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Fig- §. Local SAK values W kg per mW anox 100 for

inhomogeneous model ol mdn sanding on 8 ground plane at
10 MHz,

cies. Above a frequency of about 200 MHz, part- and
whole-body SAR values show little dependence on the
presence of a ground plage,
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All caleuiations of reflector sfieets have asiarmed il @
mai is staading in fron: 0¥ 3 reflector tBal bs perfecily Lon
ducing and aUinie in exenr. The invidem ield s vertcally
polarized with k directed irom he ventrai 1o tne dorsal
aspest of the man. One image is required for 4 Oat rellectar
and three are needed for a 90* corner rettector.

The enhancement of SAR due (o reflector effecty i
approximately the same as the ratio of effective ares of 2
half-wave dipole with a reflector (o that of an isolated
dipole in free space (Gondhi er al., 19721). Antenna theoes
has been used to perform vumerical calculations made tor
e modef of man. Standard procedures have veen used far
computation of the required values of mutual impedance of
dipoles [Baker and LaGrone, 19621,

Figures 9-12 show the enhancement of energy absorpuion
as calculated for the modet of man with reflector ctfect:
and the corresponding gain-cohancement factors catenloted
for thin dipoles from anrcnnd theory. Vilues of enhonce:
ment for the whole-body average SAR ha.c been used 10
preparing Figures 9.12, but the curves for purt-body energy
absorption are nearly idenncal, which inaicates that the
divtribution of energy through the modi s altnost indepen-
deme ot the pressace of 4 retiector. Experimental values 0
Figures 9-12 are for models of man and were reported
carlier {Gandhi et al,, 1977b).

Figures 9 and [0 show the varianon of cnhancement or
cnergy absorption as a function of spauing lrom a reflecuss
at the free-space resonant bregqueney af 7T MHz. In Figure ¥
the numerical values fur the model of man are markeds
below the cutve for thin dipoles st siall vadues of wepard
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Fig. 7 Part-body SARs for a homogeneous model of man on a ground plane; Eli.. k ventral to dorsal,
incident power density of | mW cm-t.

lion. Antenna theory requires that the gain %€ small when
the spacing is not much greater than the thickness of the
dipole, but such variation is missed in the thin dipole
approximation.

Figures 11 and |2 show the variation of enhancement of
energy absorplion as a fumction of frequency for fixed
ratios of spacing to wavelength. The antenna-thcory
calculations were made for a thin dipole with a length of
1.75 meters, which is identical to the height of the model.
Figures 11 and i2 show that the reflector effects are found
aver & wide range of frequencies. Values for the model of
man have a pronounced roll-off at higher frequencies,
which is not seen in calculations for the thin dipoles. In
Figures 11 and 12 it can be seen that the rate of roll-off of
the SAR at high frequencies is consistent with experimental
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Fig. 8. Whole-body SARs for homogeneous mode! of man; E|i.. k
ventral to dorsal, incident power density of | mW cm ™.

results thar are obtzined from models of man. Antennn
theory requites that the gain decrease al higher frequencies
when the effective area of the dipole images is blocked by
the physical cross seccion of the dipole, but such variation is
missed in the thin-dipole approximation.

All gain calculations have been based on zero-order
antenna theory; that is, they have ao correction for non-
sinusoidal current distributions.  Significant first- and
second-order corrections are required when the anicnnae
are not very thin and the half-length is much different from
A4 [King, 1956]. The sizable lateral extent of the model of
man is thought 10 be responsible for the difference between
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Fig. 9. Variation of gain enhancement with spacing for & half-wave

dipole in front of a flat reflector. Squares represent numerical

solutions for enhancement of SARs in man &t 77 MHz (L/) =

0.45). Solid circles represent experimental values for anatomically
scaled figurines at L/A = 0.417,
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Fig. 10. Variation of gain enhancement with spacing for a half-

wave dipale in (ronrt of a %* corner reflector. Squares represent

numerical solutions for enhancement of the SAR in man at 77
i MHz(L/) = 0.45). Solid circles represeat experithental vajues {or
i anatomically scaled {1gurines at LA = 0.417,

numerical sotutions and antenna theory at low frequencics
in Figure 12.

The numerical solutiony indicate that for frequencies
near resonance, the enhatcement in SAR due to a reflector
is approximately equal to ihe enhancement in gain of a
i half-wave dipole with the same reflector cenfiguration. Ex-

perimental studies on models of man have also shown that
l the enhancement of SAR is equal to the enhancement in
gain of a dipole, but the gain must be caiculated for the
finite expenimental reflector rather than for an infinite
| reflector having the same dihedral angle. For certain com-

binattons of length and width of the reflecting sheets, a
finite corner reflector may exhibit supergain .- a gain
significantly greater than that for infinite reflecung planes
{Cotiuny and Wilson, 1958; Schelkuno/f and Friis, 1952).
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Fig. 11. Variation of gain enhancement with frequency for a
1.75-meter dipoie 0.73 A from a MNat reflector. Squares tepresent
. numerical solutions for enhancement of SARSs in man. Solid circles
represent experimental values for anatomically scaled figurines.
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Fig. 12. Variation of gain enhancement with frequency for a

1.78-meter dipole 1.5 \ from a 90° corner reflector. Squares repre-

sent numernical solutions for enhancement of SARs in man. Solid

citcles represent experimental -alues for anatomically scaled
figurines.

Examples of the effect of such supergain combinations are
seen in the experimental values in Figures 10-12.

Figures 13 and 14 were copicd from an experimental
study of Ginite-size corner retlectory (Cattany and Wilson,
1958]. {n both figures the angle of the aperture was ad-
justed for maximum gsin at a particular distancs of the
dipole from the reflector. For reflector lengths greater than
about 0.5 X (Figute 13), the aperture angle is 90° and
distance of the dipole from the reflectoris 1.5 A. For reflec-
tor lengths greater than 1.0 ) (Figure 14), the aperture angle
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Fig. 13. Contours of constant gain for a corner-retlector antenna

with the dipole in :hird position ot various reflectar sizes. For

lengths greater than — 0.5 &, the aperture angle is 90* and 1he

distance of the dipole from the reflector is 1.5 A [Cotiany and
Wilson, 1958].
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object to intercept or “pull in"’ considerably mare of
tha energy incident upon it relativa to tne opuical case.

The tarms ‘'scatiering coefficient” and "absorotion
coefficient.” referring to messures of the efficiency
with which an object scatters and absorbs energy. are
definad as the rata of the scartering to opticai cross
sections and the absorption 10 optical cross sections,
respectively. Of the two basic measures of \nteraction.
the absorption coefficient 18 consigerably more
prominent in the interaction of EM waves with
bioiogical bodies. Potenniaily adverse bioiogical effects
are related to the energy that the body 1s absorbing.
not 10 what is scattered. Because absorption raie 1s
reiated to internal field strength. it is conceivable that
a biologicd} effect couid be related to the field strength
within: the tissue. For this reason. most of the
remaining material 1n thug section deails only with the
absorptive aspect of the intgraction pheanomenon.

Some measurements have been made of the
scatisred fields that surround both human subjects
and lile-gize phantom modeils exposed to incrdent
microwave fields (Reno 1974). Although this work
illustrates well the complex scatterad fields
surrounding the irraciated subject (see Figure 3-4),
no attempts have yet been made to reiate the field
patterns to what the subject 1s absorbing. Although it
is theoretically possible 1o determine tha energy
being absorbed and the internal distribution from
measuremants of the distribution of externally
scattered : fialds, in practice this determination
remains a difficult task and has nat yet been
attempted. interest in this ares is growing, as
evidencead: by a recent symposium (IEEE 1980) that
addressed methods of obtaining high-resoiution
images af the internal disiectric structure of a
biclogical target. The methods are besed on
techniques of probing the scattered fielos creatsd
when the target is irradiated by an RF field. The scope
for tuture work in this ares sppears isrge, particularly
in diagnostic applications.

