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Power Deposition in a SPherical Model of Man Expose(d

to I-20-MHz Electromagnetic Fields

JAMES C. LIN, MEMBER,IEEE,ARTHUR W. GUY, MEMBER, IEEE, AND

CURTIS C. JOHNSON, SENIOR MEMBER, IEEE

Abstract—The induced fields and the associated power deposition
in mail exposed to HF electromagnetic (EM) fields have been in-
vestigated theoretically using spherical models. The induced elec-
tric fields inside the model exposed to either plane wave or near
fields can be described adequately by a combination of quasi-static

electric and magnetic’ induction solutions. It is shown that for field
impedances less than 12007r !il the magnetically induced energy ab-

sorption predominates. Therefore, H fields must be measured to

obtain any estimate of the hazards due to HF exposure.
For a 70-kg model of man exposed to a plane wave field, the

theory indicates that the time-average power absorption per unit vol-

ume is less than 2.5X 10–3 mW/g f or each milliwatt per square centi-

meter incident at 20 MHz and below. This suggests that the thermal
safe-exposure levels for the HF band are many orders of magnitude

in excess of the 10-mW/cm2 level recommended for the microwave
region.

INTRODUCTION

T
HE biological effects and potential hazards of electro-

magnetic (EM) radiation have received considerable

attention in recent years [1 ]–[6]. This is not only be-

cause of the increase in the intensity of radio frequency en-

vironment as a result of higher power sources and radiation

efficiency, but also due to the rapid proliferation of EM de-

vices in homes, industrial plants, and military installations,

as well as in health-care facilities. A great deal of research has

emphasized the effects of mirowaves on the physiology, bio-

chemistry, and behavior of animal subjects and human beings.

However, very little information is available in the published

literature regarding the absorption characteristics and mecha-

nism of power deposition into the human body and the subse-

quent biological effects of HF fields and below.

In order to assess the environmental impact and health

implications of HF transmitters in man, one must be able to

quantitatively describe the EM field and power deposition in

the tissues. The human body is a very complex geometrical

structure; thus it is extremely difficult to obtain exact theo-

retical and/or experimental descriptions. It is desirable to

obtain simple analytic expressions which can be used to pre-

dict the nature and degree of power deposition in man as a

function of body size and shape, source frequency, and field

type. The consideration of field type is important since HF

transmitting antennas produce intense fields in the immediate

locale. Under such near-field conditions, it is known that elec-
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Fig. 1. Spherical coordinate system.

tric and magnetic fields are out of time phase and the value of

the field impedance li/17 is influenced by the inductic,n com-

ponents of the field. Some attempts have been made in the

past to investigate the first-order size and wavelength de-

pendence by considering an HF-plane wave incident on a

spherical model equivalent in volume to the human body [9],

[10]. However, as oversimplified as these studies are, they

have suffered from even further oversimplification by con-

sidering only electric-field coupling to the Iossy dielectric

sphere, thereby reducing the usefulness, if not the validity, of

their results.

In this report, a tractable first-order size approximation to

the problem of HF interaction with the human body is pre-

sented using a homogeneous sphere of tissue placed in a plane

wave field taking both electric and magnetic fields into con-

sideration. It hardly needs mentioning that the human body

is far from spherical, and cylinders and prolate spheroids serve

much better as approximating shapes. However, the results

and conclusions are not critically dependent on the chosen

shape and the simpler shape is chosen in the interest of simple

mathematics. This model can be used to obtain first quantita-

tive estimates of the effect of body volume on total EM power

absorption and the internal distribution of the absorbed

power. The simple closed form expressions provide an easy

avenue for realizing the physical significance of the complex

mathematical manipulations. It also makes it possible to infer

the effect of absorbed power other than plane wave fields with

arbitrary field impedance.

ANALYTICAL SOLUTION TO MIE EQUATION

Using the spherical coordinate system shown in Fig. 1,

Stratton [11 ] obtained, for a plane wave propagating in the z

direction and E polarized in the x direction, the induced elec-

tric field in a spherical dielectric

98195.
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where primes denote differentiation with respect to NkR.

N2 = Cl+iez is the relative complex dielectric constant, k is the

plane wave propagation constant in the medium surrounding

the sphere, R is the spherical radius coordinate, and a is the

sphere radius. The complex dielectric constants appropriate

for biological tissues aregiven in Table I for the HFfrequen-

cies considered [I], [3].

