1576

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 10, OCTOBER 1989

A Mathematical Formulation of the
Equivalence Principle

KUN-MU CHEN, FELLOW, IEEE

Abstract — A mathematical formulation of the equivalence principle is
presented. This may lead to a better understanding and easier applications
of the principle.

I. INTRODUCTION

HE EQUIVALENCE principle in electromagnetics

has been well known for a long time, having been
presented by Harrington [1] in a descriptive manner in his
book. Recently, this principle has found many applications
in problems involving the interaction of EM fields with
material bodies. In these applications, accurate mathemati-
cal formulations of this principle are needed. The purpose
of this paper is to present a mathematical formulation of
the equivalence principle that may lead to a better under-
standing of the principle and make its application easier.

II. MATHEMATICAL FORMULATION

Consider a problem with a geometry as depicted in Fig.
1. This geometry consists of region 2 with complex permit-
tivity and permeability (e,, pt,), the volume V,, the bound-
ary suriaceﬁS, and the electric and magnetic source cur-
rents (J,, M,) within V. Region 2 is surrounded by region
1 of infinite volume V; that has electric parameters of
(€5, #;) and source currents of (J;, M;) within V.

We aim to find the EM fields in regions 1 and 2 in terms
of the given source currents and equivalent surface cur-
rents on S. In the process, we will derive a mathematical
formulation of the well-known equivalence principle.

Maxwell’s equations for regions 1 and 2 are

v XE =—M,— jop,H,
f AT TR Gy, (1)
\VXH1=Jl+j‘*’51E1

fVXg:—M.z_j“’Fzﬁz

o inV,. (2)
lV X Hy=J,+ jwe, E,

Let us consider region 1 first and apply the vector Green’s
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Fig. 1. Geometry of the problem: region 2 with volume V,, boundary
surface S, electric parameters (€,.pt,), and source currents (Jy, M,) is
surrounded by region 1 with infinite volume V. electric parameters
(€1, 1y). and source currents (J;, M)). (E,. Hy) constitute the EM field
in ¥, and (E,, H,) that in V.

theorem to V;:

f (0v' X9 X P-Pv'xv'x0)d
Vl

:/ (Oxv'xXP-Pxv'xQ)-ds (3)
Sl
where Q and P are two vector functions which are contin-
uous up to their second derivatives within V;. §) is the
total boundary surface for V;. We choose
P(F1) = E(7) (4)

and

O(F") = a6, (7. F) =dexp (= jBlr '~ FI i7" =7 (5)
where

Bi= wyme -

In the above equations, 7’ is an arbitrary source (integrat-
ing) point and  is a designated field (observation) point,

E-';(? "} is the electric field at ¥’ within V;, 4 is a constant
unit vector, and ¢, is the unbounded Green’s function for
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region 1. It is noted that if 7 is within ¥, @, will not be
continuous at 7’'=7 and it is necessary to remove this
singularly point before (3) can be applied.

When the field point 7 is an interior point within ¥,
such as 7, in Fig. 1, ¢; > o0 as 7' — 7}; thus we need to
exclude this point with a small sphere having a small
surface of S, as depicted in Fig. 1. Then the total bound-
ary surface S, for ¥, will consist of

S,=S+S,+8S,

where S_ is the infinite spherical surface enclosing the
outside of V.

The substitution of (4) and (5) into (3), with the help of
(1) and after a lengthy manipulation (2], will lead to the
following equation:

- T v ’ pl ’ ’
f[— JouJio, — M X V', + :—V gbl] dv
1

:f [_jwul(ﬁlxi)qbl—{—(ﬁlx
S+S5,+S.
+(#, (6)

where p, is the electric source charge associated with J by
the continuity equation of V- J + jwp;=0.
It can be shown that

LU 1ds'=4aE(7)

fS[

based on the radiation condition. Thus, (6) becomes

E\)xv'e,

E\)v's)] as’

lds'=0

. 1 o .
El(?l)=E/Vl_jwlhjﬂ’l_M1XV'¢1+?V’¢1 av’
1 1
- L[ homfax Bjou+ (% B <,
+(ﬁ1 E)V’(bllds’. ()

At this point, we can define the equivalent electric and
magnetic surface currents as

J=ix H=—hxH

®)
)

where 7 is the unit vector pointing outward from region 2
on §, and 7, is the outgoing unit vector of region 1 on S.

