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On Huygens’ Principle, Extinction Theorem, and
Equivalence Principle — Part I:

Inhomogeneous Anisotropic Material System
in Inhomogeneous Anisotropic Environment

Renzun Lian

Abstract—Huygens’ principle (HP), extinction theorem (ET),
and Franz’s / Franz-Harrington formulation (FHF, which is a
mathematical expression of surface equivalence principle) are the
important components of electromagnetic (EM) theory, and they
are generalized from the following aspects.

1) Traditional HP, ET, and FHF in homogeneous isotropic en-
vironment are generalized to inhomogeneous anisotropic lossy
environment. 2) Traditional FHF for homogeneous isotropic ma-
terial system is generalized to inhomogeneous anisotropic lossy
material system in this Part I, and will be further generalized to
metal-material combined system in future Part I1. 3) The Huygens’
surface in traditional HP and ET is a single closed surface. In Part
I, it is generalized to the “Huygens’ surface” which is constructed
by multiple closed surfaces. In Part 11, it will be further general-
ized to the “Huygens’ boundary” which includes some lines and
open surfaces. 4) For a material body, traditional FHF has only
ability to express the external scattering field and the internal
total field (the summation of scattering and incident fields) in
terms of the equivalent sources on material boundary, and it is
generalized to formulating the internal scattering and incident
fields in this paper.

In addition, the relationships among HP, ET, and FHF are
studied, and it is proved that HP and ET are equivalent to each
other.

Index Terms—Action at a distance, equivalence principle, ex-
tinction theorem (ET), Franz’s formulation, Franz-Harrington
formulation (FHF), Huygens’ principle (HP), inhomogeneous
anisotropic lossy material, material body, Green’s theorem, su-
perposition principle, the law of causality, topological additivity.

. INTRODUCTION

QUIVALENCE principle is an indispensable building block
for classical electromagnetic (EM) theory. The principle
provides the method to express the interesting EM fields in the
interesting region by using equivalent sources instead of real
sources, and there are some variations of the principle, such as
volume equivalence principle (VEP) and surface equivalence
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principle (SEP). The VEP expresses the interesting EM fields
in terms of equivalent volume sources, and a detailed discus-
sion for it can be found in [1] and [2]. Compared with the VEP,
the SEP is more philosophical, and has a longer history. To
clarify some important concepts closely related to this paper, a
brief review on the history of SEP is provided below.

The earliest researches on SEP can be dated back to C.
Huygens. In 1690, he published a seminal book on the propa-
gation of light, Traite de la Lumiere [3], and introduced a so-
phisticated principle, now known as Huygens’ principle (HP):

“Each point on a primary wavefront can be considered to be a
new source of a secondary spherical wave and that a secondary
wavefront can be constructed as the envelope of these secondary
spherical waves.” [4]

Based on the principle, Huygens provided a geometrography to
explain the propagation, reflection, and refraction phenomena
of light, and his principle and geometrography are usually
collectively referred to as Huygens’ construction. Huygens’
construction is a qualitative method instead of being quantitive,
and the earliest quantitive researches on HP started with T.
Young and A. Fresnel.

Around 1800, Young [5] did his famous double-slit inter-
ference experiment, and studied the diffraction phenomenon of
light. To mathematically explain these new phenomena, Young
introduced, in addition to the geometric-optical principle of
propagation of locally-plane waves in the direction of rays, the
notion of transverse transmission of the oscillation amplitudes
directly along the wave-fronts [6], but his method cannot gen-
erally explain the diffraction for all cases. Until 1819, A.
Fresnel [7] generally explained the diffraction by employing
wave equation and boundary values, so the HP is also called as
Huygens-Fresnel principle now. (In fact, it was shown by G.
Maggi in 1888 [8] and by A. Rubinowicz in 1917 [9] and 1924
[10] that the results obtained by Fresnel’s methods can be re-
duced by means of a mathematical transformation to the same
form as predicted by Young [6], and the related theory is
sometimes called as Young-Maggi-Rubinowicz theory [11].)
However, Fresnel’s original theory cannot properly describe
the propagation of light in free space, because it generates the
backward waves which propagate towards wave source, and
then it conflicts with the law of causality. To suppress the
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backward waves, Fresnel introduced the oblique factor into his
theory, so his theory is essentially a phenomenological theory.

To establish the formulation of HP on a rigorous mathe-
matical foundation started with H. Helmholtz for steady-state
(monochromatic) case in 1859 and G. Kirchhoff for
time-dependent case in 1882. Now, the Helmholtz’s result [12]
is also known as scalar Green’s second theorem, and the
Kirchhoff’s result [13], [14] is also called as Fresnel-Kirchhoff
diffraction integral formulation. Later on, by employing the
first and second kinds of half-space scalar Green’s functions,
Lord Rayleigh [15] and A. Sommerfeld [16] extended the
Fresnel-Kirchhoff formulation to instrumental optics, and the
extended formulations are now known as Rayleigh-Sommerfeld
diffraction integral formulations [17]. Just based on the above
famous works, the wave nature of light, which was hidden in
Newton’s corpuscular theory for a long period, was revealed
gradually, and a very comprehensive review for this history can
be found in [18] and [19].

In fact, all the above-mentioned formulations are the scalar
formulations of EM waves (EM waves are essentially vectorial),
so they are usually collectively referred to as scalar diffraction
formulations [17]. The attempt to formulate vectorial diffrac-
tion formulations directly based on the vectorial nature of EM
waves originates from the establishment of famous Maxwell’s
equations [20], and the earliest scholars focusing on this at-
tempt are A. Love (1901) [21] and H. MacDonald (1911) [22].
Love introduced the concept of equivalent surface current to act
as the Huygens’ secondary source for the first time, and his
work is now known as Love ’s equivalence principle. In 1936, S.
Schelkunoff [23] extended Love’s result to allow for an arbi-
trary EM field distribution on the both sides of a surface, and
his result is now called as Schelkunoff’s equivalence principle
(Schelkunoff pointed out that this particular formulation orig-
inated from J. Larmor [24]). In 1938, J. Stratton and L. Chu [25]
provided a formulation to express EM field in terms of both the
normal and tangential components of field on a closed surface
by employing so-called vector Green’s second theorem, and the
formulation is now called as Stratton-Chu formulation. In 1948,
W. Franz [26] established so-called Franz’s formulation (or
called as Kottler-Franz formulation due to [27]), which can
express EM field in terms of only tangential surface field. Later
on, C.-T. Tai [28] proved that the Stratton-Chu and Franz’s
formulations are equivalent to each other, and pointed out that
the Stratton-Chu formulation is essentially identical to the
Larmor-Tedone formulation as described in [29]. A relatively
comprehensive summarization for above vectorial diffraction
formulations can be found in [2], [30], and [31].

Based on his studies on the Cauchy problem for partial dif-
ferential equations, J. Hadamard [32], an outstanding mathe-
matician, gave HP a mathematically rigorous and somewhat
philosophical description, and revealed that the crucial building
blocks of HP are the following three: i) the concept of action at
a distance (this concept originates from M. Faraday and J.
Maxwell [20]), ii) the law of causality, and iii) the principle of
superposition. The first block implies that the formulation of
HP needs to employ the field propagator (Green’s function),
and the second block implies that the propagator should prop-

agate away from source rather than being towards source (i.e.,
the propagator should satisfy Sommerfeld ’s radiation condition
[33]), and the third block implies that the formulation of HP
will be expressed as integral. Hence, all formulations men-
tioned above are the integral formulations basing on outgoing
Green’s functions.

Obviously, the establishment for HP and its mathematical
formulation experienced an evolution from qualitative to
quantitive and from scalar to vectorial. In classical electro-
magnetics framework, the Franz’s formulation reaches the peak
of the evolution as stated by Prof. Tai that:

“It seems obvious that the Franz formula is conceptually simpler
since it requires only the tangential components of the field on
the closed surface, while the Stratton-Chu formula requires the
normal components as well. Most important of all, when the field
has an edge singularity on the surface of integration the Lar-
mor-Tedone formula or Stratton-Chu formula must be modified
as shown by Kaottler in order to make the resultant field Max-
wellian.” [28]

Because of this, the Franz’s formulation has been widely ap-
plied in EM engineering society. For example, the famous
PMCHWT-based scattering integral equation (A. Poggio and E.
Miller [34], Y. Chang and R. Harrington [35], W. Wu [36], and
Tsai) and the PMCHWT-based characteristic mode (CM)
formulation [35] for homogeneous isotropic material bodies
were established basing on Franz’s formulation.

The formulation utilized by Chang and Harrington in [35] is
essentially the Franz’s formulation, but the former is more
advantageous than the latter in the following aspects. a) The
former is more concise than the latter in mathematical form. b)
The former expresses various fields in terms of an identical set
of equivalent currents, i.e., the external scattering field and the
internal total field of material body are simultaneously ex-
pressed as the functions of the equivalent surface currents de-
fined by using boundary tangential total fields. Based on these
features, the former is more popular than the latter in compu-
tational electromagnetics and EM engineering, though the
former is essentially the latter from the perspective of EM
theory. In addition, Chang and Harrington provided their for-
mulation in [35] by directly citing Harrington’s classical book
[31], so their formulation is particularly called as
Franz-Harrington formulation (FHF) in this paper.

Although FHF has had many successful applications as
mentioned above, it also has some limitations, and this paper
does some works to remove the limitations.

The limitations on EM media

The traditional HP and ET are only valid for homogeneous
isotropic environment, and the traditional FHF is only valid for
a homogeneous isotropic material body in homogeneous iso-
tropic environment. It is still an unsolved problem how to es-
tablish the HP, ET, and FHF of inhomogeneous anisotropic
lossy material body in inhomogeneous anisotropic lossy envi-
ronment, and it is done in this paper.

In the appendixes of this paper, the EM field in inhomoge-
neous anisotropic lossy environment is expressed in terms of its
tangential components on a closed surface, based on general-
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ized vector-dyadic Green’s second theorem. The reason to
utilize the vector-dyadic version of Green’s second theorem
instead of the vector version used in [25] is based on Prof. Tai’s
observation:

“... the most compact formulation appears to be the one based on
the dyadic Green’s function pertaining to the vector wave equa-
tionfor E and H ...” [28]

The reason to utilize the generalized version of vector-dyadic
Green’s second theorem instead of the traditional version used
in [37] is that the traditional one is suitable for neither inho-
mogeneous media nor anisotropic media. Based on the results
given in appendixes, the traditional HP, ET, and FHF are gen-
eralized in Secs. 1I-1V from the following aspects.

« Based on the integral formulations given in appendixes, the
traditional HP and ET are generalized to inhomogeneous ani-
sotropic lossy environment, and the traditional FHF is gener-
alized to an inhomogeneous anisotropic lossy body in inho-
mogeneous anisotropic lossy environment, in Secs. Il and I1I.

