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Additional work is underway to improve the accuracy

and extend the frequency range of the current measure-

ment system. More sophisticated sample holder modeling

techniques are being investigated in order to enhance the

accuracy of the permittivity measurements. Another point

being examined is the possibility of deriving ~ of a solu-

tion by using the differential plot and a knowledge of t of

the solvent, since this procedure seems insensitive to many

of the error mechanisms. The system is also being recon-

figured to provide an automated power-sweep capability

to enable fixed-frequency power domain measurements.

Further experimental work is directed toward identifying

and quantifying any (narrow-band?) frequency and/or

power-specific responses in complex chemical and biologi-

cal systems. Ultimately, it is hoped that the information

obtained in this manner will be useful not only in funda-

mental studies of dielectric properties but also in the

design of biological experiments which involve responses

that may have frequency or field strength dependencies.
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as a function of tbe separation distance were fonnd to oscillate aromrd the

constant value obtained from the planewave irradiation case. Inferences

between the near- and far-field exposure easea occurred ordy at separation

distaneea shorter than 0.5 A where the magnitudes of the electric and

magnetic energy densities are fdgher tfmn the time-average radiation

power density.

I. INTRODUCTION

T HE FAMILIAR concept of expressing electromag-

netic energy absorption in biological models in terms

of average power density is only satisfactory for plane-

wave irradiation [ 1]–[6]. Although calculations based on

far-field (planewave) irradiation have been valuable in

many practical applications and have led to a better

understanding of the nature of the interaction between

electromagnetic fields and biological objects, it is more

realistic to consider near-field illumination. This is be-

cause many industrial and medical applications utilize

radio frequency sources operating at lower frequencies,

and therefore the exposures are occurring in the near field

and their effects cannot be adequately explained in terms

of planewave results. The medical therapeutic treatments

[7] and the industrial applications at 27 MHz [8], [9]

(which is allocated by the Federal Communications Com-

mission for industrial, medical, and scientific applications)

are typical examples where electromagnetic power sources

are used at lower frequencies. Furthermore, it is believed

that some biological effects occurring at low power levels

(<500 pW,) are due to the concentration of thermalized

energy—hot spots—which may conspire to product ther-

mal stimulation [10]. It is, therefore, of particular interest

to investigate the effect of the reactive energy components

on the SAR distribution and average SAR in human and

animal models. Because of the complications associated

with defining, calculating, or measuring the near-field

radiation, problems associated with near-field irradiation

of biological models have not been solved.

In this paper a solution of the near-field irradiation of

prolate spheroidal models by an electrically short dipole is

presented. The prolate spheroidal model is used since, for

the planewave irradiation case, it was found to give an

estimate of the average specific absorption rate (SAR)

which agrees very well with those obtained from more

realistic but complicated models [1]. Furthermore, the

near-field radiation from a short dipole can be calculated

exactly and hence used to identify and establish the

suitable field parameters necessary to quantify the

hazardous level of electromagnetic radiation.

z

Fig. 1. A dipole ~ located at distance F’(d, 0, +) from a prolate spheroid

model of man.

the interior volume of the spheroid [10], [11]. By applying

the boundary condition at the surface, it can be shown

that the internal field can be obtained from [5]:

where ii x ~ and ii X ~ are the equivalent magnetic and

electric surface current densities, respectively, ~&(7, F’) is

the incident field from a short dipole and ~(k?lk~’) is the

transverse dyadic Green’s function given by

where hi(x) and jl(x) are the spherical Hankel and Bessel

functions, respectively, and ~1~ are the vector spherical

harmonics [12].

where ~= – j(; x V) and

(3)

II. FORMULATION

Consider a prolate spheroidal model irradiated by a

short dipole located at an arbitrary point i’ as shown in

Fig. 1. By using the equivalence principle, the induced

fields in the spheroid can be replaced by equivalent

electric and magnetic surface current densities [5]. The

electromagnetic field problem can then be solved by em-

ploying an integral formulation involving these surface
currents and equating the total field to zero throughout