Since the tangential components of E and H fields are
continuous across S, J and M, can also be expressed as

M, =-ixE=haXE,

—

J=AxHy=h,x H,

s (10)
(11)

where 7, is the outgoing unit vector of region 2 on S, and
it is in the same direction as 7.

M,=—AXE,=—f,xE,
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We can also drive from (1) that
Lo L
Ay Ey=——v-(#, x H) (12)
we,

if S is a smooth surface and no source current J_{ is
present at S. If we use (8), (12) can be rewritten as

L =] L 1
1.Elz__v.(‘]s) =—p,

we; €

=

(13)

where p_ is the equivalent electric surface charge associated
with J; by the continuity equation of V-J, + jwp, = 0.
Substituting (8), (9), and (13) into (7) leads to

_ 1

. e — , Pi_,
E\(7) =Efy[—]wyljl¢l— M XV ¢, + ZV q)l} dv
1

+— [_jwlil-]_s.‘?l_ﬁsxv/%"'&V/%] ds (14)
4a Jg €

The physical meaning of (14) is as follows: The electric
field at an interior point 7 within V3, El(ﬁ), is main-
tained by the given source currents (J;, M;) in V) and
equivalent surface currents (J M ) on the surface S while
the medium of region 2 is replaced by that of region 1 and
the source currents (Jz, Mz) in ¥, are removed. This is
because the parameters (e, it,) and (Jz, Mz) do not ap-
pear in (14) and the unbounded Green’s function ¢, ap-
pears in both the volume and surface integrals in (14).
From the appearance of (14), E, (7}) is maintained by the
source currents ( Jl, M, 1) and the equivalent surface cur-
rents (J_;, A?S) located in the unbounded homogeneous
region with electric parameters of (e, it1).

Next, let us consider the case when the field point 7 is
on the surface S, such as 7 in Fig. 1. For this case, we
need to exclude the singularly point #; from V; with a
hemisphere which has a hemispherical surface S, as shown
in Fig. 1 before we can use (3). With this S,, the surface
integral over S, in (6) becomes

fs [ 1ds'=2wE\(5). (15)

Therefore, (6) can be rearranged to give El( ) as

L 1 : I 7 ’ P ’
=2—f — jopJio, — My X Ve + —V'e [ dv
g 12 €

1 - = [
+ —f[— Jop S — M X V', + —V’qbl} ds’. (16)
27 Jg €

Comparing (16) with (14), there is a factor of 2 between
them. The surface integral in (16) is a principal value
integral which excludes the contribution from the singular-
ity point.

Lastly, if the field point 7 is located outside V;, or inside
V,, such as 7; in Fig. 1, ¢, is continuous throughout V).
Therefore, we do not need to create a small sphere to
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exclude the field point 7; from V,. Thus, (6) becomes

; r v ’ pl 7 ’
fy[— JopJi¢— M X Ve + (—v ¢ | dv
1

= [ [ den( i x o+ (i x B)x v,
S+ S,

+(r“z1-f1)v’¢1] ds’ forrF=r.

(17)

Since the surface integral over S_ is zero due to the
radiation condition, (17) leads to

; r Vi ’ pl ’ 7
fV [_ JopJi¢y — My X V' + ':V ¢1] dv
1

1
. r 7 7 ps ’ ’
:_L{—]me:@—Mxxv«ﬁﬁ;—v ¢, | ds
1

for r=r;.

(18)
Now, if we try to express the electric field at 7, maintained
by the given source currents ( J_;, M,) in V] and the equiva-
lent surface currents (J,, M;) on S while replacing the
medium in region 2 with that of region 1 and removing the
source currents (J,, M,) in V,, we should have an expres-
sion for E_;(F;) of the following form:

=y 1 oo o1
Ey(R) = an fv[‘J“F1-11¢1'M1XV’¢‘1+(_V,¢1] av’
1 1

1 o R o5

+ 477-/;[A JouJo — M, X V', + ZV’%] ds
with 7=7. (19)

Combining (18) and (19), we have
E (%) =0. (20)
This is an interesting result. It means that if the source
currents (J,, M,) in V, are removed and the medium of
region 2 is replaced by that of region 1 (to make the whole
space homogeneous), then the source currents (J;, M;) in
V, and the equivalent surface currents (J;, M;) on S will
maintain a zero electric field at any point within region 2.