3.2.1.1 Factors Atfecting the Absorption of RF
Energy by an irradisted Subject

Tha greater the efficiency of EM snergy coupling into
a biologicat subject. the grester the overaill whole-
body absorption. The factors that influence the
degres of absorptive coupling are listed below and
- will be discussaed in turn:

a. Dielectric composition of subject

b. Object size reiative 10 waveiength of incident field

<. Shape.or geometry of subject and its orientation
with raspect to polarization of incident field

d. Compiexity of incident radiation

a

. Qielectric composition of subject—As mentioned
previcusly, absorptive coupling to thg irradiatad

3-8

Figure 3-S5 Dislectric data for tissuss in AF range 0.01to 10
QH2, a: perrmintivity, b: conduetivity.
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subject can ke place only if the sublect is
compasad of dissipative dislectrics of finite
conductivity vaiue. The dislectric properties of aii
biologics! tissues fail into this category. primarily
bacauses their major constituent is water (average
of 70 to 80 perceni by mass). which contains
electrically poiarizable or dipolar molecules ss
well as free ions. The basic machanism of
dissipation of incident RF energy within these
tissues is that 1) the iree rotations induced inthe
dipolar water malecules by the externally




Figure 3-6. lilustration uf object size vs. wavalength
depandsnce. (Object 13 compossda of tissus-tike

dispersve dislectnc.)
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Poor penerrston

impressed slectric fieid are demped out by
cellisions with surrounding molecules. and 2)
conduction currents are induced within the tissue
medium beamme of the pressnce of tree ions.
These ph j are discussed extensively in
Sec. 3.2.m:nisms of RF interaction wrth
Biological .

Over the past 40 vears, many massurements have
been made of the distectric proparties of biclagical
tissues. Thesa dsta have been collected in the
Radiofrequency Radistion Dosimetry Handbook
{Ourney ar a/. 1978, Tabies 9 ang 10), as well ag ina
more recent paper by Stuchiy and Stuehiy(1980). The
disisciric proparties of biological issues gepend to a
considgrasble extent an the water content of the
tissue: i.@.. issues of high water content (blood, skin,
muscle, brain, etc.) exhibit mueh higher parmittivity
icf. Sec. 3.2.4.1) and conductivity values than do

tssues of iow water conlent (fal. bone. etc.). As.a
resylt. most incident RF energy tends to pass through
the fattv surtace tissues of the gody and be deposited
' the geeper ussues such as muscle and bran.
Figure 3-5 iilustrates some dielectric data for various
types of issues in the RF range 0.01 to 10 GHz. Note
tnat the dielectric properties of tissue are not
constant, but change with freguency. This s 3n
exampie of what is tarmed a disoarsive dislectric. For
tne case of Diological tissues, the dispersive
characteristic above 1 GHz i1s created by the Dabye
reiaxstion phenomenon in water motecules(discussed
furtner in Sec. 3.2.4, Mechanisms of RF Interaction
with Biological Systems). in part(b) of Figure 3-5, 1113
apparent that conductivity increases by aimost an
order of magnitude for all ussues in the frequency
range from 1 to 10 GHz. Because of this fundamenta!
dielectric property of tissue. microwaves in the
frequency range above about 5 GHz become strongly
attenuated in the increasingly lossy tissue medium.
Consequently, microwave anergy of such frequencies
cannot penetrate deeply into body tissues and s
deposited near the body surface. As a result of thesr
poor pen@tration capabiity, microwaves in the
centimatric wavelength region (<6 cm approximately)
are iess capable of inflicting potential damage on
internal tissue than are those of longer wavelength (=
10 em).

b. Object size reiative 10 wavelength of incident
teld—The second major factor on which energy
absorption depends 15 the size of the irradiated
object relative to the wavelength of the incident
radistion. Figure 3-€ illustrates that when the
wavelength is much greater than the object size
(ses case A at top of figure) the absorptive
couphng is inefficient and little energy s
deposited in the object. For this case. calied the
“subresonant’’ condition, valuas of tha sbsorption
costficient lie in the range O to O.5. Case 8
illustrates the resonant case, which ocours when
the wavelength and object dimensions are
comparable. For this case., the absorptive
efficiency is markedly improved sa that signifi-
cantly more RF energy is couplad into the object
and creates much greater gepasition. Absarption
coefficient values in the rangs 1.5 10 4 are
obtained under resonant conditiona. Furthermore,
the incident energy penstrates into the object and
is deposited internally in a characreristically
nonuniform manner, with localized regions of
enhancad energy depasition {'EM hot spots”) at
of near the abject's center. These sffects are
discussed further in tater sactions of thig
document. in cage C shown at the bottom of Figure
3-8, the wavelength s much shorter than the:
object size. This represants the quasi-opticai case..
where the absorptive afficiency is siriiarto thatat
optical waveiengths. The absorption coefficient

3-89
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oriented parallel to the major or loang axug of the
Irradiated subject le.g.. a verucsily nolarizen fieig
that 15 incident on a standing nyman subjsect),
then the suoject aDSorbs 35 much ag 10 umes
mare energy at resonance than if theelectric-tield
vector 15 oriented paralel 1o either of the two

frequency From Figure 3.7, IS evident thap
when the alectric-field Vector is orrented paraliel
'o the iong axis Gf the Prolate spheriod (slectric-
fietd polarization Case). the absorption curve has a
Sharp peak at the resongnt frequancy of ~ 80
MH2. For the gther ofriantanons (M. and k.
potarization cases) it IS apparent that the
absorption peak € much broader and occurs at
somewnhat higher frequencisg Furthermore, the
resonant absorptior values for the H and k cases
are considerably lower than that tor the E
polarization case. These basic differenced in
absarption values hold trye in both the subresbn.-
ant and resonant regions. but not iIn the above.
resnnant (or quae: apuieat) r49105, whivt gy ybsorp.
tan in the €- and M- polarization cases is
approximately the same.
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approaches 0.5 under these conditions, which
Gives intermediate sbsorption values thar tall
between those achieved with the conditions of
cvaneb A and B. Capw £ i3 #is0 characrerized by the
inability of tha incident endrgy to penetrste much
beyond the surface of the object (note the

dielectric tactor , sarlier), consequently,
the energy cousigl into the object under thess
congditions is oo to the object surface.

- Geometry and enlemtetion of subject—The thiro

factar on which energy absorption depends is the
shape of the object and its orientation with respect
to the electric-field vector of the incident field.
Most biological subjects used in studying the
biolagicat effacts of RF radistion have a charar-
teristic shape that is significantly elongeted aiong
one ‘axis (similarly to humans). Although this
observation may sppear to be simplistic. it is of
congiderable significance in the discussion of the
interaction of RF waves with such objects. When
the electric-field vactor of the incident radistion is

3-10

ariented paraliel to the major or long axis of the
irradiated subject (e.g.. a vertcally polenized field

that is incident on a standing ‘human subject).
trem the subject abserbec ag much ag 10 tmes
more energy at resonance than if the electric-field

voLIu! e wr et iiud  purwble) Lo wil v ~f tlam @aia

s.ar Cimaes U ) apawe aaracniion
charasterioties of 0 prolato cpharoid model of an

sverage muman. The ordinate represents the

whole.bady-averaged sperific ahsnrplion rate
(Smn, are de. 3.2 2. N Duaaiad g Bulinntivne, for

gigcussion of units), and the abscissa reprasants
frequency From Figure 3-7, it is awident that
whan the sipctric-fipte vartnr 16 arianted parallel

10 e tong axis of the prolace splieiv) (vl
fieid polarization caye), the dbsurpuun Lurve hav o

sharp peak at the resonant frequency of ~ BO
WIS, Ul g VNI UiHioniiauwiiie (11° aliv w-
polarization cases), it is apparent that the
apsorplion peax 15 mucn oroader amd oscwrs at
somewhat higher frequencies. Furthermore, the
resonant ansorplion vaiues for the M and K Cases
ars cangiderahly lower than that for the B
polarization case. Thuue bosiv Jitlwrenues in
absorption values hold true in both the subresbn-
ant and resonant regions, but not in the above-

resonant (or guasi-optical) region, where absorp-
tion in the B and kM polavization cagee ie

approximately the same.

d. Complexity of incidant radistion—Thae fourth and
final factar on which RF-anargy absorption
deperds nwvulves e cumplearly of the et
radiation. Up to this point, most of the discussions
of AF coupling in biological targets have assurmed
the simplest form of free-fisld exposure, which
involves a unipath plane wave emanating from a
diztant xource and incident on 8 pubject
suspanded im spase. (Coe Cos 3.1 fen definigiam oé
plane wave.) Virtually all the RF-radiation
prataction guides and standards in use throughout
the world are based on this rather idealized
assumprlon. Purthermore, most of the blologlcal
experimentation involving free-fiald exposures in
anschoic chambars attempts to simulste this
idealized concept. Mowever, real-worid, actual
exposure conditions are far more complex.

