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ABSTRACT

FAST AND ACCURATE DOUBLE-HIGHER-ORDER METHOD OF MOMENTS
ACCELERATED BY DIAKOPTIC DOMAIN DECOMPOSITION AND MEMORY

EFFICIENT PARALLELIZATION FOR HIGH PERFORMANCE COMPUTING SYSTEMS

The principal objective of this dissertation is to develop and test a robust method based on the
method of moments (MoM) surface integral equation (SIE) formulation for electromagnetic
analysis of dielectric and magnetic scatterers and antennas in the frequency domain using double
higher order (DHO)mesh discretization. It is well known that by using higher order basis
functions for current/field modeling in computational electromagnetics (CEM), significant
reductions in the number of unknowns, as well as faster system matrix computation/solution, can
be achieved when compared to the traditional low order modeling. Tightly coupled with using
higher order basis functions is higher order geometry modeling and together they lay foundation
to double higher order (DHO) modeling. Double (geometrical and current) higher order
modeling enables using large curved patches, which can greatly reduce the number of unknowns
for a given problem and enhance the accuracy and efficiency of the computation. Element orders
in the model can also be low both in terms of basis function order or geometrical order, so the
low-order modeling approach is actually included in EH¢O modeling. So, a whole range of
element sizes and shapes, geometrical orders, and current approximation orders can be used at
the same time in a single simulation model of a complex structure using the high order (more

precisely, lowto-high order) CEM technique.



The two major issues arising in the application of the MoM-SIE numerical methods when
solving large and computationally expensive electromagnetic problems are: 1) fast and accurate
calculation of the system matrix entrances arising in the MoM-SIE formulation and 2) overall
computational and memory storage complexity of the method. The goal of this dissertation is to
propose and validate a solution for both of thBid R U P Hifé&nhRoks V

The accurate and fast computation of the system matrix includes advanced methods for
numerical computation of singular and near-singular integrals defined on the surface mesh
elements. When the method is aimed at analysis of both metallic and dielectric/magnetic
structures, the singularity of the integral kernel increases, and requires special treatment of
highly singular integrals. Finally, this problem is even more pronounced when higher order basis
functions are used for the approximation of electric and magnetic equivalent surface currents
defined on curved patches. This dissertation presents a novel method for numerical computation
of near-singular (potential) and near-hypersingular (field) integrals defined on Lagyaege-t
generalized curved parametric quadrilateral surface elements of arbitrary geometeiczairgth
polynomial basis functions of arbitrary current-approximation orders. The integrals areexValuat
using a method based on the singularity extraction, which consists of analytical integration of a
principal singular part of the integrand over a (generally not rectangular) parallelogram whose
surface is close to the surface of the generalized quadrilateral near the singular point and
numerical integration of the rest. The majority of the existing extraction techniques have been
developed for planar triangular patches involving low-order basis functions. Few of those have
been extended to curved patches but without really taking into account the curvature of the

surface. The presented integration technique considers the curvature of the patch by extracting



multiple terms in the evaluation of the principal singular part. Further, the theory behind the
extraction technique has been extended to consider integrals with higher order basis functions.
Overall computational complexity and memory requirements of the traditional MoM-SIE
method are of th@©(N® and O(N?), respectively, wher&l is the number of unknowns. Even
though DHO modelling can reduce number of unknowns by the order of 20, the order of
computational complexity remains the same. As the part of this dissertation, a novel fast scalable
DHO parallel algorithm on the DHO MoM-SIE in conjunction with a direct solver for dense
linear systems with hierarchically semiseparable structures (HSS) is proposed. We are
developing asymptotically fast higher order direct algorithms for MoM-SIE solutions which, in a
nutshell, are an algebraic generalization to fast multipole methods. In addition to being fast, they
offer a promise of being memory- and communication-efficient and amenable to extreme-scale
parallel computing. The main advantage of the HSS algorithm is in the linear-complexity ULV-
type factorizations (compared to the conventional LU decomposition that has cubic complexity).
Our work uses the recently developed new, state-of-the-art, algorithms for solving dense and
sparse linear systems of equations based on the HSS method. In addition, rank revealing QR
(RRQR) decomposition for the matrix (memory) compression. Its adaptive nature comes from
the ability to use the stopping criteria, i.e., relative tolerance value/minimal rank, which allows
for the method to store only the low-rank approximation of the original matrix that satisfies
predefined accuracy. The standard and most accurate technique for constructing the HSS
representation of a denseatrix implies explicit calculation of all matrix elements, and then
compression of appropriate blocks using the RRQR decomposition, wilriif) asymptotic
cost. Once the HSS construction is done, the other steps are cheapef)(MMp time

complexity for ULV factorization an@(rN) for solution, respectively, whei¢ was previously



defined and is the maximum numerical rank. In order to enhance the HSS compression and
parallelization i.e. scalability of the method, an algorithm for geometrical preprocessing of the
geometrical mesh based on the cobblestone distance sorting tecisniguzed. Hence, the

MoM unknowns having spatial locality, also exhibit the data locality in the matrix system of
equations. To sum up, method is validated and great performance is achieved. Even more, the
simulation results show great scalability of the method on more than 1000 processes.

Besides developing a fast, parallel and robust method based on the MoM-SIE, in order to
extend applicability of the method to the analysis that involves inhomogeneous anisotropic
dielectric and magnetic materials, new symmetric hybridization of the finite element method
(FEM) and the MoM was developed. The FEM is one of the general numerical tools for solving
closed-region (e.g., waveguide/cavity) problems in electromagnetics. It has been especially
effectively used in three-dimensional (3-D) frequency-domain modeling and analysis of
electromagnetic structures that contain geometrical and material complexities. In addition, as the
part of the work included in this dissertation dEHO FEM method was implemented primarily
to support analysis of both inhomogeneous and anisotropic materials.

Further, numerical computation is accelerated by applying Diakoptic Domain Decomposition
approach to divide the original problem of interest into smaller subsystems, analyze subsystems
independently, and then connect them back together through the surface equivalence theorem.

Finally, all numerical methods described above are validated on a variety of numerical

examples and tested across several high performance supercomputing platforms.
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1. LARGE ANISOTROPIC INHOMOGENEOUS HIGHER ORDER
HIERARCHICAL GENERALIZED HEXAHEDRAL FINITE
ELEMENTS FOR 3-D ELECTROMAGNETIC MODELING OF

SCATTERING AND WAVEGUIDE STRUCTURES *

1.1. Introduction

The finite element method (FEM) is one of the most powerful and versatile general numerical
tools for solving both open-region (e.g., antenna/scattering) and closed-region (e.g.,
waveguide/cavity) problems in electromagnetic#]11t has been especially effectively used in
three-dimensional (3-D) frequency-domain modeling and analysis of electromagnetic structures
that contain geometrical and material complexities. In terms of the particulars of the numerical
discretization, on the other hand, traditional FEM tools are low-order (also referred to as small-
domain or subdomain) techniques the electromagnetic structure is modeled by volume
geometrical elements that are electrically very small and with planar sides, and the fields within
the elements are approximated by low-order basis functions, which results in very large
requirements in computational resources. An alternative which can greatly reduce the number of
unknowns for a given problem and enhance the accuracy and efficiency of the FEM analysis is
the higher order (also known as the large-domain or entire-domain) computational approach,
which utilizes higher order basis functions defined in large curved geometrical elements [5].

However, although higher order FEM modeling has, since relatively recently, been constantly

! SBHSULQWHG ZLWK SHUPLVVLRQ IURP 3$ %DQ@GQ%RF 06 1RWDDRVF 3/0 L
Anisotropic Inhomogeneous Higher Order Hierarchical Generalized Hexahedral Finite &lefoen3D
Electromagnetic Modeling of Scattering and Waveguide S¥ud¢tHV ~ OLFURZDYH DQG 2SWLFDO 7HFI
vol. 54, No. 7, July 2012, pp. 1644- " ZLWK FRS\ULJKW « RI :LOH\ BHULRGLFDOV ,Ql
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gaining popularity among FEM developers and practitioners and is definitely becoming a
mainstream activity in FEM research and practice, there seems to be a lack of investigations and
reported results on the actual higher order and large-domain modeling of material complexities
and a full exploitation of modeling flexibility and efficiency of large curved finite elements with
p-refined high-order field approximations when applied in the presence of arbitrary material

anisotropy and inhomogeneity.

This paper presents a novel higher order large-domain FEM technique for efficient and
accurate 3-D analysis in the frequency domain of open- and closed-region electramagneti
structures involving general anisotropic inhomogeneous materials, as an extension and
generalization of works in [®]. The technique implements Lagrange-type generalized curved
parametric hexahedral finite elements of arbitrary geometrical-mapping orders, filled with
anisotropic inhomogeneous materials with continuous spatial variations of complex relative
permittivity and permeability tensors described by Lagrange interpolation polynomials of
arbitrary material-representation orders, and curl-conforming hierarchical polynomial vector
basis functions of arbitrary field-expansion orders for the approximation of the electric field
vector within the elements. The technique is applied to the analysis of open-region scattering
structures, with a truncation of the FEM domain by a hybridization with a higher order method
of moments (MoM) within the surface integral equation (SIE) approach [10, 8], and to the
analysis of closed-region microwave waveguide structures, with a simple single-mode boundary
condition introduced across the waveguide ports and a large buffer finite element at each port to
ensure relaxation of higher modes [7]. To the best of our knowledge, this is the first
demonstration of large (extending a couple of wavelengths in each dimension) anisotropic

inhomogeneous curved finite elements withefined field distributions of high (e.g., seventh)



approximation orders in high-frequency electromagnetics. Our current and future related work
includes applications of these new elements in analysis and design of anisotropic inhomogeneous
dielectric and magnetic material structures aimed for (i) electromagnetic cloaking [13], (ii)

perfectly matched layers (PMLSs) [2], and (iii) waveguide components.

1.2. Theory and Implementation

Consider an electromagnetic structure that contains some anisotropic continuously
inhomogeneous material regions. In our analysis method, the computational domain is first
tessellated using higher order geometrical elements, and the electric field intensity vector within
thee-th element is approximated by the following sum:

NE
E® : FIE, (1.1)

11
where f® are higher order vector basis functions with a totaN&f unknown field-distribution

coefficients 4 in the element. Elements are adopted in the form of Lagrange-type generalized

curved parametric hexahedra of arbitrary geometrical ordé€rsK:, and K, (K, K¢S, K, t

1), analytically described as [6]

K§ K§ K& . . .
re(u,v,w) : : :k rg L (U)LY (VL (w) 1 du,v,w dL, (1.2)
i 0] Ok O

e
Whererijek r(u,vj,w) are position vectors of interpolation nodes aﬁd represent Lagrange

interpolation polynomials

e
Ke “u u
LW — u“, (1.3)
i h

h
hz



and similarly for L*j(ve(v) and LE‘?V(W). Equations (1.2) and (1.3) define a mapping from a

cubical parent domain to the generalized hexahedron, as illustrated in Fig. 1.1.

eV, W) &, WVW) &, (VW)
@, W)= | 6,5,V W) £, (LY, W) £y (4, W)

504V, W) 8,1, W) 85(4,V,W)
. \

B Ry (v, W)y, (0,7, W) By, (4,9, W)

B, W) Ry v,w) R (,v,w) VA

z W X

\ \ ~ \
BV, W) oy (@0, W) g (u,v, )
(u,v,w, D=

Figure 1.1. Generalized curved parametric hexahedron defined by (1.2), with continuous spatial
variations of complex relative permittivity and permeability tensors of the material given by
(1.4); cubical parent domain is also shown.

The same polynomials in (1.3) are used to describe the continuous spatial variations of both

the complex relative permittivity and permeability tensoi®, and —, , of an anisotropic
inhomogeneous material filling the generalized hexahedral element in Fig-th.&lément in

the model) as follows:

TouvW - G WUW - GuaWUW Togmgmg, 1 du,v,w dl (1.4)
v(U,V,W) <<¢,yx(U,V,W) QW(U,V,W) qu(U,V,W) » : : : vmanmu(U)va(V)L'\gW(W)
zﬁ,zx(U.V,W) @ZY(U,V,W) G,zz(qu,W);;[t mon Op 0

where G T (U, Vn,W,) are the relative permittivity values at the points defined by
position vectors of spatial interpolation nodg§,,, and similarly for=F(u,v,w), with Mg, Mg

, and Mg, (MS,M$,M¢ t 1) standing for arbitrary material-representation polynomial orders

within the element.



Basis functions are curl-conforming hierarchical polynomials of arbitrary field-approximation
orders NS, N, and N, (NS,NJ,N§ t1) in the e-th element, in Fig. 1.1, which, for the

reciprocal u-component of the field vector, are given by [6]

-1 v, n O
e I9p (V)P a\e/ LaSV P °v 1], n1 e e 8\ »e e W
ugst U Fs(V)R(W) e s(V) SF?/S 1 st2even (ag way) ay, ay W
¥° v, st3odd
e W o W e e e
a, —,ay s 1duvwdl,qg 01 ,N; 1,s 01 ,N,,t 0L ,N,, (1.5)
W

e

where , € is the Jacobian of the covariant transformation, apda’, and a§;, are the unitary

vectors along the parametric coordinates of the element. Higher order hierarchical basis
functions with improved orthogonality and conditioning properties constructed from Legendre

and other standard orthogonal polynomials [11, 12] may also be implemented.

Geometrical-mapping orders(KS,K$,K() in  (1.2), material-representation orders
(MS,M$S,M$) in (1.4), and field-expansion orderéNS,NS,N) in (1.5) are entirely
independent from each other, and the three sets of parameters of a higher order model can be
combined independently for the best overall performance of the method. Furthermore, because
the basis functions in (1.5) are hierarchical (each lower-order set of functions is a subset of all
higher-order sets), all of the parameters can be adopted anisotropically in different directions
within an element, and nonuniformly from element to element in a model.

To solve for the field coefficientsy, we substitute the field expansion (1.1) in the curl-curl

electric-field vector wave equation [6], which for #xéh element reads

’ ui__re l(u,v,w) ’ uEe(u,v,w); k3T (u,v, WE®(u,v,w) O, (1.6)



with ky &/ @ o being for the free-space wave number. A standard Galerkin weak-form

discretization of (1.6) yields

3> uf < (u,v, w) '@re 1(u,v,w)’ uE® (u,v,w) ;;:IV kg FE(u,v, W) Ni?(u,v,w)Ee u,v,w) (@
Ve B ‘ Ve

(L7)
iko 0 9BE(U,v,W) "R UH® (U,v,W) c@
Se

where V¢ is the volume of the-th element, bounded by the surfagg, n is the outward unit
normal onS°®, f, are testing functions [the same as basis functions in (1.1) and (1.5)],&sd
the free-space intrinsic impedance. Due to the continuity of the tangential component of the
magnetic field intensity vectom uH®, in (1.7) across the interface between any two finite
elements in the FEM model, the right-hand side term in (1.7) contains the surface integral over
the overall boundary surfac8, of the entire FEM domain, and not over the internal boundary
surfaces between the individual hexahedra in the model.

For open-region scattering structures, the FEM domain is truncated at the Slbfaoeeans
of unknown equivalent surface electric and magnetic currents, of dendiiesd Ms,
respectively, defined on MoM curved quadrilateral patches representing exter@alfgoas of
the FEM hexahedra, and expanded using a divergence-conforming 2-D version of basis functions

in (1.5) [10]. The electric field in the FEM domaiBggy, , given by (1.1) in individual finite
elements, is coupled to the scattered electric and magnetic fields dgandMs, Ey, v and
Hwuom » @nd the incident fieldsk;,,. and H,,., through boundary conditions for the tangential

field components o® as follows:

NWErey N WEyomIsMs) N WEje, N UWHegy Js N tHyow(Js,Ms) N uHp,(1.8)



thus providing the computational interface between the FEM and MoM regionsEwdth, Js

andMs as unknowns, and giving rise to a hybrid higher order FEM-MoM solution [8].

For closed-region microwave waveguide structures, the right-hand side term in (1.7) reduces
to the surface integral across the artificially introduced planar surfaces (waveguide ports). If,
moreover, the waveguide operates in the single-mode regime (which is a standard assumption for
practical microwave applications) and the ports are moved away from all discontinuities (by
placing a single large finite element with a high field-approximation order in the longitudinal
direction as a buffer zone), the boundary condition at the ports is expressed as [1, 7]

. - 2jkA0Einc: Einc  Egexp( jkxo2) (excitation port)
n = K, on WN UE ,
u( rem)  JKaon U FEM) ® 0 (receivingports)

(1.9)

where, for a rectangular waveguidey, ki (Ja)® is the wave number of the dominant

mode (a is the larger dimension of the waveguide cross section).
1.3. Numerical Results and Discussion

As the first example of the application of the novel higher order large-domain general FEM
technique, aimed at demonstrating the accuracy and efficiency of the technique when curved
large anisotropic finite elements with p-refined field distributions are used, consider an
anisotropic dielectric (nonmagnetic and lossless) spherical scatterer, of m@dilien and

relative permittivity given by the tensor

? 9 40 (1.10)



illuminated by an incident time-harmonic plane wave of frequeihcyl50MHz . Shown in the

inset of Fig. 1.2 is the higher order FEM-MoM model of the scatterer, which consists of a single

curved hexahedral FEM element and six MoM curved quadrilaterals, all of geometrical-mapping

14

—_
o

Normalized bistatic ¢¢ RCS [dB]

1
—
o & & A b o v A O ®

——
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15 30 45 60 75 90 105 120 135 150 165 180

o
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Figure 1.2. Bistatic RCS in the x-y plane of an anisotropic dielectric spherical scatterer with the
relative permittivity tensor given by (1.10), normalized té, o being the free-space

wavelength, for the plane wave incidence from the direction defined b§0° and 3 90° or

3 0°; higher order FEM-MoM model of the scatterer, with a single finite element, is shown in
the figure inset.

ordersK = 2. The orders of the polynomial expansion &gz, 7 and Nyoy 6 for the

fields in the FEM domain and for the surface currents in the MoM domain, respectively. In Fig.
1.2, the bistatic radar cross section (RCS) of the scatterer computed using the higher order FEM-
MoM is compared with the results obtained by HFSS, and an excellent agreement of the two sets
of results is observed. The described FEM-MoM model results in 1344 FEM and 864 MoM

unknowns, while he HFSS simulation, which converges to 0.1 delta energy after 6 adaptive



passes, employs 412,592 first-order tetrahedral finite elements (the number of unknowns is of the
same order of magnitude).

As an example of an accurate and efficient higher order large-domain FEM-MoM scattering
analysis of continuously inhomogeneous anisotropic structures, we next consider a dielectric

cubical scatterer, of side length 1m, with relative permittivity described by the tensor

d 8u® 0 0°¢

— « >

DU « 0 1 0, 1ldud, (1.11)
«0 01

—

as shown in Fig. 1.3(a). The scatterer is excited by an incidgrdlarized plane wave from

different directions in the x-y plane ( 9C°) at a frequency off 300MHz. The FEM-MoM
model, in Fig. 1.3(a), consists of a single FEM element of the geometricalkordér with the

permittivity Q,, represented as a Lagrange polynomial function of material-representation order

M = 2, and six MoM quadrilaterals. The orders of the FEM and MoM field/current polyhomia
expansions are the same as in the first example. The reference HFSS solutions for validation and
comparison are obtained using piecewise homogeneous anisotropic layered approximations of
the dielectric profile, with the original structure subdivided into several equally thick anisotropic
layers with individual permittivities calculated as the average of the corresponding permittivity
functions for the layer, as depicted in Fig. 1.3(b) for the model with seven layers. From the
results for the monostatic RCS of the scatterer shown in Fig. 1.4, we see that models with three
and five layers provide an inadequate approximation of the continuous permittivity profile of the
cube, yielding rather inaccurate RCS values, and that seven (and more) layers areyriecessar

obtain a satisfactory approximation of the profile resulting in a quite accurate RCS



characterization and a very good agreement of the higher order continuously inhomogeneous

anisotropic FEM model and the approximate layered HFSS model.

(a) (b)

Figure 1.3. Analysis of a continuously inhomogeneous anisotropic dielectric cubical scatterer
with the relative permittivity tensor given by (1.11): (a) exact higher order FEM-MoM model
with a single finite element and (b) approximate piecewise homogeneous anisotropic model, with
averaged permittivities of layers, for HFSS simulation.

