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dipo&e. bill

Il'PfO\imal,

t1IUTc,s I
-aY :1bs,
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calc:ulo\l1on:,
1.7.5 meteC',
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Iftlln Ita...~
whtcl'l is 1\,1

Flaures II ,
IMSAR a.t
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.. RU'I L( T!)R U·I·H,: r:i

All .:a!t.;u;atillm 1)( ref!\'I:Wf ;:ft(:~t.. hll\\.' ,b;',Hl1cJ ;i:.tl i'
m3111~ o.,l'1I1ding in !1',1n! of ,1 rdlNwr i~"l i, 1',,·rICl.:II:. ~;In

du~til111 Jl1d i1\l'illlle in C\\tc'H, I. he in~ldt'l1\ I'i<;id l' \'I,:rli~(dh
polariLed .... ittl " .:iiredcd irotn ttle ventral 1(\ tile .lclI",1
aspee;t or the man. One ;maac is rrquircd lor 1I nat I el1e.:tQr
and three are needed for a 90' corner r~lle,tor.

The enhJm:emCnl of 5AR due LO rcO,-,ctor I.'frrl:t~ :~

apprf,,'ll(imatl!ly the $a!nC as the ratio of effcl,;tive area .,1' :)
haif-Illave tJip()!l' with a rel1cttor 10 thaI of an ;,ohtted
dipole in free 5p~e (Gandhi et al., I97':bJ . 1\1\\(l1n. thl:ory
has beet' l1il(d 10 perform lIumerical calcul«tior.~ made fl)r
tbe model of man, Standard procedures haw Ocen uu:d Illr
computation of the required valuc) of mutual impedance of

dipoles {8aker "lid LaGrone, 19621.
figurcs ~-12 show 111r: enhi1l\~tn'l!nl 01' <:fll'rgy Jb~nrplllll~

as ~.lculalcU rvr lhe ntvlJ.:l or man wilh (<1/lecwr c1lC<.'l>
.lnd (he .:orn:~pol1dinB lain-enhallcement fn';lor~ ..:ah:llla[~d
for lhin <:lipol~~ from anTenna theory, Value~. l,f l'nhlll1~I!'

mel1l fm (h~ whole·boQy il\'Cra!i!c SAR hihC been Wi...,J In

prltpllrinl1 Fi~l.Irt's 9.12. bill (he tUr ...e-; for plttl-body rncqp
absorpll(ln .He nearly id~nllc;al, whi.:h in~Iit:3tl:~ 1hal lhe
di,' ribuciOI\ at ('11C~~llY thl'oul111 tile mQdl:i j; :J,lrnl)~l indtpcn·
den: of Ihc: prt:s,:rKc o( .. rcl1l"<:/or. f;::-:p('rlCl1"'Il£;j/ \'alu(,'~ HI

Fig\OTCS 9-12 are for moJd:. oj man and wetc reponed
earlier (GQIlc.llti tl u/., 19'11bl·

Fillur~~ 9 and 10 "no"" ~h. \';Hi.:lIlO!l ul L~nhanccrn~nl L)f

.:nC f l5>' ...hsorpllon as a function of spaung fmm a reni.'Ch,r
;It the frcc"?ilc!: rcsonanL Irct!uency of 0;1 "1Hz. In fig\HC If

the numerical V'atucs iIJr lhe mod.:! of IlliLn :uc rn:trl.:cdl~

bt!ow en;: ~un'c ror chin dlflt.lle,~ 4£ sm,lll '. aluc:' of ',~r<l":J

.. ~ -....• _ , _.. - .

." ' ," •............. _ _ ~\«~_ -"- ....•
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des. Abo\e a. frequency of about 200 ~Hz, part- and
whole-bUOY SAil vaJu~ show linle dependence on the
prC~IIl:e of a ground ~)lal1e.
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FiJ. 9. Vatiation or I.ill cDhanc.ment willllJ*Ml for. h.lr·wl~'
dipole In fronl of l nil rentetor. Sqllar.. r._, numCfical
solutiolU for enhancement of SARI in mall al 77 MHz.Cl.!). ..
0.4'). Solid circlc:s rCllresenl upcrj,n'lllal \alues (or anAlomiaall)

scaled Ci8\lrinn at Li).,:a 0.•11.

results that are obt~ined from models of man. Antenna
IReory requires lhat the gain decrease II hilher frequencies
when Ine effective a.rea of th~ dipole imllllS Is blocked by
tile physical cross 6e1.:(ion of the dipole. but such Vitiation is
missed in the thin.dipole approximatioll.

All gain calcuhuion5 ha\lc ~rn based on zero-order
antenna. theory; that is. they have no correction ror non·
sinu!>Oidal CUlfent distributions. Silnificant first· and
second-order corrections are required when the anl~nnae

are not very thin and Lhc: nalf.lcnlllh is much different from
X/4 [King. 19!6]. nle sizable lateral C);tenl of lhe model of
man is lho\.lghl to be: responsible for the difference ~twetn
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Pan·body SARI for a llomoceneou5 model of man on a erouN! plane; ElL. k venlTalto dorsal.
illl:idtni po...,r denSIty of I mW em-'.

lion. Antenna theory requires thaI the gain ~ small when
the spacing i, not much ;reater than the lhickness of the
dipole, hut such variation is missed in the thin dipole
approximatiOn.

Ficures I t and I~ ~how the ~ariatjon of enhancement or
iner,)' nbsorption as a funttion of frequency for rued
rallO' of spacing to wavelength. The antenna·lht:ory
-aleulillions were made for a thin dIpole with a length or
us meters. which is identical to the neight of the model.
Figures II and i.2 show that the refleclor effects arc found
(lv\:r a wide ranic of frequencies. Values ior the model of
:T1an have a pronounced roll-off ~t hiaher frequencies.
I..hid, is not seen in calculations for the thin dipoles. In
FIBuru II and 12 It ~an be seen that the rate of roll·of[ of
lht: S.o.R at ni&h frequencies is consistent with experimenlal
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etlector. .
fefle~tor effects i.
effective area of I
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lulilal impedance 0
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FiC. 13. Contours of (omrant Jain fOT I corner·rel1ector antenna
with the dipole in :hlrd pOSition (or ~~rious renecror ,it!!). FOI
len8tlls aruter than - 0.5 :.. tnc &I'erturc anele is 90' al\d the
distance of the dipole from the refleclor i~ I.~ A (Coila,,) and

Wils()1l. 19~81.

Exampln of lh~ eff~t of such supc:rpin combinations are
seea In th.- elIpertmemal values in Fii\Jrcs 10-1 %.

fiaures 13 wd 14 were copied from an experimental
,tud" of !inite-sitel:ornr:r ren~lors [Cottanyarrd Wilson.
1958]. In both fiaures the angle of the aperture was ad·
Justed for mu.jJO~m l!ain al a particular distanc: of the
dipole from the reflector. For reflector Il:niths greater than
"boul 0 ..5 A. (FilJullt 13), ~hoe aperture OlIlSI\! i~ 90· !loU
aistan~ orthc dipole from the renector is I.S }... For reO,,·
tor lensth$ areater than 1.0>' CFigl,lre I~). the aperture anile

Fi8. 12. Varialloa of glIR tn.tlanCemtnl ""It! [rcqutnl:Y for a
1.7$.mllef dipole I,~), from a 9()' cotner rcne~lor. Squares repre·
lent nurneTlcal solulions for enhanc;crnenr of SA.lts in rnAn. Solid
I:ilclts regusent cXPlnmenlal ,.Illli far analomic;alb 5cill~

(ieurim:s.
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FiS. II. VllrialiOll of lain enhanec:nenl with rrequt:nc~ for a
I. 7~·m~ter l.lIpole 0.73 >. from :l nat reflectOr. Squares represent
numeri(al solullons for enhancement ol'SI\Rs in man. Solid circles
rellresenl t,~umenlal values for anatomically ~caled fi.urlnes.

numleri..:al soiUllons and antenna theory 41 low frequencle:s

in Filure !2.
The Ilumelical ~oJutlons illdicate that for frequcncic5

11~a.r reSOllance, the enhancement in SAR due to a reflector
i.. approll.,mately equal to the enhancement in gain of a

half·wa\l: dipole with tl":e sanle reOector ccnfial.lration. Ex·
peumerllaJ studies 011 modele; of man have also sho"'n thai
the enhancement of SAR is ('qual to the enhancement in
iain of a dipole, but the aain must be calculated for the
finite npcnmenlll ren~lor rather than for an infinite
renector hal.'ing the same dihedral anlll!. for certain com
binations of length llnd width of the reOectinl sheets, a
finite corner reflector may exhibit superl_in •• a pin
sil\lnifit:antly greater thlln that for infinite reflet:llng planes
[Cattanyand Wilson. 19~8; Schtlhrlclf and Friis, 19~21.

Fie 10. Yariatlon of gain enhancement ....ith spacine for i half
WiV~ dipole in fronl o( AI '*>. corner Tcl1~,lor, Sq\lIT~ reprrxnt
nummcal ,olutlons for enhan.:emem 01 Ihe SAR in man ill :7
MHt (Li~ ..=0.45). Solid mdrs represenl ut!l:rimenlal ~aiuQ for

il\il.lomieaUy $calec.t fljlmnes at L'A " 0.417.
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obJect to Intercept or "pull in" considerably more of
the energy InClcent upon It relative to tne optlC:al case.

Fi,,,,, 3·& Oi.leetric; aata for tlllU•• tn AF ran.,. 0,01'010
ClHa.•; lI_mltt,v.t". b; conductivity.

•

The terms "scattering coefficienT" and"absorctlon
coefficient." referring to menures of the efficlencv
with which en object scatters and abloras energy, are
defined 8S the ratio of the scattering to optIcal cross
sections and the absarotlon to optical cross sections,
rtspectlvely. Of the two basIc measures of Interaction,
tne Iblor..ptlOn coefficient IS considerably more
prominent in the interaction of EM waves with
biological bodies. Potentlallv lIaverse biological effects
arer".ted to the energy that the bodY IS absorbing,
not to what is scanered. aeCau•• absorption rat. IS

related to internal field strength. it is conceivable that
• blologic~U effect could be related to the field strength
witnln' the tillue. For tnis reason. mas' of the
r.m'inin~mlterialtn th•• section deajs only with the
absorptive aspect of the Int.r,ctlon phenomenon.
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lubJRt can tlke pll~ only if the ,ub_. is
oom....d of diuipative diel.otriet of flnit.
conductivity value. The dielecuie propeni•• of aU
biotogic.l tissues i,ll into this catilgDrY, Drim.rUv
becau.. thair major conltituent'l WIIlert.wrage
of 10 to 80 percant by m...l. which CDntl.ns
tlec1ricllly polarizable or dipolar moj8Cules II
well 81 fr•• ion. The b••ie mech.nism of
dilsiPlitlOn of incident RF enerav within the..
tiaue. is that 1. tne fr.. tocltiona induced in the
dipolar weter molecul.s by the externallv

l 100

~ 1-----
~ 'rei...:i

1
u 10'"

3.2.1.1 Faetore the Abtlorption of AF
I.,...., by. en I"' Subject
The gre.t.r the efficiency oi EM .nergV coupling Into
a biologic.t lub'lICt. the greeter the overllU whole
body .b'ilar~t;on. The flctors that influence the
degr.e of·ab.orptive coupling Ire liSted below .nd
will be discuI..d in turn:

I. Dielectric compositIOn of lubJect
b, Object<Slu relatIve 10 wavelength of Inciden1 field
c. Sh."e,or geometry 01 lIubjec:t and itl g".n'.tlon

WIth respect to polarization of inc,dent field
d. Compl.lClIy of Ineid."t radiation

I. a,./ectric compOSition of subJecr-As mentioned
prevlouslV. absorptive coupling to the Irr.dieted

Some me.surementS have be.n made of the
sClln.red fields that surround both numan subjects
.nd Iif.·••u phantom models exposed to inCIdent
mlcrow.ve fields lReno 19741. Although this work
illustrates well the complel( scattered fields
surrounding the Irradllted lub,ect (lee Figure 3-4),
no lIuempts hIve yet bun made to relate the field
patterns to whIt the subject IS ablorbing. Although it
i. theoretically poa.ib.. to determ'''' the energy
beinG .bsorbed and tn. internal diltt'ibution from
measurements of the distribution of externally
Icanered .' fields, in practice this determination
rem.ins • diffiCUlt tlSk Ind hal nat yet been
attempted. tnter••t in this .r•• il growing. as
lVicltnce~by a recent sYmposium (IEEE 1980l that
addr•••eeI method. of obtaining high-resolution
imag•• of the internal dielectric structur, of a
biologica' taroet. The methodI are b..ed on
techniquu of probing the 1GI1t..-d fietas crela.d
whM the ",get i. irradilted by In AF field. ThIICClP8
for 'luture Work in this ar........ large, particularly
in diagnostic applicatlons.