One complicating circumstance arises in the near
fiald. It is readily apparent that the mast intense target
exposure with the resuiting greatest potentisi for
injury would occur ciose 10 the RF<radiation source.
However, in this near fieid. the plane-wavs

" asgsumptions thaet are true for the far field of the

SOuree’'s radiating antenna no tonger hoid. As
discussed in -Sec. 3.1, the near heid is charecterized

by complex EM field properties: the E and H fieids are
no longer in space quadrawure (E and H vectors
separatad by 90°), and the value of the E/H ratio
{termed the wave impedancae) differs graatly from the
constant vaiue 377 () that characterizes the far field.

e —— o A—



In tha near field, the power density concept is
. meaningless in its usual sense. For an object placed
~in the near field of an antenna the interaction is

exceedingly compiex because avery type of antenna

possesses near-field characteristics that are unique
i L%cwo%e}:vé\nﬁm%folw M Hear-Held exposUTes must be

‘individuatly anaiyzed and characterized. Although it
‘18 possible to predict the spatial field distribution in
‘the near field aof an antenna. this distribution cannot
.be used as 2 basis for predicting the absorptive
-propertias of an ghjectplaced in this firlddhacause tho
‘object will substantially alter that fieid distribution, as
‘well as aiter the radiating charateristics of the
‘ARtANNA itaelf When an.nhjart ig placad in the Aas.

fiwhd, 14 mipuridiag Wit (RS BEZIE i aneon hiu wbhiicl

Yokl miilwi 1 1gR 41 9 WErAnan e Aeent tancfar of
B AnArgl fnase aenwas s € Uil 4, wlduws b v

‘near field 1ends 10 I0AC the BNTANNA ranaritively,
‘which creates an impedance mismaich if the gntanna
was originally well matched to free space. Ag a rasult,
ihe antenna refincts some of the trangmitter enargy
output back to the saurce. In general, for an antenna
Urgy radidive wall ln froin space, Tne clguer the aRjnot in
to ths anrenna, the givilur is the mismatch

EPRAIL AL UL SRR U SRoRabIe to
conciude that whole-body-averaged SAR values in
o v iged WJw 1104 WIRELHY REGHAN TNO3@ BXIBUING I
the heginving ul the fur fiuld. sithougm tharg Yy be
cuygione within tno 0Bjoat ot high anergy Jepnalion.

The limited data sveileble trom EM models involving
nuus fluid BHPSBUPE (348 Uwuw. ¥.2.U) awmn w conirm

this conclusion.

A coooneary aspsat 8¢ ARR-Neld capuauw ey tuvaivas
the unwanted exposure to leakage fields emanotilm
hwn AR yyyiues. UGN 38 MICTOWAVE Ovens, Kk he
sealers, and disthermy units, which are not intendad
1o radinte snergy beyond their immaediate surroundings.
Such leakage fields are complex, and exposure
invariably takes place in the near zone of the laskage
source. Neverthelass, the limited data availsble from
near-fisld exposures of EM modeis 10 leakage fieids
seem to shaw that whole-body-aversged SAR vaiues
are jower then might otherwiss be axpected because
of the leakage-source and near-field interacrion
effacts. :

Another aspect of real-workd sxposures is the so-
called muitipath problem. People usuaily stand on
the ground and ere not suspended in space s in the
idealized exposure concept. furthermore, they
frequently stand close to buildings or to other
reflective surfaces. This situation c¢rgates the
multipath problem. in which a subject is expossd to
scattered as well as to direct energy. Some of the
effects are illustrated in Figure 3-8, which shows that
thare is a considerable enhancement in energy
absorption occurring for various multipath conditions.

These effects have been illustrated by means iof the
prolate-spheroid representation of a 70-kg man, T¢
compute the S5AR of man for the nanrespnant
con‘dmon. the optical cross-sections! area of the
prolate spheroid is first il :
spheroid is first muluglwd b'y'dm JWTs'

e e, (R W . G g, M e MG LN IS ) Y

divided by 70 kg 1o give an SAR of 0.54 W./kg: Nate
that when the madae! is 1n contact with 8 condicting
ground piane, there is a doubling of the resonam
whole-body energy ebsorption compared to thar of
fres-space (Case 1l vs. Case |). Furthermore, it the
madol i standuwy a1 8 aistance in from of the
roﬂvoctmg piane that corresponds te an sighth of the
incident wavelength (Case V.- 0.1251) therg is #
18 duwld ntaase 10 anearption relative tn thar af fipy
¥Ouca. Buin ."'“n vi'lu.c AWy $re rgoorond whﬁz"\ Ve
madal is pldved ey g LTI P' ing wmnp A A rornne
trmeenL Ul WL HEGG Y 8d VI, g eNNBNCAT abpsorption
IS 3 rovult et tha reflecio: prosucing on enmanced fiekd
Sirenpith at the pocition af the ob)evi wid nor gue to
interaction between object and reflector. ;

In addition to these multipath effects, onhancez ey

of unmegy BBLG: plivii uun annir Deceuse nf prrEmiy
nilacts tnat are croatan whan lwo or mare subjects are

TN Yo R ALY b T
separation of 0.65A, a $0-percent snhancement in
sheorption gan cwa:  Quupiing N1 HE aNOPGY N0
biological ayntama i3 divcucoad Jurtmar . U
KRodialraniivie v Rudintion Vosimatry Heodbovk
{Durnay ¢ a/. 1978, pp. 27-40).

3.2.2 R¥ Dasimetry Delinitions :
Dosimewy i§ the maasurament or estiyation df RF

enargy or power dapasition in an irrediated subiject.
in¢luding the intarnal Aistritiitian nf that dnpnrisas
energy. In recent years. thé termirology describing
dosimetric assessment hag been evolving. Prior tw the
mid-seventies mMost investigators used terminglogy
that appears to have been conveniemly borrowed
from the ionizing-radiation fisid and that emploved
the same cumulative dosage concept (Youmans: and
Ho 1976; Justesen 1876). Many investigators: felt
that this terminology was inappropriate for use with
nonionizing or RF radiation bacause energy absorption
in this case is not considered a cumuidtive
phenomenon in a8 way that has bsen accepted tfor
ionizing radiation {Susskind 1975; Guy 1975).
Conssquently, a new terminology was proposed that
did not use the word ‘‘dose.’’ The now widely
acceptad term “‘spacific sbsorption rate” (SAR) was
first reported in the litersture by Johnson {1875);
however, the term evolved from: joint discussion by
membars of Scientific Committee 38 of the National
Council on Radiation Protemion and Measurament
{NCRP). (This meeting, chaired by George Wilkering,
took place at the Batteile Research Center in Seattie,
Washington, on June 23, 1975, with members Frank
Barnes, Curtis Johnson. Arthur Guy, Charies
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Figure 3-8. Absorption dependance on varicus ground and multipsth factors {Gandhi et 2/ 1977). Note that thase dats are bassd on
: oxpenmentsl messuremenis.

