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1. INTRODUCTION

The dyadic Green’s function technique [1-4] is a very powerful and
elegant method in the study of electromagnetic wave propagation and
scattering, and has been extensively developed in recent years to solve
many (reciprocal) chiral- and biisotropic-related problems [5-11]. In
many applications such as multi-layered media [2, 12-14] and waveg-
uides [1], [15], the dyadic Green’s function is expanded in terms of vec-
tor wave functions or the eigenfunctions of a particular geometry. For
the last two decades, there have been active discussions regarding the
singularity and the completeness of the eigenfunction representations
of the dyadic Green’s function for isotropic media [16, 17]. There has
also been discussion on the discontinuous behavior of these eigenfunc-
tion expansions across the source point in a isotropic medium [18, 19].
For the case of chiral, biisotropic and even more complex media, the
literature on the singularities of dyadic Green’s functions can be found
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in [12, 20-23]. These singularities have been treated mostly based on
rigorous extraction from integrals or principal-volume method [4, 24].

In this paper, the singularities and discontinuities present in the
eigenfunction expansions of the dyadic Green’s functions for biisotropic
media are revisited and discussed based on the theory of distributions
[25]. These singularities and discontinuities are derived directly from
Maxwell equations cast into dyadic forms prior to explicit determi-
nation of the dyadic Green’s function formula. For both electric and
magnetic dyadic Green’s functions, the source point singular terms are
obtained without any integration and the discontinuities in their tan-
gential and normal components across the source point are determined
in compact forms directly from Maxwell dyadic equations. From the
discontinuity relations, boundary conditions involving the tangential
and normal components of electric and magnetic fields are derived.
Due to the availability of different sets of constitutive relations charac-
terizing a biisotropic medium [26, 11], the source point singular terms
and the discontinuity relations are discussed based on the commonly
used Post-Jaggard (Section 2) and Drude-Born-Federov (Section 3) re-
lations. In view of the possible distinctions between these relations,
particularly when the constitutive parameters and sources do not con-
form to certain transformations [26, 27|, the permittivity, permeability,
vectors and dyadics will be augmented with P (for Post-Jaggard) and
F' (for Drude-Born-Federov) in the subscripts to avoid any confusion.
Throughout the following analysis, e™** time dependence is assumed
and suppressed.

2. POST-JAGGARD RELATIONS

A biisotropic medium can be characterized by Post-Jaggard constitu-
tive relations [26]:

Dp =epEp+ (¢ +i&)Bp (1)
Hp—=—Bp— (b —i&)Ep 2)
Kp

where chirality is introduced through £ and nonreciprocity through
¥ . Incorporating equations (1) and (2) into Maxwell equations and
defining the electric and magnetic dyadic Green’s functions as

Ep(r) = /// dv' Gep(F,7) - Tp(7) )
o
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- / / dv' Goup (7, 7) - Tp(7), (4)
7,

we obtain the Maxwell dyadic equations

V x 5eP = iw,uPEmP + inP(w - if)ﬁeP (5)
V X Gup = —iwlep + pp(¥? + £2)]Gep
- z‘wup(w +i&)Gp + I6(7 —T) (6)
V-Gep = MEPV 5(F —7) (7)
= _w—ifg i}
V- -Gnp = Fn V'6(F —7) (8)

where T is the idemfactor and & (7' —7) is the three-dimensional Dirac
delta function defined as

:///dv’?é(?’—?)-jp(F’). (9)
v

As it should be, noting that
V'§(F —7) ==V —7), (10)

the above dyadic equations reduce to those given by Tai [1] for isotropic
media where ¢ =& =0.

