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SUMMARY

In this thesis, schemes for exact evaluation of the time domain physical optics
(PO) and equivalent edge current (EEC) (radiation) integrals on linear and quadratic
triangular patches and edges, respectively, are developed, and application of the devel-
oped schemes to the analysis of transient scattering from arbitrary perfect electrically
conducting (PEC) and impedance surface scatterers is presented. The exact evalua-
tion schemes are developed based on the Radon transform interpretation of the time
domain radiation integrals. It is shown that the PO integral on a surface of a linear or
quadratic triangular patch is reduced to a line integral on the intersection of the patch
and the plane formed by the propagation direction of the incident plane wave and the
observation direction. Specifically, for linear triangular patches the PO integral is eval-
uated in closed-form, and for quadratic triangles the PO integral is evaluated exactly by
applying an appropriate coordinate transformation (e.g. elliptic coordinates if the inter-
secting curve is an ellipse in barcycentric coordinates of the triangle) and using suitable
order Gauss-Legendre quadrature rule (GLQR). Similarly, the EEC integral on an edge
of a quadratic triangular patch is evaluated in closed-form at the intersecting point of
the edge and the formed plane. In addition, a formula for a special case that occurs if
there is no intersection of the formed plane and all scatterer, called under-sampled re-
flection (USR) case, is suggested. The accuracy and validity of the developed schemes

and expressions are demonstrated via numerical examples.

Keywords: Equivalent Edge Currents (EEC), Impedance Surfaces, Linear and
Quadratic Triangular Patches, Physical Optics (PO) Approximation, Radon Trans-

form Interpretation, Time Domain Analysis.



OZET

Bu tez calismasinda, lineer ve ikinci dereceden tliggenler ile ayriklastirilmis mii-
kemmel elektriksel iletken sagicilar icin fiziksel optik (FO) ve esdeger kenar akimlari
(EKA) (1s1ma) integrallerinin zaman uzayinda tam (exact) olarak hesaplanmasi ve li-
neer licgenler kullanilarak modellenen empedans yiizeylerin zaman uzayinda FO yak-
lagimu ile analizi i¢in yontemler gelistirilmistir. Isima integrallerinin Radon doniistimii
olarak yorumlanmasiyla; lineer veya ikinci dereceden tliggen yiizeyi iizerinden olan FO
integralinin, gelen alan yonii ve gozlem yoniiniin olusturdugu diizlem ile sagiciy1 mo-
delleyen tiggenin kesisimi sonucu olusan egri iizerinden bir integrale indirgenebilecegi
gosterilmistir. Ozel olarak, lineer {icgenler icin kesisim diiz bir ¢izgi oldugundan, in-
dirgenen FO integralinin kapali-form ifadesi belirlenmistir. ikinci dereceden iicgenler
icin ise bu kesigim liggenin alan koordinatlarinda ikinci dereceden bir egri olusturur ve
egrinin tiirline (elips, hiperbol vs.) uygun bir koordinat doniisiimii (6rnegin elips i¢in
eliptik koordinatlar gibi) ve uygun dereceden Gauss-Legendre integrasyon kurali kul-
lanilarak FO integrali tam olarak hesaplanmistir. Benzer olarak, kirmim katkilarinin
belirlenmesi amaciyla ikinci dereceden iiggenler ile modellenen sagicilarin kenarlart
iizerinden olan EKA integralinin, ikinci dereceden {iggenin kenar1 ve diizlemin ke-
sigsim noktasinda, kapali-formda hesaplanabilecegi gosterilmistir. Ek olarak, diizlem
ile sacic1 arasinda hig kesigim olmadig1 ve sagicinin tamaminin atlandigi 6zel durumda
sacilan alanlarin FO yaklasimi ile zaman uzayinda belirlenmesi i¢in bir formiil 6ne-
rilmistir. Gelistirilen yontemlerin ve ifadelerin dogrulugu ve gecerliligi niimerik 6rnek-

ler araciligiyla gosterilmistir.

Anahtar Kelimeler: Empedans Yiizeyler, Esdeger Kenar Akimlar1 (EKA), Fizik-
sel Optik (FO) Yaklasimu, Lineer ve Ikinci Dereceden Ucgenler, Radon Déniisiimii,

Zaman Uzay1 Analizi.
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1. INTRODUCTION

In the field of electromagnetics, finding location and/or determining properties of
scatterers such as planes, ships, spacecraft, vehicles, people, and natural environments
with the help of the scattered electromagnetic waves is one of the important and com-
mon problems. Radar (RAdio Detection And Ranging), which is a detection system
based on electromagnetic waves [1], is used for these purposes. In the military applica-
tions, radar is used for surveillance, navigation, and weapon guidance for land, sea and
air vehicles. In civil life, it has been used as police radar, weather radar (meteorological
radar), air traffic control radar in airports, spaceborne or airborne radar, which is used to
determine the earth topology and environmental characteristics [2]. The basic working
principle of radar is very similar to the working principle of the sound wave reflection:
an echo occurs if someone shouts towards an object that can reflect the sound. If the
speed of sound, i.e. the propagation speed of the sound in the medium, is known, the
distance and direction of the object can be calculated. Similar to this, in a radar system,
this is done by sending a specific electromagnetic wave signal, which is generated by
the transmitter antenna of the radar. The generated electromagnetic wave, called in-
cident electromagnetic wave, interacts with objects, called scatterers, then spreads in
different directions (in other words, it scatters), which is called scattered electromag-
netic wave. Furthermore, the scattered electromagnetic waves can propagate, interact,
and scatter from other objects as scatterers. Thus, the scattered electromagnetic waves
play an important role in detection of the objects. In the literature, the criterion of
radar detectability of the scatterers is defined by the Radar Cross Section (RCS) [3].
Therefore, RCS value of an object is important in the design and development phase.
RCS of a prototype or object can be determined by measurement [3], once it is fab-
ricated. However, fabricating and measuring every prototype is extremely inefficient
and expensive. Therefore, it is important to predict the RCS of an object via solving
Maxwell’s equations and using computers. In general, RCS is a complex value that
depends on the geometric shape, orientation, and material of the scatterer, as well as
the frequency and polarization of the incident wave [3—5]. Due to this complexity and
lack of the technology, RCS was estimated analytically, but with the development of

the technology, numerical methods have started to gain importance in order to provide



rapid and accurate solutions to electromagnetic radiation and scattering problems, in-
volving the RCS estimation. As a result, various procedures have been developed for
the simulation of the electromagnetic problems and the numerical side of the field has
begun to emerge. This emerged field is called computational electromagnetics.

The methods to solve the electromagnetic problems can be categorized in two
groups: full-wave solvers and asymptotic techniques. The full-wave solvers such as
finite element method (FEM) [6], finite difference time domain (FDTD) method [7],
and method of moments (MoM) [8], are generally used in low frequency problems and
the solution obtained by applying them consist the effects of all scattering mechanisms,
e.g. reflection, diffraction, surface waves, etc. However, as the physical size of the ob-
ject becomes much larger compared to wavelength, called electrically large scatterers,
the size of the computational domain increases and these methods require very high
computational resources. The asymptotic techniques, such as geometric optics (GO)
and physical optics (PO) approximations [9], are obtained from asymptotic evaluation
of the Maxwell’s equations under the high frequency assumption and they are used effi-
ciently in various high frequency problems involving the analysis of the large scatterers.
Compared to full-wave solvers, asymptotic techniques provide reasonable accuracy for
the solution of electrically large scatterers in reasonable time using less computational
resources. Nevertheless, the aforementioned asymptotic techniques can only model
the reflection of the electromagnetic waves, the other scattering mechanisms such as
multiple reflection, diffraction, i.e. scattering from edges, sharp wedges, etc., must be
determined separately and added to the solution. Specifically to determine the diffrac-
tion effects, asymptotic techniques such as physical theory of diffraction (PTD), geo-
metric theory of diffraction (GTD), and equivalent edge current (EEC), are developed
as complimentary techniques to PO and GO [9-12].

In electromagnetic scattering, the PO approximation is one of the most preferred
high frequency technique to analyze scattering and radiation from electrically large
scatterers. The PO approximation usually involves the analysis of perfect electrically
conducting (PEC) scatterers. The PO approximation for the PEC scatterers assumes
that an equivalent electric current density, which is roughly twice of the tangential
component (w.r.t. scatterer’s surface) of the incident magnetic field, is induced only

on the illuminated part of the scatterer, whereas the current density on the shadowed



region is assumed to be zero. Then the PO approximated current density creates the
scattered electromagnetic fields. On the other hand, the PO approximation can be used
for the analysis of scatterers with the impedance surfaces [3, 13—16]. For the analysis
of the scatterers with the impedance surfaces, PO approximation assumes that the elec-
tric and magnetic equivalent currents are induced on the illuminated part of the surface
of the scatterer. In the analysis using the PO approximation, once the current densi-
ties are approximated, the calculation of the scattered fields requires evaluation of a
highly oscillatory radiation integral, which is called PO integral, over the illuminated
surface. Although the PO approximation is a high frequency technique, the numerical
evaluation of the PO integral is usually not efficient, since a huge number of samples
should be taken into account to obtain accurate results for electrically large scatter-
ers. Therefore, finding an analytical or an approximate expression to the PO integral
is crucial to preserve the benefits of the PO approximation. In order to determine the
scattered fields, the scatterer must be discretized using geometric patches. The surface
of the scatterer can be discretized with different surface models, such as linear trian-
gles [17], linear polygons [18-21], quadratic (second order) triangles [22] or NURBS
surfaces [23—-25], etc. In this case the scattered fields can be determined by evaluating
the PO integral over the one of these surface models. In the literature, closed-form or

approximate expressions for the PO integral over these surface models are developed:

1) In frequency domain, the PO integral for linear triangular and polygonal patches
are evaluated analytically resulting in the well-known Gordon formula [18,19] or
approximate expressions are available using the Levin’s [26] or Ludwig’s [27]
integral methods. In time domain, analytical expression is also developed for
linear triangular patches using the Radon transform interpretation in [17].

i1) For a quadratic triangular patch, approximate expressions are developed in fre-
quency domain [22,28,29], however in time domain there is no closed-form/ap-
proximate expressions or exact evaluation scheme available for quadratic trian-
gles. Note that similar to the Radon transform interpretation, the closed-form ex-
pressions in time domain are developed for paraboloidal, ellipsoidal, and hyper-
boloidal surfaces [30-32]. These quadratic surfaces are defined in 3-dimensional

space, whereas the quadratic triangles have a second order behavior in barycen-



tric coordinates. This limits the application of the analytical expressions in [30—
32], since general 3-dimensional quadratic surfaces are not a common way to
discretize arbitrary surfaces, however quadratic triangular meshes can be gener-
ated using open source and commercial software. In addition, the quasi-analytic
expressions in [30] are obtained for a point source instead of a plane wave exci-
tation.

ii1)) For the NURBS surfaces, it is possible to reduce the PO integral over the NURBS

surface to a line integral, both in time and frequency domains [23,24,33-35].

Note that the same PO integral on one of the surface models can be used in the analysis
of the impedance surfaces using the PO approximation, whereas the physical theory
of diffraction (PTD)—equivalent edge currents (EEC) [11, 12] requires evaluation of a
highly oscillatory radiation integral, which is called EEC integral in this thesis, on the
edge of the aforementioned surface models.

In general, all radiation integrals can be interpreted as a kind of a Radon trans-
form, which allows to reduce the dimension of the integration domain. Especially in
time domain this reduction is straightforward and can be performed analytically in most
cases [17,23,36-38]. Since the argument of the Dirac delta function in the radiation
integral defines a surface related to the observation direction/point and incident wave,
the domain of the radiation integral can be reduced to the intersection of the surface
defined by the Dirac delta function and the scatterer’s surface. As a result, the PO
integrals for near/far-field scattering due to different source configurations for linear
triangular patches [17,36,37], radiation integrals in time domain surface and volume
integral equations, for basis functions defined on linear triangular patches [38—40] and
linear tetrahedral elements [41], respectively, can be determined in closed-form.

The main purpose of this thesis is to develop schemes for exact evaluation of the
PO and EEC integrals on second order triangular patches and edges, respectively, in
time domain using Radon transform interpretation. For this purpose, the closed-form
evaluation of the PO integral for linear triangular patches is revisited and a formula for
the special case that can only occurs in time domain simulations is developed. Then a
scheme for the exact evaluation of PO integrals on quadratic triangles and closed-form

evaluation of the EEC integral on quadratic edges are developed. At last, transient



analysis of the impedance surfaces using time domain PO approximation and linear
triangular patches is presented.

This thesis is organized as follows: In Chapter 2, the formulation of the closed-
form evaluation of the PO integral for a linear triangular patch in time domain step
by step without any interpretation is presented and the special case is investigated.
In Chapter 3, a scheme for exact evaluation of the PO integral in time domain over
quadratic triangular patches using Radon transform interpretation is presented. In Chap-
ter 4, the closed-form evaluation of the EEC integral for the quadratic edges of the
quadratic triangular patches in time domain is presented. In Chapter 5, the analysis of
transient scattering from impedance surfaces using the PO approximation and linear
triangular patches is presented. In Chapter 6, the conclusions are drawn. The publi-
cations of the thesis are presented in Appendix A. Frequently used properties of the
Dirac delta function in this thesis is presented in Appendix B, definitions for quadratic
triangles are given in Appendix C, quadratic curve types are given in Appendix D, and

lastly diffraction coefficients for EEC are given in Appendix E.



2. LINEAR TRIANGLES

In this chapter, the closed-form evaluation of the PO integral for linear triangular
patches in time domain, which is presented in [17], will be re-obtained mathematically
step by step without any interpretation. In [17], the closed-form expression of the PO
integral for linear triangular patches in time domain (and also Fourier transformed to
frequency domain) is evaluated using the Radon transform interpretation. Specifically,
in [17], the PO integral over a linear triangular surface is reduced to a line integral over
the intersection of the linear triangle and the plane formed by the propagation direc-
tion of the incident plane wave and the observation direction, called k,-plane, then it is
concluded that the closed-form expression to the line integral should be a triangle func-
tion since the domain of the PO integral is a linear triangle. However, the closed-form
expression presented in [17] can be obtained mathematically, which will lead to exten-
sion of the procedure for exact evaluation of the PO integral on high order surfaces.
For this reason, in Section 2.1.1, formulation of the closed-form evaluation of the PO
integral for a linear triangular patch is presented step by step without any interpretation
in time domain. In addition, for a time domain simulation, it is possible to encounter
with a case such that all scatterer can be completely fit into two consecutive time sam-
ples, resulting in no intersection. This case is not the specular reflection case (i.e. the
special case that the k.-plane is parallel to the triangular patch) and strongly depends
on the choice of the time step size, the incidence and observation directions. This case
is called under-sampled reflection (USR) case in this thesis. Note that, USR case has
not been encountered in [17] since all examples in [17] are produced in frequency do-
main even the formulation is partially in time domain. Accordingly, in Section 2.1.2,
a formula, which has a rectangular shape in time, is proposed for the USR case, and in
Section 2.1.3 computational complexity is presented. Numerical examples are shown
in Section 2.2. It is shown in numerical examples that the accuracy of the scattered field
obtained using the time domain PO approximation depends on the norm of k,, besides
the time step size. Note that this observation might be crucial to maintain the accu-
racy at the same level for all incident/observation directions. Conclusions are drawn in

Section 2.3.