The radius of asphere simulatinga 70-kg manisapproxi-

mately 25 cm. In the range 1–20 MHz, the free-space ka fac-

tor, the magnitude of the complex refractive index Nof most

tissues in man, and the magnitude of the Nka factor vary as

follows :

0.005 <ka <0.1

91>1 N\ >23

0.5< lNka\ <2.5.

Since ka is always small, we can use the first term of the series

for spherical Bessel functions of argument ka expanded about

zero, and the coefficients a.~ and bnt can be obtained. The

solutions involve the functions j. (Nka).

7L!(2ka~ {nj. (Nka) + [Nkaj,, (Nka)]’}–lant = —
(2?2) ! “

‘z!~~’fi {nN’jn(Nka) + [Nkajn(Nka)]’}-’.b%, . __

For the lower frequencies, assuming small Nka, we obtain

2? 2+1
Uni = N–. and bnt = — a%f.

nN

Thus if I NI is large, the a.t solution predominates. The a,lt

expression is a magnetic-type solution, giving rise to magnetic

modes of oscillation in the sphere. The b,, t expression, on the

other hand, is an electric-type solution, giving rise to electric

modes of oscillation. Since I NI >>1, the magnetic-type solu-

TABLE I

DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUES IN

THE HF BAND OF ELECTROMAGNETIC RADIATION

Frequency

MHz

1

2

5

10

20

27.12

40.68

60

80

100

Dielectric Constant

muscle, skin

cl

2000.0

668. b9

202.98

160. o

132.84

113.0

97.3

8&.5

‘76.o

71.7

~2

7190.0

5364.3

2349.5

1125.0

534.6

&05.6

306,2

228.0

182.4

159.8

fat, bone

cl

23.50

20.0

14.6

10.3

8.53

7.45

~2

13.44

10,2

7.86

6.18

5.80

5.4LI

tion predominates in the HF band for a spherical model man.

The n = 1 term is dominant in the HF band; therefore, a

reasonable approximation of the fields could be obtained using

the n = 1 term of the series in (l). In fact, for the range of

I Nka I values where just the first term in the expression of the

spherical Bessel function of argument Nka is valid, the expres-

sion reduces to that corresponding to the sum of the quasi-

static solutions for a uniform electric and uniform magnetic

field impressed on the sphere.

J

the x axis as is

‘T ?
quasi-static quasi-static

electric term magnetic term

Notice the electric solution is polarized along

the incident wave E field. The field is uniform and identical to

the electrostatic solution for a dielectric sphere. Thus as for

the case of a dielectric sphere in a static field, a surface polar-

ization is set up which generates a uniform internal field which

is independent of sphere size. The magnetic solution is much

different in form and an order of magnitude greater in ampli-

tude than the electric solution, and is identical to the quasi-

static magnetic solution obtained from jE. dl = ico~fH. dA.

A sketch of the electric and magnetic solutions shown in Fig. 2

illustrates the field configuration and power absorption pat-

tern. The magnetic solution dominates because of the ~~ery

high values of tissue permittivity.

Equation (2) evaluated along the z axis gives

[

3
E, = EOe–i~t

1
——(e, –i,, )+i: . (3)
elz + e22

This indicates that the power absorption is greater at the

leading edge of the sphere. The time-average density ~L in-

side the spherical model can be ,obtained from the relation

(4)

where * denotes complex conjugate and a =coeoe~ is the electri-

cal conductivity. This results in
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Fig. 2. Electric-field and power absorption patterns given by the

quasi-static electric and induced magnetic solutions.

kR 2

() 1
+ ~- (cos2 @ + cos’ O sin’4) . (5)

Integration of WL over the sphere volume gives the total

time-average absorbed power W~ from which average ab-

sorbed power per unit weight can be calculated:

47ra8 9

[

ka 2
W, = ;wE02 —

()1
——+0.47 . (6)

3 qz + E29

quasi-static quasi-static

electric term magnetic term

It is interesting to note again that the total absorbed power

in the sphere is the additive sum of the quasi-static electric

component and the quasi-static magnetic component.