Following the notations in [19], let the electric and magnetic dyadic
Green’s functions be written in general forms as

Gep =G0(p' — p) + GpU(p — ') + GHU W —p) (11)
Gmp =Gopd(0 —p) + G pU(p— 1)+ GopU(W —p).  (12)

Here, we have expanded each dyadic Green’s function into three parts
weighted by different distributions: 6(p’ — p) is the one-dimensional
Dirac delta function and U(+p Fp') are the Heaviside unit step func-
tions. The ‘0’ part together with 6(p’ — p) gives the singular dyadic
term required in biisotropic source region, while the ¢ >’ and ‘ <’ parts
correspond to p-propagating solenoidal eigenfunction expansion for
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p > p and p < p’ respectively [19]. Substituting (11) and (12) into
the Maxwell dyadic equations (5)—(8) and taking the derivatives in the
sense of distributions using [30]

VX [G=U(pF 1)) =(V x G)U(xpFp) + (b x G<)d(p— 1) (13)
VG<UpF)] =(V-G)U(EpFp) £ (- G<)d(p—p) (14)
V x [GO(p — p)] = (V x GO)3(p/ —p) + Vo(p' —p) x G°  (15)
V(G (5 — p)] = (V-G —p) + Vo(y —p) - G, (16)

we are able to deduce directly the singularities and discontinuities

present in the eigenfunction expansions of Gep and G,p .
For p = p’, we have the following equations corresponding to

a0 —p):

pxGop=0 (18)
. = ..

p-Gop = el (19)
= —ig

p- ngp = —iwep%tpl (20)

where §; is the transverse delta function which together with §(p’ —p)
forms the three-dimensional Dirac delta function, i.e. &0(p' — p) =
0(7" — 7). From the above, it follows immediately that

Gopd(p — p) = ——5(F —7)pp (21)
wep
— —1 L
G0 s —p) = — L5 — . (22)
IWEp

Hence, we have obtained in a simple manner the explicit expressions
of the source point dyadic delta function terms for G.p and G,,p as
given by (21) and (22) respectively. These singular terms are obtained
directly from Maxwell equations, prior to explicit determination of the
dyadic Green’s function formula — which for the unbounded case can
be expressed in terms of two isotropic ones with parameters ky and
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k_ respectively [20], and also prior to thorough investigation of the
eigenfunction properties in biisotropic media — where the fields are
known to be decomposable in terms of left- and right-circularly polar-
ized components [7, 9]. Moreover, the delta function singularities have
been surfaced without an apparent need to specify the shape of an ex-
clusion volume and this approach thus avoids the (sometimes tedious)
task of integration over the surface of the exclusion volume as required
by the principal-volume method [29, 31]. From these expressions, it is
noteworthy that in contrast to the isotropic case, the magnetic dyadic
Green’s function features an extra delta function term in addition to
its solenoidal eigenfunction expansion, in accordance with [21] using
Tellegen constitutive relations. The presence of Post-Jaggard chirality
and/or nonreciprocity does not affect the source point term for elec-
tric dyadic Green’s function but it introduces one for magnetic dyadic
Green’s function.

Employing (21) and (22), we obtain the following equations for p =
p’ corresponding to §(p’ — p) in the Maxwell dyadic equations:

px(Cop—GSp) = —ﬁvt@ x pif (23)
bx (Grp—Grp) = Lo, + fw_qu Vidy x pp’ (24)
b G~ Gip) = — Vi (25)
b @rp = Cip) = 200 (20)

In the above, I; is the transverse (to p) part of idemfactor and V; is
the gradient operator taken with respect to the transverse coordinates.
Equations (23)—(26) describe the discontinuities in the eigenfunction
expansions of the dyadic Green’s functions for Post-Jaggard biisotropic
media. These discontinuities have been expressed in compact forms
(not involving summations or integrations of eigenfunctions) for both
tangential (px) and normal (p-) components of the dyadics. Note
the additional term weighted by (¢ — i) in (24) and (26) compare
to isotropic case. Also, notice that the tangential component of the
electric dyadic Green’s function is not continuous for biisotropic as
well as isotropic (eq. (4.33) in [1]) media. The above discontinuities
have emerged naturally due to the representations (eigenfunction ex-

pansions) of Gep and G,,p in the forms of (11) and (12) where a
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point singularity at 7 = 7 has been modeled by an equivalent layer
of surface singularity at p = p’ [18]. These discontinuity relations can
be verified readily as demonstrated in Appendix A, using the explicit

—_—=>
expressions of G < which depend on the boundary and/or radiation
conditions to be satisfied in a particular interior or exterior boundary
value problem.