2.1. Formulation

Let S denote the surface of a PEC scatterer that resides in an infinite homoge-
neous background medium with permittivity €, and permeability 1. The electric and

magnetic field components of the impulsively excited incident plane wave

E™(r,t) = po(t — ki -r/c), (2.1)

H" (r,t) = n; ' (ki x p)o(t — ki -r/c), (22)

respectively, where k; and P are the propagation direction and polarization of the in-
cident wave, respectively, ¢(-) denotes the Dirac delta function, and ¢ = 1/,/Eopio
and g = \/,uo—/eo are the speed of wave and the intrinsic impedance of the medium,
respectively. In the PO approximation, the current density is assumed as J(r,t) =
20i(r) x H"(r,t); v € Sy, and J(r,t) = 0; v € Sypa, where fi(r) denotes the out-
ward pointing unit normal vector of S, Sy, and Sy, denote the illuminated and shad-
owed parts of S. Assuming that Sy;; is discretized with linear triangular patches, Sy ~

U f]\’:lgn, the scattered electric field at far-zone can be determined as

1 0t5(t—r/c)* A

N
Esca(r7t> == [ks X lzs X (Rl X 13) X Zﬁnhn<t>] ) (23)
n=1

21 T

wherer = rlAcs and Rs is the observation direction, 0, and “x” denote the time derivative
and convolution, respectively, i, = fi(r); r € S’n, denotes the unit normal vector of

the n*® triangular patch, and h,, () denotes the PO integral:
2 / /
hn(t) = /(5 <t — -k, - r) dr’. (2.4)
c
S

Here k, = (k; — k,)/2. Note that in (2.4) the argument of the Dirac delta function
defines a plane with a time dependent location ¢t = 2¢~'k, - r’, called k,-plane. Con-

sidering the infinite time integral of h,,(t) yields the area of the triangular surface S,,,
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Figure 2.1: (a) Radon transform of the triangle and (b) intersections on the triangle.

time samples of h,, (t) are the intersection of the k,-plane and the triangular surface S,,.
Since S, is a linear triangular surface, the result of the integral should be a triangle
function [17] (see Fig. 1 in [17] or Fig. 2.1(a)). Next the closed-form evaluation of

hy(t) is shown.
2.1.1. Evaluation of h,,(t)

A linear triangular patch is defined by three nodes ry, ry, r3, and assume that
these nodes are ordered in intersection time of the node and the k,-plane as t3 > ¢, >
t,, where t; = 2¢ 'k, - r;, i = 1,2,3, as shown in Fig. 2.1(a). Any point on Sn
can be pointed using barycentric coordinates of S, i.e. ' = (ry — r)a + (rs —
r1)5 + ry, where (a, ) denote the barycentric coordinates as shown in Fig. 2.1(b).
The coordinate system can be rotated as (z,y, z) — (zp, yp, 2,) such that k; || X,. As

a result intersection time can be given as t; = 2¢7! | k| Zpi, © = 1,2,3, and using the



Dirac delta function’s property given in (B.1), h,(t) in (2.4) can be written as

c ct , ,
hn(t) = 21k /5 (2 ) — xpﬂ-) dr,. (2.5)

Sn

The argument of the Dirac delta function in (2.5) determines the location of the k,-

plane:

ct , ct

Lpi = —[(@p2 —wp1)a+ (3 — 2p1) B + Tpa] - (2.6)

0= —
ok T 2k

A coordinate transformation as shown in Fig. 2.1(b) is applied to (2.5) and (2.6),

a =1wucos{) —wvsin () 2.7)

£ = usin ) + v cos €1,

where Q = tan™'[(z,3 — 2p1)/(xp2 — 2p1)]- Note that since t3 > to > #; (also

Tps > Tpo > Tp1), 2 € [0,7/2). Substituting (2.7) into (2.6) yields

1 ct
N 2.8
o= Lty =) e

where 7 = \/ (p2 — :ch,l)2 + (zp3 — $p71)2. Applying the coordinate transformation

in (2.7) to the PO integral (2.5) yields

ctA ct Tp1
hn(t) = "l — b dvdu. 2.9
=T (“ k|7 T)/ v 29)
u v(u)

Here, A,, = 0.5|(r3 — r1) X (ry — rq)| denotes the area of the triangle, 2A4,, is the Ja-
cobean of the transformation. The integral w.r.t. v in (2.9) can be evaluated analytically

using the Dirac delta function’s property given in (B.3) as

ctA,

v(u) ct zp 1




Note that in (u,v), k; || v and the integral in (2.10) represents the line that is formed
as the result of the intersection of the k,-plane and Sn, In addition, since t3 > t9 > ty;
the k;-plane first intersects with r; (where « = 0 and 5 = 0), then intersects with r,
(where a = 1 and 8 = 0), and lastly intersects with r3 (where o« = 0 and 5 = 1). This
order determines the limits of the integral in (2.10). Hence the integral in (2.10) should
be evaluated for two regions: for to > ¢ > t; the lower and upper limits are on 5 = 0
and a = 0 lines, respectively. Forts >t > totheyareona =0andy=1—-a—5 =0
lines, respectively. For a given u, intersection of the v axis with § = 0, a = 0, and
v =1—a — [ = 0 lines can be found using the inverse transformation of (2.7) as
—usinQ  —u(r,3 —1,1)

= = 2.11
vs(u) cos () (Tpo — Tp1) @1D

(2.12)

1 —ufcosQ +sin ()
N cos{) —sin (2
T —ulxpa + Tp3 — 22,1

- )

(2.13)

Lp2 — Tp3

respectively. As a result, the closed-form expression of A, (t) in (2.10) can be deter-

mined for t, >t > t; as

ctA,

talt) = T len) = ), 214
A, ct T2
B W {m N xp,l] {(xp73 — Zp1)(Tp2 — Tpa)
_ ctA, 2|c_1:r\ — Tp1
k] (Tp3 — Tp1) (@p2 — Tp1)
_ o4, t—1t

(ts —t1)(ta — 1)’

10



and fort3 >t > ty as

ctA,,
ha(t) = W[Uv(u) - U“‘(u)}“:mﬁfw*z?l (2.15)
A, 2|C_11\ — Tp3
ke| (p3 — 2p1)(Tp2 — Tp3)
=24 t—ts

"ty —t)(ta — t3)

If ¢ > t3 ort; > t, then there is no intersection and h,(t) = 0. Consequently, h,, (%)

can be given as follows

2A,, (t—t1)
(t2— tl)(tgltl) (th <t <ty)
= 2An(t t3)
0, elsewhere.

As a special case, if t; = to = t3, i.e. the specular reflection case, where 1, || k, and

k. - r’ is constant all over S,,, (2.4) can be written as

_ / 5(t— 2k, -11/c) dr’ (2.17)
Sn
=0(t—ty) [ dr
/
— A0 (E—t).

With (2.16) and (2.17), the closed-form expressions in [17] are obtained.

2.1.2. Under-sampled Reflection (USR) Case

For a time domain simulation a time step size At should be selected consider-
ing the desired higher limit of the frequency band of the simulation, i.e. fi... The
intersection of the scatterer and the k,-plane occurs in a time interval ¢ € [tuin, tmax)»
where t;, = min{2c7'k; - v} and t,. = max{2c¢7 'k, - v}, Vr € S. Note that ¢,,;,
and ?,,,.x depend on the k;-direction, which is not a unitary vector and also depends on

the incidence and observation directions. If the time step size At samples the interval

11



[tmin, tmax), 1.€. the k-plane intersects with the scatterer at any time sample, then the
closed-form expressions given in the previous subsection can be used. However, if
(m + 1)At > tpax > tmin > mAL for an integer m, then samples of the k,-plane has
no intersection with the scatterer. As a result, the scatterer is totally neglected as it does
not exist. This case is named as USR case in this thesis.

In order to remedy this problem, a simple formula is suggested considering the
PO integral h,(t) for a triangle patch is in triangle form in time as in (2.16) and its

temporal integral yields the area of the patch, then h,,(¢) can be represented by

An
) = ts>t>1t

0, elsewhere,

(2.18)

where the temporal integral of (2.18) yields A,, and the Fourier transform of (2.18) is
similar to the Fourier transform of (2.16) for the frequency f < fuax, since At is large

enough [42].

2.1.3. Computational Complexity

The computational complexity and memory requirement of the PO approxima-
tion are different than the marching on-in-time (MOT) based time domain integral equa-
tion solvers [43,44], since in PO approximation the solution is obtained without solving
a matrix equation. The solution with time domain PO approximation requires O(N;N)
operations and O(N7) memory, where NV is the number of triangles, V; is the maxi-
mum number of time steps that the k,-plane and a triangle intersects, /N is the total
number of time steps that samples the scatterer in [¢.,in, tmax], in other words total num-
ber of time steps that the k,-plane and the scatterer intersects. For the USR case, both
the computational complexity and the memory requirement are O(N). N, N;, and Ny
depend on At, size of the scatterer, norm of k., and discretization size. Also it should
be emphasized that USR case might be used if the scatterer and the k,-plane does not
intersect, in other words Ny = N, = 0, therefore it might not be conclusive to com-
pare the computational complexity and memory requirement of the USR case given in

Section 2.1.2 and the time domain PO formulation in Section 2.1.1.

12



2.2. Numerical Examples

In all examples presented in this section, a p = X polarized plane wave traveling
to k; = —2 direction illuminates the scatterers. The upper frequency limit for simu-
lations fn.x = 2 GHz (the minimum wave length A,;, = 0.1499 m) and the time step
size is determined by At = 1/(2 fmaxNos), Where N,s denotes the oversampling factor.
When Nos = 1, At = 250 ps is the Nyquist sampling limit for 2 GHz. In all figures,
TD denotes the time domain results obtained using (2.16) and (2.17), FD denotes the
frequency domain results obtained using the formulas given in [17], and USR denotes
the case in Section 2.1.2. Analytical PO solutions for the unit sphere and rectangular
plate are given in [45] and [9], respectively. While calculating errors, discrete Fourier
transformed TD, FD, and analytical results are calculated at f = [10 MHz, 2 GHz] with
A f = 10 MHz interval, then norm of the relative error in RCS, where all the frequency

samples are taken into account, is determined.
2.2.1. Unit Sphere

First example analyzes the change of the error in the backscattered RCS (RS =
—lAq and k, = Ei) w.r.t. analytical PO solution as the number of triangles increases. The
illuminated part of the unit sphere is discretized with 1188 to 172700 triangles, where
the average edge lengths change from 0.77 A\, to 0.06 A\ yi,. Fig. 2.2 shows the relative
errors of FD and TD results for At = {0.55,50, 100,250} ps. Note that the relative
errors in TD for At = {50, 100, 250} ps saturate and do not decrease as the number of
triangles increases, even though time step sizes satisfy the Nyquist sampling criterion.
This error is not caused by the discretization since the error of FD results, where time
step size has no effect, is lower. The behavior of the error for At = {50, 100,250} ps
is caused because most of the triangles are not taken into account since these triangles
do not intersect with the k.-plane. If the time step size is chosen as small as there
is an intersection with all triangles, i.e. TD result for At = 0.55 ps, then the error
levels coincide with FD results. Fig. 2.3 shows the relative error in backscattered RCS
obtained by TD w.r.t. FD results to investigate the dependence of the accuracy to k; (or
ko). ks is swept between 6 = [0°,180°] (¢ = 0°) and the illuminated part of the unit

13
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Figure 2.2: Relative error in the backscattered RCS of the unit sphere.
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Figure 2.3: Relative error for = [0, 180]° interval in the backscattered RCS.

sphere is discretized with 9307 triangles as shown in Fig. 2.3. Note that |k, | changes
from 1 to O with ¢ and the spatial step that the k.-plane takes in a time step changes
as Az = 0.5cAt|k,|”". Fig. 2.3 plots the relative error for At = {5.0,10.0} ps and
Az = {0.749, 1.5} mm. The former results are obtained by keeping At fixed and for
the latter ones, At is updated to keep Ax fixed, also in these cases no triangles are
omitted. It can be seen in Fig. 2.3 that for § < 80° the error levels for associated At
and Az are coinciding but for § > 80° the error for the fixed At increases as the error

for the fixed Az remains in the same level.
2.2.2. Inclined Plate

As a second example, backscattered fields (Es = —Ei) of an inclined plate with
corners r; = (—0.5,—-0.5,0), ro = (0.5,—0.5,0), r3 = (0.5,0.5,0.1), and ry =
(—0.5, 0.5, 0.1), modeled with 4 linear triangles (see inset of Fig. 2.4) is analyzed.
Fig. 2.4 plots the time domain behavior of ) | 11,,h,,(¢) for different A¢. It is known that

the total PO integral should be in the form of a rectangle function for the plate [9,23] and
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Figure 2.4: Norm of the total PO integral of the plate.
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Figure 2.5: Comparison of the relative error in the backscattered RCS.

as it can be seen from Fig. 2.4 that the TD results are not satisfactory until At = 3.91
ps (Nos = 64). Fig. 2.5 shows the relative error in backscattered RCS obtained by TD
results w.r.t. the analytical PO solution as the time step size changes. The relative errors
for USR and FD results are also plotted. Note that USR and FD results do not change
with At. It can be seen from Fig. 2.5 that as the time step size increases, the TD results
begin to deteriorate and for At > 0.667 ns the scatterer fits in two sequential time steps,
TD results become inconclusive, and the error is unitary, since there is no intersection
of the k;-plane and the plate, i.e. h,(t) = 0. For At > 0.667 ns, USR result, which
coincides with the FD result very well, can be used in time domain. The error level of
TD results coincide with FD result for At < 0.0153 ps (Nos > 16384). In addition, this
limit is higher as the inclination of the plate decreases to obtain enough intersections.

Eventually, if the plate is normal to k,, the formula for the specular reflection case in

(2.17) should be used.

15



2.3. Conclusions

In this chapter, the complete formulation of the closed-form evaluation of the PO
integral on linear triangular patches in time domain is presented. Numerical examples
show that even the closed-form expressions are used, time step size should be chosen
considering the triangle sizes, incident and observation directions (or spatial steps),
since for a fixed time step size, the accuracy of the solution depends on the norm of k;.
If the scatterer fits into two consecutive time steps and the k,-plane does not intersect

with the scatterer at all, the formula for the USR case can be used.
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3. QUADRATIC TRIANGLES

In this chapter, a scheme for exact evaluation of the PO integral in time domain on
quadratic triangular patches using Radon transform interpretation is presented. Similar
to the previous chapter, the scatterer is assumed to be illuminated by a plane wave and
the scattered fields are observed at far-zone. Specifically, the argument of the Dirac
delta function defines a plane and the dimension of the surface integral on a quadratic
triangle can be reduced to the intersection of the plane and the quadratic triangle. As
a result, the surface integral is reduced to a line integral. To determine the analyti-
cal expression of the intersecting curve (not the integral), the equation that defines the
quadratic triangle and the equation of the plane defined by the Dirac delta function
are solved together in barycentric coordinates of the associated quadratic triangle. The
resulting intersection, is in the form of a quadratic curve, which can be an ellipse, a
hyperbola, a parabola or a line/lines. Once the type of the curve is determined, then
a suitable coordinate transformation is applied to parametrize the intersecting curve,
e.g. elliptic coordinate system is used for an ellipse. At this point, instead of searching
for a closed-form expression to the line integral, the Gauss-Legendre quadrature rule
(GLQR) is applied to determine the PO integral over the parametrized curve. Due to
the quadratic nature of the intersecting curve, the PO integral can be determined exactly
using an appropriate order GLQR. The resulting scheme has two main advantages: (i)
although the incident field is assumed to be band limited in time domain simulations,
mathematically in time domain PO approximation it is possible to use an incident field
with a Dirac delta time signature, which has infinite bandwidth. In this case the upper
frequency to obtain accurate results is limited by the time step size and discretization
efficiency of the scatterer’s surface. If results for a specific time signature is required,
they can be obtained by convolving the desired time signature with the scattered fields
found for the Dirac delta excitation (see Chapter 5). (ii) Discretizing with quadratic tri-
angles models the scatterer’s surface much more accurate with less number of triangles
than using linear ones, especially for curved surfaces. For a curved scatterer discretized
with the same number of linear and quadratic triangular elements, the upper frequency
limit for the quadratic triangles is much higher than the limit for the linear triangles.