3-8
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figure 3-6. 11l.....,.lIaft 01 olli.a ~.. "•. w.w"ftOtIl
ae~eno•. l0tll*:t '1 compo_a of ti"Ult-lIk.
ol"-rmIe di.leeuic.)

b. ObiBct sile ,.ialive (0 wavelength of ;ncidenr
ft.ld-The second major factor on wnte:h energy
ab.orption depends 15 the size of the irradiated
ob,ect relltive to the wavelength of thllncldent
radiation. Figure 3-6 iUu.trat•• thet when the
wav.length is much grealer Ihan the object .iI•
(s.. case A. '1 toc) of fl9ure). m. absorptive
~ouphng is inefficient and little .nergy IS
depollted in the object. For this cau. c811ed the
"subrelOnant" condition, velues of thl abIorptton
coefficient lie in the range 0 to 0.15, ca.. B
illustrat•• the ,ORnant ca••• wnich occurs when
the wavelength and objtct dim,nllons Ir.
comparable. For 'hi I cne. the Iblorptive
efficiency il markedly imprDved 10 tl1lt lignifi.
canriV lTIoro AF energy is coupled into IN obillCt
and cr.ltes much gre...,r aeposition. AblOrPtlon
coefficient valu•• in the range 1.5 to 4 ar.
obtained under resonant conditIOns. Funhermon,.
tl'le incident energy penenates into theoD;eet and
i. deDO,ited internally in a c:har.cnerialicelly
nonuniform manner. with localized regions of.
enhanced ,nergy deposition ("EM hot 1pOt.") .t
or neer the obJect's center. ThUll ,fflcts are
discussed further In later ••ctions of tt"s
dOc:ument.ln caM C shown attl'lebonam of Figure
3-6. the wavelength IS much shorter rnan the i

object sIZe. This represents the quaSl-optlca, c....
where the ob&Orpti\/e efficiency is simlluto that at'
oemcal waveiengths. The absorption coefficient

3-9

ttssues of low water cantent (tst. DOne. etc.l. As.a
result. most mCldent RF energy tends tOoal. through
(he tatty sudace tl6$UeS of thl oodV i!lnd M deDoSlted
In the oeeper tissues such as; muscle and bram.
Figure 3·5 Illustrates some dielectriC dlt, for v.rrous
types ot tissues 1M the RF range 0.01 to 10 GMz. Note
rnat the dlelectrlc properties ot tissue are not
constant, but change With frequency. This IS in
example of what IS termed ii diSDtJr8ivtJ ditJltlctric. For
toe case ot Olologlcal tllisues. tne dispersl"'.
cnaractorrstlc 8bove 1 GHz IS created bOV the Oabve
relaxation phenomenon in water moleculel(dilCUUed
funner In Sec. 3.2.4, MechanIsms of RF Interaction
with 8;0100'(;81 Svstemsl. In part lbl of Flgur, 3-5. It IS
apparent trult condUCtiVity Inc:rellles bv almost an
order of magnitude for all t'ssu•• in the frequency
range from 1 to 10 GHz. aecau•• ot thiS fundlmentil
d,elecmic property ot tiSsue. mlcro""a"e. in tl'\".
frequency range above about 5 GHz become strongly
anenuatea in tne Increaslnglv IOUY ti.sue medium.
·Consequently. mIcrowave energy at such frequencies
cannot penetrate deeply ,"to body ti$lu" and IS
deposited nellr ttle body surf8ce. As a r'.ult of their
poor pen'lration capabllltv, microwlve',rin the
centimetrIc wavelength region I~6 em aporOlimat.lv~

are less capable of infltctingpetentlal d8mege on
Inl,rnal tIssue then are those of long.rwlvelengfh(~
10 eml.

o
~.n'lrallon

\

\
\

\ ,
Inr:,de"t IIVttYe'e"lItn .. '*I-.:r lilt.

In.ermediat. ebaorOllOn WIth in,,'"a'
•nervv a~ttlon letVelv COlliin" to
abllCl llolriaca.

Poor peNtrnon

Wlvll,n;tt1 .nll ObIter c:omoerlQII in m~llllltUal.

Resonant c... WIth .ign"IClnt atqorp'IGn.
Inl,mal diltr\bUIIOl1 ..,.ry nonUnltorm w,th
"!M hOt SpOil" pt••ent

Incident w'''''I.I'\~tn.,.Obllet lIlt.

llUle power .. Daorpt1on .
unlforrn 'rnernl' Qlstnllu\!c:m

v V

impre..ed e.ecute field are damDed our bv
COllision. with surrounding m04ecul... and 21
conduction current. are inductd within the tissue
medium bill _ 01 the pre.nee of free ions.
These ph are discutMd ext.naivelV in
Sec. 3.2.4 "ism' of RF Interaction with
SiolQ9ical" .',

c

B

.--. :"

Over: the pI. 40 ye.,.. mlny me••urements hive
bMn mad' of tne dfetec:tr;c pr_n,.. of biolQ9lCa'
t",u.s, The.1 dltl ha"e bien collected in the
R"diof,.qulJnt:v R"di"ri'ln 006imerry HandbDok
(Our"ev fir III. 1978. Tables 9 and tOt. II. we" I' in.
more recent DaDe' by Stuehlv andStuc"'Y{ t 980l. Tn.
dieleCtriC propenin of biologica, tiSSUes d8llend to a
conslder.ble extent on the water content of th.
tissue; i.... tissues of high weter contem{blood. Kin,
mUlct•. bram, etc.) elthibn much higher permittivl'V
lei. See. 3.2.4.11 end conductiviw values than do

I,



oriented parallel to the malor or long aXIS of tne
Irradiated Subject le.g '. a vertlcsll'\l POI.rlnd field
that IS InCIdent on a Standl11g humin subject).
then the suolect aDSorbs as much as 10 tImes
more tlner9V at relOnl'tnce tnan it tn, electric-field
vector IS Oriented lJarallel [0 Etnher ot the two
minor axes FIgure 3-7 shows aDsorptIon
c/,\araet'HISttCS of a prolate Spheroid model ot an
average human. The ordinate '.presents the
INhOje·bodv-~veregedspecific absorQtion rate

·(SAR. see Sec 322, RF Doslmerry DefInitions. for
dISCUSsion of units). and the abscissa represents
frequency From Figure 3.7. rt is ev,dent that
when Ihe electrlc.field vector IS orIented Qar.llef
10 the long u.s of the prolate spheriod ,.I.etrle
field polam:atton casel, the absorptIon curve h•• a
Sharp peal< at the resonant frequency at - 80
MHz, For ~he other ori.ntatlons (H. and k.
pOlarization cases), it 15 apparent rhat the
absorOtlon peale IS mUCh broader 8nd occurs It
somewhat higher frequenCies Furthermore, the
resonlnt absorption \talues for lhe H and Ie Clses
are considerably lower than that tor 11'18 E
polartzation case. These baSIC diff.rence~ 'M
absorption 'Iatues hold true in both the subr"n
ant and resonant regions, bur not 10 the abo"••
r"~nllnt lor qUSf:, a"tlean reglo,'" """1'''' lIbacIrp.
tron In the e- and H- pOlartzation cases is
aDprOlumiitely the same.

Field POlarlUlllon

Eill'ler @
A,....,

tOll - -CIIl,',

I
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F.,.. 3.7. ~~bodv"""SAA....~
for .................in.P"*.~..lrnoael
of alunM; incident prMltrd~=1 mW/l;I'I'l"
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oriented parallel to the major or 101'\" axis of the
rrradiated subleet le.g .. a vertlcallv pOI. riled fi.ld
that is Intldent on a standlngnuman subject).
t"'e~ tl'le. sUDjeet olDogrbe lUI mueh at 10 tun",!;
more energy at resonllnee than if the electnc-field
V'lICivLU. l~ ..,. It.ll ..."".J ..,............ 1 L...., ... ~,,1. _. _ •••~ .....~I.

"""... I.". rl<!lilPI' .~ I "nnwr. nnr.nrmlQn
e""l!u'l!Iete~tO'leD of 0 pralato cphoroid mod.l of an
8\1el'lIt e ~u!"l"\Qn. The ordin:ul r.prll.nel the
whol'.bQdyraveri!lged 5Df.l~lfli. i'lh"nrntlon rate

r. 3.n. ~cc OCOI_. O,:I:.,,z,. nr nu."" IU .... , Ch.li. t,Ii"'n•• f. r

di&CU8li1ion of unitS), and the llIbs'cl'Pl r ..rtrflllullntA
frequency From Figure 3·7, it is ,vlden~ thlt
wh"n ,hp ",lprfrir·fiplr1 vfll~tnr IAnrtAnTAc1 n_rlllel
to tne tong aile" of ll't! prullillt: !:tpl.t:'1 iUl,1 h,lru,1 Iii ...

tIela j;lQIl,rIZII'llur, ctjl::lttl. ll'tt WUlIIUI "",IUIII-Ul YU 1''''1:1 II

sharp peak at the r.50nant frequency of - BO
IVI"", rUI 1111;: UU111;\'1 UllellIGU,",". "'" "II" .. 

polarization cases). it Is apparent 'thilt the
aDsorption peilll 15 mucn orOi:ldtu ;SIlU ut,;"UI ~ ell

somewhet higner freQlJltnc.es. Furthermore. the
re90n03nt ..DGorDll0n V31UOC tor [he lot and kc..e,
lIIr~ f"'nntli .....r ..hIV Inw...r 'nAn thin fnr rhA F.
polOJrllinlon. O~GO, "hutie U.~If,,: ..JifIW'IlrII\;• .r ill
absClrption ".Iu.s hold true in both the subr.st»n
ant and resonant region~. bul not in the .boy.·
resonant (or Quasi-optlcll) region, where .blorp·
';101" i., tho ~ :It''ld W POI:,UI 12l1tio" C:leelr ir
approximately the same

d. Comp/flxlty of incid"nt r"di.tion-The fourth 1M
final factor on which RF-energy ablorplion
J"",etlJ:. illvulvt1il lha Loullt",It:A,ly uf LI nf illt;llolalll
radi.lion. Up to this point, most of the discussions
of AF coupling in biological targees hive Illumed
the simp'••' form of frl.·field 8lCpOlure. which
involves I unip81h D"n_ w,"- .mans1inA IrCH'" ~
di, •• nl .oun::. "nd inc:id.nt em • tubject.u••..••lIl illt •••••. ,t.. Cu. :J.1 ••• II,'i.i4iellt ••
plane wive.) Virtuallv all the RF ·radi.tion
protoction ~uido& and stonewardll in uao throughout
the world .r. bllted on thi. rather idilliz..
~..ump"lon. fl'unhermore, moit of the blolavlaal ,
.....iment.tion involving fr.e-fleld eapoeur•• in
.n-ehO;c chamMrI attemptS to .,mulet. thil
idl.lized concept. However, real-world, actual
eJllialtur. condition' .f' fir more compl.x.