Rate of Whale-Borty Absorption (WBA} in Wattg for &
Protete Spheroid Madel of Man (weight = 70 kg, heght = 1. 76 m) st 10 mw/emi

WBA SAR WEBA SAR
Nonresonant conditions Case [v. At resonances tor placement in a 90° corner refiecror
wBW D.54 W/ikg
~ {no reflectance)

, 1aw 0.27 W/
- (50% refisctance)

Cosel.  Atresonance for fres apace.

d=1.8A
27x 151 = 4077 W 88.28 W/kg
f = 83-68 MH;
'
"t
181w 218 W/kg Case V. At rasongnce in ¢lectrical contact with '
f = §2.88 MMy ground pisne, in front of a fist reflector.
, —] d f—
Casa ). At resonance for conditions of siectricsl
contact with the ground piene.
a=0125 A
2x710= 1420 W 0.20 Wy
= 31-34 MMz
2215V =302 W 431 W/ig
t= 31-34 MMz
Case Hi. At resonance for plecemaen in fram Case VI. Atrasonsnceineiectricst contact with
of & tigt refietior, ground plans in 4 80° corner retieotor.

£ 1

d=0128A __.4"‘_

47x 18t = TI0OW 10.14 W/kg =184
' f = 62-08 Mrz

aan o

2x 4077 = B8184 W 1168.48 W-kg
t=31.34 Mz




Susskind. Saul Rosenthal, Karl lflinger. and Ronald
Bowman sttending. The committee members agreed
14 publicize the naw term as much as possibleintherr
pubiications to promate wide accaptance. Membars
Johnson. Susskind, and Guy published comments
concerning SAR 1n 1975.) NCRP (1981) has tormaliy
racommended adoption of the term SAR in RF
dosimetry. NCRP has also endorsad use of the term
“specific absorption’” {SA} for the absorbgq energy
pér unit mass (referred 1o earlier a$ 'dose’’}.

Table 3-2 lists the various RF dosimevic guantties in
general use, together with theis definitions and units.
Although the terms (paruicularly SA and SAR) for
some of these guantities have now gainad widespread
acceptance, other terms, particularly deating with the
volume-normalized power or energy absorption, have
only recently been proposed and have not yet gained

wide acceptance.

The mass-normalized and votume-normalized
absarption rates are directly ralated through the
localized or whole-body-averaged tissue mass
density p. that is, absorption-rate density, ARD =
PIBAR), where pisin kilograms per cubic meter. Most
bidlagical tissues are composed largely of water, so
that it I1s reasonable to assume & unity tissue density
value. Inthis case, the two quantities are numerically
eguivaient. This approach has been adopted by many
investigators engaged in predictive EM modeiing (see
Sac. 3.2.3, Analytical and Numerical RF-Electro-
magnatic interaction Models), where the model is
composed of some homogeneous tissue with average
physical and dislectric characteristics that are
reprasentative of the various 1issuss of the bodybeaing
modaiad. For example, all the SAR dats given in the
familiar Radiofrequency Radiation Dosimetry Hand-
book were derived this way: the assumption of a unity
average tissue density is specifically stated (Durney
e1'a/. 1878).

A subset of two additional values exists far both the
mass-normalited and volume-normatized quantities
listed in Table 3-2: (a} the whole-body-averaged
velue, which regresents the overs!l absorption or
abgorption rate’'@Rided by the total mass or voiume of
the subject; amgh (0 the localized value, which
degcribes the slsorption or ghsorption rate in an
incremantally srnefl mass or voiume at some givan
point within the subject. The localized ARD is
mathematically defined by the expression oE2, where
0 is the local tissue conductivity and E represents the
root-mean-square value of local intarnal E-field
strength.

So ‘far, there has been no discusgion of radiant
exposure rate assessment, i.e., measurements of the
incident field strength or power density. Some
workers unfortunately continue to include such
assassment under the general heading of “dosim-

atry —incorrectiy, because the exposure rate 1S not
an assessment of dose evan though the 1wo may:be
related. The correct termenolagy for incident pawes-
densily assessmant is "densitometry,” which should
not pbe confounded with dosimetry. Experimenal
methods used n densitometry are discussed in Sec
3.3.3, Densitometric instrumentation. The various
experimental techmgues that have been developed
for whole-body, as well as localized ar regiopal
dosimetry, are discussed in detail in Sec. 34,
Experimental Methods.

3.2.3 Analytical and Numerical RF-
Electramagnetic interaction Models

Much of the discussion concerning the qualitative
nature of EM interaction with biological targets
contained in Sec. 3.2.1 is based on data derived from
mathematical EM modeis in conjunction with hmitea
aexperimental confirmatian. Predictive physi¢al
modeling, used extansively in this research area:oy
many workers during the past 25 years, has
contributed significantly toward an mproved
understanding of the nature of EM fieid intorqctia_'ns
with biociogical subjects and their sbsarprion
characteristics. In these modeis an object of
simplified geometry, composed of dissipative
dielacinic materiais that ciogely simulate the spatialiy
averpged electrical properties of biological tissues.
is irradisted by some form of noncomplex incident
field such as a unipath plane wave. Solutions to the
problem setup in the mode! can then be derived by
several well-esiablished analytical and numeniéal
tachniques. Actual computations are performad on
high-speed digital computers. and the outputs
represent whole-body-aversged and localized ARD,
sbsorption cross sections, and absorption coefficients.

Hesides the improved understanding of the EM
interaction process aiready mentianed, modeling has
proved to be important for two furthar basic reasons
First, mathematical modeting and experimenial
measurements on scsled-down doll and figurine
phantoms have so far provided us with the oaly
practical method of gaining gualitative and quantita-
tive insight into the absorption characteristics of the
human body under various conditions of irradiatign.
Any attempt to make absorption measurements on
actus! human subjects hes so far proven impractiGal
bacause of technical difficuitias, high casts. and
sthicai considerations. Reasonably accurate quantita-
tive deta on human-absorption characteristics aze
necessary to determine the objactive exposure limits
for RF radiation. The reasons are discussad below.

The 1974 ANSi-recommended protection guide
(ANSI 1974) is based on an aliowable exogenous heat
load due to RF-energy absorption and conversion that
cannot gxceed the basic metabalic rate (BMR) in an
adult man (~ 70 1o 100 W). For a 50th percentile
standard-size man weighing 70 kg, this load
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Deposition of electromagnetic energy in animals and in models of man with and without grounding and
reflector effects
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Generalized curves are given for rates of whole-body absorption of ¢leclromugnetic encigy by
models of human beings as a function of frequency. Exposures were made in {ree space, or when the
model made electrical contact with the ground. The effects of the presence of refiecting surfsces also
weje analyzed. Peaks of absorption with and withoul a ground, are projected, respectively. (o be
(3110 34 MHz) and (62 10 68 MHz) X (1.75/height of model in meters). Rates of om:P' depo_smog
are given for models of man and for animals subjected to radiation at a power deasity of 10 mW/em
fo: the various conditions of exposurc, At resonance. vaiues of whole-bodyv absorption ss high ds
4077 to 8,154 watts for the adult human being are predicted. The times-tocanvulsion of ~ 100-p
1ats a1 power densities of 3 10 20 mW/em? confyrmed nredictions of extremely high rates of absorp-

tion in the presence of reflecting surfaces,

- 1. INTRODUCTION

We have previously reporied on the observation of a
strong resonance in the whole-body absorption of elec-
tromagnetic waves by biological bodies ;Gmdhi, 1974,
1975). For plaie-wave nradiation in free space, the
highest rate of energy deposition occurs in fields that are
polerized along . the longes: dimension of the body
(B{1L) and for frequencies such that the major length
(L) is approximdtely 0.36 to 0.40 times the free-space
wavelength (\) of radiation. Peaks of whole-body ab-
sorption for two other configurations (major length
oriented slong the direction of wave propagation or
along the vector of the magnetic field) were also re-
ported (Gandhi, 1974, 1975] Tor L/X on the order of
L/dnb where 2nd is the weighted averaged circumfarence
of the animals. -

A handicap of past measurements has been that com-
meecially svailable dolls that have hern used 33 molds
tor are not properly proportioned. Using case-
fully sculptured, accurately scaled figurines {Dreyfuss,
19671, measurements have now been extended to caver
the region 0.2 < L/\ < 3.3. Specific absorption rates
(SARs) are giveri in this paper under three configura-
tions in free space for the frequency range 0.5 1o 8.7
times the E{{L resonance frequency f,, which, for
man, is 65 X (1.75/length in meters) MHz. From these
resubts, aintenna theory 15 used 16 devglop an emphical .
equation for the SAR, for the E{{L orientation of
models, st resonant angd supraresonant {requencios. A
coniparison with the lethality data of Schror and

19

Hawkins [1975}) confirms the validity of the equation
for rats and mice of differing sizes.