+ Based on the results obtained in Secs. Il and 111, the FHF is
further generalized to the piecewise inhomogeneous aniso-
tropic lossy body in inhomogeneous anisotropic lossy envi-
ronment, in Sec. IV. The adjective “piecewise” means that the
material parameters are discontinuous on two sides of the in-
terface between two different media, as shown in Fig. 1 (d).

The limitations on topological structure

The Huygens’ surface used in traditional HP and ET is a
single closed surface. The traditional FHF is only valid for the
EM system V™ constructed by a simply connected material

sys
body Vi, i.e., V™ =Vv™  In this paper, the traditional HP, ET,

and FHF are gene?alized from the following aspects.

« In Secs. Il and 1V, the Huygens’ surface is generalized to
multiple closed surfaces.

* In Sec. 111, the EM system V™ constructed by a multiply

sys
connected material body V.5 is considered, i.e., V™ =V ™

mul sys mul ?

and the FHF for vi' is derived.

« The systems focused on by Secs. Il and Ill are connected,
and the results corresponding to these connected systems are
further generalized to the non-connected system in Sec. IV.

The above terminologies “connected, non-connected, simply
connected, and multiply connected” are commonly used terms
in point set topology, and their rigorous definitions can be
found in [38]. The “non-connected” can be vividly understood
as that there exist some different parts of system, such that the
parts don’t contact with each other, as shown in Fig. 1 (c); if the
system is not non-connected, it is connected, as shown in Fig. 1
(a); the “simply connected” can be vividly understood as that
there doesn’t exist any hole on material body, as shown in Fig.
1 (a); the “multiply connected” can be vividly understood as
that there exist some holes on material body, as shown in Fig. 1
(b).

The limitations on expressing EM field

When a simply connected material body Vi is considered,
the whole three-dimensional Euclidean space RR® is divided
into two parts (the interior of vV and the exterior of V') by
the material boundary &V , as shown in Fig. 2. The traditional
FHF [35] has only ability to express the external scattering field
F*= and internal total field F* (the summation of internal
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Fig. 1. (a) A simply connected material body; (b) a multiply connected material
body; (c) a non-connected system constructed by two material bodies; (d)
piecewise inhomogeneous anisotropic lossy material body.
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Fig. 2. Whole space is divided into two parts by the boundary of a simply
connected material body.

incident field F™ and internal scattering field F**) in terms of
an identical set of equivalent surface current on oV . In this
paper, the traditional FHF is generalized from the following
aspects.

* In Sec. II-A, the FHF for F™ and F** are derived, and
they are valuable for material CM theory as discussed in Sec.

11-D and as exhibited in Sec. V.

In addition, this paper also does some works in the following
aspects.

On mathematically formulating HP

The traditional FHF of F*= is usually viewed as the math-
ematical expression of scattering field HP, but it will generate
backward waves in the interior of material body, so it conflicts
with the law of causality. In fact, the backward wave problem
also exists in traditional scalar diffraction theory as pointed out
by D. Miller in [39]. In addition, the traditional FHF of F*™ is
sometimes classified into the extinction theorem (ET) family
(ET is also known as Ewald-Oseen extinction theorem [40],
[41], due to the works of C. Oseen [42] et al.). However, the
FHF of F™ cannot guarantee the null result in whole exterior
of material body, though it indeed generates null tangential
field on the external surface of material boundary.

To clarify the reasons leading to above problems, the rela-
tionships among HP, ET, FHF, and SEP are carefully studied in
Sec. Il, and it is found out that:

» The mathematical formulation of HP is equivalent to ET.

» The FHF of F* satisfies so-called weak extinction theo-
rem, and it should not be classified into ET family.

» HP is a special SEP, but SEP is not necessarily HP.

* FHF is not the mathematical expression of HP, and it is
only the mathematical expression of SEP.

On topological additivity

The EM systems V* considered in Secs. II, 111, and IV have
different topological structures, i.e., Vg =V in Sec. II, and

Vet =Vt in Sec. 111, and Vi =V UVt in Sec. IV. It is
pointed out in Sec. 1V-B that the mathematical formulation of
HP and ET satisfy so-called topological additivity, i.e., the

HP/ET of whole EM system equals to the summation of the
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HP/ET corresponding to all sub-systems, and this property is
consistent with the principle of superposition. Then, the FHF of
F™ and F* also satisfy topological additivity, because they
are essentially the summation of incident field HP and scat-
tering field HP as pointed out in Sec. I1-C. However, the FHF of
F* and F** don’t satisfy topological additivity.

» To guarantee the topological additivity for the FHF of F™
and F*, aso-called piecewise Green’s function is proposed in
Sec. IV-B.

For the convenience of the following discussions, the sym-
bolic system of this paper is summarized here. The e** con-
vention is used in this paper. The conductivity, permittivity,
and permeability of material system are denoted as &(r),
£(r), and j(r) respectively, and the conductivity, permittiv-
ity, and permeability of environment are denoted as &,,(F),
&, (), and f, (1) respectively, and all these parameters are
restricted to being symmetrical one-order tensors, because
many commonly used anisotropic materials (such as crystal)
have symmetrical material parameters [19], [43], [44]. Some
concepts related to point set topology (such as the open set Q,
boundary o, closure clQ, interior intQ, and exterior extQ)
need to be utilized, and the rigorous mathematical definitions
for the first four can be found in [38], and the last one is defined
as that extQ2R3\clQ . Obviously, both the intQ and extQ
are open sets [38]. When an external excitation F™ incidents
on EM system V& (Vg =V UV ), the scattering sources
will be excited on simply connected body V. and multiply
connected body V™, and then the scattering fields F:® and
Fa are generated by V.** and V' respectively. The sum-
mation of F* and F2 is just the total scattering field F*=
generated by ng‘j‘, i.e., F®=F21F% The summation of
F™ and F** is total field F® , ie, F™"=F™4+F®=
F™ + F5% + F, as shown in Fig. 3.

In addition, we sincerely wish that the appendixes are read
before reading the main body of this paper.

Il. A SINGLE SIMPLY CONNECTED INHOMOGENEOUS
ANISOTROPIC LOSSY MATERIAL BODY

The EM system Vg focused on by this section is a simply
connected inhomogeneous anisotropic lossy body Vi, i.e.,
Vot =@ and VJ* =V", as shown in Fig. 4. Hence, F3 =0,
and F** =F® and F™ =F™ +F* =F™ 4+ F3*, Based on the
results given in appendixes, the traditional HP, ET, and FHF of
a simply connected homogeneous isotropic material body in
homogeneous isotropic environment are generalized to inho-

mogeneous anisotropic lossy case, in this section.

A. Huygens’ principle and extinction theorem

The integral formulations (B-5) and (B-7) given in Appendix
B can be uniformly written as follows:

(Feextvp®) . 0 e
(reimvz) . ()] TaltATOEIENS g
+qp. L [E™(F)xn |-GyF (,7)ds’

sim
oy mat
Ngim

Fsca‘X
sim

ch
. F;ET;X

\Vj mat =V mat UV mat

sys sim mul

If sca _ If sca F sca
sim

Fig. 3. An external excitation field incidents on the material system which is
constructed by a simply connected body and a multiply connected body.

// ?i}’ Intvs:‘ﬂat \\)
Ftot F inc F sca B F tot
oV, ma[\_/\

sim - -

extv.™

sim

Flnc + Fsca

Fig. 4. Various domains and fields related to a simply connected material body.
where F=E,H, and f_ is the inward normal vector of ov i .
The GJ¥ (r,r) and GJ" (,F) in (1) are the environment dyadic
Green’s functlons. Following the manner to express convolu-
tion integrals in [45], the (1) is rewritten as the following (1') to
compact the integral formulation, and the other convolution
integrals appeared in this paper will be similarly expressed.

extviet 10 R
intv.™ . F'”c} [(n 8
[( A x

=+

"oz o[(Emen e
H")* G +(E™xf )« G |

sim

Ay Mat
Nim

1)

where F=E,H . The integral formulations (B-9) and (B-10)
given in Appendix B can be uniformly written as follows:

intv™ : 0

eXtVsllTr:lt : 'f @ A j sca ~JF — sca A < MF
m } = [(n+><H )*Gen +(E ><n+)>x<Gen Lvﬂmmm 2
where F=E,H . In (2), A, is the outward normal vector of
ovae land fi, =—f_ on whoIe oV,
The (1) and (2) imply that the equivalent secondary sources
xH™ E™xn_} and {n, xH**, E**xnA,} will establish the
zero fields on whole extv® and whole intv® respectively,
i.e., they will not generate any backward wave, so they are
usually called as extinction theorem. In fact, the (1') and (2) are
just the mathematical formulations of HP corresponding to

incident field F™ and scattering field F** respectively.
B. Generalized Franz-Harrington formulation and weak ex-
tinction theorem

Because of that F* =
and (2) is as follows:

F™ .+ F< | the difference between (1')

EXIVST“‘“ . _'fsca JES , ~JF 7 ES . AMF

intviet lf"‘“} a [J *Go + M7 G, Javs.mmﬂ' )
where the J® and M are defined as follows:

I=(r) 2 [A(r)xHY(M)] . (reovp)  (41)
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(Fea ;:1)

ME(r) 2 [E"(r)xn ()], . 4.2)

r'—r

in which " eintvie , and the superscript “ s ” is the acronyms
of term “equivalent surface”. Based on (4.1) and (4.2), the

(B-11) can be rewritten as follows:

intym - 'ftot :|:J GJF MES Gr\/u::|vmat (5)

sim sim sim

where the GJ.(r,r) and G} (r,r) are the dyadic Green’s
functions of inhomogeneous anisotropic lossy material body
v Based on (3) and (5) and that F*® =F™ —F"™  the fol-

sim

lowing formulation for the F** on intv.™ can be obtained:

sim

sim sim sim

intvyet o R = [ SxAGE +M® *AGMF]WM (6)

where
AGS(F,F) 2 G (F.F) — GX (r.r)

AGYY (F',F) & GUF (1) — G\ (F,T)

sim

(7.1)
(7.2)

forany F,f eintVi: .

In (3), (5), and (6), the internal incident field F™, internal
scattering field F*=, internal total field F* , and external
scattering field F<* are simultaneously expressed in terms of
an identical set of equivalent surface currents {J*,M®} . The
(3), (5), and (6) are collectively referred to as generallzed
Franz-Harrington formulation (GFHF) of a simply connected
inhomogeneous anisotropic lossy material body in inhomoge-
neous anisotropic lossy environment, and the reason to utilize
adjective “generalized” is that the traditional FHF has only
ability to express the F** and F* corresponding to a simply
connected homogeneous isotropic material body in homoge-
neous isotropic environment. In addition, the above GFHF for a
simply connected body will be further generalized to multiply
connected case in Sec. Il and to non-connected case in Sec. V.

