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ABSTRACT

Present thgoretical calculétions to determine the power absorptién
characteristics of man have failed td obtain numerical results much beyond tﬁe
first absorptibn peak (reSonance).’ Current efforts afe directed towards bet-
ter definitiqn of postresénance wﬁole-body_absorptioﬁ.v A ggoﬁetrical optics
method has recéntly been developed_and it is used hefe to compﬁte fhe ébsorp- B
tion charaéteristics of a prolate épheroidal man model iﬁ.the'higﬁ ffeqﬁency
_limit. - The technique approximates the surface of the prolate séheroid by smgll
~planar suba;eas. The power transmittéd into each subarea is detéﬁmined, and>r
this transmitted éower is assumed to be com@letely absorbed due to thé sméll
@epth of penetration of electfomagnetic waves into lossy biological bodies in
the postresonance.region.’ The total power absorbed is found by‘sﬁmming over
all subareas. Validity festing with the Mie theory, in conjqnction with cén—
sideration of the localiiatibn principle of geoﬁetrical optics; indicatésvthat
this techniéue is aéplicable to the man model at frequéhcies of 6 GH? and
above, Computer generated results for a 70-kg prolate spheroidal model.of,ﬁan
ihdié;te that (1) the dependence of the power absorption 6n the incident wave
polarization and angle of incideﬁée is markedly different froh the behavior
.seen at lower‘frequenéies, (2) the power absorption increases with frequency
in the asymptotic limit, and (3) the use of simple plénar models is inadéquate

in determining the absorption characteristics of biological bodies at high

frequencies.
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INTRODUCTION

'There is presently a great interest in the electromagnetic power absorp-

tion characteristics of man and animals. This interest is the result of recent

concerns about the possible hazardous effects of this form of nonionizing radia-.

~ tion as well as indications that bénefiCial médical applicétions'aré éossible.
Theorétical calculations play a crucial rolé in.these investigationé. The 
understandable reluctance to use human beings in,expefiments has.ﬁecessitatéd .
the use of several species of animals in lanrétory power-absorptioﬁ'studies.
Analytic results complemént.this experimental research in that the.ability to
theoreticaliy predict the absorption charatﬁeristics of Biological modeis éids
in‘éxperimental design as well as permitting‘the extrapolation of animal results
to man's body configuratioﬁ. o
Earlyvtheoretica1'calcﬁlations of‘whéle—body'absorption usedAspherical
models, employing the well-known Mie theory for solution. More recently, a
long-wavelength approximation hés been used tb obtéin preresonanée (resonance
is definéd as the conditién of‘maximum absérptibn) results for homogeneous
© prolate spheroidal and elliﬁsoidal models [Massoudi_et al., 1977).  In the
_resonénce and postrésonance frequency ranées,'the Extended Bouhdary Condition
- Method [Barﬁer, 1977] has béen used forvhomdgeneous ﬁrolate spheroidal médels,
while.a tensor integral equation technique has been usedlto anaiyze»irrégularly
shaﬁed heterogeneous modéls constructed of cubical subvolﬁmes [Guru et al.,
1976]. | | |
| In all of these methbds, oneiéf the gdalsvis févfind ﬁhe éverage power

abéorption'(usually specified in W/kg) as a function of frequency to as high

a frequency,as possible for different cases of polarization and orientation of
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the incidenf wave. The long—waveiength method is inherently limited to low
frequencies while the other two methods, which both requiré a nu&erical.soiu—
tioh by digital computer, have an upper frequency limit detefmined by-
‘machiﬁe parameters such as core sfbrage and precision."it is clear ﬁhat néw
approachés.to determining the power absorption Characfériétics of biologicgl
models at the high end of the frequency speétrum must be found. |
Geometrical optics methods.have beeﬁ used extensively to obtain
asymptotié high—fredueﬁcy.solutions for scaftering and &iffféction pfqblémsr'
[Keller et‘al., 1956; Keller, 1962]. .In this éaper a geoﬁetrical éptics
-method-is.used to determine high—frequency.power absofption iﬁ homdgeneoué
pr&late spheroidal biological models. The method is apblicabié to high—loss'

dielectric bodies whose physicél dimensions are compatible with the "localizé—

tion principle” [Liou et al., 1971; Born and Wolf, 1964];'i.e.,_th¢ dimensions.
of the object allow for the assumﬁtion that the inci&ent radiation.consists

of separate localized rays which intersect the object on planér surfacés. The
methoﬂ becomes increasingly accuréﬁe as the size/wavelehgth ratio and the
radius of curvéture apprdach infinity. Computer calculations ﬁsiné this method
provide high frequency numerical results to which iower frequency power absorp- -

tion results can be connected.