The physical insight gained from recognizing that the total

electric field inside the sphere and the total absorbed power

are given by the sum of quasi-static electric and magnetic

solutions makes it possible to infer the effects of absorbed

power by impressed fields of variable E/H ratio such as in the

near field of an HF antenna. Defining the impedance ratio as

q = (E.v/Hy)/qo, where TO= 1207rfl, the field equation of (2) be-

comes simply

and the total time-average absorbed power is given by

47ra3 9

[

ka 2
W,’ = &TEO2 —

()1

—+0.4 ~ . (8)
3 >+e,z

POWER DEPOSITION AND INDUCED FIELD DISTRIBUTION

Wkole Body

In order to quantify the power deposition from an HF EM

field and the internal distribution in a human body as a func-

tion of frequency and field type, a homogeneous sphere of

muscle material is chosen. The total radius of the sphere is

,@ I I I I I I I I I I
I 10 100

FREQ (MHz)

Fig. 3. Absorbed power characteristics for a man-size sphere

in a plane wave HF field.
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Fig. 4. Absorbed power distributions along the x, y, and s axes of a

man-size homogeneous muscle sphere in a plane wave HF field. The

propagation is along the z axis; polarization is in the x direction.

taken as 25.57 cm., which has the mass corresponding to a

man weighing 70 kg. An incident power of 1 mW/cm2 is

assumed throughout.

The maximum or peak absorbed power per unit t-olrrme,

the average absorbed power per unit volume, and the average

absorbed power per unit surface area as a function of fre-

quency are shown in Fig. 3. Note that the absorbed power

densities increase monotonically with the square of frequency

within the HF band.

The spatial distributions of the absorbed power are shown

in Fig. 4. In each of these graphs, the patterns are normalized

to the maximum along any one of the three orthogonal rec-

tan~rrlar coordinate axes. Thorr~h the absorbed ~owers differ

greatly for different frequencies, the spatial distributions of

the absorbed power inside the spheres are quite similar. The

maximum absorption occurs always at the leading surface,

while absorption at the trailing surface is 0.5–0.7 times the

maximum value. The toroidal pattern is governed mainly by

the dominant role of the magnetically induced component of

absorbed power. The absorbed power in the center of the
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SIMPLE

/

1

10-50 I I I I I I I
4 8 12 [6 20 24 28

FREQ (MHz)

Fig. 5. Maximum absorbed power densities in a man-size sphere given

by exact Mie solution and the simplified solution. Incident power

density is 1 mW/cm’.

[/

. M!e idth alrmd blr

aMle wth blr

A/ x Mm-exacl

/
J

246810121416182U
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Fig. 6. Average power absorption by a 25.57-cm-radius muscle sphere

ina l-mW/cm2 incident plane wave field; a comparison of theoretical

predictions.

sphere, however, is due solely to the electrically induced com-

ponent. To estimate the validity and range of applicability of

this simple solution, the maximum absorbed power densities

are calculated from this solution and compared with the exact

Mie results in Fig. 5 [12]. Within the HF band, the difference

in the two solutions is quite small. For example, at 20 MHz

the difference is about 20 percent, and as the frequency is de-

creased below 16 MHz, the difference becomes negligible. The

average absorbed power comparisons between that calculated

from (6) and the exact are shown in Fig. 6. Also shown on Fig.

6 are the results of absorbed power calculated using scattering

parameters, taking into account both first-order electric and

magnetic oscillations and taking only the first-order electric

oscillation into consideration. The latter has been used to

obtain average power absorption in the past [9], [10]. The

spatial distributions of the absorbed power along the z axis

calculated from (5) are shown in Fig. 7. The close agreement

suggests that the simplified solution can be applied with con-

10

h
I MHz
— EXACT NORMALIZE TO 1428 x 13%W/cm3’

09 ‘---- SIMPLIFIEDM’JRMAUZEO~ 1418x12%rW/cm3

08

07

6 \

go5 \

9 \
*O4 -
J

\
\
\

~03 - \
\
\

02 –
\

01 –
\

00 I I I

’256 -153 -5 I 0 51 153 256
OISTANCE FFOM CENTER (cm)

(b)

Fig. 7. Normalized absorbed power distributions calculated from the

exact Mie solution and the simplified solution. Incident power density

is 1 mW/cmz.

INCIOENT EQUIVALENT POWER OENSITY = I mW/cm2
10

09

08

07

06
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04

03
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01

00
-256 -154 -51 0 51 154 256

DISTANCE FROM CENTER (cm )

Fig. 8. Power absorption and distribution as a

function of normalized impedance.

fidence to all frequencies within the HF band for a conserva-

tive estimate of absorption of EM power by the spherical man.

Calculations of the absorbed power along the z axis and

x axis for a 25.57-cm-radius muscle sphere using (7) and (8)

are shown in Fig. 8 and Fig. 9 for variable real values of q.

