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FOREWORD 

The Bureau of Radiological Health develops and carries out a national program to 
control unnecessary human exposure to potentially hazardous ionizing and nonionizing 
radiations and to ensure the safe, efficacious use of such radiations. The Bureau publishes 
the results of its work in scientific journals and in its own technical reports. 

These reports provide a mechanism for disseminating results of Bure&u and contractor 
projects. They are distributed to Federal, State, and local governments; industry; hospitals; 
the medical profession; educators; researchers; libraries; professional and trade organiza
tions; the press; and others. The reports are sold by the Government Printing Office and/or 
the National Technical Information Service. 

The Bureau also makes its technical reports available to the World Health Organization. 
Under a memorandum of agreement between WHO and the Department of Health, 
Education, and Welfare, three WHO Collaborating Centers have been established within the 
Bureau of Radiological Health, FDA: 

WHO Collaborating Center for Standardization of Protection Against Nonionizing 
Radiations; 

WHO Collaborating Center for Training and General Tasks in Radiation Medicine; and 

WHO Collaborating Center for Nuclear Medicine. 

Ple'ase report errors or omissions to the Bureau. Your comments and requests for 
further information are also encouraged. 

ohnC~!¥ 
irector 
ureau of Radiological Health 
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PREFACE 

The present near ubiquity in the public domain of electronic devices emitting 
electromagnetic energy in the spectral region including the radiofrequency and microwve 
bands has stimulated an increasing level of concern for the impact of such devices on human 
health. Present human exposures range from fractional microwatts per centimeter squared 
to exceeding a milliwatt per centimeter squared in power density and fractional volts per 
meter to many hundred volts per meter in electric field strength at various frequencies 
within this interval. Exposures of humans to magnetic field strengths of several amps per 
meter in the radiofrequency spectrum during normal industrial operations have been 
reported. 

The evaluation of the health impact of such exposures is hampered at present by the 
absence of adequate methodology for determining field distributions and the resulting power 
dissipation within the human body as a function of external field variables. In this spectral 
region, the science of dosimetry has not progressed to the state currently enjoyed for 
ionizing radiation. 

In partial fulfillment of its mission in the implementation of the Radiation Control for 
Health and Safety Act of 1968, P.L. 90-602, the Division of Electronic Products has, in the 
last several years, conducted an active experimental and theoretical program within its 
Electromagnetics Branch to improve this situation. This report is one of several from that 
effort. Others have appeared in this FDA report series and in the open literature. 

The present report discusses the theoretical basis and computer program for calculating 
induced fields in spherical multilayered biological media exposed to plane wave 
radiofrequency radiation and the determination of the resulting energy deposition. 

~-~~{~ 
Director 
Division of Electronic Products 
Bureau of Radiological Health 
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ABSTRACT 

This report describes the theory and applications of a computer program, SCAT, for 
calculating the scattering and power absorption of radiofrequency and microwave radiation 
by spherical lossy dielectric bodies exposed to linearly polarized plane wave fields. The 
irradiated body may be a homogeneous sphere or multilayerd, spherically concentric regions 
of arbitrary radii. Each region can be made to simulate biological tissue by assigning the 
appropriate dielectric properties. Induced fields and observed power density within these 
regions may then be calculated for preselected irradiation frequencies. 

Several applications of the SCAT program are described and associated computer plots 
are presented and discussed. 

vi 
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ELECTROMAGNETIC FIELDS IN BIOLOGICAL MEDIA 

PART II -THE SCAT PROGRAM, MULTILAYERED SPHERES, 
THEORY AND APPLICATIONS 

INTRODUCTION 

When a biological system is exposed to radiofrequency or microwave radiation, electric 
and magnetic fields are induced within the system as well as scattered into the surrounding 
external medium. The internally induced fields give rise to ionic currents and moiecular 
excitations within the tissue and a subsequent heating of the tissue occurs. If the induced 
internal fields are of sufficient intensity and duration, excessive heating and consequent 
tissue damage occurs (1). Nonthermal effects, that is, effects that do not require excessive 
heating, also occur in biological systems following exposure even to low intensity fields (2j3). 