METHODOLOGY

Briefly, the technique requires division of the surface of the prolate -
spheroid into small planar subareas, calculating the area and defining a unit

normal vector for each area segment, and then using this information to deter-

bmine:the’angle of incidence and the values of the parallel and perpendicular
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compdnents of the incident radiation with respect to the plane of incideﬁce
for‘eéch.subarea."Transmission coefficients fqt'each component are then deter-
mined. - The powér tranémiﬁted into eééh subarea is then calculéted and.assuﬁed.
td be completglyvabsorbed_dué to the small depth of pénétration of'bioiogical
tissues ét higher frequenqiés. The total power aﬁsorﬁed Ey the'pfolate
spheroid is'fﬁund by summing the transmitted pbwer.ovér all subareas.

The initial step of dividiﬁg thé surface of fhe prolate spheroid into
sﬁall‘planar subareas is handled by setting up a grid on the surfaée; This
grid is formed by the intersection.of two sets of curyed lines defiﬁedkby:equal

angular increments of the sphefical coordinate angies 6 and ¢ as shown in Fig; 1.

Such a grid results in triangular area segments at the poles and trapezoidal

segments elsewhere. For small increments in 6 and ¢, the éreé segments can be
assumed to be'planar, Once the area segments ﬁave.beén defined, then the inter-
action of the incident wave with each'segmént'must_be determined. This analysis
requires that é unit ﬁofmal and numerical area be determined for each segment.

The unit normals are obtained from the gfadient of the surface of the prolate

- spheroid at the midpoint of the planar area segments. Calculated values of the

éreas arevformulated by the values of the angles that subtend thém and tﬁé size -
of the prol§te-5pheroid. These parameters enable a calculatién of the interac-
tion of the-inéident radiation with each planar.area segment.

.Thé orientation of the dnit‘normals are analyzed with reépectvfo thé
incident wave,.which is defined té lie in the x-z plane (see Fig; . ‘The

propagation vector of the incident wave is given by:

a, = sin o a_ + cos o a, _ (1)
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where o is the polar angle from the z-axis towards the positive x-axis. The

two polarizations of the incident wave are represented by the unit vectors El

“and EZ,IWith e being parallel to the plane defined by the majdr axis of the

1

_prolate spheroid and the Ek vector, while e, is perpendicdlar to this plané.

2

-These are represented as follows:

o1
]

—cos 0. a_+ sina a . (2)
x "z _

.
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i

2" % T @

The relation between the propagation vector Ek and a unit normal vector .

En on a particular segment can be expressed mathematically as:

cos ei = < * ak a B (4)

where ei is the angle of incidence on the subarea. The angle of transmission

is found from Snell's law [Born and Wolf, 1964] and the angle of incidence:

sin 0,
i

5y

sin 8 = < :
(EI - jE")llZ

v n

where sr = g’ ~ je" is the complex dielectric cdnstantAof the biological tissue.
These angles are then utilized in calculéting the reflection coefficients for
the ‘subarea.

Each subarea has two reflection coefficients [Meyer—Arendt, 1972; Renx

et al,, 1967]. One is for the component of the incident electric field which
. is parallel to the plane of incidence. (The plane of incidence is defined as

the plane in which the normal unit vector and propagation vector lie.) This
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is given by:
L I | | -
cos et/(e je™) cos_ei

v O
cos 9&/(8' - js")l/2 + cos ei : S

\'F||=

The other reflection coefficient perﬁains to the component.of the incident
electric field which is perpendicular to ‘the plane of incidence. The coeffi-

cient is:

, sec 08 /(e' - je")l/2 - sec 8, : ,
: _ t' _ i
- sec et/(s' - je") 7 + sec ei : _

" These are then used to calculatebthe powef transmission coefficients for each
suba:ea,-which are (1 - lr“ |2) and (1 - ITJ_IZ)- -

_'To implement these coefficignts in the proper manner, the incident
electric field must be broken ﬁp info two components for eacﬁ subareag one.
paraiiel to the plane of incidence and oné'perpendicular to this plane. A
convenient method of‘fihding these components df the‘incident éleétrié field
is to_define‘a unit vector perpgndicular to the.plane of_incidencé on éach sﬁb—-
area and then find compdnents of the incident wa&e polarization Vectof whicﬁ'
‘_are para1le1vand pérpendicular to this vector. A unit vector perpendicular to

