
SPEC""" TOPICS II< ElECTRO".\GI<ETiCS

• Mkro.....ve U fe-Deledion Syi'e m .

The fe"" ihilh)- 01 'he ",mo'e ..'n,i n~ 01 ,; ,,1 sign, 01 hum,n . nbj...... ""ing mierowa,e

rad",'iou ...". de mon.<tTdt"" ""on' !j.' by n. a' Mioh;';. n ~'a'o Uni"e"'ity ( ll, (~l . We will di"",..

""" mierow. " , lifo-de'ection S)-stem' in Ihis eha pte" The fiN S)"tom is an X-band /10 Gil . )

micw wa"" life-d<toctk," 'YSk nl whirh is capablo o f d el<:<ting ,he brea lhi ng and hearlbeat8 ofa

lmnlan s"hjM 1);ng on Ih. groun d at a di, tanor of JO mel.,., or silti ng beh ind . wall of .OOUI 6

<peci.lIy ,I« ignod la' d.' e<1iag lho bndy """omonl<. indu,l ing the b...., hing .nd h• • "he.".

of h" 'n , ,, ,nhj<o<1. l""'led behind' VOl)' ' h iek ..·. U(" r ' 0 • mel" r thk k l , Altnoni(h Ih~ sy<lem

..'ore ori flin.lly de"'la;>e<J for mili"l)' and soruril}' rn 'fl'l"" , l hoy .hauld find ""mo mooical

arrli<atinn., . ",pnciaUj' in tho remalophJ";iala~;col ",using . ro• .

n", principl . on whidl 'ho gy<' on" con he developed i. <lraii(htfo,,",'.r<I. We iIlumin.te ' ho

,ubi«~ wilb . low_inten<i,}, (m uch la~ o ' Ih.n lbe ..Ioty ' t. nd. rd) Oli<mw. "" beam, n ,e , nl.n

amplitude hod;' " '''''''me" t, M..-.ci ..od "ith h".nb"" 'ntl b ...... th ing uf ,h. h"",." ; "bject will

m"d "l. te the back=uel"ed wave, pro<1"da~ • M~n.l from " 'hid, inform. ,ion " f Ihe he~n alld

bfO.thing mit'Sc.n be- nxtr.nod " 'ing pho."" detecti"n in tho mk",,,,_,,,,, r«"';vi ng ,}~'em_

PIIYSI CAI. P RINC IPLES

Som~ "",",:ant phY"iea1 principle< im'Ok'cd in • phl';;alo¢c. l "",,-,iug "l""'m It"; ng mi<"row. ",,"

3tt'di.~ ht""

1Jul'I'Ie r Ur~d nnd I' h . "" Modulation of Micra" . ,' e Sign.l,

Il ;,;",dl k"",,'O lhat when. be. m ofHI wa,~;,; . im,><1a' . m",i n~ t;n'lW' . lhe refl""'od EM

wa,,, funn lhe target ",iUd isp l"}' u lrequency . hilt due to tho Dappl or cff,'C\. Tho frequenoy sh ift
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",n,n.",. ~(>< ...mpl~, a pol ke .,d.. ~un ,,-, jug a 'n Gill m;e,m l" ' ''' beam <all. doled . f""luc",:y

I, "'luco')' shift is sufficiently 10'1:< 10he mo.",u"'" by . rouYenlilloal fr"'lucocy d~<.'< lilln ~-"1t'm

such.s heterodyne sy,'em,

",,,,..,men! """,,-,.t<'<l ,,;!h heartbea t and hro.thin~ it i. impractical lo use the Doppler dkd ,

1'10.,.., mo<h,I",oo in lb.....~"'1ffi "'.>t, rmm Ihe 1"" non ",nil'.

\\1,." • ", ic",,,,.,,,, b".n, is inoid"nt upon a >\<"'\)' m",ing tal)tt'l, II.. ph. ", angle of tl",

n, nl'<'lW " ',w e will he m o<!ulotod (or I"' l"(urhod) by" ,h. larget' . OKl\-..rnt'ul Mathem atically, the
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wh.", ~6 ill lhe m.r;nitude of the ph... shift.Dd u(t) i. .. lime fuoct io. which describes the

ph."" v. ri. t ion dot 10 lb" I.1r~M" mowmenl. A (I) is Ih• • mplitude uf Ih. ",Aoct.<I w"" and

il m.y ol"" he • fu,>ct ioll of Hm. due ,n Iho l ar~d, 01''''001'"'. If ••'''',mw",. he.m l, ,,--cd to

dOtr<1 Ih" bod, mo'..cl1lt"nl duc 10 IlCartheal and hreathing. Ih" ph."" , hift lerm ( n6 ,,( r)) , is Wl)'

.=11 oomp. ,ro with thole-.,Iing 10nn (1..jl). Il""',,vcr. ";lh a pM.", dClCO,i"" '11....;00. ,uoh ..

our mle"",,,,,.. lif,,·do'cotioo ' l'slom, , his small phaso ,hilt "an he .ccu,a,.ly moa<l'rot1.

A rough r"l.tion belW""O,h. phase shilt . nd , h" rorrc'pooding ITcqu"ncy , hilt "a. be

Thi. ",101;00 impli,,' Ihat for body ,no..o..nl duc 10 the heartbe. 1of, ilL. tl>. fund.menta l

f......" t't ' tj-' ,h ifi in 11,. ",11",'1...1 ",a". of ' 0 Glt , i, in Ihe order of , II. , 1"",. ltSl' bolh ;',, (I)/ ;Jt

and ""'/1" lenu . are in Ihe order of "nil}', O1>,>;o,,-,ly, it ",ill be e",remelydiffi"ult 10 dctecr .

~I.th.m.l lc. l f"" rm" l. t i" n of ll,. Ph. , .. ~",d"l.ll" n "f. ReO• .,.O<1 ~;M ... ,...

frum .. M",';ng T. rgd

1'0 ond. ...t. nd how the pha", angl" of tho retlffiro EM ....'" is perturbed by th" , 10""

",,""'o"'n! <If lhr human hody. "' '' will " 001""" Ihe haohow...d EM "" "" 0 ftom 11", hody ",I",n

il i., illumin" cd by a plano f~\[ "'a\"t), To . iO\I' IiI)' II", prool.", ",e modl'l the body as . , phe..

<If ",n' pl., pt'mlitti,ily, The biI ("ks.:~lte r...l field fmm the , ph. .... i. well lo,nvn [3 ). U,ing Ihe

ronrdinal,>S)','em ,h""TI in l'ig,l , the .'p....ion for the badc<c:lt1.r...I electric fidd may b<'

ron=edas
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SPECIAl. TOPICS 1"'1 ElECTROMA.GNEnCS'-- _

The ph ase and the square of the magnitude of the backscnttered electric field Ell, from a

sphere of rdative pennittidty 3<;1 ,<;1 and conductivity 10.3 Sim are depicted in Fig. ~ as functions

oflhe radius multi plied by the wa,'enu mber k. of tbe mediu m, The fl't'<\uency ofthe mierowa,""

radiation is as.umed to be '" Gill., and the spbere is situated 30.48 m (100 ft) from the

transceive r. IIreath ing and heartheat I'roduce small \'ibra!ions of tbe spberica l surface due to

ehanges in its radius , From Fig, 2. we concl ude tbattbese vibrations will produl'" a linea r cha nge

in the phase and a re lali"" l)' smaller lin...ar ...banl:e in the amplitude squa ' .... of the hack.scaU,'red

field , Similar results were oblainl,,) when the body was model<>d as an infin itel~'l()ng cylinder of

com plex permitti,ity, illuminated by a TII ·pola rized plane elect romagnetic wave,

".
». 3~.9

" 111.3 S/m

,,,' III f III Gill 1''' ' ",
"",

W., "<, ,
"-1-

3 ~ II' ",
•• ;c

FiK- 2 Phase and magnitude squared of the back.scattered field Ell' from a "phere as a funct ion of

k"a at '" Gl b at a distance of 3'1.411 m,

Tht'se simplified model, ,how that there ",in be, in general. ampli tude as well as phase

modulation of thc incident waYe a, it is bac k.scatl,·rcd by th,' body. I-Iow..ver. since the phase

,'anation i, more lin,'ar and it is ca,ier to dctcct th" pbase vanation from the , iewpoi nt of the

sil:nal/noise ratio, we used the phaS<! modulation oflhl' haekseattered wave lO find lhe ,-ih'ations

of the body surface l'au",xl hy the heartbeat and hreathing,
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AN X_ BASD MI CO RWAVE L1f1;-DETE<.:TIOS SYSTEM

[n Ibis """lion , Ibe cireuil diagram and operation pri ncip le of an X-band (GHz) microwave

life-d election syswm will he deseribetl. Typ iral l'CSnlt, on Ibe m.·a'u....nwn t of heart and brealh in g

signals " i ll also he given .

Cire" it I>ial\ r,m. ami o ,wr"t,on l'rin ";p ll'

Th e schematic diagram of the X-band life-dt'lection sysl cm is shown in Fig. 3. A phase-

locked osci llator at 10 GHz prodUl"'" a slahle ontpnl of about 20 mW. TIlis output i, amplifil'<! by

a low-noise mk rowave amplifier to a power le"e! of about 200 mW. The output of the 'lmplifier

is fed Ihro ugh a 6 d ll di l"l'ctional coupler, a variable attenualor, a circulator, and Ihen to a horn

ant..nna . 11l<' 6 dR di ....'1 i" nal ooupl<'r branches out 1/ 4 of th .. am plifier outpul to pro"ide a

rdere n,,, signal for clutter ran""llation and another reference signal for the mixer. The variable

attenualor controls the power level of the mien","ve s ignal to be radiat ..d by Ihe anten na. Usually,

tbe radiated power is kept al a level of ahoul lo-20 m\\', The horn ant enna radiate, a microwave

beam of a boulIS" beam-wid th a,ml'<! at Ihe h uman subjec ls to be moni lored.