Sometimes, the (5) is also called as extinction theorem just
like calling (1') and (2). However, it should be emphasized that
the (5) cannot establish null field in whole region extvj ,
though it indeed can establish null tangential field on the ex-
ternal surface of oV, . The reason leading to this will be
carefully discussed in the following Sec. 11-C. Based on this
observation, the (5) is particularly called as weak extinction
theorem to be distinguished from the extinction theorems (1Y)
and (2).

C. Relationships among Huygens’ principle, extinction theo-
rem, Franz-Harrington formulation, and surface equivalence
principle

Based on Hadamard’s work [32], the HP can be divided in
the form of a syllogism as follows.

Major Premise: The action of phenomena produced at the instant
t=0 on the state of matter at the latter time t =t, takes
place by the mediation of every intermediary instant
t=t', ... (here, 0<t'<t,).

Minor Premise: If we produce a luminous disturbance localized

in a neighborhood of F =0, its effect after an elapsed time
t, will be localized in a neighborhood of the spherical
surface |r|=ct

Conclusion: In order to calculate the effect of our initial lumi-
nous phenomenon produced at F=0 at t=0, we may re-
place it by a proper system of disturbances taking place at
t=t’' and distributed over the spherical surface |r|=ct,.

In fact, Hadamard’s major premise is essentially the concept of
action at a distance, i.e., the EM interaction is implemented by
propagation; Hadamard’s minor premise is essentially the law
of causality, i.e., the propagation of EM field should be away
from real source instead of being towards real source; Hada-
mard’s conclusion is essentially the Huygens’ construction
based on two premises and the principle of superposition.

The relationships between HP and ET

Obviously, the law of causality implies that the mathematical
formulation of HP must establish null field in the backward
direction of Huygens’ surface, so the mathematical formulation
of HP must satisfy ET, such as the incident field HP (1') and the
scattering field HP (2).

It will be proved as below that: an extinction-type formula-
tion corresponds to the HP of a field. Let us consider the fol-
lowing extinction-type convolution integral:

Q = F R
Ri\clQ 0}:[(n*“x

where F=E,H . In (8), &Q is the boundary surface of open
domain Q, if Q is a finite domain; 6QUS, is the boundary
surface of open domain Q, if Q is an infinite domain. S, isa
spherical surface at infinity. 6Q\S, means that the integral
domain of (8) is a limited closed surface, and then the field F
and Green’s functions G and GM" in (8) must satisfy Som-
merfeld’s radiation condition, or the surface S_ cannot be
excluded from integral domain [40]. f_,, is the normal vector
of integral surface, and points to domain Q. Due to the radia-
tion condition of field F , it can be concluded that the real
sources {J,M} of F distribute in a limited region denoted as
Vv, and then the F has the following integral formulation:

H ) * é;: + ( Ex ﬁ—>ﬂ) * éeh:F :L,Q\s, ®)

3 . B _[T.8F A . SMF
R® © F = [J«Gr+M=Glr | 9)

based on a similar method to deriving (B-4) from (B-1).
If the Green’s functions used in (8) and (9) satisfy the fol-
lowing Maxwell’s equations:

and

- - (10.2)
VxGE(1,1) = 7|5(r7r')7jawen( )G (¥, 1)

then the (8) implies that the field F satisfies the following
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homogeneous Maxwell’s equations in region Q :

): ja)gen:C(r)'E(ﬂ)
(1) = - Joi

T
=i

V x

. (FeQ) (11)

m

V x

i.e., the region Q is source-free, where the derivation of (11)
from (8) is completely similar to the inverse process of deriving
(B-5) from (B-1). The (11) implies that the source {J,M} must
distribute in region R*\Q, i.e.,

X'j(f) - J(f)fjwfge”f(rz E(j)a . (FeR\Q) (12)
xE(F) = -M(F)- joi,, (F)-H(F)
The above (11) and (12) imply that the aQ encloses all sources
{J,M}. s, isalways excluded from the integral surface in (8),
even if S_ —oQ, so it can be viewed as that the integral surface
of (8) encloses all sources {J,M} .

Just like deriving (1" from (B-1), the following ET can be
derived from (12):

A [ R Y e
(13)

forany i=12,---.In(13), S, isa closed surface which encloses
whole source region R*\Q, and S, encloses S, for any
=12, and V"= and v are respectively the inter-
esting and excluded regions restricted by surface S;, and the
case that the source region R*\Q is a limited region is shown
in Fig. 5. In fact, this (13) is just the mathematical expression of
Hadamard’s syllogism, i.e., the EM field generated by a system
is the superposition of the fields generated by all sub-sources
(the principle of superposition), and the field will propagate
(the concept of action at a distance) outward rather than being
inward (the law of causality). Then, the extinction-type for-
mulation (8) must correspond to the HP of a field.

Based on above observations, it can be concluded that the HP
and ET are essentially equivalent to each other, i.e., the
mathematical formulation of the HP for any field satisfies ET,
and any ET (8) corresponds to the HP of a field.

The necessary conditions to establish an extinction-type
formulation
Based on the process to derive (13) from (8), it is easy to find

/ > SR ~ 3

\ \ \

Fig. 5. The diagram of formulation (13).

out that the necessary conditions (NC) to establish an extinc-
tion-type formulation are as follows:

NC-1, On real source of field: The (9) implies that the real
source of interesting field must distribute in a limited re-
gion.

NC-2, On Huygens’ surface: The (11) and (12) imply that the
Huygens’ surface must enclose all real source of interesting
field. As exhibited in (13), the reasonable Huygens’ surface
is not unique, and the boundary of source region is a natural
and the smallest one.

NC-3.1, On interesting and excluded regions: Whole space is
divided into two parts by Huygens’ surface as illustrated in
(13). The interesting region must be the source-free one,
and the other one is the excluded region, as illustrated in
formulations (11)-(13) and Fig. 5.

NC-3.2, On interesting field: The interesting field must satisfy a
homogeneous Maxwell s equations in interesting region, as
illustrated in (11). At the same time, the interesting field
must satisfy an inhomogeneous Maxwell’s equations in ex-
cluded region, as illustrated in (12).

NC-4, On Huygens’ secondary source: The Huygens’ secondary
source on Huygens’ surface must correspond to the inter-
esting field, as illustrated in (8) and (13).

NC-5, On propagator / Green’s function: The Maxwell’s equa-
tions of propagators must have the same material parame-
ters as the ones which are satisfied by interesting field, as
illustrated in (10). The propagators must satisfy the Som-
merfeld’s radiation condition, as concluded below the
formulation (8).

In fact, these conditions are also the necessary conditions to
mathematically formulate HP, because the mathematical for-
mulation of HP must satisfy ET as concluded in the previous
part of this subsection. In the following parts of this subsection,
the relationships between HP and FHF will be clarified based
on above conditions.

The relationships between HP and FHF

Based on above discussions in this section, it can be con-
cluded that:

A) The FHF (3) is neither the mathematical formulation of
HP corresponding to F™ nor the mathematical formulation of
HP corresponding to F**, because it doesn’t satisfy the con-
dition NC-4, i.e., the equivalent currents used in (3) correspond
to neither F™ nor F*. In fact, the FHF (3) is solely the dif-
ference between the incident field HP (1") and the scattering
field HP (2), i.e.,

Formulation (3) = Formulation (1) — Formulation (2) (14)

This is just the reason why the (3) will generate some backward
waves, i.e., why the (3) conflicts with the law of causality.

B) The FHF (5) is not the mathematical formulation of HP
corresponding to internal total field F*, because it doesn’t
satisfy the condition NC-2. Specifically, the real source of F*
includes both the {J"™,M"™} generating F"™ and the
{J%,M*} generating F**, but the surface oV, doesn’t
enclose all these sources. To formulate the HP corresponding to
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F, the Huygens’ surface should enclose both {J",M"} and
{jsv : M SV} .

C) The FHF (6) is not the mathematical formulation of HP
corresponding to internal scattering field F** , because it
doesn’t satisfy the conditions NC-3 and NC-4. In fact, the (6) is
solely the difference between (5) and (3), i.e.,

Formulation (6) = Formulation (5) — Formulation (3) (15)

Summary

Because of above observations, the relationships among HP,
ET, FHF, and SEP are illustrated in Fig. 6. From Fig. 6, it can
be concluded that:

* HP and ET are equivalent to each other.

» HP is a special SEP, but SEP is not necessarily HP. HP can
be particularly called as physical equivalence principle, be-
cause it simultaneously satisfies the concept of action at a dis-
tance, the law of causality, and the principle of superposition.

» FHF is only the mathematical expression of SEP instead of
the mathematical expression of HP, so the surface currents (4)
used in FHF should be called as equivalent surface currents,
but should not be viewed as Huygens’ secondary sources.

» Compared with the incident field HP (1") and the scattering
field HP (2), the values of FHF are mainly manifested in that
various fields are uniformly expressed in terms of an identical
set of currents {J*,M®}, and this feature is very valuable for
many engineering applications as pointed out in the following
Sec. I1-D and as exhibited in Sec. V.

D. Applications of generalized Franz-Harrington formulation

In this subsection, some typical engineering applications
related to GFHF are simply mentioned.

Application on solving EM scattering problem

The well-known PMCHWT equation [34]-[36] is derived
from FHF, and it is widely applied to solving EM scattering
problem, but it is only suitable for a simply connected homo-
geneous isotropic body in homogeneous isotropic environment.
Obviously, the traditional PMCHWT equation and its related
applications can be easily generalized to the inhomogeneous
anisotropic lossy case, by employing GFHF. In computational
electromagnetics, the traditional FHF is usually written as the
operator forms based on the £ and K operators, if the envi-
ronment is homogeneous isotropic lossless. Taking the GFHF
(3) as an example, it can be equivalently rewritten as follows:

e ) |
T;(tvm:t : Eim} = —joul(J%)-K(M=)  (3.1)
U e _ ) i |
?:tvjiwlr:?n Hmc} = _JwEOKO(MES)+ICO(J ES) (32)

if the environment is vacuum. In (3.1") and (3.2"), the operators
£, and K, are defined as follows: [45]

L(X) 2 (1+klzvv-jjneo(r,r’)i(r')dn’ (16.1)

0

[Surface Equivalence Principle]

HP of F*?| i |ETof F*®

ﬁ) derive FHF Of 'cha
HP of F™™ s |ETof F™ FHF of F™

L Weak ETof F™ «=% | _FHFof F™

} derive FHF of Ijjca

Fig. 6. The relationships among HP, ET, FHF, and surface equivalence prin-
ciple.

mat _ ~ 7 mat ~\ 7 Mat
6Vmu| - ywvval,ww\Uc/\/nw\n\.out
[

exty ™ <R E

muliin__,

\ N
\ \
\

P mat
Z n*/\ IrltVmul )

A In /
N n p

SR

extvy ™

mul;out

~

Fig. 7. Various domains related to a 2-connected material body.

Ko(X) 2 [ [VG(F,F)]x X (7)dIT (16.2)

where k, = o\ u,e, , and G,(F,r)=e %" /az|r —r|.