— Higher order FEM
A HFSS 3 layers
v HFSS5 layers
e HFSS7 layers

Nommalized monostatic ¢¢ RCS [dB]

_m L 1 L 1 M 1 M 1 M 1

¢[degrees]
Figure 1.4. Normalized monostatic RCS (RC@/ ) indlyeplane of the scatterer in Fig. 1.3.
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Finally, to demonstrate an accurate and efficient higher order large-domain FENisanély
waveguide structures with anisotropic continuously inhomogeneous materials, that also include
curvature, the last example is an H-plane waveguid X-QFWLRQ ZLWHKLDKWSDUW

cylindrical dielectric post, shown in Fig. 1.5(a), with the relative permittivity tensor defined as

a 0 o
v 01 7YY o) iava, (1.12)
¢ o

and the Q,, component being represented as the second-dvtder?) Lagrange polynomial. For

the reference HFSS simulation, the post is modeled using six layers as depicted in Fig. 1.5(b). A
higher order FEM model of the junction and discontinuity consists of three trilikead) and

six triquadratic K = 2) hexahedral finite elements, as portrayed in Fig. 1.5(a), with polynomial
field-expansion ordersN, NS, andNg,) in the FEM simulation ranging from 2 to 7 in different

elements and different directions. In Fig. 1.6, we observe an excellent agreement of higher orde
continuous isotropic FEM and layered anisotropic HFSS results for the S-parameters of the

structure.

1.4. Conclusion

This paper has presented a novel higher order large-domain FEM technique for I$d3 ana
of open- and closed-region electromagnetic structures involving general anisotropic
inhomogeneous materials. The technique features Lagrange generalized curved parametric
hexahedral finite elements with anisotropic continuously inhomogeneous materials in

conjunction with curl-conforming hierarchical polynomial vector basis functions for field
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expansions. The examples have demonstrated efficient and accurate simulations of anisotropic

continuously inhomogeneous scattering and waveguide structures. In the analysis of scatterers,

() (b)

Figure 1.5. H-plane WR-75 waveguide MXQFWLRQ ZLWKLDKWSDBRQWDQQXR
inhomogeneous anisotropic cylindrical dielectric post whose relative permittivity tensor is given

by (1.12): (a) structure geometry ( 5mm, h 6mm, a 1905mm, b 9525mm, and

¢ 30mm) and higher order large-domain FEM mesh and (b) approximate 6-layer model of the

post used in HFSS simulations.

S-parameters [dB]
55 %8

—— Higher order FEM
. A HFSS
2| \is,

al

26 1 1 1 1 1 1
70 75 80 85 90 95 100 105 11.0 115 120 125 130
Frequency [GHZ]

Figure. 1.6. Magnitudes &parameters of the waveguide structure in Fig. 1.5.
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the FEM domain is truncated by a hybridization with a higher order MoM-SIE technique. For
multiport waveguide discontinuities, a simple single-mode boundary condition is introduced
across the waveguide ports. This appears to be the first demonstration of large (up to a couple of
wavelengths across) anisotropic inhomogeneous curved finite elements with p-refined high-order
(e.g., seventh-order) field distributions for electromagnetic modeling. Our current and future
work includes applications of the new elements in electromagnetic cloaking, PMLs, and

waveguide component designs.
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2. HIGHER ORDER FEM-MOM-DIAKOPTIC METHOD FOR ANALYSIS
OF INHOMOGENEOUS ANISOTROPIC DIELECTRIC AND

MAGNETIC SCATTERERS ?

2.1. Introduction

The finite element method (FEM) is, by its inherent features, especially suitable for modeling
and analysis of structures that contain inhomogeneous, complex electromagnetic materials and
geometrical irregularities. The FEM is well established as a method of choice for such
applications, with the analysis of open-region scattering structures being performed truncating
the FEM domain by a hybridization with the method of moments (MoM) or by some sort of a
boundary condition. On the other hand, one possible general strategy aimed at extending the
practical applicability of the FEM over its inherent numerical limit and considerably enhancing
its efficiency in real-world simulations is the diakoptic approach [[4]], according to which,
the solution of a large and complex electromagnetic system is found as a linear combination of
solutions of diakoptic subsystems, using explicit linear relations between coefficients in
expansions of equivalent electric and magnetic surface currents on boundary surfaces of
subsystems.

The diakoptic analysis of electromagnetic systems is formally similar to the diakoptic
approach in circuit theory [21]. However, our diakoptic analysis is based on the surface
equivalence principle and operates with coefficients in expansions of surface electric and

magnetic currents and volume electromagnetic fields. The diakoptic analysis also belongs to the

2 This is an Accepted Manuscript of an article published by Taylor &digdn Electromagnetics on 14 Apr.
2014 available online: http://wwww.tandfonline.com/10.1080/02726343.2014.877755
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class of domain decomposition methods [22%]. However, diakoptics takes explicitly into
account linear relations between coefficients of the equivalent surface current expansions, with
each electromagnetic subsystem being represented by linear relations written in the form of
matrices. In addition, the diakoptic approach uses a direct solution of the diakoptic linear system
of equations.

This paper presents a new FEM-MoM-diakoptic method for analysis of inhomogeneous
arisotropic dielectric and magnetic scatterers in the frequency domain, as a continuation of the
previous work in [14][20]. The method splits the original electromagnetic system into a number
of closed-region subsystems containing material complexities, which are analyzed by a FEM
technique (FEM diakoptic subsystems), and an open-region subsystem enclosing the FEM
subsystems, analyzed by a MoM technique (MoM diakoptic subsystem). Each of the subsystems
is analyzed completely independently applying FEM or MoM solvers to obtain linear relations
between coefficients in the expansions of equivalent electric and magnetic surface currents on
the boundary surface of each subsystem (diakoptic surfaces). In the final system of equations, the
only unknowns are the expansion coefficients on diakoptic surfaces.

The method implements Lagrange-type generalized curved parametric hexahedral finite
elements of arbitrary geometrical-mapping orders, filled with inhomogeneous anisotropic
materials with continuous spatial variations of complex relative permittivity and permeability
tensors described by Lagrange interpolation polynomials of arbitrary material-representation
orders. Curl-conforming hierarchical polynomial vector basis functions of arbitrary field-
expansion orders are used for the approximation of the electric field vector within the finite
elements, while divergence-conforming higher order vector bases on generalized curved

parametric quadrilaterals are implemented for diakoptic surfaces. Furthermore, the connection
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between the diakoptic electric sources and the magnetic field in the FEM subsystems is enforced
using dual sets of higher order basis functions satisfying explicitly the natural relatioretvetwe
curl-conforming and divergence-conforming quantities, when closing the FEM domain by a
boundary surface with fictitious equivalent surface currents. Finally, this diakoptic method
inherently allows touching of the subsystems, i.e., the subsystems can share a common diakoptic
boundary + without requirements for introduction of additional basis functions. Note that,
theoretically, the diakoptic surfaces can be anywhere: away from the scatterers, at the boundary
of a scatterer, or even crossing the volume of a scatterer.

The rest of this paper is organized as follows. Section 2.2 presents the theory of the FEM-
MoM-diakoptic method for analysis of inhomogeneous anisotropic dielectric and magnetic
scatterers, starting with the surface equivalence principle, and deriving linear relations between
diakoptic coefficients and representing electromagnetic subsystems by diakoptic matrices. It also
presents the implementation of the method based on a magnetic-field FEM diakoptic formulation
and double-higher-order numerical discretization. In Section 2.3, the proposed diakoptic method

is validated in several characteristic scattering examples.

2.2. FEM-MoM-Diakoptic Method for Inhomogeneous Anisotropic Scatterers

2.2.1.Theory of FEM-MoM-Diakoptics for Scattering Analysis

The diakoptic method is based on the surface equivalence principle [26], [27]. For instance,
consider an arbitrary closed surfa&e as shown in Fig. 2.1a, which divides the original
electromagnetic system into two regions, with sources of electromagnetic fields (e.g., lumped
generators or incident fields in the system) assumed to exist in both regions. Employing the

surface equivalence principle, equivalent sources are placed at each side of the b8(imdary
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each of the regions) and are chosen so that the electric and magnetic fields, géyetiaged
sources, inside each individual region remain the same as in the original system, while the fields

in the other region are annulled, as illustrated in Figs. 2.1b and 2.1c. For the inner region (reg 1),

the densities of equivalent electric and magnetic surface currents are givEfi*byn uH ;g

andM P n uE;s, where n denotes the inward looking unit normaSpand E;s and Hyg

stand for the electric and magnetic field vectors, respectively, on the inner silen dhe

original system in Fig. 2.1a. The equivalent sources for the outer region (reg 2) are obtained in an
analogous fashion. Applying the tangential continuity conditions for the fields in the original
system, we obtain the following relations between equivalent sources for the two regions:

Jied g2 and MPE Mm% (2.1)

which will later be used explicitly to connect unknown variables in the diakoptic method.

@) () ©

Figure 2.1. lllustration of the surface equivalence principle, as the theoretical foundation of the
FEM-MoM-diakoptic method: (a) original electromagnetic system, (b) equivalent problem for
the interior region, and (c) equivalent problem for the exterior region.

Next, we use an example depicted in Fig. 2.2 to describe the implementation of the diakoptic
analysis combining FEM and MoM solvers. The diakoptic approach starts with subdividing the
original electromagnetic system into a number of arbitrary non-overlapping subsystems, as

shown in Fig. 2.2a, where the so-called diakoptic boundary is the surface enclosing different
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subsystems and, in general, containing a number of disconnected closed surfaces. In the present
method, a FEM technique is used for the analysis of each of the closed-region subsystems (

Negv FEM subsystems), as indicated in Fig. 2.2b, while the open-region subsystem, that in Fig.

2.2c, is analyzed invoking a MoM technique (MoM subsystem). Secondly, the diakoptic
boundary is used as an interface between the FEM and MoM domains (subsystems) employing
the surface equivalence principle (Fig. 2.1) and allowing each of the subsystems to be
independently analyzed and then connected back together through relations in (2.1).
Consequently, when implementing the diakoptic approach using FEM and MoM solvers, the
unknowns, in general, are: (i) distributions of electric and magnetic fields of interiSitasd

H in the FEM regions and (ii) distributions of equivalent surface electric and magnetic currents

of densitiesJ, and M . at the diakoptic boundary.

Figure 2.2. Application of the FEM-MoM-diakoptic technique for scattering analysis:
(a) original electromagnetic system split inM-g, 1 parts (subsystems), (INggy closed-

region subsystems containing material complexities, analyzed by a FEM technique (FEM
diakoptic subsystems), and (c) an open-region subsystem, analyzed by a MoM technique (MoM
diakoptic subsystem).

Let the total number of unknown coefficients for the approximatio& cdind H, placed in
FEM

column-matricege] and [h], respectively, for all FEM subsystems Ibé&; NE, NI

18



NFEM NFEM
where N, : NS and Ntﬁ,t : Nih are the total numbers of coefficients[g] and[h],
i1 i1

and N¢ and Nih are the respective numbers of coefficients for ittle FEM subsystem. In
addition, there ar@D unknowns for the approximation df, and M, at the diakoptic boundary
(the union ofNgg,, disconnected boundary surfaces in Fig. 2.2b), naniebgefficients forJ,
, In the column-matrix[j.], and the same number of coefficients fdr,, in [m.], where

NFEM
D ' D; , with D; being the number of diakoptic coefficients associated with-theFEM

B
subsystemi( 12, ,Nggy ). It is essential that the column-matridgg] and[m,] are of the
same dimensions.
Based on the linearity of the electromagnetic system in Fig. 2.2a, the objective of the
diakoptic analysis of each of the subsystems in Figs. 2.2b and 2.2c is to define linear relations

between electric and magnetic diakoptic sources belonging to the diakoptic boundary of the

subsystem, in the following form:
Pac @ oma@ 3o o0 kK12, (2.2)
where k 1 denotes the inner side (FEM side) of the union of all disconnected diakoptic

subdomains anék 2 denotes the outer side (MoM side) of the same union, and |Yigfes

the D uD diakoptic matrix of the subsystem afig,] o is the D ul column-matrix containing
coefficients of J, that represent the excitation in the subsystem. In order to numerically
calculate the matriXY,], we assume that all the excitations in the subsystem are turned off and
the subsystem is excited with one, theth, unit-valued coefficient ifmg], while all other

coefficients infmg] are equal to zero. By using the FEM solver, we calculate coefficierts of
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H, and J, in the FEM subsystems, with the obtained coefficientsJgf representing,
numerically, thej -th column of the matrixY, ]. While MoM matrices are dense, FEM matrices

are sparse, and are stored and computed as such.

In the same analysis, we obtain the linear relations between coefficigntgjnand those in

[€] and[h]. These relations can be written as

eo ®
» e e ’ 2.3
ﬁ1/4 '@? ﬁi@/@ ( )

with [C] being of dimensiondN{E" uD . The matrix[C] is evaluated during the calculation of

matrices[Y,] in the same way, column by column, exciting the respective subsystem by a single
coefficient in [my] at the time, with the computed coefficients Bf and H thus filling the

respective column of the matrpC] , and stored to be used for subsequent calculation of the

final solution.

% (o]
The excitationg[j 4], and §7 in (2.2) and (2.3) are found as the responses of a given
Yo

subsystem stipulating that all coefficientging ] are set to zero, while the original excitation is

turned on. By the standard FEM and MoM analysis, we calculate the coefficiedts Bf, and

, : : : : . ®o
H, which constitute, in the numerical sense, the respective column-mdjrichs and 52,
6

Relations in (2.2) and (2.3) will be discussed in the following sections with specifics given for
both FEM and MoM solvers.
In order to obtain the solution of the original electromagnetic problem, in Fig. 2.2a, using

matrices that represent different subsystems in (2.2) and (2.3), we relate the diakoptic
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coefficients ofJ, and M, on the diakoptic boundary between FEM and MoM subsystems as

follows:

lial [iel [iel:  [Mal [Me]l [Me], (2.4)
where we utilized the facts that the equivalent sources in (2.1) have opposite signs and that the
directions of vectors in Figs. 2.1b and 2.1c are opposite. Note that the mutual relations
connecting the diakoptic coefficients obtained for the interior side of the diakoptic surface for
any subsystem must also be satisfied on the surface outside that subsystem. This property is
further used when combining (2.2) and (2.4) to arrive to the following diakoptic matrix system of

equations:
Y, @,>m@0@ ja 3 @ 0 (2.5)

whose solution igmg]. This system of equations is solved with a direct solver (i.e., the system

is LU factorized, using partial pivoting with row interchanges, and then forward and backward
substitutions are performed), since it is dense in the general case. The diakoptic coefficients in

lil, kK 12, are then computed frofim,] using (2.2), and the coefficients[ig] and[h], for

subsystems in Figs. 2.2b and 2.2c, are obtained from (2.3). Once we have these latter
coefficients, we can calculate the electromagnetic field at any point in space, as wglbtsean

guantity of interest for the original electromagnetic structure, in Fig. 2.2a.
2.2.2.Double-Higher-Order Magnetic-Field FEM Diakoptic Implementation

The diakoptic method described in the previous sections is now applied in conjunction with
double-higher-order FEM and MoM solvers based on higher order geometrical modeling and
higher order field/current modeling. In specific, the building block for volumetric modeling in
FEM subsystems (Fig. 2.2b) is a Lagrange-type interpolation generalized hexahedron of arbitrary
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geometrical orderk,, K,, andK,, (K, Ky, Ky, t 1), shown in Fig. 2.3a and analytically described

as [6]

Ky Ky Ky I
ruv,w) 11 rijkLF“(u)L}j(V(v)LEW(W), L (u) — ul 1duv,wdl, (2.6)

1 1 '
inOkO I

[
| 4
where Fij r(u,Vvj, W) are position vectors of interpolation nodes an*&’ (u) represent

Lagrange interpolation polynomials in the coordinate, with u  being defined as

u (@ Ky)/K, i OL...Ky, and similarly forl’v(v) and Lg% (w).

W, ,w)="pﬁ(ll,\’,w) By (v, %) 1y (Y,
Gy, w) g v w) By,
[%(u,v,w) &5, W) Ea(u,v,w)} =

v,
e

EwuWs|eu@nm) 5, WnW e,nm

%) En@nW) Ex(4V,W)

Figure 2.3. Lagrange-type curved parametric elements for higher order FEM-MoM-diakoptic
analysis (Fig. 2.2) of inhomogeneous anisotropic dielectric and magnetic scatterers: (a)
generalized FEM hexahedron, defined by (2.6), and (b) generalized MoM quadrilateral patch.

The same polynomials in (2.6) are used to describe the continuous spatial variations of both
the complex permittivity and permeability tensors{u,v,w) and ~(u,v,w), of an
inhomogeneous anisotropic material filling the generalized hexahedral element in Fig. 2.3a, as

proposed in [28]. In specific, the-component ofT is incorporated in the FEM model as
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M, My My,
Qe(uvow) 11T @GP LYY (L (w), (2.7)
m On Op O

where M, M,, and M, (M,,M,,M,, t 1) are arbitrary material-representation polynomial

orders (independent frork,, Ky, andKy), P Qy(rmy,) are the respective permittivity
values at interpolation nodeg,,, corresponding to orders!,,, M,, and M,,, and similarly for

all remaining components &t and for all components of .

The diakoptic surface enclosing each of the FEM domains is modeled using Lagrange-type
generalized curved parametric quadrilaterals, in Fig. 2.3b [10], which are surface two-
dimensional (2-D) versions of the hexahedron in Fig. 2.3a, and are conformal with the sides of
hexahedra belonging to the diakoptic surface [8].

In this work, we utilize théd-field FEM formulation (except in the last example, where the E-
field FEM formulation is used) and expand the magnetic field by means of curl-conforming

hierarchical polynomial vector basis functions of arbitrary field-expansion ofdgrsN,,, and
Ny (Ny. Ny, N, t1)introduced in [6]. Furthermore, in the field expansion, basis functions that

SRVVHVV WDQJHQWLDO FRPSRQHQWY DW WKH ERXQGDU\ PD

WKRVH WKDW GR QRW S3lUZYWHULRU” DV GHVFULEHG LQ

Nthot NINTERIOR NBOUNDARY
H : hif; : hify; : hgifgi- (2.8)
i1 i1 i1
Boundary volume basis functions are further used to generate divergence-conforming surface

basis functions as uf,: | , for expanding the diakoptic surface currents in the following form
Bi s Y

[19]:
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NBOUNDARY

Jo N uH|S i:ljd(n ufBi)ls, (2.9)
NBOUNDARY
M, n uE|S : mg (N ufBi)ls, (2.10)

il

wherenis adopted to be the outward looking unit normal to the enclosed diakoptic shrface
In order to numerically establish the matrix relationships in (2.2), the FEM solver discretizes a

Galerkin-type weak form of the curl-curl magnetic-field vector wave equation,

3o RV K E TTH AV kool T uE A (2.11)
\Y \Y S

with ky Z/ H B being the free-space wave numbet is the angular frequency of the time-

harmonic excitation in the system). This discretization leads to a matrix equation with the

unknowns coefficients being only those describing boundary variables,

[Fes Fai(Fy Fe)l[ng]  jko ¥g.n uig) [@], (2.12)

and in which the connection in (2.10) is employed on the right-hand side of the equation such
that magnetic diakoptic sources can numerically be considered as excitation of the system. In
(2.12),Fgg, Fgi, Fig, andF, are the submatrices of a well-known FEM matrix [6], Witk, for

instance, standing for the submatrix corresponding to testing functions belonging to a set of the
interior FEM functions and basis functions being the boundary functions, and the og@a:rta)tor

is a standard surface integral of a dot product of vector variabl@sd b. Note that while the

matrix ?fB,n Ug) in (2.12) isill-conditioned, this does not deteriorate the overall accuracy of

the method, as shown in examples presented in this paper (and evaluated in other cases that are
not shown).

Next, boundary coefficients in the expansion of the magnetic field are equated to the

appropriate electric-current coefficients, using (2.9), so that a diakoptic linear relation in (2.2)
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can be established by inverting the system matrix in (2.12). Denoting the local diakoptic matrix

of thei -th FEM subsystem iffig. 2.2b by[Y{], and the corresponding source column-matrices

by [mie] and[jie] , we have

[YiImgl [iel, [Yi]l  ikolFes Fae(Fy "Fg)l * Hg.nufg), i 12 Negy, (2.13)

and the global diakoptic matfiX;] given in (2.5) is then assembled using the local matrices as

follows:
D; Dy DNFEM
I | |
Dl ayl 0
y, @ «?! > (2.14)

D2 « Y12 >
« >
D « NFEM .
NEeEM & Yy 3

Once the diakoptic excitationisn,] are found from (2.5), the magnetic field inside each of the

FEM domains can be calculated based on (2.3), U§hg which in turn, can easily be obtained
from (2.11) in terms of appropriate local matrices in the same fashion as in (2.14).