The Food and Drug Administration's Bureau of Radiological Health develops criteria and 
enforces performance standards to control the emission of electronic product radiation in 
order to protect the public safety and health. To assess radiofrequency and microwav.e
induced thermal and nonthermal hazards to man and to establish effective emission limits, 
it is essential that induced internal fields and absorbed power density be accurately known. 
Dosimetric determinations of induced fields in biological systems may be acnieved either .,. 
experimentally, by means of temperature probes, implantable electric field p_robes, and 
thermographic techniques or theoretically, by means of calculations on mathematically.,. 
simulated biological systems (4). As part of the theoretical dosimetry program at the Bureau 
of Radiological Health, several computer programs are being developed that provide· the .p 

capability of calculating internal field distributions in biological systems of both regular ,ana 
arbitrary shapes. 

This report describes an initially developed computer program, SCAT, and its applications,,, 
to problems of dosimetry and field determinations in lossy dielectric media. Two other ,:, 
computer programs being developed as part of the theoretical dosimetry program are called 
CUFEM and FEMS. These two are applicable to bodies of arbitrary shape and internal 
structure. The theory and applications of CUFEM and FEMS are based on finite element 
methods and are described elsewhere (5,6). 

The SCAT program was written and primarily used to investigate the scattering and power 
absorption of RF and microwave radiation by spherical biological systems exposed to plane 
wave · electromagnetic radiation. The irradiated system may be a homogeneous sphere or 
multilayered, spherically-concentric regions of arbitrary radii. Each region is characterized 
by an electrical conductivity a, relative permittivity e:, and magnetic permeability µ. Since 
electrical and thermal characteristics of various biological tissue have been determined ana 
tabulated in the literature (7,8), the spherical structure may be used to simulate certain 
biological systems. The incident electromagnetic field is taken to be a linearly polarized 
plane wave of arbitrary frequency, incident from one direction. Field frequencies of interest 
range from about 10 MHz (l MHz= 10 6 Hz) to about 25 GHz (l GHz= 10 9 Hz). This frequency 
interval includes the widely used industrial, scientific, and medical {ISM) bands ot the 
frequency spectrum, as well as almost all communications and ranging frequencies. 
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SCAT solves the scattering problem using a series expansion and provides numericai calculations at preselected interior points. The calculated quantities are the induced eiectric 
field, magnetic field, absorbed power per unit volume (absorbed power density), field 
components, total power absorbed by the system and by each of the concentric re~ions. 
Calculations may also be made of the exterior scattered fields. Field intensity, IE I , and 
absorbed power density may be plotted in any preselected planes or along the major axes of 
the spherical system. The only limit to the accuracy of numerical results is the number of 
terms necessary for convergence of the series expansions for the fields. 

THEORY 

The general mathematical procedure foHowed here for obtaining solutions of the wave 
equation within or exterior to the spherical region is to assume a separation of variables 
technique and expand the incident, internally induced and externaHy scattered fields in a 
series of orthogonal vector spherical wave functions. Expansion coefficients for the induced 
and scattered fields are determined from field continuity requirements at ali interfaces, 
finiteness at the origin and appropriate field behavior at infinity. These solutions satisfy the 
wave equation governing the behavior of fields in the biological medium. 

Let the electromagnetic field be incident on a homogeneous, isotropic, source free, lossy 
biological medium. Within the medium, the field vectors E and H satisfy the wave equation. 

( 1) 

The permeability µ, conductivity a, and permittivity e: are parameters that electricaHy 
de~cribe the medium. If the field has ar:igular frequency w with time harmonic dependence 
e-lJJt then the wave equation becomes · 

VV · { ! } -V X V X { ! } + k
2 

{ ! } 0 
(2) 

where 

k2 = eµw2 + iaµw (3) 

and k is caHed the propagation constant. FoHowing the notation of Stratton (9) and special
izing to spherical coordinates, two independent vector solutions of equation (2J are of interest 
here 

(4) 

(5) 

where r is the radius vector from a fixed origin and ljJ is a scalar function solution to the 
Helmholtz equation 

(6) 
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Each particular solution 1'>n of the Helmholtz equation has associated vector solutions mn 
and nn, Thus, a general solution of equation (2) can be representea by the linear combination 
of these vector functions as follows 

• 
E = 

• -ik 
H=

µw 

(c ~ 
n n 

+ d °iZ )e-iWt 
n n (7) 

• • 
(c,, nn + dn mn ) e -iWt (8) 