The signal """" ived by the ante nna consisls of a large d uller and a weak ....tu rn ,ignal

",allered fro m the body. To he able 10 del",'1the weak signal mod ulated by t h.. body mO\'enwnt,

the large bad 'l':round d utter needs 10 be cancelled. This is accomp[i"hed by .,n " " IOlDal i" c1uller

cancella tio n circuit which consiS1S of a variable pha",-,hifle r, a variable allenuator and a

mi<Topf(",~""or unit which digitally conlrol. the formN t\>'o com[lo n~ nts, This automat].. dutter

cancellation ci rcuit provides an optimal reft' ren,,, signal which i, mixed ,,-jth the """ived signal

by the anlen na in a I<> dll d irectional coupler for th~ pU'l'"se of . 'aocding t h~ d utt er. The output

of the I<l dB dirediona l coupler contains mainly the weak """tt~r<'<! ,ignal from the hody. This

body scartcred signal is a 10 Gllz CW microwa"" signal mooulah'<! h~· Ihe hrealhing and the

hea rtbeat. This , ignal is Ihen amplified by a low noise microwa".. preampl ifier (30 dR) and then

mixed ,,-jth anolht'r ....fe...."ce s ign.,l in a double -halaneed mi, e r,

Lm
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I\rlw....n tho mi,'TOw" , pr eamplifier . 00.1 tho doublo·h.1an,,'I.'d mi,.r, a '" JB d;~;onat

« >Uplor i., ill",rt t'd to tak e (Jul. sman porhon of the amplifier s ignal for pnoidin~ an input ' ,, ' ho

mk"'p""·..·'.or unit wh kh <oo' rol. , h. phase- ,hif"', and the an onna ' OT. The opum. 1"'lti ng.<

for the plIo_shifl.r ond 'he .nen,,,,'or are <!<''''nmn«! m' ,hi. input to tho mi."'I'''''"-'''' '

double-balanced mix"" prod u",", 10",.I""Iuoo<)" s:i~n:d.. "" " II itil': from motIOn due to hl'{'''hm~

aoo heart motion " ,thin the body. Th e, output fn~n the mi,., i , amplified h)' nn " pc"'t;on. 1

a mplifier . nd the" pa<.«<! tluou llh • low.""", filter (4 II, ~Ioff) helm" ...ching. a =orde•.

Rorort!i n"" of th. ]1<'aIt 01\0.1 bn'alh,ng. si",1\.1. of...... ral pc"",n, ,,'.,,' ,.k<'" ulldor diff<,.m

ro lldibon.. 11'>"""0', onl" . Ie'" of them .ro 1'''....., '1'"<1 hen, fot ilJu,bohon, Fil\. 4 .silO"'" tll<"

"" .ph in Fig,4 sh,,,.,, the b,>c"wou ,,,I n";',,,. The ,..".,,1 '" of Fi~. 4 ' ,,,lie..,e ..., i ,f.,~",y perf0'01""''''

,,( the 'J~'''' '' in dH<'t1 in~ ,h" he. rt . n,1h...."hing signal, of hn m." "ubjed. IJ'i n~ " n the ~,m,"d

a, • d'M"n"e of :1" m or [,u1h".

W. 1.0'" . 1", st"died the .rr.... of <lot hj n~ o n th. "l"' t..Ol perform. n", hv rept"<lting 'he

~rr.... of ,h. <I'"hing ('W, ,h...n<it;, ily of t"" 'J ~'''"' "''' fnund 'n 1>0 in<i~nifi"",, '. Fu rthe m",,,,,

\\'1>.'0 "'«ula '. hn" r-\,. n ical. and li""",..h"l'iznntal pol,n..t;on w,,,••mpluyt'd , Ihe 'J~" '"

..." , itivilj' k'O< ("'Old to he " f the ..010 "rocr in all th ,.." ""<os

I'"Copy '!Ill ed m
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• human suhjat sitt ing ""hind a dry 15 , O~ em (6 in ) cinder blOl'k ,,'all at • di, t. "", of 0.6, O. OT

3 m, 'l1le antenna wa. pbC<'d ell"",to lbc other , id<' of tb. w;I\I . nd <ool'\\;,od lO ..di. w 20 mW

all , II..,.. de" . n«"'. The backl!f'O\l nd noi.. in ••cb caS<' is.lso . h""" in the fig"",. The ,,,,ults of

Fig, 5 indi""", th. l the mil'row."" beam can f"'n<lral. the w.n.nd a .. Ii. /. c' ''ry dcll~1ion of the

hean "od b"cath;n~ si~"al, of bum"" , uhjeds behind Ihe woll is !'OS,iblc. We h..o ",,,,,,ned the

t'X!,,"';""'"! by m",ing both th e S}"",om and the buman suhje<1away fro m lh.-wall . It w", ("nnd

w.lI "hile th" ."tcnn. on the otber sid,- " 'a, .bout .1 m frum Ihe w.n. If tl,,' , ,,!<'un. w", ,n.,.....,]

fu rther from th e " .11,S),lem !H'rf"m",,,. w", . ff",h..J by "" Nt'm cn t of tht- sy,tem <>1"-"'\0 ' .

Thi, Iif. · <10,....11,," 'j"1cm call be c..ny modified 10 produce a d....i '" f", nlDniloril1~ tbt,

",e>h c"',mh"r "it h th" dim..n, io" . Of2 ,5 ~ , ~ ",,8 n, "'"' ,'un ' t ''''1........ho",,, in FIg, 6. Tht'

, ,,, ..,,,, " of ' h" ,)" t"m ",.s repldN'd h:\' ." op<"... "cl..... " " ' l"Kui<le " bid , "." m"'lnt"d " " • w, 11

of, he cbomber. A mimn,..,..,si~nal of "'u " W .t IIIGHz " ''ISr.dj, t.... in'<> the chilmber Ihrou~h

in til""" th"", po<ihnn. are . h n"',, in ~' ig , 6 , 1\ i, ot...·" w tha' a clt'a, dott",io" of the h. art anel

"",,,h ing , ign,l. eon be aohio,w . It i, "",,'<Ilh ., ., in"" the mioro"..,.., fi.ld is ronfi"N1 i",i<!<'

2 ",oL,llio oh,,,,)">. and 100 ",, 'i"'""" 11Ia l n,';"" i< mini mal, only .'r:>' 10'" 1"''''''' mk ro" aw

r,diation ;. n,, '<!,'<! for ,h i, pur!"'>• .
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Fig_6 Breathing and heartbeats recorded for a person l~; ng inside a melallic ",;",-",<.h charnher

with dime n.,i,m< 2.5 " 1.0 X 0.8 m. 1'1,.. body as paranel to the radi ation beam, with the

head away from the antenna . Tran smill ed power was ;ll~)lll \00 J'W.
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S PECIAl TOPICS IN HECTROMA.G NETICS'-- _

AN L_BAND MICROWAVE LIFE- DETECTION SYST EM

As tlt"SCribftl in the preceding section, the x -ten microwave life-detection system can be

u.«."d to dl'tect brea thing and heartbeat of a humau subjt'l1located behind a bri"k wall of about 15

em. However, ifthe wall b,>"ame thicker, the detection bffa me difficult " i th the X-band system.

An L-band (2GII1.) system "as sp.:eia lly design,'<! for the purpose of de t,,,,ting hreathing and

heartbeat of a hu man subj,,,,t who """ l"" atcd behind a wry thick wall or buri,'<! unde r a thi"k

layer of ruhhle.

The L-hand system h<ls the """enliaily same circuit arrangement as that of the X-band

system, with the exeeption that all the componeots are I<l rger berause of the lower operation

frequency. Since the IAland system operates at a much lower frecluency than lhat oflhe X-band

system, its microwave b<'am is more penetmting,

To tesl the performance of the lrband lif..-detection syste m, two experimental SH U!",

depiC1ed in Fij!,. 7 have been used. The first setup shown in hg, 7a consisted of a brick wall (I m

wide and 1-4 III high) of w rious thicknesses lined with microwa,·., ab,orhe,.,; Hlon!> the etlge. A

buman subj~'Ct sat hehind the bri,'k wall " i thio a distance of 0 ,3 to 0.6 m. The antenna of the

life-del",·tion 'y;lem was pl",-cd d""" tu the uther side uf the brick wall. The S('("(Ind setup shown

in Fig.7b simulated a situation whrre a human subject was t rapp<'d under a thick layer of rub ble_

In this setup, "arious layers of brick.. w.. '" laid on a wood"n frame which formed a cavity for a

hu man subject to lie down in it. Microwave absorbers were used to line th.. sides of this stru,1ure

to preWIll the microwave scatter ing through the sides of the brick stnlclur". The Hotcona of the

ljfe-detect ion syslem was placed on the top of tht' brick stmetu", aiming at tbe human subject

under the bri,·b.

Copyrlghled ma"lrIal
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lou"",,, uhjed

. . .

FiJ!,. 7~

.' -.c.
,

Fig, 7b

•
: ..

Fi~ 7 E.x(X"Timenlal ""lup" for lhe measurement of ltemt antI breathing signals of a human "ubjl'l1

1"""1,,,-, Jx>hind or lInd"T" thick l"ycc of hrick. u.<i ng the I..hand (2 Gtb) Microwave lif.,..
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SPECIAL TOPiCS IN ELECTflOMAGNETK:S

Typical measured results on the heart and breathi n~ si~nals of a human suhject behind

or under a thick layer of harrier are shown in Fig. 8. This ligure she ....'S the heart and breathing

signals of a hu man suhject l~i ng with fat.""'-up or fat.""'-d""n position under six layers (52 em) of

dry bricks measured by the 2 GHz life-detection system. In these recorded graphs, the brea thing

sij\nal, the heart signal (the suhjed hold ing his hreath) and the background noise were included.

It is observed that both the heart and brea thing signals were clearly detected . These results

demonstrate the feasibility of mon itoring the physiological signs of human subjects through a

thick barrier with an EM radiation with a frequency in the L-band or lower range.

I",.... I",. ,

1 GHz l.if~lkl~ction S,..'~m

I" 1o, ••l lI i"l: +--
-

6 1ay<TS 120 1f t ")

ord,y bnch.

-"_CO " . ,
.o, ~ .j ,,; , , 7 r -::::~ ' . ~ ._.._

1 s,.,

-- '--...

------+- ""d~"''' '' 1 -ol
I "0""' I

beo... be . t

~-- ---- - - -- -

. -
L::'L ' i
---1+-1-,-, ­

" " ~~ .

I- ,.,,",," ..j.­

- - IT- - - - ---+ : ,.
--- I

Rloy'.'" (20 I/ t ")

of dry ",Kk•.

•ub jec t r.«>·dOlm.