Results gre also presented for a simulaled human being
with its feet in electrical contact with the ground. In
such an exposure, a resonant frequency one-half as high
with a peak absorption twice thai of free-space irradie-
tion is observed,

Energy deposition rates are given for models of man
and for sninsals that were exposed to radiation st power
densities of 10 mW/cm® under various conditions of
exposure.

2. ELECTROMAGNETIC ENERGY ABSORPTION IN
MAN IN FREE SPACE ‘

The procedure for obtaining the mass-normalized rate
of electromagnetic energy deﬂosition (SAR) through the
uee of reduced ol wuduly has bees detmled i caibles
publications [Gandhi, 1975; Gandhi er al., 1975). The
SAR in W/kg is calculated from the temperature rise,
oT,of 7.6, 10.2, 12.7, 15.2,20.3, 254, 33.0, and 40.6
cm high, saline-filled (0.9% NaCl) figurines from the
expression (4,180 AT X specific heat of the medium
in calories/g/"C)/irrsdistion time in seconds. The SARS
so calculated are divided by the model's scaling factor
(height of the human/length of the figunne) 10 ohtain
the value for a human being. At least three measure-
ments were faken to calculate the averaged SARs that
arr given in thic paper. Unlost stherwise staled, the
standard devidtion of the measurements is Jess than
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% 3%. The values obtained Wwith saline-filled figurines
NIBTE HNINT TEy BETEE W I ANFIAVE AV THE YRIMEY i

individual parts of the body for tissue-simulating
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aitiving at the whole.bedy abagrprion zurvea far man.
A o guvuise proueduiy e e ye o be vanled wue

is calorime!lric measurement of whole-body energy depo-
sbinan Growmd that apn Glled rglc! ?\Mﬁg‘iﬁlﬁ that dibh:
cate the differing conclucuve an ;e ecinc properties of
various lissues.

Curves for whole-body absorption by models of man
exposed to radialion in free space are given in Figures
1 and 7 Fnr rach nf the indirated nnlarizatinns the

orienation resulting in a raxjmum rate of cnc:ﬁ{
aEpusSILUN  Was  us \LanuRl €1 ai., 1%73). 11t

uricntations correspond 1o propagetion normal to the
sagittal plane - from arm to arm (rather than from front
to back) - for E|| L orientation; E normal to the sagittal
pinne {l atlies I.lhlll fivia Blusi o b.n.l-} fur b | 1iesslan
tion; and E normal to the sagtial plane for H|| f orien-
tation.

To date. the experimental data have been oblained to
87 timws U E|JL resvnant leyueniy which lies
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1. The relative absorption coefficient S. which is a
manstior af the sffisiamsy Al pmswpy nhrnrption:

Microwive avsorpuon
- ..810% seetion

S -
Physical cross
SRCHM Ot The hndy
(While Lod; eis vf‘-"--n‘.'// (Uiatd intemais,
ANAIAtIng in wart) 1

in wani/rm®

Physical crass section of the body in em?

2. The specific absorption rate {SAR) in W/kg.

2. The 3alk as compared w basad uwabollc 1ac
BMR). . ) ‘
ond SGuiI0e A5, SAR 10:PYRJosies Sos finuren, ]
kilocaluriea/hr iv assumed which conetpondc to 1.66
W/kg for 3 70-kg man. A higher metabolic rate (MR} of
1.66 to 1.96 Wikg is assumed to occur during normal
activity such as standing while relaxed, dressing and
undressing, eic.; use of any number in this range would
not appreciably alter the SAR/MR ratios shown in
Figures I and 2.

or the most highly absorbing El1L orientation. the
whole body absorption curve may be discussed in terms
of five regions of frequency:

Region ! - Frequencies well below resonance (L/A <
0.1.0.2). An f?.type dependence derived theoretically
and checked experimentally by Durney and coworkers
[Massoudi et 2L, 1975].

Region 2 -- Subresonant region (0.2 < L/A < 0.36).
An 2% 1a 13 dependence of rate of energy deposition
has been experimentally observed (or this region.

Region 3 - Resonant region (L/A = 0.36.04). A
relative absorption cross section S, on the order of

A U

0.665 L/2b (derivable also {rom antenna theory Gandhi
TU A 1T6 001 NAY NEON DI 0 V0 e winere
L is the major length of the body and 275 is its weighted
senasged  tissimisenn e Cor osw adudd o Uiy,
L = a4 K pn = AN Thes seispunds te SATL:
(nlmJ” Ty ™ I'I low v e jouonm demiluy of 10
mW/cm?. For a man of height 1.75 meters, the resonant

TASUENGY, 8. G PUAES AT K Jf 40 Miln bt 1

Region 4 ~ Supraresonant region. i.e., Lo frequencies
on the order of 1.8 §, ., times the resonant frequency f,
(for human beings this covers the region f, < /< 8 f1).
A whole-hady ahsorstinn rate seduging as (/71" fram

tic rexunant value has been observed.
megVI O e J J‘ l¢yUll. ing v Pﬂl‘l"‘lel snyinu

ssymptotically approach the “optical™ wvelue, which
is () - power reflection coefficient) or about 0.5,

In companng the graph of Figure 1 with thase of
1 sgu- .! (Ju-un lw Uu. aAmEIne a;ul».’, “u. lu"U—‘uu yvluu
are noteworthy: :

1. For frequencies (4-5) f, < f < (8.9) f,, there is
little distingtion betwecn averaped rates of energy
absorption for the various polarizations. For humans,

LI‘KJ P SIPVHUD O \EI'IUL’UEII\-] i l'lllbll ~ {1!‘.5"! [P1)

CnAry, T A R Y aen
and 550 MHz. '

2. Tha reconancer for ki1L and HItL orients.
taild dre At ey thip, Indeed, for the THITT siient

v, e JAR giadually tcaclion 4 poak valuc aud slays a.
that value at higher frequencies.

3. ENERGY DEFOSITION T3 AND MICE FOR
FREE SPACE IRRABIATIO |

Antrnnn theory and the nhsarvnd fronnnnay m»m{m
cnce Ul b shuwi b Figuse 1 huve Urea used Lo Jevelup

the following empirical equations for rats and mice and
for other animals that may be represented by an equiva-
lent prolate spheraid of dimensions L and 26 along the

majut wud subiu aacs, tcapeclively.

