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Abstract—This paper presents an eigenfunction expansion of the
electric-type dyadic Green’s function (DGF) for unbounded gyrotropic
bianisotropic media in terms of cylindrical vector wave functions. The
DGF is obtained based on the well-known Ohm-Rayleigh method
together with dyadic identities formed by the differential, curl and
dot product of the constitutive tensors and the cylindrical vector wave
functions. Utilization of the dyadic identities greatly simplifies the
process of finding the vector expansion coefficients of the DGF for
gyrotropic bianisotropic media. The DGF derived is expressed in
terms of the contribution from the irrotational vector wave functions
and another contribution from the solenoidal vector wave functions,
with the A-domain integrals removed using the residue theorem. This
result can be used to characterise electromagnetic waves in gyrotropic
bianisotropic media and the idea can be extended to the development
of DGF for some other media.
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1. INTRODUCTION

The dyadic Green’s functions (DGFs) technique [1-4] has been widely
used to characterize the electromagnetic waves in various boundary
value problems for more than 20 years. It has long been proven
to be a valuable tool in the representation of electromagnetic fields;
and especially the DGFs necessitate as necessary Kkernels in the
integral equation techniques including the Method of Moments and
the Boundary Element Method. However, with the growing property
complexity of the material associated with the electromagnetic process,
the representation of DGF for the medium also becomes complicated.
The dyadic Green’s functions of canonical problems may be formulated
in several ways. One of the common approaches is to express the
Green’s functions for defining electromagnetic vector potentials or
fields in terms of the Fourier transform, whereas another approach
is to represent the Green’s functions for defining electromagnetic fields
in terms of coordinates vectors and from a set of appropriate electric
and magnetic vector potentials. Among all the available approaches,
the vector wave function expansion approach is most widely employed
to derive the dyadic Green’s functions [1-3].

In recent years, due to the advances in material science and
technology which have manifested manufacturing of various composite
materials, increasing interest has been devoted to the study of
electromagnetic wave interactions with complex media. These complex
media include chiral [5]; Faraday chiral [6]; uniaxial chiral [7] and
[8]; gyroelectric chiral [9-11]; uniaxial bianisotropic [12] and [13];
transversely bianisotropic uniaxial [14]; biisotropic [15]; and gyrotropic
bianisotropic [16] and [17] materials. A generalization of these
materials mentioned so far would be the gyrotropic bianisotropic
media which have all the constitutive dyadics expressed in coaxially
gyrotropic carrying a total of twelve independent scalars/pseudoscalars
not necessarily constrained by losslessness, reciprocity [2], or
uniformity conditions. This class of materials may be fabricated by
immersing simultaneously various elements as described in [18] into a
host dielectric/ferrite/gyroelectric medium.

Although the DGFs in isotropic media have been well-studied
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in the last three decades, complete formulation of the DGFs in
various media using the eigenfunction expansion technique has not
been achieved so far, especially for the case discussed here. Although
the field representations in terms of cylindrical vector wave functions
have been obtained [13,19-21], however, the procedure requires
formulation in the Cartesian Fourier domain followed by cumbersome
rectangular-cylindrical coordinates transformation and grouping of
terms. Most importantly, the irrotational Green’s dyadic was missing
in many of the previous representations. Hence, a more rigorous
and direct method is proposed in this paper whereby the DGF
for gyrotropic bianisotropic media (consisting of irrotational and
solenoidal contributions) is obtained. =~ Comparison of the DGF
obtained here gyrotropic bianisotropic media with those available ones
for some special types of media are made after the reduction from the
general form in the present paper shows a good agreement and it is
also revealed that all the other special Green’s dyadics can be easily
obtained by simply reducing the parameter tensors in the constitutive
relations.

2. DGFS FOR UNBOUNDED GYROTROPIC
BIANISOTROPIC MEDIA

A homogeneous gyrotropic bianisotropic medium is characterized by
the following constitutive equations:

D=¢ E+¢-H, (1a)
B=( - E+pu-H, (1b)

where the constitutive tensors/pseudodyadics €, @, & and ¢ take,

respectively, the form
gt —Ya 0
g=| 92 Gt 0 1. (2)
0 0 g,

It should be mentioned here that g, is in fact an imaginary quantity;
hence it appears as g, and —g, to denote itself and its complex
conjugate, respectively.