3. DRUDE-BORN-FEDEROV RELATIONS

Another set of biisotropic constitutive relations which has been in much
use is that of Drude-Born-Federov (DBF) [26]:

ﬁp :EF[EF + (ﬁ — ZO()V X EF} (27)
EF :;LF[EF + (,@ + ia)v X FF] (28)

where now 3 is the chirality parameter and « is the nonreciprocity
parameter. Following the same token as in the previous section, the
electric and magnetic dyadic Green’s functions are defined as

:/// dv' Gep(T,7) - Tp() (29)
v

:/// dv' G (7,7 - Tp () (30)
v

with
Ger =Gpd(p —p) + GU(p — 1) + GLU W — p) (31)
Gmr =Gopd(p —p) + GopU(p —p') + CpU® —p).  (32)

Then, the source point dyadic delta function terms are found to be

Gob(p — p) = ——6(F —T)pp (33)

TWER

G po(p' —p) =0. (34)
The discontinuity relations can also be determined as

wurkg (o —i6)=

pu— pu— 1 R —
x (GZp —GZp) = —@Vt& x pp’ — k% I:0;  (35)
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_ _ 2
< (Cp—Top) = 74, (36)
kF

A > A<
b (Gor — Gir) = — Vi (37)
b (Grp—Crp) =0 (38)

where
ki = wlupep (39)
k2

k2 = E : (40)

1—ki(a? + 5?)

Equations (33)—(34) and (35)—(38) give respectively the singulari-
ties and discontinuities in the eigenfunction expansions of the dyadic
Green’s functions for DBF biisotropic media. Note their differences
compare to those of Post-Jaggard (21)-(26). Due to the solenoidal
property of DBF magnetic field, the source point dyadic delta function
term (34), and the discontinuity relations (36) and (38) for the mag-
netic dyadic Green’s function G,,r are analogous to those of isotropic
G, . For the electric dyadic Green’s function Ger, the source point
term (33) and the discontinuity in the normal component of the dyadic
(37) have the same forms as those of isotropic and Post-Jaggard bi-
isotropic media, while there is an additional term weighted by (a—if3)
in (35) for the tangential component of the dyadic.

Although the above DBF singularities and discontinuities are seen
to be distinct from those of Post-Jaggard, the two sets are intimately
related to each other. In fact, it can be shown that they both satisfy
the following relations for their singularities

wurks(a —if) =

Gop = (1= Kjla—if)*|Glp — =0 5——Chp  (41)
F
=0 k(% =0
Gour = 73 (Chup + wer(a — i) GPpl, (42)
F

provided the constitutive parameters are mapped as in [26]. Similarly,
the discontinuities and even the dyadic Green’s functions themselves

will conform to these transformations, i.e. GO replaced by p x (G>
G< ), (G> G<) or G in (41) and (42). With these transformations,
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the Green’s functions derived in one set of constitutive relations can
be translated readily to the other set if desired.

4. APPLICATIONS

While the source point dyadic delta function terms (21)—(22) and (33)—
(34) certainly play an important role in numerical integral equation
approaches, particularly when computing fields inside the source re-
gion [28], the discontinuity relations obtained above can be used to
derive the boundary conditions for the electric and magnetic fields
across a current sheet J,. This current sheet could be fictitious and
might be introduced only to facilitate analysis in dealing with cer-
tain (e.g., diffraction) problems. In general, the current may consist
of tangentially and/or normally (which constitutes a double layer of
charge) directed components. Denoting these tangential and normal
parts as Jys = I - Jg and 7p5 = pp - J, respectively, we shall obtain
the boundary conditions involving field components across Js and/or
Jps directly from the discontinuity relations. In usual practice, one
actually elevates the (field) boundary conditions into the (dyadic) dis-
continuity relations [1, 19].
For Post-Jaggard biisotropic media, we have from (23)-(26),