In cases where the original electromagnetic system, in Fig. 2.2a, is subdivided into a number
of touching FEM subsystems, the adjacent subsystems touch each other through parts of the

diakoptic surface, which is meshed in a way that a generalized quadrilateral patch belonging to

one side of the common area has its match on the opposite side, i.e., the meshes on opposite sides

of the diakoptic surface are conformal. Even though spatial positions of touching quadrilaterals

are the same, independent subsystems are pre-processed separately. In this setup, the touching

guadrilaterals need to have opposite orientations, that is, the directions of normal vectors n
should be opposite to one another, which is ensured by a simple adjustment of the two local

parametric coordinate systems for the two coinciding patches. Next, touching subsystems are
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assumed to be immersed in the air-filled open-region subsystem, and hence an infinitesimally
thin layer of air is considered to exist between the touching quadrilaterals. Consequently,
touching FEM domains influence each other through a MoM domain, where a numerical solver
is applied to a structure consisting of touching and other surfaces. The only issue with applying
the MoM solver relates to the calculation of singular and hyper-singular Galerkin impedance
matrix elements [10], due to the mutual contributions of surface currents belonging to two
touching surfaces. Since touching surfaces (faces of the adjacent diakoptic domains), although
belonging to two distinct diakoptic domains, actually share a unique surface in space, the
corresponding Galerkin impedances are computed by applying a self-integration proséture,
testing and basis functions belonging to the two distinct surfaces coinciding in space. Namely,
the singularity extraction method for calculation of singular and hgpegular MoM operators

[10], [29], [5] is utilized. Note also that in the case of touching domains, matrix is not diagonal-
dominant, and it influences the final matrix obtained by the diakoptic method. Note, finally, that
any other FEM and/or MoM numerical discretization is possible within the framework of the

diakoptics, including low-order elements and bases.

2.3. Numerical Results

A special parallel version of the FEM-MoM-diakoptic solver based on the message passing
interface (MPI) basic linear algebra communication subprograms (BLACS) is developed, and
run on a CrayXTém platform. The Cray supercomputer used for simulations contains 52
compute nodes, with a total of 104 AMD Magny Cours 64-bit 1.9-GHz processors (two per
node), where each processor has 12 cores. A 32-GB RAM memory is available on each node,

while the interconnection between the nodes is SeaStar2+ with 2D torus topology.
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2.3.1.2-D Array of Dielectrically Coated PEC Spherical Scatterers

As the first example of the application and validation of the new diakoptic method, consider a
2-D array of 4x4 dielectrically coated spherical perfect-electric-conductor (PEC) scatterers,
depicted in Fig. 2.4. For each scatterer, the PEC sphere radigsl80 mm and the thickness

and relative permittivity of the coating ade= 35 mm andQ 4, respectively, while the center-

to-center distances between adjacent scatterers a400 mm. The original system is divided

into 17 diakoptic subsystems, with 16 FEM subsystems modeling individual spherical scatterers
and one open-region MoM subsystem. The geometrical model of each spherical scatterer is
comprised of six FEM curvilinear hexahedra of the second geometrical dfger&( =Ky = 2)
modeling the dielectric coating, with PEC boundary conditions on the inner surfaces and six
curvilinear quadrilateral patches on the outer surfaces, coinciding with the adopted diakoptic

boundary. The adopted field approximation orders in all FEM hexahedrdNgre2 in the
radial direction andN,, N, 4 in other two (transversal) directions, and these latter orders are

used for current expansions on the MoM patches (on the diakoptic boundaries) as well. This

results in a total oD = 3,072 diakoptic unknowns.

{ ‘(( \t‘ /(N\ /‘)’/’ /’i'\»)

© e !) ’11)),’.’\”1))
oo’

Figure 2.4. 2-D array of dielectrically coated spherical PEC scatterers.
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Fig. 2.5 presents the normalized bistatic radar cross section (ngﬁ),g ( o henceforth

being the free-space wavelength), of the array at a frequénc®5GHz as a function of the
scattered angle in two characteristic plane cuts. The excitation wave is incident from the

direction defined by ;. 90cand 3,. 0, where and 3 are angular coordinates in the
spherical coordinate system shown in Fig. 2.4. The sam8) (notation will be used in all

examples in this section. We observe an excellent agreement of diakoptic results with the
solution obtained by WIPL-D (pure-MoM commercial software), which serves as a reference.
The total number of unknowns used for modeling in WIPL-D is 9,216. The approximately three
times reduction in the number of the diakoptic unknowns, when compared with the commercial
higher order MoM software, comes from the implemented geometrically higher order modeling
and the diakoptic compression. Note also that the analysis of this problem using a low-order
variant of the proposed diakoptic method, with first-order (rooftop) basis functions on patches
WKDW DUH QRW ODUJHU WKDQ LQ HDFK GLPHQVLRQ ZLW
medium), would requir® = 19,200 diakoptic unknowns, and about 244 times longer time to
solve the matrix system of equations and about 39 times larger RAM memory for the simulation
than the presented higher order diakoptic solution.

In addition, shown in Fig. 2.5 are the RCS results for the same geometry and frequency but

with the dielectric coating being made from a continuously inhomogeneous dielectric material
whose relative permittivity undergoes a linear radial variation frdm 4 at the PEC boundary
to Q 10 at the outer surface of the scatterer. The higher order geometrical and numerical
model is the same as in the previous case but Mith1 in (2.7) for the local radial direction to
model the dielectric inhomogeneity. The solution using the continuously inhomogeneous FEM-

MoM-diakoptic model is compared with a WIPL-D solution for a three-layer piecewise
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homogeneous approximate model of the dielectric coating (with equivalent permittivities
calculated as the mean value of the inhomogeneous profile for each of the equallyérek la

which takes 51,712 unknowns, and a good agreement of the two sets of results is observed.

Coatings Solution type
50 — Coatings Solution type ] =+ Homogeneous coatings, Diakoptics
-« = Homogeneous coatings, Diakoptics Hompgeneou_s coatings, WIPL'D.
40 . o Continuously inhomogeneous, Diakoptics | -
—— Homogeneous coatings, WIPL-D .
) . X . . —— Layered inhomogeneous, WIPL-D
30 o Continuously inhomogeneous, Diakoptics i i i i i i i i i
B Layered inhomogeneous, WIPL-D ‘
'CE‘ H ) H H H | H H 1'
S 20 NG I 4l
10
o
>(">
o)) MESNNEER fo ST W0 SN | SR | S o V. SCY SR IR [0 ) S B S 1 A« SN oW cc XA ol ! IANEN B | SE1 MU
10
20
_30 1 1 1 1 1 1 1 1 1 1 1 _4 1 1 1 1 1 1 1 1 1 1 1
90 -60 -30 0O 30 60 90 120 150 180 210 240 -180 -150 -120 -90 -60 -30 O 30 60 90 120 150 :
Tldeg] Mdeg]
(a) (b)

Figure 2.5. Normalized bistatic radar cross section of the array of scatterers in Fig. 2.4, for
homogeneous and continuously inhomogeneous dielectric coatings, respectively, computed by
the FEM-MoM-diakoptic method and by the pure-MoM commercial software WIPL-D: (a)

3 Ocutand(b) 9Dccut.

The total computation time for the FEM-MoM-diakoptic analysis of scatterers with both the
homogeneous and continuously inhomogeneous dielectrics (in Fig. 2.5) is 2 min 27 sec and the
RAM memory used for the storage of the diakoptic matrices is 288 MB, running the parallel

code on a 2x2-process grid, all processes are on a single compute node

2.3.2.Dielectric Scatterer Modeled by Multiple Touching FEM Domains

AV WKH QH[W H[DPSOH ZH,¥RIG)\btick-BHaped Baitere, HFowrn. Fig. 0

2.6, illuminated by a uniform plane wave incident from the direction defined by 90¢ and
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3. 0, with electric and magnetic field vectors given bg"  1i,Vv/m and

Hinc 0 liy A/m at the global coordinate origin, whergy / o/ @ stands for the free-

space intrinsic impedance. The operating frequenty B50MHz. We model the brick by four
adjacent cubical FEM elements, each with edge leagtHL m and each being enclosed by the
diakoptic surface with air as the outer medium. All elements in the model are of the first
geometrical orderK, = K, = K,, = 1), whereas the orders of the field expansions (in all FEM
elements in all directions) and current expansions (on all square MoM patches surrounding each
of the FEM subdomains) are all the same and equal to 5. The total number of unknowns in the

final system of equations B = 1,200, while the total number of unknown coefficients used for

magnetic field expansion iBItrg,t 2160.

Figure 2.6. Brick-shaped dielectric scatterer modeled by four touching cubical FEM diakoptic
subsystems.

Shown in Fig. 2.7a is the computed real partgf in the FEM domains, in the vertical plane

defined byx =0, placed in the middle of the scatterer. For comparison, the same solution
obtained by WIPL-D is shown in Fig. 2.7b as a reference. We can conclude frégutkehat

the agreement of the diakoptic results with the reference results is very good. Running the code
in a single process, the FEM-MoM-diakoptic solution takes 56 sec of simulation time and uses

43.9 MB of RAM memory to store the diakoptic matrices.
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Figure 2.7. Real part of the internal magnetic field compokipin the vertical planex(= 0) in

the middle of the scatterer in Fig. 2.6 obtained by (a) the FEM-MoM-diakoptic method and (b)
the WIPL-D; The color-bar units am@aA/m.

2.3.3.3-D Array of Cubical Dielectric Scatterers

Next, consider a three-dimensional (3-D) array of cubical dielectric scatterers shown in Fig.
2.8. The cube edges and sideside distances between neighboring cubes amowatt®=1Q,
and the relative permittivity b WKH G L HQ42RW UheFstriudtur® is modeled by 513
diakoptic subsystems (512 FEM domains and one open-region MoM domain). The volume and
surface elements in the model are of the first geometrical oldgrs K, = Ky, = 1, while the
field and current expansion orders are all the same and equal to 3. The size of the system of

diakoptic equations iB = 55,296.

Fig. 2.9 displays two characteristic normalized bistatic RCS plane cuts for uniform plane
wave excitation of the system shown in Fig. 2.8, with the results obtained by the diakoptic
method being compared with the reference WIPL-D solution. We observe from the figure an

excellent agreement of the two sets of results. The total number of unknowns used for modeling
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in WIPL-D is 24,576. Similarly to the first example, when comparing the diakoptic approach to
the pure MoM solution (by commercial software), the reduction in the number of unknowns in

the final system of equations is by 3.55 times.

Figure 2.8. 3-D array of cubical dielectric scatterers.
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Figure 2.9. Normalized bistatic RCS of the array of scatterers in Fig. 2.8 obtained by the FEM
MoM-diakoptic method and by WIPL-D: (a3 O cutand (b) 90 Ccut.

The total number of unknowns used for modeling in WIPL-D if no symmetries were exploited

is 110,592. Similarly to the first example, when comparing the diakoptic approach to the pure
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MoM higher order solution (WIPL-D), the reduction in the number of unknowns in the final
system of equations is by two times. However, note that the higher order FEM-MoM-diakoptic
method would allow modeling of inhomogeneous and/or anisotropic scatterers in the array in
Fig. 2.8 at essentially the same computational cost. Running the FEM-MoM-diakoptic parallel
code on a 16x16-process grid, on 16 compute nodes (16 processes per node), the simulation time
is 30 min 12 sec and the RAM memory consumption for the storage of the diakoptic matrices is
91.1 GB. Note also that, when compared to the higher order diakoptic solution, the low-order
diakoptic model specified in Section 2.3.i would require 7.11 times more diakoptic unknowns,

about 358 times longer direct-solver solution time, and about 50 times larger RAM memory.

2.3.4.2-D Array of PEC Spheres with Cloaking Dielectric/Magnetic Metamaterial Covers

The final example is a 2-D array of cloaked spherical PEC scatterers, depicted in Fig. 2.10.
The radii of the PEC spheres d&g= 1 m, thicknesses of the cloaks dre 0.1 m (outer radii of
the cloaks areR, R; d), and distances between the scatterer centred ard m. Each
transformation-based metamaterial spherical cloak relies on the theory derived in [13], whereas
its detailed analysis by the higher order FEM-MoM can be found in [30]. The scatterestgeom
and incident plane wave direction are shown in Fig. 2.10. In the FEM-MoM-diakoptic analysis,
each of the cloaked regions is modeled by six curvilinear hexahedra of fourth geometrical orders,
Ku = Ky = Ky = 4, enclosed by six quadrilaterals conformal to the outer cloak surface. The

adopted field approximation orders aM;, N, N,, 5 for all FEM hexahedra, while the
current approximation orders ar, N, 4 for all MoM patches. The total number of
diakoptic unknowns amounts Bb= 768. Continuous spatial variations of the medium ten€ors

and ~ in the cloaked regions, obtained from the linear cloak transformation in the spherical (
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r, 3) coordinate system are given by [30]

Ry(R 1)° °
LB D 0
<(R2 Rl)r >
D ¢ O R o (2.15)
« R2 Rl >
« 0 0 RZ >
« R R 2

whereR; andR; are the inner and outer radii, respectively, of the spherical cloak. The Cartesian

equivalents ofCand ~ are implemented using (2.7) witd, M, M,, 6.

Figure 2.10. 2-D array of PEC spheres with cloaking metamaterial covers whose permittivity and
permeability tensors are given in (2.15).

Shown in Fig. 2.11 is the normalized backscattering RCS of the array of cloaked spheres at
f = 55 MHz obtained by the FEM-MoM-diakoptic method, in tl& O plane. For the purpose
of validation of the numerical solution, the computed RCS of the array of uncloaked PEC
spheres, with the continuously inhomogeneous anisotropic FEM elements constituting the
cloaking layer being replaced by homogeneous air-filled elements having all field and current
expansions and other parameters in the FEM-MoM-diakoptic analysis the same as in the cloak

model, is also shown in Fig. 2.11, where it is compared with the WIPL-D solution, and an
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excellent agreement of the two sets of results is observed. In addition, while having in mind that
the cloak is theoretically ideal (RCS theoretically vanishes), a WIPL-D solution for a
homogeneous air-filled sphere is shown as a reference, giving a clear insight into what a typical
numerical solution for the given geometry and an ideal invisibility material (scattering from free-
space) would be. We observe from the figure, a very significant reduction in the numerically
obtained scattering cross section of the array of cloaked spheres with respect to the array of PEC
spheres; namely, the RCS is so low that it is on par with the best numerical approximation of the

zero backscatter from an empty spherical region of the same size as the original scatterer, as
verified by WIPL-D. The total number of FEM unknownsNg,; 2,260, (computation time:

24 min 5 sec, RAM memory: 18 MB, single process), while the total numbers of unknowns in
WIPL-D simulations are 3,456 for the array of air-filled spheres and 1,728 for the array of PEC

spheres.

Figure 2.11. Normalized bistatic RCS in th8 O plane of (i) the cloaked array in Fig. 2.10

computed using the FEM-MoM-diakoptics, (ii) the array of PEC spheres obtained by WIPL-D,

(i) the array of uncloaked spheres with the cloaks replaced by homogeneous air layers
calculated by the FEM-MoM-diakoptics, and (iv) the array of homogeneous air-filled spheres
obtained using WIPID.
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2.4. Conclusions

This paper has presented a new FEM-MoM-diakoptic method for analysis of inhomogeneous
anisotropic dielectric and magnetic scatterers in the frequency domain. The method splits
the original electromagnetic system into a humber of closed-region FEM diakoptic subsystems
containing material complexities and an open-region MoM diakoptic subsystem. Each of the
subsystems is analyzed completely independently applying FEM or MoM solvers, and the
solution to the original problem is obtained from linear relations between coefficients in
expansions of equivalent electric and magnetic surface currents on diakoptic boundary surfaces.
The method implements large curved hexahedral finite elements, filled with inhomogeneous
anisotropic materials. Diakoptic electric sources and the magnetic field in FEM subsystems are
connected using dual sets of hierarchical polynomial vector basis functions explicitlyirsgtisfy
the natural relation between curl-conforming and divergence-conforming quantities. A technique
enabling touching of the subsystems, i.e., that the subsystems share a common diakoptic
boundary, has been introduced in the diakoptic method.

The proposed higher order FEM-MoM-diakoptic method and its versatility, accuracy, and
efficiency have been validated and demonstrated in several characteristic examples of finite
arrays of dielectric, dielectric/magnetic, and dielectrically coated PEC scatterers. Numerical
results include analysis of scatterers with straight edges and pronounced curvature, a scatterer
modeled by multiple touching FEM diakoptic domains, and a transformation-based metamaterial
cloaking structure, with the continuously inhomogeneous anisotropic cloaking region modeled
using large curved finite elements that allow continuous spatial variations of complex

permittivity and permeability tensors and high-order FEM field approximations.
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3. EFFICIENT SCALABLE PARALLEL HIGHER ORDER DIRECT
MOM-SIE METHOD WITH HIERARCHICALLY SEMISEARABLE

STRUCTURES FOR 3D SCATTERING®

3.1. Introduction

Recent trends in computational electromagnetics (CEM), in applications that involve
calculating, storing, and solving large and dense matrices, include applying fast, parallel (direct
or iterative) solvers for the system of equations in conjunction with compressed storage of large
matrices and their parts. Two general approaches emerge among fast methods attempting to
reduce numerical and storage complexity: (i) the fast multipole method (FMM) [31] aktd (i)
matrices [32H34]. The idea behind both of them is to approximate the integral kernel by a
degenerate kernel using so-called functional skeletons. In the case of multipole methods, these
functions have to be known explicitly for each kernel, which means that the method and its
behavior depend heavily on the physics behind the exact problem to be solved. On the other
hand, in the case of algebraic methods, sudH-astrices, matrix blocks are approximated by
low-rank matrices.

H-matrix algorithms were first introduced by Hackbusch 23], with their H-matrix
version being introduced in [35], and have been used efficiently with fast LU based direct solvers
or as preconditioners to fast iterative solvers. Hhmatrix methods are kernel independent so

they are suitable for application to any type of integral equation (IE) based foamula the

® Material included in this chapter is submittedIEEE Transactions on Antennas and Propagati@n2015
IEEE, A.B.0ODQLU )UHRQwmRU&L Xiaoye Sherry Li, and BranislavMLRWDUR& 3(IILFLHQW 6FDODE
Higher Order Direct MoM-SIE Method with Hierarchically Semiseparable Structure®f&cattering,” VXEPLWWHG
to IEEE Transactions on Antennas and Propagation.
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CEM community, several applicationsldftype direct solvers to tackle surface integral equation
(SIE) problems are presented in [JED].

Matrix compression solvers rely heavily on a type of the low-rank matrix approximation
method such as singular value decomposition (SVD) [38], [41], rank-revealing QR (RRQR)
decomposition [42], [43] or adaptive cross approximation (ACA), where ACA can be codsidere
as rank-revealing LU (RRLU). ACA is well known and established method for fast matrix
computation in CEM, introduced first to solve the low-frequency (quasistatic) IE problems [44]
and then combined with different matrix compression methods to solve system of equations
arising in high-frequency SIE methods [48]83].

In addition, semiseparable matrices, the ones that can easily be compressed and accurately
approximated by their lodd DQN FRXQWHUSDUW DQG LWV DSSOLFDWLF
kernel are discussed in [49]. In order to combine beneficial features of semiseparable matrices
and H-matrix representation, the hierarchically semiseparable matrices are most recently
introduced [50]. Solution of the two-dimensional (2D) SIE method of moments (MoM) using
hierarchically semiseparable compression is discussed in [51], where the authors comment on the
possible extension of their work to the 3D case.

On the other hand, it is well known that by using higher order basis functions for current/field
modeling in CEM, significant reductions in the number of unknowns, as well as faster system
matrix computation/solution, can be achieved [10] when compared to the traditional low order
modeling [52]. Tightly coupled with using higher order basis functions is higher order geometry
modeling [10] [26] and together they lay foundation to double higher order (DHO) modeling.
The DHO approach has been effectively used in both direct and iterative MoM-SIE solvetrs [53]

[57].

38



Besides developing fast algorithms to solve MoM-SIE equations, the CEM researchers have
intensely investigated parallelization of the fast algorithms coupled with direct solvers in order to
speed up the simulations of electrically large electromagnetic structures. DHO MoM-SIE system
matrix filling followed by the computationally expensive LU decomposition on a full matrix was
implemented into parallel out-of-core hybrid GPU/CPU algorithm [56], while the performance of
a similar method using higher order basis functions was investigated on more than 4,000 CPU
cores on a distributed memory system [57]. Similarly, a patdHieU direct solver using hybrid
MPI-OpenMP that builds on the ability to combine both shared and distributed memory
programming was used to analyze 3D scattering problems with nearly 4 million unknowns [58]
Further, a parallel hierarchical ACA algorithm demonstrating an acceleration factortteager
200 was presented in [59].