The rest of the chapter is organized as follows: firstly, the formulation of the
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PO approximation is presented in Section 3.1, and the evaluation of the PO integral
on quadratic triangles is shown. Specifically, in Sections 3.1.1 and 3.1.2 the formu-
lation of the PO approximation and evaluation of the PO integral is presented. The
formulations for determining the analytical expression of the parametrized intersecting
curve types is shown in Sections 3.1.3, 3.1.4, and 3.1.5, for an ellipse, a hyperbola, and
a line/lines cases, respectively. The application of the GLQR over the parametrized
curve, is shown in Section 3.1.6. In Section 3.2, numerical examples that demonstrate
the accuracy and validity of the proposed scheme are presented, and in Section 3.3
conclusions are drawn. Additionally, the properties of the Dirac delta function, the pa-
rameters of the quadratic triangle definition and the parameters for the triangle plane in-
tersection in barycentric coordinates, and variables for the quadratic curve types, which
are frequently used throughout this chapter, are given in Appendices B, C, and D, re-

spectively.

3.1. Formulation

3.1.1. PO Approximation

Let S denote the surface of a PEC scatterer, residing in an unbounded medium
with permittivity £y and permeability 1. S is illuminated by an incident plane wave
with a Dirac delta time dependence. The electric and magnetic field components of the
incident wave are givenin (2.1) and (2.2), respectively. As mentioned in the Section 2.1,
the PO approximated surface current density is assumed as J(r, ) = 2f(r) x H™(r,);
r € Sy, and J(r,t) = 0; r € Sgpa, where i(r) is the outward pointing unit normal vec-
toron .S, Sy, and Sy, denote the illuminated and shadowed part of S, respectively. The

scattered electric field at the far-zone can be found as [46,47]:

1 0t —r/c)

2mce T

E*(r,1) = — * B (kg ). (3.1)

Here E:¢*(k,, t) is the range-corrected scattered electric field [46,47]:
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Figure 3.1: The intersection of the k,-plane and the quadratic
triangle: o <t <ty < t3 < ty.
B (kg t) = —gﬁs x ky x /J(r’,t) «0(t + ke -1/ /c)dr. (3.2)

S

Substituting the PO approximated current density into (3.2) and assuming that the il-
luminated surface S);; is discretized with quadratic triangles, i.e. Sy, =~ UnNzlsn,

Es% (ks t) can be written as:
B (k. t) = ko x ko x (ki x ) x Y hy(t), (3.3)

where h,, () is called the PO integral in this section and defined as:

h,(t) = /ﬁ(r’)é(t — 2k, - r'/e)dr’. (3.4)

Sn

The main difference of (3.4) from the formulation given in Chapter 2 or in [17] for linear
triangles is that i(r) is not constant throughout the integration domain S,,. Therefore
n(r) should be taken into account while evaluating the integral, hence h,,(¢) is a vector

function.
3.1.2. Evaluation of h,(¢)

The PO integral h,,(¢) given in (3.4), can be interpreted as a planar Radon trans-
form due to the set of points that makes the argument of the Dirac delta function zero
is a plane with the surface normal k, = k. / |k,| (called k,-plane), and the position of
the plane depends on time, as shown in Fig. 3.1. Integral domain in (3.4) is a quadratic

triangle .S,,, which is defined by 6 nodes, r;, ¢« = 1,...,6, as shown in Fig. 3.1(a).
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Depending on the position of the k,-plane, quadratic triangle, and time, the integral in
h,,(t) can be reduced to a line integral that is formed by the intersection of the k,-plane
and S,,, as shown in Figs. 3.1(b)-(d). If there is no intersection then h,(¢) = 0, as
shown in Fig. 3.1(e). To find the expression of the intersecting line, the expression that
defines the surface of the quadratic triangle should be substituted into the equation of
the k,-plane and the resulting equation should be solved.

As the first step, it is assumed that the coordinate system is rotated (z,y, z) —
(2p, Yp, ) such that k, = X,. Since this is a simple rotation operation, it brings unitary
Jacobean, moreover k, -, = |k.| x, and using the Dirac delta function’s property given

in (B.1), (3.4) can be written as:

h,(t) = /fl(r;)é(t — 2k, - 1), /c)dr), (3.5)

") dr’.
| (2|k\ l”) '

If the definition in (C.1) that defines the location of any point on S,,, is substituted in

the equation of the k,-plane in (3.5), expression of the intersecting curve in barycentric

coordinates can be found as:

ct
. § Ni(ev, B). .
2K zp(e, B) =3 |k | By, (3.6)

:da2+552+6a+dﬁ+éa5—f:F(a,ﬁ).

Here the equation in the second line is a general quadratic curve equation [48], and de-
pending on the coefficients it can be an ellipse, a hyperbola, a parabola or a line/lines.
The determination of the curve type can be found in [48] and is briefly given in Ap-
pendix D for the appropriate notation in (3.6). The explicit expressions of a, b, ¢, d,é, f
are given in (C.5). Note that even it is not explicitly shown, the coefficients a, l~7, c, J, e, f
are functions of the nodes of S, (z,,,7 = 1,...,6), in addition f is a function of time.

The variables of the PO integral in (3.5) can be changed to the barycentric coordinates

20



(a, ) as

c , ct ,
h,(t) = 2k /n (r)(a,3)) 6 (2 i xp(a,ﬁ)) dadp, (3.7)

where the Jacobean J(a, §) = |n(r’

is defined in (C.3) for S,,.

»(c, B))] is the norm of the normal vector, which

Hitherto, the variable of the PO integral is changed to barycentric coordinates
and the type of the intersecting curve is determined. The next step is parametrizing
the intersecting curve for the ellipse, hyperbola, and line cases. Note that parabola
case is not common and has never been encountered in simulations, even if (3.6) can
represent a parabola. Therefore the formulation for the parabola case is not given here,
nevertheless the expressions for the parabola case can be derived applying the similar

steps in the following sections.

3.1.3. Ellipse Case

If A #0,A/I < 0,and ¢ > 0, as defined in Appendix D and Table D.1, the
quadratic curve is an ellipse and at a certain time the quadratic curve equation in (3.6)

represents, in general, a rotated ellipse with the center (g, h). (3.6) can be reorganized

as

~ ~ ~

L= a(a— g +b(8 — h)* +éa— 9)(5 - h), (3.8)

where coefficients a, 8, é, g, h are defined in Table 3.1. A coordinate transformation,
where the major and minor axes of the ellipse coincide with u, v axes, is applied to

(3.8) as shown in Fig. 3.2:

a—g=ucosf)—wvsin) (3.9

~

b —h=wusin{ 4+ vcos.
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Table 3.1: Coefficients of the reorganized quadratic curve equation for

different type of curves.

Coefticient Ellipse/Hyperbola Coinciding/Parallel
Cases Lines Cases
i alf a+b
b b/ f Veé+d
é e/ f -
f ag® + bh? +égh — f ~f
g [—2b¢ + dé]/[4ab — 2] -
; [éé — 2ad)/[4ab — &2] -
Q 0.barctan (é/(& — 8)) 0.5arctan ((i/é)
p
»V i
Y " (ay,.cos ¢filp sing) .=~
A} T -:xap_
bg\?‘\ -~ /’5,/’ / ?
1 TN el )
- \ ;':’N Cov " “min
v’. "’ \’"’ \(\gr]i"” alllﬁX
el et
,r’jﬂa\? ----- \

Figure 3.2: Intersection of the ellipse and the quadratic triangle in
barycentric coordinates, and coordinate definitions for the ellipse case.

Here the rotation angle Q = 0.5 arctan(é/(a — b)). As a result (3.8) is converted to a

standard ellipse equation

u2 U2
2 + 2 =1, (3.10)
elp elp

where a.l, and by, are major and minor axes of the ellipse, respectively. Note that the
coordinate transformation in (3.9) results in a unitary Jacobean in (3.7), also a., and

bep are function of time due to f . To parametrize the ellipse, Cartesian coordinates wu, v
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are transformed to elliptic coordinates (aelp, ¢) as

U = eyp cOS(¢) (3.11)

v = @/aglp celp sin(¢),

where aqp, € [0,00), ¢ € [0,27), cap = y/aZ, — b2, is the focal length of the ellipse.
If (3.9) and (3.11) are applied to (3.7), h,,(¢) can be given as

Gmax

h,(t) 2|k| / / aelp,qﬁ)) (3.12)

Amin ¢ aelp

ct )
) (2 |k | — T (aelpy (b)) Jelp(aelp, ¢)d¢daelp7

where ap,;, and a,,, are the minimum and maximum major axis sizes that intersect
with the quadratic triangle in barycentric coordinate system, as shown in Fig. 3.2. If
Aelp < Gpmin OF Amax < Gelp, then hy, (2) = 0, i.e. there is no intersection. The Jacobean

for the coordinate transformation is

elp + belp elp COS(2¢>
2be1p '

je1p<aelp:¢) = (313)

As the last step, to use (B.3), the argument of the Dirac delta function should be given

in terms of a.,. This is achieved by using the property (B.2) as

Gmax

o C n(r;(aelp7¢)>
h”(t)2!kr|/ / oy (a0, 0)] G319

Gmin ¢(aelp)

X 5 (aelp - CL()) jelp(aelpv gb)dgbdaelpv

where Vo, (ag, ) = OF (aayp, @) /8aelp]aelp
of the argument of the Dirac delta function in (3.12). Note that W, (ao, ¢) can be

—ay and ag (Amin < ag < Amax) 18 the root

determined using a symbolic mathematical calculator, explicit expression of Uy, (ag, ¢)

is not given here since it occupies too much space. Due to the second order behavior,
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there are two roots of the argument of the Dirac delta function in (3.12):

ap1 = :I:\/(dcosQQ + bsin?Q + & cos Qsin Q)i1 (3.15)

and there should be two integrals w.r.t. aey,, however only a, satisfies the condition
Omin < Ap < Amax, SINCE Apin > 0 and apax > 0. As a result the integral for root a,
is zero due to the Dirac delta function’s property in (B.3). Using (B.3), h,,(¢) can be

found as:

aOa 5
h, (1) = J L $)do, 3.16
2|k| / S Tl )0 (3.16)
CL()

where the major and minor axes are defined as:

ag = \/(&00829 + bsinQ + € cos 2 sin Q)_l, (3.17)

by = \/(dcos2Q + bsin®Q — é cos Qsin Q)il, (3.18)

respectively. It should be emphasized that ay and b, are time dependent variables.

Hitherto, line integral representation of h,,(¢) for the ellipse case is determined.
3.1.4. Hyperbola Case

The steps for the hyperbola case is very similar to the ellipse case. If (A # 0 and
¢ < 0) as defined in Appendix D and Table D.1, the quadratic curve is a hyperbola and
at a certain time the quadratic curve equation in (3.6) represents, in general, a rotated
hyperbola with four branches centered at (g, ﬁ) The same reorganization in (3.8) and
the coordinate transformation given in (3.9) can be applied to (3.6) as in the previous

subsection. As a result (3.6) is converted to a standard hyperbola equation

u? v?
2 = =1, (3.19)
hyp hyp
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Figure 3.3: Intersection of the hyperbola and the quadratic triangle in
barycentric coordinates, and coordinate definitions for the hyperbola case.

where ayy,, and by, are transverse and conjugate axes of the hyperbola, respectively.
To parametrize the hyperbola, Cartesian coordinate u, v is transformed to elliptic cylin-

drical coordinates [48] (cpyp, 0, ¢):

U = Cphyp cos(6) cosh(g) (3.20)
U = Chyp Sin(#) sinh(¢),

where cuyp, = /aj,, + by, € [0,00) is the focal length of the hyperbola, 6 € [0, 27)
denotes the branches of the hyperbola with the focal length c,y,, on four quadrants, and
¢ € (0,00), as shown in Fig. 3.3. If (3.9) and (3.20) are applied to (3.7) and the similar

steps in previous subsection for ellipse case is repeated, h,,(¢) can be found as

Cmax

- C n (rfp(chypa 97 ¢))
h”(t)‘zxkrif / Wy (c0,0.9)] 6.2

Cmin d)(chyp)

X & (Chyp — Co) jhyp(chypa ¢)dodcyyy,

where cpi, and ¢y are the minimum and maximum focal length sizes that inter-
sect with the quadratic triangle in barycentric coordinate system. If ¢y, < Cpin OF
Cmax < Chyp, then h,,(t) = 0, i.e. there is no intersection. The Jacobean for the coordi-

nate transformation is Juyp(Chyp, ) = 0.5¢3,,,(cos(2¢) — cosh(2¢)), Wnyy(co, 0, ¢) =
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Figure 3.4: Intersection of the line and the quadratic triangle in
barycentric coordinates, and coordinate definitions for the line case.