Fig, 1\ Heart and breathing sij\nals of a human sllbjecy. hinj\ with fare-up or face-down position

under 6 layers o[ bricks. m,'3Surcd by the 2 GHz life-d"tection s~'Stcm.
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R.F. Life-Detect ion Systems for Searching lIuman Subjects Unde r Earthqua ke
Rubble Of Behind Barrier

In the pr .....·edi n~ section, an X-band (10 GHz) and a L·baod (2 GHz) microwave life-

dele.:l io!l systt-m for the ",mote ",,"sing of th... breath ing and hcartt>.,ats of a human subject at

a distance or beh ind a barriers were described . Those systems were found to be ineffecti,-e if a

human subjec1 is "ove,..,d by a wry th it-k layer of debris suc h as the earthquake rubble because a

miermo.-ave radiation at X-band or f.-OOnd Can not penetrate deep into debris.

Exislilll: methods for searching and rescuing huma n victims buried under earthquake

rubble or collapsed building deb ris are tile ulili,at;on of dug,. or seism ic or opt ical dc\;,,,,•.

Th,'S\' exi'ling d",-kes are not effective if tile n ibble o r debri s covering the human victims is

lh ichr tban a few f<o<.1, es pet;ially for the case when the victims are completely trapped or too

weak to ....spond to the signal S<' nt hy the rescuers. Thus, thcre is g....a tdemand for constructing

a new se nsit ive life-detect ion sys tem which ean be used to loca te human victims trapped

deep under earthq uakc ru bble or eollapsed huild ing dehris. ESjl<.'Cially, the syste m needs to

be sens itive enough to detect the breathing and ht'artbeat signa ls of passive victims whn are

completely trapped or too weak to respo nd to the e xis tin g seismic octecuo u system.

.II sensit iw l ift~detection spte m for such purpose was constructed l"CI."C ntly by us at

Michigan Sale University [4 ]. Th is system o pera ting at 450 MH1,or at 1150 MHz wlllbe described

in th is sect ion.

1111' basic physical pri nciple for the ope ration of a microwave life-detection system is

rather simple. When an EM wave beam of appropriate frequeol)' (L or S lxmd) is "imed "t a pile

of earthquake ru bble or oollap""'\ huilding debris under which a buman subject is buried, the

EJ..1 wave beam can penetrate through the rubble o r the dehris to .....ach the subjt'Cl. When the

human subject is illuminated by the f.M wa"e bea m, the rt'tl"",ted wave from the suhject ",i ll be

modulated by the suhjcc t's body mm"eme nls , whic b include th e h ....athing and the hca rtbeat. If

the rt'll<.'cted w.IVe from the stat ionary hac kground can be cancelled and the rt'tlt'Cled wa,... from

I \33
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the subject's body ls properly d~nlOdulated, the hreath ing and h ea rtbeal si~nals of the subject

can he extracted . Thus. a human subje<.1 buried un der the rubble or the debris can be located.

The system operatinl: at 450 MHz was con structed firs t. This system ....as tested on

simulaled earthquake rubble constructed althe Elt'l1 roma~nel ies Laboratory at Michigan State

Un ive rs ity , and it was a lso testl'd in a field test using realistic earthquake rubble ronsistt'd of

layers of r"infnn"'d concrete slabs with imbedded metallic ....ire me,h at a test site in Roehille.

MD, with the coopecation of the lIolaryland Task Fort'" of the Fed"ral Emer~en<)' Management

A~eney(FElIolA). The rt'sults of these le, t, "ill be described. The ",-',,,md sy'tem opt.'raling at uso

MHl ....as constructed after the field test at Rockville, MP. In that field test , it "as found that an

EM wave of 450 lIolliz is difficult to penetrate layers of reinforcro concrete ,lahs ",th imbedded

metallic wire of4·in spacing. Through a series ofexperiment. ....e selected the ope ra ting frequency

of nso Mill for the M'Condsystem ",th the goal of penetrating such earthquake rubble. After the

constmction of the 4,~o-Mllz and the U50 -Mllz system, and an extellsive series ofex("-' rim,'nts.

we found that an £lIol wave of 115" MH, ean penelrate a rubble with layers of reinforcro concrete

slabs ",th metallic "ire mesh easier than that of 450 lIolllz. Howe..-er, an EM wave of 450 MHz

may penetrate d....per into a rubble without metallic wire mesh than that of " 50 lIolll1..

The R.F. life-delt'Ction sl"tem we oonstrocted ha~ four major components: I) a microwave

eiI'("u it system whit·h genera tt'l; . a mphfies, and tI;slribu t"" mi,'","'a''t' signals 10 various microwave

,'Omponents; 2) a mi",opro<""",r-,...ntroll,'tI clu ller-.:ancelbtion s),stem which ert'ates a n optimal

signal tv ean,...llhe dutter from the rubble anti the baekgrountl; 3) a dual-antenna system which

consists of m u separa Ie a nt<'n nas energized "<''luent ialIy; a nd 4) a laplopeOlnputel' wh ieh conIrols

lhe micropr<JC<>S<;Ors and act., as the monilor fnr the o"t put signal. The sysle m is ope rn1ed by a

portable hatter)' un it.

Both the 4S,,·lIolih a nd the "5<,-lIolI l, ,, )''Ste ms are workin;:: well for 'mio,," '~'pes of

earthquake rubble and eollap,l'd huilding debris_TIley can detect the breathing and heartbeat

signa ls of trapped human subjects buried under a nibble of up 10 to-ft thickne"' ,
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Thc basic circu it structu res of the 450-1>1 111. and the U50- Mllt. microwaw l ife-d~te.:tion

systems aN' quit ~ similar and th~y arc op<Tatcd bas<-'<i on the "" me physical principle. In th is

sect ion, only the circuit struliurc of the 1150-" l liz system will be d<'SCribed. while that of the

450-l>lllz system is very similar.

The schematic diagram of the 1150-M1b minowa\'e life-de te,i ion system is shown in Fig.

9. A phase-locked """ illator gcnerat... a V"IJ' stahle EM waveat Il50 Mill.with an output power-of

400mW (25.6dBm). This waw is fed through a to-dB directiona lcoupl"r and a circulator before

",a.-hing a rad io-frequen<')' (RF) ",itch, which encrgi1.cd the dual anten na sysiem sequentially.

The ,,>---dB directional coupler branches Ollt one-tenth ofthe wave (40 mW) whi,'h is th ~n di,ided

eq ually by a 3-dB directio nal coupler. One output of thc 3-dB dir<'Ctional roupler (20 mWj drives

the clutter cancellation circuit and the other Oll tput (20 mW) serves as a local rl'ference signal for

the double-balanced mixer.

The wave radiated by an alllrnna penetrates the rarthquake rubbl~ to N'ach a buried

human subjee t The I'<'fleeted wave recei\-ed by the ""me anten na consiSIS of a large re/leeted

wave (du tter) from tbe rubble and a sma ll rdlrtled wave from Ihe subject's booy. -nle lar!':r

d uller from thc rubble can be cancelled by' a d uller canceling signal. However, the small reHeeted

wave from the suhjl'li's body <'annot be can,,, lll'<i by a pur~ sinusoidal. can,,,ling signal be{'a us~

it is modulated by the subject's motio n'_ Th~ du al-antenna sy"ctem Itas Iwo antenm,,,c, whi,·1t are

energizcd sequl'ntially by an electro nic switch . Each ant enna acts independently and the final

oulputs from Ihe", two antenna, arc ,-ombinrd in wm~ signal pro<=sing scheml'S to re<.ha" tlt~

backgrou nd noise. This part "ill be elaborated later .
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As m<'ntiom'<l befor~, lb~ reflected signal from the buman ,ubject aft..r amplifiration by

the pre-amplifier is mixed wilb lbe local referenre signal in lbe double-balan<·ed-mix~r. The

local refere nce signal is a."um~d to be A" cos(w t + <1>, ) where A, and <1>" a re the amplitude and

t hc phase , resperti",ly. Whil~ the other input to the mixer , th~ rellected signal from the human

subject, is as.,umed to he A, cos(wt +<1>. + .'l.¢(t ll ",lwre A, aud <t>" are the amplitude and the

pha se, """pe ct;",ly, and .'l. .p(t) i, tb~ ph"'''' modulation due to the body mo",ment uf the human

. ubject. w is the angular frt.'<J" en,"y and t is the time. ""'ben these two inputs ar c mixed in the

double·balancro mi 'cr. the output oHbe mixer will he A"A,cost<1>" - <1>,.' - .'l. <,t>(t )) .

From th is expr~",ioll of tb~ mixer uu tpu t, it is easy to s"" that

If <1>, - <1>, .. (n + 1/2),,-, n ~ 0,1,2,..

t h ~ syskm has a mR, imllm s~nsiti,ity;

"""
If 1>, - <I>" = := 11 ,,-, 1'1= 0,1.2.. ..

the syst...m has a minim um wnsiti,it)',

because WI iI.'l.¢( tllco, (';', - ,;,,, - .'l. Q(t) = - srn (<t>, - <1>. - ':> <,r>(t)) . ':><'xt) is usually a small

pha ..... ang le perturbation cren ted by the body mo...·m~lIt of tbe human subj ect. <1>" i. the ""nstant

phase associated with th" r~flel'kd signal from the human subjec t and it cannot be changed. <1>, is

the pha.'" of the 10"a l referem'e signal and it can be contrnll<'<1 by the digitally cont rolled phase·

shift"r (n". IBo' J. In the opera tion, the ph"''iC-shifter will automaticall y shift in such a way that

<1>, - <1>" is near ly (n ->- I / 2),,- to attain a maximum sy:stem sensiti,ity.
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ANTENNA SYSTEM

We have d"signro and cnll.<tnlcted thre<.> lyp{'S of anten nas for Uwmicrowave life-detection

'Y'lem. Th,'}' are ' II the reflel'lor antenna; 2) the pnlfh antenna; and 3) the p rohe anterlnH . EIll'h

a ntenna simn lta neously acts as the radia tin g element amI the receiving e1l'ment. It radiall'S EM

wave through the "arthquake ru bble to ",a"h the trapped human subj<..1s and at the same lime

it =elves the reflected EM wave from the mhble and the huma n suhjeels. The anl,." "a ean

perform two functions simul1aneously wilh the help of a l"i,n,1310r, whit'h "'pMat..., the ''''l inting

EM wave from the rcceivl'd E'-' wave.

The reflector anlenna wa.s eflll"rueted " i th two aluminum plat"" as Ill\' relleclors and an

adj uslable dipole antenna as the dri';ng dement. Th e t»u aluminum I'M.,. "ith the d imensions

of 21 in X 11 in form a corner refk'lior "ith the dipole anlenna as ils pri mary radiator. The angle

!wtw....n the two aluminum plall'S is adjustable and they are folded together when it is nOl used .