Application on constructing CM

Recently, it is clarified in [46] that: i) the physical essence of
CM theory [35], [47]-[49] is to orthogonalize the power done
by incident field on scattering current; ii) the arguments of the
power operator in CM theory must be independent of each
other; and iii) the equivalent currents J= and M® on av.™
depend on each other.

The formulation (5) expresses the F® in terms of
{J¥,M®}, and then the scattering currents {J%,M®} can be
expressed in terms of {J® ,M®} , because J* = joAZ, -E™
and M¥ = joaji-H™ [1], [2], [45]. Based on this observation
and the formulation (3), the power done by incident field on
scattering current can be efficiently expressed in terms of
{J=,M®} . Because of the continuity of the tangential F** on
v the J= and M® can be expressed in terms of each
other, based on the formulations (3) and (6) and the method
given in [46]. Because of these above, it can be concluded that
the GFHF is valuable for constructing the CM of inhomoge-
neous anisotropic lossy material body.

1. A SINGLE MULTIPLY CONNECTED INHOMOGENEOUS
ANISOTROPIC LOSSY MATERIAL BODY

In this section, the results obtained in above Sec. 1l are gen-
eralized to the EM system V_* which is a multiply connected
inhomogeneous anisotropic lossy material body Vi, and the
Vet is restricted to being 2-connected as shown in Fig. 7. The
arbitrary | -connected case (1>2) can be similarly discussed,
and the corresponding formulations are identical to the
2-connected case in form. Then, Vi =&, and V& =V, and

sim mul !
Fe =F* and F™ =F™ +F* =F™ + F< | in this section.

mul ? mul ?

The whole boundary oV’ and whole extv,' can be de-
composed as follows: [38]

_ mat
- aVmul ;in

av mat

mul

U a mat

mul ;out

17.1)
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extV™ = exty™

mul mul;in

U extv ™

mul;out

(17.2)

where oVt Voo, o extVont, and extvo . are shown in
Fig. 7. In this section, it is restricted that the {J"™,M"} dis-
tribute on extV,i, , and the case that {J"°,M"™} distribute on
extV, can be similarly discussed, and the final formulations
of two different cases are identical to each other in form. The
composite case corresponding to that {J™,M"™} simultane-
ously distribute on extVv , and extVi. can be viewed as the
superposition of two simple cases, based on superposition
principle [50], and the final formulations of composite case are

identical to the simple cases in form.

A. Generalized Huygens’ principle and extinction theorem

Similarly to deriving the (1') and (2), for multiply connected
material system the following formulations can be derived:

exty ™

mul;out

inty

mul

exty ™

mul;in

[(ﬁf xH™ )G +(E™xn_)*G)r Lvm_

0
0
_Ifinc

(18.1)
exty

mul;out

inty ™

mul

exty ™

mul;in

[(fh x H = ) *Gyy + (Esca XA, ) *Gu' Lv”"“
N mul;in

T o o
1]

(19.1)

if the Huygens’ surface is selected as oV, ; the following
formulations can be derived:

extVor . ¢ 0

intvret I?"C = [(ﬁf x H™)* G +(E™xn )* G\ Lvmw.

extv o F '
(18.2)

extvpet . 1 F®

intvm™ 0 t= [(m xH*= )« G+ (E** <, )+ Gy lvma'

extvre o0 .
(19.2)

if the Huygens’ surface is selected as oV, . The A, and A

in (18) and (19) are shown in Fig. 7. The summation of (18.1)
and (18.2) and the summation of (19.1) and (19.2) are that

mul

intv o E

extV mat . 0 }: |:(ﬁ_ % Hinc)*G":: +(Ei”0 x ﬁ_)*ée":Fmem (18I)
mul -

mul

intv™ : 0

mul

exty™ - ﬁsca}:|:(ﬁ+XH~sca)*G“:nF+(Escaxﬁ+)*éxF]w . (299

m
Vimul

in which the (17) has been utilized to simplify the symbolic
expressions of integral domain, interesting domain, and ex-
cluded domain.

In Sec. I, it has been clarified that the physical essence of
ETs (1") and (2) is the HP corresponding to a simply connected
inhomogeneous anisotropic lossy material body. As the coun-

terparts of (1) and (2), the generalized extinction theorems
(GETs) (18" and (19" can be viewed as the mathematical
formulation of the generalized Huygens’ principle (GHP) of
multiply connected case. The adjective “generalized” is due to
that: the Huygens’ surface used in traditional HP and ET is a
single closed surface; however, the “Huygens’ surface” in these
generalized versions is constructed by multiple closed surfaces,
as shown in Fig. 7. In fact, the “Huygens’ surface” will be
further generalized to so-called “Huygens’ boundary” that
includes some lines and open surfaces besides closed surfaces,
in the Part 11 of this paper. In addition, it should be emphasized
that the GHP (18') and the GHP (19") satisfy Hadamard’s syl-
logism and all the conditions listed in Sec. 11-C.

B. Generalized Franz-Harrington formulation and weak ex-

tinction theorem
Similarly to deriving the (3) from (1') and (2), the following
formulation (20) can be derived from the above (18" and (19'):
extvr . _F*@

intym . i

mul

} _[I5GE M= G ] (0)

mat
Nl

In (20), the J* and M® are defined as (4), except that the
material boundary should be replaced by ov ' .

Similarly to generalizing the (3) to (20), the (5) can be gen-
eralized to the following (21):

v EY = [JEGE MG ] (2D)
where GX (r,r) and GM (r,r) are the Green’s functions

corresponding to material body V% , and then

mul

inty™ . Fs?

mul

(22)

mul

_ |:jES *AG'JF +MES *AGMFJ
mul EV,TT.‘

based on (20) and (21), where AGY, (¥,r) and AGM (F,F) are
defined similarly to (7).

IV. MULTIPLE CONNECTED INHOMOGENEOUS ANISOTROPIC
Lossy MATERIAL BODIES

The above Secs. Il and 11 only focus on the EM system Vi
which is constructed by a single material body. In this section,
the V™ constructed by two bodies are considered, and the

sys

Vget constructed by arbitrary | (1>2) bodies can be similarly
discussed. Some typical examples of two-body system V™ are

sys

shown in Fig. 8, and they include a simply connected body
V' and a multiply connected body Vi, i.e., Vet =V UV

sim mul sys sim mul

The case that V™ is constructed by two simply connected

sys
bodies and the case that V™ is constructed by two multiply

connected bodies can be sirynilarly discussed, and their results
are identical to the results of case V™ =V UV, in form.

In the following subsections, the current decomposition
method (CDM) is developed at first, and then the results ob-

tained in Secs. Il and 111 are generalized to two-body system.
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A\ / Mmat __ ~\ s mat |
CVsnm 7(’V5|m‘0 | intV mat
| sim
|
| - -
ES _ ~ES
; Csmv - Csnm.o
|
/;/
Ay mat _ Aaygmat ST o oS EEEEEEE
('Vmul 7(/\/mul,0
@
mat
extV
oV mat

sim;0

\

oV mat /}Z ,,,,,,

mul;0
(b)
extV et
oV mat _ oV mat b
sim T n ey
| mat |
‘ intV i }
I |- 1

A mat |
| IointvVg® | }
| Res _ Res | 1
91 : Cs\m - Cslmﬂ : |
| - |
A\ / Mat __ ~\ /s mat ] CES ‘
(’Vsys - CVmuI‘O L,,,,,,,TTQ 777777 }

©

Fig. 8. (a) Various domains related to a non-connected two-body system; (b)
various domains related to a two-body system, in which a body contacts with
but doesn’t submerge into another body; (c) various domains related to a
two-body system, in which a body is submerged into another body.

A. Current decomposition method
The boundaries of Vi and Vi' can be decomposed as

sim mul

avs?:w?/tmul = Vs?:?mul:o Uavnma'i (23)
where
6Vs?na/tmul;o é Cl(avs;?r?/tmul \a mnclell;sim) (241)
oA o VA Vol A
' (24.2)
= vV

as shown in Fig. 8. Obviously, the av)™

t
ST i sim/mul;0 and 0 ﬂma are
disjoint, i.e.,

aVslinr:/tmulzo mavﬂmat =90 (25)

Based on the (23) and (25), the equivalent surface currents on
oV and oVt can be decomposed as follows:

mul
CA:slfi/mul (F) = és?r?]/mulzo (F) + égr?\/mul;ﬁ (F) ’ (F €d s?r]r?/lmul) (26)

where C=J,M, and

CES (F) A ésﬁ/mul (r) ’ (F € aVs;ﬂma/tmul;o) (27 1)
sim/mul;0 0 ’ (F < avmmat) .
. . 0 , (Feovm |
C:;/mul;ﬁ (r) = { ~ES = ( . me(t I’O) (272)
Csim/mul (r) ! (r € avﬂ )

In (27), the C§; ,,, is defined similarly to (4), except that the

material boundary in (4) should be replaced by avgy,, - Be-
cause the polarization electric current and magnetization
magnetic current models are utilized to depict the polarization
and magnetization phenomena in this paper, there doesn’t exist
any scattering [1], [45] and incident surface current on oV,
and then the tangential components of total field F* are con-
tinuous on av™ . Hence, the following relationship exists for
any C=J,M:

Conn(r) = =Cin(r) . (reavi™) (28)

B. Generalized Huygens’ principle, extinction theorem, and
Franz-Harrington formulation: General case

In this subsection, the results obtained in Secs. 11 and 111 are
generalized to a general two-body inhomogeneous anisotropic
lossy system in inhomogeneous anisotropic lossy environment.

Generalized Huygens’ principle and extinction theorem
Based on the (1) and (2), we have that

extVge @ 0
,nxs:m: : F(I)m = [(ﬁsim:— XHT)* Gl (B x )+ Gy Lvsmfuuwm“‘
n .

mul

(29.1)
extV mat . If sca

sys . sim

IVt 0 = (R HER) o 6 (B XA ) G ]
(1] AV

(30.1)
where 1 and A are the normal vectors of ov.™ , and

respectiveii/ point to the interior and exterior of Vot Based on
the (18") and (19", we have that

extVget @ 0

intvs?::t : 0 = [(ﬁmul:f x Hmc) * é:np + (Elnc X ﬁmul;f)*Goe’\rAvF :|6Vma“DU6qu\a‘

inty e . g .
(29.2)

extV. mat . lfsca

sys " mul

VA B = (A )G (B ) GUT ]

intv™ ;0 e
(30.2)

where .. and A, are the normal vectors of év,; , and
respectively point to the interior and exterior of Vi

mul *
In addition, we also have that



LIAN: ON HUYGENS’ PRINCIPLE, EXTINCTION THEOREM, AND EQUIVALENCE PRINCIPLE — PART | 10

extvVg © 0
Vi o <P [ (A HIR )3 GO+ (B ) GUF ] L
intvm™ .0 e
(30.3)
extvg® : 0
intvs:nn?l : 0 = |:(ﬁmul;+ X H;‘E)*G;: +(Essi(r:zxﬁmul;+)*é::'::|~vma. Uavmt
ity _Fxe e
(30.4)
based on the method similarly to deriving (1') and (18").
The summation of (29.1) and (29.2) gives that
extVge ¢ 0
intv/ o Fels Uﬁmkxﬂmﬂ*éi+(9“X@mJ*GMqNWUWm
H tV mat : 'finc N . N - Vsim;o UV
NVmul;0 UV
(29)
and the summation of (30.1)-(30.4) gives that
extvje o P
intvr 0 b= Uim+xﬁ“ﬂ*é£+(?“XQMJ*G¥ﬂVWUWW
OVsim;0 VOV

intvost 10 - - - -
mul A sca JF sca , A MF
|:(nmul;+ X H )*Gen +(E X nmul;+)*Gen r”w\/,,’,'fﬁ"gUWﬁ"a'

(30)

The above (29') and (30") are called as the topological additivity
of GHP and GET, i.e., the GHP/GET of whole EM system
equals to the summation of the GHP/GET corresponding to all
sub-systems as formulated in following (31) and (32), and this
property is consistent with the principle of superposition.