OF (Chyp, 0, 0)/ 8chyp|Ch e and ¢y (Cmin < €o < Cmax) 18 the root of the argument of
yp—

the Dirac delta function:

2(acos?Q + bsin®Q)
(acos?§ + 13511129)2 + (écos Qsin Q)

coq =+ (3.22)

Only the positive root ¢ satisfies the condition ¢, < ¢y < Cmax, and the integral for
root ¢, is zero due to the Dirac delta function’s property in (B.3). Note that for a given
hyperbola with the focal length ¢, 6 can have four different values that represent the
branches of the hyperbola, e.g. § € {6y, 7 — by, ™ + 6y, 27w — 6} where 6y € [0, 7/2].
Using the property in (B.3), h,,(¢) can be found as

o c n(r, (CU)07¢)) ¥
h,(t) = 5 Ikr!¢( /) | \Ifh;; 0.0 Juyp(co, #)do, (3.23)

where the focal length is given in (3.22). It should be emphasized that ¢, is a time
dependent variable. Hitherto, line integral representation of h,,(¢) for the hyperbola

case is determined.
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3.1.5. Line Case

If A = 0, as defined in Appendix D and Table D. 1, the quadratic curve equation in
(3.6) denotes, in general, rotated and shifted two lines. These lines can be intersecting,
coinciding or parallel lines. As a special case, if a = 0, b= 0, ¢ = 0, then (3.6) denotes
a single rotated and shifted line. Here, coinciding and parallel lines cases in Line Case 1
and single line case in Line Case 2 are considered. Intersecting lines case has not been
encountered in simulations, nevertheless it can be considered as two separate single

lines and the formulae given in this subsection can be extended easily.
* Line Case 1

IfA=0,( =0, (a, b, ¢ are not zero all together), then (3.6) denotes coinciding
or parallel lines. In this case, the coordinate transformation in (3.9) with (g, &) = (0, 0)
is applied to (3.6), where the rotation angle Q = arctan(d/é), and u,v € (—o0, 0).
As a result (3.6) is converted to a coinciding or parallel lines equation parallel to the v

axis:
au’ +bu+ f =0, (3.24)

where coefficients a, b, f are given in Table 3.1. Applying the same transformation to

(3.7) and following the similar steps as in ellipse case, h,,(¢) can be found as

B c max n (I‘;)(u’ v))
2 ‘kr‘ |\Ij1ine(u07 /U)‘

Umin U(u)

d (u — up) dvdu, (3.25)

where i, and v, are the minimum and maximum lines intersecting with the quad-
ratic triangle as shown in Fig. 3.4 and Wy,e(ug,v) = 0F(u,v)/0ul,_,, . Note that
in line case there is no need for an additional coordinate transformation. In (3.25), ug
(Umin < Up < Umay) 1S the root of the argument of the Dirac delta function. Due to the

second order behavior, there are two roots:

~ ~

—b+ /b2 —daf

(3.26)

Ug,1 =
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If the lines are coinciding then uy = u;. As in previous cases, contribution of the two
roots should be considered w.r.t. w. If 1g1 < Umin OF Umax < Ug 1, then h,,(t) = 0, i.e.
there is no intersection. At this point, it is assumed that only uq satisfies the condition
Umin < Up < Umax, hence single integral due to ug contributes to h,(¢). Using (B.3),

h,,(t) can be determined as:

c n (1), (uo, v))
h,(t) = / d dv. (3.27)
( ) 2 |kr| |\I/1ine(u07v)|
(uo)
If Upin < U1 < Umayx then contribution of u; should be added to (3.27). Hitherto, line
integral representation of h,, () for the coinciding or parallel lines cases is determined.
* Line Case 2

Ifa=0b=0,andé = 0in (3.6), then resulting expression denotes a single

line. In this case, (3.6) reduces to
0=ca+ds—f. (3.28)

Applying the same coordinate transformation to (3.6) results in a line equation parallel

to v axis:
u=f/V&E+d. (3.29)

Following the similar steps, h,(¢) can be found as in (3.27). Note that in single line
case there is only one root, i.e. uy = f / \/624—7622 (Umin < Uy < Umax)- If Uy < Umin
O Upax < U, then h,,(t) = 0, i.e. there is no intersection. Using (B.3), h,(¢) can be
determined as in (3.27). Hitherto, line integral representation of h,,(¢) for the single

line case is determined.
3.1.6. Evaluation of the Line Integrals

Here, instead of searching for a closed-form expression to the integral in (3.16),

(3.23), and (3.27), N, point GLQR is applied to calculate the line integral over the
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intersecting curve:

c al n( (Wbﬁbq))

P = 3] 2 (a0, 04)

J(ag, bq) WA, (3.30)

where A¢ = ¢max(a0) - ¢min(a0)a qu = ¢min(a0) +qu¢a DPq and Wq are the quadrature
nodes and weights, respectively. In (3.30), ¢ and a, represent the integral variable and
the root of variable of the Dirac delta function’s argument, respectively. For example,

for the ellipse case (3.30) can be written as

C o ( a07¢q)
2 k| & [Wap(ao, & )|

h,(t) = (@0, Pg) WA, (3.31)

where 1), (ag, ¢,) can be determined using (C.1) and the barycentric coordinates

ay = agcos(dy) cosQ — 4 /ad L 8in(¢,) sin Q2 + g (3.32)
By = ag cos(¢,)sin Q + 4/ad elpsm (¢q) cosQ—l—h.

Note that because of the second order behavior of the integrand in (3.7) and consid-
ering the effect of Jacobean and coordinate transformations, 4 point GLQR is enough
to obtain exact results in the sense of machine precision as shown in numerical exam-
ples (see Figs. 3.5(b) and 3.6(b)). Hence there is no need to search for closed-form

expressions of h,, (¢).

3.2. Numerical Examples

In this section, numerical examples are presented to validate the proposed scheme
in this section. In all examples, it is assumed that the scatterers are residing in an
unbounded space with permittivity €, permeability 1, and the speed of wave is ¢ =
1/y/Eofto. A D polarized plane wave travelling to k; direction, givenin (2.1)and (2.2), is
incident on the scatterers. The illuminated part of the scatterer is discretized with linear
and quadratic triangles, and the PO integrals on linear triangles are calculated with the

analytical expressions given in [17] directly in time domain, whereas the PO integrals
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on quadratic triangles are calculated with the proposed scheme in this section. In all
examples 4 point GLQR is chosen unless otherwise specified and the time step sizes
are determined using At = 1/(2 finaxNos)> Where fiax denotes the maximum frequency
of interest and N, denotes the oversampling factor (5 < N, < 7.5). The relative error

of a function ®(m), m = 1,..., M, w.r.t. &% (m) is calculated using

. M — dwrt(m ),2
Relative Error = Zl ’q)wrt )‘2 , (3.33)

where ®(m) can be time samples of E*(r,¢) or h,(t), frequency samples of RCS
values at a given angle, while ®""*(m) denotes the values used for comparison. All
results in this section are produced in Matlab using a computer with Intel 15-4590 CPU

and 4 GB RAM.

3.2.1. A Single Triangle

In this example, a single quadratic triangle with the nodes r; = (0.218,0.705,
0.675), ro = (0.221,0.531,0.818), r3 = (0.181,0.3397,0.923), r, = (0.409,0.406,
0.817),r5 = (0.6292,0.356,0.691), r¢ = (0.458,0.5688,0.6831) is analyzed to demon-
strate the accuracy and validity of the proposed scheme. For this example, the time step
size At = 38.4 ps, p = X, and Ri = —7. The observation direction Rs = Z, resulting
in k, = Z. In this case, the intersection of the k,-plane and the quadratic triangle yields
hyperbolas.

Fig. 3.5(a) plots the z-component of h,(¢) obtained for the quadratic triangle
(QT-1), 6, 36, and 216 linear triangles (LT-6, LT-36, and LT-216). The linear triangles
are obtained by repeatedly dividing the quadratic triangle to 6 linear and quadratic sub-
triangles. Consequently, all linear triangles are obtained from quadratic sub-triangles.
It can be seen in Fig. 3.5(a), the intersection starts and ends at ¢ = —6.158 ns and
t = —4.505 ns, respectively, and h,, () obtained for linear triangles converge to the
result of the quadratic triangle as the number of linear triangles increases.

Next, the effect of the triangle size on the accuracy of the GLQR order is analyzed.
The nodes of the quadratic triangle, denoted by QT x 1, are multiplied by 10 and 100,
denoted by QT x 10 and QT x 100, respectively, to expand the size of the triangle.
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Figure 3.5: (a) z-component of the PO integral and (b) change of the relative
error in h,, () with the number of GLQR points for the single triangle.

Fig. 3.5(b) plots the relative error in h,,(¢) for different number of GLQR points w.r.t.
h,,(¢) obtained for 9 point GLQR. In Fig. 3.5(b), the errors are calculated using 42,
429, and 4296 samples between t € [—6.158, —4.505] ns, t € [—61.58, —45.05] ns,
and t € [—615.8, —450.5] ns for QT x 1, QT x 10, and QT x 100, respectively. It
can be seen in Fig. 3.5(b) that after 4 point GLQR the relative error in h,, () is in order
of machine precision and the size of the quadratic triangle does not have any effect on
the accuracy of h,, (). This example clearly shows that 4 point GLQR integrates h,, (¢)
exactly. It can be also shown that 2 point and 3 point GLQRs are enough to evaluate

the PO integral exactly for lines and ellipses, respectively.
3.2.2. A Unit Sphere

In this example, scattering from a unit sphere centered to the origin is analyzed
to examine the multiple curve types together. For this example, ki= —zZand p = %,

unless it is specified the observation direction Rs = 7, hence k, = Z. In this case, half
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Figure 3.6: (a) X-component of E¥*(r,¢) and (b) change of the relative

rc

error in E¢%(r, ¢) with the number of GLQR points for the unit sphere.

of the sphere is illuminated, and analytical expression of the PO integral is available in

frequency domain [45] and can be given in time domain as:

—mcit ct
5 2, 0> 5 > —1

hanalytic (t) = (3 34)

0, otherwise.

Fig. 3.6(a) shows the X-component of the range-corrected scattered electric field
E(r, t) of the unit sphere, where the illuminated region of the sphere is modeled by
48 and 1188 linear triangles (LT-48 and LT-1188), 48 and 176 quadratic triangles (QT-
48 and QT-176), and compares them with the analytical result obtained using (3.34)
for the time step size At = 38.4 ps. The k,-plane starts to intersect with the sphere at
t = —6.671 ns. In Fig. 3.6(b), the effect of GLQR order is shown via comparing the
relative error in E¢*(r, t) for quadratic triangles and different number of GLQR points.

Relative error is calculated as in (3.33) w.r.t. the result obtained for 10 point GLQR

32



T ~ T T T T

11 v L

RCS [dBm?|

i
i

1 15 2 25 3 35 4
Frequency [GHz]

(@)

T6%E

Relative Error
3

gl

10? 10° 10*
Number of triangles

(b)

Figure 3.7: (a) Backscattered RCS of the unit sphere and (b) relative
error in the backscattered RCS w.r.t. the analytical solution.

using the time samples between ¢ = —6.671 ns and ¢ = 0 s. Considering the results
shown in Figs. 3.6(a) and (b), all errors are practically in machine precision above 4
point GLQR. It can be concluded that using 4 point GLQR is enough to integrate h,, ()
exactly.

Next the RCS of the unit sphere is analyzed. The RCS value (o) at a given direc-
tion ks is obtained by discrete Fourier transforming the time samples of Esca(f{s, t) for

rc

. . 2
the time step size At = 19.2 ps, i.e. ES(ky, f), and using o = (k*/7) ‘Efga(ks, f)

b

where k& = 27 f /¢ is the wave number, since the Fourier transform of the incident wave
is unitary. In Fig. 3.7(a), the backscattered RCS values obtained using 94 and 1188
linear and quadratic triangles (LT-94, LT-1188, QT-94, and QT-1188) in 0-4 GHz fre-
quency band with steps Af = 10 MHz are compared with the analytical PO solution
of the unit sphere given in [45], i.e. 0, = 77,2|1 — exp[—jkr,]sinc(kr,)|* where 7,
denotes the radius of the sphere. Note that the RCS results obtained using QT-94 and
QT-1188 are coinciding with the analytical result roughly till 750 MHz and 3 GHz,

respectively, whereas the results for LT-94 and LT-1188 are inaccurate above 250 MHz
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Figure 3.8: Bistatic RCS comparison of the unit sphere at 4 GHz:
(a) 6 € [0,180]° and (b) # € [130, 180]°.

and 1 GHz. Fig. 3.7(b) shows the relative error in RCS values calculated using the
frequency samples in 2-4 GHz band w.r.t. the analytical result for different number of
linear and quadratic triangles (LTs and QTs). It can be seen from Fig. 3.7(b) that the er-
ror obtained using 94 quadratic and 5444 linear triangles are in the same level, and the
solution time for 94 quadratic triangles is 0.301 s, whereas the solution time for 5444
linear triangles is 0.631 s. Fig. 3.8 plots the bistatic RCS results at 4 GHz obtained
using 94 and 1188 linear, and 94 quadratic triangles (LT-94, LT-1188, and QT-94) for
the same incident field and compares them with the Mie series solution. The obser-
vation direction k is chosen as # € [0, 180]° and ¢ = 0°. This results in different k,
directions. It is seen from Figs. 3.7 and 3.8 that small number of quadratic triangles is

enough to obtain accurate results.
3.2.3. A Generic Missile

In this subsection, a missile-like scatterer with the maximum length, width, and

height of 3.325 m, 1.74 m, and 0.51 m, respectively, as shown in inset of Fig. 3.9(b), is
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Figure 3.9: (a) Norm of E*(r, ¢) and (b) RCS comparison for the
generic missile scatterer.

analyzed. Note that the scatterer does not have any flat parts. A p = (0.866,0, —0.5)
polarized incident field illuminates the scatterer from k; = (—0.5,0, —0.866) direc-
tion. The scattered fields are observed on k, = (—0.866,0,0.5) direction. In this
case illuminated part of the scatterer’s surface is modeled by 1621 quadratic triangles
(QT-1621), 1785 and 50169 linear triangles (LT-1785 and LT-50169). The time step
size At = 16.667 ps. Fig. 3.9(a) shows the norm of the range-corrected scattered
electric field, where the k,-plane starts to intersect with the scatterer at ¢t = —1.967
ns and intersection ends at t = 3.9 ns. It can be seen that the results for QT-1621
and LT-50169 are coinciding very-well. The solution times for QT-1621, LT-1785, and
LT-50169 are 3.978 s, 0.326 s, and 4.975 s, respectively. Fig. 3.9(b) shows the RCS

values that are obtained from the time domain samples of E;ga(Rs, t), as explained in
previous subsection, in 0-4 GHz frequency band. In addition, in Fig. 3.9(b), the fre-

quency domain PO solutions obtained using the closed-form expressions given in [17]
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and 50169 linear triangles (LT-50169-FD), and using 7-point GLQR for triangles and
152876 linear triangles (GLQR7-152876) are included to compare the accuracy of the
time domain results. It can be seen that all results except the results for LT-1785 are
coinciding very-well. Note that the relative errors, which are calculated using (3.33), in
the backscattered RCS values w.r.t. frequency domain GLQR7-152786 solution using
frequency samples in 0-4 GHz frequency band with steps A f = 10 MHz, are 0.0184,
0.164, and 0.0179 for QT-1621, LT-1785, and LT-50169, respectively.

3.3. Conclusions

In this chapter, the exact evaluation of the PO integral in time domain on quadratic
triangular patches using Radon transform interpretation is presented. The scatterers are
assumed to be illuminated by a plane wave with Dirac delta time signature and the scat-
tered far-fields are observed. Using the Radon transform interpretation, the PO integral
on quadratic triangles is reduced to a line integral over a quadratic curve, e.g. an ellipse,
a hyperbola or a line/lines in barycentric coordinates. The quadratic curve is obtained
by the intersection of the quadratic triangle’s surface and the plane which is formed
by the incident field direction and the observation direction. For the evaluation of the
line integral, first an appropriate coordinate transformation (e.g. elliptic coordinates
for ellipse) is applied to parametrize the quadratic curve, then, instead of searching for
a closed-form expression, a suitable order GLQR is applied to determine the PO inte-
gral exactly. It is shown that using 4 point GLQR provides the PO integral in machine
precision independent from the size of the quadratic triangle and the numerical errors
caused by the evaluation of the PO integral are removed. In addition, when compared
with linear triangles, modeling errors in representing the scatterer’s surface are reduced

because of the quadratic triangles.
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4. QUADRATIC EDGES

In this chapter, the closed-form evaluation of the time domain equivalent edge
current (EEC) contour integral on quadratic edges of quadratic triangular patches, is
presented. In [11], the EEC representation is used to determine both the PO and diffrac-
tion contributions to the scattered field for linear surfaces, e.g. linear triangular patches,
in addition, for linear edges of linear triangular patches the radiation integral in the EEC
representation can be evaluated in closed-form in time domain using Radon transform
interpretation [49]. However, in this chapter the quadratic surfaces and edges are used
to model the surface of the scatterers. For the quadratic edges, the EEC formulation
in [11] cannot be directly used to determine the PO contribution, however diffraction
contributions can still be determined, since diffraction is a local phenomenon. There-
fore, in this thesis, unlike the EEC formulation in [11], where the PO and EEC integrals
are both expressed as contour integrals, the PO and EEC integrals are evaluated sepa-
rately: the PO integral is evaluated on the surface of the quadratic triangular patch to
determine the PO contribution as shown in Chapter 3, and the EEC integral is evaluated
on the edge of the quadratic triangle to determine the diffraction contribution. Using a
similar procedure presented in Chapter 3, the EEC integral on the quadratic edges are
determined in closed-form using the Radon transform interpretation of the radiation
integrals. Specifically, it is shown that the EEC integral in time domain can be deter-
mined in closed-form as a function evaluation at the intersection point of the edge of
the quadratic triangle and the plane formed by the incident plane wave and observation
direction.