Substituting (1) into the source-incorporated Maxwell’s equations
for an electric source J(r') leads to

V x[@ VxE(r)] - iwV x [B- E(r)]
+iwy -V x E(r) —w?d - E(r) =iwJ(r) (3)
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where and subsequently the following notations are assumed to shorten
the lengthy expressions:

|
—

a=p -, (4a)
B=r""-C (4b)
y=¢&-m !, (4¢)
b=e—-¢-pm'-C (4d)

2.1. General Formulation of Unbounded DGF's

The electric field can thus be expressed in terms of the DGF and the
current source distribution as

E(r) =iw » Ge(r,r') - J(r'") dV’, (5)

where V'’ denotes the volume occupied by the exciting current source.
Similarly, substituting (5) into (3) leads to

V x (a-vXa)_va (B.é)
+iwy -V xG—-w?d-G=Tr 1), (6)

where T denotes the dyadic identity while &(r —7’) stands for the Dirac
delta function.

According to the well-known Ohm-Rayleigh method, the source
term in (6) can be expanded in terms of the solenoidal and irrotational
cylindrical vector wave functions in cylindrical coordinate system.
Thus, we have

To(r — 1) = /Ooo d)\/_o:odh S (Mo (h A) An(h, )

n=—0oo

+ Nn(hv A)Bn(}% >‘) + Ln(ha A)Cn(ha A)] > (7)

where M, (h,\) & N,(h,)) are the solenoidal, and L, (h,\) is the
irrotational, cylindrical vector wave functions while A and h are the
spectral longitudinal and radial wave numbers, respectively. The

solenoidal and irrotational cylindrical vector wave functions are defined
as [3]

Mo(h ) = ¥  [Wa(h, V2], (30)

Nou(h,A) = kiv « Mo(h, \), (8b)
A

Ly (h,A) =V [¥n(h, N)] (8¢c)
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where k) = VA2 + h2, and the generating function is given by

The vector expansion coefficients in (7), Ap(h,A), Bp(h,)), and
C,(h,N), are to be determined from the orthogonality relationships
among the cylindrical vector wave functions [1].

Therefore, by taking the scalar product of (7) with M _,,.(—=h', —=X),
N _(=h',=X)and L_,,(—h',—)\) each at a time, the vector expan-
sion coefficients are given by:

Ap(h,N) = 47r2)\ "o (=h, =), (10a)
B, (h,\) = 47r2)\ " (=h, =), (10b)
C.(h,\) = A " (=h, =), (10c)

42 (A% 4+ hz)

where the prime notation of the cylindrical vector wave functions
denotes the expressions at the source point 7.
The dyadic Green’s function can thus be expanded as:

Golr, /d)\/dhz (B N) @n(h, A)

n=—oo

Ny (hyA) by (hyA) + Ly (hyN) en(h,N)],  (11)

where the vector expansion coefficients a,,(h, \), b, (h, \) and ¢, (h, \)
are obtained by substituting (11) and (7) into (6), which the dyadic
Green’s function must satisfy. Noting the common properties of the
vector wave functions [1]

Mo(h,\) = kiv « N (h ), (12a)
A

No(h, ) = kiv « My (h, \), (12b)
A

V % Ln(h ) = 0, (12¢)

and those uncommon properties of the vector wave functions newly
obtained here

V x [g : Mn(h7 )\)] = = ZhgaMn(h7 )‘) + k)\gth(hv )‘)7 (138‘)
V(g Nalh )] = - (12 9040 0) Mo (1) =019 N (1,0, (130)
V x [g : Ln(h7 )‘)] =ih (gz - gt) Mn(hv /\) - k)\gaNn(ha )‘)7 (13C)
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ih A2
g : Mn(ha >‘) = gtMn(ha >‘) - k_AgaNn(}% )‘) + FgaLn(hv >‘)’ (13d)
A