One complicating c;;rcumltance aria.. in the ne.f
field. It il reedit" .pparenl that the mOIl inrenll18fget
expo.ure with thfJ ,..utr.ng gr••te" DO-.ntial for
injury would occur etote to ttle RF~rad.ltion lource.
HoweY8r. in thie n••r fi••d. the plan.·wlvlt
auumptionl thlt .... Iru. for the fir field of the
!'Inurn,,'! rftdi,.tlnU antennl no tonnr hQld, As
di.eu.... in .Sec. 3,1. t .... n••r f,e'" •• Ch...eoterizec:l
by comptex EM field pra~rties: the eand H fields I're
no longe, in sp.c;e qUllIdrature (E and H vectors
lePlrlred bV 90°), and the value of the E/H fltio !

(termed the wave impedance, differl greatly from the
constllnt "elue 377 0 thet c::h.rlct.,-izes the far field,

10"
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apprOaches 0.5 under Ih•• condition., whiah
give. in'.rmedi.8,. ebeorption 11.1....11 .hat 1.11
tMta.en tho.. IChievttd with the aandition. of
~..~ A .nJ e. c...C il 6JIU ,,1'1.,..:,.,lud~ the
inabl'hry of the .na....t ..lirgy to .nettat. much
bey~ rhe of th. objRt enme the
di.leCtricfe~..rlt«); COnMquently.
the energy . ' into me objKr under th...
ca~'ionl i. ".' to the .jea ."rfle..

o. G""",.,'Y .nd....,ivn (If .ubjeft-The thard
fIH:Ioron wh;ah --.yet.orp,.on dlpend8 i' the
•h_ of the object it'd its orientation with r-.oeet
to the e'.etric~fi.1d vector of 'the incident fHtId.
Molt biOtogical lubjectl used in ItudyinQ the
biolClglc:.' .ff.cts of RF r-eli.tion hive I ~h.r..r.
ter'ltlC: 1h8fN In. I. Significantly .'on8Itlfi:t ,'ong
one nil (simHlrly to humans), Atthough this
ob'tMvltion M'Y eppear to be sirnplittie. jt is of
con.iderable lignllie-nce in the dilculSion of the
inter.aetion of RF waves with such objects. Wh.n
the elKtric·field vector of the incident r.diation is

8£--31' ~""bodV lAAw,~
r tor ,rnadeI

m.tuMn:~~d..-v.1mW/cml

BOdV
(Y••nlll'lnli
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In the near field, the power density concept is
, meaningless in ilS usual sense. For an obj.cr pJeced
: in the nell field of 'an antefln. the interaction IS
eX~tn9lv complex bee.use every type of ant.nl"lQ
possesses near· field charlet,r••tlCS thlt are unique

'to tnAt tvn" nf r",rlilltt"ll' ro:"l"'" .......... n.... .... ",
, p1'l,l'\omenon ,nvolvmg nelr.fieto exposur•• ""ust Dr
: individually analyzed and characterized. AlthouVh It

IS po..ible to predict the spatiel field distribution in
•the near ti.ld nf An Mtenns. this diltr,bu1iQn ean"ot
;be used Itl a OUisfor pr,dicting the IIbsorptiv.
,prop.rtilui of An QQ;"<italllced I,M rhi~ fi..kth8cllu" tho
objett will; substantially alter thltfitid dtJltribution. ill
well as alter the radiatIng charal,rlstlC, of the
Anrfll"M irvlf Wh,.n ~f1,,,hj""'" i, DI:3oad ;'" tlole I'\a~,

'1••1101. I \ "'~UIIY' IIU WIt" , .., lilt' ..'t...."n Ill. with'"
" ..yt\ .111,,1111•••' • .Janl..nnn· ,h,. ,.n,,"••nl lliu,,:for of,sa, lIw"'~1 •••_ ,. f' _IJ, .•". _~ w. I ....

ntlr field Wn4$ 19 lUlU 'M Int"nnfl '-ilJ\8riYlw'\I.
whicn creal.' In imped8rtC. mllmlteh iHh'ln'lnnl
'Was originally wet! maJched to free space. A•• result,
the antennR I'fIflects ,orne of the tran,mittor eneroy
output b.c:k to the soure:.t. In general. for In ant.nnl
II 't! \ '1\l1~\,,~ Wttilin Ir"" "f1"'r.~.Tnt ~Ivi.r thlt ahtnm ill
to thA AI'I'.""'. tk. Q~¥.lttr i. the "'ismatch
cond.li",,,, 0'1111' lh~ uuur~J_ hU""ttrltn"'~UDri,••,.,ct.''''vy ~u HI. Ufr nelO.--.;~ue :ry, It IS MD'I 0
conclude that who'e-body,.vereved SM vatu•• in
d ... " ..... /;'i'I.J " .... IIW. yr••u., "111ft!!n mOle PI.tlng .It
tl'l .. ~i""",i'I!" I,Jr 1I •• r.r fluid. ulthClU'1II t"'6r. ,"'.y L,.,
,ttyiunll within lno OOj~1 gf "ugh .n6rt, d.J",.IIUgn.
The limil.o data avaite,bte from EM models involvinG
~",.... HulU .~"••u..e \w. y,.... U,¥.U) .atIItl 'u wn1lfm
rtl;s conc;:'u"o".

J\ caGa"....,. .a.aat a' MI1-'nila 'IiIAtI\Iawl cr. Ir.yulve::;
the unwlntld 'Jq)08ure to I..k~e fi,.CSt emanatiJ'A,..."'. ,,~ "."IIi." IUI;n'lI1 mlCrawlive ovens, "Ii' ".11
seal.r., lind dilthermy unit., which Ire nat inllndlld
t~ radi•• eMf9Y beyond their it:nmediltesurroundings.
Such l'Itc..Ve fi.lds are compl••, .nd .XpO.ur.
inveri.bly tate.. place in tt-. nur lone oUhe •••Uge
&.OUret, Nevel1h....., the limit~GltI.vaillbi.trom
rie,r-fi.td e)CpGeur. of EM made.. to ....... fiel"
..em to Ihaw NtWftoI.-~""80"SM Vllu••
~r. lower thin miIbtotharwiH be blMCt-' becau..
of the 1••It....eourc. end ne.r·fi.ld tnter.ction
effects.

Anoth.r lIpIClat ,....world elCPOlU'" is the 10"
eilled multipeth probfem. PIIGC)" Uluanv IhInd on
t~. ground and ere not 'susPended in IOIct a. in the
i•••lized Qxpo.ur. concept; furthermore. thly
f~.qu.ntIV "'rtd cloa. to building. or to at""
I.ft.ctive surfaces. This SItuation er••t•• the
niultlDam problem, in which a .ubj~ i••~d to
sCatt.rea .1 well ., to direct anergy. Some of the
effect. are illustrated in Figur. 3-8. which ehows that
ther. is a con,ider.ble enhancement in energy
absorptIon oceurrrr'lg for various multlpsth conditions.

Thesl effects hive been illustrated by means ~f U1f
prollte-scmeroid rapr.'.mation of a 70·kg man. T,
compute the SAR of mJn, for the nonresonant
condition. the OPtical cross- Mcttcin" arta of the
prollte spheroid is fir$t' multioliH bv tn. ilnw"r
~... .'. ,... ....... v,.' ,_ Wi'.... 1.1 'Gil (I,,, •••UtliMJ. yy. IS
divitied by 70 kg to give an SA-R of 0.54 W/kgiNate
th.t when the mode' is ,n contlct with. candtilcting
ground pjane. there is a doubling of tt1(l rtst:mM'
wl'w'tlf!-body energy eblorJ"iCu'l compared to t"at at
fr.·space (Case II v,s Cue /)' Funhermcre. 1f thf!
modol iu St"f.\~;IIV lit • alstance In front cif the
r.flectlng plsn, thlilt t'orr.lponds to 8" eighth 6f 'the
incident wavelength ,tCas,? v, O.125A I. tncrc\ iii 1'1
14l1fv/u 1I11.ll:IdSe In lIn.nr~~,f'''' .-.1.tiTII In tn.T ,,"r r"l'lIl
VDIeG 1,)" ."llt•. ;.II " .r. rOOorllftfC wh':.~ \1,,,
...... , is I.~ .\ .,. ~rulS;1I DO,"' InIllI" ~ qn~ rio""'"
.......,·.LUI , QG IV el'\d .... rr. n ••ntumClln &bsorpt.On
II ~ rot)ult _+,1-... r ..f1.... lUl prQguclng On ent'lanr;;ecf fitlkJ
Ilfftngth ;It the pocjlion ef tha .)bj...1 .,!d nor aIJe to
int,ractron btftw"n object and reflector.

In addition TO th••e multip.ln eff.eta, .nh,n"I~.n1
of U'''..,.,..Ii...... "~IY" vim nr:r.ur t;!t"..YI8 nt J1fnr,"'lfy
,'!f'eetS tn.t .r. c:rgatAriwtot.n two Qr. mor••ubjllte~.fe
,imull:lnoeu,'''' jrr6di.Ilft.1 ("jaMtu ~IIII n-.'Ja, ~", .....
'--"- .........."GII .WVJKlS-.nt-~DY .. Cr11acal
••p.ration of 0.65)" a 6O-t:Jel'<:e", enh'natmeh.' In.""'61__i'•• ••,., .:._.... Owy"'~"" or ... ,. .".rgy~ tntc..
bjolqQ~C.1 g ...n"~M'I i' di.I.:UI:DOO 'u'''~.P II',! \I ...
~';I"".II~Jr."'rJI' Rl6rJJ.,J~" LJIIlI,,,,,.try n."Jbvult.
(Ournev .t III. 1978. pp. 21,40). '

3.2.:1'" Do.imftrt D./in;IHJn.

OOlim.vv if ttlt mllaRurFl",,~'or ••,i,J'Iilillfl ~f 'IF
.n.rgy or power depa,ition in en irradiated 8utdect
in~".~iM lhl tntftm". "",rihllrinn nf th..t "npn~'.n"
anergy.. rrt 'eNn' ~.rs. the ••rmtf101ogy de.cribing
GOIirMtrie •••••am.nthll been evolvinQ. PriuI' ts"lhtf
mid·.even,i.1 molt investivaloFS ,used termino,logy
lhlt Ippeatl to "',ve been, c;:onV8nt.mly bo,r~\Ned

from the ionizjng·r.di8tion field .nd that etnpj~ved
tn...me cumul.ti" doll" conc.a,(Youmana,lnd
Ho 1975; Juar...n 197&). MIRY 'ilWHt)gltor~ f.lt
that thi, terminoiovv WI' t.....opr.... for UN Wil"
nonioniZing or RF r.dCation~u.. energy lbaarption
in this else is not con"d.r.d a cumul.,jve
phenom.non in a wev that hli btl," ICctPltd for
ioniting r.d••tion (Susskind 191&; Guy 19~5t.
CO"'lQuemlv. 8 new terminology wel"GP08.cUhl~
did not UI. the word '·dOl•. " Th. now wi(:tely
BCcepted term "SPKific absorption ,,,e" (SAR) Y;OIS
first reponed in the lit....lure bY JOMlOn (1.75);
hOWIver. the term .volv.d fram· join, dillClU.siOh bv
member, of St:ientifiC Committ.. 39 of the National
Council an Radiation Protection and M•••ur.....nt
(NCRP). (This meeting, chaired by Georg. Wilk'''ing,
took peace at the a.nelle R....rch Cent.r in Seli,rtte.
Washington, on June 23. 1975. with memb.rs F~ank
Barne., CurtiS Johnson, Arthur GuV. Charl.,5
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FItur. 3~'. AblCllnrWn ..,. on variou. ,rouncllfllt mul....... tecto" lOt"dh'.' ~/. 1877). Note tMtttl..Utll......... On
••,.nmeratt' IU,.,...ftt..