- the plane of incidence is:
a = -2 X e

Considering the El incident wave, the fractional component of El which is

perpendicular to the plane of inciderce on a particular subarea is el'° a .
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NEAY

The fraction of power in this plané is (el . ;m>2’ and the fraction 6f incident
power parallel to the plane of incidence is 1 - (El . Em)z. The total power
transmifted into ﬁhe subarea due to,the_El polgrized incident wave is fhen_
found by multiplying the two fréctionél componenté of the incident po&er by

the appropriate power transmission coefficients, the projected area Ap, and

the incident power density Si'

P; " Sty [(Ei $5) Q - |er2) * ( i (51 ' Emjz) (- v'rll lz)] @

The projected area Ap is the area of the subarea times cos ei; The correspond-

ing expression.fbr the power transmitted due to the e, incident wave is found

2
from the above expression with 52 substituted for El' This, then, delineates
the interaction that the incident radiation has with the pianar subareas.

The total power abéorbéd by the prolate spheroid is.caléulated by sum-
ming over all subéreas and assqming that all of the power transmitted into the
prolate spheroid is totally absorbed. -This is not a tenuous‘assumption.
Hodkinson, et al. [1963] found that for spherical particleé with moderatévab—

1/2}

' 2 2 : . .
sorption coefficients, i.e., with s"/[e' + (a' + <" ) > .) and diameters

larger than four wavelengths, internally refracted rays ﬁay be negleéted.
Furthermore, Eiggé et al. [1971], in studying the scattefing by transparent

: ﬁarticles; foﬁnd that only three'iﬁternal reflections were qeeded to account
for 99 perceﬁt of the scafteréd enérgy. This, in addition to the fact that at
6 GHz biological tissue has.a depth of penetration of 2.6 mm (aﬁd at 140 GHz
less than 0.5 mm), makes the calculation of the total absorbed power ﬁeing

equal to the summation of all transmitted powers into the subareas appear -

valid.
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»

-VALIDITY TESTING

The equations necessary fér the solution of this problem have been
prograﬁméd on. a digital computer. The calculation for a particular‘prolate
.sphéfoidal model ié successi?elyArepeated for én increasing number'§f>sub—.

' areas until convergence of the final result is achieved. |

Extensive vélidity testing of the technique was performed by compar-

" ing the célculations.for sphéres with fhose obtained via Mie fheory [ﬁodkin—‘
; : son et al., 1963; Kerkef, 1969]. Correspdndence within 10 pefcent>wa$ con-—
sidered fhe point at which the gepmetrical optics technique becéme valid.
" FIG. 2‘ Figure 2 diéplays the resuits of this validity tésting by reléting fhe'valid
frequency in GHz to the radius of the sphgrical muscle tissue model testéd.'
It can be séeﬁ that at 14 GHz the.geometrical optics ;echnique can be uéed.to
caléuléte the absbrption charactéfistics éf a spherical ﬁuscle model of man
& (radius = 0.256 m) with a confidénce of 10‘pe;¢ent. |
Although the relatioﬁéhip between valid frequéncy and sphere size is a
straight line on ﬁhis iog—log scale, the slope_is ﬁot minus one and theréfore
the relationship cannot be exéressed by a constant Qélde of ka (Zna/X) as might
be expected. A curve of'cénstant ka (slope = minus.one) is shown in ?ig. 2
for'éomparison.
The reason that the validity criterion cannot bé described by a constant
»ké.value_has to do-with the frequehéj dispersiontof’fhe pérmittivity~and éon—_'
ductivity of muscle tissue.‘ For example,‘for a constant ka valué, calculations
for two spheres with different radii must be made at two différenf frequencies,
FWhich thereforé requires the use of different diel;ctric characteristics.

FIG. 3 - 'Figure 3 compares absorption calculations for two muscle spheres using
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 both Mie theory and geometrical optics approaches. Note particularly the unique *~

resonance characteristics of the two spheres which are caused by the dispersion

of the dielectric characteristics. It can be seen that the resonance character-

istics of a lossy sphere are greatly influenced by the dielectric character-
istics. The geometrical optics calculation cannot account for resonance be-
havior and therefore deviations between the two methods occur at lower fre-

quencies and these deviations occur at different rates for different spheres,

which accounts for the nonconstant ka value for applicability of the geometrical

optics approach. Furthermore, since the larger spheres acquire valid_solﬁtions,

more gradually, different slopes of valid ka are obtained for 10 and 20 per-
cent convergence as indicated in Fig. 4.