Equations (7) and (8) follow from Maxwell's equation VxE = i.uµH and the vector properties 
~f m and n, namely, Vxm = kn·and Vxn = km. To obtain explicit expressions for mn and nn, 
and hence E and H, the solution of the Helmholtz equation is first written in spherical 
coordinates 

Vie = Zn (p) P -~ (cos 0) ~i~s (m<t>l e-iWt 
0 

(9) 

where p = kr, Zn (p) are spherical Bessel functions arn:l Pmn (cos 6J are the associatea 
Legendre polynomials with m, n ~ O, 1, 2, .... Properties of these functions may be found in 
the literature (10). Substituting equation (9) into equations (4) and (5) yields 

• 

ne . 
mn 

= 
0 

+ 

+ 

+ -Pl- Zn (p) P:;1 (case) 
sine 

sin 
cos 

aP~ - Zn (p) 
ae 

cos 
sin m<t> i3 

n (n + 1) Zn (p) pm . cos 
m<t> i, (cos 0) sin n 

.0 

.a 
[p Zn (p)] 

a pm (cos0) cos 
ap ae sin p n m<1> 

m a 
[p Zn (p)] P~ (case) sin m(/> i3 

psin0 ap cos 

(10) 

i2 (11) 

where i1, i2, i3 are unit vectors in the r, e, <I> directions. Note that m and n possess 
orthogonal properties so that the expansion coefficients Cn and dn may be aeterminea. 
There now remains to find the even or odd character of mn ana nn in equations UO) and 
(11) and of the expansion coefficients cn and dn in order that E and H be determinea every
where. To do this, let a plane wave be incident on a lossy spherical oioiogical region. 
Let the incident field propagate in the positive z-dir.ection with electric vector along 
the x-direction. The coordinat~ origin is taken at the center of the sphere, as shown 
in Figure l. 
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Figure 1. Spherical coordinates and incident 
plane wave configurations. 

The incident. field vectors are given by 

•E =1'Eei(kz•Wtl 
inc 0 

• A k i(kz·Wt) 
Hine J ,;;:;- Eae 

(12) 

(13) 

where i and j are unit vectors in the x and y directions, respectively. Equation (13) is derived 
from equation (12) and Maxwell's equation VxE = .i.uµH. The incident plane wave may now be 
expressed in terms of the vector spherical functions m and n by first expressing the unit 
vectors i and j in ~pherical coordinates, 

A1 = . O "A + O A . A 
Sin cos'/' '1 cos COS</) '2 - Sin</) 13 (14) 

1' = sine sin¢ 1-;' + coso sin if>~ + cos if>~ (15) 
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Substituting these into equations (12) and (13), and equating the result with equations (7) l8J 

(10), and (11) yields ' ' 

• 

Hine 

= 

k 
µw 

2n + 1 [ • (1l_ 

n (n + 1) m01n I -

2n + 1 
n (n + 1) 

• (1)] 
ne1n 

(16) 

(17) 

where the superscripts indicate the use of spherical Bessel functions of the first kind in lp), 

for finiteness at the origin. The choice of subscripts was dictated by the comparison of the 

equated expressions, and the coefficients were determined by applying orthogonality 

conditions on mn and nn (9) • Equations (16) and (17) represent the incident plane wave 

expressed in vector spherical harmonics. These are the explicit expressions for the incident 

field. 

Expressions for the field induced within the homogeneous spherical region may now be 

written by comparing equations (7), (8), (10) and (11) with equations 06) and (17). These are 

• 

lint 

2n + 1 
n (n+ 1) [ 

• (1) . • (1)] 
an mo1n - I bn ne1n , 

2n + 1 
n (n + 1) [

. • (1) 

,bn me1n + 

(18) 

(19) 

where kint indicates that the propagation constant be evaluated with interior values of e:, µ 

and cr. Note that the argument of the Bessel functions in m and n of equations U8) and (19) is 

kint r. Expr~ssions for the ~xterior scattered field Eext and Hext, have the same form and 

may be obtamed from equations (18) and (19) by replacing an and bn by other coefficients, 

°'1 and 6n, respectively, and replacing the superscript 1 with 3 on the vector spherical · 

functions mn and nn· The superscript 3 indicates the use of spherical Bessel functions of the 

third kind, namely spherical Hankel functions with argument kext r. The Hankel functions 

satisfy the radiation condition at infinity. 