Y&((?,l$)=v’(21+ I)(l–n’r)! ~m(coso)dm+

47(1+ m)! ‘

To reduce (1) to a system of simultaneous equations, it is

necessary to expand the internal and incident fields in

terms of the vector spherical harmonics and apply the

orthogonality properties of these functions. The internal

fields can be easily expanded in terms of the vector

spherical harmonics with the unknown expansion

coefficients to be determined using the EBCM. The elec-
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tric field irradiated by a short dipole, on the other hand,

can be easily found in terms of the spherical harmonics

[12], [13]. To reduce (1) to a system of integral equations,

however, it is required to expand the dipole fields in terms

of the spherical vector harmonics and use the orthogonal-

ity properties of these functions. For a short dipole with

dipole moment ~, it can be shown [14] that the radiated

electric field is given by

+ aM(l, nz){j,(kr)~~(O,@)} (4)

where the spherical Bessel functions have been chosen

since the dipole lies outside the spheroid and UE(l, m) and

aM(/, m) are the expansion coefficients given by

2rjk3
aE(l, m)=

Vl(l+ 1)(21+1)

.f; =[(l+m)(l+m – 1)] “2 Yf_l,m _ 1(7’)

-[(1 -m)(l-m-1)]’/2Y~-1, ~+1(i’)

~-= –j{[(l+m)(l+m– 1)]1’2Y~_l,~_1(7’)

+ [(1– m)(l– m – 1)]1’2” Y~_1,~+1(7’)}

c=–= –2[(l+m)(l– m)]l’2Yt_1,J~’)

6+=[(/+m+ l)(l+rn+2)]1/2Y~+ 1,~+,(F’)x

-[( HZ+l)(2-nl+2)]’/2 Y~+,,m_,(F’)

~+ =j{[(l+m+ l)(l+m+2)]*’2y~+ 1,m+1(F’)

+[(l–m+ l)(l–m+2)] 1’2Y~+1,~_1(F’)}

c=+ = –2[(1+ m+ 1)(1–wz+ 1)]1/2Y~+l,~(7’)

and

2rjk3h1(ki’)~t~
aM(/, m)=

v~
(6)

where

MX= [(1–m)(l+ns+ 1)]1/2Y~~+1(Z)

+ [(l+ m)(l–ln+ 1)]1/*Y/&(7’)

My=[(l– m)(l+m+ l)]l/2Y~~+1(F’)

- [(1+771)(1-V?+ l)] ’/’ Y;m_,(F)

Mz=2mY&(7).

By substituting (2) and (4) in (1) and using the orthogonal-

ity properties of the vector spherical harmonics, (1) re-

duces to

803

[

k ~(Z@-k(hl(kr’)~~)
s

f

+J 1: (iiX @. V x(hl(kr’)~~) ds= - -&aE. (8)
o

The internal electric fields can be expanded in terms of

the vector spherical harmonics in the form:

[m’

Hence by using the orthogonality properties of

(lzJ(kr’)~J and V x (hl(kr’)~J, (7) and (8) reduce to two
sets of infinite simultaneous equations in the unknown

expansion coefficients. It should be noted that (7) and (8)

are similar to those derived in [5] with the exception that

the function ~,~ is to be calculated for -1 <m <1 instead

of acquiring only positive numbe~s as in the case in [15].

Furthermore, since the function X1~ involves an exponen-

tial term in ~, (7) and (8) can be further expressed in

terms of four equations, each involving either an even or

odd function of +.

III. NUMERICAL PROCEDURE AND RESULTS

For a dipole of arbitrary location and orientation, the

incident field expansion in (4) should be programmed and

used in (1). However, considerable simplification can be

derived if the dipole location is restricted to specific

locations of interest. For example, if the dipole is assunned

to be located at the@= O plane, the terms involving sinm$

in (5)–(8) are zero. This assumption does not limit the

generality of the problem since the prolate spheroidal

model is symmetrical around the z axis and hence the

calculations will be the same regardless of the specific
constant ~ plane used. Also if O is given the values 180°

and 90°, considerable simplification in calculating the

spherical harmonics can be achieved. These specific val-

ues of 0 are chosen to correspond to the k polarization

and the E or H polarization, respectively, for the plane-

wave incidence cases [1]–[5].
For these specific cases of interest, a computer program

to solve (1) on the UNIVAC 1108 computer was written and

results are given below. Consider first the case where the

dipole is placed on the @=0 plane and at O= 180°. This

corresponds to the k-polarization case for an incident
planewave. In this case it can be shown that the expansion

coefficients aE(l, m) and aM(L ~) are O~Y different from

zero for m =0, t 1. Furthermore, if the dipole moment is

assumed to be lying in the x–y plane, i.e., F(PX, Py, 0),

only the m = + 1 terms will remain. TO check the accuracy

of the numerical procedure, comparison was made be-
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TABLE I
COMPARISON BETWEEN THE PLANEWAVE (k-POLARIZATION [ 1])