_ _ 1 _
hx (B3 —ES) = — T s 43
px(Ep ?) z’werx psP (43)
T Y —i§ =
px (Hp —Hp) = Jisp + ———=V X Jpep (44)

iwep

_ _ 1 _
. (B3 —E3S) = Tis 45
p-( P P) iwepv tsP ( )
o - —i
b (T —H3) =L =89 T (46)

iwep

Similarly, for DBF biisotropic media, (35)-(38) yield

s = 1 - wprpki(o—iff)—

X(E7 —FE3) = ———V X Jpsp — —0— TVJ, » (47

px (Ex 7) wep psF k% s (47)

2 > _f[g< k(%—

pX(HF_HF):k_QJtSF (48)
F

P 1

p-(Ef —Ef) = ——V - Jyr (49)
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p-(Hp —Hp) =0 (50)

Note the manner J;; and 7ps contribute to the discontinuous change
in the tangential and normal components of £ and H . For the case
of Post-Jaggard media, Jpsp can produce discontinuities in the tan-
gential components of Ep and Hp, while J,p gives rise to discon-
tinuities in their normal components as well as in the tangential Hp
component. For the case of DBF media, 7p5 r produces discontinuity
in the tangential component of Er only, while Jysr leads to discon-
tinuities in the tangential components of Er and Hp in addition to
the normal component of Er. When the medium becomes isotropic,
ie. py==a=pF=0 and ep =€p =€, up = pur = p, the above
relations coincide with those (particularly the tangential electric field
component) derived in [3] using the conventional integral-and-limiting
approach.

Apart from straightforward derivation of boundary conditions, the
discontinuity relations also find applications in the method of G, [1]
or method of V x G, [16], where one often encounters the terms such
as px (G, —G5)6(p—p') or px (GZ —GZ)5(p—p'). These terms can
be determined directly from (23)—(24) and (35)—(36) for Post-Jaggard
and DBF media respectively.

5. CONCLUSION

Based on the theory of distributions, this paper has presented a sim-
ple derivation of the singularities and discontinuities associated with
the eigenfunction expansions of the dyadic Green’s functions for bi-
isotropic media. The approach deals directly with Maxwell dyadic
equations prior to explicit determination of the dyadic Green’s function
formula and also prior to thorough investigation of the eigenfunction
properties in biisotropic media. In obtaining the source point singulari-
ties for electric and magnetic dyadic Green’s functions, there is no need
to specify the shape of an exclusion volume and this avoids any surface
integration as required by the principal-volume method. The discon-
tinuity relations describing the changes in the tangential and normal
components of the dyadics across a source point have been obtained
in compact forms directly from Maxwell dyadic equations. With the
aid of explicit eigenfunction expansions of dyadic Green’s functions,
these discontinuity relations can be verified readily as demonstrated
in Appendix A, where we provide the expressions for the unbounded
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dyadic Green’s functions expanded in terms of rectangular, cylindrical
and spherical vector wave functions. As an application for the dis-
continuity relations, boundary conditions involving various field com-
ponents are derived directly from them. Although these boundary
conditions are meant for general biisotropic media, the special case
for isotropic media has helped to reassert the fact that the tangential
components of both electric dyadic Green’s function and electric field
will undergo discontinuous changes across a surface containing source
point or normally directed current. Due to the availability of differ-
ent sets of constitutive relations characterizing a biisotropic medium,
the singularities and discontinuities have been discussed using Post-
Jaggard and Drude-Born-Federov relations. Between these two sets
of relations, the transformations for their singularities, discontinuities
and the dyadic Green’s functions themselves have been given. With
these transformations, the Green’s functions derived in one set of con-
stitutive relations can be translated readily to the other set if desired.
As a final note, the approach described above is seen to be very ver-
satile and its applications to more complex media are currently under
investigation.