The dipole antenna is a eon..ention31. h,,[f-wa,-elenglh electric d ipole. l1w ""flector 3n1e" na is"

simple. lightwe ight. and ragged ,trueiu", and it performs vel")' w..ll in the mOsl of situat ions,

The gain of the reflector antenna is d ifficult to define and mea,ure because the antenna is

placro di"",tly over a ruhble pile and the scattrrro firld of the ant enna is st ron!(iydependent on

the nature of the rubble material.

A patch antenna was constructed for cadia ting and recei 'ing EM wave for the microwave

life-det<'ctionsy'km. The p.,tch antenna eonsists of an alum inum ground plane. which is supported

by four legs and a strip platr of about a half-wa,""len;;!h, which is attached to Ihe ground plane

and fed by a roaxialli lle.ll1eslrip platr is insulaled fro m thr ground plane. The coaxial cable is

attached to the groun d pla ne through" conn<'<.'tor.

The f/<.'rforman<;e o f the 1),11(h antenna is nol bt.'ller th"n that of the rell.....tor amen na. It

only serves as alt..mative type of ant euna and may be useful In som e snueucns.

A probe an tenna was dl>signed to inwrt throui\lt oor...hole, or naw r"ny """urring Ii"<u,...,,

illlo the earthqnake ru bhle to seek for Ihe traplled vir tims . Physica lly. a probe ant"nna ,hould

I '"CopyrlQl'ed matenal
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have a cylindrical wi", struclure and its mdius be kept a, small as JlOSl'ihle, We haw desig ned a

probe an tenna, which is esseutlally a sleeve anlenna, as shn"", in fiR. 10.

•o"'~~ ,,~.... p".....ilic cl ..,,"ent loodillll jlld""lo~

~~==:::J ( "'" "'7
conllc.'lor dipolc

Fig. HI Probe antenna for the Iife-tletectinn system .

The rad iating e1emenl is a half-wavelength dipole. whieh is Im,d..-d wilh an ind uctoe al lhe

renler. The induclance of Ihe induclor was delerminO'd numerically in Ihe d,'Sij!;n . One half of the

dipole is conne.:led 10 the l-enter l'Onduclor of the coaxial cable via the inductor. 'fhe other half

of the dipo le is a quarter-wavelength .'<'Ction of Ihe outer surfaee of Ihe coaxial cah le. A quarter-

wa",length choke, whi"h is l'J-'lindrieal tuhing of larger radius tha n thai of Ihe enasial "ahle , is

solde red to Ihe rnaxial cahle alone end and kept open allhc other .'nd. Th is ehoke i, acling as

a , hortro. quarter-wavele ngth trans mission]; ne, which provides very high input impedanre at

the en d point of the radiatinj; di tlOle. Thus , this choke "ill stop the unbalanced currentleaking 10

Ihe ouler ,urface of the cOlllll'cting cabk A para, it ie clemen!. a wire of slij!;htly shorter than half-

wavelength, ;" placed next 10 Ihe radiating d ipole to increase the band"idlh of Ihe antenna . The

",,1mion of dimensions of Ihe parasilic elemenl was made empirica lly Ihrough an experiment

with a network analyzer. The whole slrm1ure oflhe probe anlenna isencas..-d in a rugged pla'lic

tubing.

The dual antenna splem has tw'O antennas. whi"h are energ i,,-'d sequentially by an

eleclronica lly controlled microwave sinJ:le-pole dnu hl....lh row (SP OT) s...itch. The SP OT s...itch

turns on and off at a frequ~ ncy of "''' Ill. whieh is much higher Ihan the frequency range of

Ihe hrea th ing and heartht'al .iJ:na l. ht'tween " .2 11,. and 3 11,_ Thus. we ca n consider that the

two ante nnas essentially sample thei r respective objecls at the same lime. In this dua l-antenna

system. the two antenna channels are completely independent.
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EXPERIMENTAL RE..sULTS

The 4S0 - and 1150 -l>l lIz micro......w life-det~'Ction system.• were tested in a s imulated

earthquake rubble c<>nstructed at t he Electrornagnetics Laboratory of )'Iichigan Slale Uni",.,.;t)' .

The 450 -1'01 11. system "'as also tes ted in a field-tes l " ilh J't'alistic rubble cond ucted al Montgomery

Count y, Rockville, MD, with the {'oo!"'ral;on of Maryland Task Force of FEMA. Typical

">'p<."rinwntal ",suits of th ese systems a..... sum mari,e<fhere.

A . E;qwrimentll l RttS lIlts Ohtained with th O' 4so-MHz Sysf<,nI at 0 Simulated

Rubble in MSULllho ,.a fo r y

The 450-)'IHz micro.....'" life-detection system was tes ted in s imulated ru bble construeted

in the EI""lroma.o:neti rs Laboratory of Mich igan Sla te Universi ty. The rubble is depicted in Fig,

11. It was constructffi with brich. cinder blocks , and 5t....1",-hars. The dim ,'n. ions of the rubble

was about 5 ft wide. 6 ft long, and 6 ft hi~h _ Two layers of .teel re-bars .eparated by II in are

placed perpe ndi ru lar ly throul(h bricks as shown in Fig. 11.A human subje<.1 to be tes ted can lie

down in t he cavity at the bottom of the rubble. A re flector an ten na or a patch anten na can be

placed on the top of the ruhhle, while a probe anten na can penet ra te int o the ruhhlc through a

hole in the ruhble.

Typ ical experimenta l results of the breat hi ng and h,>a rthea t . igna l.• of a huma n .•ubjert

lying in the l11hhle cavity ohtained witb the 450-1'>1 li z sysk m are shown in Figs. 12 and 13.

Fig. 12 shows a breathi ng signal snperimposed with a heartbeat sign,)l recorded for a female

human subject. A n>fled o r alll enna was US<.'<l and t he radiated power was about .100 lOW. The

upper ;;rap h is the time domain mea,u",d signal and the loweegrapb is the fa,t t'ourier transform

(FFTl of t he time-doma in s igna l, which shows the (",queney components of the ti me-domain

. ignal. The upper graph clearly shows the hreathing and ht'a rtbeat s ignals.The frequeol")'do main

FIT results show that the time-doma in signal has a breathing signal of 0 .3 liz (the dominant
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p<'ak) and a heartbo>at signal of 1.36 Hz (the S<'CfI nd largest p<'ak). The other Jl<'a k at " .6 Hz (the

Ihird la",;esl p<'ak) is Ihe senmd harmunic of the breathing signal, Other small peaks are d ue 10

noise or harmonics of the breath ing and heartbeat signals. Fro m a signal as shown ill Fig. 12, it

is easy 10 idenlif)' Ihe breathing and heartheat signals from eilher Ihe time-domain signal or the

fl"'-'<jueney doma in H T results , and a hurit'd human subjm is eas ily detI'Cted.

•

'I

I>rkh
,.

cinder
h lacks

'"

~------J [,ife -<letel1 iu ll
S)bt<>m

"",,, iloT

Fig. II Simulatt'd earthquake rubble constructed al the Elm romaf':neties LahoralOry of Michigan

Slate Uni""rsiry.

• ,."n·n,,<1."''''' •"''''''"''''' hA</rl,,'"'''' ,,,,,,,,,, fi '. ,........,'.9 ~"""'n .01>...... . n.kr "'''''"",,'' noI>hl.> ~ r.-.i"".._ , "
.. Kon·." " <70-0. I'. II~~. J. ",,,,,,, "oJ ~ ." ......" . "-'>'f Th>-"~ "" ","""..Jim! >;""in""";"". .-.1. '"..\ '" . ' . pp. "'s·" •.
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t'''''l''''ocy doma,n FtT "",u lt,

Fi~. '2 IIreathin~ and heartbeat si~n al" of a f~mal~ humao "uhj..:t rerorot'd at MSU simulalt'd

ruhhle. A rtilector anle nna was placed on the top oflhe ruhhle and the female hu man

subj~'(1 was l~ing insidt>Iht> rubble ca,ity. 111" radialt'<i powt>r is aboul 300 mW. 111"

450-M H l. lif,,-tl~tt'Cl ion s, ."elem w"s us<.><! .

R"I"'"t«!-"'"" '..,,, .~",~,~ !if<""''''''',"' , .."mfor""'''''''''' h,,""," ,"b""" .00""""'"",,"" ",bbI, or brl"..J 0..",,","
b« ~'"O-)I" ,,,,,",,, Y.II",,"" ,J. Zhu,. " "d "- .V. """" !/;,:ETm"~ "" n ,,,,,,...Ji,,"! ""0•......,.;' •. ho/. 2". .1'". I. pp . "',;' ''4

J,,", """, 1@3v<>:>,,:u; )

Fig. 13 shows the same mrasurrment rundm1ed on Ihe samesubjret when she was holding

her breath. The tim...-{\omain signal tupper graph ) shnws only the h...artheat signal and Ihe

fr"'-j1l""'1' dom"in HT resu lts (lower graph) shows only a single dominanl p""k of heartbe"t

signal at 1.36 H7.. Other small p"ak~ are prohahl y due to noise. It is noted that whe n the signals

of Figs. 12 and 13 are compan'<i, the amplitud <>of heartbeat signal is found to be significantly

smalle r than tha t of th" hn>athing signal as expected ,

Fig. '4 <how, the background noise l"t'<'Ord.,.Jwh~n no human <uhjc>rt wa, in the ruhhle

ca,ily. It is noted thaI th~ amplil\ld~ of the no;"" is l"w~r Ih"n Ihat of the bre"thinl: signal and

th~ noise has wide sp read frt'<jllem1' ,""mponents "s indicated in its HT resu lts. It is r asy to

distinguish Ih" noi"" from the b....athing and heartbeat "i~n al" from the amplitude and the

frequency contents of the rccoro<'<i signals,

."
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F"'l""o'l<')' do""i" FIT ....."It.

Fig. 13 H~artbeat signal of a female human subj...,t ",,-·tmk-d at MSU simulated rubble. A reflector

ant~nna was p1ac~d at th~ top of the rubble and the f~male human subject l~;ng inside the

ruhhle ca' ; t)" was holding her b....atb . ThO' 450-MHz Iife-<letectioll sJ"'t"m was u.-ed.
R",,,'.,..Jfrnm .""i<rou",,~ Iif<" <kI",,",,, '!!",..fiK ''''''''mo hu","" ,ul>jffl, " d" ,,"",","ul. rubM-,.. "" m" ba_,·
.. . '" " ,"" " c...... y, ,,"""",J ,zro•• ""d A, .'·,,,,,,,,... If:l£ n-... '"' s;"m...J...1~'""i.....-i•• , Vol, >7, ."" ,. pp, ,,,,.,,•.