Rat. of Whol.-Iodv A,NotptiOf\ lWBAI In Wattl tOt a
PrOlate Sph01'OKI Model of Man IwelQht =- 7Q to. htlght '"" 176 m) It 10 ",\I\tlem~

WlA WIA SAM

el. IV. At 'I,on'neesfor place",.nt in I 90" co,n'r r"'lKfl~r

o

0,&4 W/kg

0.27 W/kg

d"'1.1A

58.24W/1cQ
f - 82-" MH,

'r
151 W :." WIlli

, >= n·'.MHa
c... V. At , ...fttttee in .lectriMl ggnlKl wltll

grouftd ~M", in frOnt of • fl. r.rtK1or.

Cue II. At ,.-onanci fa' GOnditlon. til ,'..,iGll
COl'ttlct wittl the gfOtoll'lCl IN"'. -lit

et. 0.128 A

2 II ',0· 1420 W 20.28 W/q
, ,. 21 ·34 MHr

4.3' W/Ilt
t ... "·14 MMI

ca. III. .1 'ltIOMftCla for ••--.... il\ frat'll
.., ••Ietr........

c:.. VI. AtNllIGftMCeinaa..llriolll contllCfwi~
trollnd ,... In _ .,. cor... ,....or.

Jodt--
d" 0.1%1 A

4.7 1I 151 .. 710 W to.1.W/kt
f-.I·.MH&
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S~ss6tind. Saul Rosenthal. Karl III inger, and Ronald
Bowman ,nendlng. The committee memb.ers ~greed
to publicize the new term as much as possible In them
pilblications to promote wide acceptance Members
Johrison, SusskInd. and Guy published comments
cOncermng SAR In 1975.} NeRP (1981) has form,lly
r.eommended adoption of the term SAR In FH~
dosimetry. NCRP has also endorsed use of the term
'specific absorption" (SAl for, the a~sor~ energy
p~r unit mass Ireftlrred 10 earlier a$ dose)

Table 3-2 liSts the IIBriOUS RF dosim.e~'~c QuantIties In
g.neraluse,together with the., defsnltlons and unIts.
AlthOugh the terms (partiCularly SA and, SAR) for
s~m. of these QuantitieS have now gained wIdespread
l¢ceptanc8. other term$, Pllr1icularlv dealing. WIth the
volume-normalized Dower or energy absorptIon. have
or)ly retently been proposed and have not yet gamed
wide Icceptance

Tb. mass-normalized and vOlume-normalized
absorc:nion ,ate. are dlrectlv rillated through the
Joe.tized or whole·bodv-.veraged tissue mas.
djnl,tv p. th8t is. abtorptton-rate Clen'lty, ARO =
p(SAR), where p is in kilogrllm. per cubic meter. Mest
biblogicel tissues are compos.d .aro...... of wattr, 10
th:'t ,till reasonable to assume a unity tillue density
vl4ue. In this ease. the two quantIties are numericallv
eQuivalent, This appr~chnas b..n adopt.d by many
investtgatorl.ngaged in pr.dict,ve EM modehngl..e
sic. 3.2.3. Analytical and Numerical RF-Electro
magnetic lnterection Modell), where the model is
cafnpoted ofllOme homogeneous tiHue with .wrage
ph',;,.ical and dietectric characteristics thlt are
repruen'ltwe of1hevarious trtsue. of the bodybeing
mOdeHMl. For example, all the SAR date given in the
tamutlr R,diDl,eqwncy Radi.tion DD,imerf'l H,nd
boD.t were deriv.d this waV: the a.sumption oft unity
fN9"o- tiDue d.nsity is sPllcifk:aUy Itlt.d (Durneyer.'. ,978).

A tub", of two additional ",.Iu••••iltl for both the
m•••·norrnaliHd and volume-norm.tiled QUlntitieS
Ulted in TI". 3·2: (.~. the whole-bady,awra,ed
Yllue. whiCh I•••M11 th. overall absOrption or
eb,orption , :III' k~ by the to~' mi" or volume of
the lubject; (bt the localized value, which
describes the •., ptlon or IbtorDtion rat. in an
incnmentilly .... mua or volume at IOmtt giV*n
point within, the ."bj'Ct. The lOClllztd ARO is
",.hem.tlc.Uv deffnecl by the .xprnsionD£z. wh....
0" ij the toCiI 1iau.conductiVity end Er....nts the
roen-me,n-squere value of locil internal E-field
strength,

So .' far. there has been no discussion Df radiant
exPosure rate 8S1e.m.nt, i.•.. m".urem.nts of the
in'·'.nt field str.ngth or power den.ity. Some
workers unfQrtun8tetv continue to Include such
11.e••ment under the generel he~inSi of "dosim-

etry"-incorreetly, because the exposure rIte IS folot
an asselllment of dose even though tl'le ,two maybe
related. The correCt termlnologv for Incident power
densltv assessment IS "denSitometry," which Should
not be confounded Wltl'l dOSimetry Experimental
methods used In denSitometry are discussed in S~c
3.33, DenSitometriC Instrumentation ,The various
el(peflmentol techniQueS that have been develODed
for whole-body. as well as locahled or regiof'l81
doslmetrv are dISCU,..d In detelil if' Sec. 3.4,
Experimental Methods

3.2.3 Anillvticiliand Numerica' RF·
EI.ctromagnetic Intet.ctio':' Mod.ls
Much of the djscuss'jon concerning the qualitatiVE
nature of EM interaction with. biologIcal targets
contain.d in Sec. 3.2.1 isbitHd ond~taderived trem
mathematical EM models in conjunction with Ilmltea
experimental confirmation Predlctivff phV$'(;olIl
modeling, used extensivelv i" this research area by
many workers during the past 26 V81t$, hu
contributed signiflC:antly toward an Impr0V'ed
understanding of the nature of EM field Int.r~ctians
with biologieal subjects and their dbSCJirptlon
characteristics. In these models an obj~ct ,of
scmplified g80metry, composed of dissipa t~ve

dielectric materiBls that closelv s,mulate the spatllUV
averaged electrical propenies of biologicII tissUt!s.
is irr.dilted bv some form of noncomple.. incidfint
field such as a unlpath plane wave. Solutions to the
probfem ••tup in the model can then be derived ,by
..~rlll well·eS1ablished analytical and num.rl~81

techniques. Actual comput.tlons are p.rlormed on
high-speed digitsl computers. and the ou."utS
repres.nt whOle-bodv-ave,..d ef'ld loc:.lizect ARO.
absorption crQM sectio.ns, end absorPtion coefficients.

B••ides the improved understanding of the ~M
interactiDn process .'r.adv mentioned, modeling "as
prO*l.d 10 be impanant for two further blaic realO,:\s
Fir.t, mathematical modeting end experimental
m.asurements on le.led·down doll andfil'lurin.
Dhantoms hive SO f.r proYkJld us wi." the o~IV

praeuctl m8tt'lod of g.lnl~gqUllitative indquanti~a.

tive insight into the absorption characteristics of tre
human boc:tv under VlrioUI conditiOns of Irradiatlqn.
Anv .ttempt to make IIbsorpt!on measurements on
ac:t~l human .uDjectl he. 10 far proven rmpractlc;al
b8caule of technical difficulties, high COltS, .nd
ethical con.deration,. RHsonlblyaccur•••ql,Jlntitl
tive deta on human-absorption eh.tact.ri'lties. a;,&
nec»INry.to determine the objecttv••xpolurelimi,s
for RF rldiation. The relsons are discussed below.

The 1974 AN$I-rec:ommended protection 91.1 /".
lANSf 19741 is ba.ed on an ,"towable exogenous he;at
1000d due to RF-energv absorptic;an and I:Qnveraion t~at

cannot exceed the ba.lc met_boUt rate lBMR) in an
adult man (- 70 to 100 WI. For a SOth p.reent~le
standard-size man weighing 70 kg, thiS load
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Ctellllullztd ClIrVfS are live" for ulfS of whole·bod)' absorption of 1IltCUomlll!nelk enelf)' by
models or human beinp oU a rum:lion of rrrquenq. £xposure~ __ere rrude in fltt 'pice, or .,,'ncn lite
model made eleclric;al conlaCI witl'l tbe pound. The el"fc,,'s of the pr~lC"ee of Nfl.Cling surfaces lIbo
weir ana1yud. Puks of absorption with and withc>Ul a (Irol,lnd. arc pro!tcled. rlSpec:llvel)'. In be
(]l to 34 MHz) tltd c6;t 10 68 MHzl X (1.7~/hei,hl of model in m".r~1. R.11l1 of eMru' cl.POlitio~
",:'arjv." for mod.l.~ of man and for illllm<lls lubjeetcd 10 radialion :It a power dllCSII)' of I 0 m~fem
(en Ihc various tondilion, of ~ll;pcnurc. At rCSOR;lnl:e. W'~luet 1)( Il'hole-bod\' ~b$Orl>lIo" is IlI11h <1$

4Sll17 to 1,15' ....Us for the ldult human b~jn.. ar~ I"redktcd. The, limes.to~onyulsiQn of .... I()O·,.
rat, It power detuilies of :3 10 20 rnW/cm2 I:onfirml:d !'redlctlons III (.\ltl!tttel) h.,h r'lc~ of abl1Orp
tion ill lite pteSlInce of renec:tln, 5ur(lu:-e~.

, 1. INTRODUCTION

We have prewiousJy reporttd on the obst'rvation or a
1trona ("OAllIlce. in lhr whole-body absorption of dec·
Iromall'eUc waves by biological bodies [Cllndhi, 1974.
191'). For plant,w3v~ ilTldiation in tree space. the
hipesl nile or .n'rIY deposition occurs in r.elds that are
poJar~d IJone., the lonacs: dimension of the body
(! fl a;) and (or frequencies such tha' the major lenath
(L) II approximluly 0.36 to 0.40 times the free-space
w...lenellt (A) or radiation. 'eaka or wbole-body abo
lorption ror two other configurations (major len.th
orienltd 110111 the direction of Wive propagation or
lion. the veclol' of lbe maretic field) were also reo
ported (&11Xlhi.' 1974, J975 for (.{1.. on the orde, of
L/4ffb wheft 2"bis tht wtiJhted avel••ed circumfe'ence
of tb. animlls.

A hanCUClp or ,put measurements hu been that com'
Mereilll~ 1V,Ih'bJ~ rJolJ~ U1.' hay,. tval"n II..,." I' mold.
tor modaJa are ~ot properly proportioned. USin. C,II:'
fully SCulptured, accurately ~caJed f.i,urines Il),t,/u.u.
19611. mQl\lmnents hIVe now been eXl.nded to CO".,
the reJion 0.2 < LA < .3.3. Specinc absorption ratu
(SI\Rs) art ,iven in this pDper under .hree configura.
t!ons in rre~ sPJ.~e for thr fr.quenc)' r.nae O.S 10 a.7
limes the E I t L teIQnanc:e rrequeacy 1,. which. for
f1'\lI1l. iI 6S X (1.1S/len8'h in meters) MHit. From the$~

re,utts, lIn'~111I'" '''fury i~ u5ed 10 dcvll01' .n ,emphh~Al .
equation for the SAR. for tlte- £ II a; orientation of
models, II felOn.nt anc,i tt.llnlfC~Qn.m frcqyr,n'ir.l\, A
comparison with the lethality Q:lt:l of Schrol fl1'Id
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Hilwkins (19751 cOJlfirms tht validity or the equation
(or nttr.and mice of diffeTing sizes.