Scattering field GHP/GET of whole material system
Z;,Scattering field GHP/GET of material body V™ 1)
Incident field GHP/GET of whole material system
Z; Incident field GHP/GET of material body V™

(32)

Generalized Franz-Harrington formulation

Similarly to deriving the (3) from (1") and (2) and deriving
the (20) from (18") and (19", the following (33) can be derived
from (29" and (30"):

extvyet o —F=
itV E b (35, T8 )R GE +(ME, + M, )+ G
; i ; 3 mat mat
[ sim sim;0 simiN en sim;0 sim;N en
.. Neimio UV
intvp + F"™

mul
ul

(4 350) G + (M + ME, )+ G ]

v gto Uov™

(33)

where (23) and (26) have been utilized. Obviously, the GFHF
of internal incident field and external scattering field satisfy
topological additivity (34.1) and (34.2) just like GHP and GET,
because they are essentially the summation of incident field
GHP and scattering field GHP as pointed out in Sec. II-C.

Internal incident field GFHF of whole material system

= Zflnternal incident field GFHF of material body V,™ 34.1)

External scattering field GFHF of whole material system

= Z;External scattering field GFHF of material body V,™ 34.2)

However, the GFHF of internal total field and internal scat-
tering field don’t satisfy topological additivity, because they
don’t satisfy GET. To resolve this problem, the following
piecewise Green’s functions are proposed:

< JF oo = t = t
ZF oo A Gsim/mul (r,’ r) ! (r' € Clvs?r]na/mm re Clvs?na/mul )
Gsim/mul (r ’ r) = ~, mat . mat (351)
0 , (r eclV e extvsim/mu,)
~ MF oo = t = t
ZME o A Gsim/mul (r" r) ’ (r' € Clvs:nma/mul re Clvs?r]r?/mul )
Gsim/mul (r ’ r) = . mat . mat (352)
0 , (r eclV ,  Te extvsim/mu,)

Based on (35), the (5) and (21) can be rewritten as follows:

mat . ~ ~
T [ aied] @)
intvr v

mat . ~ ~
eXthU| . AO — [jES * GJFI + M ES % G MIT :| (21!)
intymt . pe ™ " Jov

and then the (5) and (21") can be generalized to following (36):

extVge o0

iogmat . ot _ | (7ES |, jES S oF 7 ES 7 Es 2 MF

Intvslm i F - (‘]slm:O + ‘Jslm;ﬂ) * Gslm + (M sim;0 +M slm;ﬂ) * Gslm :| mat 1 1 mat
inty mt - Ifmt Vgm0 UV

mut TES TES 2R 7 ES 7 ES 2 MF
+ |:(‘]mul;0 + ‘]mul;ﬂ) * Gmul + (M mul;0 +M mul;ﬂ) * Gmul :‘
vt U

(36)

In fact, the (5, (21", and (36) can be called as artificial ex-
tinction theorems to be distinguished from extinction theorem
and weak extinction theorem.

Similarly, if the following delta piecewise Green’s functions
are proposed:

AG (FLF)2 G (F.F) =G (F1F)
{G';i;/mm (F.F)=GX(F.F) . (Feclvym, FeclVps )
=GF(rr) . (FeclVi, FeextVis,)
(7.1)

AGH (T, )5 Gl (7, F)=GYF (7,7)

-

{G":,ﬁ;mm(r',r)éjf(r',r) (Peavgm reavi )

sim/mul
-Gy (), (Meclvys

sim/mul

T eextv.™ )

sim/mul

(7.29

the (6) and (22) can be rewritten as follows:

mat . [=sca = =
?Xtvmm ' Iisim — |:jES * Aés‘ﬁ + M BS x AG“S’\,A,:} (6')
intymt . Esca V'

sim sim sim

extvr . Fi@ - = - =
) rnult Amul — |:J ES %* AG;’; +M ES % AGH’\:IU'T:| (22|)
intym . Fs v

mul mul mul

and then the (6") and (22") can be generalized to following (37):
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extym™ . F=@

sys -~ ~
imvszﬁma‘ : 'fsca = (jsi?\;o + jSEI;ﬂ ) * AG;; + ( M ;_’S“;O +M SEI?\:H) * AGshiAr:
ity ; F

mul

Lsm Uavg

(323

mul;0 mul;N

SR 7 ES 7 ES S MF
)* AGmul +('\/Imul,o + Mmul:ﬂ)* AGmul j|~vmm Uouma
OVimul;0 VOV

@37)

by summing (6") and (22).

Obviously, the piecewise-Green-function-based GFHF of
internal total field and internal scattering field satisfy the fol-
lowing topological additivity (38) and (39) just like the GFHF
of internal incident field and external scattering field.

Internal total field GFHF of whole material system
= zg, Internal total field GFHF of material body V™ (38)
Internal scattering field GFHF of whole material system

zg_ Internal scattering field GFHF of material body V™

In fact, the (34), (38), and (39) can be uniformly written as

The GFHF of whole material system
= Zg_The GFHF of material body V.™ (40)

The (31), (32), and (40) are called as the topological addi-
tivity of GHP, GET, and GFHF.

C. Generalized Huygens’ principle, extinction theorem, and
Franz-Harrington formulation: Special cases shown in Fig. 8

In this subsection, the results for a general two-body material
system are specialized to some special cases.

Case I: Two bodies don’t contact with each other
In this case, the following relationships exist:

NGt = oVt U v (41.1)
extVye = extVr™ U extV (41.2)
intvVge = intVge Uintv (41.3)
where the oV, avat | extV,r™ , extVidt | intvie, and intv,

are shown in Fig. 8 ().
Then, the incident field GHP (29") and scattering field GHP
(30" are specialized to

extviet 10 ey s L s
intVS;y’Sat : Ifi"c} - [( A.xH ) *Gyy + ( E™ x nf) *Ggy Lv;:‘ (42)
extvm™ . F*@ R SN
intvsyrfsal — } = [( A, x H ) *Gyr + ( E** x n+) *GMF L\/&m (43)

and the GFHF (33) is specialized to

extv® ;. —F* ks A e A
e I [J BxGr + M« GE“Q'FJ (44)
inty/® o F v

and the GFHFs (36) and (37) are specialized to

extVye ¢ 0 TEs S L \FES . &
intvS;E"‘n : If“"} - [J TG MEGy ]avsv:‘ 49
mat . — sca ~ ~
s R [5 B« AGE + M *AGS“;'SF} (46)
intvye o F s
where
N G (g1 r) (F’ eclV. -”‘a‘)
G (v =y g D
Gl (rr) o (reciviy)
SOFIME (1 o AG:;E/MF (f’, F) ' (f' € CIVS?:"N) 48
AGsys (I’ ’r) - AéJF/MF (f’ r7) (rr c clvmat) ( )
mul ’ ' mul
and
. ca(r) . (reavy
g py = |G (Feovi) (49)

inwhich C=J,M .

Case II: One body contacts with but doesn’t submerge
the other body
In this case, the following relationships exist:

Nge' = Namo U Vil (50.1)
extVye = extV™ U extV e (50.2)
intVge = itV U intv i Uavi™ (50.3)
where the oVje , oV, V™, extV,™ | extVye , intvg, and

intv i are shown in Fig. 8 (b).

Based on that A,,., =-f,,. on avo™, the GHPs (29" and
(30") are formally specialized to (42) and (43) respectively, and
the GFHF (33) is formally specialized to (44).

Case I11: One body submerges the other body
In this case, the following relationships exist:

VI = oV (51.1)
Njoy = & (51.2)
and
Ny = N (52.1)
intVg® = intvt U intvis U av™

intvmat U intvmat U 0 mat

mul sim sim

intv™ J clv,™

mul sim

(52.2)

where the oV

are shown in Fig. 8 (c).
Based on that A, =-f,,. on avy™, the GHPs (29" and

sim;+

(30" are formally specialized to (42) and (43) respectively, and
the GFHF (33) is formally specialized to (44).

avnmat, a mat a mat

sys ! mul;0 ?

intvVae , and intv

mul
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mat
VZ

mat
Vl

avﬂm at

Fig. 9. The EM system constructed by two material bodies.

V. APPLICATION OF GFHF: To CONSTRUCT HARRINGTON’S
CM OF INHOMOGENEOUS ANISOTROPIC LOSSY MATERIAL
SYSTEM

For metallic system, Harrington et al. [48] developed a
mathematical scheme to construct CM by using SEFIE-MoM
(surface electric field integral equation based method of mo-
ments). For isotropic material system, Harrington et al. con-
structed some kinds of CM by using VIE-MoM (volume inte-
gral equation based MoM) [49] and SIE-MoM (surface integral
equation based MoM, also known as PMCHWT-based MoM)
[35]. The physical essence of Harrington’s CM is to construct a
series of orthogonal modes which have ability to orthogonalize
objective EM power, for example:

 For metallic system, Harrington’s SEFIE-based CM [48]
orthogonalizes the following objective power:

(Y2)(I*E™) . +(2) (T E™) o (53)

where the inner product is defined as <f,g>,2[ f*-gda, and
J* is the scattering line electric current on metallic line L™,
and J* is the scattering surface electric current on metallic
surface S™ and on the boundary of metallic body ov™.

» For homogeneous or inhomogeneous isotropic material
system, Harrington’s VIE-based CM [49] orthogonalizes the
following objective power:

(Y2)(3% E™) |+ (y2)(M* ™) (54)

\/mat

» For homogeneous isotropic material system, Harrington’s

PMCHWT-based CM [35] orthogonalizes the following power:

_(1/2)<jEs , Einc>8vmal —(1/2)<M B H inc>0vmal (55)

where the minus signs originate from that the equivalent sur-
face currents in [35] are {-J%,-M*}.