This paper proposes a novel fast scalable higher order parallel algorithm for large and
complex scattering, radiation, and propagation problems in CEM based on the DHO MoM-SIE
modeling in the frequency domain [10], [2612], [60] in conjunction with a direct solver for
dense linear systems with hierarchically semiseparable structures (HSS) [61]. We are developing
asymptotically fast higher order direct algorithms for MoM-SIE solutions which, in a nutshell,
are an algebraic generalization to fast multipole methods. In addition to being fast, they offer a
promise of being memory- and communication-efficient and amenable to extreme-scale parallel
computing. The main advantage of the HSS algorithm is in the linear-complexity ULV-type
factorizations (whereas the conventional LU decomposition has cubic complexity). Our work
uses the recently developed new, state-of-the-art, algorithms for solving dense and sparse linear
systems of equations based on the HSS method [61]. The new HSS algorithms have been

demonstrated to have a dramatic advantage in terms of time and space complexity (e.g., ~70
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times less memory for seismic imaging examples with matrix size 2%528-106) than the LU
factorization algorithm, and to be extremely scalable. In addition, this paper employs a RRQR
decomposition for the matrix (memory) compression. Its adaptive nature comes from the ability
to use the stopping criteria, i.e., relative tolerance value/minimal rank, which allows for the
method to store only the low-rank approximation of the original matrix that satisfies predefined
accuracy. In order to enhance the HSS compression and parallelization, a method for geometrical
preprocessing of the scatterers based on the cobblestone distance sorting technique [45] is
utilized. Hence, the MoM unknowns having spatial locality (belonging to the same mesh group)
also exhibit the data locality in the matrix system of equations. The basic theory and preliminary
results of the DHO HSS-MoM-SIE analysis are presented in a summary ff8&j.in

HSS compression is implemented in a multilevel fashion as described in [61] and, essentially,
its multilevel compression can be considered comparable to the one used in the MLACA
algorithm [47]. Furthermore, sS6c-DOOHG PXOWLOHY HO[63ERAN ¥¢ Melllad the DOJR U L
fast solver presented in [65], have a similar basis to the multilevel compression coupled with
low-rank matrix representation.

This paper is organized as follows. Section 3.2 gives an overview of the MoM-SIE
methodology and the associated discretization using DHO modeling. In addition, geometrical
preprocessing used to group surface quadrilaterals into mesh groups that achieves spatial-data
locality in the system matrix is described. In Section 3.3, the HSS compression and the ULV
factorization followed by the solution of the compressed matrix is discussed. The parallelization
and communication between the processes in matrix filling and HSS compression/factorization is
outlined in Section 3.4. Section 3.5 provides numerical results and discussion, followed by the

conclusions in Section 3.6.
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3.2. DHO MoM-SIE Modeling of Metallic Scatterers

One of the most general and best established approaches to solving scattering CEM problems
is the one based on the method of moments in the surface integral equation formulation and the
frequency domain (FD) [26]. Inherently, the MoM results in dense linear systems, so the HSS

compression and solver are applied to allow for fast and memory efficient execution.
3.2.1.Surface Integral Equation Formulation

The MoM-SIE methodology is applicable to the analysis of metallic and dielectric structures,
where both electric and magnetic surface currents are introduced over boundary surfaces
between homogeneous parts of the structure, and surface integral equations based on boundary
conditions for both electric and magnetic field intensity vectors are solved with current densities
as unknowns. This paper focuses on metallic structures only. However, extending this work to
include problems involving dielectrics is straightforward based on [10].

If the structure made of a perfect electric conductor (PEC) is excited by a time-harmonic
electromagnetic field of electric field intensiff EDW WKH DQJXODU IUHTXHQF\ & V
field ES® can be expressed in terms of the surface electric currents of dansitjng the

boundary condition for the tangential fields at the surgogthe structure as follows:

Escat JS EinC tang 01 Escat \]S J@ ’ ) (31)
A 3.9dS ) %&035 I, gdS (3.2)
S S

where A DQG N DUH PDJQHWLF YHFWRU DQG HOHFWULF

g /YR ®, LV WKH *UHHQTV IXQFWLRQ IRU keditm X(hERX QG H
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SDUDPHWHUY 0 DQG DQG 5 LV WKH GLVWDQFH RBMWKH ILHC
and (3.2) constitute an electric field integral equation (EFIEyf@s unknown quantity, which

is discretized using the MoM.

3.2.2.Double Higher Order Modeling

Double higher order modeling consists of meshing the geometry of the electromagnetic
structure using DHO surface elements, which means that both geometry as well as the unknown
variable (surface current) are discretized using higher order functions. In specific, surface of the
structure is modeled using generalized curved quadrilaterals of arbitrary geometricaKgrders
andK,, shown in Fig. 3.1(a), and the current densdityover quadrilaterals is approximated by

means of hierarchical vector basis functions of arbitrarily high current-expansion Nycsand

N, [10],
Ky Ky
r(u,v) : : F LRt U)LY (), 1 duv d (3.3)
k oI O
NU NV 1 a NU 1NV av
I K (T A s (s (3.4)
Ay | , ,

i 0] 0 i0jo0

arranged in a maximally orthogonalized fashion [§6F] as illustrated in Fig. 3.1(b). Herk,
represent Lagrange interpolation polynomiajsame position vectors of interpolation nodes,
are divergence-conforming polynomial basess |a % a| is the Jacobian of the covariant
transformation, and ,& “Uu~and g= "Uv™are unitary vectors along the parametric
coordinates. The unknown current-distribution coefficien® {n (3.4) are determined by

solving the SIE in (3.1), employing Galerkin method. Double (geometrical and current) higher

order modeling enables the use of large curved patches, which can greatly reduce the number of
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unknowns for a given problem and enhance the accuracy and efficiency of the computation.
Element orders in the model, however, can also be low, so the low-order modeling approach is
actually included in the higher order modeling. Moreover, because our basis functions are
hierarchical, a whole range of element sizes and shapes, geometrical orders, and current
approximation orders can be used at the same time in a single simulation model of a complex

structure using the high order (more precisely, tovitigh order) CEM technique.

(b)
Figure 3.1. a) Generalized curved parametric quadrilateral patch for DHO MoM-SIE modeling

[10]. (b) Sketch of the orthogonality factor for maximally orthogonalized hierarchical basis
functions of the eight order [66].

3.2.3.Geometrical Preprocessing Based on Cobblestone Distance Sorting Technique

The geometrical grouping of the quadrilaterals in the object mesh based on their spatial
locality, as shown in Fig. 3.2, is done by applying the distance sorting technique [45] as outlined
by the steps described in Fig. 3.3. The grouping technique ensures data locality in the dense
system matrix, which is greatly beneficial for achieving the properties needed for the HSS
compression. Specifically, the cobblestone distance sorting technique divides the mé¢h into
mesh groups. Each matrix sub-block determined by the coordinglestdres the interactions

between MoM unknowns belonging to tifeandj™ mesh groups. The mesh size of each mesh
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Figure 3.2 lllustration of geometrical preprocessing of objects based on the cobblestone distance
sorting technique [45].

group (i.e., the number of unknowns) is predetermined by the number of processes, geometry,
and other simulation specifics and is given as an input to the geometrical preprocessor. The
outcome of the preprocessor is that MoM unknowns belonging to the same mesh group, besides
its spatial locality, exhibit the data locality in the matrix system of equations: self-interaction
blocks are on the diagonal, while near interactions tend to be closer to the diagonal and far
interactions further away from the diagonal of the system matrix. It is well known that the
numerical rank of the matrix block describing the interactions between two groups decreases
with the increase of the distance between the groups [B&] This matrix property plays a

significant role in the HSS matrix compression.

Distance Sorting Technigue:
fork=1:N°
1. List all remaining (ungrouped) unknowns corresponding to basis functions on the quadrilaterdl mesh;

2. Create a box enclosing ungrouped mesh;

3. Find all projections of the remaining unknowns onto the vector defined by the diagonal of the pox;

4. DefinetheJURXSTV 3JHUR® SRLQW DV WKH ILUVW XQNQRZQ DPRQJ WK
6RUW DOO UHPDLQLQJ XQNQRZQV EDVHG RQ WKH GLVWPQFH IUR

6. Group the firs, unknowns, whergl, is the predetermined number of unknowns inkﬁﬁeubgroup.

End

Figure. 3.3. The algorithm behind the cobblestone distance sorting technique [45], illustrated in
Fig. 3.2.
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3.3. HSS Theory

This section contains an overview of the HSS structures, their compression, factorization and

solution, defined and explained in more detail in [61].
3.3.1.HSS Structures

HSS representations rely on a cluster tr6that defines a hierarchical clustering (or
partitioning) of the index set [N], whereN is the number of rows and columns of the matrix. A
cluster tree is such that every nads associated with an intervial For each node ¢ T there is
an index subset; ¢ [1;N], such thatty ~ t =0, tag %dc2 =t. At the root,ty 1 = += [1:N].

Consequentlypﬁ " is the submatrix of with t; andt; being its row and column index subsets,
i Uj

respectively.

The HSS matrix form is defined (exists) on a corresponding clustet tfad.a. HSS tree.
For simplicity we only consider binary trees). Anlevel postorderedl consists of2ki
numbered nodek (= 2-%), where the root (the only" level node) is labeled byk2 ZKkOH
nodes are leaves (first level nodes). Further, each nonleafi rodienas exactly two children
nodes that satisfy relatiarl < c2 <i, with c1 andc2 being itsleft and right child, respectively.

An example of the four-level HSS tree is given in Fig. 3.4.

0,1,4,5;2,3,6,7 4

0,1;2,3 / 4,5:6,7 3

0,1 / 23 {,5\ 6,7 2

[\ N I\ /) 1
0o 1 2 3 4 5 6 7 LEVEL

Figure. 3.4. Four-level postordered binary tree used in the HSS representation.
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The maximum rank (or numerical rank for a given tolerancé)of all HSS blocks is called
the HSS rank of matriA. Matrix A has a low-rank property and can be efficiently compressed
and solved using the HSS algorithnm it small comparing to the matrix size.

Compressed HSS representation is defined by using the so-called HSS gebgraigors;,

Bi, W, andV;, belonging to each nodeof the tree, such thdd, 1 =A, while nonleaf node

JHQHUDWRUY DUH FRQVWUXFWHG E\ XVLQJ LWV FKLOGUHQTYV

Di ATt N Z DCl UCchl\/C'_Z{ c:) (35)
t Yeo B(:2Vc|i| Do, w

UgRy © AW ©

U. .
DRy YW, b

(3.6)

ZKHUH WKH WHX SHHIYRWHSW+H U P Ei BB Qepitt) DHpukSeRavhidle of the

8 x 8 HSS representation of a matrix defined on the corresponding HSS tree, given in the Fig.
3.4. Leaf levelD matrices are calculated and stored as fully dense, while other matrices are
calculated and saved in the compressed form obtained by the rank-revealing QR (RRQR)

decomposition.

Dl

B3 V6H B7 VH

D, U, 14

D U3R3

D; 6%

D8
D9
Dll

D12

Figure 3.5. lllustration of a corresponding HSS form.
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3.3.2HSS Compression

HSS compression is done in two stages: row and column compression steps, where the latter
one is applied to an already rasmpressed matrix. RRQR decomposition is applied for
compression of all the matrices [43]. The steps in the algorithm behind the RRQR decomposition

are given in Fig. 3.6.

Rank-revealing OR decomposition:

Compression of 8 uN matrixA | QT with rankr and tolerancéAé given by following steps:
fori =1: min(M, N);

1. Find the colummy = A(:, j) with the maximum norm

2. Interchangd andf;

3. Sett; = AAif t; /t;; 7 Whenr =i, exit;

4. Calculate thé" column ofQ: q="f %;

5. Calculate thé" row of T: t gH[f 1, f 5,....fn];

6. Update the rest of the matri%, o, f, ,,...fy, @f 1, f o...fn] at.
End

Figure 3.6. Rank-revealing QR algorithm.

Row compression step is applied in an upward sweep along the HSS tree, where at each leaf

level nodei, a local block row of the system matniéﬁi 4 Is calculated as explained in Section

3.2. Afterwards, initial RRQR decomposition is done and column HIRdKSS generators are
defined at leaf level nodes. In the next step along the HSS tree, a local matrix is defined using
FKLOGUHQYTV PDWULFHV DQG3.PHRRG (BIB)Vant Gutlibad id LiheHrQw L Q
compression algorithm in Fig. 3.7. The algorithm is applied in a recursive fashion along the HSS
tree, and the row compression stage is accomplished once the root node is reached.

In a similar fashion, column compression is applied in an upward sweep as given in the

column compression algorithm in Fig. 3.8. A block column maﬁf%i that was already
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compressed at the row compression stage is associated with eaclandad®lumn compressed

as given in (3.10) and (3.11). Construction of the mari¥SS form and all its generators is

obtained after the column compression stage. Note that the compression of the right-hand side is

done in the same fashion as the compression of the system matrix.

Row compression algorithm:

1. At the leaf level, row compression of the local matrix is calculated on each ing

ATti ul\ |UiATl|d,I|\ti ,

2. AteachnonoHDlI OHYHO PDWULFHV RI LQWHUHVW DUH GBI
and @. & KLOGUHQ TV Rauke Btbréd, whilgvthkeLnfakiX block forwarded to the parent
IS ﬁt.@l\ti ’
Ahcl Uc2 | UClﬁtQ Uco’ ATtCZ Uy | UCZATtQ Ucy’ (37)
Qul\ti ' gr\)cl .
F §AT1 ST Adig - (3.3
I @Aﬁ& ullt 2 @2 frthjl\t'

Figure 3.7. Row compression algorithm.

Column compression algorithm:

1. At the leaf level, let us defing on each nodeas:

L1
t_i ts%(anceﬁ 1) ()
I 1

wheresih(i) stands for a sibling node whincesi,l) is the ancestor of the nodet the level. The
column compression of the local matrix is calculated:

H.
Ay [ Ag gV (3.10)
2. AteachnonOHDI OHYHO PDWULFHV RI LQWHUHVW DUH GHILQ
H
ey -
G As A FE (3.11)
M ke A W, i
Ba Agi, B2 Ag iy (3.12)

de
QHG E\ F
hode
HG E\ FK|

Figure 3.8. Column compression algorithm.
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3.3.3.ULV HSS Factorization and Solution

The ULV factorization is applied to the HSS compressed form of the nfatnx3.5) in order
to find orthogonal¢,V) and triangularl() matrices. The factorization is done by multiplying the
local matrix given in (3.5) at the nodéy specially constructe@ andP matrices,

H H oagH
Va 0 °* Dy UBeVeo ij:)cl 0 °

« g Y g (3.13)
«0 Q2 9 2BV Do »%0 R s

Q matrices are formed by th@L factorization of column block&) matrices in order to

introduce zero off-diagonal row blocks:

aQ o aQ o
Ua Qu 1(']" »Uc2  Qc2 ﬁj" » (3.14)
caay 2y

whereljck,k 12 are lower triangular matricies of sizg, re being the rank of théJg

matrix. Q matrices are used further to defiﬁ@ QikDeik 12, which are conveniently

partitioned as:

o, ,°
« ck1l ck12 );k 12’ (315)
‘Eﬁc)k;Z,l ljé)k:z,z Y,

ok
SO thatD(?k:Z’Z is a square matrix of size equalrtq Finally, P matrices are defined by the
following LQ factorization:
I:gk;l,l ng,z Dck;],l 0 I::‘ck- (3-16)
Applying (3.14)-(3.16) and using orthogonality properties of involffednd Q matrices,

(3.13) may be expressed in a new form:
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Note that all non-zero off-diagonal blocks in (3.17) are of small dimensions relative to the full

matrix dimension. At this stage, it is easy to redefine parent generators using only a small part of

FKLOGUHQYY JHQHUDWRUYV

a N T 7H o T [¢]
D Derzz  UaBeMezo U, UaRa (:)Vi Ve (3.18)

“
H
MCZBCZVC].;Z D 222 Y, UeoReo v, MCZ;ZWCZ ¥

Note also that, for example, a square malixs still saved in the compressed fashion as
before but its new dimension is only; + rep, while after the HSS compression stage it was
sizeoftcy %dco).

Algorithm described in (3.13)-(3.18) is then performed in an upward sweep. When the root
node is reached, an LU factorization with partial pivoting is performed on a square dense matrix
of a dimension far smaller than the starting matrix. Once (3.18) is solved on the parent node, it is
straightforward to use3( DQG FDOFXODWH FKLOGUHQYY VROXWLRQV

downward sweep and the final solution is obtained when the leaf level is reached.

3.4. Parallelization Strategy

The parallelization strategy of the HSS-MoM-SIE method is adopted from [61] for HSS
compression and solution and from [69] for MOM-SIE matrix filling. Communication method
between the processes is adopted to be the same as the communication layeoiethstate-
dense linear algebra library ScaLAPACK [70]: BLACS (Basic Linear Algebra Communication
Subprograms) library [71]. Further, both libraries are used for execution of all lilgedoraa

computations applied to full storage dense matrices.
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MoM-SIE matrix filling is done as given in Section II, where the parallel matrix filing builds
on top of the cobblestone geometrical processing as introduced in [69]. If the total number of

processes running the simulatiorNigocs then number of mesh groups used in the preprocessing
isN? /N cs- Further, each process can be described by its 2D coordipatgswherep,

g = 1.N? and the local matrix calculated by thge §) process corresponds to the SIE interactions
between thg-th andg-th mesh group.
Matrix calculation and initial RRQR compression are done at the leaf level, where the 2D

process grid is divided intk subgrids, with each subgrid belonging to one leaf level node and

defining the naGGHTV SURFHVV FR QWubghtis i Dbl Bk UNK ls shown in
Fig. 3.9.

Processes belonging to one leaf-level nodentext are used to C&'CU'&tﬁi 4 » WhereA is

the MoM-SIE system matrix, and its corresponding excitation vector set. All matrices are stored
using the so-called distributed 2D block cyclic storage on a 2D process grid on a distributed
memory systems [70]. Further, when two of the nodes at the same level have overlapping
calculations, the calculations are nthHGXQGDQWO\ GRQH RQO\ RQ RQH C(
efficiently forwarded to the other node using BLACS communication routines. Following this,
DOO WKH FDOFXODWLRQV GRQH DW FKLOGUHQYY QRGHV QHH
the upward sweep along the HSS tree.

After the calculation of the local matrices at the leaf-level nodes, geneiatare stored,
while the initial parallel RRQR compression is done to obthiandR, matrices, as given in the
first step of the HSS compression (Fig. 3.7). All HSS operations (HSS compression, ULV
factorization and solution) are performed in parallel, either in upward or downward sweep along
the HSS tree [61] $W XSSHU OHYHOV LQ WKH +66 WUHH HDFK QRG]
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define its own context. For example, as shown in Fig. 3.4, at the third HSS level, nodes 7 and 14

are children to the fourth level node 15 and their corresponding 2x2 2D process grids: {0,1; 2,3}

and {4, 5; 6,7} are combined together into 2x4 2D process grid: {0, 1, 4, 5; 2, 3, 6, 7}. The
SDUHQW FRQWH[W LV REWDLQHG E\ FRPELQLQJ WKH WZR FKL
WRS RI WKH RWKHU EHFDXVH WKH VL]H RI ERWK FKLOGUHQT
are stored using the 2D block cyclic storage defined for the current node context [69]
Computations done on each of the HSS generators are performed in parallel where each process
LV UXQQLQJ FRPSXWDWLRQV RQ LWV ORFDO PDWUL[ 3FKXQ
intracontext sequences of communication are done to ensure that the data needed for accurate
computation is available to each process. After computation at the current node, preparation for

the following step is done: both intracontext and intercontext data exchange and matrix

redistribution for the new context needed on the next level of the traversal along the HSS tree.

fof1]4]s
12]316]7
819 [1213]
10{11)14/15] HSS BINARY TREE
(o] 1]4]5 8]9]12[13]
['2367 10111415‘\
[ol1 45 8]9 1213]
12]3 10]11 14/15)

( 2 6|7
A
V‘\
of1]2]3 |4|5|6i7| [8Tofro11) [12[13]14]15) MATRIX FILLING

Figure 3.9. lllustration of a process context change throughout matrix filling phase and HSS
solver on a level 3 HSS tree and using 16 processes.

Details behind the communication at each step in the parallel HSS solver can be found in [61]
Some of the examples of intracontext communication throughout the computation phase are the
following: In the RRQR algorithm, when finding the norm of each column, norm of each local
column is found and then BLACS function for summing the norms in a column-wise fashion on

a 2D process grid is used. Afterwards, a similar row-wise communication function finds the
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maximal norm and communicates it to all context processes. Such communication subroutines
DUH WKH VWDQGDUG 3FRPELQH RSHUDWLRQ  %/$&6 VXEUI
contributes data that is combined with data of other processes to produce a final result.