For predominantly magnetic fields (q small) the absorption

becomes much more intense and proportional to Zz or X2,

whereas for predominantly electric fields (q large), the ab-
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Fig. 9. Power absorption and distribution as a

function of normalized impedance.
K

FSEWENCY ( Hz )

Fig. 10. Absorbed power characteristics for a spherical

head model exposed to plaue wave HF field.
TABLE II

DIELECTRIC PROPERTIES OF BRAIN MATERIAL

Frequency Relative Dielectric Constant

Hz
‘1 ‘2

10 6,568,085 122,899,055

102 525,447 13,235,546

103 85,385 1,477,152

10” 39,408 153,624

105 13,136 22,452

106 953 4,727

107 105 739

108 43 95.8

9.15 x log 34.42 15./+9

2.45 X 109 30.87 10.65

,.10
24.23 15.2

Note: Values at 100 MHz and below are extrapolated from the follow-

ing formula: CL= [(Eb(2450) / (%(2450) ) l/c~, where <band % are the values
at the frequency of interest for brain and muscle, and Ci, (2450) and

% (2450) are the values for brain and muscle at 2450 MHz. as given by

Schwan et al. [1], [3].

sorbed power is reduced and approaches the uniform absorp-

tion pattern of the quasi-static electric solution.

The implications of this result are significant with regard

to the estimation of HF hazards from survey meters which

sense only E fields. It is the magnetic fields which are the

primary sources of absorbed power for 10 >q> O, and these

need to be measured to obtain any kind of estimate of HF

hazard.

Brain

With the large number of reports alluding to central ner-

vous system (CNS) effects of EM fields, it is of interest to

investigate the absorption properties of a human head exposed

to HF fields. The dielectric properties of brain matter as a

function of frequency are given in Table II. Though the

human head covers a wide range of sizes, a sphere of radius

7 cm is assumed here. The Nka factors for a 7-cm brain at 10

and 100 MHz are

I Nka I = 1.50, at 100 MHz

I Nku ] = 0.40, at 10 MHz.

Therefore, (2) and (6) apply, respectively, for the induced field

distribution inside the head and the total time-average ab-

sorbed power for 100 MHz and below; above 100 M Hz, (1)

must be used. This conclusion has also been borne out by com-

paring the computed results using the approximate equations

(2) and (6) with that of the exact equation (1). The power

absorption density in the head exposed to an incident flux of

1 mW/cm2 is shown in Fig. 10. Notice that for frequencies

below 100 MHz the absorption behaves as jz and, in general,

is an order of magnitude smaller than the corresponding ab-

sorption for the whole body model (see Fig. 3). The distribut-

ions of the absorbed power density inside the brain shown in

Fig. 11 are similar to that of the whole body. The only differ-

ence is that, in this case, the absorption by the leading surface

is much higher than that at the trailing surface. This results

from the change in relative magnitude and phase between the

electric fields induced in the sphere by the incident electric

and magnetic fields.

Effect of Body Size on HF Power A bsorfition

Equations (3), (5), and (6) indicate that the power ab-

sorption and distribution inside a subject are functions of size.

Specifically, the size dependence is governed mainly by the

magnetically induced field component, since the electrical

coupling is independent of size. I t is conceivable, then, that

for sufficiently small subjects, the role of incident electric and

magnetic fields in producing predominate absorption inside a

subject may reverse. To investigate this, a muscle sphere with

a 1.68-cm radius is used to simulate a 20-g mouse. The maxi-

mum power absorption in a mouse-size sphere due to a

l-mW/m2 incident plane wave has been calculated ar~d com-

pared to that absorbed by a man-size sphere (Fig. 1’2). The

maximum absorption corresponding to a 61.4-V/m applied

electric field and a O. 163-A/m applied magnetic field are also
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Fig. 11. Absorbed power distribute ons along the x, y, and z axes of a
homogeneous spherical model of human brain exposed to plane wave
HF field.

FREQ ( MHZ)

Fig. 12. Frequency dependence of absorbed power by a man-size sphere

in a I-mW/cm! plane wave P, 61.4-V/m electric field P(E), and
O.163-A/m magnetic field P(H).