APPENDIX A

To verify the discontinuity relations in (23)—(26) and (35)—(38), let us
choose p = 2 and consider the eigenfunction expansion of unbounded
(for simplicity) dyadic Green’s functions in terms of rectangular vector
wave functions, which are defined as [4]

N (7 b k., k) = [k — ikgleltrhotive: (A1)

__ 1 . . .

N(Fs ke by be) = 2] = ok = Ghahy + 208 + k2)|ethe o tikyytiksz
K =kl+k +k. (A2

The Post-Jaggard and DBF dyadic Green’s functions can be expanded
as

5(F —7)35 WP TR
iwep rorRE 87T2(k’++k—) —o0 ¢ —00 yk%"i'kg
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k+ —<—/< k/’, —<—/< /
+ | —VV sS4+ —WSW S U(Z — 2) (A3)
ko ko
= _ 7[)_15 = =\53 i / 1
Gmp = e (T -T2z + — 52 dk dky——-—- P2 +k:2
1 iwppy T>T>
G-y
1 wWwppy W o
(2+k++k) W Ulz =7
1 iwppy I7<77/<
+ [(2 e P A
1 iwppt < ’
- - A4
(2+k++k )k WW}U(z 2) (A4)

1 B o w,qu:2 00 [ee) 1
S(F — )35 — 0 / dk, / dy———
werp (F—7)z2 8m2(ky + k- )k% | o oo K2+ k{%

{(1 ik (o — z’ﬂ)) :—1V>V’>

EeF =

—N—

1—ik_ ozfzﬂ)):

z—

wW } Uz — 7))

z+

+(
+ [(1+zk+ a—zﬂ))k+ V<y'<
(

+ (1 —ik_(a— zﬂ)) —WW } Uz — z)} (A5)

= ik?
G, 0 dk, dk
E 8n2(ky + k_ / / yk? + k2

k2 k2
{ VPV - =WrW >} Uz —2)

.y k,_
k:2 K2,
[ VV<- =W<W <} Uz —2) (A6)
k. k,_
where
V="

(FS ka:> kya ikz+) + N(F; k:m ky, ikz+) (A7)
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!/

V'S = M7 —kg, —ky, Fhor) + N3 kg, —ky, Fhoy) (A8)
W< = M(F kg, by, 2ks) — N(7: ko, by, ko) (A9)
W < = M(F;—ky, —ky, Fho) — N7y —kg, —ky, Fkoo)  (A10)
K. =k —kl—k (A11)
ki = fwppé + wlppep + (wppé)? = £k5 6 + koy/1 + k332
(A12)

From these expressions, the G- parts in (11)—(12) and (31)—(32) can
be identified easily. Furthermore, the transverse delta function can be
expanded as

8 = 6(x — :r’)5(y y)

1
b (x—x")+iky (y—y’)
4772 dk, / dk,e’ (A13)
iky
It(st 47T2 / dk, / d/{? (z—a")+iky (y—y’)
|:ktk't -+ (kt X Z)(kt X Z):| (A14)

where k;, = k,& + ky,y and l%t is the unit vector of k;. Employ-
ing (A3)—(A6) and recognizing (A13)—(A14), we can prove readily the
discontinuity relations (23)—(26) and (35)—(38) for rectangular coordi-
nate system. Similarly, one can verify these relations for other Dupin
coordinate systems [1]. For convenience, we will provide the explicit
expressions for the unbounded dyadic Green’s functions expanded in
cylindrical and spherical coordinate systems.
In terms of cylindrical vector wave functions defined as [4]

NS (P h) = {p';z,g (A0)

Lo _H o
a2 Y 7y inp+ihz
b5 )| (A15)
— 1[,..,o0 " ~hn _*H
Ny (T2 h) =+ [mha—pZn (Ap) — ¢ P Zyi (Ap)