This completes the theory of microwave scattering for a single homogeneous spherical 

region. The unknown coefficients are determined from the continuity conditions of field 

components at the air-tissue interface. Expressions for these coefficients wiil be deferred to 

the subsequent discussion of multiple regions. 

Let the spherical biological region consist of an inner spherical core and an arbitrary 

number of concentric spherical layers, as shown in Figure 2. The regions are of arbitrary 

thickness and arbitrary electrical characteristics e:, µ and cr. Adopting the approach of 

Shapiro et al. (11), the resultant electric and magnetic field vectors in the p-th region will be 

a combination of the internal and external fields 

5 



00 

E 
8

-iwt ~ i" 
O n=1 

2n + 1 
n (n + 1) [ 

P • (1l . bP • (1l 
8n mo1n - 1 n ne1n 

• (3) 
+ an "t1 n 

2n + 1 [bp • (1) + . P • (1) + rl • (3) + . P • (31] (21) 
n(n+l) nme1n ia;,no1n ,.,nme1n lanno1n 

Figure 2. Layered spherical system. The shaded 
region, representing the p-th layer, has outer 
radius rp, inner radius rp-i and electrical 
parameters a P' £ p and µ p· 

Subscript p runs from l to N, with l representing the central core ano N representing the 
region exterior to the spherical system. In the central core only the Bessel functions oi the 
first kind are admissible because of finiteness at the origin. The field exterior to the spherical 
layers is composed of the incident field, Eino and the exterior scattered fleid, Eext· The 
boundary between the p and p+l regions is a spherical surface of raoius r<PJ. The four 
coefficients in equations (20) and (21} are determined by the requirement that the tangentia1 
components of E and H be continuous at interfaces between all regions. This requirement 
yields f<>ur relationships at each interface, two for the &-components of E and H ano two tor 
the $-components of E and H. Applying the continuity requirement to equations U0), (20) and 
(21), the four conditions at the p-th interface are 
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L (s~ 
p1 

TP oP~) _ 
n -- + - -0 

sine n ae 
n=1 

00 

( SP oP~ p p~ ) I: + T -- = 0 
n ae n sine 

n=1 
(22) 

00 ( ' p; 1 

I: P oPn ) 
u -- + v- = 0 

n sine n ae . 
n=1 

t (u~ 

1 1 
oPn P pn ) + V -- = 0 ae n sine 

n=1 

where 

SP 
p+1 _p+1 p+1 p+1 p .P p p 

= an ln + o:n hn an ln - o:n hn n 

TP 
p p p p p+1 p+1 p+1 p+1 

= bn 17n + ~n t n - bn 17n - ~n t n · n 

kp+1 ( p+1 _p+1 p+1 p+1) kP 
(23) 

up =-- bn ln + ~n hn ( bp .P - l hp) 
n 

µp+1 
· n ln n n 

µP 

VP 
kP 

( p p p p) 
kp+1 ( p+1 p+1 p+; p+1) 

=- an 17n + o:n t n an 17n o:n t n n 
µP µp+1 

with 

.P 
=in(/) ln 

hp p 
= hn (p ) n 

p _a_ (/h~) 
tn =- (24) 

pp i)pP 

.~ p a ( p .P) 
11n -- P ln 

pp i)pP 

pp = kPrP 
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It should be noted that since all Bessel functions are evaluated at the interface betweer 
the p and p+l region, a distance r<P) from the origin, the arguments Pp and Pp+l of the Bessel 
functions differ only in their k values." From the properties of the Legendre polynomials, the 
coefficients Sn, Tn, Un, Vn in equation (22) can be shown to vanish separately. The right 
hand side of each of equation (23) is set equal to zero yielding four homogeneous equations. 
From these homogeneous equations the coefficients in equations (20) and (21) may be obtained. 
Thus, the coefficients in region pin terms of the coefficients in the adjacent p+l region are 

p [ ( '·'" P hp p+1) p+1 ( P hp+1 ' ' ,., ) ···] an = t n ln - 7 n 11n an + - 7 hn t n Qn .1 p tn n 
n 