Jo" , ..-""" I""""" 1fF-£-J
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...

Fill. 14 Jl.a ..kllwu nd noise recorded at ~lSU simulated rubble when no human subj""t was inside

the rubhle ca\;ty. The 45u-Mliz life-detection system was used ,

R.pri" ,,,j /Mo' ·."i,""",,,,~ lifo' "".";,,. ,~,~,mfo-"",mI'''O ""00"""'h....." u".....","hq,"" rubhk ,w Iwh"", ",,-.­

.. K"" ·"'u Own. Y, Ii"""". J, ZItu,. ",d A .\'"",,"", JH 'E fum" "" Biom.-.Ji,,,1 E""in",ri"'l , V,. , >~, ." " . ' . !'P, "'-i '''',
Ju" ..-"", (~",• ., ,"U.)
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B. Experimenta l N"""ll,, Ol>lUfn"d u.'i'h .he 450-MllT System in the held Test

Co nduct..d at RockL·i/le. MD

On J uly 5-7, 1995. a field II's' managed by Maryland FEMA Task FOR.., was conducted

al its Monlgomel)' County trai ning ground. ThL'Y constructed three ru bble structures using

",inforccd conc",te slahs and dou hle-T struct ures for the test. The first rubble having II height of

6 it was constructed "i lh s"ven layers of reinfOr<:ed concreteslabs placedon the top of II double-T

structure , simulating II lXJllaJ'M"! sew n-sto ry building. The scrond ruhble havinj; a he iJ:ht

of 9 ft was COllstr uNM with s ix layers ()f ..... info re....J conn"t" slah' "n the lop of two douhle-T

structu res. The third rub!>le was constructed with pit"Ct."S of reinfon...u concrt"le bl(K'ks pilM on

the top of a reinforced roncrete pipe, whit'h had a diameler of aboul 2 ft, and a fine mt'lalli c wire

mesh imbedded. Alw Ihere was weI soil mixl·d in lhe rubble and Ihe rubble was d in't'lly und er

lar~e lrees. The hei~hl of Ihi s rubble was aboul 9 ft. lbis rubble used in lhe field lesl is muc h

mo,""difficult for an ElIl wave of 4SU Mllz 10 penel rale Ihan Ihe simulated ru bble used in MSU

Labor alory Ix",ause of Ihe d imensions and Ibe eonlenls of lbe ru bble and many layers of n"' lallic

" ire mesh p""",nl in tbe ru bble.

Many experimental ,,-.,.ults were ,"""ordcd for "arious eon d ilions by cha nging Ihe localions

of anl..nna and human subjeels and using d ifferent rubbl... lIow.." ..r ,only so me ofthe 1",,1 r..sulls

me,,",ured at Ihe "t't-und rubble, '" depicloo in Fig. 15, " ill be presenled here for bre\i ty.

"

"

,~ .1 "
Fig. ' 5 The second eart hquake ru hble construcled al Monlgoml'I)' Counly, Rockville, MD.
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SPECIAL roP1CS IN ELECTROMAGNETICS'- _

Fig. 16 shows the results of a t",t conducted al th... second ru bble, " ith th... retlector antenna

placed al location Bt and a human subject lying at location AI. In this case, the EMwave needed

10 pen~'!rate only one double-T slructure , tht'refore a very stro ng breathing signa l was record...t.

The time-domain signal showing a strong breathing signal was recordt'<!oThe time-domain signal

s hows a 51 ro n)!; breathing signa l (" ver the seale) a nd ils H T res ults s how a s in)!;le dom inanl peak aI

0 .26 H•. Because of th e overwhelmed breathing signalthe heartbeat signal was ",-ershadf>wffi.

,, ,
Ti"", do .m.;"..ml'hn~ ,,!Olal

•
,", r--: -
• <;'-
" r-

" -"
,

"
, ,

- ,~

",.

s i"" "·,·~--------------------,

,

"' I .l ~ u ~ , .•
F" ...."."'"' d,"""" ffT "",,,t,,

•

Fig. 16 Breathing signal of a human rerordOOal the .<;e('(Inl.1.ubllle. "ith a reflt'ctor .nt",rna at ~ lUlti"n

HI and the hum"" sul~t'ct lying at locati,m AI. The 4so-l>IHz life-dctcction S)",em wa, used.

",,,",m/ft>,,,, ·,,,",, ,,, ,"vhfrdm>""",,_ fur"""""..,.....'"'"-""""""'"~<b> ...- ... !><UN! ",,",".'" .'w>­
_',",lI.n, j ', I,"""q.J,""""""' ,\ , '~' ''''''''' ' IHJ ,1'n>"'- ,.,Ilk,_ I-C. " i . ....' i.." 1\ ; , cr, ," " '. r/' " "'_,,.. "" " , .... , (r... . ..

IIJ:E. '
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Fill. 17 presents the results of a lesl cond ucted at Ibe «<ond n ,bble, ";th the relledor

antenna placed at 1<X'ation [) and a human subj....1 I);nl( near location A3. In this case, the EM

wave needl-d to penetrate six layers of reinforced ronnele slabs ami two douhle -T structures.

Because of a great depth (about 9 fll of dense rubble existedbetween tbe antenna and the hUlnan

suhject. the mallnitude of the received signal was cnnsiderahly reduced. The timl'"-<inmai n signal

shows a distinctive breathing signal and a mixtu re of heartbeat signal and noise. However, its

H I resu lts dearly identify the hrea thi ng signal and a possihle hea rtbea t sil(naL It is noted that

two peaks appeared near 0.2- 0.3 Hz ma~' be due to the une",n breathi nl( P<Jttern of the human

suhject under test.

- ,-- --------,

"
.noe

, 10 II
Tin.. do"",in ".mpli"~ 'i~".1

:!<l 25 1S«: . )

"i'!'""C'~--_-__-_--_-~--_--_--,
,
,

' .N\ A
l .~ 2 2,5 ~ 3.5

F""G"'"!l'':' J"",.m FIT """,,Its

Fig_17 Breathin g and heartbeat _si llna!.s of a human suhject rerorded at the """ond ruhhle, with a

reflector antenna placed at location [) and the hu man subject I)inl';near location A3,The

450·MHzlife-detection system was used.

k'1.;.wfrom ".Vi<Too""."fr _ ,_ mp -m....."""",, _ " ",,"''1..,... ~""brlondl.>m<T · '" K<m_

"", "h".. >.If",,"", J .Zho.... "OOA .\ ',,,,,,,,,_ '''';'':r>u"" ,.. 81<"",",..",.,..."" l',~, :n..\'0 , ',Po' 10" ." ...J",. ,.•.,.(<;;'",..,

,t:l-_~·.I
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SPECIAL TOPfCS IN ELECTIlOMAGNETICS'- _

Fig. 18 shows the measured ba~kground noise when nOhuman subject was present unde r

the rubble pile. It is noted thai the amplitude of the time-domain signal was reduced one order of

magnitude from the ~asewhen a human subject was present under-the rubble pile. The HT resulls

showed the presence oh..ide spread frequency components impl~ing a random noise. H"",."" er,

il is pointed oul th at the two large peaks near 0.3 and 1.3 Hz were also recorded. It i, su, pected

to be contrihuted hy the operator taking the measurement. This may cause misjudgmenl in the

reseue effort. To avoid this problem, when the measu red signa l L~ very low and p'-'aks indieatiug

potential breathing or heartbt'at signals are present, the operator net'ds to move around 10check

his potent ial interference. This problem ~an also be mitigated by a dual -anlenna system as

discu.'i...ro. laler.

The perfnnnance of the 450-MHz system at tbe field test was satisfactory. 1I0we"er, it was

also f" un" thar an EM wave of 45" MHz does not penetrat e ......,n a rubhl" "",si,ting "flayers of

reinfor red connete ,labs with imbedded metallic ....ire meshof a-in spadng. To overcom" this

to "Time dum. in ..m l,hn~ sW>.1

.i·'·"-~-------------------,

Fig, III Background noi"" rerorded whcn no hu man suhject was inside the rubhle ,The 450·~lHz

life-"eledinu system was used.

",,,,,,1<'<1-"'",, -,\li<""",~,, lif' <kr..n.. . ,,,,,,,I"~ """"i"" ",,""" ~~, , ..k>-"' , "'_ ,,, ""',,.[ 1>,,,....,.-bg

. " ........" ' '''''' " . "W'O,J. ZIIu,O ,,"" ~ . ., '''''""". /H~ T",... ,.. &o>.-.firoI ""'I, ri"'l . ' ' •. ,v". ' . 1'1'- "',,·u•.J",
" ..,. (~,,,• ., 1>:/:" .)
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SPECIAl. TOPICS IN HECTRQMAGNEnCS'- _

by the artifieial heart because the art ificialbreather ..."s shut off. The lhru'l of the'e lhree figure,

is to show that th e detedion of the heartheat signa l ean he enha nced if the two sets of signals

"""'i\'OO by anl enna A an d antenna B are erosscorr elatOO .

Fig. 19,hows the heartheat signals creat ed by lhe artificial heart and measured hy retll'ctor

anle nna A and retlector anlenna B which were placed 7 It dire<:tly ahove the large\. The time-

doma in results of both antennas show the heartbeat signals rontaminatt><! by a large noi' e. Their

FFT result s also show the preserll'e of a strong nuise " i th sprea<l fre<.juencies, Huwever , when

these two sets of signals were erosseorrela lOO, a d isti nctive peak of the heartheat signal at 0.8

Tin'" domain A

,

'" '" '" ... '....,1

nT"..,ult A

" I!~
"• , .,H.,

Cm•• " ",,·bliun "-,,,ull

••
LoJ"•• , ' IFh )

n,Ol' domain II

Fl-T resull B

Fig. t9 Heartbeat signals mea'ured b~' twu- refl....1or antennas arrangt><! S)ommelrically. Both time­

domain and FIT results are sh"'m. The cros' -<.'Orrelalion "",,,Il ofthe lwo seLs of res ults

shows two peaks representing the heartheat frequency and its second hamlOnic.The 1150

-Mll z life-dell'ction system was used .