i h h2 g+ X\g,
G- No(h\) = — Z—gaMn(h, A) 4 LI G o 92 N (h, )
A A
ih A2
+ 13 (gt_gz)Ln(hﬁ)‘>v (136)
A

ih
g-Ln(h,A) = — gaMn(fu At 4, (92 = 9 Na (2, A)

t o (W 9.+ X2g,) L, V) (131)

we end up with

/d)\/ dh Z [kx (V x@-Na+V xa- Mb)

n=—0oo

—z’w(vxﬁ.Ma+VxB-Nb+VxB.Lc)
+ iwky (- Na+7%- Mb) ~w? (§- Ma+38-Nb+3 - Le)|

/d)\/ dh Z (MA+NB+LC) (14)

n=—0oo

where the notations a, b,c, A, B,C, M, N and L represent an( A,
bn(h,A), en(h, M), Ap(h,\), By(h,A), Cp(h,\), M,(h,\), N,(h,\)
and Ly (h, \) respectively.

Taking the anterior scalar product of (14) with M _,/(—h',—X),
N_(=h',=XN) and L_,,(—h',—)\), respectively, making use of the
identities shown in (13), and performing the integration over the entire
space, we can formulate the equations satisfied by the unknown vectors
and the known scalar and vector parameters in a matrix form as given
below:

[Q][X] = [©], (15)

where [Q2] is a 3 x 3 matrix given by
[€2] = [©21Q22023] (16)

with
h2ay + N2, —wh (Ba — Ya) — w20y
Tw
—ihkyog + — (B2 + N2y, — k3 hd,
| “ihRea+ (P2 + Nz = K3+ wha) e
wh A2 w2\?
(7t - 'Vz) - da

e K
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—thkyag — k_ (hQﬁ + Azﬁz — k/\fyt who )

Q, = kiat —wh (Ba —Ya) — k:2 (h25t + 2% )
iwA2 ihwz)\Q
a 0 — 6z
L k)\ 7 ki)\S ( t )
wh (B, — B) + w26

)
Tw h(5z—5t)

, (17b)

Qs = | (W ; (17c)

k; (n?5. + A%,)

while [X] and [®] are two column vectors given, respectively, by

[X] = | bu(h,N) ] , (18a)

7A) ]
A) |- (18b)

By solving for the inverse of (16), the vector expansion coefficients for
the DGF can be shown in an explicit form as follows:

an(h, \) = % [alAn(h, \) = B1Ba(h \) + L Colh, )\)] (19

bu(h, \) = % [— a2 An(h, \) — BaBn(h,\) + %Cn(h, A)}, (19b)
enlhX) = ¢ [‘f’A (hA) — @B a(h, )+ 500, A)}, (19¢)

where the coefficients «ay, as, as, 61, B2, 03, V1, V2, and 73 are the
numerators, and the coefficient I' is the denominator, of the elements
of the inverse of the matrix €2 respectively. Therefore, the unbounded
dyadic Green’s function can be written as

. 00 00 0 1
Go(r,r') = /OdALO§h _Z P

{Mn(h, ) {alM’n(—h, A = BN (—h, )

71)\

bl h,—)\)} +Nn(h,)\)[—a2M’n(—h,—)\)
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A2
BN (b =X)L (=)
Ly (h,\) {O@M'_n(—h, - B SN (—h =)
w
A2, ]}
L' _p(—h, -\ L. 20
S N (20)

In this way, the dyadic Green’s function for an unbounded gyrotropic
bianisotropic medium is explicitly represented in the form of the
eigenfunction expansion in terms of the cylindrical vector wave
functions, as given in (20).