10-’,
g

J

PMM (H) mW/an3 (25.6 cm).
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PW mW/cm3 (256 cm )

! ,0-, ~ I
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I / I ///i
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Fig. 13. Effect of body size on the absorption of l-mW/cmj HF plane

wave P, 61.4-V/m electric field P(E), and O. 163-A/m magnetic field

P(H) .

shown on the figure. It can be seen that the magnetically in-

duced absorption in man can be two orders of magnitude

greater than the electric component. The absorption in the

mouse-size sphere due to electric and magnetic coupling is on

the same order of magnitude in the HF range, and the electric

coupling tends to dominate as the frequency is reduced. This

indicates that one must be discrete in drawing conclusions

about human exposures from animal results.

CONCLUSIONS

Simple analytic expressions for the induced field in a man-

size homogeneous sphere and the total power absorption have

been obtained in an HF field. The results indicate that for

field impedance magnitude less than 12007r $J, magnetic cou-

pling is far more important than electric coupling at HF fre-

quencies and below. Moreover, it has been shown that the

induced field and the total absorbed power can be obtained

from the sum of quasi-static electric and magnetic solutions

for frequencies below 20 MHz. The power absorption de-

creases sharply as the frequency is reduced. Fig. 13 illustrates

the frequency dependence of the absorbed power density for

incident plane wave, and applied electric and magnetic fields.

The curves show that below 100 MHz the power absorption

falls off directly with frequency to about 20 MHz and as the

square of frequency thereafter. It is therefore clear that the

coupling of EM energy to the human body is much reduced

at HF frequencies and below as compared with the microwave

range.

The close agreement between the approximate expressions

and the exact Mie theory suggests that the simplified solution

can be applied with confidence to frequencies in the HF band

and lower for a conservative estimate of the EM power ab-

sorption by a man-size sphere. The study also indicates that

it is necessary to measure both the electric and magnetic fields

in order to assess the biological hazard of HF field exposure.

The relative significance of applied electric and magnetic
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fields in producing power absorption in various subjects differs

according to their sizes.
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Characterization of Nonlinearities in Microwave Devices

and Systems

GEORGE L. HEITER, MEMBER, IEEE

Invited Paper

Absfracf—A simple model to describe a nonlinear device or sys-

tem is proposed which extends the power series expansion, conven-
tionally restricted to amplitude nonlinearities, to include phase non-
linearities as well. Four different test methods are selected for which
the experimentally observed nonlffearity parameters are related to
the “gain” and “phase” coefficients of the extended series. A set of
simplified relationships is derived where the “ l-dB gain compression
point” represents gain contributions only while phase nonlinearities

are included in the “intercept point, ” the “thwd-order intermodtda-
tion (IM) coefficients, ” and the “noise-power-ratio (npr). ” For a

TWT amplifier in which phase nonliiearities dominate, the thkd-

order IM coefficient was measured. The results are compared with

those calculated from single-tone and noise-loading tests using the

relationships derived from the model. Agreement to ~ 1 dB is found

over a 15-dB power range.

I. INTRODUCTION

w

ITH microwave devices and systems utilized ever

closer to their limits, linear measurement techniques

are no longer sufficient to describe final performance

under multisignal loading conditions. As a result, a number of

techniques have evolved which are used to characterize non-

linear behavior and the resulting intermodulation (I M) per-

formance. Selection of a particular technique depends on the

type of information desired, such as detailed diagnostic in-

formation on the origin of nonlinearity, overall I M perfor-

mance under different loading conditions, etc. Four of these
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techniques—single-tone, two-tone, three-tone testing, and

noise loading—were discussed at a panel session [1] on which

this paper is based.

Some of the present microwave techniques have been

adapted from the CATV industry [1, p. 112], [3] where the

I M performance at UHF frequencies has been a primary con-

cern for about two decades. There it has been found that the

reliability of I M testing for system evaluation increases as the

probing signal spectrum approaches that of the actual system

load.

The usefulness of tests with probing signals which have a

spectral distribution different from that of the final system

load depends in part on how closely the selected mathematical

model approaches actual device behavior. The Volterra series

expansion [3 ]– [6] allows detailed and accurate representation

of device characteristics, including memory, which can be ap-

plied directly to any spectral distribution of the system load.

Measurement [6] of the relevant parameters (kernels), how-

ever, is sometimes time consuming and may exceed available

measurement capabilities.

In this paper a simple mathematical model is proposed

which is used to describe the amplitude and phase non-

linearities (gain deviation and AM–PM conversion) observed

in microwave devices. From this model the parameters rele-

vant to each of the four measurement techniques are derived

and interrelated (equation numbers of simplified relationships

are marked ❑ for convenient reference). For each technique