The rest of the chapter is organized as follows: time domain EEC formulation
is presented in Section 4.1.1, and in Section 4.1.2 closed-form evaluation of the EEC
integral is shown. In Section 4.2, the numerical examples that demonstrate the accuracy
and validity of the developed closed-form expressions in this chapter are presented. In
Section 4.3, conclusions are drawn. Lastly, the diffraction coefficients and associated

parameters used in this chapter are given in Appendix E.
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4.1. Formulation

4.1.1. Time Domain EEC

Let Sii; and [ denote the illuminated surface and edge of a PEC scatterer, resid-
ing in an unbounded medium with permittivity €5 and permeability y, by an incident
plane wave with a Dirac delta time dependence, and Sj;; is discretized with quadratic
triangular patches as Sy, ~ nNzlSn, as explained in Chapter 3. Hence, [ can be repre-

sented by the quadratic edge segments /,, attached to S,,, as [ ~ | J_,S,,. For the time
domain EEC, the scattered electric far-field due to an impulsively excited plane wave

is expressed as

ey~ 019 ) n

where E(t) is the range-corrected scattered electric field due to EEC, which is only
related to diffraction. Note that the PO contribution should be added to the scattered

electric field separately using (3.1). E(¢) can be expressed as

N
Bt (ke t) =) salt). (4.2)
n=1
In (4.2), s,,(t) is called EEC integral in this thesis and defined as [11]

su(t) = /6 (t - %kr . r’) A(r')dl, (4.3)

ln

where A (r') is given as

AW) = {k x &y x 8 (1) | DL,D - Ea(r') + DY, (ki % B) - E0(x) (4.4)

A ~ PN

R, X (1) [Dﬁl(f{i % P) .tn(r’)} } .

Here, t,,(r) is the unit tangent vector along the edge [,, (see Fig. 4.1), the diffraction

coefficients D! _, D!

e,n® ~hn°

D}ﬂ"{Z are given in Appendix E, and parameters of the diffraction
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Figure 4.1: Intersection of the quadratic edge and the k,-plane.

coefficients are shown in Fig. 4.2. Note that even it is not shown explicitly, s, (¢)

depends on kg, k;, t,(r), DI | DI

!> DL, and Dy} . For the edge of a linear triangular

patch, t,,(r) and the diffraction coefficients are constant along the edge, however for
the quadratic edges, they are not constant throughout the segment /,,, therefore they

should be calculated for every time instance while evaluating s,,(¢).
4.1.2. Evaluation of s,,()

The quadratic triangular patch is defined in barycentric coordinates using the
shape functions given in Appendix C. Assuming that the nodes of the quadratic triangle
Sy, 1.e. 1y, 7 = 1,...,6, are ordered as shown in Fig. 4.1, at a given time ¢ = ¢y, s,(?)

can be evaluated as follows:

Step 1: Rotate the order of the nodes such that the interested edge [,, is always defined
by r;, = = 1, 3,6, nodes of the quadratic triangular patch, i.e. the edge with
the barycentric coordinate o = 0. As a result, the EEC contour integral s, (¢)

can be evaluated for o = 0.

Step 2: The Dirac delta function in (4.3) defines the k.-plane at the given time ¢ =
to, i.e. ctyg = 2k, - r’. Inserting the barycentric coordinates defined on the
quadratic edge/triangle into the plane equation results in the quadratic equation
in (3.6). The solution of (3.6) for v = 0 yields the intersection point (r;, and

Bo in barycentric coordinates) on the quadratic edge (see Fig 4.1). Note that,
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if there is no intersection, then s,,(¢y) = 0.

Step 3: Using the Dirac delta function’s property given in (B.1) and transforming the
coordinates to barycentric coordinates of the quadratic triangular patch, the

EEC integral s,,(t) in (4.3) can be expressed as

()= 5 [ 9 (2|Cf<r| - x;(O,ﬁ)) A (x(0,8) J(o, B)d8 (@4.5)
ln

c ct , , ,
T2k / ’ (m - xp<0’ﬂ>) A (r}(0,8) [t (x(0, 5))] 5,

where J(a, 3) is Jacobian, defined as J(c, 8) = [t, (r},(0,3))|. Note that in

(4.5), 7,,(0, B) is a quadratic expression in terms of 3 as given in (3.6).

Step 4: Using the Dirac delta function’s property given in (B.2), (4.5) is reduced to

¢ [ [t (x}(0.9))]|

) = 3] J 1w (0. 50))

‘5(5 — o) A (r,(0,8)) dB, (4.6)

where

(0, Bo) = 0 { i

2 o

and f3 is the barycentric coordinate of the intersection point r;, with (a, B) =

(0760)'

Step 5: Using the sampling property of the Dirac delta function in (B.1), the closed-
form expression of the EEC integral s,,(t) at (¢,1) = (ty, ;) can be obtained

as:

{RS x &y x &, (1(0, By)) (4.8)
DL (¥)(0,0)) + Dy (ki x B) - £ (100, o) |

s x b (10 50)) [ DR x ) - (x40, 50) | }

The parameters for s, (t) are determined using the intersection point rj,. It
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Figure 4.2: Parameters for the edge diffraction.

should be emphasized that t,,(r), D!, D]

e,n® —~hmno

and D}i\,{l are not constant through
a quadratic edge and should be calculated for each time step and intersection

point.

4.2. Numerical Examples

In this section, the evaluation of time domain EEC contributions to determine
the diffraction from edges of the scatterers is considered. However, in the numerical
examples the PO contributions are also included using the exact evaluation scheme
presented in Chapter 3. In all examples presented in this section, the range-corrected
scattered electric field of PO and EEC are denoted by EF© (k,, ¢) and EEEC (k. t), and
determined using (3.3) and (4.2), respectively. Hence, the total scattered electric field
at far-zone can be written as

E(r t) = — « ELO (kg t) (4.9)

47T7n * rc ( ) )

_ atd(t — 7a/c) * Esca(i\{‘ t)
27re e AT

where E;&(¢) is the total range-corrected scattered electric field, which consists of the

contributions from PO and EEC:
E*(t) = ERC (kq, t) — 2¢7'0, "B (ks 1), (4.10)
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Figure 4.3: Comparison of the X-component of the range-corrected
scattered electric field EEEC(kg, t) for the parabolic scatterer.
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Figure 4.4: Comparison of RCS results for the parabolic scatterer.

where 0; ! denotes the temporal integration. In all examples, it is assumed that the scat-
terers are residing in an unbounded space with permittivity £y, permeability iy, and the
speed of wave is ¢ = 1/,/Eo/t0, and a P polarized plane wave travelling to k; direction,
given in (2.1) and (2.2), is incident on the scatterers. In the figures presented in this
section, quadratic and linear triangles abbreviated as QTs and LTs, while quadratic and

linear edges abbreviated as QEs and LEs, respectively.
4.2.1. A Parabolic Scatterer

A parabolic scatterer with radius of 0.5 m and focal depth of 0.9 m (shown in
Fig. 4.3), is analyzed to show the accuracy and validity of the proposed scheme. The
scatterer is illuminated from incident angles f# = 120° and ¢ = 0°, and backscattered
fields are observed (k, = —lAq), the time step size At = 0.999 ps.

Fig. 4.3 plots the X-component of the range-corrected scattered electric fields due

to the time domain EEC for QTs-8/QEs-8, LTs-48/LEs-16, and LTs-373248/LEs-512.
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Figure 4.5: Error in RCS results obtained for LTs w.r.t. the RCS obtained for 8 QTs.
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Figure 4.6: X-component of EFEC (k. t) and EEC (k. t) for
QTs-1144/QEs-66 for the composite scatterer.

In this setup, Rr = Ri, the plane starts to intersect with the scatterer at t = —7.445
ns, and the intersection ends at ¢ = 5.036 ns. Fig. 4.4 plots the RCS (including the
both PO and EEC contributions) obtained by Fourier transforming the time domain PO
and EEC results for QTs-8/QEs-8, LTs-48/LEs-16, and LTs-373248/LEs-512. It can
be seen from Figs. 4.3 and 4.4 that the results for LEs/LTs converges to the results for
QTs-8/QEs-8 as the number of LTs increases. Fig. 4.5 plots the relative error in the RCS
results obtained for LTs-(288-373248)/LEs-(48-512) w.r.t. the RCS results obtained for

QTs-8/QEs-8. The convergence of the results can be seen clearly.
4.2.2. A Composite Scatterer

A composite scatterer located in free space is analyzed to show the accuracy of
the proposed scheme. The upper part of the scatterer is a parabolic surface with radius
of 0.5 m and connected to a truncated circular cone with the height of 0.75 m, upper

and lower radii of 0.5 mand 1 m. A p = (—0.866,0,—0.5) polarized plane wave
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Figure 4.7: Comparison of the X-component of the total range-corrected
scattered electric field E¢*(ks, ¢) for the composite scatterer.

propagating to ki = (0.5,0,—0.866) direction with the Dirac delta time signature, and
the backscattered field is observed with the time steps size At = 9.994 ps. In this case,
all scatterer’s surface is illuminated and k, = Ri. The illuminated part of the scatterer is
modeled by QTs-43/QEs-13 and QTs-1144/QEs-66, and for comparison it is modeled
by LTs-116/LEs-22 and LTs-1144/LEs-66. 4-point GLQR is used to evaluate the PO
integrals exactly.

Fig. 4.6 shows the X-component of the range-corrected scattered electric fields
EFO(k,,t) and EEFC (k,, t) for QTs-1144/QEs-66, and Fig. 4.7 shows the comparison
of the X-component of the range-corrected scattered electric field Eiga(l;s, t) as defined
in (4.10) for different number of triangles/edges. It can be seen that the k,-plane starts

to intersect with the scatterer at ¢t = —4.826 ns and intersection ends at t = 3.336 ns,

and the results obtained using LTs/LEs converge to the results obtained using QTs/QEs.

4.3. Conclusions

In this chapter, the closed-form evaluation of the EEC contour integral on quad-
ratic edges is presented. The closed-form expression is obtained by intersecting the
plane, which is formed by the incidence and observation directions, and the quadratic
edge segment. The numerical examples demonstrate the accuracy and efficiency of
the developed closed-form expression, since accurate results can be obtained using
less number of surface and edge elements. The modeling error of curved scatterers is

reduced due to the use of quadratic triangle patches and the error in the calculation of the
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radiation integrals is removed due to the closed-form evaluation of the EEC integral.
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5. ANALYSIS OF IMPEDANCE SURFACES

In this chapter, the analysis of transient scattering from impedance surfaces using
the PO approximation is presented. Specifically, the Leontovich impedance bound-
ary condition is used as the surface impedance, whereas the formulation given in this
chapter can be extended for higher order surface impedances [50, 51]. The time do-
main PO approximation for impedance surfaces has two difficulties: (i) the surface
impedance approximations are usually formulated in frequency domain, which results
in a frequency dependent surface impedance function [3,13,15,16,50-52]. For a time
domain analysis, time domain counterpart of the surface impedance function is re-
quired [51-54]. However, it is not always possible to find a closed-form expression
of the time domain surface impedance (or time dependent functions related with the
PO approximation, see Section 5.1.1). To overcome this difficulty, a similar procedure
given in [55] for time domain integral equations is followed. Particularly, a weighted
rational function fit is employed to the frequency samples of the surface impedance (or
related frequency dependent functions) using the fast relaxed vector fitting (FRVF)
scheme [56-58]. Time domain functions are then obtained analytically by inverse
Fourier transforming the rational function fit, which results in a weighted summation
of the decaying exponential functions. Note that the rational function fit is usually em-
ployed to find the time domain response of the dispersive permittivity, e.g. [55,59], or
impedance, e.g. [51,53,54], whereas in this chapter it is employed to determine the time
domain response of the functions involving reflection coefficients, incidence direction,
surface orientation, and impedance function (see Section 5.1.1). (ii) Unlike the fre-
quency domain counterpart, the scattered fields should be determined by the convolu-
tion of the time domain surface impedance and the PO integral. This convolution can be
evaluated in several ways, e.g. using recursive convolution method [51,53,54,59-61].
In this scheme, the time samples of the time domain surface impedance and the PO in-
tegral are calculated separately, then they are convolved numerically. It is also possible
to evaluate this convolution analytically [55, 62], which can be preferred to eliminate
the time samples of rational function fit. Note that very preliminary results of the de-
veloped scheme in this chapter are presented in [63], in which only planar scatterers

with a constant (frequency independent) surface impedance can be analyzed.
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The rest of the chapter is organized as follows: in Section 5.1, time domain PO
formulation for surfaces that has Leontovich impedance boundary condition as the sur-
face impedance, is presented. In Section 5.1.1, rational function fit to the time de-
pendent surface impedance is explained. In Section 5.1.2, implementation details and
special cases are discussed, and in Section 5.2, frequency domain formulation is briefly
presented. In Section 5.3, numerical examples are presented and lastly, in Section 5.4

conclusions are drawn.

5.1. Time Domain Formulation

Let S™P denote the surface of a scatterer with a time dependent surface impedance
Z(t) [13,52], residing in an unbounded medium with permittivity €,, permeability 1,
and intrinsic impedance 7y. S™P is excited by an incident plane wave with a Dirac
delta time signature, the electric and magnetic field components of the incident wave
is given in (2.1) and (2.2), respectively. Using the Leontovich impedance boundary

condition in time domain, i.e. Vr € S™P [52]
—f(r) x n(r) x E°(r,t) = Z(t) x ia(r) x H*(r, 1), (5.1)

the PO approximated equivalent electric and magnetic current densities on the impedance

surface S™P can be given in terms of the total magnetic field H'(r, t) as [3]

fi(r) x H'(r,t); reSiP

I(r,t) = | (5.2)
0; re S,y
—Z(t) *A(r) x f(r) x H(r,t); re S
M(r.1) = (¢) * A(r) x A(r) (r,t) i (5.3)
0; re S’
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Figure 5.1: Definitions of the unit vectors on the impedance scatterer.

where S| and S’ are illuminated and shadowed part of the impedance scatterer,

and H"'(r, t) is approximated as [13]
HY(r,t) = ny'0(t — ki - v/c) * u(r,t). (5.4)

Here u(r, t) is a function of time, position, incidence direction, surface orientation and

defined as

a(r,t) = By(1) | (ki x ) - &)(r)| &y(x) + R(1) | (ki x B) -&.()] &.(x), (5.9)

where &(r) and &, (r) are unit vectors in the parallel and perpendicular directions, re-
spectively, and 6; is the narrow angle between the propagation direction of the plane
wave k; and the surface normal fi(r), as shown in Fig. 5.1. R, (t) = 1 — R, (t) and
Ry (t) = 1 — Ry(t), where R, (t) and R (t) are functions of the surface impedance and
their evaluation is explained in Section 5.1.1 in detail. Scattered fields have contribu-
tions from both the electric and magnetic currents, and the scattered electric field at the

far-zone can be found as [46,47]

_ O (t—r/c)

B (r,1) Atre

« B39 (ks 1), (5.6)
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sca
Ic

where 0, denotes the temporal derivative and E (RS, t) is the range-corrected scattered

electric field [46,47]:

B (kq, 1) = ok, x kg x / J(r',t) % 0(t — k- r'/c )dr' (5.7)

Simp

+ K, x / M(r' 1) % 6(t — kg -1’ /c )dr'.