We can derive similar results for the H field in regions 1
and 2 in terms of (J;, M;) and (J,, M,):

7 (7 1 . v T , Bm , ,
Hl(rl) = E-[VI[— jw(1M1¢1+ Jlx v ¢1+ _u_l_v ¢1:| dv

1

i 7 Pos
+ —f[— Joey Mg, + J X V', + —V’¢l] ds’
4m s My
(21)
1

7 (= . 7 e ’ pml , ,
H\(7)= 2w fy[_1w51M1¢'1+J1XV ¢+ u v 4’1] dv
1 1

for 7= 7] (interior point within ;)

1 - - Prus
+— || - joe Mo, + I XV'd +—V'¢ | ds’
2a Ll: Jwe s¢] s v ¢1 I \Y% ¢1]
for 7= 7, (surface point on S)

(22)

for =7, (outside of V;) (23)
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Fig. 2. When the source currents (J,, M,) in V, are removed and the
medium of region 2 is replaced with that of region 1, the source
currents (J;, M;) in V| and the equivalent surface currents (J;, M;) on
S will maintain the correct EM field (E,, H)) in ¥} and zero EM field
(E;=H,=0)in V.

where

J_ - J_ o=
pm1=_v.M1 and pms=_V'M.r'
w w
The results obtained so far are consistent with the
equivalence principle. The situation is depicted in Fig. 2.
We can repeat a similar derivation for region 2. Choos-
ing
F(7) = Ey(

) (24)

)

and

Q(F") = dg,(F'.7) =dexp(— jBy|F — F)[IF = 7| (25)
where 8, = wy/iL€,, and substituting P and é into (3), we

have

¢!

f [— JoopaJiby = My X V¢, + 'f_zV,%] dv’
2
= [ [ somalin X Fon + (2 < Er) x50
2

+(Ay Ey)V'9, | ds’. (26)

The total boundary surface S, for V, is
S,=S+S,

where S, is the surface of a small sphere (or hemisphere)
for excluding the singularity point 7. It is noted that the
infinite spherical surface S, is not needed because V, is a
finite volume.

Following the same manipulation used for the case of
region 1, we can obtain Ifz( 7) at an interior point within
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V, as
i 1 . r vi ’ pz ’
Ey)(F)=—=| | = jopJody = My X V', + —V'¢, | dv
4a Jy, €
‘_f[ J“Nz("zXH2)¢2 (”2XE2)XV¢2
+(ﬁ2-1fz)v’¢2] ds’.
Using the definitions of the equivalent surface currents
(J,, M) given in (10) and (11), we can rewrite
= 1 Lo vi P2
E,(7) =—f — JopyJyp, — My, X V', + —V'd, | dv
4a Jy, €,

1 s .
+ Z;_/;[_ j‘*’#z(_ J;)‘l)z*(* MJ)X Ve,

N (- p,) V,%]ds

€

(7 is an interior point within V}).

(27)

Notice that the equ1valent surface currents Wthh can
maintain the correct E field inside V, are (— -M s
which flow in opposite directions on S compared with the
case of region 1. Equation (27) implies that when the
source currents (J;, M;) in ¥, are removed and the medium
of region 1 is replaced by that of region 2 (to make the
whole space homogeneous), the correct value of the electric
field at an interior point 7 inside ¥, can be calculated from
the source currents (.12, M ,) in V2 and the negative equiva-
lent surface currents (— -M on S.

Similarly, the electric field at a field point on S can be
expressed as

_ 1 - - [
Ey(F) = fy[—jw,lzquszszv'¢2+(—v'¢2 dv
2 2

1 - .
g | ol ) (=4 x5

N (—Ep:) V’¢2]ds

2

(Fison s).

(28)

The electric field at a point outside ¥, can be shown to be
zero,

E\(7) (29)

when it is maintained by (Jz, Mz) inV, and (— - M )
on § after (Jl, M, 1) in V; are removed and the whole space
is filled with the medium of reglon 2.

Results for the H field in region 2 are similar to those
given by (21) to (23) and are omitted here for brevity.

Fig. 3 depicts the results obtained above for region 2.
Again, these results are consistent with the equivalence
principle.