Eq. (20) is represented in the form of a double integral and a
single summation. It can be further simplified by eliminating one of
the integrals. In order to simplify (20), the residue theorem is needed,
and we must first extract the part in (20) which does not satisfy the
Jordan lemma as was done in [1]. To do so, we write

L ( h, )\):L_m( Bo=X)+ L. (—h,—A), (21b)
No(hyA) = Ne(hy A) + N (B, A), (21c)
N  (=h,-\)=N',(=h,=A) + N, _(=h,—)\), (21d)
Lyi(h, ) = ”;? Noi(h,N), (21e)
L (b3 = PANT (o, ), (216)
L. (h,\) = ”;’;A No. (), (21g)
L, (=h,—)\) = —H)L\I?N’,nz(—h,—)\). (21h)

where the subscripts ¢ and z denote the transverse vector components
and the vector z-components of the two functions L,(h,)\) and
N, (h,\), respectively. The coefficient I' is re-written in the following
form in order to perform the X integration:

P= K (e +G&) (= 4) (X = 23) (22)

where

1
A= 7[ e ] 23a
1 \/ v 0GP T VR o (23a)
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= \/m [P)\ +/P3 - Q)\]a (23Db)

with the coefficients py and ¢y as shown in Appendix A.
In terms of these functions, (20) can be rewritten in the form

Go(r, /d)\/ dh Z 4mIN(N\2 — )\2

1)
[7‘1M (h )\)M/_n( h )\) + oM, ( , )
N’y (=R, =) + 73 M (B, NN’ _po(—h, —\)
+T4Nnt(h,)\)N/_nt( h >\)+T5Nnt ,A)

(A2 = A3)

(
M’ (—h, =) + 76Nz (h, NN’ _ e (—h, — )
+ 77Nz (hy M _y(—h, =) + 78N g (b, \)
N’ _po(=h, =) + 70N (h, VN’ (—h, =N)] (24)

where the coefficients for 7 to 79 are as shown in the Appendix A.

2.2. Analytical Evaluation of the A\ Integral

Using a similar idea as shown in [1], the irrotational dyadic Green’s
function can be obtained from (7) as

1 K
235(r — 1) /d)\/ dh Z o N ()N (<R, =),

(25)

With some algebraic manipulations, we can split (24) into

_ oo [ee) Sl 1 k2
Go(r,7) = _/ d)\/_ dn Z 472\ w26/\)\2

- N (h, )N

—nz

1
d\ [ dh
- /0 /_oo n:z_:oo AmIANZ = A)(A2 = A2)

[ M (hy )My (—h, =) + oM (b, A)
N'_oy(—h, —A) + m5M,, (h NN’ (—h,
+ 7N (B VN it (—hy =X) + 75 Noa (i, \)
M (—h—X) + 76N (s YN g ()
4 7t N (hy VM o (—hy = A) + 7 N (i, A)
N—nz( h, )‘)"’_Tloan(h))‘)N,—nz( h,—

( h’ _)‘)

Y

Al (26)
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The first integration term in (26) represents the contribution from the
irrotational vector wave functions while the second integration term
stands for the contribution from the solenoidal vector wave functions
and can be evaluated by making use of the residue theorem in -
plane. Hence after some mathematical manipulations, we arrive at
the final unbounded dyadic Green’s function for a gyrotropic medium

for p 2 p

. 1 2 -1) Jj+1

Go(r,r')= — —— zz8(r—r') £ /dhz )\2 %] Z 32
j

w?e, —

N+HQY(h, ) (—ha —))

A
h,Aj) + n( ANj)M —(13(—’%)\;‘)
+U WD (h, A )Ny (=h, =) + VD (b, X))N',,.(h, -2\
Gy hoAj) + Vin(h, =) N LL( ho )

(27)

% Mnl)(h A])P/ n(_hv_
(B, —A)) P (~

n

where the superscript (1) of the vector wave functions denotes the first-

kind cylindrical Hankel function H, (1)()\,0) The vector wave functions
L n(=29)s @ p(Aj), Unn(Xj) and V7, (X)) are given respectively
by

P/_m(*h, *)\j) = TlM/_n(*h, *)\j) + TQN/_nt(*h, *)‘j)

+ TgNl_nz(—h, —)\j), (28&)
Qn(h, )\j) = T5Nnt(h,)\j) +T7an(h, )\j), (28b)
Un(h, ;) = uNpi(h, Nj) + 76 Nz (h, Aj), (28¢)
Via(h, Aj) = 18 Npe(h, Aj) + 710N nz(h, Aj). (28d)