Resonant frequency f, = 11.4/L { 9]
8, es ™ D668 L /26 o)
whete v
l- R —i 1/2
= em !
Liz 0'724i_ mass of the animating | (,3)

For the supratesonant frequency region f, < f <
(1.8 5,..)/;, and at an incident power denslty of 10
mW/cm?,

5954 L

SAR in Wikg =/—'—

GHz Matsing “)

The equations have been used to generate the general-
ized curves for rats and mice (Figure Btundcz free-spacs
irradistion for the polarization (E||L) that produces
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the highest SAR. A crosssectional enhancement factor
Sies of 2.16 (given from equation (2) [also, Gandhi et
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Fig. 2. Whole-bady averuped SARs of saline-filied models of
hwman beings during micsowave irradiation in the frec field.
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W vector v nurmal 10 saplital plane, Continuous linc: best
fit with duta points where H-field vecior is paralle! with lonp
axis of model and Kdicld vecior iv noemal to spittal plane.
Legond: @ = human-shaped dolls a1 987 and 2450 Milz:
X = proportioned figurines at 2450 MHz; © = human-shaped
dolls at 987 xnd 2450 MHz; :"= proportioned figurines gt 2450

MHz,

al., 1975] for an aspect ratio L{2b = 3.25 equivalent
prolate spheroid) is assumed in the graphics of Figure 3.
Alve shnwn in the fipum are the values calculated fiom
tic lothelity data of Schror and Hawhins [1975]. In
caleulsting the EAN fram their data, it is asrumod that:
(3) an elevation of temperature of 7.4 °C resulls in a
canvitsinn, and (h) The AT oggurs in an adiabatic man-

o | b v sien i* syugh ja
ke oy el ol uns iugditien 1t Bph sneun te

heat from the animal's body.

Because: of the high power density (150 mW/em?) used
in the experiments by Schrot and Hawkins, the second
assumption may he quite justified. From inspection of
Figure 3, it can be seen that there is a good correlation
between empirical and experimental values.

4. WHOLE-BODY ABSORPTION BY MAN IN
ELECTRICAL CONTACT WITH THE GROUND

Whole-body absorption by a model of 3 human being
with feet in electrical cantact with the ground. is shown
in Figure 4. The results are projected from measurements
with 10.2,12.7, 15.2, and 20.3 cm, (height) saline-filled
figunines that were exposed to E}! L radiation at differ-
ent {requencies in the monopole-above-ground radiation
chamber [Gandhi, 1975}. This chamber, which uses a
radiator that is a quarier-wave shove ground, provides in
conjunction with figurines a proper simulation of
grounding effects on energy absorption. Comparing the
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Fig. 3. Theoretical projections (cantinuous lines) of wholc-body

SARs of mice pnd a3 of varying mass and axial length for

microwave irradiation in the free {icld. Data points are based on

experiments in the free ficld, or on iz7adiation in the monapele-
above-ground chamber.

sesults to those of free-space radiation, peak absorption
occurs at a frequency about one-half the value for the
ungrounded condition. The new resonant frequency ts
projected to be (31-34) X 1.75/L , MHz. At resonance,
the SAR is about twice that of irradiation in {ree space.

5. ENERGY DEPOSITION IN THE PRESENCE OF
FLAT REFLECTORS

Judging from the success of antenna theory in predicting
resonant frequencies and absorption cross seclions
of different bodies under grounded and ungrounded
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Fig. 4. Projected SARs for a humsn being of height L (in

meters) as a function of L/A Feet are in conductive contact

with ground. Sample size U\?“i;ushown in parentheses in body
4} Te.
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conditions, highly enhanced SARs are expected for
resonant bodies near flat (180°) reflectors and near %0
and other comer reflectors [Jasik, 1961]. Gains or én-
hancements of absarption that are associaled with hall-
wavelength dipoles in the presence of a typicaily en-
countered corner reflector are given in Figure 5. To
test the validity of antenna theory in predicting enhange-
ments of rates of energy absorptien, experiments were
performed with a nearsresonant (L/\ = 0.417) figunne
placed at different distances in front of a flat reflector
of dimensions 2.5 A X 2.5 A. The enhancement factors
refative to the free-space vaiue and corresponding
SARs are plotied in Figure 6. Also plotted in the figure
are the values of £ that would be expected for a
standing wave if the target were absent. By comparing
Figures 5 and 6, one may note that the degree of én-
hancement of the SAR is given more accurately by
antenna theory than by standing-wave theory. As pre.
dicted by antenna theory (Figure 5). a higher S3AR is
obsesved for d = 0.125 A than for 0.25 N because of
coupling of the target to its image. Also, 3 maximym
gain of 4.7 was observed experimentally . This vajue is in
excellent agreement with antenna theory and is 17%
higher than the value of 4.0 predicted on the basis. of
standing-wave theory. :
Additional points to note in Figure 6 ar¢: (a) Non-zero
encrgy deposition at d = (.5 A, which may be ascribed
10 absorption due to magnetic fields at this setling,
and (b) An enhancement factor of less than 4 at o =
0.75 X, which may be due to insufficiency of the reflec-
tor's dimensions. From antenna theory, a reflector with
a width larger than 4 d (in the H plane) is recommended
to simulate an infinite plane. “
The important features of the above results have been
confirmed by experiments that were performed with
100-g Wistar rats; the rats were placed at different loca-
tions in fron of the flat reflector and were subjected
incident fields at their resonance frequency of 98
MHz. The details and the results of these experiments
will be given slewhere [Gandhi and Humi, 1977].
The enhancement factor as a function of L/A was
measured (Figure 7) with different sizes of figurines at

987 and 2450 MHz. Because of the fairly broad lateral
18
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Fig. 5. Gain in rate of energy received by 4 hall-wavelength
antenna jocated 3t various distapces from 90 -comer and l% .
flst reflectors. :
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Fig. 6. The dats points are measured values of wholebody
averaped SARs of a model of a human bei% of hejght L (in

meiers) that is exposed near a Nat reflectos. The values of 2 in
the shsence qf the target are shown by the dashed line.

dimensions of the larger targets, a complete set of data
was postible only for d = 3 A/4, The points 1o note in
Figure 7 are: (3) The enhancement in SAR at frequen-
cles sbave resonance diminishes and asymptotically
approaches a value of about 2, (b) At frequencies below
resonance, a higher Eain in SARs from the corresponding
free space values (Figure 1) is observed, and (¢) For
d = 0125 A, a reduced enhancement factor is obsarved
for smaller targets, which is reminiscent of the standing-
wave point of view.

6. ENHANCED ABSORPTION CAUSED BY 90°
CORNERS OF REFLECTING SURFACES

Using the near-resonant (L/A = 0.417) saline-filled
figurine, energy dcposition rates were measured at
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Fip. 7. Enhanced SARs of a1 body ncaz a flat reflector as a func.
uon of the vody's length in retaton to wavelengih of Incldent
: radiation.
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different locations along the diagonal of the 90° corner
of several reflectors, sach of dimensions 3.5 A X 2 A (in
the E direction). The measured snhancement factors

relative to the free-space value and the corsesponding

SARs for man are plotted in Figure 8. Also shown for
comparison in the same figure are the values of £7 as
calculated from standing-wave theory (the kind of
vaiues that will be registered by a so-called power.
density meter that is calibrated for free-space measure-
ments). As with the flat reflector, the results here also
conform 10 predictions based on antenna theory (Figure
5). Enhancement factors as large as 27 sre observed. for
df\ = 1.5. Another poini of agreement with antenna
theary s a plateau in the enhancement factor at a value
of approximately 10.5 for d/A < 0.45. Reduced gains of
hot spots that are closer to the comer compsred 10
d = 1.5 X are predicted from antenns theory [Jastk,
1961] because or mutual-impedance effects.

A measured enhancement factor of 27 (Figure 8) in
the SAR is considerably larger than the value of 16 that
is predicted by standing-wave theory and is even higher
than the value of 20 that is given by antenna theory for
2 90° corner of a semi-infinite reflector. Gains higher
than those for semi-infinite reflectors have previously
been obsorved [Cotrony and Wilson, 1958) for corner-
reflector antennas of appropriate combinations of
width and length. It turns out that our reflecior’s dimen-
sions of 3.5 A X 2 A are, fortuitously, the result of ‘one
of the super-gain combinations. There are many other
combinations of width znd length [Cortony end Wiilson,
1958] that may also result in SARs.