Extension of this technique to other models requires that the local

- radius of curvature and overall size of the model be much greater than a wave-

length. For a sphere these conditions are satisfied simultaneously. ‘In the

case of the prolate spheroid, the second condition is automatically'satisfied

if the first condition is met. ¥For a prolate spheroidal model of man (height

1.75 m, width 0.276 m), the minimum radius.of curvature is 0.0218 m. From
Fig. 2 this minimum radius of curvature indicates that geometrical optics cal-
culations should be computed at a rminimun frequency of 130 GHz in ordgf to ob-

tain an accuracy of 10 percent. To restrict calculations for the man-sized

Aprolate spheroid to this high frequency would be an exceedingly stringent

criterion, for the minimum radius of curvature occurs at the poles of thée

spheroid, an area that receives only grazing incident radiation when o = 90°.

Furthermore, much of the surface of the prolate spheroid approximates a planar

surface. - (The maximum local radius of curvature at the equator of the prolate
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spheroid is 5.548 m.) Therefore, an intermediate value for the minimum radius

of curvature would seem more logical as the limiting criterion for extension of

this technique to the prolate_spheroid.. A reasonable value is the dimension b

(= 0.138 m), the local minimum radius of curvature at the equator of the

prolate spheroid. From Fig. 2, calculations using this dimension as the

criterion givé a minimum valid frequency of 27 GHz (for 10 percent comvergence)

“and could be said to fulfill the localization prineiple at. the equator. Using

larger radii than the b dimension would result in‘the localization principle .
not being adequately fulfilled anywhere on the surface of the spheroid. For
other.prolate spheroidal models,'a similar analysis may be done to find the

frequeney of appropriate applicability.

NUMERICAL RESULTS

Geometrical oﬁties power absorption calculations ﬁeve been made for a
number of biological models. Figufe 5 shows the absorption éharacteristics of
a 70 kg prolafe spheroidal man'quel. The lowef frequency results were obtaiﬁed
via the Extended Boundary Condition Method [Barber, 1977] while‘the results et

the higher frequencies were obtained by the geometrical optics analysis

.described here.e

’

Before discussing the results, a word should be said about the dielectric
characteristics that were used in making the calculations. The lower frequency

Extended Boundary Condition calculations use dielectric constants and conductivi-

‘ties suitable for tissue consisting of a homogeneous mixture of muscle, fat; and

bone. Volume averaging the different tissues of man indicates that these values

should be two-thirds those of muscle tisSue [Rowlandson, 1977]. This twd-
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thirds value is appropriate at the lower frequenciés &hete the depth of peﬁeﬁra—
tion is large and the electromagnetic interaction occurs throughout the-&olume
of tﬁe prolate spheroidal model. At the higher frequehcies; however; the depth
of penetration is small and the total interaction occurs close to the surface.
(The depth of penetration is only a few millimeters for fhe lowest frequency »
for which calculations have been made.) At thesé higher frequenéies, electrical
chafacteristics corresponding to skin tissue have been uéed.  Specifically, ékiﬁ
is a high-water-content tissue and the dielectric characﬁeristics can be ob-
tained from high frequency muscle. tissue expressions baséd én the Debye theory

‘for electrically polarizable molecules [Weil, 1975]:

12 + (£/20)2

e' =5 7 -A(lb)
1+ (£/20)° o
and
1+ 62 (£/20)2 '
: 2 mho/m . : (11)
1+ (£/20) : :

whefe f is in GHz. These expressions were multiplied by factérs’(s' (0.814),
o (0.78)) in ordervtO‘obtain bettér results in agreement with iower freqﬁency
muscle tissue daté.

It is intéresting to note'that in thé intermediate frequency range,
recent work has shown that the skin-fat-muscle layers at the surface play a
_ major role in whole-body absorption and whilé homogeneous models can be uéed-at
low and high freqnencies, accurate calculations at intermediate f;equencies réQ
quire an inhomogeneous model.