The DGF obtained above could be used to derive the DGF of other
types of media. However, certain conditions have to be satisfied before
(27) could be used directly, i.e., (i) the constitutive dyadics of the
media must have similar structure to that shown in (2), and (ii) since
the residue theorem is applied to the DGF with four pole locations in
the complex A-plane, the media under consideration must also have
four poles. This can be checked by ensuring p3 # ¢y.
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3. CONCLUSION

This paper presents a complete and straightforward eigenfunction
expansion of dyadic Green’s function for an unbounded gyrotropic
bianisotropic medium. The unbounded dyadic Green’s function
in the gyrotropic bianisotropic medium is obtained based on the
Ohm-Rayleigh method, together with some newly developed tensor
relationships as shown in (13) which greatly simplifies the formulation.
Especially, the irrotational part of the dyadic Green’s function is
extracted theoretically and rigorously from the residual integral
involving pole points. The results obtained here can be used to obtain
the scattering dyadics for a cylindrical layered structure based on the
method of scattering superposition. The idea presented here can also
be used to obtain more general results for other media in the near
future.

APPENDIX A. COEFFICIENTS FOR INTERMEDIATE
RESULTS

bx = hz( —expuy — €pi + &+ GE) + R [ﬁtCZ,Ua + €aCzpit + €tCaflz
- EaCth - etﬂzga - 2<aCz£t + Eaﬂzgt + 62( - Ct#a + Ca,ut
- Ntfa + Maft) - (Et:ua + €afit — zctfa)éz}w + {6a2,ut:uz

+ €t2NtUz — €:Gtala + €2Captt€a + CaQszt + Ct2<z§t — €2Cattat
— &Gl + (&2 + &6 + €a(Glepta — Calope — Giitzba

— Captz&t — e€az + /iagtgz) — €t {Ct(z,ut - Ez(,an + Ntz)
+ Ca(CzNa - sza) + Cepz€t + pabals + ,U«tftfz} }W2a (Ala)

ar = Alevp — &) (et — GE) (AT + 20%(— G + €a)w + h2 (G2
+ G2+ 2eafta — 2etfts — Aaba + € + &P — 2h] — €a(G?
+ G2 — Caba) + G + €t(Gtta — Capte + eba — 11a&t) + €a(Catta
+ Gt — paSa — Mtft)}wg + {Gaz(MaQ + ) + e (pa® + )
— 2¢4(Cattaba + Ceteba — Cettabe + Capuebt) — 2€1(Cetada — Catttéa
+ Cattabt + Griue) + (Ca* + &) (&> + 5752)}@4}, (Alb)
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Ty =

T3 =— —

L= —

T = —

e — Gy
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1

{)‘2/‘z(€tlut - Ctgt) + hz,ut(ez,uz - ngz) + h(CtNa

= Gatte + e = pa€o)(€xptz = GEJw — [erlpua® + i)
- Ctﬂaga + Caﬂtga - Caluaft - Ctﬂtft} (ezﬂz - szz)w2}7 (AlC)

m{“ﬂ)\ {h/\Q(Czlut B Quz) + )‘2(<tCzMa - CaCz,Ut

+ €tttz — Grpz€a)w + hPpia( = exptz + GEo)w + h(Capta + Cete

— Haba = pe€o)(eptz — G6)w” — [ealtta® + 1e) = Cattaa

— Copteba + Gittabs — Capie (eapiz — &) }, (Ald)

wtl_kzt&)w{hQ(sz — Giptz) + P(GCapta — CaCapit

+ €uptatz + €atiettz + Cttrba — 2o — Coptabi)w — [(Cal

— €attz)(eba — 1ae) + G( = Coptaba + p2€a” — Copuele + p126°)

+ € (@(uf + 11¢%) — pro(ptaa + Mt&e))]wQ}, (Ale)
& (N = (expe = GEJ? W2 + (Gt

h2(egpes — Ce&e)w?