H,,..,,.,jfturn •." '''''''''dfr """"'""' ''''''"''' fa< """*"0 """'""""""~ ",.},o".".,,,,, ,,,, ",bhk ... I.m'nd ,,"_,. ""
" . " ," . ('IIffl. Y " """", J . Z"""""oJ .... ,'·...".m.,"';£ lh".'. "" _"""'"", £"",.....ri Vol.2", ."". ' . PI' . "',""4,","'
,,• .,. I t,,,• .,lHE. !
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Hl "ppe"red. A sec<.>nd distinl1ive pe"k "t 1.6 Hl is lhe !leCOnd harmonic of the he"rtbeat s ignal.

It is also ohser\,t>d that the noise measured by OOth anlennas was drastieally reduced. From this

eross-<:orrelated resull . lhe heartbeal signal was dearly detected.

Fig, 20 shows the heartbeat signals measured by ~'U diff...rent types of antennas. The

refk'CIor antenna A was placed 7 fI aOOv... the larget and the probe anten na B was inserted

Ihrough lhe rubble 10 ",ach a point 3 -5 fI (TOm the target- The time-domain sign als measured by

both antennas are sho'\n. For this Case the Hi results of these lwo st1s of s ignals holh show a

distinctive heartbeat s ignal and its harmonics. When these two sels of signals are erosscorrelated,

a more dist inctive heartbeal signal at 0 .8 Hl "nd its >t>Cond h"rmonic at 1.6 Hl "re produl"l'll .

Anlenna A I
("""""Ml""",) A

.~

Amen"" 11
{p""". • n""n,,,,)

Time domain A Time dnOla in Ii

•"

•

•"

•

.. FJoTrt'Sult A

.,

", "",, • , >i H . ,

l 'ross ",,",,'lIlion-,.,

.'. J
0• , >,11"

Fig. 20 H...artbe:ol signals me:o,,,red by a reflector anl...nna and a probe anl...nna. ]lolh tim e­

domain and Hi !'<!S uits are shown ,Tht"eross-rorrelation resull of the ~'U st1s of results

shows the heartbeat frequency and its see<lnd harmonie. Th e 115"-~lIl7.life·det",,tion

system was Ust-d.

R'rnnW1''''' .,".......".~ ~fr """",",n...,,,... fi~ """"''''' ho""'" 'u"-",<" " "''''0"0''' ",,,",,, ...""" oJ",,_,'
by ' no-."",....., ,.. u"""",J, 0.."" ,,,,J.. ,"'""",", /I.U; Tru... on ~"'"""'" I f,· ,"""".... "oj. >7. ,Vo. I, rl' ,",-,,'''
J"" ."'• .,. I~'''''".' la-E.)



SPECIAL TOPICS IN ElECTROMAGNETICS

Fig. 21 shows the heartbeat signals measured by reflector antenna A and reHector antenna

B both placed 7 ft above the target when a human operator was walking near the nIbble, about

20 ft from the antenna, The walking human suhject created a large interference signal in the

outputs of antenna A and antenna B showing both in their time-domain results and the FFf

results. When those two sets of signals were crosseorrelated, the heartbeat signal of 0.8 liz and

its seo:ond harmonic of 1.6 Hz appeared while the interferenee signal nearly disappeared. From

this result, we can wndude that the dual-antenna sptem of the 1150-MHz "an be u=l to redu,..,

the interference noise created hy tbe system operators moving near the ruhhle as well as the

background noise.

Walking
intorf' ·...n""

Tunedo"..in A

o T. 'l'f'

y,,,,,, domain B

•
FFT result B

•

'.
Crossrorrelalion ""mit

"

~"';l."'~"-!' I"'I
Fig. 21 Heartbeat signals measured by two reflector antennas while a human operator was walking

near the rubble. Botb time-domain and Hi results are she..vn. The cross-correlation

resul t of the two sets of results sbows the heartbeat freqoency and its hamlllnic, while the

interference signal created by the operator nearly disappear. The lISO-MHz lif....-d<1ection

system was used.

R",",","from .,,,,,,,,,,,-,,,~ i ifr J",...,;,., ,""""for"",..m;"9 hu","" rul,ims , rom.,wu "'."..",. bffii.d 00"-"
K" ><-"," <...." Y. II..,,,,,. J,Z/Iol•., .,td A, ."""""' . IEEE fum"" "" '",--..It ...,.;..., \"0, >7, ."", J. pp. W.<-II" J" ,
"'~., . ((( " . "' nu :.'
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Biomedica l Applica tion of EO>ctromagneli< Wave.

e AnaJysis of Interaction Between ELF-LF Electric Fields and Human Bodies"

The interaction of extremely low frequen<l' ( t:LF, 0 -100 Hz) d e<-1rom agn cti<' (EM) fid ds

with the human bodyhas become an increasingly im portant suhject s ince pote ntial h..alth hazards

due to the EM fields emitted by extremely high-voltage (EIIY) power lines and ELI' antenna

sys tems became a public conce rn .

This subject has bee n extens ivdy investigated experim<'ntally or empirically hy man y

workers [5]-[ 10]. Howeve r. all of the experim en ts were cond ucted on an imals or scale models of

man, and it is nCC<."SSaf)' to extra polate these experimental data to provide data for huma n risk

analysis_Th is is not an easy task if a reliable theo retical method for p redicting the rmeracucu of

ELI' fields with Ihe human body is not available.

Thcore tkal studies on this suhject have bee n condu ct<"<I hy a num ber of ""'-'archers, hut

they invariably u:<cd o\'ersimplified body gcometries or inaccurate methods. Shian an d \ 'ale ntino

[III have u:<cd spheroidal models of rnan and their results from this idealized mod..l mayhave litt le

pract ical value. Spiegel (12), [131 u_«."<1 a more acrur ate block model and an elect ric fi eld integ ral

",!uation mcthud, but h is results disagree with eXpt'rimental results ma inly d ue to insufficient

partition of the body model in the numerical calculation, Chiha et al. [14) u.'<t'd a fin ite -d emenl

method and a body of revolu tion geometry, Their results are still not accu rate for a realistic

human hody, Kaun e and McCreary [tS1 developed a numerical method on a cylindrical model of

man, Since this model is over-s implified, the practical va lues of their res ults are <Iueslio nah le_

We have d",...loped a numeri"al method whi"h utili,,-," a realistic model of man with

ar hit ra l')' 'hapt' a"d poslure, and a ....alistic .." vironnl<'ntal cond ition such as assumi nll arhitra ry

grounding im p<"<I anres bctwN.'n some part s ofthe hody and ground [16]. Our m..thod is d<"...luped

on the has is of an integ ral equalion for Ihe induced su rface-charlie density, Ohm's law, and the

On.. rna"'....' ,. "",..-. ~ oo,ro '"' Vuo."j1,~,",. of'""''''''"''" bM...... Bi.1"U· ,!Pc"", jI,1m ""J h"","" 00J..,- lo, ~',,",M"

C",""I1",..k" ",,""'" "oJ e,,",.JI, Li". ""'",h "0"""..-.1;" II.M. 1>\>.,,"'"'"'". n" .....,,,,1~"";",,,,~,,~, "oI.l'-'l~ 33. ~"-"
pp.. ... ' ?;, ..,..,. ,"". rrt,,"SOIf,I£J

~' "Copyr["hled matenal



,,.

SPECIALTOP1CS'''I ElECTROMAGM,TICS

conse rvation of electric cha rge. The accuracy of our method has been checked " i th t he exal1

solutions of a spherical alllI a spheroidal body. In add ition , it has been "erified hy experimental

results [9], 110Jo n the induced electric fields at the surface of the body, the short-circuit curr ent,

and the ind uced mrrent density inside the body at 60 H~. We have also found that it was possible

to predict en-ironmenlal res ults on the interaction of the human body ",itll HF fields [17J ",itll

our method. This S<,<,IT\.<; to extend the validity of our method to LF or even up to the HF range. It

is also noted that ou r method is numerica lly quite efficient.

We will describe the theoretica l development of on r numerica l mcthod and repons som e

results on the induced electric fields at the hod y surface and inside the body, the induced current

density ins ide the body, the short-rircu it cu rre nt, and the effects of the grounding impeda nce on

the induced current in a homogeneous body of",aIL"'ie shape.

GEOMETRY ANDAPPROXIMATIONS

Conside r a geometry of a human body standing on the ground and being exposed to

an electric field in the EI.F-LF ran)(e, as show n in Fig. 22. Th e contacts between the feet, th e

hands, o r other parts of the body and the ground arc represented by the grounding impedances

Z " (i = t - k). The shape and poslure of the body can he realistic and arbitrary. The impressed

electric field , which is maintained by a power line Or othe r E lf o r LF SOI1f1.'CS, is assumed to

he spa tially un iform over the body and oSl'illating "ith an ang ular freq uency of w. "nIl' time

dependence factor of exp(jwt ) ",i ll be a"umro.

We aim to determine the su rface-cha rge density and the electric field induced on the hody's

surface a.s well as t he current density, th e electric field , and the SAR indurt'<l. inside the body.

Also, we a im to determine the effects of the grounding imP<'dance on the ind uced mITent. To

simplify the prohl~m. the follo" i Ujl; app roximations. whi,'h h'1"e been proved valid 17l. will be

adopll>d .

Copyrighted matenal
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as the sum of the poten tial IP, (i') , which is maintained by the indured surface charge 'IU' ),and

the potential IP, (f), which is ma intai ned by t he impn-s.<ed electric field. That is,

Using the quasi-static approxima tion and considering th e )l:round imaj\e effect, <i>.<(f ) can be

exp l'l'S.S<'d as

<!>.• (f ) ~-'-l '1< ;:)-,"' " ,M4"£, , .s, r - r

where s is the body surface and s, is the surface of the body image, f is a field poin t on the

bod y surface, and f ' rcpre...,nts a sour"", point on lhe body surface and the image surface. Th"

potential <P, (i') can be expres sed in lerms of the impress...,) elel"lricfield. For the "eometry of Fig.

22, <P, (r) .. - E,z. The bod y potential o, is an unknO\\1l q uantity and its value depends on t he

bod y geon wl1'Y, the impn'<sed electric field, and the gro unding im[l<.,.;!a ncl'S7." .

Equation (4.10) can be r""Titlen as

, / . ....-'J ' d ' (')-- .,,'~ .• + <!>, ' z IP,
411"£, " ' '', 1. - . 1

Eq uation (4 . 12 ) is an imegra l equalion fo. the induced surface-charge den.sity 'I{i' ), and "ith the

bod y potential <t>. as " not her unkm""n.