To confirm predictions of highly enhanced SARs,
experiments were perforrned with male Wistar rats
(104 £ 8.3 ’) that were placed 0.44 X and 1.5 A from
the comer of the reflectors. The d = 0.44 A location was
the minimum distance to the corner possible with ‘the
relatively microwave-transparent rat holder (Figure 9)
that we used in our experiments. Also for thed = 0.44 )

exgeriments. Q0° comer reflectors, each of dimensions
3 X ¥ 3 X (zather than 3.5 A M 23 )), were uced. From

entenna tweury, reflectors of dirmeraions 2 J (~ 0.88 A)
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Fig. 9. Scmischematic drawing vl polycarbonate chamber thet
was used-in irradiution of young rats.

X 0.6 A would be quite adequate to simulate the semi-
infinite sheets that would ideally be needed for 90°
cornerss.

The mean times-to-convulsion together with the
standard deviations for four animals for power densities
of 3 to 20 mW/em? are shown in Figure 10. For
d = 044 ), the mean time-to-convulsion of 225 seconds
(for ~ 100-g animals) during irradiation at 15 mW/cm?
cortesponds to the average of 260 seconds that wes
obkerved by Schrot and Hawkins {1975] for free-space
irradiation at 150 mW/em?. It is apparent, therefore,
that the presence of a 90° comer reflecior causes an
enhancement in the SAR by a factor of almost 11 as
predicted from antenna theory [Jatik, 1961 . The rela-
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tive enhancements ai the two lacations may be com.
pared by noting that, at power densitics of 4.5 and- 6
mW/ecm? for ¢ = 1.5 A, times-to-convulsion correspond,
respectively, to 9.85 and 13.02. mW/cm?® ford = 0.44 A,
For a target-to-comer separation distance. d.of 1.5 X,
a deposition raie Jarger by a factor of 2.18 as compared
with d = 0.44 \ is consequently obtained from lethality
experiments. This result is amazingly close to the rela-
tive enhancement of 2.15 observed between the two
|ocations with man.shaped dolls (Figure 8},

The enhancement factors sneasured for different
values of L/x (or a 90° corner reflector are shown for
dfh = 044 15, and 2.5 in Figure | 1. As with a flat
reflecior, the enhancement in SAR a2t suprasesonant
frequencies diminishes and asymptotically approaches a
value, in this case, of about 8. Also, for closer spacing
to the comner, a reduction in the enhancement facor
occurs for smalles values of L/\. An asymptotic value of
9 would be projected from the simple-minded argument
that for targets large compared to a wavelength, a three-
sided rather than the four-sided exposure is mare
realistic. The wave that, For smaller targets, would
g?\llxe off the corner is largely masked for large values

From the point of view of standing-wave theory, the
fields at different locations in the vicinity of a 90°.
carner refleclor can be written (see Figure 12) as:

E=E, +E, +E, +E =§, E s
_{] +e-llkd _ze-i"d cos ky}

where k = 2x/\. Peaks of the E field are consequently
anticipated not only for axial locations but a‘iso for
several spots elsewhere (some of which are shown iin
Figure 12) in the region in front of the reflecting corner.

In order 10 verify the existence of hot spots elsewhere
i lhe region of a 90%.comer reflector, whole-bady
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Fig. 12, E-Neld muxima ncor  90%-comer roflector. Filled
[ WLl o -‘v-wlv wivue Wlw\v - anlvslsul LUJJ W"l .llnuxb LA M)
Quantitics of encrgy.

* SARs were measured (see Figure 13} at /A = 1.0 with

d without the 26.5° tilt of the reflectors around the
axis. The “cold™ region without the tilt becomes g
fairly “hot™ region upon tilting. Another imiplication of
this result is that regions associated with high rates of
energy deposition are also strongly dependent on diree-

~ tionality of the incident fieid.

In view of these observations and also since the hot
spots may shift rather readily upon placement of other
targets in close proximity. the entire region may be con-
sidered as one that is porentially capable of creating
large field enhancements.
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Both for flay and for 90°;corner reflactors, targets
placed in k|IL ond in HI|L orientations gave SARe
lhat were cunsiderably enlianced o> conmipaied willi theis
respective free-space values. In general, SAR enhance-
ments commensurste with target-averaged £ values
were measured for L/A on the order of 0.5 or less.
Fot larger LI\, enhancements Jower than those predicted
from a simple-minded E-averaged basis were measured
and these are ascribed to significant perturbation of the
fields by the 1argets.

7. CONDITIONS OF HIGHEST RATES OF ENERGY
DEPOSITION IN MAN AND ANIMALS

As discussed above, some of the highest SARs in
models of man and animals are observed for frequencies
close 10 the region of resonance, Fairly strong enhance-
ments are oossibie at higher frequencies in the presence
of reflecting surfaces, but the erhancement of SARs
here is considerably less than that which occurs at
resnnant [iequencies Fahaneement factors just as large
or somewhat larger are observed for frequencies below
resonance, but the net SARs here, too, are not as large
because of the rapid drop-off (see Figure [)in the SAR
an the low freauency side of the resnnant rupve

In order to appreciate fully the reflector-caused an-
hancements of SARs, it should be mentioned that
reflectors with dimensions 2d X 1.2 L (in the E direc~
tinn) are contiderad ndaquato te simulate infinits planss.
Furthermore, the reflecting surfaces need neithes de
good conductors nor solid in construction 10 cause
cnhancements. Indeed surfaces af intulating material
with conducting rods (oriented along £ fields) that are
spaced < 0.) X act quite effectively as solid conducting
surfaces [Jasik, l961q] .

Whole.bady rates of energy absorption for models of
man and for animaly subjected to 10 mW/cm? incident
fields have been calculated for various expasure condi-
tions and are tubulated in Table 1. The rates of energy
deposition at resonant frequencies in the presence of
a ground plane or a reflector markedly increase and,
with grounding and reflection in combination they
are truly staggering. ,

8. CONCLUSIONS

Generalized curves have been given for whole-body
absorption of electromagnetic energy by modsls of
human beings as a function of frequency for free space,
for electrical contsct with ground, and for the  pre-
sence of reflecting surfaces. Based on these curves,
generalized graphs for specific absorption rates for
rats and mice are drawn and the results are shown 10
be in good agreement with experimentsl data. Tiemen-
dous enhancements in rates of energy deposition result

n

for targets that are placed in proximity to reflecting
curfaves. Energy depocition ratet oro givon Yor madale of
TR N N i Y PR i W I
dsmhiy of 10 nWim® unshe yawrhign cimdionny nf
eapusuie: SAR values as high as 35 10 70 tines the BMR
are predicied for adull buman betngs a1 resonen fre-
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TADLL 1. Rate of whole-biady gy absvrpiiun in watis by man and aninmais at 1o mW}{'mz.
70 kg Man ‘ 100 g Rat 400 g Rat 70 kg Man 100 g Aat 400 g Rat
(1.75 m Height) [11.5cm Length) {18.9cm Length) | (1.7 m Heighl) (11.5 cm Length) (1£.9¢m Lengtn}
38 watts - - IV. At resonrance for placement in 3 90*
{no retiectance) cornar refiector,
0.54 W/kg
19 watts
(50% refllectance)
0.27 W/kg
I. At resonance for Iree space. d=1§2
27 % 15124077 Walts 21.6 walts 54 Walls
58.24 Wikg 216 W/kg 135 Wrkg
151 Watts 0.8 Watts 2 Watty = 62-68 MHz f=907 Mhz I = 600 MHz
2.16 Wixg 8 W/kg 5 Wrkg \ ) o '
{ = 62-88 MH2Z I~ 987 MMz t = BOD MHZ V. At rosonancg in electrical contact with ground;
: plane. in front of a jat refiector.
1. At resonance for conditions of electrical «—
contact with the ground plane. d
777‘97777 d=0125)
2x151=302 Watts ————— 2 = 710 = 1420 Watts
4.31 Wrkg
f =31 MH 20.28 W/kg
¥ 31-34 MH2 — | { *31-34 MH2z