— Captt + fitba — pa€t)w + (= €t(pta” + 1) + Cettaba

— Cattt&a + Cattalt + Ct,utft)wz] + A2 [hQ,uz + h( = Cpta

— Caltz + pz€a + 1a2)w + (Gl — € (tta” + 1167) — €preptz

+ CalCotta = Hoa) + Haals + paele)w?] }, (ALf)

ik
(Gt/itz—)\gtgt){ h)\z('uzft B Mt§z> + {hzﬂa(ﬁzuz - szz)

+ )‘2( — €apitftz + Capbz§t + p&as — Naftgz)}w + h( — Calla
- Ctﬂt + Nafa + ,utft)(ezﬂz - szz)w2 + [ea(ﬂa2 + Mt2)
- Ca#afa - Ctﬂtga + Gettat — Caﬂtgt} (ezﬂz - ngz)wg}a (Alg)
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Te =

Tr = —

Tg =

T9 =

k2
A2 4 B2 1+ N2 (Gt — Capre)w+ 12 (— 2Cape

yoama
h(ewpe — Gi&)w?
o+ afe)w + b 12 (C? + G + €atta — €t — 2ata)
— (Cakta + Cept — paba — ,Utft)éz}w2 + [( — €aCatta — €tGtlla
+ €xCaptt — €aCopte) iz + (Ca? + ) piba + (€alpta® + )
— CattaSa — Ctht€a + Ceptadt — Caﬂt£t>§z]w3}a (Alh)

—————1h 2Qt — 2) + hlepap, + €q z
(o — tht)w{ (=€t — pue€z) [ thatz + €afltft

- 2Ca,uzft + ( - Ct,ua + Ca,ut - ,utga + Maft)fz}w + [ea(gt,ua
— Capit)ptz — €¢(Capta + Cepe) iz + (Ca” + &)= + er(pia”
+ 1€ — (Gtaba — Catte€a + Cattas + Gu€)]w?},  (ALD)

k?2

2 3 2
e = g Ut W = Bt (G~ 260))

+ N2 (1o — prabe)w + P(CaCatta + CeCatte + €aptatts — €xfistiz

— Cettaa = aptaba + 1:6a® = Gl + 1:67)w? = [( = GG
+eopiz) (e — Ha&e) + Cal = Gtaba + p126a” — Gk

- 1:6%) + €a(Capta® + ) = po(ptaia + i)W}, (A1)

K

g e 2o &) = A G
— Cattt + pri€a — pae)w + N (e (pta® + 1) = Grttaba

+ Cattrba — Cattalt — Cotte€e)o® + 2z | = &alCa® + G

= Caba) + Ca&e® + €(Citta — Capte + 11€a — 1a&t) + €alCatta
+ Ceptt — HaSa — ,utft)}wg — [z [GaZ(MaQ + %) + e (pa”

+ ,U'tQ) - 26(1((&#(1&1 + Ctﬂt{a - Ctﬂagt + Calu'tgt)
- 26t(€tﬂa€a - Caﬂtfu + Caﬂa&t + Ctﬂtgt) + (CQZ

+ 62 (& + 67w + (= N — pa(Ca® + G2
+ 2eapta — 26 — Aaba + & + &) |, (ALk)
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K

A\ e N2, — h2CN2E — GA?
Ez/\Q(ﬁtut—tht)MQ{Et Mt + h7€ A" CGATE — QA &t

— BACE — WA + [ = Ner (Cotta + 12(Co — 0))

— 2aCat + €alCopte — Coptz + 160)] + (202 (Co — €a)

+ N2 (eutta + €ats — 2Gi€a) )& |w = N2 (€a?papse + e puupis

+ (G + GG+ €alGeCatta — Calatte — Cehtz€a — Captabe)

— €t(CaCetta + GiCotte = Cattba + Gupt=€0) ) + (W2 (G2 + G2
+ 2€qpta — 260 — 4Caba + & + &°) + >\2( — €apteba + Gila”
+ €attabe + G&2 = eulptaba + 1) ) I w? + 20 (- EalG?
+ G = Caba) + Calt® + €(Cttta — Cape + pela — pabi)

+ €a(Catta + Cifte — paa — w&e) ) & — G (€a® (1a® + 16”)

+ 6t2(ﬂa2 + :th) — 2¢4(Cattala + Ci1re€a — Cttals
+ Cautgt) - 2€t(<t,ua€a - Ca/itfa + Caﬂaft

+ Q) + (G2 + G (&? + &) &wt] ] (ALl)
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