Similarly, the example of matrix redistribution is given in preparation of the next step moving
XS WKH +66 WUHH IURP OHYHO WR OHYHO 7ZR FKLOGUHC
FRQWH[WV WR GHILQH SDUHQWYYV PDWUL[ DQG D FRUUHVSR
distribution of matrices, the data exchange when contexts {0, 1; 2, 3} and {4, 5; 6, 7} are
VZLWFKHG WR A "LV DFKLHYHG E\ WKH IROORZ

< < DQG <

3.5. Numerical results and Discussion

This section provides numerical results obtained by the DHO HSS-MoM-SIE analysis. All
simulations were run on the TACC Stampede supercomputer that was accessed through The
Extreme Science and Engineering Discovery Environment (XSEDE) [72]. Stampede has 6400
compute nodes where each node contains two Xeon Intel 8-Core 64-bit E5-processors (16 cores
on each node). The core frequency is 2.7 GHz and supports 8 floating-point operations per clock
period with a peak performance of 21.6 GFLOPS/core or 346 GFLOPS/node. Each node
contains 32 GB of memory (2 GB/core). Nodes are interconnected with Mellanox FDR

InfiniBand technology in a 2-level fat-tree topology [73].

3.5.1 Example 1: Spherical Scatterer

As the first example of the application as well as the validation of the HSS-MoM-SIE method,

consider the analysis of scattering from a PEC sphere of diadeter  Z L Wae€ing the

53



free-space wavelength. First, consider a higher-order mesh of the scatterer, maximal specified
size of which is to be less than or equal to a wavelength. After the meshing procedure, the patch
VLIH V LV DSSURIL'PDWHD &all 96 geometrically second-ordek (=K, = 2)

curvilinear quadrilateral patches modeling the sphere. The adopted current approximation orders

areN, =N, = 4, which results in a total & = 3,072 MoM-SIE unknowns. Fig. 3.10 shows the
normalized bistatic radar cross section (RC8),/ 2 , as a function of the scattered angle, in

two characteristic plane cuts. The excitation plane wave is incident from the direction defined by

inc, linc) = f Z K H U Hare dh@ui@r coordinates in the spherical coordinate system. For
the set of results given in Fig. 3.10, number of levels in the full postordered HSS tree is chosen to
be 5, which contains 16 leaves, while the number of processes used in the parallel simulation is
64. In the same figure, we observe the convergence of the results to the analytical Mie solution
with the decrease di\fhe RRQR relative tolerance (used in the HSS compression).

In addition, Table 3.1 provides the information on the average error, maximal rank, memory
consumption, and total simulation time (including matrix filling, compression, factorization, and
solution times) for different simulations given in Fig. 3.10. The average error is obtained as the
average of the absolute error between the normalized bistatic RCS calculated by the numerical
PHWKRG DQG E\ WKH DQDO\WWLFDO OLHfVY VHULHV WL~HWBHFWI

account the error in a numb&t() of directions describing the bistatic RCS plane,

dir
1 N

dir |
N™" %

U (3.19)

Based on the convergence of different graphs given in Fig. 3.10, as well as the average err
given in Table 3.1, it can be concluded that the accuracy of the results is easy to control by the

relative tolerance or maximal rank used in the RRQR. In addition, by inspecting the results given
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in Fig. 3.10 and Table 3.1, as well as the results of the wide range of performed simulations
(different tree levels and RRQR relative tolerance) using the same higher order model, scattering
results for the PEC sphere that can readily be considered as accurate are obtained in simulations
with the maximal rankr t 490. Maximal rank in the HSS compression corresponds to the
maximal number of independent degrees of freedom (DoFs) needed for an accurate numerical
simulation [74]. The number of DoFs needed to accurately model a scatterer should depend

solely on the scatterer properties and not on the used discretization [63. 68, 74

35 | | MIE solution

35 |- | MIE solution
— W 1707 mm— \% 27103

— W 1710 % 2710 3
W 510 ° w110 °
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() (b)

Figure 3.10. Normalized bistatic radar cross section of a spherical PEC scatterer computed by
the HSS-MoM6,( PHWKRG XVLQJ SUHSURFHVVHG PHVK JLYHQ LQ W

@ Il= FXW D@0 Eut.
TABLE 3.1
SIMULATION PARAMETERS FOR THE RESULTS GIVEN INFIG. 3.10
RRQR rel. Maximal Time [s] Storage 1[dB] 1[dB]
tolerance rank [GB] (1=0cut) =90° cut)
W 1107 385 7.76 0.04 1.4964 2.2911
W 510° 433 8.00 0.05 1.3417 1.5164
W 310° 464 8.21 0.06 0.7309 0.9651
W 210° 493 8.27 0.06 0.0875 0.1567
W 110° 531 8.79 0.07 0.0319 0.0518
W 510* 575 8.92 0.08 0.0170 0.0403

Further analysis that compares low- and high-order modeling results shows the advantage of
higher order modeling when capturing the real rank of the scattering problem. In particular, the
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adopted low-order model of the same PEC scatterer consists of 7,776 geometrically first-order
(Ky=Ky,= TXDGULODWHUDOV ZLW K, Whi Bddpted tiRrBrDapptokihalidn
orders areNy =N, =1, resulting in a total ofN=15552 unknowns. After the initial
discretization, when compared to the higher order model, the number of unknowns in the low-
order model is more than 5 times larger. However, due to the physical properties of the scatterer,
the maximal numerical rank of the compressed HSS matrix should be approximately the same

for both models.
On the other hand, Fig. 3.11, shows the er@™ IME in the RCS for three choices of

low-order simulations and one higher-order simulation, confirming that in order to achieve
similar accuracy, a low-order simulation needs almost twice as large numerical rank. This is
confirmed by the information in Table 3.2 that contains the average error for the four simulations

given in Fig. 3.11.

[ |=—LO,L=7, 107825 *[|=LO. L=7. may= 825
sk |m==LO,L=5, - 854 sl = LOL=5 imaF 854 R
L B 777777 LO, L=7, s 913 - LO, L=7, gy 913
Q |=—HO,L=5, 1,7 493 g ||7 HO.L=5, fhax 493
Sy <
- L
-2 1 1 1 1 1 1 1 1 -2
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Tideg] | [deg]
(a) (b)
Figure 3.11. Error of the normalized bistatic RCS of the PEC scatterer computed by the HSS-
MoM-SIE method with respect to the exact Mie solution:lla) FXW DQG E [ FXW

Further, note that the true low-order modelling based on RWG functions [31] defined over flat

triangular patches uses from 500 to 600 unknowns per square wavelength [47, 48, 75], which
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leads to a truly low order model of a PEC sphere with around 35,000 to 40,000 unknowns,
making the number of unknowns more than 10 times larger than in the atidptaddel.

Next, we test the scalability performance of the HSS-MoM-SIE methad the same
example. Because the higher order model with only 96 quadrilaterals is not well fitted for
simulations on hundreds of processes, the scalability testing of the method is done on a low-order
model of the sphere. All simulations used in the test are set up for the tolakasck0 * and
level 5 full postordered HSS tree. Note that the number of leaves in the tree is 16, which, for the
particular example, corresponds to the minimal number of processes that can be used in a parallel
run of the HSS-MoM-SIE code. The runtime of the parallel code on 16 processes is thus adopted
to be the baseline computational time used in the speed-up calculations. To measure scalability,
we run the same model on 64, 256, and 1,024 processes, and observe an excellent scalability

performance in Fig. 3.12.

TABLE 3.2
SIMULATION PARAMETERS FOR THE RESULTS GIVEN INFIG. 3.11
Maximal dB

Model type rank (I ]=[0 c]ut) =] g%%]cut)
High Order 493 0.0875 0.1567

825 0.2353 0.6521
Low Order 854 0.3541 0.5108

913 0.0845 0.1947

3.5.2. Example 2: NASA Almond

In the second example, the HSS-SIE-MoM code is applied to analyze scattering from a NASA
almond [76], an established benchmarking structure for monostatic RCS computations. In

specific, we consider a PEC almond of the maximal siz€g4# a frequency of 50 GHz, with

the overall surface of the scatterer being equal to 1,§.1Ihe constructed higher order model

of the almond uses a total of 16,384 curvilinear quadrilateral elementKwitiK, = 2 and the
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current approximation in different directions on different patches ranging NMgy= 1 to

Nuv = 3 depending on the electrical dimensions of the quadrilateral element. The final number of
unknowns (that would be even smaller if larger patches and even INghevere used) is
149,756. A similar scatterer is analyzed in [75] using the model with around 450,000 unknowns.
In addition, applying, for comparison, the true lower order quadrilateral modeling to the almond
scatterer requires 524,288 unknowns defined over 262,144 patchd§,with, = 1 andNy, = 1

on all the patches.

64
- |inear Speedup [
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Figure 3.12. Performance and scalability of the HSS-MoM-SIE method applied to the simulation
of a low-order PEC sphere model with the number of levels in the HSS tree equal to 5.

Fig. 3.13 shows the monostatic scattering computations of the DHO model of the PEC
almond obtained by the HSS-MoM-SIE method and validated by the full-storage direct solver
using ScaLAPACK LU decomposition [69] simulation of the same model, as well as against the
low-order modeling resulfg5]. The normalized monostatic RCS is calculated for 361 different
directions, in the = 0 plane, with the polarization of the incident electric field along-dnds.

The HSS compression is done using the relative tolera%c@10* on the &' level HSS tree.

The maximal rank of the compressed matrix comes out to be 3,926. The simulation is run in
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parallel on 256 processes, with matrix calculation and HSS compression times being 846 s and
2,596 s, respectively. Further, the HSS factorization time is 41.95 s, while the total
backsubstitution time for all 361 excitation vectors is 5.36 s. ScaLAPACK LU decomposition
time on the same number of processes is 8,565 s, which, in terms of the performance can be
compared to total time of the HSS compression and factorization: 2,638 s. The compressed
matrix storage in the DHO HSS-MoM-SIE simulation amounts to 20.78 GB, while the full
matrix storage for the same model would require 180 GB of memory. In addition, the LO
guadrilateral model described above would require 2.2 TB. Hence, we observe great advantages
of the DHO modeling coupled with the direct solver and HSS compression of the MoM-SIE
matrix in the analysis of electrically large objects with multiple excitations (right-hand side

values).

40 ——— Reference solution
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Figure. 3.13. Normalized monostatic RCS of a PEC NASA almond computed at 50 GHz by the
full-storage direct ScaLAPACK LU-MoM-SIE and HSS-MoM-SIE methods.

3.6. Conclusions

This paper has proposed a novel fast scalable parallel algorithm and solver for large scattering

problems based on double (geometrical and current-approximation) higher order MoM in the SIE
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formulation and the frequency domain in conjunction with a direct solver for dense linear
systems with hierarchically semiseparable structures, namely, with a HSS matrix representation
for compression, factorization, and solution of the system matrix. In addition, a RRQR
decomposition for memory compression has been used, with a stopping criterion in terms of the
relative tolerance value/minimal rank, allowing for the method to store only the low-rank
approximation of the original matrix that satisfies predefined accuracy. In order to enhance the
HSS compression and parallelization, a method for geometrical preprocessing of the scatterers
based on the cobblestone distance sorting technique has been employed, such that the MoM
unknowns belonging to the same mesh group and thus having spatial locality also exhibit the
data locality in the matrix system of equations.

Numerical examples have shown how the accuracy of the DHO HSS-MoM-SIE method is
easily controllable by using the relative tolerance for the matrix compression. Moreover, the
examples have demonstrated low memory consumption, as well as much faster simulation time,
when compared to the direct LU decomposition. Finally, great scalability of the algorithm has
been demonstrated on more than thousand processes.

Overall, the DHO HSS-MoM-SIE method and its future extensions and advancements are
asymptotically faster direct algorithms for IE solutions that are memory and communication-
efficient and amenable to extreme-scale parallel computing. They also are purelgialgatr
kernel-independent and enable dramatically faster monostatic scattering computations than
iterative solvers and reduced number of unknowns when compared to low-order discretizations.

This paper has focused on metallic scatterers. Nonetheless, due to the truly algebraic nature of
the method, its extension to any electromagnetic system solved by the MoM-SIE analysis is

straightforward.
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4. DUFFY METHOD FOR EVALUATION OF SINGULAR POTENTIAL
INTEGRALS OVER CURVED QUADRILATERALS WITH HIGHER
ORDER BASIS FUNCTIONS IN SIE ANALYSIS OF ANTENNAS AND

SCATTERERS*

4.1. Introduction

In analysis of antennas and scatterers based on the method of moments (MoM) in conjunction
with the surface integral equation (SIE) approach [10], one of the most important problems in the
development of a MoM-SIE technique and its implementation and optimization aimed to result
in an accurate and efficient modeling and computational tool is the treatment of singular
potential two-dimensional (2-D) integrals involved in the self-terms of the Galerkin impedance
matrix, with the testing patch coinciding with the source patch, namely, when an observation
(testing) point belongs to the source patch (with basis functions). This problem is even more
pronounced and challenging when higher order basis functions are used for the approximation of
surface currents of the antenna/scatterer, and especially when such functions are defined on
curved surface (boundary) elements (patches) employed for geometrical modeling of the
structure [5].

Most of the previous research in overcoming the problem of singular integrals in MoM-SIE
modeling has been devoted to handling the singularities on planar triangular patches with low-
order current approximations, typically in the form of Rao-Wilton-Glisson (RWG) basis

functions [77483]. Several works, on the other hand, deal with the problem of evaluation of

* © 2014 |IEEE. Reprinted, with permission, from A. BIMQLF 0 'MRUGMHYLF DQG % 0 1RV
Method for Evaluation of Weakly Singular SIE Potential Integrals oveve@ufQuadrilaterals with Higher Order
% DVLV )X QEEW Tr&hga¢tions on Antennas and Propagatidal. 62, No. 6, June 2014.
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singular potential integrals for curved quadrilateral patches with higher order basis functions
[10], [5], [84]488]. In particular, singularity extraction (subtraction) consisting of analytical
integration of a principal singular part of the integrand and numerical integration of the residual
using quadrature formulas [77] and it is implemented for RWG triangles in [78],[79], and for
curved quadrilateral elements with higher order hierarchical polynomial vector basis functions in
[10], [5].

Singularity cancellation methods for evaluation of singular integrals are based on coordinate
transformations, i.e., on mapping of the integration domain to a new parametric domain such that
the Jacobian of the transformation cancels out the singular term in the integrand. As a typical
representative of this approach, the Duffy method [89], originally proposed for a volumetric
integration domain [90], is applied to evaluation of singular integrals over planar [80] and
curvilinear triangles [87], [88]. A polar transformation method for singularity cancellation is
proposed for planar triangles with RWG functions [81]. Its implementation for singular potential
integrals over curved quadrilateral elements with higher order hierarchical polynomial bases is
given in [84], where a comparison of this technique and the singularity extraction method [10]
[5] is presented as well. Rectangular transformation methods for singularity cancellation, first
proposed for curved volume MoM elements [91], are applied to solve potential integrals over
curved quadrilateral elements with higher order hierarchical polynomial bases in [85] and [86]
The arcsinh transformation method is applied for evaluating singular and near-singular potential
integrals over flat triangular and quadrilateral MoM-SIE patches [82]. Singularity cancellation
methods for computation of singular and near-singular potential integrals for flat triangles and

linear basis functions using four different transformations are compared in [83].
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Overall, there seems to be a lack of investigations and reported results on the treatment of
singular potential integrals involved in the self Galerkin MoM-SIE impedance matrix entries for
curved surface elements with higher order basis functions, as well as results for the accuracy and
convergence properties of different methods for different locations of singular points in
parametric domains, different basis functions on flat or curved surface elements, and overall.

In response to the above lacks of more adequate methods and more comprehensive studies of
various methods, this paper proposes a Duffy method for singularity cancellation to evaluate
singular potential integrals involved in the self Galerkin MoM-SIE impedances defined on
Lagrange-type generalized curved parametric quadrilateral surface elements of arbitrary
geometrical orders with polynomial basis functions of arbitrary current-approximation orders.

This paper also presents a comparison of the integration accuracy when using five different
methods for evaluation of singular potential integrals, namely, (i) the singularity extraction
method [5], (ii) the Duffy method for singularity cancellation (proposed in this paper), (iii) the
polar transformation method for singularity cancellation [84], (iv) the quadratic rectangular
transformation method for singularity cancellation [85], and (v) the cubic rectangular
transformation method [86]. The study is performed for the integrals defined on a flat and a
curved patch, both elements being electrically large, namely, two wavelengths in each
dimension, for constant basis functions and for a choice of high-order polynomial bases, and all
for five different characteristic locations of the singular point on the patch. In addition, example
of full 2-D/2-D singular integral defined over highly-curved and badly-shaped patch is given.

We show that overall, of the five integration methods considered, the proposed Duffy method
for singularity cancellation comes out to be the most accurate, the most rapidly converging with

the increase of the order of integration formulas, and the fastest to execute.
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4.2. Theory

We consider a MoM-SIE model of an antenna or scatterer built using generalized curved
parametric quadrilaterals of arbitrary geometrical ordgerandK, (K,, K, t 1), shown in Fig.

4.1 and analytically described in the parametricv domain &[10]

rauv) PUoguvl,  1duva, (4.1)

where r; are constant vector coefficients related to position vectors of interpolation nodes

defining the quadrilateral. When these elements are used in conjunction with higher order
polynomial basis functions, all entries of the Galerkin impedance matrix can be foundaas i

combinations of 2-D/2-D Galerkin integrals [10], which, for the case of testing and basis
functions being defined on the same patch (self Galerkin integrals), contain the following

singular inner 2-D basic potential integrals computed at an observation (testing)upoug)

belonging to the source quadrilateral patch:

11 kR
I 3u\gR)dudv, g(R) = & K 2500, R Y rov), (42
11

with g being the freev SDFH *U H H Qfftkle bpefakry frdg@ncy of the antenna/scatterer,

andR the distance of the source poifu,v) from the point(uy,vy), referred to as the singular

point. When the two points coincid®, is zero, and a special treatment of the singularity is
needed. In what follows, we outline singularity cancellation Duffy method and overview four

different methods for solving integrals in (4.2).
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a v
Q u
Figure 4.1. Generalized curved parametric quadrilateral defined by (4.1).

4.2.1 Duffy Method for Singularity Cancellation

Here, we propose a Duffy method to solve integrals in (4.2) defined over curvilinear,
electrically large patches with higher order bases, which is based on subdividing the parametric
u Vv square domain into four parametric triangles defined by the singular point and the vertices
of the square, as shown in Fig. 4.2. Note that this is a modification in the spirit of the original
Duffy method initially proposed for a 3-D domain of integration [90], which would imply a
subdivision of the parametric square into eight right-angled triangles (much like in Fig. 4.4).
Each triangle in Fig. 4.2, having the singular point as one of its vertices, is then independently
mapped into a new sdomain as illustrated on example of first region. In [87] Duffy method is
implemented for triangle local coordinates while in [88] it is further developed using mapping of
curvilinear triangle to isosceles right triangle.

Mapping to thep s domain differs for different triangles in Fig. 4.2 but can be expressed in

a unified way as follows:
a a pc,b by ps,0dpdl, s dsds,, c const, (4.3)

with coordinatesa and b standing for eitheiu or v. With this notation, Table 4.1 provides

mapping parameters for each region (triangle).
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Based on (4.3), the Jacobian of the mapping can be defined and computed, for every triangle, as

a b
L [ 4.4
e W Ple (4.4)
B 3
AY
=0.5
-LD) PTY
region 2
(u,v) “
(t45v0) g
region 3 O 2
regignl e
region 4
-1,-1 1,1
u

Figure 4.2. Duffy method for singularity cancellation: subdivision of the paranueiric square

domain into four parametric triangles with local consgar#nd constans parametric lines in
triangular region 1.

TABLE 4.1
PARAMETERS OF THEDUFFY MAPPING IN(4.3) FOR

THE FOUR TRIANGULAR REGIONS INFIG. 4.2.