Simp

Substituting (5.2)-(5.4) in (5.7) yields

E(k, t) = k x kq x / [ﬁ(r’) xu(r',t)* 4 (t — 2%k, -r'/c )]dr' (5.8)
Sii”
— ks x / [ﬁ(r’) X n(r’) x Z) s u(r',t) 0 (t — 2k, - r’/c)]dr’.
Mo
Simp

lit

Assuming that the scatterer’s surface is discretized with the linear triangular patches
Sllf? P~ |JN_,S,, the integrals in (5.8) can be determined by the sum of the integrals
over triangular patches. In addition due to the use of the linear triangles, the unit normal
vector and parameters in u(r, t) are constant throughout a patch, i.e. ii(r) = 1, and
u(r,t) = u,(t) forr € S,. By defining 0,,(t) = Z(t) % u,(t), the range-corrected

scattered electric field at the far-zone can be determined as

N
Ei((::a(l;S?t) = lA{S X lA{S X Zﬁn X un(t) * hn(t) (59)
n=1
N

1.
— —k x N, X N, X u,(t) * h,(t).
m > () * hn(2)

n=1

Here, as mentioned in Section 2, h,(t) is called the PO integral [17], the closed-form

expressions can be found in (2.16) and (2.17) as well as in [17].
5.1.1. Evaluation of u,(¢) and ,(¢)

The impedance boundary conditions are usually frequency domain approxima-
tions, and their time domain counterpart can be obtained by inverse Fourier transform-

ing the associated frequency domain approximation. However, it might not be always
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possible to determine the time domain expressions of impedance boundary condition
in closed-form. Therefore, in this thesis the samples of u,(¢) and @,,(¢) are determined
by rational function fitting to their frequency domain samples and then inverse Fourier
transforming them. For the rational function fit, fast relaxed vector fitting (FRVF) al-
gorithm [56-58] is employed.

The frequency samples of the parallel and perpendicular reflection coefficients

(Rj(w) and R, (w)) can be determined using [13]

Z(w)/no — cosb;
Z(w)/no + cosb;’

Z(w)/no — secb;
Z(w)/no + sect;’

R”(w) = RJ_((.U) = (5.10)
respectively. Here Z(w) is the surface impedance in frequency domain and w = 27 f
denotes the angular frequency. Note that R (w) and R, (w) also depend on 6;, but this
dependence is not explicitly shown for brevity. The frequency domain counterpart of

u,(t) and 0,(t), i.e. u,(w) and 0, (w), are given as follows [13]:

u,(w) = Ry(w) ((fq X p) éH(r)> &(r) (5.11)
+ Ry (w) ((k X p) -éL(r)) &, (v),
ity (w) = Z(@) By () (& < B) - &)(r)) &(x) (5.12)

To determine the rational function fit to u,(w) and 0, (w), FRVF is applied to four

different frequency dependent functions:

2cosb;

Ry(w) = 7)o+ cos6 (5.13)
~ 2sec b,
Ri(w) = Z(w)/no + sect;’ (.14
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- _ 2Z(w)cosb;
-~ Z(w)/no + cosb;’

(5.15)

-  2Z(w)sect;
2R (w) = Z(w)/no + sect;’

(5.16)

using their samples at w; € 27| fumin, fmax)» ¢ = 1,..., N [56-58]. As a result a
weighted rational function fit to the functions, g(w) € {Rj(w), R.(w), Z(w)Ry(w),

Z(w)R . (w)} can be determined as

P b9
Fyw)=d"+ > —, (5.17)

where N denotes the number of poles, a; and b are the pole and residue pairs, d? is the
constant term, j is the imaginary unit. Once a?, b7, and d9 are determined then (5.17)

12 T

can be inverse Fourier transformed to find the time domain counterpart of (5.13)-(5.16):

Ny

FO(t) = d*6(t) + > bIH(t) exp[—aft]. (5.18)

Here H(-) denotes the unit step function. Note that the rational function fit given in
(5.17) can have a linear term with respect to w but the surface impedance model used
in this thesis does not require a linear contribution. When the rational function fit is
applied to higher order impedance models as in [13, 50, 51], the linear term should be
taken into account, this might also require modification of the PO formulation depend-
ing on the used impedance model. In addition, the causality of (5.18) is ensured by
enforcing af > 0. Using the rational function fit in (5.18), u,(¢) and @, (¢) can be

determined as:

w,(t) ~ FR(1) [ (ki < B) - &)(0)] & (x) (5.19)

51



i (t) ~ FAR (1) [ (ki < B) - ()] & (x) (5.20)

+ FZRL () [(Ri x 15) -éL(r)} &, (v).

5.1.2. Discussion

In this subsection some of the important formulation and implementation details

are discussed:

i)

It can be seen in (5.9) that the temporal convolution of 4, (¢) and {u,(¢), 0, (¢)}
is required to determine the range-corrected scattered electric field. Using the

rational function fit in (5.18), this convolution can be written as
N
FO(t) % ha(t) = dohn () + ho(t) * Y b H(t) exp[—aft]. (5.21)
i=1

In (5.21), the first term at the right hand side is obtained analytically using the
properties of the Dirac delta function, whereas the second term can be evaluated
in several ways. First one is evaluating the convolution H (t) exp[—a’t] * h,(t)
analytically as in [55]. It is also possible to use recursive convolution method
[51,53,54,59-61], which reduces the size of temporal samples of the rational
function fit, however using the recursive convolution might not be beneficial and
effective, since the convolution H (t) exp[—alt|*h,,(t) can be determined analyt-
ically, where the temporal samples of H (t) exp[—a?t] can be eliminated totally.
Another way of determining the convolution at the second term in (5.21), which
is chosen in this thesis, is sampling the functions H (t) exp[—ajt] and h,,(t) in
time, then calculate the discrete convolution numerically. In this case, temporal
samples of H (t) exp[—a’t] can be limited to a preset accuracy level, which also
reduces the number of samples account for the convolution, especially for fast
decaying exponentials.

In specular reflection case, i.e. if the surface normal 1i,, and k; are parallel, then
t1 =ty =tz and h,(t) = A, 0(t — t5). However the 5 does not have to coincide
with a temporal sampling point (e.g. jAt < t5 < (j+ 1)At) and the effect of the

Dirac delta function cannot be directly added to the time samples of the scattered
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iii)

field. In this case the intersection time t; = ¢5 = t3 and A,, are saved and taken

into account separately. This case also affects (5.20), as

FI(t) « A 0(t — ty) =d?A,0(t — ta) (5.22)
N
+ Ay > bH(t — to) exp[—al(t — t)].
i=1
As explained in Section 5.1.1, u,(¢) and u,(¢) are functions of ¢;, which is de-
termined by the surface normal of the patch i, and k; as shown in Fig. 5.1.
For every patch, 6; might be different, and {u,(¢), 0, (¢)} should be determined
individually, hence the FRVF scheme should be applied to (5.13)-(5.16) for asso-
ciated 6; to determine {d9,af, b7}, g € {RH, R, ZRH, ZR,}. In this work, in-
stead of applying the FRVF scheme for all surface patches, it is applied to a preset
interval of 6; in the beginning of the calculation. For example, {d?, af, b}, g €
{Ry,R.,ZRy, ZR, } coefficients are determined for ; € [0, 90]° with Af; = 1°
by applying FRVF scheme, then temporal samples of Zﬁl b H(t) exp[—ajt] are
calculated and stored. For a particular value of 6; (for a given triangular patch),
these calculated and stored samples are interpolated.
The scattered fields are determined for an incident field with a Dirac delta time
signature. Even though the Dirac delta function has an infinite bandwidth, the
rational function fit is employed to a frequency band [ finin, fmax], Which restricts
the validity of the solution to this band. In addition, the scattered fields for a

specific time signature in [fiin, fmax] can be obtained easily by convolving the

desired signature G/(t) and the range-corrected scattered electric field in (5.8)
E (ks 1) = G(t) * B (ks t), (5.23)

where Eﬁga(f(g, t) is the range-corrected scattered electric field due an incident
plane wave with G(¢) time signature.

If the frequency domain surface impedance is constant, i.e. Z(w) = Z, then
there is no need to use FRVF scheme, since b = 0,4 = 1,..., N¢ in (5.21).

Specifically, Z(w) = 0 yields the PEC surface case.
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5.2. Frequency Domain Formulation

The frequency domain analysis of scattering from impedance surfaces using PO
approximation is relatively easier and straightforward than its time domain counterpart.
In this section, exp|jwt]| time dependence is assumed. Surface impedance of the scat-
terer S™P in frequency domain is defined as Z(w). The magnetic field component of

the incident wave is given as

. 1 ~ R
H™(r,w) = —k; x pFE;exp|—jkk; - r], (5.24)
Mo

where k = w/c is the wave number. Following the formulation in Section 5.1, the scat-
tered electric far-field from a scatterer discretized with linear patches can be determine

as

i(j k)eXp[—jkT]

B rw) = & r

E? (ks, w), (5.25)
where the range-corrected scattered electric field in frequency domain can be given as:

N
B (ke w) = ko X kg x Yy Xy (w) B (@) (5.26)
n=1
1

N
——Rsx n, x n, X a,(w)h,(w).
Thxy (@)

n=1

Here u,, (w) and 0, (w) are defined in (5.11) and (5.12), respectively. The closed-form
expression of h,(w) can be determined by Fourier transforming h,,(¢) given in (2.16)

and (2.17), also as shown in [17]

24, [_expljwhi]
w? L(ta—t1)(t1—t3)
exp|[—jwta]
+m ty #la # 13
_exp[—jwts] .
h (w) = +(t2*t3)(t37t1)]’ (5.27)
! 24, fepliutallet et t) 4 g 4y :
w? (ta—t:)? =t 7l
_exp[—jwt;] ] .
(ta—t;)*

An exp[—jwtg]; tl = tg = tg.
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Note that in frequency domain, the specular reflection case does not have to be taken

into account separately.

5.3. Numerical Examples

In this section, the accuracy and validity of the proposed scheme are demonstrated
through the numerical examples. Unless otherwise specified, in all examples, a lossy
scatterer S'™P with homogeneous permittivity ¢, permeability y, and conductivity o

resides in an unbounded free space is analyzed. The surface impedance of S™P, i.e.

Z(w), is
] Jwp
Z(w) = \/Uﬂ.wg, (5.28)

under the assumption of | Nz| > 1 and [Im(Ng)| wa\/Eopo > 1, Yw € 27[ fiin, fmax)

where Np = cu/Z(w) is the complex refractive index, a is the minimum radius of
curvature on S™P, Tm(-) operator yields the imaginary part of its argument, as explained
in [50,52]. Note that even it is possible to find the time domain counterpart of Z(w),
as shown in [52], inverse Fourier transform of (5.13)-(5.16) might not be determined
analytically. In all examples, the scatterers are illuminated by a p polarized plane wave
with a Dirac delta time signature traveling to k; direction as given in (2.2).

In examples and figures, TD denotes the time domain results obtained using the
proposed scheme in Section 5.1, while FD denotes the frequency domain results ob-
tained using the formulation given in Section 5.2. RCS results are obtained as explained
in Chapter 3.2 in detail and results for the PEC scatterers are obtained using the formu-

lation in [17].

5.3.1. A Unit Square Plate

In this example, scattering from a unit square plate with a constant surface imped-
ance of Z(w) = {0.6n9, 1.61} is analyzed in 100 MHz-1.5 GHz frequency band. The
square plate is centered on x — y plane and modeled with 4 triangles. For this example,

A~

all triangles are always illuminated and the backscattered fields are observed, i.e. k; =
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Figure 5.2: (a) Norm of the range-corrected scattered electric field and
(b) backscattered RCS results for the PEC and impedance surfaces.

—k,. In addition, there is no need to use the FRVF scheme since Z(w) is constant.
Time step size At = 1.33 ps.

Fig. 5.2(a) compares the norm of the range-corrected backscattered electric field
(E;ga(ﬁs, t)’ for Z(w) = 0.61 (TD-Imp(0.61)), Z(w) = 1.6 (TD-Imp(1.67)),
and PEC plate (TD-PEC). The properties of the incident wave are chosen as k =
(0.766,0,0.643) and p = (0.643,0, —0.766), which is equivalent to p = g (vertical)
polarization at # = 50° and ¢ = 0°. It can be seen in Fig. 5.2(a) that the temporal
behavior of Eiga(f{s, t) has a rectangular shape because of the symmetry of the prob-
lem to x — z plane. Due to the constant impedance, the results for impedance surfaces
are time limited between t = —2.555 ns and ¢ = 2.555 ns, which is same for the PEC
plate. Fig. 5.2(b) plots the backscattered RCS values in 100 MHz-1.5 GHz frequency
band with frequency interval A f = 1 MHz obtained using the time domain results and

compares them with the frequency domain (FD) simulations. It can be seen from Fig.

5.2(b) that time and frequency domain results are coinciding very-well. In addition,
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Figure 5.3: Monostatic RCS results at 700 MHz for Z(w) = 0.61,:
(a) horizontal polarization and (b) vertical polarization.

Figs. 5.3(a) and (b) plot the monostatic RCS values at 700 MHz for horizontal (p = ngS)
and vertical (p = é) polarizations, respectively, and compares them with the RCS re-
sults given in [13] (“Ref-PEC” and “Ref-Imp”) for Z(w) = 0.67, and PEC cases. In
Fig. 5.3, k; direction is chosen as 6 € [0,90]° and ¢ = 0°.

5.3.2. A Unit Sphere

In this example, scattering from a unit sphere with ¢ = 10¢g, pt = o, and o =
0.04 is analyzed in 100 MHz-10 GHz frequency band. The properties of the incident

wave are chosen as k; zZ and p = X, and the backscattered fields are observed

(RS = —2). The illuminated part of the sphere is discretized with 1555534 triangles
and time step size At = 1 ps. Since Z(w) in (5.28) is used as the surface impedance,
the FRVF scheme is applied to (5.13)-(5.16) using N7 = 991 samples in the frequency

band f,;, = 100 MHz and f,,., = 10 GHz, and NJ =4 poles, which yield less than
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Figure 5.4: (a) Norm of the range-corrected scattered electric field and
(b) backscattered RCS results for the unit sphere.

1077 relative error V6; € [0,90]° and g € {]:2”, R, ZRH, ZR,}.