SAR DISTRIBUTION IN A SPHEROIDAL MODEL OF MAN
(.=0.875 m AND a/b=6.134) AT 27 MHz AND mm

CORRESPONDING VALUES OBTAINRD WHEN THR SAMS MODEL IS
IRRADIATED BY THA@LDS OF A SHORT ELECTRIC DIPOLE OF

MOMRNTIN THE X-DIRECTION-~= ~. AND LOCATED AT /3 = w

AND DLSTANCE d“= 2 i

Point Location
(r, 8, $)

(a, o, o)

(b, ~/2, o)

(b, x12, %12)

(a/2, T, o)

(a, IT, o)

SAR (

Plane Wave

4.56 x 10
-5

9.71 x 10-3

8.45 X 10
-5

3.2S x 10-4

5.88 x 10
-4

%)

Short Electric
Dipole

4.39 x 10-5

9.75 x 10-3

8.05 X 10-5

3.29 X 10-4

6.17 X 10
-4

tween the SAR distribution in a spheroidal model of man

when irradiated by the fields of a dipole located at a large

separation distance d= 2A from the center of the spheroid

and when exposed to the planewave radiation, k-polariza-

tion case [I]. These SAR distribution values are given in

Table I where it is clear that the results from both cases

are in good agreement. It should be noted that the

spheroidal model of man has the dimensions of a =0.875

m and a/b= 6.34, and of complex permittivity equal to

2/3 that of the muscle tissue, i.e., d =78.5 and E“ = 270 at

27 MHz [1]. Furthermore, the value of the dipole moment

PX (scalar) is normalized so that the obtained power

values for a dipole located at large distance from the

spheroid is equal to those values obtained from planewave

irradiation. Since the far-field radiated power is inversely

proportional to the square of the distance from the

spheroid, it is necessary to adjust the value of the normali-

zation constant in proportion to the square of the dis-

tance.

This is because any meaningful comparison between

the dipole and planewave irradiation cases should involve

a distance dependent normalization constant so as to

maintain equal radiation powers in both cases. Therefore

the resulting differences (if any) can be attributed to the

reactive energy existing at short separation distances from

the dipole. The normalization procedure simply involves

equating the energy flux of the dipole source entering a

solid angle subtended by the spheroid and the total

planewave energy crossing the maximum cross-sectional
area of the spheroid perpendicular to the direction of

propagation. The energy flux is obtained by integrating

the normal component of the Poynting vector of the

dipole over the solid angle while the planewave energy is

calculated by multiplying the incident power density (e.g.,

1 mW/cm2) by the area z-bz, where b is the semiminor

axis of the spheroid. It is clear that this normalization

constant is introduced only to scale the power values, but

has no effect on the relative distribution.

The power distribution in a spheroidal model of man is

shown in Fig. 2 for three different separation distances d.

z
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8.05 x
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@
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3.29 .

&
6.17 x 10-4

z
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10-5

Y

10-4

@ e,
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1.38 . 10

/ I \5.6 x 10-4

3.22

5,G-2
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@
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Y
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Fig 2. SAR distribution at 27 MHz as a function of dipole location.
P=PX and O=m. (a) d/A=2. (b) d/A=O.5. (c) d/A= O.15. The indi-
cated locations (r,O, +) are: @ (a, O,O), @ (b, T7/2, O), @ (b,?r/2,7r/2),

@ (a/2, m,0), and CO (a,m,O).

TABLE H

COMPARISON BETWEEN THE PLANEWAVS (E-Po LAR3ZATION [1])

SAR DISTRIBUTION rN A SPHEROIDAL MODS3L OF MAN AT 27 MHz
AND THE CORRESPONDING VALURS OBTAINED WIZEN THE SAME

MODBL IS IRRADIATED BY THE FIELDS OF A SHORT ELLKXIUC

DIPOLE OF MOMSNT IN THS Z-DIRECTION ~= Pz AND LOCATBD AT

0= 77/2 AND DISTANCE d= 2 A; m-m SAR DISTRIBWIION IS

SYMhfHTUCAL WITH RBSP33CT TO TED? @= 9r/~ PLANB

SAR (W/kg)

Point Location Short Electric

(r, e, +) Plane Wave Dipole

(a, O, O) 1.47 x 10-2 1.45 x 10
-2

(a/2, O, O) 1.63 x 10-2 1.61 x 10-2

(b, nf2, O) 4.73 x 10-2 4.72 X 10-2

(b, ~/2, T/2) 1.45 x 10-2 1.42 x 10-2

While the distribution at large d is similar to that of the

planewave case, significant variation in the power distrib-

ution is observed for smaller d. It is also shown that for

very small values of d (Fig. 2(c)), the relative power values

at both ends of the spheroid are about 40 compared with

the ratio of 15 in the planewave irradiation case.