Region 1 Region 2 Region 3 Region 4

uav>b vaub uav>b v audb
s 1y 8§ 1u s 1y s 1y

s 1y, s 1y, s 1 v, s 1,

Combining (4.3) and (4.1), the radial distance from the singular point in triangular region |

in Fig. 4.2 can be expressed as a polynomiap invith coefficients d being functions «f, as

follows [note that the only term in the binomial expansionuof! using @.3) that does not

contain p is upvg1:
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Hence, the singular integral over regiocan be expressed using (4.2)5§, and (4.4) in a

way that removes (cancels) the singularity,

{
15 15 ikR
L SV kA s 195 gV e "Fdpds (4.6)
mn 4CE|RI ’ GEIv Ku Ky |’ .
OS.I. OStLd_!L : d|ipll
i 2

namely, the singular dependence on pheoordinate in (4.5) is canceled lpy in the expression
for the Jacobian in (4.4), so the integral in the final form in (4.6) can be evaluated in a
straightforward fashion numerically, using quadrature (e.g., Gauss-Legendre) formulas. Finally,

the contributions of individual triangles are added up for the total potential integral,

| (L2 3 |4
mn mn mn mn mn-

4.2.2 Four Integration Methods used for Comparison

Singularity extraction method: The method of extracting the singularity consists of
analytical integration of a principal singular part of the integrand over a (generally not
rectangular) parallelogram whose surface is tangential to the surface of the generalized
guadrilateral at the singular point, and numerical integration of the rest using Gauss-Legendre
guadrature formulas [10], [5]. The parallelogram is defined by the unitary vectors [10] of the
generalized quadrilateral at the singular point. The singular integral is evaluated analytically as in
[77] while the other integral is well behaved in the vicinity of the pdugf,v,) and can be

accurately integrated numerically.
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Polar Transformation Method for Singularity Cancellation: Polar transformation [84]
uses the same triangulation as in the Duffy method in Fig. 4.3(a) while mapping the parametric

u v domain into a new! domain, with a standard meaning of the radial coordingtand
angular coordinate, , in the polar coordinate system centered at the singular gagity,), in

theu v domain.

Quadratic and Cubic Rectangular Transformation Methods for Singularity
Cancellation [85], [86], subdivides the parametric v square domain into four rectangular
regions whose common vertex is the singular point. Note that the rectangular transformation for
singularity cancellation in SIE integrals is applied with 2 (quadratic transformation) in [85],

while [86] implements the same transformation with3 (cubic transformation).

4.3. Numerical Results and Discussion

In this section, we compare the integration accuracy when using five different methods for
evaluation of singular potential integrals, (i) the singularity extraction method, and four
singularity cancellation methods, namely, (ii) the Duffy method, (iii) the polar transformation
method, (iv) the quadratict ( 2) rectangular transformation method, and (v) the cubic3)
rectangular transformation method, described in the previous section. All methods are
implemented for solving integrals in (4.2) defined on curved quadrilaterals described by (4.1),
for several choices of the singular point.

In examples, the integrals are defined on a square plate and on a spherical patch, respectively,
for two choices of basis functions, that fo= n =0 and that fom=2 andn =6 in (4.2), and for

five different locations of the singular point defined in thev parametric domain as shown in
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Fig. 4.3 and specified in Table 4.3. Example of convergence results for 2-D/2-D integral defined

on highly-curved and badly-shaped geometry is also considered.

AV
1,1 @an
D*
e
5 B

E

1-1) (- u
Figure. 4.3. Five different choices of the singular poigt (o), with parametric coordinates
given in Table 4.3, in the +v parametric domain, over curved quadrilaterals in Fig. 4.1.

All results are given in terms of the relative integration error computed as
/ ‘lmn Imn‘/‘lmn‘ ’ (47)
Wherel~mn LV WKH UHIHUHQFH 3H[DFW"~ YDOXH RI WKH LQWHJUD (

double machine precision.
4.3.1.Integral with Constant Basis Functions over a Square Plate

As the first example, we consider the integral in (4.2)nfigr n =0, namely, with constant
basis functions, over a square flat plate of side leagtl2 m, at a frequency=300MHz, so

thata = ZLWK VWD Q G-kpack wavelergt HVitturefetence to Fig. AW KH SH[DFW’
value roo in this special case (flat plate) can be obtained by first analytically transforming the 2-

D integral inu andv as

- 131 'kptixdy ? |;() k'q1g Els | o cos g “s)
00 X T A Y =R VY '



and then numerically solving the final non-singular 1-D integrals in 7KLV H] D|~5>OS OHYV

integral values are given in Table 4.2. Fig. 4.5 shows the error in (4.7) against the orders of
Gauss-LegQ GUH LQWHJUDWLRQ IRUPXODYV L H QXPEHUV RI LQW
local directionsNGL (the same in both directions), for five different singular points in Fig. 4.3

and five different integration methods.

)

0
v 4

8,

Figure 4.4. For integration in (4.8) over one of the éight right-angled triangles constituting a
VTXDUH IODW SODWH WR FRPSXWH WKky UHIHUHQFH 2H[DFW”~

TABLE 4.2

EXACT INTEGRAL VALUE |, OVER FLAT PLATE OF SIZE2 OFOR SINGULAR POINTS GIVEN INFIG. 4.3.

Point A 0.0390728194148081 - 0.0338074127356726i
Point B - 0.0104077559218362 - 0.0873743257011760i
Point C - 0.019482990210943 - 0.117888060820110i

Based on Figs. 4.5(a)-(c), we conclude that, for singular points A, B, and C, the Duffy method
and the polar transformation method for singularity cancellation perform the best, with the Duffy
method converging even faster in some cases than the latter method. We also observe that,
accuracy and convergence properties of the singularity extraction method noticeably outperform
the cubic rectangular transformation method, and especially the quadratic rectangular
transformation method. From Figs. 4.5(d)-(f), we realize that the Duffy method is considerably

more accurate and faster converging than the polar transformation method for some specific
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choices of singular points, i.e., points D and E, and that the singularity extraction method

features the highest convergence rate of all the methods for smaller vaN@k. of

o A < —=— Singularity extraction 0 <[~ [ —=— Singularity extraction
N —eo— Duffy method \ > N —e— Duffy method
2 =~ —a— Polar transformation > ~ 2 N —a— Polar transformation
B =3 —— Quadratic transform. “r :\ a3 “r — Quadratic transform.
I~ = = Cubic transformation |~ '\§ - = = Cubic transformation
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Figure 4.5. Evaluation of the integig} (for m=n=0) in (4.2) over a square flat plate using the
singularity extraction method, the Duffy method for singularity cancellation, the polar
transformation method for singularity cancellation, the quadratic rectangular transformation
method for singularity cancellation, and the cubic rectangular transformation method: integration
error in (4.7) against the order of Gauss-Legendre integration fornN@s, for five different
singular points in Fig. 4.3dp is computed as given in (4.8) and Fig. 4.4].

Note, however, that this is electrically a rather large patch, namely, @2 @plate
considered as a single MoM element, and that smaller patches, e.g., those on the &d@r of
and 0.50.5Q also used in higher order MoM-SIE techniques, and especially electrically small
patches measuring 0&0.1Cand less, characteristic for low-order MoM-SIE techniques, require
far lower values oNGL for a given accuracy of integration and a given machine precision
(double precision).

Overall, wherNGL is not limited, as shown in Figs. 4.5(e)-(f), the best convergence behavior

is achieved by the Duffy method. While for some singular points and lower valiNSLofthe
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singularity extraction method reaches certain accuracy levels the fastest, further improvement of
its accuracy at the expense of adopting higd@BL values is rather slow. On the other hand, both
the Duffy method and the polar transformation method exhibit a logarithmic-type of convergence
with increasingNGL.

Among the results for all singular points, the worst accuracies and convergence behaviors for

all integration methods are those in Fig. 4.5(f). The singular point E in

Fig. 4.3 thus comes out to be the worst-case scenario for the evaluation of the fmag;’adg
any of the methods, and the error graphs in Figs. 4.5(e) and (f) may be considered as defining
and limiting the accuracy and convergence properties of the individual methods as long as the
integration performance at specific singular points is concerned.

Table 4.4 provides information on computation times for the five integration methods, for
singular point A andNGL=20. We see that, out of all the methods, the Duffy method is the

fastest to execute.

TABLE 4.3

PARAMETRIC COORDINATES OF SINGULAR POINTS INFIG. 4.3.

Point A Point B Point C Point D Point E

u O Uy 05 wuy 06 u, 08 uy, 09

v, O Vg 01 v, 04 vy, 08 v 09

4.3.2 Integral with High-Order Basis Functions and Geometry

In the second example, we evaluate the integral in (4.2) for a selection of high-order basis
functions given byn=2 andn =6 over a curved quadrilateral patch (in Fig. 4.1) of the fourth

geometrical order, namely, witk, =K, =4 in (4.1), modeling one-sixth of a sphere of radius
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a=1.2732m, at a frequency=300MHz, with the patch being aboutCacross. Shown in Fig.
4.6 is the geometry of the patch and the error in (4.7) against the order of Gauss-Legendre
integration formulasNGL, for singular points A, B, C, D, and E in Fig. 4.3 and the five different
integration methods. Based on the results in the previous example, as well as on extensive
numerical investigations of the five methods in this (second) example, it is established that both
the Duffy method and the polar transformation method for singularity cancellation with the order
of Gauss-Legendre integration formulas adopted to be as higGhs 200 can reliably be
considered as the fully converged and highly accurate, with negligible differences between
results of the two method (for all five singular points analyzed, the relative difference between
results obtained using Duffy and polar transformation methods WBL 200 is less than
1.5x10'). Therefore, we choose the solution by the Duffy method WIBL 200 as the
UHIHUHQFH 3H[DJ\W (4.7)iH ¥iX &svhpl&® U

Conclusions about the accuracy and convergence properties of different integration methods,
and their relative advantages and shortcomings, for different singular points and overall, are
similar to those drawn in the previous example. In addition, we realize that all the methods
perform well in Fig. 4.6(a) since singular point location A yield non-singular integral in (4.2),
due to the polynomial part of the integrand having higher-order zeros. Figs. 4.6(b)-(f)
demonstrate that the polar transformation method offers substantially slower convergence for
singular integrals defined over curved patch when compared to ones defined on the flat
geometry.

Further, for low orders of integration formulas, five methods result in a comparable precision;
however, with the increase in number of integration points, Duffy and polar transformation

methods yield a convergence superior to other methods.
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Figure 4.6. Evaluation of the integrBk (for m=2 andn=6) in (4.2) over a spherical patch
using five different integration methods: integration error in (4.7) against the order of integration
formulas,NGL, for five different singular points# is computed by the Duffy method wiNGL

= 200).

4.3.3.Example of 2-D/2-D Integral

In addition, in similar fashion as in previous example, we evaluate full 2-D/2-D integral, used
to assembly Galerkin impedance matrix element, defined on the highly-curved and badly-shaped
patch K, = K, =4) modeling half of the oblate spheroid of maximal dimensi@wh order of
testing and basis polynomials being= n, = 4 andm,= n, = 6, respectively. Based on
conclusions given in [92] we adopt®&iGL = 6 for calculation of outer, well-behaved integral
while NGL for inner 2-D integration was ranged as depicted in Fig. 4.7. Patch geometry and
convergence results of integré4g¢ are given in the Fig. 4.7 while conclusions drawn stay the
same as in previous examples. Note that accuracy dfahfl 10* that can be considered as

optimal in higher-order SIE modeling is first reached by the Duffy method.
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TABLE 44
COMPUTATION TIMES FOR FIVE INTEGRATION METHODSINTEGRAL |gg OVER

A SQUARE FLAT PLATE SINGULAR POINTA, AND NGL = 20).

Singularity Duffy Polar Quadratic Cubic
extraction method transform. transform. transform.
\Y \Y \Y \Y \Y

4.4. Conclusions

This paper has proposed a Duffy method for singularity cancellation to evaluate singular
potential integrals involved in the self Galerkin impedances defined on Lagrange-type
generalized curved parametric quadrilateral surface elements of arbitrary geometeczairath
polynomial basis functions of arbitrary current-approximation orders in MoM-SIE analysis of
antennas and scatterers. In addition to providing a new singularity cancellation method for the
considered MoM-SIE elements and basis functions, the paper is considered as a step forward in
overcoming the current lack of evaluations of various possible singularity treatment and
integration methods, and assessments of the accuracy and convergence properties of different
methods, and their relative advantages and shortcomings, for different locations of singular
points in parametric domains, different basis functions on flat or curved surface elements, and
overall.

A final overall conclusion based on evaluations of singular potential integrals in several
examples, is that, of the five integration methods considered, the Duffy method for singularity
cancellation comes out to be the most accurate, the most rapidly converging with the increase of

the orders of Gauss-Legendre integration formulas, and the fastest to execute.
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Figure 4.7. 2-DI2D | 4466integral over badlyshaped and highbzurved patch.
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5. NUMERICAL COMPUTATION OF NEAR-SINGULAR AND NEAR-
HYPERSINGULAR INTEGRALS IN HIGHER ORDER METHOD OF

MOMENTS USING CURVED QUADRILATERAL PATCHES

5.1. Introduction

In numerical techniques based on the method of moments (MoM) in the surface integral
equation (SIE) formulation in the frequency domain, special attention must be paid to achieving
high accuracy, which includes advanced methods for numerical computation of singular and
near-singular integrals defined on MoM-SIE patches. The techniques for dealing with such
integrals, which arise for zero or small soutodield distances in computing the MoM matrix
ertries, can broadly be classified into singularity extraction or subtraction methods and
singularity cancellation or coordinate transformation methods. Also, when a MoM-SIE method is
aimed at analysis of both metallic and dielectric/magnetic structures, such generality in
electromagnetic MoM-SIE simulations increases the singularity of the integral kernel, and
requires special treatment of highly singular integrals. Finally, this problem is even more
pronounced when higher order basis functions are used for the approximation of electric and
magnetic equivalent surface currents in the MoM-SIE method and when such functions are
defined on curved patches.

This paper presents a novel method for numerical computation of near-singular (potential)
and near-hypersingular (field) integrals defined on Lagrange-type generalized parsetktric
guadrilateral MoM-SIE surface elements of arbitrary geometrical orders with polynomial basis
functions of arbitrary current-approximation orders. The integrals are evaluated using a method

based on the singularity extraction, which consists of analytical integration of a principal singular
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part of the integrand over a (generally not rectangular) parallelogram whose surface is close to
the surface of the generalized quadrilateral near the singular point and numerical integration of
the rest using Gauss-Legendre quadrature formulas.

The majority of the existing extraction techniques, used in MoM-SIE modeling so far, have
been developed for planar triangular patches involving low-order basis functions. Few of those
have been extended to curved patches but without really taking into account the curvature of the
surface. The presented integration technique considers the curvature of the patch by extracting
multiple terms in the evaluation of the principal singular part. Further, the theory behind the
extraction technique has been extended to consider integrals with higher order basis functions.

Numerical examples demonstrate fast convergence of the novel integration method with
increasing the orders of Gauss-Legendre integration formulas, i.e., numbers of integration points,
over quadrilateral patches, in a variety of cases. Integrals are calculated over curvexvydiche
curvature ranging from flat or almost flat patches to those with very pronounced curvature, such
as spherical patches. Examples show steady behavior of the integration method for arbitrary
choice of the location as well as the distance of the near-singular point. Further, examples
investigate the numerical behavior of integrals with different choices of basis functions varied
from constant approximations to very-high-order polynomial bases, and for elements with sizes
varied from electrically very small to electrically large quadrilaterals extending to a awiuple
wavelengths in each dimension.

This paper is organized as follows. Section 5.2 gives an overview of the novel singularity
extraction. In Section 5.3 numerical results and discussion are provided, followed by the

conclusions in Section 5.4.
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5.2. Double higher order singularity extraction
5.2.1 Near-Singular and Near-Hyper-Singular Integrals

We consider a MoM-SIE model of an antenna or scatterer built using generalized curved
parametric quadrilaterals of arbitrary geometrical ordgrandK, (K,, Ky t 1), shown in Fig.
5.1 and analytically described in the parametricv domain as [10].
Ky Ky
(U, V) : : rquv, 1duvdl (5.1)

k o 0

where r,, are constant vector coefficients related to position vectors of interpolation nodes

defining the quadrilateral. When these elements are used in conjunction with higher order
polynomial basis functions, all entries of the Galerkin impedance matrix can be foundaas i

combinations of 2-D/2-D Galerkin integrals [10]. In a general case, these contain the following
singular inner 2-D basic potential integrals computed at an observation (testing) point , that is

close to the source quadrilateral patch:

11

je IR 1o iR
1, 3%Y° _duv, 12, s EIRE g,
11 1® 11 4®
28/Q o, R [r(uv) r(u,v,) dn, (5.2)

with f being the operating frequency of the antenna/scatterefiRdhéd distance of the source
point (u,v) from the field point, referred to as the near-singular paifd,,v,) is the position
vector of the so called close point projection (cpp) from the field point onto the quadrilateral of
interest, andly is the distance of the field point from its projection, winle the unit normal to

the quadrilateral surface. When the two points are clBsbecomes small, and a special

treatment of the near-singularity is needed.
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(a) (b)
Figure 5.1. a) Generalized curved parametric quadrilateral patch for double-higheviohde
SIE modeling. (b) Sketch of the orthogonality factor for maximally orthogonalized hierarchical
basis functions of the eight order.

The traditional singularity extraction method consists of extracting the singularity of
analytical integration of a principal singular part of the integrand over a (generally not
rectangular) parallelogram, whose surface is tangential to the surface of the generalized
guadrilateral at the singular point, and numerical integration of the rest using Gauss-Legendre
guadrature formulas [10], [5]. The parallelogram is defined by the unitary vectors [10] of the
generalized quadrilateral at the cpp point. The near-singular integral is evaluatgdctahaas
in [93] while the other integral is well behaved in the vicinity of the point and can be accurately
integrated numerically.

The vectoR, which describes the distance between the source and test points, can be written

as

KU I<V
RUp duvy dv) dgn : '

k ol O
k 111

a du“dv . (5.3)

The notationay is used to represent thé& and|™ derivative ofr with respect tau andyv,
evaluated at the pointud, vo), close point projection of the near-singular point onto the
curvilinear surface. We consider that, by the definition of the cpp pomiao Waoy/| a0 Laos| at

(Uo, Vo), then the expansion & can be rewritten as:
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R® di h2du® bZdv® 2hh,cos/@udy t, (5.4)
wherehy, b, and coDare defined by h? a,y By 2dga, N, b ay By 2dgag h and

cosD &g qy; 2dyq; h/hb,. while dy is the distance of near-singular point to its
projection. Furthermore, it is worth noting thais a polynomial ofdu and dv with all terms
being of at least the third order.

Novel higher order extraction introduces a new type of parallelogram tangential to the
guadrilateral atup, Vo), so thatRp, the distance between any parallelogram point from the near-
singular is R? d2 b2du® bZdv* 2bh, cosMudy, i.e. R° R3 t. Consequently, the
parallelogram used for extraction of the integrand singularities is tangential to the quadrilateral at

the cpp point and has sides of the lerigtandb, with an Dangle between them.

Figure 5.2. lllustration of the singularity extraction method based on the analytical integration
over parallelogram tangential to the quadrilateral at the close point projection.

In order to account for the curvature of the quadrilateral, the discrepancy between distances

from curvilinear patch and the flat parallelogram can be expanded as:
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Following the same idea, the expansion of the integrands that considers higher order terms is

done as follows,

f

e iR :Cidzg’(lj\/’ljRest IDidzg,flv
R I R R I, R

: (5.6)

with C andD being polynomials oflu anddv. In the same fashion as in (5.5), it is easily shown
that expansions in (5.@8pnsist exclusively of odd terms B§.

Finally, integrals given in (5.2) are calculated by applying the numerical integration to the
smooth integrand obtained by subtracting the truncated expansions given in (5.6) from the
original integrandIntegration of the higher-order integrals over the parallelogram is performed

analytically.

5.2.2 Analytical integrals over parallelogram

Analytical closed form formulas for computing the integrals involving higher order basis
functions andR] (n t 3) singularities, over flat surfaces are first developed in [93]. Here, these

formulas are extended to consider integrals of this type for any.déor the simplicity of this
formulation, close projection pointi@, vO) is assumed to be (0,0), without any loss of generality
for the formulas developed here.

First, a local orthogonaty coordinate system is introduced as given in Fig. 5.3. Next, the

localu andv coordinates, as well as their corresponding unit vectors, are represented as:

X QY v Y 0O BosD y&in O (5.7)
by, b, sin .
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Furthermore, in the same fashion as in [93], polar coordinates are definEd O [ w,

while local coordinates can be defined via the scalar product of vectors as:

u E g)Octg DyC, v bysin D (5.8)

Figure 5.3. Parallelogram in the local nonorthogonal uv coordinate system and its corresponding
orthogonal locaky coordinate system.