Fig. 5.4(a) plots norm of the range-corrected electric field Efga(fcs, t) for imped-
ance and PEC surfaces (TD-Imp and TD-PEC). Note that the results for the PEC surface
is time limited between ¢ = —6.67 ns and ¢ = 0 ns, however for the impedance surface
Es (ks t) starts to change at t = —6.67 ns and decays as the time increases due to the
convolution in (5.9). In Fig. 5.4(b), the backscattered RCS for the impedance surface
obtained using the time domain results is plotted with the frequency step A f = 10 MHz

and compared with the frequency domain results (FD-Imp). Similar to the previous

example, RCS obtained using time and frequency domain results agree very-well.
5.3.3. A Composite Scatterer

As the last example, scattering from a composite scatterer discretized with 74038

linear triangles is analyzed in 100 MHz-5 GHz frequency band. As shown in the inset
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Figure 5.5: (a) Norm of the range-corrected scattered electric field and
(b) backscattered RCS results for the PEC and composite scatterers.

of Fig. 5.5(a), the upper part of the scatterer is a parabolic surface with the focal length
0.25 m and radius 0.5 m, and is connected to a truncated circular cone with the height
of 0.75 m, upper and lower radii of 1 m and 0.5 m. The upper part of the scatterer (light
gray part in the inset of Fig. 5.5(a)) is an impedance surface with € = 12¢g, i = py,
and 0 = 0.2 and the lower part (dark gray part in the inset of Fig. 5.5(a)) is a PEC
surface. Ap = (0.93,0,—0.34) polarized (¢ = 160° and ¢ = 180°) incident field
illuminates the scatterer from k; = (—0.34,0,—0.93) direction and the time step size
At = 2 ps. The backscattered fields are observed on k, = (0.34,0,0.93) direction. In
this case scatterer’s surface is completely illuminated. As in the unit sphere example,
since Z(w) in (5.28) is used as the upper surface’s impedance, the FRVF scheme is
applied to (5.13)-(5.16) using NJ = 491 frequency samples and N = 6 poles, which
yield less than 107 relative error at V6; € [0, 90]°.

Fig. 5.5(a) plots the norm of the range-corrected scattered electric field for the

composite scatterer (TD-Imp) and compares it with the range-corrected scattered elec-
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Figure 5.6: (a) X- and (b) Z-components of the range-corrected scattered
electric field with the modulated Gaussian signature.

tric field for the PEC case (TD-PEC), which assumes that all scatterer is a PEC surface.
Fig. 5.5(b) compares the RCS for the impedance and PEC surfaces obtained using the
time domain results (TD-Imp and TD-PEC) and the frequency domain results (FD-Imp
and FD-PEC) with the frequency step A f = 10 MHz. It can be seen from Fig. 5.5(b)
that all frequency and time domain results agree very-well and RCS for the composite
scatterer with impedance surface is smaller than RCS for the PEC case, especially at
high-frequencies.

Fig. 5.6 plots the X- and Z-components of the range-corrected scattered electric
field with the modulated Gaussian signature G/(t) (i.e. EX?(ks, ) in (5.23)) for the
composite (TD-Imp) and PEC (TD-PEC) scatterers. The modulated Gaussian signature
G(t) = cos(2m fot) x exp(—t%/20?2), where the center frequency fy = 2.55 GHz, the
duration o, = 3/(27 fiw), and the effective bandwidth f,, = 1.8 GHz. Note that
due to the symmetry of the problem to the # — z plane y-component of Es%(k,, t)

1s zero. E:ga(lEs, t) is obtained by convolving the range-corrected scattered electric

field EX?(k,, t), given in Fig. 5.5(a), and the modulated Gaussian signature G(t), as
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explained in Section 5.1.2.

5.4. Conclusions

In this chapter, a scheme to analyze the transient scattering from impedance sur-
faces using PO approximation is presented. The scattered fields are determined by con-
volving the time dependent impedance and associated functions, which is determined
by applying the FRVF scheme to their frequency domain counterpart to find a weighted
rational function fit and applying inverse Fourier transform to the resulting fit, and the
PO integral, which is determined using the closed-form expressions obtained by the
Radon transform interpretation. Even the Leontovich impedance boundary condition
is used in this chapter, the different impedance boundary conditions can be analyzed by
modifying the formulation, since FRVF scheme is used for determining the time depen-
dent impedance and associated functions. It is also assumed that the incident wave has
a Dirac delta time signature, which has an infinite bandwidth, however due to FRVF
scheme is applied in a certain band, validity of the solution is limited to this frequency
band. The scheme presented in this section can be incorporated into a PO-time domain
integral equation (TDIE) hybridized solver [64,65] by convolving the PO solution and

the incident wave’s time signature used in TDIE.
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6. CONCLUSIONS AND FUTURE WORKS

In this thesis, schemes for exact evaluation of the PO and EEC integrals on linear
and quadratic triangular patches and edges, respectively, are developed in time domain.
The scatterers are assumed to be illuminated by a plane wave with Dirac delta time sig-
nature and the scattered fields are observed at far-zone. Using the Radon transform
interpretation, it is shown that the radiation integrals can be reduced to an integral on
the intersection of the triangular patch/edge and the k,-plane, which is formed by the
incidence and observation direction. Using this fact, the PO integral on the triangu-
lar surface is reduced to a line integral on the intersection of the patch and k,-plane.
Then the PO integral for linear triangular patches is evaluated in closed-form, since
the intersection is a straight line. For quadratic triangular patches, the PO integral is
evaluated exactly considering the intersecting curve in the barycentric coordinates of
the quadratic triangle and using suitable coordinate transformation and suitable order
Gauss-Legendre quadrature rule (GLQR). For the EEC integral, the intersection of the
edge and the k;-plane, in general, yields a point, and the EEC integral is evaluated
in closed-form for quadratic edges. The accuracy and the validity of the closed-form
expression of the PO integral on linear triangular patches, the developed scheme for ex-
act evaluation of the PO integral on quadratic triangular patches, and the closed-form
expression for the EEC integral on quadratic edges are demonstrated via numerical
examples in Chapters 2, 3, and 4, respectively.

In addition, a formula for the USR case, which is the case if the scatterer fits into
two consecutive time steps and the k;-plane does not intersect with the scatterer at all,
is suggested and its accuracy is demonstrated in Chapter 2.

At last, a scheme to analyze the transient scattering from impedance surfaces
using PO approximation and linear triangular patches is presented in Chapter 5. The
scattered fields are determined by convolving the PO integral, presented in Chapter 2,
and the time dependent impedance and associated functions, which are determined by
applying the FRVF scheme to their frequency domain counterpart to find a weighted
rational function fit and applying inverse Fourier transform to the resulting fit. The ac-
curacy and the validity of the developed scheme for the transient analysis of impedance

surfaces using PO approximation is also demonstrated in Chapter 5.
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iii)

The future works can be listed as follows:

The developed exact evaluation scheme for the PO integral on quadratic trian-
gular patches in Chapter 3 can be extended to higher order triangular patches,
however the scheme developed in Chapter 3 requires the use of quadratic curve
types and associated coordinate transformations to calculate the integral on the
intersecting curve. This type of classification is not available in the literature for
higher order curves. Therefore, a new formulation, which does not require this
type of coordinate transformation should be developed.

In Chapter 4, the EEC integral on quadratic edges is evaluated in closed-form,
since the intersection of the k;-plane yields a point. This case is same for higher
order edges, and the scheme presented in Chapter 4 can be easily extended to the
closed-form evaluation of the EEC integral on higher order edges.

The scheme developed for the analysis of the transient scattering from impedance
surfaces using PO approximation in Chapter 5 requires evaluation of the PO in-
tegral and the applying a rational function fit to the time dependent impedance
and associated functions. Since the scatterer is modeled using linear triangular
patches, the scattered fields can be determined by separate evaluation of the PO
integral and the time dependent impedance (and associated functions), then con-
volving them. If the scatterer is modeled with higher order surfaces, then these
evaluations cannot be performed separately, since u,, () and @, () in (5.7) can-
not be moved out of the integral and evaluation becomes extremely complicated.
It can be concluded that for the transient analysis of impedance surfaces using
PO approximation using linear triangular patches is straight-forward and has less
mathematical complexity. Nevertheless, the scheme developed in Chapter 5 can
be extended to the analysis of higher order impedance models.

The presented schemes in this thesis can be incorporated into a PO-time domain
integral equation (TDIE) hybridized solver [64, 65] by convolving the PO solu-

tion and the incident wave’s time signature used in TDIE.

63



[1]

(2]

(3]

[4]
[3]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

Skolnik M. I., (2001), “Introduction to Radar Systems”, 3rd edition, McGraw-
Hill.

Richards M. A., (2005), “Fundamentals of Radar Signal Processing”, 1st edition,
McGraw-Hill.

Knott E. F., Shaeffer J. F., Tuley M. T., (2004), “Radar Cross Section”, 2nd edition,
Institution of Engineering and Technology.

Knott E. F., (2006), “Radar Cross Section Measurement”, SciTech.

Ergin A. A., (2007), “Goriinmezlik teknolojileri: Radar kesit alani nedir?”,
Savunma ve Havacilik, 120 (IDEF’07 Special Issue).

JinJ. M., (2014), “The Finite Element Method in Electromagnetics”, 3rd edition,
Wiley-IEEE Press.

Taflove A., Hagness S. C., (2005), “Computational Electrodynamics: The Finite-
Difference Time-Domain Method”, 3rd edition, Artech House.

Moore J., Pizer R., (1986), “Moment Methods in Electromagnetics, Techniques
and Applications”, Research Studies Press.

Balanis C. A., (1989), “Advanced Engineering Electromagnetics”, John Wiley &
Sons.

Ufimtsev P. Y., (2013), “The 50-year anniversary of the PTD: Comments on the
PTD’s origin and development”, IEEE Antenn Propag M, 55 (3), 18-28.

Altintas,A., Russer P., (2001), “Time-domain equivalent edge currents for tran-
sient scattering”, IEEE T Antenn Propag, 49 (4), 602—606.

Johansen P. M., (1999), “Time-domain version of the physical theory of diffrac-
tion”, IEEE T Antenn Propag, 47 (2), 261-270.

Hill D. W., Cha C., (1988), “Physical optics approximation of the RCS of an
impedance surface”, in: 1988 IEEE AP-S Int Symp, Antenn Propag, volume 1,
416419, Syracuse, NY, USA, 6-10 June.

Rius J. M., Ferrando M., Jofre L., (1993), “GRECQO: graphical electromagnetic
computing for RCS prediction in real time”, IEEE Antenn Propag M, 35 (2), 7-17.

RiusJ. M., Ferrando M., Jofre L., (1993), “High-frequency RCS of complex radar
targets in real-time”, IEEE T Antenn Propag, 41 (9), 1308-1319.

Noga A., (2011), “Physical optics approximation for PEC objects coated with
lossy material”, in: 2011 Proc of 21st Int Conf Radioelektronika, 1-3, Brno,
Czech Republic, 19-20 Apr.

64



[17] Boliikbas D., Ergin A. A., (2005), “A Radon transform interpretation of the phys-
ical optics integral”, Microw Opt Technol Lett, 44 (3), 284-288.

[18] Gordon W. B, (1975), “Far-field approximations to the Kirchoff-Helmholtz rep-
resentations of scattered fields”, IEEE T Antenn Propag, 23 (4), 590-592.

[19] Gordon W. B., (1994), “High frequency approximations to the physical optics
scattering integral”, IEEE T Antenn Propag, 42 (3), 427-432.

[20] Corona P., Manara G., Pelosi G., Toso G., (2000), “PO analysis of the scattering
from polygonal flat-plate structures with dielectric inclusions”, J Electromagnet
Wave, 14 (5), 693-711.

[21] Zhou X., Cui T. J., (2012), “A closed-form representation of time-domain far
fields based on physical optics”, IEEE Antenn Wirel Propag Lett, 11, 965-968.

[22] Vico-Bondia F., Ferrando-Bataller M., Valero-Nogueira A., (2010), “A new fast
physical optics for smooth surfaces by means of a numerical theory of diffrac-
tion”, IEEE T Antenn Propag, 58 (3), 773—789.

[23] Serim H. A., Ergin A. A., (2008), “Computation of the physical optics integral
on NURBS surfaces using a Radon transform interpretation”, IEEE Antenn Wirel
Propag Lett, 7, 70-73.

[24] Durgun A. C., Kuzuoglu M., Balanis C. A., (2010), “Computation of physical
optics integral by Levin’s algorithm on NURBS”, in: 2010 IEEE Antenn Propag
Symp, 1-4, Toronto, ON, Canada, 11-17 July.

[25] Wang M., Chen M., Liang C., (2005), “Ludwig algorithm’s improvement and its
application on NURBS-PO method”, in: 2005 IEEE Int Symp MAPE, volume 1,
258-260, Beijing, China, 8-12 Aug.

[26] Levin D., (1982), “Procedures for computing one and two dimensional integrals
of functions with rapid irregular oscillations”, Math Comput, 38 (158), 531-538.

[27] Ludwig A., (1968), “Computation of radiation patterns involving numerical dou-
ble integration”, IEEE T Antenn Propag, 16 (6), 767—769.

[28] WuY. M., Jiang L. J., Sha W. E. L., Chew W. C., (2013), “The numerical steepest
descent path method for calculating physical optics integrals on smooth conduct-
ing quadratic surfaces”, IEEE T Antenn Propag, 61 (8), 4183-4193.

[29] Kobayashi H., Hongo K., Tanaka 1., (2000), “Expressions of physical optics inte-
gral for smooth conducting scatterers approximated by quadratic surfaces”, Elec-
tron and Commun in Japan (Part I: Commun), 83 (7), 61-70.

[30] Chou H., (2019), “A generalized physical optic-based diffraction mechanism
analysis of transient scattering from perfectly conducting surfaces”, IEEE T An-
tenn Propag, 67 (7), 4792—4802.

[31] Chou H., Tuan S., Lu K., Chou H., (2012), “An analytic solution of transient
scattering from perfectly conducting ellipsoidal surfaces illuminated by an elec-
tromagnetic plane wave”, IEEE T Antenn Propag, 60 (1), 340-350.

65



[32] Chou H., Tuan S., (2014), “Analytic transient analysis of scattering from gen-
eral PEC hyperbolic surfaces via surface curvature continuation of ellipsoidal
surfaces”, IEEE Antenn Wirel Propag Lett, 13, 726-729.

[33] Perezl]., Catedra M. F., (1994), “Application of physical optics to the RCS compu-
tation of bodies modeled with NURBS surfaces”, IEEE T Antenn Propag, 42 (10),
1404-1411.

[34] Chen M., Wang M., Zhang Y., Liang C., (2005), “Parallel NURBS PO method
based on the Ludwig algorithm and its application to the RCS computation”, in:
2005 Asia-Pacific Microw Conf Proc, volume 4, 3, Suzhou, China, 4-7 Dec.

[35] Domingo M., Rivas F., Perez J., Torres R. P., Catedra M. F., (1995), “Computation
of the RCS of complex bodies modeled using NURBS surfaces”, IEEE Antenn
Propag M, 37 (6), 36-47.

[36] Ulkii H. A., Ergin A. A., (2010), “Radon transform interpretation of the physical
optics integral and application to near and far field acoustic scattering problems”,
in: 2010 IEEE Antenn Prop Symp, 1-4, Toronto, ON, Canada, 11-17 July.

[37] Karaca S., Ergin A. A., (2015), “Closed-form time domain PO expressions of the
electric field scattered from PEC objects illuminated by an electric dipole”, IEEE
T Antenn Propag, 63 (10), 4477—4485.

[38] Ulkii H. A., Ergin A. A., (2007), “Analytical evaluation of transient magnetic
fields due to RWG current bases”, IEEE T Antenn Propag, 55 (12), 3565-3575.

[39] UlkiiH.A., ErginA.A., (2011), “On the singularity of the closed-form expression
of the magnetic field in time domain”, IEEE T Antenn Propag, 59 (2), 691-694.

[40] UlkiiH.A., ErginA.A., (2011), “Application of analytical retarded-time potential
expressions to the solution of time domain integral equations”, IEEE T Antenn
Propag, 59 (11), 4123-4131.

[41] Ulkii H. A., Ergin A. A., Dikmen F., (2011), “On the evaluation of retarded-time
potentials for SWG bases”, IEEE Antenn Wirel Propag Lett, 10, 187—190.