Second, we considered a dipole located at the @= O
plane and 8= 90°. If we assumed the dipole moment to be

along the z direction, this irradiation condition will corre-

spond at large d to the case of E-polarized incident

planewave [1]. Comparison between results obtained for

large d and the planewave case are given in Table II. In

this case a normalization constant similar to that used in
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the k polarization was also employed to scale the value of

the dipole moment P=. The power distribution as a func-

tion of the distanced is shown in Fig. 3. It is clear that the

calculations showed little change in the power distribution

for a dipole located at distances greater than 0.5 L This

can be explained by considering a separate calculation of

the relative ratio between the reactive and radiation en-

ergy of a small dipole. From the numerical values of this

ratio, shown in Fig. 4, it is clear that for an inefficient

source like a short electric dipole, the reactive energy is

almost negligible compared to the radiation energy at

distances larger than A/2.

The average SAR for the spheroidal model of man is

also calculated as a function of the separation distance for

the ~= P= and O= 90° case. These results are calculated

by integrating the power distribution over the whole

volume of the spheroidal and taking advantage of the

symmetry consideration whenever possible. It should be

noted that the procedure which involves the extinction

and scattering cross sections to calculate the absorbed

power by the spheroid is not adequate in the near-field

calculations. This is because the basic definitions involved

in this procedure are only applicable for planewave irradi-

ation and not for the near field [5].

IV. DISCUSSION AND CONCLUSIONS

The power distribution in and the average SAR values

of a prolate spheroidal model of man irradiated in the

near field of a short dipole are presented. Results for

dipoles parallel to the major axis and located at O= 90° (E

polarization) and for dipoles parallel to the x axis and

located at O= 180° (k polarization) are presented. It is

shown that while large variation in the power distribution

may result from the reactive energy components at

smaller distances from the dipole, the average SAR values

oscillate around the constant value obtained from the

planewave irradiation. In an attempt to verify these results

experimentally [16], the radiation fields of a short electric

dipole were mapped as a function of distance. It is shown

that the vector electric field is dominated in the far-field

region (d/A > 0.5) by the component parallel to the dipole

axis (Eo) in the O= 7r/2 plane. In the near-field region,

however, the vector electric field was found to be

dominated by the component perpendicular to the dipole

axis (Er) in the plane O= m/2. Based on the absorption

characteristics given in [1], it can be shown that the

internal fields induced inside the spheroidal model are

stronger when the incident field is mostly parallel to the

major axis of the spheroid, and weaker when the incident

field is mostly perpendicular to the major axis. Thus by

combining the above experimental observations and ab-

sorption characteristics, the reduction in the average SAR
given in Fig. 5 in the region between 0.17< d/L <0.32 can

be explained. The steady increase in the average SAR for

d/A <0.17, however, is due to the strong reactive near-

field components, the matter which compensates for the

reductions as a result of the change in the direction of the

1.61

4.72 x

x

z .tob
1.45 x 10-2 @ 1.30 x 10-2 (L

. 10-2
(2) 1.46 . 10-2

@

“ 1.42 x 10
-2 1.27 A 10-2

,.-
/.

<-”

.# .-
.-

Y Y

10-2 ($ ~.~~ “ 10-’ (4,

(.) x
@

d/A - 2 d/! - 0.5

(a)
ia1.48 x 10-2

(11

2.35 x 10
-2

@

2.2 . 10
-2

.-
-.”-

7.85 x 10-2 @y

x
@

dlh = 0.1

(c)

Fig. 3. SAR (W/kg) distribution at 27 MHz as a function of dipok:
location. P= P= and .9= 9r/2. (a) d/A=2. (b) d/A=O.5. (c) d/A=O.l,

The indicated locations (r,O,+) are: @ (a, O,O), Q) (a/2,0,0), (3)

(b,7r/2,0), and@ (b,7r/2,7/2).

I
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Fig, 4, The ratio between the total reactive power (l’,MCJ and tho
radiation power (~mJ of a current element (short dipole) at 27 MHz.

vector electric field as explained above [ 16].