Recently, [46] proves that the objective powers orthogo-

nalized by VIE-based CM and PMCHWT-based CM are iden-
tical to each other, i.e.,

3B B ) 305 M (56)

when material system is homogeneous isotropic. In this section,
Harrington’s CM theory for a simply connected homogeneous
isotropic material body [35], [49] is generalized to the EM

system which is constructed by multiple inhomogeneous ani-
sotropic lossy material bodies and placed in VACUUM, and the
bodies can be either simply or multiply connected. As a typical
example, the two-body material system V% shown in Fig. 9 is
specifically considered, and the formulations corresponding to
any | -body material system can be similarly obtained.

The reason to call the CM constructed below as “Harring-

ton’s CM” is that the CM orthogonalizes power operator
arrington 2 7 —inc v Jjinc
PR = 2 (Y2) (3 E™), L+ (Y2)(MYH™) L (57)

by following Harrington’s ideas in [49]. In (57), the subscript
“matsys 7 is to emphasize that the power operator BT
corresponds to material system.

A. Power characteristic of operator (57)

Similarly to the discussions in the Sec. VI-A of the Part 11 of
this paper, the power characteristic of P& in (57) can be
expressed as follows:

Harrington sca, rad tot, loss, mat
pramhoen = p +P +

sca, sto, field tot, sto, mat
mat sys mat sys P + P )

mat sys J ( mat sys mat sys

ol i ) ()]

mat

(58)
where
P = (W2)fp, [Ex(H=) -as (59.)
P ™0 = 200(W e —Wzse (59.2)
i ™ = (Y2)( G ENET),, (59.3)
Pocsem = 2em(Wseme —Wser ) (59.4)
and
Wrs;a,sitso;;ield _ (1/4)<|:| sca"uoH” sca>“{3 (601)
Wrrs];iagitst);éfield _ (1/4)<EOEsca’ Esca>r€3 (602)
W — (YA (A Al H™), (60.3)
WEser = (4) (A -E®E®) (60.4)
Where A/’ima't sys = ﬁmat sys rﬂo 1 and A‘gma\'t sys = ‘;:mat sys rgo 1 and
R A(r)  (Fev™)
ﬂma sys r = - 61
ty( ) Z(F) ’ (Fevzma[) ( )

inwhich g=pu¢,0.

B. Surface formulation of operator (57)

In this section, the surface formulation of Harrington’s
power operator corresponding to a one-body material system is
provided at first, and then the two-body case is discussed.
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One-body case

By doing some necessary vector operations and utilizing the
definition of equivalent surface electric current on av,™" , the
following relation can be derived

<jiES 1 Einc >8vlmat _ q’—_ﬁa\/lma‘ |:Einc

In addition,

(62)

<(F=) |08
where i=12.

b Ex(H7) ] 8
= IV B () Jav
HLM(VXE“) (H) av = [J[ . E"-(vxH*™) av
= M- H™)-(H" )dV—m E™(joi E™) dv (©3)
= [1f, e (= iomH ™) (H=) 0V - HL LB (josE) dv
Jff e E" ~(JwAsi %) av
o[ P (A=) AV 4 o] B (2,E™) oV

I (37 v

In (63), the first equality is due to Gauss’ divergence theorem;
the second equality is based on that (Vxa)-b—a-(Vxh)=
V-(axb) ; the third equality is because of the Maxwell’s
equations of incident field and total field; the forth equality is
due to that & =Tg,+AZ ; the fifth equality is based on that
JY = jorg -E™ [1], [45]. Then,

jou,

<jiES , Einc >WIME‘ - _ jw<H[011#0H inc >v‘ma‘ + jw<€0|§l°‘, Einc >VIma‘ _ <jiSV , Einc >\/Imal

(64.1)
Similarly, it can be derived that

<MiESvHinc>Wma‘ _ j0)<Hm,ﬂoHim>vma‘ _ ja)<£,‘0Em,Einc> .

vt

_<Mi5v , H inc>vma‘
(64.2)

The summation of (64.1) and (64.2) gives that

<jisv ‘ Einc>vm +<Misv , H inc>vma. _ _<jiEs7 Einc> <M ES H |nc> (65)

jmat

avjmat

This (65) is the generalization of the conclusion given in [46].

Two-body case
Inserting (65) into (57), the P can be rewritten as

mat sys

Harrington _
Pmat sys

= _Zi: ]/2 <j'ES
=-ZLWDIF "), + (2 (MT H)
(57)

where the second equality is based on (26), and the third
equality is based on (28). By utilizing GFHF (44), the surface

formulation of power operator P9 can be expressed as

mat sys
pran = 30 W2 (I ey (35 + 35 ) K, (ME M)

HY2)(NE Jonty (M5 )~k (35 +35) |
(57)

where the £, and Kk, are defined as (16). The reason to call
(57") as surface formulation is that all arguments in this for-
mulation are surface currents.

C. Discretization of operator (57")

In this subsection, the operator (57") is transformed from
current space to expansion vector space at first, and then the
equivalent electric and magnetic currents are related to each
other in expansion vector space [46].

From current space to expansion vector space
If the currents C7° and C; are expanded in terms of proper
basis functions as follows:

cEs

Sr)::zag%sﬁg?(r) B .a%® | (reovy™) (66.1)
CE(r Zacﬂ“bCn F)= B .a% | (reav]™) (662
then
CH(r)= -CH(F) = (-BF)-a™, (reov™) (66.3)
where C=J,M, and

B =[b* . B . -, bX] (67.1)
a=[a ., a o, Al (67.2)

forany X =C5,C%,C5,Ch .
Inserting the (66) into (57"), the objective power Pyt is
discretized to the following matrix form:

. " ) . N N H
{18 35 IE N NE NS

PHarrlngton _
mat sys - at sys ( 6 8)
P{‘]ms JES JES MES MES MES} 7{J'1%SVJH:SJES Ml%s MES MES}
" Piat sys mat sys
where

BIEIE g pIEIE  pIENE (o pIENS

0 0 0 0 0 0
= jEs jEs = jEs jES = JES\iES = JES\iES
P{Jm Jns T MES MES MES} P00 O P02 P -20Mo 0 p 20 M
mat sys - SViES jES = MiES JES =MESMES =MESMES
P 10 Y10 0 P 10 Y20 p 10 V1o 0 P 10 V120

0 0 0 0 0 0
BNSIE (o PNEIE  pNSNS o PNSNS

(69.1)
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s ks Es iEs gs =J
S0 95 IR ME ME NS a~ (69.2)

‘mat sys i ES
4 M

P = 2)(0F 5 (02)) L (00)
pIEME — W2)(6 K (2 )>av (702)
SE— o, (Y2)(BF £, (6 )>av (70.3)
P = - @2 () . (04)

for any i,1=1,2, where the subscript “ - used in integral do-
main oV™ is to emphasize that the integral is done on the
internal surface of boundary ov,g® .

To relate equivalent electric and magnetic currents in
expansion vector space

The equivalent electric and magnetic currents on material
boundary satisfy the following relations:

VM 1 I = [IF GRS G (7L1)
N XN (I8 GE NE G ] (7L2)
as illustrated in the (4) and (45), where the G, GM', G= .,

and G}, are the material Green’s functions of body v, . If
the (71.1) is tested by {6 | and {;b!'" |, then the expansion
vectors 1aM'EﬂS,aMﬂES can be expressed in terms of the expansion

vectors ajl%s,aJﬂEs} as follows:
(72)

where

-1
— _iEs . — _jiES . — _NiES
=60 MES 6™ jES b0 jES

T - : (73)

mat sys ES i ES LES iES
= .NES . = NME g = MBS . = M5 g
P Mg cDVlb N M§ P nig (DVib nJg

Gt

in which the elements of various submatrices are as follows:

AL <5§M5§ 7 [B[Mi? *émi]w‘> (74.1)
V5 | oy

I (e ] ) @42
vy e

/VIAM'r%S e g Sus | x

¢§§b Mo =y <b§ﬂ , |:b¢"" *G”’\‘Aa':i}ﬁ\/.’é'a‘>avnqm (74.3)

.MES -
b1 MES M5 FMS L SMH
¢ = <bf” ; [bﬂ G] > (74.4)
&Y 5VrTal
S B B <[5 <G (74.5)
% = S Ve mati Lot '
! io—
ES
p'io jES ME CISS L R
¢'§C 8 ==7 <b§ ° |:b§m *Gmati} m> (746)
A% avimet
BIE NE [598 w @ (74.7)
e ==7 (4 ’ ¢ mat i mat )
Vo ev{qml
TR 6 R [B G (74.8)
¢g’ = e y B Xn_NmaA (e mat i '
i ov e v

where i=1,2,and y, =1 and y, =-1. In fact, the matrix T:mjfyM
can be partitioned as follows:

Ji—>M; T Ji—>M;

= M ES jES M ES jES
TJi_,Mi _ i0 Yio io ¥n (75)

mat sys -?J,HM, -FJ,»M,

MES 5 NiES JES

based on the partition way of the vectors in (72). Then, the
following transformation from vectors iéﬁ,éjﬂ a’s } to
vectors {EME ,aMe ,a*MZEOS} can be easily established:

ng%s giﬁf
=ME | Tuom | 535
a - Tmatsys |a (76)
gszg EJZE(]S
where
=3, oM, I oM,
Tuzss Twgr O
1M _ | T oM, T oM,
Tmat sys TMﬁs JE TM%S J-gs 0 (77)
=1,5M, T J,-5M,
0 Tikw' Tagg
or alternatively
FhoM, T IoM,
Tugsg Twpop O
TIoM _ =1,05M,  T1,oM
matsys 0 TM(%SJ'(§52 TM%SJ'ZEOSZ (78)
T1,5M, T I,M,
0 TMZ%SJ}?S TMzEéJ'ons
Inserting the (76) into (68), the (68) becomes
paringon. _ (f{%%’ﬁ”ff}) pUEIFIB) GIFIRIB)  (7g)
mat sys mat sys mat sys mat sys
where
- _ aH _
55 9595 _ | 5115 595 5 WiE ) I (80.1)
mat sys I =TI * Mmat sys . = m .
| mat sys mat sys
_551%5
,{Jl%s 5 } B
mat sys =|a (802)
gszus




LIAN: ON HUYGENS’ PRINCIPLE, EXTINCTION THEOREM, AND EQUIVALENCE PRINCIPLE — PART I 15

inwhich T is the identity matrix whose order is the same as the
number of the rows of a5/,

Similarly to establishing the (76) by testing the (71.1) with
b*"} and {y b7}, the foIIowing transformation from vectors
a"#,a"",a"¥} to vectors {a’%,a’",a%} can be easily estab-

lished:

- s
=B | _ Moy | 2NE
a - Tmat sys a (81)
3% 25

by testing the (71.2) with {b;* | and {yiB;'ﬂES}. Inserting the (81)
into (68), the (68) becomes the following form:

(M M M5 |

. N . H . N .
Harrington __ 7{M1%Ser§SxM2EuS} 7{M1%S*MES’M2EOS}
Pmat sys - (amat sys : Pmat sys " Amat sys (82)
where
o S I )
S{Mfos M Mons} _ | "matsys 5{31%3 I35 M MEP M;os} Tmat sys (83 1)
mat sys = = * Pmat sys : = .
] |
35
_(MES MES NiES _GEs
A = 2" (83.2)
ahs

For the convenience of the following discussions, the (79)
and (82) are uniformly written as follows:

<ES ES RES H = ES RES ES <ES ~ES ~ES
Pmr—;etxrsl;sngton _ (ariiosgscm .Coo }) . Pn{];lzyscm szo} . 7{205;5% C2 } (84)
where C=J,M.
D. Harrington’s CM orthogonalizing operator (57)
R —=[GES ES RES
The power matrix P/ can be decomposed as
= CLESVC(ES vC‘ES = CIES,CES,CES ClES CES C
TS S RIS RIS (g)

where [46]

pls s _ L {Pﬁiﬁ’ﬁ (R })} (86.1)

mat sys;+
4 2

mat sys mat sys

slreres) _ 1 {

mat sys;— ?
J

S{C}%S,Cﬁsvcz?} 7(5{655,(555,6255})” :| (862)

Based on Harrington’s classical method [35], [48], [49], the
CM can be obtained by solving characteristic equation

S(ch.ch B Llch 8 ok

R at sys;&

_ 4 plorcrcs)
mat sys;— - '

mat sys;& ' mat sys;+

(05 o <5
at sys;&

(87)

VI. CONCLUSIONS

In this paper, the EM diffraction integral formulations in
homogeneous isotropic media are generalized to inhomoge-
neous anisotropic lossy media. Then the traditional HP, ET, and
FHF of a single simply connected homogeneous isotropic ma-
terial body in homogeneous isotropic environment are gener-
alized to the EM system which is constructed by several simply
or multiply connected inhomogeneous anisotropic lossy mate-
rial bodies (the different bodies can either contact or be non-
contact with each other) and placed in an inhomogeneous ani-
sotropic lossy environment; the traditional FHF of external
scattering field and internal total field are generalized to the
internal incident field and internal scattering field, and the
equivalent surface currents used to express these fields are the
same. The generalized versions of HP, ET, and FHF satisfy
so-called topological additivity, i.e., the GHP/GET/GFHF of
whole EM system equals to the summation of the
GHP/GET/GFHF corresponding to all sub-systems.

The relationships among HP, ET, and FHF are studied, and it
is found out that the mathematical formulation of HP and ET
are essentially equivalent to each other; the FHF is not the
mathematical expression of HP, and it is only the mathematical
expression of SEP; HP is a special SEP, and SEP is not nec-
essarily HP; HP can be viewed as physical equivalence princi-
ple, because it simultaneously satisfies the action at a distance,
the law of causality, and the principle of superposition. Based
on these observations, the reason leading to the backward wave
problem of FHF is clearly explained.

Compared with the HP and ET, the FHF has not a clearer
physical meaning, but it doesn’t imply that the FHF is useless.
The values of FHF are mainly manifested in that various EM
fields are uniformly expressed in terms of an identical set of
currents, and this feature is very valuable for many engineering
applications as exhibited in this Part | and the future Part 11.

APPENDIX A: INTEGRAL EXPRESSIONS OF THE FIELDS IN AN
INHOMOGENEOUS ANISOTROPIC OPEN DOMAIN Q

In this appendix, some integral expressions for the fields in
inhomogeneous anisotropic environment are derived, and the
expressions are based on EM dyadic Green’s functions ac-
cording to Prof. Tai’s observation ... the most compact for-
mulation appears to be the one based on the dyadic Green’s
function pertaining to the vector wave equation for E and

.. 7 [28].

In any open domain Q whose material parameters are
{Zq.i1} , the EM fields {E,,H,} related to currents {J,,M,
satisfy the following Maxwell’s equations: [1], [37], [44], [45]

VeHal0)= dalf) IR (B
vx )

for any r e, where the terminology “open domain” means
that Q=intQ [38], and the subscripts “Q > used in various
quantities mean that these quantities distribute on domain Q.
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Various EM dyadic Green’s functions on domain Q are de-
fined as follows: [1], [37], [45]

=i

VG (FF) = T6(F—F)+ joi, (7)- GE(F.F)
VxGE(F,F) = ~joii, (F)- G (F.F)

for the Green’s functions corresponding to electric-type unity
dyadic source, and

(A-2.2)

for the Green’s functions corresponding to magnetic-type unity
dyadic source. In (A-2), the | is identity dyad, and the

S(r—r") is Dirac delta function, and r,i" e Q. Obviously, the
various Green’s functions and material parameters in (A-2)
satisfy the following dual relationships: [37], [45]

G (F.F) «  GY(rr) (A-3.1)
GY(F,F) <«  —GYE(r,T) (A-3.2)
W) o a (A-4.1)
£(1) © Hio (T) (A-4.2)

If & is a one-order complex symmetrical tensor, its inverse
& is also symmetrical because of the following observation:

(@a*) =0 =1
S ) (A5)

= (¢ = (@) =&

Based on the identity V-(axb)=(Vxa)-b-a-(Vxb) [37] and

the symmetry of &, the following (A-6) can be obtained:

vo{Bx[a (v )]« [a (v )] Q)
= (vafa (veP)-G-p {v[a (v<q) |

Appling divergence theorem to (A-6), the following general-
ized vector-dyadic Green’s second theorem can be derived:

HJQ(f’ v (v<Q) |

=¢p_n, {ﬁx[&’l-(vxéﬂ

In (A-7), fi,, is the unity normal vector of boundary o&Q2, and
it points to the interior of domain Q.

Inserting P=E, () and Q=G (r,r") and & = ji,(F) into
the (A-7), and restricting that there doesn’t exist surface mag-
netization magnetic current on oQ (the reasonability of this
restriction will be explained in Appendix B), the following
relation can be derived:

(A-6)

where the integrals on boundary surface &Q are defined as
JA(F,F)ds £ ||m<ng A(F,F)ds , and T = Q. The last term in the
left-hand side of (A-8) can be rewritten as follows:

]
|
3
>
N
5
—_——
— D
!
N
=
S—
- <
)
=
N—
QO —
X
O
b|'|'|
—_~
=
—~
SN—
!
o
%)

Il
|
>
{
o)
—_——
—
!
N
—_
=
SN—
; <
—_~
-
N—
- L—
X
O
° &
—_~
=
—
S—
=
o
w

where the first equality is based on the identity V-(axb)=
(Vxd)-b—a-(Vxh) and Gauss’ divergence theorem [37], and
the second equality is based on (A-2.1). Because the dot
product of two dyads satisfies the associative property [37] and
the &, is symmetrical, then

) (A-10.1)

\.V.,
Il
m
0
~—~~
=
SN—
X
G)
—_
]
=
\-;
>
H
o
N
N—r

based on the symmetry of ji, and j'. Inserting the (A-9) and
(A 10) into the (A-8) and utilizing the property that
)=[[] Ea(F)-Ts(r -)dQ, the (A-8) can be simplified as
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Based on the dual relation (A-3.2) and the identity &-(bxc)=
b-(cxd)=c-(axb), the (A-11) can be further rewritten as

Interchanging the position vectors ¥ and 7' in (A-12), the
following integral formulation of E,, is derived:

forany reQ.

If P=H,(r) and Q=G (r,F) and & =&,(r) are inserted
into (A-7), the following integral expression for the magnetic
field H,, atany position 7 in Q can be obtained similarly:

forany reQ.
In fact, the above (A-13) and (A-14) can be uniformly writ-
ten as follows:

for any reQ, where F=E,H . Following the manner to ex-
press convolution integrals in [45], the (A-15) can be rewritten
as the following (A-15") to compact the integral formulations
appeared in this paper.

for any field pointin Q, where F=E,H .

APPENDIX B: INTEGRAL EXPRESSIONS OF THE FIELDS RELATED
TO A SIMPLY CONNECTED INHOMOGENEOUS ANISOTROPIC
Lossy MATERIAL Boby Vit

In this Appendix B, a simply connected inhomogeneous an-
isotropic lossy material body V. , which is placed in inho-
mogeneous anisotropic lossy environment and excited by in-
cident field F™, is considered. The material boundary av™
divides the whole Euclidean space R?® into two parts, the inte-
rior of Vi (denoted as intV{:') and the exterior of V' (de-
noted as extVg:' ) as shown in Fig. 4, and they are open sets
obviously [38]. When the polarization electric current and
magnetization magnetic current models are employed to depict
the polarization and magnetization phenomena of material
body, there doesn’t exist any scattering surface current on ma-
terial boundary [1], and the scattering volume polarization
electric current and the scattering volume magnetization mag-
netic current on material body are denoted as J:; . and
M v mag FESPectively, where the superscript “sv ™ is the acro-
nyms of term “scattering volume”. The scattering volume
ohmic electric current is denoted as J5 ... To simplify the

symbolic system of this paper, the summation of J%  and

mat, pol

j_nsl\;l,uhm IS denOted as jSV ' le' -jSV é_‘]—ri\;l,pulj_jri\;t,ohm; the
M i meg 1S SiMply denoted as M, i.e., M® £M>y . In this

paper, it is restricted that the currents {J",M"™} , which lead to
the incident field F™, distribute on domain extv™ , i.e., the
{J"™,M™} don’t distribute on material body.

The incident field F™ satisfies Maxwell’s equations

(B-1)

for any reR®. In (B-1), &, 2&,+(/ |®)G.,; &, fe, and
G,, are the permittivity, permeability, and conductivity of
environment. The scattering field F** satisfies the following
Maxwell’s equations:

VxH®(F) = J(F)+ jok,, () -E=(F) (8-2)
VxE®(F) = -M¥ (F) - joji, () - H*(r)
for any reR® . In (B-2), JV=jwAé -E™ , and

MY = joAji-H™ ; AZ 28 -Z,. , and Aji%ji—j, , and
& 2é+(ljo)s ; &, ji, and & are the permittivity, permea-
bility, and conductivity of material body Vv . The total field
F° on intVy® satisfies the following Maxwell’s equations:

[1]

(B-3)

forany reintvje .