(25) 
p [ ( '·' ,., p _p+1) p+1 + ( P .P p+1 ' ,., ) ···] an -- 7 ln 11 n - 'Tin ln a,, 7 ln t n - 11n hn Qn .1 p 

n 

·bP [ ( ".,., p p+1) p+1 ( p p p+1 ' ,., ) ···] = 7 tn ln - hn 11n bn + 7 · t n hn - hntn ~n n 
.1 p 

n 
(25) 

p [ (-· ,., p p _p+1) p+1 (·p p+1 ' ' ,., ) ··,J ~n = ln 11 n - 7 11n ln bn + ln t n - 7 11n hn ~n 
,1P 

n 

where 

p .P p p p 
Ll.n = ln t n hn 11n 

(26) 

p 
kp+1 µp 

7 = 
kP p+1 

µ 

Restrictions on the coefficients in equation (25) are 

1 
~n = 0 (27) 

(28) 

Equation (27) reflects the requirement that the field be finite at the origin and equation 
(28) comes from a comparison of equation (16) with equation (20). 
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The theory of microwave scattering from multilayered spheres is now completely speci
fied. Equations (20), (21) and (25) provide expressions for the fields induced in any one ot the 
interior layers or in the region exterior to the spherical multilayered system. At each point 
of interest the three field components are calculated both for E and for H, so that the 
electric field intensity may be computed from 

IE 12 = I E 12 + IE 12 + IE 12 
1 2 3 

(29) 

with a similar expression for H. The absorbed power density at any point inside region p can 
be calculated from the expression 

1 
P=-a IEl 2 

2 p 
(30) 

This represents the energy per unit volume per second which heats the biological medium at 
that point (4). The absorbed power density in the p-th spherical layer of tne multilayered 
system is calculated from 

IE 12 r2 sine drd0 d¢ p 
(31) 

The fractional absorbed power density in the p-th region is the ratio of the power density 
absorbed in the p-th region to the total power density absorbed by the entire system. This 
quantity is 

(32) 

APPLICATION AND RESULTS 

The theory outlined here was used to write the SCAT program (12). SCAT has been applied 
to investigate microwave absorption in a spherical multilayered model of the head exposed 
to linearly polarized, plane wave electromagnetic radiation (13). Internal fields and absorbea 
power density were calculated for a variety of microwave frequencies and range ot values of 
electrical parameters. This particular head model consisted of a central core of brain-like 
matter surrounded by five spherically concentric shells representing cerebrospinal fluid, 
membrane, bone, subcutaneous fat and skin. Idealizations such as homogeneous or multi
region head models and spherical whole-body models have been used by others (7,8,11,14-18). 
Figure 3 is a computer plot of the resultant 3.0 GHz electromagnetic field scattered oy a 
homogeneous spherical region (hidden by the double peak in t.he center of the plot), 6.6 cm 
in diameter. The spherical region is assigned the electrical properties corresponding to that 
of brain matter. The field is propagating from lower left to upper right in the figure. Figure 
4 shows the distribution of absorbed power density within a multilayered 6.6 cm outer 
diameter spherical region exposed to a 3.0 GHz plane wave.· The field is incident in the +z
direction with the electric vector polarized along the x-direction. The region shown is the 
y-z plane passing through the center of the spherical system. The three interior peaks Oabeled 
a, b, and c) are referred to as hot spots since they represent concentrations of absorbed 
power density. The peripheral peaks represent the absorbed power densities in the outer 
layers. Some layers absorb more than others because of their electrical properties ana 
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Figure 3. Scattered electric field intensity in 
the vicinity of a 6.6 diameter sphere exposed 
to a 3.0 GHz plane wave. 

E 
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Figure 4. Absorbed power density distribution within 
a multilayered 6.6-cm diameter spherical region 
exposed to a 3.0 GHz plane wave propagating in the 
z-direction. The region shown is the y-z plane passing 
through the center of the spherical structure. 
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ometric configurations •. Figure 5 shows the distribution of the electric field intensity, 
E I 2 , along the direction of propagation ( the z-direction) inside a six-region spherical system 
f outer diameter 2.1 cm. The field frequency is 3.0 GHz. Corresponding to this distribution 