Results are also presented for a simulal~d human heina
with its (e~t in electrical contact with the around. 'II
s\lc:h an expowrc, I resonant frequency one.f\alf as high
with a pnk absorption twice lhal o( ff~'Splce irradia·
lion is observed.

Enero deposition rates are liven for models of man
and for animlls thaI wert nposed to radiation a, power
densities of 10 mW/cm'! under various conditions of
uposu!'t.

2. ELECTROMAGNETIC ENERGY ABSORPTION IN
MAN IN FREE SPACE

The procedure for obtainins the mass-normalized rate
of electromagnetic enerIY deposition (SAR) throullh the
lIle c( rtcluc.d ".II" IIIUtllllll kas ~U.h J"I.'l~J ill ..111111
public.lions (Gandhi, 1975; Citlndlti tl Qt. }975J. The
SAR in WlJca is calculaled from the tempt,ature rUt.
or. of 7.6, ]0.2, 12,7, lS.2. 20.3,25.4.33.0. and 40.6
em hiah. saline·filled (O.~ NaCI) figurines f,om the
elCpremon ("',1 SO AT X specific heal of the medium
III ~.IOri"lirC)/ir"di.tlon lime in $c(:on\is. The SARs
so c.lc:ullltcd Ire divided by the model's scaling factor
(heiah' of 'he hum.I'l/)l!n~lh of the fiaurine) to obtain
Ult:' value for a human betna. At lel51 three measure·
ments were laken 10 calculate the averaged SARs thai
art pvrn in thil P:lP'J. Unloll~ 6tftel'Wis~ n,oIliJ, till.
standard deviation of the measurements is less tha"

-
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Resonanl frequency f. ... I1.4/L.... (l)

S,ea • O.~6~ 1 nb (?)

(3)

(4)

~ 1/2
I
j

J

0.665 L{2b (derivable also from antenna theorv !Otmdhi
rt III I..., I II I I'''' uror,1I IIlroft'lltlr;1I 1111 1111/1 11"1t'''' I 1"111"'"
L is the major lenath of tbe body and 21tb is its weighted
1I11"!'" •••111.'...... r II .• .1111'. 11IIIUL.L lJ ':':"14"
[.}'" ;., f. 'H I '~-'P~ ::a .\.,1. 'T'hrJ 1,II.IIIWjl"Jnd, tc g4~'
U ... /17'i) rw '11, r", ~1111"hl.~,. ,."',., """lLlL" url~
mW/cm 2

• For a man of height 1.15 meters. the resonant
fr'tIlGnc'T ia I!'L 'lu tl'd'i ftf' G, ir. fiB MUll hill' "
resonance, tlie SAR: IS r.:rlimes tfie BMI(,

Region 4 ~ Suprlresomant region. i.e., to rrequenc,es
00 the order of \.8 Sr•• times the resonant frequency!,
(for human beings th" C-Qvtrrs thl region f~ < f < 8 fr).
~ whnlr.·horlv at"mnfinn rill/'! mtll~inll 1\ ((( ().& frnm
lilt: IC~UIUUll witJue hal bc:cn observed. •

""'"UlI .J 0' I ........ lr IC~UlL. J IIlr .> VlIlilU.. llll IiOIlUIIIU

llGymptotlcllUy apprOich the "optical" vllue. which
is (I . powef reflection coefficient) or about 0,5.

fn c:omparinH the ,ral'h of Fiiure I with thost of
1 WI"- 1 (-.J, L...,. ..J.. ~..J " Un.. h,..U j,uO 1", J.. ,.
arc 1lOteworthy:

1. For frequencies (4·S) f r </ < (8·9) f p lher~ is
littlr distin(:tion betweQFI av,r..~d rltc! of ener~y
IbsorptiOfl for the ~.dous \o'(Jlafiutions. r(/r hum'fIJ,
,J ..~ "VII~"l'V"U" IV \"'''''iUI>''Iw)' '" 1••1!..~ " ~11"'5''' ."

I .11 Dr), I ~ r n. I I I lin
and 550 MHz. .

:I. nl tltOnllACIr. fot k II r J",1 HIt t orilnu,
ti,.....~ ./~ .\'.1 Ioc'y Ihtlp. [t\d...d. ru. th .. n I r1' o.i,.nt
.lu.. , ,)•.., SAR 5,40.1..")1, 1l;:.....III;:~ .. 1-'....1.. Y"III'" ......I ..L4,.. ...
thit value In higher frequencies.

An1rnnn lhmf\' nnn thro nhVlTYnn frnnlll'lnli\' r1~nrml1
..: ...:11 Lhul i:. :ol.uwu ill Fi\&uu: I lau'!'" linn u~~ lv J.ve)UI'
the follOW-inc empirical equations for fats and mice and
for othc:r animals that may be represented by an equiva.
lent prolale spheroid of dimensions land 2b akin! fhe
.....ju< cuJ ...lnUl ......"'... ,"'&....,...U..,l,..

l L cm 3

L/2b =: 0.724 II mass or the animal in g

where

59.54 Lcm
SAR in WIkg ""'10 HZ MilU in B

The equations have been IlICd to Cell.rate the genttal·
ized cUTVtS for rats and mjc~ (figure 31..under free-spael
irradialion f01 the polarization (E IIL) that produces

For the sl.Ipraresonant frequency rtaion /, < I <
(l.8 Slcs}fr• and at an incident power densIty QflO
mWlcm 2 •

'physical cross section of the body in cm1

(1.\'1....1.. I.vJ) .......... f ~"~'b" I ( ,rtit14 iA.....h~.
,lvroll1fi.-.n in ,.1,1U) ,I in IIIlm(t*m2)

'tu UI\f'BJnJ, nUN I, ANLJ U·Aj'lVI\t.A

;. 3%. The values obtaintd with saline·ftlled fi~urines
'''.f. 11\Ilnn III "lIf!'!' 1111111 l11r IIvrllwr III 11Ir, vnum" '111
individual pam of the body (or tlssl.1C-simulating
r.._.;.._., .. LJ. L..J ...__ ._J_•. JJ tJ lLL; .•.JlLJ .. C
."I~I .., ,~ w"'~l.;·b~!iv ~1Ii~~~defl ~UI'lte'- fer "'&1'1.
A. "lUlU UlIlJUIULU [J,uuvLJu,u llllll 1L }'.I LU L. ~~II!.J 'JUI

is calorimelric: measurement of whole· body encJ'l)' de'PO'
'liliull ill .~rfulr!~ Ihnl nlfi ~1It\11 njlll IHAI~!,ihl~ Ihnllhhrh'
catc the loll retma conductive and dieleclnc properties of
various lissues.

CUTV!S fOJ whole-body absorption by models of man
cxpgaed to radialion in free SpKC are Jiven in Fil\.l~$

I Inri 1 Pm rilrh nf thr inrtirltrrt nnlaril11linm lhr,
orlontation resultlnR In a maxJmum rate of enerRY
urpo51U",n W;I.$ UlitlJ. IvtmUnI e, til.. "'/.:1 J. IIll:!C~

UI ica\t.\li¢'1\1 ,orrespond to propapUon llormat to the
Sllittai plane - froJ.ll ann to arm (.ather than from front
to back) - for Ell L orj~nlltion; £ normal to tht' sa,iual
PIUlI_ <•..,1,....1..... "VII' t,v....v L...l.) Iv• .. I I t:. Xii.......
tion; and E normal 10 the sagittal plane for H II L orien·
tltion.

To date. the tXPcriJ]1entA1 daea have b~en obc.iMd to
8.7 lillLtl~ thll: E I ,I.: 1~~Vllllllt rll:\.futm,y ""hid. lic.s
UlrLW~e:1I ......v VO lYUH•. 11Ie: ........ IHILJQ I"'VLlgy .11.J.. I. J I

1. The rrlati\Jt absorption coefficient S. which is a
,.. .. ~ ...... ~f .10.....m...I'....y ~r ~"'jII'2Y nhr.nrplion t

2, The i~c;ifiC; absorption ratc (SAR) in W/k".
". tho: ;iAl\ u compineu IV lJlISiLJ IlllladLull.. I.U'"

BWl). .
In calcull,rinp fht' ~AR·to·BMR rltiol (or filturOl J

Ina .t.. 1 I;jasar metloollc rallr lvuyTUII. I ~6e J Ul IUV

lci1e..Juriwl/kr ill ••vnl411cl whi"j, ~~II.r.P6ft.i~ te 1.06
W/kg for a 70.ka mlUl. A lLiaher rnttaboUc rate (MR) of
1.66 to 1.96 WIleS is Illumed to occur durina normal
activity IUch 15 standil'l, while relaxed. drellin~ and
undrcssina. etc.; LIse of any number in this range wouJd
not appreciably alter the SAR/MR ratios sho\VTI in
Fi!ures I and 2.
For the molt hiahJy ab50rbing E I JC orienlation. the

whol~ boc1)1 a.bsorpt1()n eurvt m,ay be discussed in terms
of five. regions of fr.quency:

ReJion I - Frequendea well below rCJonanee (LI"A. <
0.1-0.2). An 11 ·type dependence derived theoretically
and checked experimenta)ly by Durney and coworkcts
[MtlllOudi er 4L, 1975J.
Rop-on 2 -- Subresonant region (0.2 < LA < 0.36).

An IZo?& to fJ dependence of rate of entrlY deposition
has been ~xp:rhl1enlall)' observcQ for this cepon.

Rel10n J •• R,sonlnt relion (L/1I. ~ 0.36--0.4). A
relltj\lc absorptiotl cron section S,.$ on the order of

MICrOWlIye aosorpuon
S _ -- ...•~t9~ Gcction

Physical crou
~cllOn m rne nnav



. . ~ _...

DEPOSITION OF EM ENERCY 41

.. .
EIIL ORIENTATION

!II:
C

1.$3 '" 2 2 t=
~w-

•. \.IIi: en::: Q

I 5 u 0"- r4 ... ulI
IIIJ,.... ~ E: '8 1 ~ C; WIt:

~ Q ~.. 1.0 ~ llI: I-lil
f~ "'-ua:: I-

3 ti :if 15~ I- ·14
~ ;;[ CII' °2 "lIIl~ ..

... I-...
2! ~

11.1t ~ 0.66
,..

a:101 _

!IO II: ....j . ~
I- lil

~i
Q. III -'If) ~ 4 <I

"-
lillo/ ~z E ;:: 0.6 III -5'! 0.33 Y I cr l- I-~ E .A

~~
U101· .j
11.1::I r-0•• _ III

~ OZ I - 0; I

(XI'fOtll A$Y~"TOTle lI......uf ~ ~ CIlC
<J>

0 VI ..I II: 011.1 ... a:1.0 2.0 3,0 a: ... ...
L./). IAI

..I
171.• )·'28 5143 w

FREQuENCv 1M":)' I. mtl ,T~

ria. I. Wholo.ood)l ever''1ed SARli lind IIlv rtlllillC .ll,orphon !=ot'fOc:i!:nt. S. 01' salinc-fUh:d model.
or human beinll" dtnina microweve irradilltion in thE (rEE rlEld. ThE !'·Ilrld vectOr is p:uaUel wilh thE
IODIt a:cis of the. model. Dirllction or propilitioll i3 normal to saciUa! ,lano. lA,.nd: 0 :: prolate
spheroids o( (LlZlI) =6•• t 7JO MHz;x -lluJIIIIHh.ped dolls ~l SOO MHI (puaJlel-pl,te lr""mis.jon
Und; - - hllman~IPed dods It 987 IIId 2450 MHz; 0 == IteLltalely proporhon.d fi.urines, , to 41

em in illnath, II 987 MHz;. "" thE proportioned n,urines at 2450 MHz.