Finally, the surface gradient is defined &R 2> n 2R} £ for any oddn. The last

equation is used together with (5.8) to rewrite the integrals over the parallelogram:

RIUPVIAS %O R0 & \ags

5 ctg ol o i
—)hJO . ;OSS <R 2 uP Wids (5.9)
O ctg }O n2pLg n 2, pLgq
n 2 P RIAWPHT R Py d@

S

The last equation in (5.9) is obtained by applying the gradient product rule. In addition, the

gradient of the simple polynomial functions in the local coordinate system can be expsessed a

1
RTLYE puP v XO ctg. pu” v qup\_lq W (5.10)
b, b, b,sin D
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So, if 19  BNIRSAS a surface integral across the parallelogram and,
S

Iihs 3PVvIRgdl s a line integralong thei™ parallelogram side (as labeled in Fig. 5.3),

linei

then formulas may be obtained via the divergence theorem from (5.9) as:

1 @ 4 & 0

ISn' pa n 2 « p 1AUIQ 2P 24 qBUIQ 2P a1 : TU m&;‘l irj|in%p L > (5.11)
4 il ;
a 4 & o

RS nlz «a 1AJD 2P 2 pgyn 2P0l I yipfin 2eat, ®.12)
4 il 4

. . - . 1 1 ctgD
with the corresponding coefficients beilg ——— ———,B, B,

b,sin D% A b,sin D by, sin O

& . . & o
T, 1 O ctg DYC andT, _yO
a, a,sin D

Formulas given in (5.11) and (5.12) can be used in the recursive fashion to calculate analytical

solution for any 1*P9 integral. The traversing through recursive formula is applied until

1000100 001, nA1 are reachedNote that recursion im is done in steps of two, so all

remaining terms have odd. Once all terms can be describedfyg) * /{0, 0), (0, 1), (1, 0), (1,

1), special p, ) independent recursive formulas are developed leading to the final solution,
which depends only on integrals with known analytical solutions:
ls 100, ls 1o, ls 101, ls 3,0,0,|53L0,|s3,0,1_ By following the procedure described in [93],

recursive formulas for line integrals are developed in the same fashion.
The main difference between the work presented here and work done by Prof. Oijala in [93]

is the extension of these formulas to any odd integ€riginally, work in [93] was developed
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for higher order basis functions over flat triangles with no need to calculate integrats<with
However, the developed scheme was not applicable to curvilinear patches. Future development
of this novel extraction scheme consists of its application to full 4D integrals arising in
computation of the impedance matrix elements from the MoM solution of various integral
equation formulations which are used in the electromagnetic analysis of metallic, dielectric and

composite structures.
5.3. Numerical Results

In this section, the integration accuracy using the new singularity extraction method is
evaluated. All methods are implemented for solving integrals in (5.2) defined on curved
guadrilaterals described by (5.1), for arbitrary choice of the near-singular point.

All results are given in terms of the relative integration error computed as
I 10950|lmn e[ - (5.13)

Where|~mn LV WKH UHIHUHQFH :H[DFW"~ YDOXH RI WKH LQWHJUDC(

double floating-point precision. Note that the novel extraction method performs numerical
integration over the entirev domain without subdividing it into four square or triangular
subdomains, having close point projection point as the new vertex. The described subdivision is
characteristic of the majority of extraction or cancellation schemes, which overall would
introduce four times more integration points. The described subdivision is very inefficient,
especially when projection is close to the domain edge, which, in the Galerkin type of testing,
describes the majority of numerical cases of near-singular integrals.

Furthermore, local coordinates of the close point projection used in numerical examples are

chosen to show convergence of the method for cases where projection is very close to the edge
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of the integration domain, i.e. cases where other integration methods exhibit very low accuracy

and, in some cases, even divergence.

5.3.1.Near-Singular and Near-Hypersingular Integrals over Curvilinear Spherical patch

In the first set of numerical results, we evaluate the integrals in (5.2) for a selection of both
low-order and high-order basis functions given lpy §)=( 0, 0) and §§, 9)=( 6, 6),
respectively, over a curved quadrilateral patch (in Fig. 5.1a) of second geometrical order, i.e.
Ky =K, =2 in (5.1), modeling one-sixth of a sphere of radigsl m, at a frequency UubG P
and distance, = 0.001m, while close point projection is performed at local coordinages) =
(0.9, 0.9). The integrals are calculated using novel double higher order singularity extraction
with the expansion in (5.6) truncatediat 5 and full expansion o andD coefficients (5.6).

Figs. 5.4a and 5.4b show excellent convergence of near singular and near hypersingular
integrals, respectively, fop(q) = ( 0, 0) with the increase of number of Gauss-Legendre points.
In addition, Figs. 5.4c and 5.4d show the same type of results, fijr< ( 6, 6) integrals.

In order to show robustness of the method, for the same choice of the close point projection,
distance dy is ranged from 16 m to 10° m, covering the full range of near-
singular/hypersingular points (near-singular/hypersingular behavior). Figures 5dba-5.
correspond to the cases analyzed in the Figs 5.4a to 5.4d, respectively, and show great robustness

and accuracy of the method for a number of Gauss-Legendre integration pointd ®Be#&)
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C) d)
Figure 5.4. Convergence of the novel higher order singularity extraction with the increase of
NGL points on the second order spherical patch, modeling one sixth of the sphere, with cpp local
coordinates W, Vo) = ( 0.9, 0.9) andlp = 0.001m:a) (p, ) =( 0, 0), singular integrals, bp,(
g) =( 0, 0), hypersingular integrals) (p, ) =( 6, 6), singular integrals, dp,(q) =( 6, 6),
hypersingular integrals.

5.4. Near-Singular and Near-Hypersingular Integrals calculated using optimized

expansion of power series

Further, on a new set of results, expansion used in higher order singularity extraction (5.6) is
again truncated at= 5 while optimal choice o€ andD coefficients contains only the highest

order term in the expansion.
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c) d)

Figure 5.5. Accuracy of the novel higher order singularity extraction over the full ran
nearsingular distances on the second order spherical patch, modeling one sixth of the
with cpp local coordinatesud, vo) = ( 0.9, 0.9) andNGL=8 a) (p, q) = ( 0, 0), singular integrals
b) (p, ) = ( 0, 0), hypersingular integrals) (p, g) = ( 6, 6), singular integrals, dp,(q) = ( 6, 6),
hypersingular integrals.

Figs. 5.6a and 5.6b show convergence of singular and hypersingular integrals, rdgpective
for a higher order polynomial choic@,(q) =( 6, 6) on the spherical patch described in the
SUHYLRXV H[DPSOH DW D IUHTXH®FE\0.0001m, Wbil& cRsdDmitct GLV W I
projection is at local coordinatesy( Vo) = ( 0.99, 0.99). In addition, Fig. 5.6¢ and 5.6d show

excellent convergence of singular and hypersingular integrals, respectively, for thehsarae

of distances and close point projection coordinates on a non-planar, distorted bilinear patch.
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C) d)
Figure 5.6. Convergence of the novel higher order singularity extraction calculatgd usin
optimized expansion of power series, with cpp local coordinateso) = ( 0.99, 0.99)dp =
0.0001m and g q) =( 6, 6), over a) spherical patch, singular integrals, b) spherical patch,
hypersingular integrals, c) bilinear patch, singular integraishilchear patch, hypersingular
integrals.

5.5. Conclusions

A novel method for numerical computation of near-singular (potential) and near-
hypersingular (field) integrals defined on Lagrange-type generalized curved parametric
guadrilateral MoM-SIE surface elements of arbitrary geometrical orders with polynomial basis

functions of arbitrary current-approximation orders was presented. The integrals are evaluated
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using a method based on the singularity extraction, which consists of analytical integration of a
principal singular part of the integrand over a parallelogram whose surface is close to the surface
of the generalized quadrilateral near the singular point and numerical integration of the rest using
Gauss-Legendre quadrature formulas. The parallelogram used in the new technique is
constructed in order to approximate geometry of the curved quadrilateral more accurately than
the parallelogram used in the traditional singularity extraction. Further, curvature of the
guadrilateral was approximated by introducing higher order terms in the integral expansion. In
addition, special analytical formulas were developed to solve for higher order integrals over
planar surfaces. Finally, the method was optimized and tested on a special set of numerical
experiments chosen because they exhibited very low accuatin(some cases even diveryed
when analysed by other integration methods. The overall conclusion is that the new integration

method is very robust and performs extremely well in all tested examples.

90



4 REFERENCES

[1] - 0 -LQ 37KH )LQLWH (OHPHQW OHW K R@&nWjey & SdasV UR P D J
New York, 2002.

2] - 0 -LQ DQG ' - 5LOH\ 3)LQLWH (OHPHQWJ$hQWi@YVLV RI
& Sons New York, 2008.

] 3 3 6LOYHVWHU DQG 5 / )HUUDUL 3)LQLWHeOHPHQW!
Cambridge University Pres4996.

[4 - |/ O9RODNLV $ &KDWWHUMH HiniteDE)é@gnent Méthod HP SHO 3
(OHFW UR P [EEB Pri¢$New York, 1998.

[5] % 0 I1RWDUR& 3+LJKHUGRPGIHY ARATXWOQMILRQDO HOH
Special Issue on Large and Multiscale Computational Electromagndtdsi:
Transactions on Antennas and Propagatigol. 56, No. 8, pp. 2251-2276, August 2008.

[6] O 0 ,OLF DQG % 0 1RWDURV 3+LJKHU RUGHU KLHUDUFK
HOHPHQWYVY IRU HOHFW IERP Dandadtidhis on iR @Bwa@eL Thdory and
TechniquesVol.51, (3), pp.1026-1033, March 2003.

[7] M. M. llic,A.Z ,OLF DQG % 0 1RWDUR\Domah BEMINMod2lihngG HU /DU
of 3-' OXOWLSRUW :DYHJXLGH 6WUXFWXUHV [EERVK S$SUEL
Transactions on Microwave Theory and Technigies. 52, No. 6, pp.1608-1614, June
2004.

[8] 0O 0 ,0Lt 0 '"MRUGMHYLUO $ & ,0L0 DQG % O0- 1RWDUF
ORO WHFKQLTXH IRU DQDO\VLV EEBDtanHQtenDag FdoReg. VFD W V
vol. 57, pp. 1452-1460, May 2009.

[9] M. M. llic, A. Z. llic, and B. M. Notaros,?® & R Q duvdhyQidhomogeneous Higher Order
Finite Elements for 3- (OHFW U R P D J Q H \WHE-Trér@d&zdhy anVAritennas and
PropagationsVol. 57, No. 9, September 2009, pp. 2798-2803

91



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

0O '"MRUGMHYLF DQG % 0 1RWDURV 3 RXEOHsH#fadKHU RUC
LQWHJUDO HTXDWLRQ PRGHOLQJ RI PHWDOOIHEEDQG GLI
Transactions on Antennas and Propagatignl. 52, No. 8, pp. 2118-2129, August 2004.

0O 0 ,OLF DQG % 0 1RWDURdbmM&n hidrndrehitaRAEI3 téthnigue U J H
IRU HOHFWURPDJQHWLF PRGHOLQJ XVLQJ /HIHQGUH EDV|
ElectromagneticsVol. 26, No. 7, pp. 517-529, October 2006.

0 '"MRUGMHYLF DQG % 0OrdeRNieEatdiicdl Basid FHnigtions with
Improved Orthogonality Properties for Moment-Method Modeling of Metallic and
'LHOHFWULF OLFUR Kigréwhve AhY RitivalXTddthinology Lettekol. 37,

No. 2, pp. 83-88, April 2003.

- % 3HQGU\ ' 6FKXULJ DQG ' 5 6PLWK 3&Bd@ie¢ ROOLQ.
312, pp. 1780-1782, June 2006.

‘", 200DbQ@ O O ,OLF % 0 1RWDURV % 0 .ROXQG]L
3'LDNRSW Ldrddf EHM-6IRI0 D S S U RME IEEE International Symposium on
Antennas and Propagatipduly 11-17, 2010, Toronto, Canada.

', 200DQ , 0 6WHYDQRYLUO - 5 ORVLJ DQG $ 5 'MRU
DQDO\VLV RI PXOWLFRQG X RWRWavavand Qpibal TachriRiggyO L Q HV
Letters Vol. 50, No. 4, pp. 93936, April 2008.

‘', 20uDQ , 0O G6WHYDQRYLU % 0 .ROXQGaLmMD -5 0
S'LDNRSWLF VXAHD}¥BWLRWHIIRIDROKODWLRQ DSSQQ8G WR O
IEEE International Symposium on Antennas and Propagatioy 4-12, 2008, San

Diego, CA.

‘', 20ubQ , 0 6WHYDQRYLU -5 ORVLJ DQG $ 5 'MF
integral-equation formulation applied to large'2-VFDWWHULQJEUW ESAREOHPV
November 11-16, 2007, Edinburgh, UK.

', 200DQ , 0 6WHYDQRYLUO - 5 ORaKogtic 8pfréacti to5 'MRU
DQDO\VLV RI PLFURZDYH ®bd.Dd \88 LELvobéa MroweMey ~
Conferencepp. 291294, September 10-15 2006, Manchester, UK.

92



[199 $ % ODQLF ' , 20FDQ O O ,OLF DQG %NoMANiARKWDURYV 3
Using ExpLFLW &RQQHFWLRQ EHWZHHQ0)2 HEEANEEs &Y U UH QW
Propagation Society International Symposium Digektly 7-12, 2013, Lake Buena
Vista, Florida.

[200 $ % ODQLF ' , 20FDQ O 0 ,OLF DNo®-Diakoplic 1RWDU
Analysis of Scatterers with Anisotropic Inhomogeneities Using Hierarchical Vector
%DVHV RQ /DUJH &XUYHG (OHPHQWYV ~ LQYLWHG SDSHU
% DVHV IR Ull& (Iternational Workshop on Finite Elements for Microwave
Engineering+FEM2012 June 4-6, 2012, Estes Park, Colorado.

[21] G. Kron, Diakoptics: The Piecewise Solution of Large Scale SystediscDonald,
1963.

[22] Seung-Cheol Lee, Marinos N. Vouvakis, and Jin-Fa L¥enon-overlapping domain
decomposition method with non-matching grids for modeling large finite antenna arrays,
“Journal of Computational Physi@03, no. 1, pp. 1-21, 2005.

[23] Yu-Jia Li; Jian-Ming Jin,3A New Dual-Primal Domain Decomposition Approach for
Finite Element Simulation of 3-D Large-Scale Electromagnetic ProbldiBEE Trans.
Antennas Propagvol.55, no.10, pp.2803-2810, Oct. 2007

[24] Kezhong Zhao; Rawat, V.; Lee, J.-F3A Domain Decomposition Method for
Electromagnetic Radiation and Scattering Analysis of Multi-Target ProblelBEE
Trans. Antennas Propagvol.56, no.8, pp.2211-2221, Aug. 2008.

[25] llic, M.M.; Notaros, B.M., Higher Order FEM-MoM Domain Decomposition forCB-
Electromagnetic AnalysiSJEEE Antennas and Wireless Propagation Letters.8, no.,
pp.970-973, 2009.

[26] B. M. KolundaLMD DQG $ 5 FElatRoh&hekcYMddeliig of Composite
Metallic and Dielectric StructuresArtech HouseNorwood, MA, 2002.

[27] R. F. Harrington,3Time-Harmonic Electromagnetic FielddNew York: John Wiley &
Sons 2001.

[28] A. B. Manic, S. B. ManF 0 0 ,OLF DQG % 0 1RWDURV 3/D
Inhomogeneous Higher Order Hierarchical Generalized Hexahedral Finite Elements for

93



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

3-D Electromagnetic Modeling of Scattering and Waveguide Structuvisrowave and
Optical Technology Lettersol. 54, No. 7, pp. 1644-1649, July 2012.

B.M. Notaros, B.D PopovicGeneral entire-domain method for analysis of dielectric
scatterers, in Microwaves, Antennas and Propagation, IEE Proceedings.143, no.6,
pp.498-504, Dec. 1996.

S. V. Savic, AA.B.Mank 0 O ,0OLF DQG % 0 1RWDURV 3(lILFL
)XOO :DYH 1XPHULFDO $QDO\VLV RI ' &ORDNLQJ 6WwW
(published online: 8 July, 2012).

W.C.Chew,J® -LQ ( OLFKLHOVVHQ DQG - 6RQJ 3)DVW DQ
&RPSXWDWLRQDO (OHFWU RREH Badss206 ~ %RVWRQ 0%

+DFNEXVFK 3$ VSDUVH P DW UthdtriDed.LPAIK PlitradudEoE D VH G R (
H- P D W U Cémhputirig Vol. 62, pp. 83408, 1999.

© +DFNEXVFK DQG % 1 .K R thRR\aNthivktic: BavI8 Biphtation
to multi-G L P HQ VL R Q D Co@pu§ \tH &4\Vpp. 2147, 2000.

: +DFNEXVFK / *UDVHG\FN DQG 6 %|UP 3$Q LQWURGXI
Math. Bohem.Vol. 127, pp. 229-241, 2002.

6 % |U&2-miatricess O XOWLOHYHO PHWKRGV IRU WKH DSSURJ[LP]I
Computing and Visualization in Scien&l. 7, no. 34, pp. 173181, Aug. 2004.

. &KDL DQG ' -abDMatriéB&3ed Integral-Equation Solver of Reduced
Complexity and Controlled$ FFXUDF\ IRU 6ROYLQJ (OHFWEERG\QDPL
Trans. Antennas Propagvol. 57, no. 10, pp. 3148159, Oct. 2009.

&KDL DQG ' -LDR 3HQVH PDWUL[ LQYHUV-eq&QioRI OLQHI
based large-scale 3-D capacitance extractilfEE Trans. Microw. Theory Techol.
59, no. 10, pp. 2402421, Oct. 2011.

94



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

7 :DQ = 1 -LDQJ DQG < - 6KHQJ 3:+LHUDUFKLFDO PD\
GHFRPSRVLWLRQ DOJRULWKP IRU WKH IDVMREED@QIBSO\VLV R
Antennas PropagVol. 59, no. 11, pp. 4132141, Nov. 2011.

&KDL DQG ' -L-coRplexity QnddD &hd iterative integral equation solvers
accelerated by a new rank-minimized representation for large-scale 3-Dommiect
H[W U D EBE_Rdps. Microw. Theory Teckol. 61, no. 8, Aug. 2013.

: &KDL DQG ' -Ndirir-BakeD Mikct Integral Equation Solver With Reduced
Computational Cost for Larg&FDOH ,QWHUFR Q QBEE Wrarig.WCOrDpeW LR Q -~
Packag. Manuf. Techneolol. 3, no. 2, Feb. 2013.

$ +HOGULQJ - 0O 5LXV - O 7DPD\R - 3DUUyYQ DQG ( ¢
PHWKRG RI PRPHQW NEE [@rts.DAutekinag WrepRg/ol. 55, no. 11, pp.
322088228, Nov. 2007.

G. H. Golub and C. V. LoariMatrix Computations3rd ed., Johns Hopkins University
Press, Baltimore, MD, 1996.

0 *X DQG 6 & (LVHQVWDW 3(IILFLHQW D OkRedlingfV KPV IR
45 1DFW R USIADI B& @ompytvol. 17, no. 4, pp. 84869, Jul. 1996.

K.Zhao,M.1 9RXYDNLV DQG - ) /HH 37KH DGDSWLYH FURVYV
DFFHOHUDWHG PHWKRG RI PRPHQWYV EEPHXM/ BEBMLRQV RI
Vol. 47, no. 4, pp. 76& 73, Nov. 2005.

- 6KDHIIHU S3'LUHFW VROYH RI udtiors FovspebblerD sivés\todlMJ JH L Q
X QN Q RIEEE/Trans. Antenna Propagvol. 56, no. 8, pp. 2302313, Aug. 2008.

J. Laviada, F. LassHUDVY 0 5 3LQR DQG 5 OLWWUD 36ROXWI
problems with multilevel characteristic basis funcWoriEEE Trans. Antennas Propag
Vol. 57, no. 10, pp. 3188198, Oct. 2009.

- 0 7DPD\R $ +HOGULQJ DQG - 0 5LXV B30XOWLOHYHC
IEEE Trans. Antennas Propag/ol. 59, pp. 46084608, Dec. 2011.

95



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

A. Heldring, J. M. Tamar & 6LPRQ ( 8EHGD DQG - 0 5LXV 36S¢
FURVV DSSUR[LPDWLRQ DOJRULWKP IRU DFFHE®EBBEJDWHG F
Trans. Antennas Propagvol. 61, no. 1, pp. 24246, Jan. 2013.

) *HV]WHV\ DQG . $ O0DN BedhRlv détethiRn@ritd foHdpergtors with
matrix-valued semVHSDUDEOH LQWHJUD OteghaH Bquationg abdH YLV LW
Operator Theory Vol. 47, no. 4, pp. 45897, 2003.

S. Chandrasekaran, P. Dewilde, M. Gu, T. Pals, X. Sun, AJ. van der Veen, and D. White,
36RPH IDVW DOJRULWKPYV IRU VHTXHQWL®AMOJ SEHPLVHSLEL
Comput, Vol. 27, no. 2, pp. 34864, 2015.