1. At resonance 1or placement in front
nt a fiat rafiecror

0

Vi. Al resanance in alectncal contac! with ground:
piane, sn a WU~ corner rellector :

-] afe
d=01251 el
4.7 €181 =710 Watls 3.8 watts .4 wans a-151
10,14 Wrkg 38 Wr/kg 23.5 W/kg 2« 4077 = 8154 Walls ___
1 ¥ 62-68 MHz { = 987 MMz f = 600 MMz 116.48 W/kg
f ¥ 31-34 MMz
qucm.;lcs:. The tmes-1wo-cunvalsion of ~ 100-g reis for REFERENCES
incidént ‘waves of power densities of 3 to 20 mW/cm? ‘
confirm sonme of the predictions of enhanced absorption . S
. . Cottony, H. V.. and A. C. Wilson, (] 958), gains of finitesize
in the presence of reflecting surfaces. corner reflectar aniennas. IRE Trans Ant. Prop. AP-6,

366-389, : :
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nm_med by the Instityte of Labomatory Animal Resources, power deposition in man and animals. JEEE Trans. Micro-
stianal Rensarch Cauncil, wtve Thenwey Teck MTT. 27 INT11008 S



Exhibit #9

Focus on how much RF is present in a building - due in part to reflections in the building and wire
circuits '

#9A - Smith, 1978 - shows attenuation drops to zero as frequency increases to S00 MHz
#9B - Wells, 1976, OT Report 76-98

#9C- Allen et al. 1994, shows 30% of measurements have exposure greater inside than outside if
~ the room is an outside room facing transmitter.

#9D. Taylor et al. shows wiring in house can act as an antenna. Need to consider this when
csmnatmg eéxposure, especially when use telephone.
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W,\Nma AND WAIT: COUPLING TO AN INFINITE CABLE
-] 1‘4""‘ plane-wiye field. Here, we have assumed o = ikg, ¢
£ '; R .

g = 0. Readers may refer ta [9] for more aumerical
® " onnected wth the coupling between infinite cadle and
<A finite doc.

IV. CONCLUDING REMARKS

fus the probiem of an infinite cable placed behind 3 narrow-
. petforaled conducting séreen, we have obtained annegro-
Tmrentiﬂ‘ equstion in an uncoupled. dur in 3 modified form
2 jetermune the unknown eleciric field in the tiot. Also. an
) ression has been given lor lhe current induced on the
e cable in tarms of the slot magnetic Surrent distribusion
*§ the transfer-admitiance funciion. ln this approach, the
Jmplete coupling between the dot and infinite cable -was
en 1010 account. Only the usual thin-wire 1nd narraw-slot
W‘,o;umutions were ntroduced. ’
One could extend the formulanion to @ more-general rec
glar aperture, but then we would encounter 2 sex of
..,..pled integrodifferential equations with sami-inftrute
qreyal- kecneis. for the fleld distnbution in the apertuee. This
Lol be 8 worthwhie task for the future,
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INTRODUCTION

UANTITATIVE CATA on the attenuation af axterna)
; alectromagnelic fields by butlding structures is useful 11 2
:d in PR sumber of engneering spplicsuons. For instance. in the field
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~ Attenuation of Electric and Magnetic Fields by Buildings

ALBERT A, SMITH. JR.. SENIOR WEMBER. EEE

of EMC. building 3utenuatron d:xa <an Ye used 0 predict the -
suscepu ity of elgctronic systems 0 hrghrievel Lghtning,
broadesse ind adac felds. and (o Jeveloo riQated-spscepu- -
bdity limus (1], Commumcation: Ind Jrosdsast emgnesrs,
congerned with the reception of radw pipny sgn ¥s and AM,
FM. 3¢ TV broadeast elds inside buwlding =i acegune far
budding :itenuation when making patheloss inaeses [3]. with
regard ta suscepubdity. the inhereai shieiwy provded by
bugding structurey is Jesrable, while far (3810 ;oﬂnunm-
signs it s o Jecided disadvaniage. 3

Mir ind White [I] measured the disenudiion of ielectne
fields oy treel-frame multistory offive dudwings 0 the fre.
quency range of 500 kHz © 500 MHz. Diner nvedugdions
medsured he acienustion OF Duddings 1l iwd Or thiten (18-
quencies [2)-{5]. Earlier studies on the insernun lossiof wails

ase reported n [6] and (7).
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This paper presents the resulta of an empirical invqtiu«iaa
of the shieiding properties of seven buildings. ranging [rom
single-family detached residences (o multistory office buildings.
Both clectric-field and magnedic-field attenuations were maas-
ured in the: frequency range of about 20 kiz 1o 500 MHz.

MEASUREMENTS

A bref descnipuon of the seven buildings meatured is given
in Table |. Photographs ol their exteniors are above the attenu-
ation curvis (Figs. |-14). The buildings were sslected to
provide as wide a3 range of building attenuations 13 possible
within the constraints unposed by the limited sample size.
building availabiity. and the ground rule that the samples had
to be reasonably represzntative of thé types of buildings in
whuch electronic equipment. office machines, or data-processing
systems are commonly found,

The @ prior assumption was that 1 building’s anenyation
¢ould be correlated with the amount of metal in the building.
Thus Buiidings -7 have progressively increasing amauncs of
metal.

The gengral approach was fo measyure the electnic and

. magnetic fieid strength of existing ambient broadcast signals,
both outside and inside a building, defining building attenua.
ton as the: rabe of the extemal fields to the fields inside.
expressed in decibels.

fn the gerographical area whers the measuraments were
made (Ulster, Green, Dutchess, and Albany countes of New

York State), there were no stable ambient signals in the
spectrum between the AM broadcast band and the FM band.
To €ill this gap. 2 mobile irznsmicter, operating at 7. 21, and
29 MHz, a¢ distances zanging from 500 m ta 2000 m, was
used as the source.

A number of high-level VLF and LF signals were deteccable
{(notably NSS ar 18 kHz and WGL 20 2t 180 kHz). Thus it was
possible (o0 -obtan buiding atrenuanon dara well below the
AM broadeast band (an advantage nut =njoyed by Mir and
‘White {1]. who made measurements in Bethesda. MD. and
Montreal, Ottawa, and Toronta, Canada).

Outside fields were measured at ground level 3t 2 number of

. locations around the peripheries of Buildings [-4. The meas-

. uTements were (dken at considerable distanues from the

‘Duildings sibce the outside fiels in Jluse proximity to the
‘walle (¢.g.. wihin 3 m) exhibited aitenuativns of the saine
wrder as the felds inside.

At Buildipgs o nd 7. extemal Nelds were measured on the

root singe there was insulficient open space at ground level.
Ourside fields at Building 3 were measured at both ground
"level and od the roal. (The messured daty showed thar the
fleld strength on the roul differed little from the ground.leve!
field strength. even at VHF ind UHF frequencies. That s,
‘because of the conducting surface of the rool. there was v
field height-gain.} The extetnyl reference (leld strengeh ai cach
frequency wbs delined a5 the mean value of the putside meas-
urements. | ‘

The num_bet of locations at which interior measurements
were made depended on the size of the buildings and varied
from a singi¢i Jocation in Building . to 12 locations in Building
7. The total aumber of interior measuremendts excesded 8000,

Below 7 MHz. the vertical companent of the electric feld
was measutsl, while above 7 MHz boch vertical and hanizoatal
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The recaiving Intennis were rotaied :a azimuth for o

signal strength when measuring the horizonal el . o0

ents.
From 20 to 80 kHz. the Eleciro-Metrics EMGC .03 w iy <oV

Schiwarzbeck FSME 1515 and VUME [520A fietysiersM

meters were ¢mployed from 80 kHz to 500 MHz. Rewcvi'f

antennas for electric.field measurements were: the Elevt!™
Metrics RVR-25 monopole below 7 MHz, and the S
MD-105-T1 brosd-band dipole abave 7 MHz. Magneti-iic!
measumtments were made with Singer loops LG.1USA. "
3-105. and LP-105.
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