+ '%)\QZ’H,J ()\p):| ein(]ﬁ-{-ihz, k’2 — /\2 + h2
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H H(l) ( A )
2 ) = { 1 O (A17)
In(Ap)

the Post-Jaggard and DBF dyadic Green’s functions expanded using
p=p are

—= 1 o WiLp o =
op = 5(F — / dh
Gep iwep T Tep 8m(ky +k-) /oo nz_:oo
k k_
{ [—;V>V’> + SWPW >] Ulp—p)
%] 2
| B per< s Epewr<| o -
2 2 o~ p) (A1)
%] 2
= N =€, > =
Cp = == =0(7 =T)pp + o Oodhn_z_m
L iwpp) \ kg oors
S — V7V
==t
1 dwppth \ ko sy /
(2+k++k_>A2_W W= U(p—p)
1 dwppt \ by meic
S — V=V
* [(2 ks +k_>Ai
1 dwppth \ ko i ’
_(z - — Al
(2+k++ki>AQ_WW U(p' = p) (A19)
= 1 o wprk o0 >
Gor = ——5(F — )i — b [ an
= wer )P 8m(ky +k )k} J oo nz_:oo

{ [(1 +ikq (o — zﬂ))év>v >
+ (1 —dk_ (a—zﬂ))—g W/>]U(pp’)
AL

(
+[@+m4a—wg2 V<V'<
(

+ 1—¢k,(a_w))]; W<W’ ]U(p —p)} (A20)
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= ik o >
Gmp = 0 / dh
P Sy + kg oo HZ_OO
k2 —
v - v
+ —
k’_2|_— —/ R
+ [—2V<V S—FWW <] Up' = p) (A21)
AL A2
where
V< =T (A h) + N (75 A4 1) (A22)
— . o
V'S =2 (7 —Ap, —h) + N2 (7 — Ay, —h) (A23)
W< =107 (A, h) - N, (T A, h) (A24)
J
W<=M"F;-\_,—h)— N2 (F';—\_,—h) (A25)
M= k2 — R? (A26)
In terms of spherical vector wave functions defined as [4]
—— 2n+1)(n—m)! " - im
Mim(T; k) = i (kr)[0 — P, (cos
(75 k) \/ 4 (n + m)! zi (k)] sin ¢ (cos )
— &%P;L"(COS 0)]e™? (A27)

(7 ) = \/ R ) P o)

4m(n +m)! kr
10, " ~ 0
+ E@Oﬂzﬁ (kr))(Q%P,T(cos 0)
Arme im
+ ¢sin9Pn (cos (9))]6 ¢ (A28)
" . hg)(k:r)
i (hr) = {jn<kr> 42

the Post-Jaggard and DBF dyadic Green’s functions expanded using
p=*1 are
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Qll

1. wpp
eP — 0 " —
p=——0(T" —T)it Ttk ZZ n+1

tWEp

{ [k37>7/> + k2W>W/>] Ulr—7")

+ [kzv<v’< + k2W<W'<] UG — 7-)} (A30)
= _ _Q,Z) 1’5 I =\an/ > " 1
Gmp = P (T —7)rT +nzz:lmz nln £ 1)

(1 wppY N o s
<2+k++k,)k—w WU —1')
1 dwpupd \, oseic
. [(2 = B TT
_ (1 + M)k@ W<W'< U’ —r) (A31)
2 ky+k /T
_ 1 ~ o w/.tpk’z oo n 1
Gop = S(F — 2 nn+1)
F WER (T T)r’r (kJr + k*)k%’ nz::lrn,;n n(n T 1)

{ [(1 +iky (o —if) )R VZV
+(1-ik-(a- z’ﬁ))kﬁW>W/>} U(r — )
+ [(1 +iky (o — i) )k V<Y<

+(

1—ik_ (o — w))/&W<W/<} U@r' — r)} (A32)

= ik?
Cmp = k++/2 k2zz n+1
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{ [ki7>7/> — k3W>W/>] Ulr—7")

+ [kiV<V’< — K3 W<W’<] U@r' — r)} (A33)
where
> _h. _h.
V< =Mjin(Tky)+ Nim(T; ky) (A34)
V'S =T}, (7 k) + Np_(75k) (A35)
h h
W< = Mim(7k_) — Nim(F: k) (A36)
_ . _
W'< =M (7iko) = Ni (73 ko) (A37)
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