To det e.mine '1(i') an d "'" we need another equation. This """"nd equation is ohtaincd on

the basis of Ohm's law and the conservation of electric charge. The tota l current llo"ing between

lhe body and the gro und is the sum of the cu.rem.s Uo"ing through the RTounding im p<-'<lauees

where Z,,:

•
r = "'.[ l / Z,., + 1/ z" + ...+ I{Z" I.. <!> , ~) I z.,

"
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SPECIAL TOpeS IN ELECTROMAGNETICS

On the other hand, the total current I (flowing from tbe groun d 10 the body) can be

expre,;.sed in lenns of lhe tolal surface charge, based on tbe conservalion of electr ic cha rge. as

1 = j w f .,( i")ds'J,

Combini ng Eq. (4.t3) and Eq. (4.14), '''' have

j - r ~"')d ,
4>, '" l Js'" r s

2:) 1z"
"

Eq. (4. 15) is the desired SI,.'c<.md equation which has ,,(r) and <1>. as the unknowns .

NUMERI CAL SOLUTIONS-MOMENT METHOD

To solve Eq. (4.12 ) and Eq. (4 .15) numerically for '1(i') and 4>••the method of moments "ill

be applied. The body surface S is pmtitioned into N subareas (pa lches) and lbe ind uced surface-

cbarge density 11(;:) on each subarea .:ls. ~ ( ~ ~ l - N ) is assumed to be an unknovro. ronsta nt.

Eq. (4 .12) is tben forced to be valid at th e cent ral point s i'., ( II = 1- N ) of the N subareas. In olber

""'ds, the method of moments approach ;s applied using PUlSE basis fun ctions and delta testing

functions (point matching). When Eq. (4. 12) is point matched at the center of the mlh subarea

;:.. . it can be expressed as

-!- , IJ' , .d" r , .d'; I (")L 4'Tr " .1;: ;:' 1 J..- I;: - ;:'1 +4>. r.. =4>.'." ~ . ~ ;

""

where 'I. is the surface-eha rgc dcnsity at the nth suharea t;.<" and i" ;s a source point within

Copyrighted ma"lrIal



The surface-charge density at the eorr""ponding subarea 4s., of th.. body's image is - . ,.

due to the image effect and F' is a source point within M.,. FAjualion (4 .16 ) can be "" .-ri"en as

,
L 111m.'I , + <to, ( i'~ )~ <1>,

whe",

The int<.'l:rals ilwol""d in FAj. (4.18) can be integ ra ted n" meri,'a lly Or anahiically approximated

when LIS, is small, It . nokd that wh,'n ,, ~ '" for 111_ , i'~ is at the center of lIS~ and F' is within

lISm; thus, I i'~ - " I will vanish in the first integral of Eq . (4 .18), Howe"er, this singula rity is

remm'ah]e through t he integration an d it causes no d ifficulty.

Equ:,ti on (4 ,17) can be ,,,cd 10 generate N simultaneo us equations when", is w ried (rom I

to ~, that is, when FAj . (4,16) is point matched at the cen tral points of the N suba reas , This set of

N simultaneous equat ions can be expressed in a mat rix for m as follow.:

M" M " M ,,\_ -, ". 0..
111" .\1" M ,_\, -, ", 0..-- ( 4.19 )-,

,lit.", .\f." .\t."" -, '1,\-
<p•.,.

0,

whe", <1>" ~ <to. (T'.). Notice that Eq. (4 ,19) ,,-'p"'scnts a ,'" of equations that i. of X " (.1\' + I)

order. In order 10 solve .1\' .,. I unknowns (' 1, ," , •. . 'f.. and <l>. ). one mor e equation bctw""n " .

and <to.;'. needed. This equalion is provided 1»-' Eq . (4.15) as follows:
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SPECIAL TOPICS IN ELECT f<OIoMGNHICS

When Eq, (4.20) is combint'd with Eq. (4 .1<), .....e ha ve

M" MOl M.. -.
AI" M" M"" -. "

..,
-. " >..

M ... ,\-1"" AlN ,, ' - .
It1/zu

'I,. <1>."

" , ", 6 S." >, I 'W i _ I

I'..<waiion (4.2 1) rep resents an (N t 1) ~ (N+ 1) matrix a luation, and (N + 1) unknowns, I 'lJ and

4>" can be easily determined by a matrix im' ers ion or other appropriate meth ods.

Th"re a", v.m special ca",-'S of interest, I ) the case .....hen the body is shorted to the gro und,

Z" "-0 for any i, and 2) Ihe case when the body is isolated from the ground,Zu = :x for all i . For the

shurt'"t'i,euit case , the bod y potenl ial <Powill be zero ; therefore. Eq. (4.21) is rt'duced to an N NN

mat rix equation, "ith the la.,1 column and the last row of the matrix in Eq. (4 .21) removed. The

unkno.....n surface-charge de nsity {'I.l ean th en be determined accordingly, For the Iselatedcase.

" " .
the lasl element of th e matrix of Eq. (4.21), 1.L -z becomes'.em. Th is implies Ihat

W,., u

t'l"M" = 0.,

that is, the total net charge on the body is 'ero. For th is case, {. ,./ an d <1>. a re determined from

Eq. (4 .21) with the last element of the matri x sel equal 10 lero.

After the indul'ed surfal"C'l'harge de nsity 'I is determined , the ind uced eleetri<' field at the

body surface is simply obtained fro m

..,

assuming that the ind ul'ed elK"tric field is tOlally pe rp<'nd icular to th e body surface.
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The d <.'ctric field enhan""ment facto r is defined as the rat io of the ind uced electric field at

the su rface to the imp ressed electric field E.jF.•. This value can easily exceed 10 at the head or

the tip of a st retched ann and hand . Th us,wh~n a man is expos<.'<.! to the electric fi~ld of an EHV

pow"r lin" , th e ind uced elect ric field at some po ints of the body can be extre mely large since E. is

already a very high value in th is case.

INDU CF.D CURRENT INDISE r ue BO DY

After the induced su rfacc-charge d~ll,ity at any point on the body surfa"" is determine'll ,

the induc ed ell",, " t density inside the body can be deter minro on the basis of the conservation

of el""tric charge an<l Mal<WeU"s equations.

The fi rst quantity to be dl1ermined is the total ~ectional current at any cross ~ection of the

bod y. Referri ng to Fig. 23, "" a",'"me that Ih~ pos itive ""'-1iona] current at any crosS s<-'Ction of

the bOOy is dire.: too towards th ~ h~ad . We will consider. for ~xamp]e, three _ tio na]currents: the

section,,] ru rr~nl at the ch~st I , • the _tio n,,] current at the lower abdomen I,. and th~ Sl'l1ion,,1

cur....nt atlhe right arm I•.

If we integrate the equation otrhe conservatlon of electric char ge 'r j + j ", p ~ 0 over the

volume V, which includes the upper bOOy alxw~ the chest cross sect ion (see Fig. 23). we have

where 'I is the u nit vector pointi ng outward from V,. 8" i~ the cross-,ed iolla] a rca al pos itioll

, hown in Fig. 23. S, is the bOOy surfa,'c ahoY<' the chc, t cro" st'etion S,_, . an d j, is the curre nt

l ,..
COPYrighted mae ~I



SPECIAL TOPlCS IN ELECTRQMAG NETICS'- _

r-------- ----- -- -- ------,

,------------,,,

,
H ." f 1"" + ..

J, n, 5;,
• • • • • • •• •r

n, I ,

",
,-- - --- -

• •
I , S,

• • • • •
•••

v, ,
-Ii,,,

v,
.....Ii,,

• • • • ',.
• • •

• Zo

· •

'"
. . . .. . . ' . . .' . . . . . ... . .. .....•.. . . . ' . ~_ ..:..

Fi~_ 23 (it'ollWU'Y for cakul,'lin~ lhe induced currenl in the My.

A ,imil"r inlegral OH'r lh~ '"lume V, . whirh indud~s lh~ portion of lh~ body "bow the

low~r "bdom~lI and ha' " bolllldary ,urf"c~ rullinJ: throuJ:h the low~r "bdom~n seclioll S" "nd "

~rolllldin~ imp<',bllre Z" conlleclin~ the left h"nd lo ~round, ",~n l~ad 10

(. (n ,-.1,)d.< - l" = - j ", ( 'Id_'..\ , ..~

,,'

,.,
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wh~", ii, is the unit "ector po inting ouho.'srd fonn V" J, ;,; the cur ....." ! density at S,." 5, is Ihe

body surfa." endosin~ by V, . and 1,~ is the cur rent Ilm,;n~ fnlrn the gnmnd to the left hand

! hCOUl'h the grounding irn(lt'da nre Z,~. l,~ is easily drle rmi n<'<I from 4>, tZu '

Anothe r similar inte~ral owr the volume V, ",h i,-h conta ins Ihe right arm and hand leads

'"

where ii, is the unit welor po inting out',',ard form V. ' S., L.the CTOss-,,,,,t;o,,a ] area as designated

in Fig. 23 . J. is the current dl'lIsity at S,~, and 5, is the surface of the right arm and right ha nd

enclosed by V,. It is noted that ii, and J, are in thesamedirt'ction; therefore, Ihe expressionof1,

has a lH'j!;al ive sign in Eq, (4 .26) ,This negative s ign williead to th e ph enomenon thai the lllITellt

in the afm n,,~ in the op!'O"ite direction 10 thai nnwing in ot her part.<; of lhe body .

One of Ihe mosl important "uanlitie, com"rning the body current ;8 the short-circuit

cu rrent I~ , which is deflnc-d as the cu rrenl tl""i ng betw,,,,n the feel and the ground whcn thc

grou nding imp.>danccs (ZI.' and Z,..l bt-lwC<.'n the fect and ground are zero. Th c otber gro undi ng

im pt'tlances (e.g., Z.. ) between other parts of the body and ground a", infinity (opt·n cirnJ it ). I .

can be eas ily ob tained by lhe >;arne approach as aho\"e, and is gi""n by

wbere 8 indud... the lot al body snrfaee and ' I is tbe ind uced surfacc ..,ha ,ge density at the body

su,facc o l1<k, lhe conditio n that the hodr·s potentiat <P. i> zero ,

After lhe determ inal ion or the sectional current, the volume density of the induced

current inside Ihe body J call be dctermined from :'>laxwl'l1"s equation: I:' x 11 ~ (.,.+ j",e )F. or

I:'·[t.,. + j",c lEj~ 0 . For the ELF-U · range . .,.>>wc inside lhe body; lher<!fnre,

I
rea
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Equation (4 .28) can he used to pTl'llict the distribution of J inside the body with the prior

kno .....ledge of the sectional curre nt I at any cross sect ion of the body.