=0 (7 is outside V,)
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E,=H =0
V(g 1)
J=nxH n
., |
M,=-nxE —
'Ms/(
S
S

Fig. 3. When the source currents (J;, M;) in V; are removed and the
medium of region 1 is replaced with that of region 2, the source
currents (J, M,) in ¥, and the negative equivalent surface currents
(= J,,— M) on S will maintain the correct EM field (E;, H,) in 1,
and zero EM field (E, = H, =0) in V].

III. APPLICATIONS

Mathematical formulations of the equivalence principle
derived in the preceding section may have many applica-
tions. An example is given here. A finite homogeneous
body of arbitrary shape with complex permittivity and
permeability of (e, u) located in space is exposed to an
impressed EM field with an electric field E™ and a mag-
netic field H™. We aim to determine the induced EM field
inside the body. To solve this problem, we will first derive
two integral equations for the equivalent surface currents,

—nXH and M —AXE, on the body surface in
terms of E™ and H in_After solving for J and M, the
induced EM field 1n51de the body can be easﬂy calculated

Let us use the same geometry as that in Fig. 1. The body
is represented by region 2 with .12 and M2 removed.
Region 1 represents free space, and J; and Ml the source
currents for the impressed EM field.

The E field at a point 7on the body surface S in region
1 side is given by (16) as

oo L S v , b,
El(r):ﬁfl [—jwleltpl—MlXV ¢1+6—V qbl} dv
4 1

1 . . P,
o= [ = o Tg— M XV + =99, | ds
2 S €

The volume integral of the above equation can be easily
identified as twice the impressed electric field at the body
surface, or it is equal to 2 F £in(7). Thus,

E\(F) = 2E"(7) +—f[ Jom g~ M, X7'$,

+ &v’q,l ds’. (30)

€
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The E field at the same point 7 on S but in region 2
side is given by (28) as

- 1 - -
B = 5z [ o= D)ou-(- ) x5,

(=)

2

+

Ve, |ds’ (31)
because 12 and M have been removed.

Since the tangenual component of the E field is contin-
uous across S, or A X E =AX Ez, we can obtain from (30)
and (31) an integral equation as

ﬁx[
S

JoT (o + pby) + M, X V' (b, + )

—pJV’(:— + —)]ds’=4'ﬂﬁ x E™(F). (32)

Similarly, from the continuity of the tangenual compo-
nent of the H field across S, or A X Hl— A X Hz, we can
derive another integral equation as

fi X_[g[jwﬁs(€2¢2+‘1¢1)_J:XV’(¢’2+¢1)

h o
LI 1

— PV’

] ds'=4apx H™(7). (33)

These two integral equations can be numerically solved to
determine J and M by using the method of moments and
vector ba51s funcuons with triangular patch modeling [3].
After J and M are determined, the E field inside the
body can be easﬂy computed by using (27).

As a numerical example, the equivalent electric and
magnetic surface currents, J and M, induced by a plane
EM wave on the surface of a dielectric sphere have been
computed based on (32) and (33), and the results are
shown in Figs. 4 and 5. The electrical size of the sphere is
Bia =1, where B, is the free-space propagation constant
and a is the radius of the sphere. The permittivity of the
sphere is €, =4¢, and the permeability is p,=p, The
plane EM wave is incident upon the sphere from the
direction of 6= a. The induced electric and magnetic
currents along a circumferential arc on ¢ = 0 are plotted as
functions of # in Figs. 4 and 5. Along the arc, there are
two components of the electric surface current, J,, and
J.4» and two components of magnetic surface current, M,
and M . The values of J, are shown normalized to the
incident magnetic field H™ and those of M are normal-
ized by the incident electric field E™®.

To verify the accuracy of the numerical results, they are
compared with the exact solutions of Mie series. The
numerical results are indicated by small triangles and the
exact solutions are plotted in solid lines in Figs. 4 and 5. It
is observed that very accurate numerical results can be
obtained using the present method, which is based on
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Fig. 4. Equivalent electric surface currents induced by a plane EM
wave on the surface of a dielectric sphere with B,a =1, €= 4¢,, and
p=pg. The plane EM wave is incident upon the sphere from the
direction of 8 = 7 and the surface currents are on a circumferential arc
of $=0.
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Fig. 5. Equivalent magnetic surface currents induced by a plane EM
wave on the surface of a dielectric sphere with B,a=1, €= 4¢,, and
=po. The plane EM wave is incident upon the sphere from the
direction of 8 = = and the surface currents are on a circumferential arc
of $=0.

integral equations for the induced equivalent surface cur-
rents.
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