Inserting the (B-1) into (A-15"), and letting the Q be whole
space R?, and employing the Sommerfeld’s radiation condition
for the fields and various Green’s functions [37], the following

integral expression for F™™ is obtained:
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R3 : Ifinc — |:jinc % é;nF + M inc éeh:F:| (B_4)

extV

where F=E,H, and the subscripts “en” on various Green’s
functions represent that these Green’s functions are the envi-
ronment Green’s functions. Inserting the (B-1) into (A-15"), and
letting the @ be intv i, the following integral expression for
the F™ on intv.”™ is obtained:

sim

intVv mat If inc —

sim

A xH™)* G +(E™ xA )xGM |
|:( ) ( l‘/‘Vsm (B_5)
en avsr‘nrr?(

_ |:(ﬁ_>< Hinc)*G'éJHF +(Einc Xﬁ_)*éMF

where F=E,H, and fi_ is the inward normal vector of oV .
The subscript “ - in the right-hand side of the first equality in
(B-5) is to emphasize that the corresponding fields distribute on
the internal surface of oV ; the second equality in (B-5) is
due to the continuity of F™ on ov.™ , because the source of
F™ doesn’t distribute on av™ . Inserting the (B-1) into
(A-15", and letting the Q be extvi: , and employing the ra-
diation condition, the following integral expression for the F™
on extVie is obtained:

sim

extV mat lfinc —

sim

|:jinc *G'EJ: + M inc *Gel\r/]IF:| ,
I (B-6)
+[(ﬁ+xH'"°)*GeJnF +(E'”°><ﬁ+)*Ge":FJ

v
where F=E,H,and A, isthe outward normal vector of ov ' .
Comparing the (B-4) with (B-6), it can be derived that

mat
ext Vs im en

0= |(A, xH")*Gr +(E™xnA,)*Gy |
|:(A ”inc) ~JF (*inc A) MF:|U\/Sim (B_7)
:—[(nfo )* G +(E™xi )*G ]w

where the second equality is due to that A_=-A, on av ).
Similarly to deriving the above (B-4)-(B-7) from (A-15") and

(B-1), the following integral formulations corresponding to

scattering filed can be derived from (A-15") and (B-2):

R ER o [V eGE MG ] (B-8)
extv ;o FeR = [(mxﬁm)*éjf+(E5°'°‘xﬁ+)*G”E“;'FJWm (B-9)
itV : 0 = [(AxH™)xGF +(E=xn,)*Gl | (B-10)

where F =E,H . In the process to derive (B-9) and (B-10), the
conclusion that the tangential components of F** are contin-
uous on avat has been utilized, and this conclusion is based
on that there is not scattering surface current on oV [1].

In addition, the following integral formulation corresponding
to the total filed F* on intv,™ can be derived from (A-15")

and (B-3):

H mat
intVg

ot _ |:(ﬁ7 « Htot)*ésv::_:n +(E‘Ut x ﬁi)*és':ﬂn: Lvmat

“Vsim

(B-11)

where F=E,H, and the Green’s functions are the ones cor-
responding to material body V.

ACKNOWLEDGEMENT

This work is dedicated to my mother for her constant un-
derstanding, support, and encouragement.

REFERENCES

[1] M. I. Sancer, K. Sertel, J. L. Volakis, and P. V. Alstine, “On volume
integral equations,” IEEE Trans. Antennas Propag., vol. 54, no. 5, pp.
1488-1495, May 2006.

[2] C. A. Balanis, Advanced Engineering Electromagnetics, 2nd. New York:
Wiley, 2012.

[3] C. Huygens, Traite de la Lumiere, Leyeden, 1690. Translated into Eng-
lish by S. P. Thompson, London, 1912 and reprinted by the University of
Chicago Press.

[4] J. D. Kraus and K. R. Carver, Electromagnetics, 2nd. New York:
McGraw-Hill, 1973.

[5] T. Young, A Course of Lectures on Natural Philosophy and Mechanical
Arts. London, 1807.

[6] G. D. Malyuzhinets, “Developments in Our Concepts of Diffraction
Phenomena,” Soviet Physics: Uspekhi, vol. 69(2), no. 5, pp. 749-758,
1959.

[7]1 A. Fresnel (1819), “Memoir of the diffraction of light.” in The Wave
Theory of Light — Memoirs by Huygens, Young and Fresnel, H. Crew.
New York: American Book Company, 1900.

[8] G.A.Maggi, “Sulla propagazione libera e perturbata delle onde luminose
in un mezzo isotropo,” Ann. di Mat. lla, vol. 16, pp. 21-48, 1888.

[9] A. Rubinowicz, “Die Beugungswelle in der Kirchhoffschen Theorie der
Beugungserscheinungen,” Ann. Phys. vol. 73, pp. 257-278, 1917.

[10] A.Rubinowicz, “Zur Kirchhoffschen Beugungstheories,,” Ann. Phys. vol.
73, pp. 339-364, 1924.

[11] K. Miyamoto and E. Wolf, ‘‘Generalization of Maggi—Rubinowicz theory

of the boundary diffraction wave. I, II,”> J. Opt. Soc. Am., vol. 52, pp.

615-625, 626-637, 1962.

H. L. F. v. Helmholtz, Treatise on Physiological Optics (translated from

German by J. P. C. Southall). New York: Dover, 1962. (Original work

published in 1867).

[13] G.R. Kirchhoff, Gesammelte Abhandlungen, Leipzig: Barth, 1882.

[14] G. R. Kirchhoff, “Zur theorie der lichtstrahlen,” reprinted in Ann. Phys.,

vol. 18, pp. 663-695, 1883.

Lord Rayleigh, “On the passage of waves through apertures in plane

screens, and allied problems,” Philos. Mag., vol. 43, pp. 259-272, 1897.

[16] A.J. Sommerfeld, Optics. Academic Press, 1954.

[17] K. Q. Zhang and D. J. Li, Electromagnetic Theory for Microwaves and

Optoelectronics, 2nd. Berlin: Springer, 2008.

H. Crew, The Wave Theory of Light — Memoirs by Huygens, Young and

Fresnel. New York: American Book Company, 1900.

[19] M. Born and E. Wolf, Principles of Optics, 6th. Oxford, 1980.

[20] J. C. Maxwell, A Treatise on Electricity and Magnetism, 2nd. Clarendon
Press, 1881.

[21] A.E.H. Love, “The integration of the equations of propagation of electric

waves,” Phil. Trans. Roy. Soc. London, Ser. A, vol. 197, pp. 1-45, 1901.

H. M. Macdonald, “The diffraction of electric waves round a perfectly

reflecting obstacle”, Philosophical Transactions of the Royal Society,

Series A, vol. 210, pp. 113-144, 1911.

[23] S. A. Schelkunoff, “Some equivalence theorems of electromagnetics and
their application to radiation problems”, Bell Syst. Tech. J., vol. 15, pp.
92-112, 1936.

[24] J. Larmor, “On the mathematical expression of the principle of Huygens,”
Lond. Mathem. Society Proceed. (2), 1. 1903.

[25] J. A. Stratton and L. J. Chu, “Diffraction theory of electromagnetic
waves,” Phys. Rev., vol. 56, pp. 99-107, 1939.

[26] W. Franz, “Zur Formulierung des Huygensschen Prinzips,” Zeitschrift fur
Naturforschung, Band 3a, pp. 500-506, 1948.

[12]

[15]

[18]

[22]



LIAN: ON HUYGENS’ PRINCIPLE, EXTINCTION THEOREM, AND EQUIVALENCE PRINCIPLE — PART | 19

[27] F. Kottler, ‘‘Electromagnetische theorie der Beugung an schwarzen
Schirmen,”” Ann. Phys., vol. 71, pp. 457-508, 1923.

[28] C.-T. Tai, “Kirchhoff theory: Scalar, Vector, or Dyadic?”, IEEE Trans.
Antennas Propag., vol. 20, no. 1, pp. 114-115, Jan. 1972.

[29] B. B. Baker and E. T. Copson, The Mathematical Theory of Huygens’
Principle. Oxford: Clarendon Press, 1939.

[30] R.E. Collin, Field Theory of Guided Waves, 2nd. New York: IEEE Press,
1991.

[31] R.F. Harrington, Time-Harmonic Electromagnetic Fields. John Wiley &
Sons, 2001.

[32] J. Hadamard, The Cauchy Problem and the Linear Hyperbolic Partial
Differential Equations. New York: Dover, 1953.

[33] A. Sommerfeld, “Die greensche function der schwingungsgleichung,”
Jahresbericht der Deutschen Mathematiker-Vereinigung, 21, 309-355,
1912.

[34] A. J. Poggio and E. K. Miller, “Integral equation solutions of
three-dimensional scattering problems,” in Computer Techniques for
Electromagnetics, R. Mittra, Ed., 2nd ed., Hemisphere, New York, 1987.

[35] Y. Chang and R. F. Harrington, “A surface formulation for characteristic
modes of material bodies,” IEEE Trans. Antennas Propag., vol. 25, no. 6,
pp. 789-795, Nov. 1977.

[36] W. Wu, A. W. Glisson, and D. Kajfez, “A comparison of two
low-frequency formulations for the electric field integral equation,” Tenth
Ann. Rev. Prog. Appl. Comput. Electromag., vol. 2, pp. 484-491, Mon-
terey, California, Mar. 1994.

[37] C.-T. Tai, Dyadic Green Functions in Electromagnetic Theory, 2nd. New
York: IEEE Press, 1994.

[38] J. B. Conway, A Course in Point Set Topology, Switzerland: Springer,
2014.

[39] D. A. B. Miller, “Huygens’s wave propagation principle corrected,” Opt.
Lett., vol. 16, pp. 1370-1372. 1991.

[40] W. C. Chew, M. S. Tong, and B. Hu, Integral Equation Methods for
Electromagnetic and Elastic Waves. Morgan & Claypool, 2009.

[41] E.J. Rothwell and M. J. Cloud, Electromagnetics. CRC Press, 2001.

[42] C. W. Oseen, “Uber die wechselwirkung zwischen zwei elektrischen
dipolen und uber die drehung der polarisationsebene in kristallen und
flussigkeiten,” Annalen der Physik, vol. 48, pp. 1-56, 1915.

[43] J. A. Kong, Electromagnetic Wave Theory. New York: Wiley, 1986.

[44] W. C. Chew, Waves and Fields in Inhomogeneous Media. New York:
IEEE Press, 1995.

[45] A. F. Peterson, S. L. Ray, and R. Mittra, Computational Methods for
Electromagnetics. New York: IEEE Press, 1998.

[46] R. Z. Lian (Dec. 2016), “Surface formulations of the electromagnet-
ic-power-based characteristic mode theory for material bodies — Part I1,”
[Online]. Available: http://vixra.org/abs/1612.0352.

[47] R.J. Garbacz, “Modal expansions for resonance scattering phenomena,”
Proc. IEEE, vol. 53, no. 8, pp. 856-864, Aug. 1965.

[48] R. F. Harrington and J. R. Mautz, “Theory of characteristic modes for
conducting bodies,” IEEE Trans. Antennas Propag., vol. AP-19, no. 5, pp.
622-628, May 1971.

[49] R.F. Harrington, J. R. Mautz, and Y. Chang, “Characteristic modes for
dielectric and magnetic bodies,” IEEE Trans. Antennas Propag., vol.
AP-20, no. 2, pp. 194-198, March 1972.

[50] R.P.Feynman, R. B. Leighton, and M. Sands, The Feynman Lectures on
Physics. Addison-Wesley Publishing Company, 1964.



