used to extract the poles. These poles could then be used in identifying
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the object or to create various types of extinction pulses. Or, a library could be created for the returns from
objects at various angles which could then be used with signal processing techniques in identifying a specific

return.
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