I ...,·...u... t.! ~

tht highest SAlt. A cross-sectional enhancement ractor
Src. 01 2.16 (Jiven from equ.ation (2) [1150, Gondhl '1

'.)' • 1,1

a9 j .1
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til.• 1975] for an aspect ratio L/2b - 3.25 equivaJlnt
prolate spheroid) is Ulumed in th e ,r.aphics of Fieure 3.
Ai,I,,, ,nnwn in rhl" n;um arf! Ihe YlrUCS wkulat'~ from
1J11; kl.t.....il1 J.l. u So;/IJ.", .".:i JJ_"',,~ (] 915] . I..
~~utlti"! the EAR f.alll t".i, dala, it ill DllllUmod thlll:
(a) an l'll'vation of rftmrw.rlltllre of 7.4 DC rnulls in I
r.nnvlIbinn, and (h) The 6.T DC'UrI in in .diatJlltic man,
I~I i,... 1111, 1111" II(Ji~lIlrtl' lI1i~';t" j'II'1!t\1''1.''IlJilI8
Ihat Were 15 no ot tr mecliamsm for lalil' Or lOSS 01
heat from the animal's body.

Because' of the hilh poMr density (l SO mW/cm) used
in 'he experiments by Schrot and Hawkins, the second
mumrtion mil)' hft I')uilt. jU!ll,i ned. From inapcction of
Filure 3, it can be seen that there is a lood correlation
between empiricallnd experimental values.

4. WHOLE·BODY ABSORPTION BY MAN IN
ELECTRICAL CONTACT WJTH THE GROUND

I

III

l'ill' 1. Whole-bod)' ncrilfl:tl S4Rs uf 5ahne.fiJlod models of
hlllllln bei,,~ durina: mic,ownc irradillion in the (ree field.
Dadlod Iill~: bMt fil with 4:lIa'J)I.lllIg whtrc proP<ltt;&liun YCttOJ.
t. is PIIcall,1 witb lonl uili of 4hc nl<lduJ (from h~Dd [0 toe) and
£of'lcl(l ~CtOT I. no,mlll 10 \a~llill p101nlr. (':vnllllugoln h ..,,: boltr
fit wilh dltla pOinlJ .. tlor... H·JJ4Id YClclor is p.HlIllcl wllh 101111
n~ of mucicI and 1:·Held ~t:1Qt is ftormw tn !!;Ill-ilt:!l plllnt,
l_lIond: .:= hllnJiln.sh~ped dQ/l~ a1 987 and 2450 MHz;
~ e ",uJIOrtioncd nl!~rint:l .t ~4S0 MH1.; 0 !!:' human'ihaped
dubs al 987 .ltd 2450 MHz; 1t1= proportioned nllurinc5 lit 2450

MHz.

Whore·body absorption by a model of a human bcinl
with fert in electrical conlact willi tile ground is shOWfl
in Fieure 4. The results are projecled ffom mellurements
with 10.2. 12.7, IS.2, and 20.3 cm,Jhe;ghl) saline-filled
fiJurin.s that Wlrt u:po5ed to E I / L radiation al differ
ent frequencies in the monopole-.oovc"&Tound radiation
cllamber IGandhi. 197S}. This chamber, which uses a
radiator that isa qUitter-wave .bOVf: around, provides in
conjunction with fjaurints a proper simulation of
grounding effects on energy absorption. Campering the
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conditjon~, highly enhanced oSARs are expected fog
resonant bodies near tlal (180 ) reflectors and near 90
and other comer rl!!Oectors [J17uk. !9611. Cains or tn·
hancements of absorption that arc ass~laled. with hair·
wavelcnatn dipoles in the prelen~e or i typically en·
countered corner reneclor arc I1ven in FilUrf 5. To
le.l the validity of antenna theory in prcdic:ting cnhan~e

menu of rates of energy absorption, experiments were
performed with a near-resonant (LI>" ... 0.417) fiBunne
placed at different disCances in (ront or a flit· reflector
of dimensions 2.5 A. X 2.S A. The enhancement f:lct9TS
relative to the free·space vallie and corrcspond~ng

'" SA Rs are plotted in Figure 6. Also plotted in the tiilJre...................._-_!... I are the values of El that would be expected for· a
"----__~~_---,'!'=----..,..,....-__:..... ---.J stlnding wave jf the target were absent. By COlllpiJr~ng

1000 I~ 2000 2800 Fisures 5 and 6, one ma)' note thai the degree of ¢n-
fltrOu(IIC' l~ ""Ill hancement of Ihe SAR b iiI/en more ,1,~u,atcly by

antenna tbeory than by Slan~in~-wave th~ory. As pr~.

dieted by .ruenna theory (FJgure ~). a hlaher SARi IS
observed for d = 0.12.5 ). than (or 0.25 " because of
cQuplina or the larlel to its jma~. Also, a maxim~m
gain o( 4.7 was obseMd experimentally _This value is1n
elCcellent &!reement wllh antenna theor~; and is J7'Kl
higher thaI! the value of 4.0 predicted on the basis, of
standing-wave theory. •

Additional pointS to note in ficure 6 are: (a) Non-zero
energy depo~tion at d "" 005 A, which may be ascribed
to absorption due to magnetic fil!JdJ It thi, settinll.
and (b) An enhancement (actor of Jen than 4 at d'"
0.75 )., wbic:n Inay be due to insufficiency of the reflec
tor's dinumslon~. from antenna thtory. a reflector with
a width Jarzer thin 4 d (in the H plane) is tCcommended
to simulate an inAnite plane.

The important featl.lres of the above result, have been
confirmed by uplriments th.t WeTt performed with
100'8 Wistar rau: the rats were placed at different loca·
tlons in from or the tla[ reOec;tor and were sUbjected~

inc,ident fields al their resonance rrtquency of 98
MHz. Th~ details .nd th.~ results of these .;Jtperim.rits
wilt ~ liven tbewhere [Gandhi tmd H,.". 197?J.
The enhancement factor u a (unction or LA WIS

measured (Fi.ure 7) with different Iius of fiaurinlliit
98., and 2450 MHz. Because of the r.irly brold lateral
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5. ENERGY DEPOSITrON IN THE PRESENCE OF
FLAT R.EFLECTORS

.... Ul'flVtlJ,UUNJ ...\NUUAI'iIl)Kl;.A

lesu!t$ to those Or free-space radi.lion. peak absorption
oeeurs at a frequency "boul one-half the v.tu~ for the
ungrounded condition. The new resonant frequency IS

projected to be (31.34) X 1.7SlLm MHz. Al resonance,
the SAR is about twice that of irradiation in fret spice.
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Fill. 3. Th.:orlti(l' ptoje"rions (colltinuoU$liMS) of whole·body
S"Rs of mice Qlld I1U Qf varyilll! RIDS iI.J1d axial II!"~IO for
mll~JOwa"'e irrad.iation in the fret fI.:ld. Dall points ;ne ba~d on
exp~,imnu in the ftte field. oron if1;JdialiQn in 'he monopollll·

abOlre-l,ttOlind ('!'l,mbe r.

Judlin& from the su.cc;:eSJofantenna theory irl predic.tinl
rClonant frequencies and absorption cross seellons
of different bodies under grounded and ungrounded

.1

'iI· 4. Projected SAil ror I hllllYJl beVl. or htil'JI L (ill
meten) .. I function or LlA.. Feet .re in cOlldll~tlve conl~1
whh IlfOl1fId. Sample size (J/) i. shewn in p;aren'Mses in bod'

Dff1Ju",
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Fia. 6. The data poinu ate mU,JlHlId values of \llhol.~y
...,e4 SARs of I model o( • IIlun.an beinll or hel,ht L (~
m.l.n) tllat is upoad n.., • rat r.tk!clor. The values.of EZ In

, the absence Qlf the tar,,,l are .hown by the dashed tine.

dimensions of the larger tarlcts, a complete s.et or dlla
was possible only for d ... 3 '>../4. The points to note in
Flaure 1 are: (') The enhancement in SAR at frequem·
des above r.lOnance diminishes and asymptotically
approacht'S a value of abou.t 2, (b) At frequencies below
fUClIIlnce, I hia,her pin in SARa from thc correlpondinli
free apace ¥alws (Fisure I) is observed, and (c) For
d • 0.1 2S ~. I reduced enh~ncement factor is observed
ror SmaU"r grlJeu, which is reminilCcnt of the stanwng·
Wive point of view.

6. ENHANt;ED ABSORPTION CAUSED BY 90°
CORNERS OF REFLECTJNC SURFACES

Utinl the near-resonant ,(Lf"A =:: 0.417) siline-mied
neurine, energy deposiUoo ralts were measured at

•

different locations alan, the diaCOnal of the 90Q
com~t

of .....Iral r.fllc:1orl, ncb of dimensions 3.5 AX 2 ~ (m
the E direction). The mellured enhancement f'l:t~1
relative to the free-lp8Cc value Ind the cOl'1CSpondUlI .
SARs for man are plotted in Figure 8. Also shown for
comparison in the same fizure are the wues o~ E' as
calculated from standing-wave thcory (the kind, of
values that will be re,stered by a ~aIled power
density metel that is caUbrated for (ree-.pace meuurc·
ments). AI with the n.t reflector. the roauJts hero 1110
conform lO predictions based on anl'Ma thtory (Piprf
S). Enhancement facton II luI' a. 27 are obIer.ed, for
df>.., = l.S. Anotherr point of aarcnncnt with aRUlnna
theor}' JS a platcau in the enhancement rlctor at a.value
or approximately 10.' for df)." 0.45. Reduced pm' of
hOI spolS thai Ire closer to the comer comp.red 10
d - J.S ),. art rredicted from antenna theory [Jatk,
1961] because 0 mutual-impedance effccts. .

It. mels\lr.d enh.ncern.nt {actor of 27 (FiBure 8) in
the SAR is conlider.bly larpr than the value of 16 thlt
is predicted by nandln,-wave theory end is even hjlher
than the value of 20 thlt is liven by antenna theory for
a 90" corner of a semi-infinite r,nector. Gains IUper
than IhOll! fOt semi-infinite rcfleeton have pleviou.sly
been obutwd (Cotron>, (111(/ wtlIon, 19,58J for cotner
ren.ctor ant.nnu of appropriate combination. of
width and lenath. 1t turns out that our ,enettor's dimen
sionl of 3.5 ~ X 2 A ITe. fortuitously, the result of one
or the super...in combinations. There are mBJ1)' ~ther
combiNUom of width and leQlth [Ccttorzy.rId WIllson,
19581 thai may .lso rellilt in hiJh SARI.
To confiTm predictions or hilhlY enhanced SARli,

cxperJmentl were performed with male Win.rrats
(J04 t 8.3 I) lhlt were placed O.44}. and 1.5 l (rom
the comer or the reflectors. The d'" 0.44 ~ location WI.
the minimum dilliner to the comer poaible with. the
relatively mkrowlve-transparenl lit holder (Fi,ure 9)
thlt we uaed in our ""penments. Also for the d ... 0.44 ),
tJlfltlirnel'ltS, 90· eomtr rtontttor$. uch of dimensioru
3 ~ Yo ~ ~ (...th... than 2.1 ), Yo ~ ).), ........ \IO.d. ~rom
lmt~nnll U.VUJ)'. n:nvl;lur, vr wrnelmiuui 2 J (- 0.88),)
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tive enhancements at the Iwo local/ons may be! com·
pared br noting that. at power densi1ic$ of 4.5 an<l· h
mW/cm for ri = 1.5 >.., times-to-conYulsian correspond,
respectively, to 9.85 and J 3-02 .mW/cm' for d ... 0.44 A.
For a target-to·comer separlltion distance. d. of 1.5 A,
a deposition rate larger by I fllclor uf ::!.J8 as compar"d
with d :: 0.44 ). is consequently obtained from lethality
expertmenll. This result is amuinllY dose (0 the rela
tive enhancement of 2.15 observed between the 1wo
locations with man.shaped dolls (Figure 8). .