Assume that J at any Croll" S<.'cIion of the body has only two rumponen ts: a longitudinal

component J, and a radial component J" This approximation assumes a cylindrical geometry

for the body eros<sect ion and also ignores the d rcumfel"i'nti al romponen t of :; .

The longitudinal component J,. can he approximately ohtained a,

J, =I ls,

.....hel"i' I is the already det ennined tot al """ti"nal rurrent and s,_, is the cross-scct i" nal area of the

body al the IX,sit i"n whel"i' Eq. (4·29) is applied. Th e calculation of J, i. valid for ahom'>geneous

body , but it may also he a fair app roximation for a heterogeneous body, ha....d. on the findin g by

Spiegel [131us ing the electric field integral equation method that the induced current density J

is rather independent of the elect ric parameter s of the body at the ELF range.

~ow that .1, is dt1enll ine<l at any cross sect ion of t he body , t he rad ial component J, can

he deri,·ed from F.q. (4. 28), using a cylindrira l geometry, as follows.

'rum

- l il l ) "v·J = - - rJ +-J , = Or Or ' {)/ .

we have

n [OJ I- (rJ )= - r =-t..
ilT' iJl
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Aft". integrating bulh sides, ilgiw s

where r ~, the radi cal distance from the <..,oler of the cross ""clion and [i/J, ! vI J is t he role of

change of ] , . in the longitudinaldirection. Since J" is known at any cross section, the ..alue of

[uJ,I ili l can be est imated easily. Equation (4.30) ind icates that J, is zero at the <'enter of the

bodyand linearly tncrea-es toward the body surface. The direction of J. is dictated by the sign

of [iM,/ iIIl.
After j is determi ned, th e ,,[<,,<,tric field induced inside th e body is determ ined fro m

and th e SAR value is calculated via

SA R=--.!...-IJI' /p \'I l kg

'"
where p is the volu me density of mass in kg/m' .

NUMERICAL RESULTS ANDCOMPARISON TO EXPERIMENTS

We have gcncratt'd mallYuseful num"rit''' ] results on the indm-ro e1l....!rir fields at the My

.urfal..,and inside th e body, th~ induced cu rr~nt the SAR.and effect s oft!>e grou nd ing impedanf<'

on the short..,i",uit current. Since these results arc quite e"1~nsive. on ly a fL'W nu me rical results

willbe compared. to the experim~ntal results to validate tile accuracy of tile present method.

The firs t checkofour method was made br oomparing th .. llum..rical results of the ind uced

e lec tric field on an isolated conducting sphere to its exact solutio n , The al;reeme nl was found 10

be within I percent. We then wrifit'd th e accuracy of our method by comparing the numeri cal

1:"Copy ,,hted matenal
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Fig. 24 Comparison of theoretical result s by pN$Cnt method to experimental result s of Kaune

and M;II~r un d eclri.. field ~nhau<"menl fa'1uT, ,ectional fI,,,...nt , and short....,ire,,;l

currents fo. gronndt>d guiU<"a pig exposed to 10 kV1m. 60 liz electric field.
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results on the eled ric field enhance ment factor, Ihe sectional currenl . and Ihe short-circuil

curn'nt induced by a 60 li z elect ric field of 10 kV1m in a Iheorrtical modd ofa guinea pig which

simulaled Ihe actual animal us<'<I. by Kaune and Miller 191 to Iheir experi memal re' ults. I'il:. 24

show, Ihe comparison between the experimental and numerical resu lts. The upper part of Fig.

24 shows the electric field enhancemenl faelors measured at various locatio n.•on t he surface and

the sectional l'urrcnts al five cruss sel1ions of a guinea pig. The lower part shows Ihe eli.'CIric field

enhancement faclors at ""iotlS points aud Ii"e ,ecliona! currenl, calculated f" r Ihe Iheo rrtical

mOlIPl of Ihe guinea pig. Good agreemenl is ohvious when the correspon ding esperimental

and numerical values of these qua ntities .•howo in tht'S<! two figures are compared. "l1,.. tahle

at the bonum of Fig. 24 indieates the comparison of the me,"suced short-circuit current and

the ealculated values. The measured .short-circuil curre nt.' for two guinea pig.. were 0 .219 and

0 .225 ~/(kV/m) and our rakulated res ult was 0.212 ~\I(kV/m) . The res ults shown in Fig. 24

demonst rate Ihe aceueacy of our method. It is noted Ihal inlhc numerical cakulation, the body

surface of the guinea pig was partitioned inlo 228 palches. Thi s leads to H4 lIukuowns when a

half·body symmetry was applied.

Our method was al"" emplo~'ed to compute the eUTl't'nt density induced by a 60 Hz electric

tiel,1 of 10 kV1m in a pha ulom model of man, 45 em in heighl . us..'<I. hy Kauue and FOl'S}1he I"'I.

Fig. 25 depicts the comparison of the eSI",rimental and numerieal results of the induced current

to 118 unknowns with a q uarter-body symmetry. The right figure ,hows the measured current

densities at various points inside the hod.y.The indul-ed current densily is mainly longitudinal (or

,'ertieal) with a sma ll radial (or horizontal) componen t as shown.

:\oti,,, th"t the dire<1ion of the radi,,1 component is outward in the lhest region. but

is inward at tile neek and the abdominal region . 'Il le most interesting observation is that Ihe

induced current in the arm is directed downward or in the oppo,ite direo:lion 10 Ihat flo"ing in

olher parts of Ihe body . The numerical resu lts for Ihe induced curre nt density in the Iheoretical

'"Copypghted maer.
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Fil:. 25 Comparison of tht'OTelieal results by the present method to experimental results of lUlune

and Forsythe on vertical and horizontal mITent densities for a grounded human model

exp,,",'d to 10 kV1m. 60 Hz electric field. Induced current <len,iti... are giw" in units of

rlA/em'.
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model which approxi ma tes th e expcrimenlal mod el arc sho wn in th e left Ii!':u re. The com puted

current d"nsit;"" , in amplitude and di rection , al vari ous locatio ns inside the body agree wry well

",ith Ihe measured values.

The "g=rnenl bet",,,,,n experiment and tho>ory is " i t hin 5-10 """",ot o n the am plitude. It

is n01M Ih" llhe th eory correctly predicted the reve rsed direction of the induced current lntbe

ar m and the di....ctions of the radia l components ofthe currents at d ifferent part s of the body. The

results of Fig. 25 give a pos itive ' -criticali"n of the acrura,")' of our method.

It is appropriate to Kive a few mo re sd ected numerical ....sults on the interaction of a 60 li z

electric field ....,th a human body. Fig. 26 depicts the calculated elo:ctric field ..nha nreme nl fac lors

al the surface of a man " 'lh a hei~hl of l!i(l c m a nd a wei~ht of 68_2 kg stand in~ upright a nd

in direct contact (short-.eircui tffi case) with the grou nd. and who is exposed to a 60 fb. electric

field of I kV/m, "Ole enhancement factor can var:. from 0.1 to abo ut 20 over the body surface.

.'\.lso shown in Fig. 26 is th e calculated short-cireu it curren t of 18 .0 fL-\. This value is very dose

to 11_5 ..... . which is calculated with an empirical for mula of 1~ = ~ . 4- 10 ' . H' F. f / 60 used by

Chiba et a1. [14). In the numerical cak ulat iull, the body's surface was partitionffi into 424 patches

l{'ading to 106 Ullk1l0"l1S ";Ih II quart",·body symmMI}.

Fig. 21 shows the cakulated el....1:ricfield enham-ement fa,1:on;and the sbort "",ircuit current

in th e sa me man with stre t"h,'<1 arms ind ll,-ed by the ..., me electric field as the <'3.'" of Fig. 26. It

is observed th at th e electric field en hancement facto r can be very high at the tip of th e hand due

to its sharp gl'Omet<)·. .'11"0. it is noted that when the anns are stretched , the short -cireuit current

is Increased to 23_3 11./1 as pred ictffi by our method. Th is value is quite d ifferent from the value of

17.5 1.1.!1 if the sa me form ula used by Chiba et al. [141 is used. Th is indicates t he pheno menon that

the ind uced electric field at the body surface and the short-.eireuit current. and consequently the

induCt'd curre nl inside the body', are strongly dep.'mlent on lhe body ~l'Omet<)' and pos ition . Even

though the phenomena involved are rather com plicated. th is mel hod ls eapahle of p ....dicting

th em.
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One more hit of int~resting information on the effects of the grounding impedance on

the short...,ireuit eurrent of a man ...xposed to 60 Hz electric field of 1 kV/m is ~iven in Fig. 28.

Th" grounding impedance is assumed to be resistive , capacitive, or Inducti ve. The short-circuit

current is found to remain practically unchanged , main taining a value of about 18 ~!(kV/m)

wh~n the groundin~impedance is varied from 0 to 10 M O . Only after the grounding impedance

exct.'l'ds the ,."Iue of 10 Mil does the short-circ uit CUTn'nt s1art to fall for a resisti ve or a capaeiti"e

grounding impedance. For an inductive grounding impeda nt'e, there is a pos"ihl... reso nanl..,
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~'i~ _ 2t1 Short·cireuit current as a function of grounding impedance.
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phenomenon .....hen the imp"danre has a value on the order of 100 Mf! , corresponding to an

inductance of 3 x 10' H. This implies lhat in a very unlikely case .....hen the grounding impedance

is an extremely larp;e inductance of ..hou t 3 X lO' H . lhere may be a very large current indul'ftl in

the body.

The numerical examples gi""n SO far are all computed forthecase of 60 Hz. Ho.....ever. our

method has also been employed to pre<Jiet the short-cireuit eUITen!.'; induced by HF e1eetrie fields

in a human body. Table] sho .....s a romparison of experime ntal results on the short-circui ted

curreut, measured by various ....wkers [17] at frequencies belw...,n 60 Hz and 27 MHz. and

the correspon<1 inl; numerieal results geneeatl'<l by our melhod. A satisfactory agreement was

oblained between them)' and eXp"riment up to ahout 30 MHz. This indicates that our nwthod

may be applicable up to the HF range or at least up to the LF range.

Tahle 1
Comp"rison of experimental and empirieal results on short-cireuit current and theoretical results

by present method
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