of field intensity, the distribution of absorbed power density is shown in Figure 6. There are 
six internal regions and the curved segments of the graph represent the absorbed power 
density in each region. The large central spherical core has a diameter of 1,2 cm. The next 
layer is 2 mm thick, extending from a radius of 0.6 cm to 0.8 cm, and so on. The vertical line 
segments of the graph are merely plotter-pen continuity. Similar plots are obtained for 
distribution of field intensity and absorbed power density along the E-polarization direction 
(x-axis) and along the H-polarization direction (y-axis). These are shown in Figures 7 through 
10, respectively. 
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Figure 5. Induced electric field intensity 
along the propagation direction (z-axis), 
in a 2.1 cm diameter six-regioned multi
layered, spherical system exposed to a 3.0 
GHz plane wave. 
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Figure 6. Distribution of absorbed power 
density along the propagation direction, 
corresponding to the induced field 
intensity of Figure 5. 
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Figure 7. Induced electric field intensity 
along the E-polarization direction (x-axis) 
in the six-region 'spherical system. 
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Fl gure 8. Distribution of absorbed power 
density along the E-polarization 
direction (x-axis) in the six-region 
spherical system, corresponding to the 
inc;fuced field intensity of Figure 7. 
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The SCAT program has also been utilized to investigate the depolarization of fields . 

biological tissue (19) and to calibrate a recently developed miniature electric field probe (20J, 

For field probe calibration, the comparisons of experimentally measured with theoretically 

calculated fields in homogeneous spheres are shown in Figure 11. Muscle-equivalent spheres 

were irradiated experimentally in an anechoic chamber by 915 MHz and 2450 MHz plane waves 
(20). A miniature probe measured the internal field by scanning along the diameter of the 

sphere in the direction of propagation. The spatial distribution of the induced field intensities 
in an 8-cm radius sphere irradiated at 915 MHz and in a 3.3-cm radius sphere irradiated at 

2450 MHz are shown in Figures lla and llb, respectively. While the spatial distributions 
compare favorably, the signal magnitudes differ because of dielectric loading of the probe 

by the medium. See (20) for further discussion on this point. 
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Figure 11. The upper curves represent the theoretically predicted 
electric field intensities along the direction of propagation in two 
different size homogeneous spheres and two different frequencies. 
The two lower curves represent the experimentally measured fields. 

1 

3 

SCAT has also been used to obtain total absorbed power as a function of frequency for 

head sizes simulating those of various laboratory animals and man (21). The calculated total 

absorbed power in a six-region spherical model of the hamster head ?f radi~s 1.05 cm is shown 
in Figure 12 for the frequency range 500 MHz to 5 GHz. Also shown m the figure are the total 

absorbed power in the outer layer (skin) and in the two innermost regions (brain and 

cerebrospinal fluid) of the hamster head. 
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Figure 12. Calculated total absorbed power as a 
function of frequency in a six-region model of a 
hamster head. 

CONCLUSIONS 

5 

The theoretical background for calculating microwave and radiofrequency scattering and absorption of plane wave electromagnetic radiation by spherical biological media, based on the work of Stratton (9) and Shapiro et al. (11), has been presented and discussed. An associated computer program called SCAT has been written, based on the theory presented, that provides numerical calculations of the induced electric and magnetic fields at preselected interior points of the biological medium or at points exterior to the medium. SCAT also calculates the distribution of absorbed power density and total power absorbed in each spherical shell. 

Several applications of the SCAT_program are discussed and associated computer plots of fields and absorbed power are presented. These include: (a) the distribution of absorbed power density in the major plane of a 6.6-cm diameter homogeneous sphere exposed to a 3.0 GHz plane wave, (b) the power absorption as a function of frequency in a 2.1-cm diameter multilayered model of the hamster head, and (c) the field intensity in a 3.3-cm and 8.0-cm radius homogeneous sphere at 2450 MHz and 915 MHz, respectively, for probe measurement evaluation. From these figures it is seen that inhomogeneous systems exhibit discontinuities in the induced field and in the power deposition at the boundaries separating biological tissue of different dielectric properties. Further, spherical systems exhibit resonant properties depending on body dimensions relative to wavelength. Thes·~ spherical body resonances give rise to internal hot spots. 

Although limited to applications where isolated spherical geometry is appropriate, nevertheless, the results may be utilized to obtain quantitative estimates of the effects of relative body size, frequency, and dielectric properties on the total power' absorption and the internal distribution of absorbed power. 
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