The enhancement factors measured for differt.nt
valuas of L/>... (or a 90°- corner reneclOl are shown for
d/)" ... 0.44, LS. and !.S in Fjaure I 1. Al with :l nit
reflector. the enhal'Jcel11llnt in SAR at suprare$onant
frequencies diminishes and asymprotically approaches a
value, in this case, of about 8. Also. for closer .pacini
to the corner I a reduction in .Ihe enhanc:emenl r8C~or
occurs for smaller values of L/>.. An as.ymptotlc value of
9 wouJd bl projochid from thnimpJe-minded arJument
thlt rar targets large campared to a wanl.n.th. a thr~e.

sided rather than the fOut-sided exposure is nl""
realistic. The wave that, rOT smaller tarseu, wO\Jld
bounce orf' the ~orner is larse)y masked fOT large values
ofLI"'_

Froln the point of view or standina-wav, th,ory, the
fjeldJ at dirr~rent locations in the vicinity of II 90°
eorner renector can be written (see Figure J2) as:

...
E = £. + £~ +EJ +£4 !Of EiRe £

.() + e·,'ltd - 2~~kd cos k)' }

whtte k c: 2_/).,. Peaks of the E field are consequen~l)'
a"ticipated not only fOt a~11 localions but also for
several spots eluwhere (lome of which are shown in
Fiaure 12) in the repon in front o( the refloctina corner.

In order 10 verify the e"iSlenet of hor spots e1aewh~fe
iu Hn: rl:lloo of II 901l .comer reRector. whole-body

fi~. 9. Sc",iseJlem,ilic dr.",·jnl ur polY~rb<>n~lc chamber th.1
wu undin irr~diulionor youn~ rah.

Sea'i In em
1 I I

o 2 .. e

I
i i

X 0.6 ~ would be qUite adequate 10 simulate the seml
jnnnit~ shtet, Ihat would ideally be needed for 900

corners.
The mean times-to-cOl'l'iulSion tOlCther with the

standard deviations for fout animals for power densities
of ~ to 20 mW/cm' are mown in Figurt' 10. For
d !:= 0.44 l.. the ntean lime-Io-convulsion of 225 seconds
(ror ... 100,. animals) during irradiation <It IS mW/cm'
corrcspon4s to tnt average of 260 stconds that was
ob5erved by SclllOt lind Htlwlcillf [1975) for free-spaee
irradiation at ISO mWJcm'. It is apparent, therefore.
that the presenee 4)( a 90°· comer reflectoT eauIes an
enhance~nl in the SAR by a factol of almost II as
predicted from tuuel'lna theory IJ.rJik. 1961). The rell-



HJ. 12. E-/'Mid mlldma r.ecr II 90"-cornc~ rcllct:lor. Filled
a.JIIL J•. ,YI....~.u., .. I...... 1,.;"I",,,;,,..II....J, .. III .LJ,uIL lU~"''''.1

qUilntili.:~ o( cncrp)'.

As disl;usscd abo"e. some of the hiancst SAlls in
models o( man and animals are observed (or frequencies
clOiG 19 the rcllign rtf rnClRln,c. flirlv litronll llntwlnu·
m~n'5 are. tlOSIiblt al hilhtr freQuendes in the arc.cnee
of renectntB surfaces, our the enhancementofSARs
here is c:onsidrrably leli than that which ~urs al
r"~nmml frfl']lIrnrir, fnhnnrrmf'nf fllrlnn jll1t 1Ii.!.'ar
Or ,omewhat lar,er arc observed for rrequenciel below
rnonanee, but Ihe ntt SAR. here, too, are not as J"Bc
beeluR or the rapid drop-off (see Fi.ul't 1) in thiSAR
nn thr: Inw fr,.t1l1rnry ~irl .. nf thr r"mnllnf r\ITVP

In order to apprecjate fuIJy the ref1~ctor-caulCd en
hancements of SAIU. it should be mdntjonl!d thlt
reflectors with dimensions 2 d X 1.~ L (in the E diRI:~

titln) 1f. contid.rod adoquato t, Dilrlulol. iRfi"ilt ...-"••.
Furtht'rmore. the rcnecllne surfaces need neidltr be.ood "onductOfs nor ",oUd in construction· to cause
l1'nhlnc:emenL'i. Jnd.IP.t1 'lIrf~r.~ r.f in'uJlIfinl mat,ri,,1
with conduclilll rods (orienll!d along £ fields) that Ire
aplced <: O.J ), act Clllit. effectively as solid conducting
surr",s [J«Jlk. 1961). _ '.,

Whnlf'·body rUts of ~ntr,y absorptiDn for inod!Js of "\
man ancl for Inimah subjected to 10 mWlcm2 incident
lield. hue been calculated for various expo.ture I;ondi· J'
Uons ItId are rllbulated in Table I. The rites of ene!J)'
deposition at resonant frequencies in tnt presenee of I

a around plant or a nlfieetor rna rJcedly ml;ntau and, / '
With .roundlng and reflecUon in combinalion they .
Ire truly sta"ering. .

8, CONCLUSIONS
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1. CONDrnONS OF HIGHEST RATES OF ENERGY
DEPOSITION IN MAN AND ANIMALS

Both for fb1.. lnd (or 9O
D
...eornet te1llctors. tar.IS

pllced in kill rand in H II L orj.n1:ltionl p~. SA~I
lhell Wlflt' lOulI,ILJI:,.ltty II:llhillm;~u Di) \;ulllyanaf w'lll-il,eu
respective fr~e-spacc valuea. In lenerll. BAR ••nce
ments c:ommenlurate with tlrget-avera.cd E values
wire meuuted for Lf).. on the order of 0.5 or JIP.
For laraer Lf).., enhancements lower tba.n those predicted
from a ample-mindtd £.avcra,ed bal1S were menurtd
and these are ascribed to si.nifh:ant perturbation of the
fields by the targets.

Generalized CUr,,'s hive been given for whole-body
absorption of electromlpetic cnellY by mod.ls of
human Min. as I function of fr.qla,ncy for free spacI,
(or electrical contlct with .round, and for the. pre
sence of reflecting surfaces. Based on lhe~ curves.
seller.tized Iraphs fOl specifJc absorption raIn. (OJ
rats and mice are drawn and the results Ire shown to
"e i", '&611 8.re,menl with ex.perimcnt.1 data. T"f.m,,"
dous .nhancemenu In rates or enerlY deposition roauh
fol' t.r~lts that are plllced in proximiiV If) ,~flect.illR
l:u,f:JI1.(. in.'ID' d8podtlon ratDt ruo s'...on fe' Mad.le of'
.. _. - J L _..L.__L _.·LJ--_. J .. 1.-1.1- __ w r.-.
wllI.hv nr In IIIW/li1ll

1 ulllhll nrillm, 1"11I11111111n'l I1r
1."1.pU)UIl'; SoAR ",Iulnla) hilli a) _H tu 70 Limes th~ 6MR
lilt: IJreuk1t'J fur lIJuli I'Wllilll bl:lllllo) ill rC50nllnl {'re.
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SARi were mcisured (see Figure 13) il d/'A :: 1.0 with
Wd Without the 26.S" tilt of the rcncclors around lhe
Ii: uis. The "cold" reJion without the tilt becomes a
rairl~ "hal" reginn upon tilting. Another implication of
this mult ill that reBionl,anoeiated with hlah rales of
InC")' aeposlflon Ire also Strongly acpcndent on dltte
rionality of th~ tncident t1~ Id.

rn view of tihese observations and alse since the hot
spots mly shirl rather readily upon placemenl of Dlher
tlrael5 in clos. proxinlity. the enlire resion may be con
sidered as one that is !'otenliaUy capable' or creating
IarJC fkld ~nhanc~mcnti.

)O~
1 ,
t

~;!:J }.1 Ii'flr~- +~I~U ~:.r;I~:~rf~ ~~I~ i_ ~'~. ~~ui~::.~~~I.'",',II.~.~.i.~~~
\".J1UUI In plronl"(I~ :m! l!nlktnl'l'nlOllt I~Crtl1'. t~'lllll"ll 1(\ lh~

f",,-ij.lJ SAR,



54 WaUS
135 W/kg .
f =' GOO MHz:

IV. AI resonance for plaC$menl In a go
corner retlector.

~t3
d" , 5 l

27 ~ 151" 4077 Walts. 21.6 wall,
58.24 W/kg 216 W/kg
f ~ 82-68 MHz f :::- 9«17 P,4Hl

2" .077" 8154 Wa11s
',6...8 W/kg
I ~ 31-34 MHz

VI. AI resananr:p. In f!1P.f:tror.ill COn-1M! wit" ground
plane. In a Iller cornet relieCtOr

2 .. 710;; 14;;10 W'tl$
20.28 W/kg
I :.":]1-34 MHz

V. "I resonance in electrical contact wit~ grO\.lnd .
plane. in from 01 8 "at reflector. .

'70 kg Man 100 9 Rat .00 9 All
(1.7S m Helghl) (115 ern len91h) (t€,.9cm Lengtt'i)

d " 0 125 l

Cotton)'. H. V.• and A. C. Wibon. (J 9S8). IUIII of f1niCe-lia,
COrner rc(lectaf lIt1tetltlu. JRf rnan.a. Altt. Prop. AN,
366-369. .

DreyfulS. H. (1961). ",C MNairr olM,n, tI"tM" F#crorr fn
Ddl'l, WJri&ney Llbratl' or DCllln, Ntw York.

O.ndhi. O. P. (1974), POlllriw.loB lind flll""11C)' cR'lclS 0.f'
wllole .aimal absorption or RF ellef'lY. It'ac. IEEE, '00:.
11" 1161. . !

~;lIqjhl. O. P. (au). ~angmOnl OI'IUon~( '1IClSom.,nell~pow., dlpolition in man lad .lJimaJl. IEEE Thlnl. Mien;
lIri..,. n.forW,f r;.rh M1"r. on ,m 1.11l?~ .'

i

2 Watt..
5 W/kg
f ~600 MHz

Y.• wan,
23.5 W/kg
f rGOO MHz

o
0.8 Wan~

B Wlkg
I ~ gel MHz

151 watt.
2. t6 Wile;
t ~ 82..68 MHz

d ~ 0.1251

4.7 l< '~1 = 11 0 W'Ul& J.I:J Watts
10.14 Wlkg 38 W/kg
1 :t 62-68 MHz t =' 987 MHz

Ill. At 'esonance lor placement In front
of It flJll rp.'ler:fnt

2 l< 1&1 =302 Walts
4.31 W/kg
f ~ 31-34 MHz

I. At resonance for lree space.

19 Watts
(50% reflect ance)
0.27 W/kg

38 Watts
(no reflectance)
0.54 W/kg

70 kg Man 100 9 Rat 400 g Aat
(1.15 m Height) ('1.Scm Length) (la.gem Length)
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II. At resonance 'or conditions or electrical
contact wtlh the ground plane.

qUCI1&;!e:Ii. The: UnlCl-l\>-\iUllvu!.jUJI uf - IOO·~ r..~ rur
incidfintwlvef, of power drnsiti.s of 3 to '20 mW/cm'l
~onfiml son'lt or tht j>rtdictioRa ofenhanced absorption
in tho p....nc. of rfn.ctin. surf.ce,.

Adn(J~"'. TJUs work WI' supported by U. S. Ar1'll)'
MedkaJ R....,cb mid De..topmeDI Command, Wuhiltlton,
D. C., WId" conl1lct DAMP 17-'''·C·40U.