The E, H, K notation in Fig. 5 refers to the fact that E and H represent
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‘the wave.in Fig. 1 incideﬁt at an angie of ninety degrees, Qith E éorreépohd~
‘ing to the Ei incident case and H to Fhe 52 césé. »The K éése is forvthe'wave
incident at zero_degréeé; Note that relaxing the cOnyergence.criteria éllowé
calculations to be made down to 6 GHz. | |

: Ihesevresults iﬁdicate that biolbgical bodies‘have moderate to. high
absbrption characteristics at thé highgr frequencies. Also, there is a
re?ersal in.fhe powér absorption characteristicé of the different iﬁgident'
‘waves between.tﬁe lower and higher frequencies. At lower frequencieé, a quasi-
static analysis based on the 5oundéry conditions at the surface and eddy—éur—n
rent considerations has %hown thatjthe E incident wave is strongly.coupled’
into the spheroid, with progressively weaker toupling'by the K and H incideﬁt
.'waves_[Durnez et al., 1975]; In thelhigh-freqUeﬁcy geometrical oﬁtids limit,
the felafive coupling can be analyzed from a_surface reflectidn'coefficient
standpoint. .The E incideﬁt.wévé has an electric field component which is
generally éerpendicular to the incident plane ofrthe subareas while the H
incidént_ﬁave»has an‘electric field component which is generally parallel to.

the incident plane. The reflection coefficient for perpendicular electric

field components is greater [Meyer—Arendt, 1972], thereby giving less trans-

ﬁitted poweF for fhe E wave than the H wave. The K incident &ave impiﬁges on

ﬁpst of the subareas at incident angles close to ninety degreeé; and therefore

most of thé incident wave isAréflectea giving lowef absorption. AThis reversal

“of poﬁer absorption characteristiéé at'the higher frequencies has been con-

" firmed experimentally [Gandhi et al., 1977]. Furtherﬁore, these'fesults

indicate that the decline in cdmpiex dielectric with frequency'pfoducesllower
. . .

surface reflection coefficients and subsequently greater absorption at the

frequency increases. Massoudi, et al. [1977], also encountered this in
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impiementing his infinite cylinder model. ,Hisvresults are withiﬁ 4 percent
of the reSulfs in Fig. 5 for E and H polarizations. .

High frequency célculations have been made using planar modeis to see
how ﬁell they compare to these'geometricai optics resulﬁs. _It'was found that
the results using a planar mddel are too large, with some being more than 100‘
perceﬁt too large as compared to the prolatevspheroidal model. The reason
for this discrepancy is that the planaf model does not take into considera-
.tion the sharp décrease in transmiFted.power which occurs‘when the local angie .

of incidence is not normal to the surface,

CONCLUSIONS

A method has been outlined, which is based on geometfiéal optics, thgt
enables calculafibn.of the power absorption characteristics of prolate’
séheroidal'models'of biological bodies at the high end of the frequency
spectruﬁ. ‘Thé primary use of these results is'that they provide-asympfotes
to which previously_calculated loﬁ—frequency results can be connected. The
fechnique has been validity tested through comparison of calcuiatiéns for
sphereé from the Mie theory.

Calculations for a prolate spheroidal model of man using tﬁe b dimen—
sion of the spheroid as the limiting radius”of curvature have permitte& cal-
culations down to 6 GHz for the man model. These results are e#pected to be
accurate within 20 percent. The results from this prolate spheroidal modél
indicate that (1) the maximum power is deposited by the H incident wave; with
decreasing absdrption due to E and K waves, a reversal of thé behavior seen

at lower frequencies, (2) due to the decrease in permittivity with increasing
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frequency, which effectively results in a better impedance match between the
model and surrounding free space, biblogical bodies experience inéreasing

absorbtion as the frequency increases, and (3) the use of simple planar

" models is inadequate in calculating the absorption characteristics of biologi-

cal bbdieé.
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FIGURE CAPTIONS

Orientation of the prolate sphéroid and an individual subarea with
respect to the incideat wave.

Valid frequency (10 percent convergence criteria) versus radius of

spherical muscle model. The dashed line of constant ka is for

compariéon.

Convergence testing results for two different muscle spheres showing

the frequencies of 10 percent and 20 percent convergence;-

ka versus sphere radius for 10.percenf and 20 percent convergence criteria.
SAR in a 70-kg prolate spheroidal man model for an iﬁcidént power dénsify
of 1 mW/cmz. Height = 1.75 m, height/width = 6.34. Relaxing the con-
vergence criteria to 20 percent (based on the miniﬁum radius of cufvature

at the equator) permits calculations down to 6 GHz.
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