( &RURQD 3* ODUWLQVVRQ DQG ' =RULQ 3%$Q 2 1 GLU
RQ WKHApm Darput. Harmon. Analol. 38, no. 2, pp. 28817, Mar. 2015.

6 0 5DR ' 5 :LOWRQ DQG $ : *OLVVRQ 3(OHFWURPDJ
D U E LW U DIBEEVIKaDsS Ahténnas Propad/ol. 30, no. 3, pp. 409118, May 1982.

K. C. Donepudi, J.-M. Jin DQG : & &KHZ 3% KLJKHU RUGHU PXOWI
DOJRULWKP IRU VFDWWHULQJ IURP PIEEH GarsRABHEEWLQJ G
Propag, Vol. 51, no. 10, pp. 28122821, Oct. 2003.

O. Borries, P. Meincke, E. Jgrgensen, and P. C. Hansed X-Iewal lfast multipole
method for higherRU GHU G LV FIBEBN tahB. WriteR1@¥ Propagvol. 62, no. 9,
pp. 46954705, 2014.

/ 3 =KD < 4 +X DQG 7 6X S3(IILFLHQW VXUIDFH LQWH
vector bases for complex e F D W W H U L QIEEE URris QAHtBrvias and Propag.
Vol. 60, no. 2, pt. 2, pp. 95857, Feb. 2012

X.Mu, H-; =KRX . &KHQ DQG : +RQJ 3+LJKHU RUGHU PHW
parallel out-ofFRUH /8 VROYHU RQ *3HEERSIMBarsS.CADtevihasPRopag
Vol. 62, no. 11, pp.563%6646, Nov. 2014.

< =KDQJ = /LQ ; =KDR DQG 7 . 6DUNDU 33HUIRUPD
Higher-Order Method of Moments Code Using Thousands of CPUs and Its

96



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

$ S S OL F DIREERT€aNS. "Antennas PropagVol. 62, no. 12, pp. 63186324, Dec.
2014.

+ *XR - +X DQG = -QpeAMP3ByQridOoarallel H-LU direct solver for
HOHFWURPDJQHWLF lhtenatidraUIownaHdf Ardama&ikaDd/ Pfopagation
Vol. 2015, Article ID 615743, 10 pages, 2015.

$ 6FKURGHU + ' %UXQV DQG & 6FKXVWHU 3)DVW HYCLC
XVLQJ D SDUDOOHOL]HG D GDEBE Trams. AtdeRnNaY Pfad/O0IR[LP D W L
62, No. 5, 28182822, May. 2014.

B. M. Notaros, B. D. Popovic, J. P. Weem, R. KURZQ DQG = 3RSRYLF 3(
large-GRPDLQ ORO VROXWLRQV WR HOHFWULEBEBE®aNEODUJH S
Microw. Theory TechVol. 49, pp.151#59, Jan. 2001.

6 :DQJ ; 6 /L - ;LD < 6LWX DQG 0 9 'H HmRS 3(IILF
IRU 6ROYLQJ '"HQVH /LQHDU 6\VWHPV ZLWK +LBANMUFKLFD
J. Sci. ComputVol. 35, no. 6, pp. C514€544, 2013.

A. B. Manic, F.-+ 5RXHW ; 6 /L DQG % 0 1RWDURV S3(IILF
Analysis Based on MoM, HSS DitFW 6ROYHU DQG 5542015HERP SRVLWI
International Symposium on Antennas and Propagatiuty 19-25, 2015, Vancouver,

BC, Canada.

( OLFKLHOVVHQ DQG $ %RDJ 3% PXOWLOHYHO PDWUL][ Gt
scattering from large stia W X UBHEE Trans. Antennas PropagvVol. 44, no. 8, pp.
10864093, Aug. 1996.

* +DQ + -XQ DQG ( OLFKLHOVVHQ 32Q 0/0'$ %XWWHUIC(
L QW HJU D O IEEE AtddnVaRWIréless Propag. Letol. 12, pp. 314, 2013.

Y. %ULFN 9 /RPDNLQ $ %RDJ 3)DVW 'LUHFW 6ROYHU IR
Using Multilevel Non-8 QLI RUP AEHEJ¥ans. Antennas PropagVol. 62, no. 8,
pp.4314#4324, Aug. 2014.

97



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

0 .RVWLF DQG % .ROXQG]LMD 320D[LP DD BdseRV&KRJIRQI
JHQHUDOL]HG ZLUHV TXD G UEEEDVdrns.UAD®Mas PQEAgEH[DKHG U
61, no. 6, pp. 3138148, Jun. 2013.

, %RIDHUW DQG ) 3 $QGULXO O LOrddr BasiPHn@tdhshaved/ KR IR C
a Well-Conditioned Gram Matfi 'IEEE Trans. Antennas Propagv/ol. 62, no. 8, pp.
40964104, Aug. 2014.

$ +HOGULQJ - 0O 7DPD\R DQG - 0 5LXV 32Q WKH GHJUI
EHWZHHQ VHWV RI HOHPHQWDU\ VFDWWHUHUYV =~ SUHVHQ\
(Eucap), Berlin, Germany, Mar. 237, 2009.

$ % ODQLF ( &KREDQ\DQ O O ,OLF DQG % O 1RWDUI
+LJKHU 2UGHU )(0 DQG OmRdce@dihGKdRQIAXNEEE Antennas and
Propagation Society International Symposjulaly 62, 2014, Memphis, Tennessee.

ScalLAPACK? Scalable Linear Algebra PACKage, http://www.netlib.org/scalapack.

BLACS http://www.netlib.org/blacs.

J. Towns, T. Cockerill, M. Dahan, |. Foster, K. Gaither, A. Grimshaw, V. Hazlewood, S.
Lathrop, D. Lifka, G. D. Peterson, R. Roskies, J. Ray Scott, N. Wilkins-Diehr, "XSEDE:
Accelerating Scientific Discovery'Computing in Science & Engineeringol.16, no. 5,

pp. 62-74, Sept.-Oct. 2014, doi:10.1109/MCSE.2014.80

https://portal.tacc.utexas.edu/user-guides/ stampede#overview

2 0 %XFFL DQG * )UDQFHVFKHWWL 32Q WKH IBEEJUHHV R
Trans. Antennas Propagvol. 37, no. 7, pp. 91826, July 1989.

$ +HOGULQJ - 0 5LXV - 0 7DPD\R - 3DUUyYyQ DQG ( C
EORFN GHFRPSRVLWLRQ IRU IDVW GLUHFW VRIEEENLRQ RI
Trans. Antennas Propagvol. 59, no. 2, pp. 52636, Feb. 2011.

98



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

A.C.Woo,H. T * :DQJ 0 - 6FKXK DQG 0 / 6DQGHUV 3%HQ
IRU WKH YDOLGDWLRQ RI FRPSXW DMEERQE@asHPphGaW UR P D J
Mag., Vol. 35, pp. 8489, Feb. 1993.

D. R. Wilton, S. M. Rao, A. W. Glisson, D. H. Schaubert, O. M. Al-Bundek, and C. M.
% X W Bdtkutialdntegrals for uniform and linear source distributions on polygonal and
polyhedral domains’IEEE Transactions on Antennas and Propagationi. 32, no. 3,

pp. 276281, March 1984.

5 ' *UDJOLD 32Q |WteghtiQnXoPthielihdabshape functions times tHe 3-
*UHHQTV IXQFWLRQ RU LWV JIBEEGaHIQMONR @h Antsh@aP el W U L LC
Propagation vol. 41, no. 10, pp. 1448455, October 1993.

0 6 7RQJ DQG : & &KHZ 3% rGRaluatiog bypessthguiF&dl R
VWURQJO\ VLQJXODU VXUIDFH IEgRVTHahseDtiONg on @ntdrddsFW U R P
and Propagationvol. 58, no. 11, pp. 35948601, November 2010.

" - 7D\ORU 33$FFXUDWH DQG HIILFLHQ3vig@aXiAteigualskrD O L QW
*DOHUNLQ (), ( REEOXaWsadRdps/on Antennas and Propagatiaol. 51, no.
7, pp.16304.637, July 2003.

/| 5RVVL DQG 3 - &XOOHQ 32Q WKH IXO &hageXunetichLFD O H»
times the 3- *UHHQTV IXQFWLRQ RIEEPT@QG&{phs o WMicDWad© H ~
Theory and Techniquesgol. 47, no. 4, pp. 39802, April 1999.

0O .KD\DW DQG ' 5 :LOWRQ 31XPHULFDO Md@ma@XDWLRQ
SRWH QW L DIBEE Qravishdtioms ©'VAntennas and Propagatiwi.53, No.10, pp.
31808190, October 2005.

M. A. Khayat, D. R. Wilton DQG 3 : )LQN 3$Q LPSURYHG WUDQ
optimized sampling scheme for the numerical evaluation of singular and near-singular
S R W H QREE Bri@evinas and Wireless Propagation Letteds. 7, pp. 37280, 2008.

'LQJ DQG * :DQJ B37UHDWPHQW Rl VLQJXODU LQWHJL
SDUDPHWULF TXDGULODWHUDOV LQ KEHKHtehn&UaGHU PHW
Wireless Propagation Lettersol. 8, pp. 1313313, 2009.

99



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

( -iUJHQVHQ - / 9RODNLV 3 OHLQFNH DQG 2 %UHLQI
/IHIHQGUH EDVLV IXQFWLRQV | RIEBEEDdsadtiahReNAGENIHAN LF PR
and Propagationvol. 52, pp. 29832995, November 2004.

+ <XDQ 1 :DQJ DQG & /LDQJ B2&RPELQLQJ WKH KLJKHU
JHRPHWULF PRGHOLQJ E\IEEBS5P@ésattiznd | &nF Arerinas and
Propagation vol. 57, no. 11, pp. 3558563, November 2009.

R. Kieser, C. Schwab and W. L. WellQ Glunferical evaluation of singular and finite-
SDUW LQWHJUDOV RQ FXUYHG VXUIDCénkputing VoL @21 pgA\PEROLF
279-301, 1992.

Sheng, Xin-Qing, and Wei Sondzssentials of Computational Electromagnetiv®l.
757. Wiley, 2011.

$ ) 3HWHUVRQ 3:0DSSHG 9HFWRU %DVLV )XQFWLRQV
Equations; Morgan & Claypool Publishers2006.

0 * 'XII\ 34XDGUDWXUH RYHU D S\UDPLG RU FXEH RI LC
Y H U \8IAY J. Numer. Analvol. 19, no. 6, pp. 1268262, 1982.

. 6HUWHO DQG - / 9RODNLV B30HWKRG RI PRPHQWYV VRC
XVLQJ SDUDPHWULF JR&lB $tehcevs. 3G, HhD10GL+), January
February 2002.

Klopf, E.M.; Sekeljic, N.J.; llic, MM.; RWDURV % 0 S2SWLPDO ORGHOL
for Higher Order MoM-SIE and FEMBR0O (OHFWURPDJQHWIHEEG6LP XOD\
Transactions on Antennas and Propagatieol.60, no.6, pp.2790,2801, June 2012.

S. Jarvenpaa, M. Taskinen, P. Ylat MD O D 36 L QraetionDethrfgie YoK Egh-
RUGHU SRO\QRPLDO YHFWRU EDVLVrahX @QiitélnaR x6paB Q SODC
vol.54, no.1, pp.42,49, Jan. 2006.

100



5 PUBLICATIONS OF THE CANDIDATE

JOURNAL PAPERS

S. V. Savic, A. B. Manic, M. M. llic, and B. M. Notaros3 (I ILFLHQW +LJKHU 2UG|
Wave Numerical Analysis of 3- &ORDNLQJ 6 WasXeniwsX ROdZpublished
online: 8 July, 2012), doi: 10.1007/s11468-012-9410-0.

$ % ODQLF 6 % ODQLF O O ,0OLF DQG % 0 1RWL
Inhomogeneous Higher Order Hierarchical Generalized Hexahedral Finite Elements for

3-' (OHFWURPDJIJQHWLF ORGHOLQJ RI1 6FDWAgiavalienadD QG D)
Optical Technology Lettersol. 54, No. 7, July 2012, pp. 1644-1649.

A. B. Manic, M. Djordjevic, DQG % 0 1RWDURV 3'XII\ OHWKRG IRI
Weakly Singular SIE Potential Integrals over Curved Quadrilaterals with Higher Order

% DVLV )XQHERE [TRGsEctions on Antennas and Propagativiol. 62, No. 6,

June 2014.

$ % ODQLU 'O Q@O DQG % 0 1RWDUR& 3 LDNRSWLF
finite-element method and method of moments in analysis of inhomogeneous anisotropic
GLHOHFWULF DQG P BléacromagnéticsAsID 34, Wil 34 pp/ 222238,

2014.

M. Thurai, V.N % ULQJL $ % ODQLU 1 - &HNHOMLUOU DQG %
UDLQ GURS VKDSHVY RVFLOODWLRQ PRGHV DRa@ioLPSOLFL
Sciencevol. 49, no. 10, pp. 921-932, October 2104.

( &KREDQ\DQ 1 - &HNHOMLUO $ % ODQLU O O ,O0L0 9
S(IILFLHQW DQG $FFXUDWH &RPSXWDWLRQDO (OHFWURF
Particle Scattering Analysis Based on Higher Order Method of Moments Integral-
(TXDWLRQ 0ORGHMIOEAmdéspheric and Oceanic Technolqyblished online
(http://dx.doi.org/10.1175/JTECH-D-15-0037.1).

$QD % ODQLU+HODQoFRX¥HW ;LDR\H 6KHUU\ /L DQG %UI
3(IILFLHQW 6FDODEOH 3DUDOO-8Ie MethddK Witd Hidda@Rdally L UH FW
Semisep DEOH 6WUXFWXUHV IRU ' 6HFHE®W Wahshtt@Qds oh VXEPL
Antennas and Propagation

101



8.

10.

11.

12.

13.

14.

$QD % ODQLU DQG %UDQLVODY 0 1RWInguéangdNestW &RPS
Hypersingular Integrals in Higher Order Method of Moments Using Curved Quadrilateral

3 D W F KBEK Transactions on Antennas and Propagatimanuscript completed, to be
submitted.

BOOK CHAPTER

% 0 1RWDURV 0O O ,OLF 6 9 6DYLF DQG $ % ODQLF
Analysis of Transformation-Based Metamatédia, Q YLV L E L Olawied SUDWREWN V 7
Review Chapter, Accepted for The Annual Reviews in Plasmonics, edited by Chris D.
Geddes, currently in print with Springer.

PEER-REVIEWED CONFERENCE PAPERS AND ABSTRACTS

A. B. Manic, M. Djordjevic, E. Smith,and B0 1RWDURV 31 XPHULFDO &RP
Singular Integrals in Higher Order Method of Moments Using Curved Quadrilateral

3 D W F Rrbicv 2013 USNC-URSI National Radio Science Megtlaguary 9-12, 2013,

Boulder, Colorado.

A. B. Manic, M. M. llic,and B.O 1RWDURV 36\PPHWULF &RXSOLQJ R
OHWKRG DQG OHWKRG RI ORPHQWYV 8YV0Q EEH ArteHnias2 UG H U
and Propagation Society International Symposium Djgésty 8-14, 2012, Chicago,

lllinois.

A. B. Manic, D. I. Olcan, M. M. LF DQG % 0 1R-WdMDrakoptie) (0
Analysis of Scatterers with Anisotropic Inhomogeneities Using Hierarchical Vector
%DVHV RQ /DUJH &XUYHG (OHPHQWY ~ LQYLWHG SDSHU
% DVHV IR Ull& (Itérnational Workshop on Finite Elements for Microwave
Engineering+tFEM2012 June 4-6, 2012, Estes Park, Colorado.

$ % ODQLF O O ,OLF DQG % 0 1RWDURV 3MOMPHWULF
Techniques Using Higher Order Hierarchical Vector Basis Functions and Curved
Paramet) LF (OHPHQWYV ~ LQYLWHG SDSHU 6SHFLDO 6HVVLRC
0XOWLSK\VLF\WithUunematibinaMVorkshop on Finite Elements for Microwave
Engineering#EM2012 June 4-6, 2012, Estes Park, Colorado.

A. B. Manic, S. B. Manic, S. V6DYLF O O ,0OLF DQG % 0 1RWDU
Electromagnetic Analysis Using Electrically Large Curved p-Refined Hierarchical
$QLVRWURSLF ,QKRPRJHQ RRc 2012 ISNGUR SIONdtRQREAI0

Science Meetinglanuary 4-7, 2012, Boulder, Colorado.

102



15.

16.

17.

18.

19.

20.

21.

$ % ODQLF ' , 20FDQ O O ,OLF DQG %MoMANiARKWDURYV 3
8VLQJ ([SOLFLW &RQQHFWLRQ EHWZDHHEEE Aedias R G & X U L
Propagation Society International Symposium Digektly 7-12, 2013, Lake Buena

Vista, Florida.

( &KREDQ\DQ 1 - 6HNHOMLF $ % ODQLF 0 0 ,OLF DC
Particle Scattering Computation Using Higher Order M&{ O0H W RBRIG IEEE

Antennas and Propagation Society International Symposium Didelst 7-12, 2013,

Lake Buena Vista, Florida.

1 - 6HNHOMLF $ % ODQLF O O ,OLF DQG % 0 1RWD
Waveguides Using Double-Higher TmMéeRPDLQ )LQLWH (OHZBOIBQBEEOHWKR G
Antennas and Propagation Society International Symposium Didelst 7-12, 2013,

Lake Buena Vista, Florida.

0 7KXUDL 9 1 %ULQJL $ % ODQLF DQG % 0 1RWDUF
5DLQ 'URS 6KDSHV DQG PKE IUBS TumisonORTBi¢hKial Open
Symposium on Radiowave Propagation & Remote Sengipgl 30-May 3, 2013,

Ottawa, Canada.

$QD ODQLF (OHQH &KREDQ\DQ OLODQ ,0OLF DQG %UDQ
'RXEOH +LJKHU 2UGHU )(0 DQG200R CEEEF HAntehasT ArdlV -
Propagation Society International Symposium Digesily 6-11, 2014, Memphis,
Tennessee.

Nada Sekeljic, Ana Manic, Elene Chobanyan, Merhala Thurai, V. N. Bringi, and
%»UDQLVODY 1RWDURV 3(OHFWURPDJQHWLF 6FDWWHUL
$V\PPHWULF 2KDIEHEE/ Antennas and Propagation Society International
Symposium Digesfiuly 6-11, 2014, Memphis, Tennessee.

B. M. Notaros, M. M. llic, D. I. Olcan, M. Djordjevic, A. B. Manic, and E. Chobanyan,
3+\EULG +LJKHU 2UGHU 1XPHULFDO OHWKRGV LQ (OHFWU
6HVVLRQ 31XPHULFDO O0OHW KR Brdceedngs @HI6WV hirRdlid@H WL FV
Conference on Electromagnetics in Advanced ApplicatibfGEAA 2014 August 3-8,

2014, Palm Beach, Aruba, pp. 411-414.

103



22.

23.

24,

25.

A. B. Manic, E. Chobanyan, D. I. Olcan, M. M. llic, and B. MLRW D U RSIE and 0

VIE-SIE Diakoptic Domain-Decomposition Electromagnetic Scattering Analyses Using
+LJKHU 2UGHU 1XPHULFDO 'LVFUHWL]DW A&en¢ed FERYLWHG
DQG +\EULG 7HFKQLTXHV ~ WK ,QWHUQDnénsRQDO :RU
Microwave EngineeringtFEM2014 May 14-17, 2014, Chengdu, China.

Ana Manic, Francois+t HQU\ 5RXHW ;LDR\H 6KHUU\ /L %UDQLVODY
6FDWWHULQJ $QDO\VLVY %DVHG RQ ORO +66 'LUHFW 6RO
2015 IEEE Antennas and Propagation Society International Symposium,igkys19-

25, 2015, Vancouver, British Columbia, Canada.

$QD ODQLF %UDQLVODY 1RWDURYV 31S{gudy aridDNear& R P S X' W
Hypersingular Integrals in Higher Order Method of Moments Using Curved Quadrilateral
SDWFKHV ~ S201bVEER AhtéBab &dd Propagation and North American Radio
Science Meetingluly 19-25, 2015, Vancouver, British Columbia, Canada.

$QD ODQLF 6DQMD ODQLF $DURQ 6PXO0OO0 %UAGLVODY
Order Algorithms for Large and Complex Problems Based on Integral and Partial
'LITHUHQWLDO (TXDWLRQV LQ &RPSXWDWLRQDO 6FLHQF!
2015 RMACC High Performance Computing Symposiuagust 12-14, 2015, Boulder,

Colorado.

104