Also of particular interest is the high-power concentra-

tion near the tip of the spheroidal model in the k-polariza..
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Fig. 5. Average SAR (W/kg) values at 27 MHz of a prolate spheroidal
model of man as a function of the dipole location. ~= P= and O= m/2.

tion case as it approaches the dipole source. This result

simply suggests the possible enhancement of the near-field

absorption in regions of small radius of curvature, It

should be noted that the oscillation of the average SAR

values for the E-polarization case and the possible en-

hancement of the near-field absorption in regions of small

radius of curvature are general characteristics and ex-

pected to be valid for the other spheroidal models of

different dimensions at frequencies below the resonance

frequency [16]. The magnitudes of these changes, how-

ever, will obviously depend on the typical dimensions of

the model and the exposure frequency. In summary, the

results presented in this paper simply emphasize the im-

portance of identifying the direction as well as the magni-

tude of the incident radiation if a meaningful evaluation

of the possible hazards due to near-field exposure is to be

made.

The numerical calculations presented, however, are cer-

tainly more involved and cumbersome compared to those

of the planewave irradiation. The basic subroutines em-

ployed in the computer program in both cases are the
same; however, larger matrices are generally required for

the solution to converge in the near-field irradiation case.

In particular, the matrix size for a given frequency

continued to increase with the decrease of the separation

distance simply because the reactive energy components

require more terms to be accurately calculated using (4).

Furthermore, the straightforward solution given in (7) and

(8) failed to provide convergent results for dipoles located

at very small distances d. This is because (1) is con-

structed by equating the fields equal to zero inside a

sphere of radius equal to the minor semiaxis of the

J1.13 x lo-

x

_u
-4

6.40 x 10

[3, z
8

5.21 x 10-5 Cu

1.18 X 10
-2

Y

‘@

1

#

1.14 x 10-2
Y

x @

7.78 Y. 10-4

G)
dl.1 = 0.5

(~= Pxandf3=m)

Fig. 6. Convergence of the solution at the ends of the spheroidal as

obtained by shifting the origin of the inscribed sphere. The indicated
locations (r, 0,+) are: @ (a, O,O), @ (b, Tr/2, O), and @ (a,r, 0).

spheroid. Therefore, the obtained results are expected to

converge in the section bounded by the inscribed sphere

and continue to be less accurate as the distance of the

observation point from the center of the sphere increases.

Obviously the inaccurate results will first appear at the

spheroidal ends since these points have the largest dis-

tance from the center of the sphere at z = O. The proce-

dure described by Waterman [10], however, assures a

convergent solution by using the analytical continuation

throughout the entire internal volume of the spheroid,

Therefore, if the center of the internal sphere is continu-

ously shifted along the z axis so as to maintain relatively

short distances from the observation point to the center of

a given sphere, a convergent solution in each section can

be obtained sequentially. The procedure is illustrated in

Fig. 6 where a convergent solution of the upper and lower

halves of the spheroids are obtained by shifting the origin

to z = + a/4 and z = – a/4, respectively. It should be

noted that accurate values are obtained only in the middle

section of the spheroid when a sphere with origin at z = O

is used.
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Short Paper ..

A General Equivalent Network of the Input

Impedance of Symmetric Three-Port Chculators

G. BITTAR ANO GY. VESZELY

Abstfact-Warting from the network model of ferrfte-fiffed reaorratow
a generaf equivalent network of the input impedance of symmetriq three-
pnrt cfrculatora is given. The matn advantage of tfre netwo* that it
contains the origfrud elements of the resonator model, so the physics of
operation can be clearly seen and the results of field snslysia can be
directly used.

I. THE NwrwoRK MODEL OF FERRITE-FILLED

RESONATORS

Hammer [1] gave the network model of ferrite-filled resona-

tors. If the resonator has a three-fold symmetry axis, the excita-

tions are on magnetic wall and only two resonator modes are

taken into account, then the network model can be seen in Fig.

1. The two ports marked by qJ are nonreciprocal phase shifters.

They have the characteristic as follows:

11== – e ‘ff12, Ul = e ‘iWJ2, q= 0, ? 2w/3. (1)

The values of Zr+, 2.– can be obtained from the eigenvalues

Mauuscfipt received August 8, 1979; revised January 24, 1980.
The authors are with the Department of Theoretical Electricity, Technical

University, 1521 Budapest, Hungary.

!

Fig. 1. The resonator model.

and losses of the resonator, and the transformer ratio T is

obtainable from the eigenfunctions of the resonator and those of

the coupfing transmission lines [1]. The impedance matrix of tie

three port in Fig. 1 is

[

z, Z2 z~

z= 23 z~ 22

Z2 23 21

(2’)
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