[42] LathiB. P., (2004), “Linear Systems and Signals”, 2nd edition, Oxford University
Press.

[43] Shanker B., Ergin A. A., Lu M., Michielssen E., (2003), “Fast analysis of tran-
sient electromagnetic scattering phenomena using the multilevel plane wave time
domain algorithm”, IEEE T Antenn Propag, 51 (3), 628—641.

[44] LiuY., Al-JarroA., Bagci H., Michielssen E., (2016), “Parallel PWTD-accelerated
explicit solution of the time-domain electric field volume integral equation”, IEEE
T Antenn Propag, 64 (6), 2378—2388.

[45] Jenn D., (1995), “Radar and Laser Cross Section Engineering”, AIAA.

[46] Hansen T. B., Yaghjian A. D., (1999), “Plane-Wave Theory of Time-Domain
Fields: Near-Field Scanning Applications”, Wiley-IEEE Press.

66



[47] Rao S. M., (1999), “Time Domain Electromagnetics”, Academic Press.

[48] Zwillinger D., (2002), “CRC Standard Mathematical Tables and Formulae”, 31st
edition, Chapman and Hall/CRC.

[49] Guan Y., Gong, S., Zhang S., Xu Y., (2011), “A Radon transform interpretation
of contour integral in time-domain equivalent edge currents”, IEEE Antenn Wirel
Propag Lett, 10, 1247-1250.

[50] Yuferev S., Ida N., (1999), “Selection of the surface impedance boundary condi-
tions for a given problem”, IEEE Trans Magn, 35 (3), 1486—1489.

[51] Zheng H., Leung K. W., (2009), “FDTD implementation and application of high
order impedance boundary condition using rational functions”, IEEE T Antenn
Propag, 57 (8), 2397-2408.

[52] Chen Q., Lu M., Michielssen E., (2004), “Integral equation based analysis of
transient scattering from surfaces with impedance boundary condition”, in: 2004
IEEE Antenn Propag Soc Symp, volume 4, 3891-3894, Monterey, CA, USA,
20-25 June.

[53] De Santis V., Cruciani S., Feliziani M., Okoniewski M., (2012), “Efficient low or-
der approximation for surface impedance boundary conditions in finite-difference
time-domain method”, IEEE Trans Magn, 48 (2), 271-274.

[54] Li P, Shi Y., Jiang L. J., Bagct H., (2015), “DGTD analysis of electromagnetic
scattering from penetrable conductive objects with IBC”, IEEE T Antenn Propag,
63 (12), 5686-5697.

[55] Uysal L. E., Ulkii H. A., Bagci H., (2016), “Transient analysis of electromagnetic
wave interactions on plasmonic nanostructures using a surface integral equation
solver”, J Opt Soc Am A, 33 (9), 1747—-1759.

[56] Gustavsen B., Semlyen A., (1999), “Rational approximation of frequency domain
responses by vector fitting”, IEEE Trans Power Deliv, 14 (3), 1052—-1061.

[57] Gustavsen B., (2006), “Improving the pole relocating properties of vector fitting”,
IEEE Trans Power Deliv, 21 (3), 1587-1592.

[58] Deschrijver D., Mrozowski M., Dhaene T., De Zutter D., (2008), “Macromodel-
ing of multiport systems using a fast implementation of the vector fitting method”,
IEEE Microw Wirel Compon Lett, 18 (6), 383-385.

[59] Kobidze G., Gao J., Shanker B., Michielssen E., (2005), “A fast time domain
integral equation based scheme for analyzing scattering from dispersive objects”,
IEEE T Antenn Propag, 53 (3), 1215-1226.

[60] Celozzi S., Feliziani M., (1994), “Transient scattering problems solution by sur-
face equivalent sources”, IEEE Trans on Magn, 30 (5), 3148-3151.

[61] Kelley D. F., Luebbers R. J., (1996), “Piecewise linear recursive convolution for
dispersive media using FDTD”, IEEE T Antenn Propag, 44 (6), 792-797.

67



[62] Uysall. E., Ulkii H. A., Bagci H., (2015), “MOT solution of the PMCHWT equa-
tion for analyzing transient scattering from conductive dielectrics”, IEEE Antenn
Wirel Propag Lett, 14, 507-510.

[63] SerimH. A., Ulkii H. A., (2018), “Analysis of transient scattering from impedance
surfaces using physical optics approximation”, in: 2018 Int Appl Comput Elec-
trom Soc Symp (ACES), 1-2, Denver, CO, USA, 25-29 Mar.

[64] Walker S. P., Vartiainen M. J., (1998), “Hybridization of curvilinear time-domain
integral equation and time-domain optical methods for electromagnetic scattering
analysis”, IEEE T Antenn Propag, 46 (3), 318-324.

[65] MengR., Dongming Z., Ying L., Jianguo H., (2008), “Coupled TDIE-PO method
for transient scattering from electrically large conducting objects”, Electron Lett,
44 (4), 258-259.

[66] Jones D. S., (1982), “The Theory of Generalised Functions”, Cambridge Univer-
sity Press.

68



BIOGRAPHY

Aslihan Aktepe was born in 1993 in Zonguldak, Turkey. She took primary and
secondary education in Ordu, and graduated from Ordu Anatolian High School in 2011.
At the same year, she was admitted at the Gebze Technical University (GTU) a.k.a.
Gebze Institute of Technology in Kocaeli under the Bachelor of Science program in
Department of Electronics Engineering. She received the B.Sc. degree in Electron-
ics Engineering from GTU in 2017. Since 2020, she has been a Research Assistant
with the Electromagnetic Fields and Microwave Techniques Division, Department of
Electronics Engineering, GTU, Kocaeli, Turkey, and is currently pursuing her M.Sc.
degree.

Ms. Aktepe’s main research interests include computational electromagnetics,
especially high-frequency techniques, physical optics approximation, and diffraction
theory. She is one of the recipients of the URSI Young Scientist Award (YSA) in 2020
and she is an organization committee member of 5th EMC Turkey Conference 2019

and X. URSI-Turkey National Meeting 2021.

69



APPENDICES

Appendix A: Publications of the Thesis

Aktepe A., Ulkii H. A., (2021), “On the closed-form evaluation of the PO integral using
the Radon transform interpretation for linear triangles”, Turk J Elec Eng & Comp Sci,
(accepted), DOI: 10.3906/elk-2009-2.

Aktepe A., Serim H. A., Ulkii H. A., (2020), “Transient analysis of scattering from
impedance surfaces using physical optics approximation”, IET Microw Antenn Propag,
14 (15), 2020-2026.

Aktepe A., Ulkii H. A., (2020), “Exact evaluation of time domain physical optics inte-
gral on quadratic triangular surfaces”, IEEE T Antenn Propag, 68 (11), 7447-7456.

Aktepe A., Ulkii H. A., (2020), “Time domain physical optics integral evaluation on
third order triangles”, in: 2020 XXXIIIrd Int Union of Radio Sci Gen Assy and Sci
Symp, 1-3, Rome, Italy, 29 Aug.—5 Sep.

Aktepe A., Ulkii H. A., (2019), “Evaluation of PO and EEC radiation integrals on
quadratic triangles and edges in time domain”, in: 2019 Fifth Int EMC Tiirkiye Conf,
1-3, Kocaeli, Turkey, 22-25 Sep.

Aktepe A., Ulkii H. A., (2019), “Evaluation of the contour integral on curved edges in
time domain equivalent edge currents”, in: 2019 Int Appl Comput Electrom Soc Symp
(ACES), 1-2, Miami, FL, USA, 14-19 Apr.

Aktepe A., Serim H. A., Ulkii H. A, (2018), “Kuadratik iicgenler ile modellenen sagici-
larin fiziksel optik yaklagimi ile zaman uzayinda analizi”, in: 2018 URSI-Tiirkiye IX.
Bilimsel Kongresi, KTO Karatay University, Konya, Tiirkiye, 68 Eyl.

Aktepe A., SerimH. A., UlkiiH. A., (2018), “Evaluation of time domain physical optics
integral on curved surfaces”, in: 2018 2nd URSI Atlantic Radio Science Meeting (AT-
RASC), 1-3, Meloneras, Spain, 28 May—1 June.

Aktepe A., Ulkii H. A., (2019), “Ikinci dereceden iicgenler ile modellenen sagicilarin
kirmimin fiziksel teorisi ile zaman uzayinda analizi”, in: Gebze Teknik Universitesi
Lisansiistii Arastirmalar Sempozyumu (LUAS), GTU, Kocaeli, Tiirkiye, 17-18 Haz.

Aktepe A., Ulkii H. A., (2019), “Ikinci dereceden iiggenler ile modellenen sagicilarin
fiziksel optik yaklasimi ile analizi i¢in verimli golgeleme yontemi”, in: Gebze Teknik
Universitesi Lisansiistii Arastirmalar Sempozyumu (LUAS), GTU, Kocaeli, Tiirkiye,
17-18 Haz.

Aktepe A., Serim H. A., Ulkii H. A., (2018), “ikinci dereceden ii¢genler ile model-
lenen sagicilarin fiziksel optik yaklasimi ile zaman uzayinda analizi”, in: Gebze Teknik
Universitesi Lisansiistii Arastirmalar Sempozyumu (LUAS), GTU, Kocaeli, Tiirkiye,
14-16 May.

70



Appendix B: Properties of Dirac Delta Function

In this section, the Dirac delta function’s properties, which are used in this paper,
are presented. These properties are either given in [66] or they can be derived by using

the properties given there.
d(ax) = —0(x),a #0 (B.1)

For an arbitrary W(x) function

o) = 3 g ®2)

where z; are the root of ¥ (x) and the sum extends over all roots of ¥(z). V() denotes
the derivative w.r.t. its argument.

For an arbitrary ®(z) function

/CI)(x)5(x — xo)dr = D(xp) / d(z — xo)dx (B.3)

= (I)(.Io),

where it is tacitly assumed that the integration limits enclose the point at which the

argument of the Dirac function vanishes.

Appendix C: Definititions for Quadratic Triangle

In this section, the definition of the quadratic triangle and determination of the
intersection points of the plane with surface normal k. and the edges of the quadratic
triangle are shown. Each quadratic triangle is defined by shape functions and the nodes
r;,t = 1,...,6. Thus, any point on a quadratic triangle’s surface .S,, can be represented

using

r(a, 8) = Y Ni(a, B)r;, (C.1)
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where « and 3 are the barycentric coordinates of the quadratic triangle. In (C.1), the

shape functions N;(«, 3) are given [6] as
Nl = (27 - 1)’7/’ N2 = (20[ - ]_)(1/7 N3 = (26 - 1)67 (Cz)

N4:4704; N5:40é6, N6:4’YB7

where v = 1 — a — 8. The normal vector of the points on .5,, can be determined as:

n(r(a, 5)) = Vl(a? 5) X V2<Oé, 5)7 (C3)
where vi(a, §) and vo(«, §) are defined as
6 6
ON;i(av, B) ON;(a, )

vi(a,B) = ; a—ari, va(a, B) = ; Tri- (C4)
Assuming that r; denote the rotated coordinates where Rr = X,and z; = X, -1y,
coefficients @, b, ¢, d, €, f in the quadratic equation (3.6) can be found as

Q= 2z + 2xy — Ay, b =2z, + 2x5 — dxg, (C.5)
c= —3l‘1 —1'2+4I'4, CZ: —3ZL‘1 —l’3+4$6,

~ t
€ =4(xy — x4 + 15 — T6), f:—1+ﬁ-

Independent from the form of the quadratic curve, the intersection of the plane and the

edges of the S, can be determined by solving (3.6) for § = 0, « = 0, and v = 0 (i.e.

B =1 — «). For these cases, the intersection points can be found as follows:

—(—3[[‘1 — T + 4%4) + Aa
041,2 2(21‘1 + 2£U2 _ 4%4) ) 51,2 ) ( )
—(—3ZL'1 — T3+ 4376) + Aﬁ
_0 _ C.7
3,4 , Psa 2 (271 + 215 — 414 ’ (C.7)

To + 31’3 — 4$5 + A,y
4 (ZL‘Q + T3 — 2[E5)

55,6 =1~ 56, (C,8)

)

a56 =
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Table D.1: Quadratic curve types.

Curve Type Condition

Ellipse (Real) A#0,A/I<0,(>0
Parallel Lines (Real) A=0,(=0,k<0
Hyperbola A#0,(<0
Intersecting Lines (Real) | A =0,{ <0

Parabola A#0,(=0

Coinciding Lines

Single Line

respectively. In (C.6)-(C.8), A,, Ag, and A, are given as

c
2 k|
ct
2 k|

ct
2 k|

+ 331) (221 4 229 — 4xy) + (=321 — 22 + 4:64)2
+ I’l) (2ZE1 + 2!133 - 41’6) + (—31'1 — I3 + 41’6)2

+ l’1> (21‘2 + 2133 - 41’5) + (—1’2 — 3$3 + 4ZL’5>2

N|=

=

NI

?

b

(C.9)

(C.10)

(C.11)

If {An, Ag, Ay} < 0, then there is no intersection with the associated edge. On the

other hand, if {A,, Az, A,} > 0 then the intersection points can be determined as in

(C.6)-(C.8). The points that satisfy the conditions, 0 < {«, 5,v} < 1, simultaneously,

are the desired points of interest.

Appendix D: Quadratic Curve Types

In this section, quadratic curve types that can be represented by (3.6) are given.

The type of the intersecting quadratic curve can be classified by the following quantities

and Table D.1, which are given in the form of the general quadratic curve equation [48].

Note that only the interested types of curves are listed in Table D.1, whereas there are

other, mainly imaginary, types of curves still can be represented by (3.6) [48].
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i &/2 /2

S a  é/2
A=1¢/2 b d/2|, (= - (D.1)
N _ é/2 b
¢/2 dj2 —f
a é/2 b d)2 N
K= /~ ~ /~ ,IT=a+0
¢2 —f 2 —f

Appendix E: Diffraction Coefficients

In this section, diffraction coefficients, which are used in Section 4, are presented.

These coefficients can be found in [11] and the parameters are given in Fig. 4.2.

Dl —4[sin (¢'/2) (k — sin B cos (¢'/2))] E.1)
™ " sin B/ [sin B/ (sin B cos ¢ + sin B’ cos ¢') + cos B (cos B — cos B')]’ '
oM —2[sin B’sin ¢’ (1 — sin B’ cos (¢'/2) k1) B
B sin B [sin B/ (sin B cos ¢ + sin B/ cos ¢') + cos B/ (cos p — cos B)]’ (E-2)

; —2[sin B’ (cot B cos ¢ 4 cot B’ cos ¢’ + cos (¢'/2) K ()] £3
b sin B [sin B cos ¢ + sin B/ cos ¢’ + cos B/ (cos B — cos B’)]’ (E-3)
k = +/sin p/[sin B’ — sin B cos ¢ + cos B'(cos p — cos B’)/2 ], (E.4)
¢ = cot B’ [sin B cos ¢ + cot B (cos p — cos B’) — sin B cot B cos @], (E.5)

o f(r)) - k,
¢ = tan [(—ﬁ(r’) y ’En(r;,)) 'Rs] ) (E.6)
D ae) (k)

¢ = tan [(—ﬁ(r’) » ’En(r;,)) ' (—fii)] , (E.7)
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B =cos! [RS : f:n(r;)] , (E.8)

B/ =cos! [f(l . En(r;)} . (E.9)
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