TIlIl anlmab IlIl'Olwed in Ihis Jtu~y were prol:ured. mallll;lilWd,
SlId _d' ia sctOtd~flc. wit" thr , ..im.1 'I'l'lfa,.. .. /'1 /'If I"Tn
....tI ,I•• "OultS" Pu, ,I.. t.,••"J \J......r 1..1......1.. , 1 ),.h~I...I."
p."patecl b)' the In.IiIUle of L.bol1ltory Animal R,sources.
N.lion.1 RIMlr~h Ciluncil.



Exhibit #9

Focus on how much RF is present in a building. due in part to reflections in the buildillland wire
cinmits

#9A - Smith, 1978 - shows attenuation drops to zero u frequency increases to 500 MHz;

#98 - Wells, 1976, OT Report 76-98

#9C- Allen etaJ. 1994, shows 30"i'O ofmeasuremenu have exposure greater inside thIm outside if
. the room is an outside room facing transmitter.

#9IJ. Tay10r et at. shows wiring in house can. act as an antenna. Need to consider this when
estimating exposure, especially when use telephone. .

La
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:iJIft'( pl:a,.t-Wl,re !leld. HI! re. \\It nllYc ",WIled /II • u.a, , •
,. JfoO Q • O. Rl!:lders may rtf.r to [91 for more n~lIMrical

~ .:d~ecled \/lilt" Ute t:ou"linl betwe.:n infVlile caOI. 1nd
(Iir re "" finite s1ol. .

~

IV. COSCLl;"OING R.E~ARX3

FIJI th.e problem or 3n lntinite C:lble' piliced behind 3 l'lmow,
..( ~r(or1Icd ;:Qnducting ~crel!n. we halle obtail\ltd 3/\ irtt••ro
:,ltr,ntial equ,tion in In uncDupl.d. but in ;I modified form
~ Jflltrmlne the unlct\o.....rt ~Ieclric field in tnt! slot. AhQ. an
•\~f$IOn hIli betfl &1l1en (or the current induced on the
~/ii1IIl! o;;sble in W"TT!S vi the ~IOI m31flIltic,,;ulTen. distribution
~J:!hl! lr.1nlfer·3dmju.1n":l1 f\lllCti()l'I, In thiJ .1pproao;h. the
",mpltlll! Coupling bdlween the slot and inr1nite cllble WaJ

':~f(I InlO ~Cl;ounl. Only !hot u&1l.11 rhin-wir. 1nd n;mow·,lol
Al'I'''lOfT\ltions wttt lIl!IOductd.
... Qne could e;cund the lormulaCloo to ~ more-.,ener;u rtc
J~\lIJ( .1pertur~, out rhc:n we woyld .ncaullt.er a WI of
'~Ml'ltd iflhlgro-djffet.ntial equalions wic.h t.mi·jnl111./t~
~lelt1j.lmnel5. for the liela diSlnbc.ltion itt th. aper!\ue. ntis
.1I~fd be is wonhwhtle (~sk fOf thll future.
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QUAt.'1TITATIVE DATA on the ~tl.nu;ation of ulernJ.1.
ele.cltom:llJl\ehe ficlJsby ~ullc1l1'l8 struCllUes is useful ~n ~

lIumber ~i en_ncerlng Jpplil:~ll<jns. For inJI:ulCC ••n the ti.ld
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of EMC. t111,Idltll ~llen"o1cron d3U cjn !It! alold ~" predl..-l the .
SUSCCP(lOl1i1y oJ,' 1lI,l:Cff,lnIC S)'Slotml (IJ ill~;"v.j lltlll,nini.
brl.l.Lh:~s' ~nJ radar tl~Jdl . .3nd tQ JCllcloo ~1<£I.llcJ·jIlSj;·Plj.
bdity !imus (II. C;lmrnunli:.1Ulln· JnL! Jr'J.lII";3S1 (n~crrs,
,,;gn\;ttnd 'oI/llh the rec~pllt)n 0" radiI) p~~n, .i"lpuls 3i'td AM.
FM. H\1i rv brl,lallc.st :icll!s irisi&14 bl,lll<11119 -. .....1 ~.:~!Junl (tlr
bul1din!l .:.:lcnu:1tllln .-I\en m;kllllll:1lh.lu•• ln~'·lti [~l· Wirn
regard til su~...cpllbLllty. lhfinhcrtni ItlICi"';~.~' ;:lru'-'\4fe:d by
bUUQinl ;tru~ILare:$ ia J.lmbl., IVnl}., r'1:l1 ~2';103 ;omtnunlC~'
:illns iI,s J Jfl,;i!Je~ rJ 1$::1d,V:ln.la" ' .

~ir ltld While (II m.:1S.\IrIJ <he: alt(nIJJal.ln .It':tl'';:I!1~ .
tiellis Oy srelft.fralllCl mu!tistOty oine. bU~~II\~ ,n ~h. Ire·
qutncy r:3"gc oi sao .Ic.HI Ie 500 ~IH1. OII\~1 in~lI~lI.~ (Qr1

m.lIlurt:d tbc JU'JlU~lj",n or bUI1"llnp 11 ., .... .;, .lr !tit,e (r'
quendn (~).{Sl. E41lil!I studies ~n lhe 1t\5WIU/'!"$~:lofllo'~l.s
:u. r.portrd !ll [61 Jlld (7 J .
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.tlcctric·liC'id .;ompon"nrs 'Ncre m'3'urtKJ. <;~n~raU"

I\orizol\tal ;oml)onent uf til' mOlsneti-; li<:14 .... ~) •. ,.•.• .;~

The rec:_iv1nl J."tcnnJS IN~re rol:llfQ 1ft J:tinlulh "IJ' '!'.' .11
1

siln~ men/llh 'J;h~n rT1U5urin~ th~ nl.lrizan la/ (,.. I" • ;,;...~I·
enlS.

From 20 Co 80 ktu: thll Eler:lro,M<rmc:s E!'Y1C.:~ ." _..:oJ

Sc:hlllarllbecl( FSME 15' 5 ~nd VUME IS'::OA n('IIJ.I·c·,~:ll

meters wlrt ctnploytd from 80 l;Jiz 10 SOO MH1. R,.p'i l
'

UHennas for electric· field me:uurltnHInts \Yerl:: the E:k' "....
"lInes RVR·~~ monopole beLow 7 MHz. and 11\. $1I.,.OfI
Wo.IOS·!) brold'omQ dipoll Jbcwe , MHI. ~'t:lan.II':·(II:i"
rneuul1:menls were mllie with Sin... r loops LG.llJ~ A. I.!'
3,\05 . Indo LP·105

412

This p.~r plTSCnlS Ihe rltsuh~ of In tmpirlCIII [nvlui,,(ion
of th. iNelciiat. propotfU'S of sa",n bLJildin.s, ranJl.nl ~rom
sinlll.family dtlach.d residenca 10 muhistory o(fi.ce bUlldinp.
Bodl elel:tl'ic·n.lci MId m"~.tiC'·fitld :aUfnu~tions INfr. melli'
ured in tn.: fr.quency uns' of 1boUl :0 kHz (0 SOO ~Hz.

~EASI.:Rf~tE~TS

A boer dllcnpuon of the ilVlln ouildinls me:uured is ,iven
ill Til.b~ I. PhOlcit:lphS 1,)( th.1r extltnors Ir. abo~. th. ~tll!'nu·

alion eurvis (FiJ5. 1-14). The bUildinss .....ert: 'elecled to
proYlde as :wide a rangr or budding ~llltnuatlonS ~s pOUlble
wl!hin the conSlr"inl5 1I'7l.P05111d by the lim.iled sample 'IU.
buiJdinl availability. Olnd lhe around rule thill lht silmpl.s hOld
to be rrJsonably represenml'" of ,h. types Qr bllildinp in
w/u(h .i,ctronlc equipmi!'nt. offiCI machincs. or d:i13-procnsinl
systfms ~re commonly (C}und,

Th. II pnof'f' 3>sumprion 1113S [h~1 1 buildinl's JltCnllJtion
coula be: corrrlaled with tltd :l.mOUnl of mecaJ III the bUlldull·
Thus QUlldinp :-7 have progre1Sly,ly lncreaslnl amounts Q(

melaL
The $l'r$u,J ippro~~/1 was (0 mnSUfe (he .1,etnG atld

masnetic field strength of e.'t1$ting amblllrlt bro3d~3s1 signals.
bOth ou~ide and inside a building, d,l1ninll cuildins attltnua,
don as the: rabO of tne extl!rnal fietds to tne fields inside.
ex.pressed in deeio.lll.

In th, jeoJ.!-:aphic:!i area where the mt~sur~ments 'N'"
m3de (UISI~f. Green. Du(ch!;~. Jnd .~bany eounCJU of New
York Stirl:'. there 'NIHI: no Hable ambillnt signals in the
sp,ctrum b.tween che AM broadcast band Ind the FM cand
To till tha ;gap, a mobile tn:nsmiIIU. 0Ptratinl at 7, :!J. and

. 29 MHI. It distm,c:s ~anginl irom sao m 1.:3 :?OOO m, was
usoed illS thl: !JOt.I rce.

A numa.r.ofhtgh·/evel VLf :ind LF signals w,re dececc:lblc:
(notaoly N$s Jl 18 kHund WGUlO 31 180kHz). Thus II ~$
p0.151ble to :gbC31n building attcnuOItll.m 11313 .....e!! below (he

A....l oro:lde3U b3nd lan JdY:ln(~~~ nlll enjl1ytd Dy Mir ~nd

\Ilhit' (I J ,who m;,l(je mU5urc:mfnts in Btlh,sd1. ,\-'0. lnO
Montre:li, O!ti2wa. and T\){I.lnco. Clnad:l).

Ouuuje IitJds wcrl m"asuccu JI ~rD~nd l"vel Jl 3 numbolr of
locations iUi)und [he p4!riphltril!!$ or" Buildinss I·~. hit mc3S-

. ullmants Wet. I;lken at conS1I1er1blc dl~unl.:es frum thr
buildlnp :iinl;e tilt OUfSlcl(' tklJl in ~I~s. pr\'~imity :Q rh,
IM'111t (e .•.. ",ltttill .3 m} .::'tjllbi(~1S 3IttIlU;JlivlI$ oJ" lhe saine
~rdcr u th. fields Inllll.,.

.-\1 BUildi;tCS·(t 1nc1 7. 1!:)((cmJI tielilil Werf mtlfurrlU l>n lilt

raol' lin.;elh,~ \lI~ lrlSuffkll~nt IJprln Spl:h;, J t jround If'" l.
Ourside tielGs at BuilcinS 5 wen: m'3surc~ ~I both groW1l!

'Icver and o~ In, fOU(. erh, l'II~:liIuteu dat;l shuwtd rl1:11 lhe
tield Slrc:nllf1 on lhe root' diffC'rrld lillIe Irom the ground.l.vel
field Utel'lltp. even :II VHF lnll UHF r~qucn~ies. Th:1l is,
btec~lJse of the L;onductlng surt:lt:, or Inttoof. ihcre W:lS nu
t1eld ~tlcnt·!pin.} The uternJI reitrenc~ field menllth 11 c::ach
frequency wu delined ;15. rne mc~n \'3'tlC of the lJullid, meas'
urements.

'/'he number or IOC.:ltiOllS 1t ""hId'! interior meuurementS
were made 4ePCRded on tnt siz. o{ lhe b"Udinp iltllt .,.rieei
from I sinpe; JOCIIIIDn in BUildinl :. 10 J::! ~aCl"ions in 8wldinc
1, Th. tocal ."mber of interior mauunnn«nalllClledfti 8000.

l'klow 7 MHz. tbe IIlIrli<:aJ componenl or til, ele'::lric neld
Will m,asult!1, wllila .bow 7 tftH. bath .,.rtiQA tll\d /lanzo.MaI
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