
Sitting Illan model in back seat of automobile exposed to
trunk-mounted antenna.
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Measureme~t of Electromign.t1c Ft.lds in and out of AutOMObile

In order to charlet,r1I' the ........ ft.ld conditions, we lIICIe a
number of electr_ltn,tic ft.'et. • •••,....ts Ult'tlg the EOM-1e
energy-density meter. Melsur..-ntl outl~ of the .uto-ob1le were -.de at
the s.g1ttal plane of the .., ••,... te .... the roof- and tru.tk..unted
antennas. In Fig. 24 is illustr.ted ~ ",1t1on of the ..t.r pr~ during
the measurements. We pllcad absorb1........t., between thl ..t.r Ind the
Intenna to prevent the fielets f,. .,-' lII'I"tul"tHld and ~... the proM fn
Sean increments tn vertfcil IIId horfl.tal dtrectfonl. tile fi.,ds insicle
the automobile were ..asured 1ft I t .....·.....,onal space IS sllowntn Fig.
25. Measurements were .._ ...,.y 10 CII t. th.... ctt..ions. _sorbing
material was also placed bet_n t....... IftCI tile p.... ......ur_nts

were made under low POwer condittON .11 below the ANSI CH.1-1982
exposure standard.

Mtasu~t of SAR

Ther'llOgrlptty

The therlftogrlphfc ..thod pr.vf•• t ... IIOIt .fftcf.nt wlY for

est.bl1sh1ng SAR over. two-dimen.'...' '.cernll plln, .f~~in thl ....s.d
model. This method, d.scribed in dIlI11 .l~.,.. by Guy (1971) Ind Guy et

.1. (1976b), is v.lid for both far- 1M _rezone fi.,ds and involv.s the
,.- use of • thennogrlphic c••rl for NCOnIt", the t rltur. distributions

produced by energy absorpt1on 1n ,hint. ,,'s 1ft poSUi'" to radi.t1on
ftelds. In Figs. 26 Ind 21 is nl.'''ltect the .ttIodoloV of ustng
thennogrlphy. As shown 1n fig. N, the -., wes ffrst dislss.'. 110ng

• pllne wh.re SAl WlS to be dete"..,.ed. For thts instlflce, the tIor1zOftt.,
plane throu", the .,.s of the child ,·.s 'It"sed with the h.... nlar
the trans.ftUng antennl. hforl ttte .., NlS disassillbled, and
a th.MIIOgrlph tetnperatuN seln w f ttlt plane I' shown 1n Ffg. 27.
The lIOd.l was then reiss_ltd, for • short t1. to high power
dens1 ty of known 1evel, Ind then 19" n di $Is5embl ed t .nd another
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Measurement of power-density pattern in vicinity of
trunk-mounted antenna with EDM-IC survey meter.
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Fig. 25. ArrangeMent of EDM·IC meter probe for measurfng power density
pattern in interior of autollObl1. due to ,,,,'slfon from
trunk-.aunted antenna.
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Fig. 26. s.perltten .1ong orbital plane of phlnto- child MOdel exposed to
roof-mounted .ntenna.
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theMllOgrlphic sCln w,.... Fill. 12 .nd 16 illustrlt. the tIOd.1s

oriented for sl'ftt.'.', .... th.....,..""c SCMI. In the clse of the clt11d
kneeling in blck of t-' car. looking out the bick window IS shown in Fig.
23. the -odel WIS ..,.r.ted IS shown in '19. 28 to r.v.,' the .bsorpt1on in
the s.gittll plln. of the held.

lite stlftClarci t"'...gr.,hic _thod "..1ouS'Y ...,.rtecl WlS uled for
det....iMt1on of tfle ~ in the f_ ~. Iftd chnd IIOftl s .x,..eeI to the

roof....,.,t" ant.....I. A two·di_I1 ' ".,·scI'. Kin WlS 1-.411t.,y
~ogrlpltld .fter ..,..ure of t'e ,. IRf 11.". 1.lc.ns with ..,'1tude
proportt Oftll to t..,.r.ture .r. before .nd lfUr .xpolur.. The two
I-scans ..,. photogr.,hed sequentt.", .. the .... f1,. 10 th.t t-.r ..re
super1l1POsed one upon the other .s ...... in Figs. 47·54 in the R.sults
slCt1on.

For liter thermogrlphtc work w1th t" trunk~nted .nt.nn•• hOWlv.r,
1ft 1l1Proved th.MIOgr.p"ic technique WlS .,.,. wit" digit., recordtng .nd
inter.ctive-comput.r .n"ysis. Thil ne-tr ..thod is descrtbed 1n detlil in
Appendix A. In ..".rll. whol.-bocly t ......r.. were firlt t.kln ov.r the
bisected models for ideatff1,.tfon of NltOftS of _at.. SM. Theft a
second series of t .....rl'hs ..... tllclft_ in which the c..r•••s .ved
closer to the obj.ct for b.tt.r resolution of tlte r.gions wher. high SAR

occurred.

V1t.k 101 T..,.rltur. 'rob.

Since the th• ....,rl...'1c .'Ivr••"'s prov1d.d o"'y the SAR It the
bisected surfaces. tile SMs It at"r leuttOfts of the _d., hid to be

lIItasur" by other .."s. Four 'ftek 101 t..-rlture probes Wire ulld to
_Isure the rite of t...,..tur. rt.. It fMr loc.ttons s1.'t.".ously. To

.'n'.tze h••t diffusiOft .... '01'11. the ... h1Pt-.....r .xpOs",.. technique
thlt WIS used in the tttertlOgraphic _hod over I period of about 1 min.
The rate of temperature rfs. was recorHd. I" both un I"d WOIIII" lIIOdels,
the SARs at the heart, kidney, l1ver, Ind stomach region were measured
(Fig. 29). Sfnce the breasts of the woman mode' were very close to the tip
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Fig. 28. Method of separating parts of kneeling child .odel for
dete~1nation of SAR in sagittal plane of head.
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Fig. 29. Four Vitek 101 temperature pNbes for JIIasuring simultaneousl y
SAR in min mode' at four locations.
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of the trunk-mounted Intenna, the SAR in the center line of the breasts and
2.8 cm below the center 11ne were Ilso .Isured. For the child model,
regions in the eyes. brain. Ind mouth were ..asured.

Electric·'ield 'robe

In order to _Isure SAR levels in "1s ..pos.d to the Wlaker fieldS
within the lut..bUe, .. IIIIde In Ittll!ll't to .,sure the internal fields
using I Nlrdl, 1l1Plantable electric-filld....... Becaus. of the relative
Ibsence of sensitivity of the pro~, h.-e,er, the ..thad was abandoned in

favor of dlYeloping a .are sensitive preba.

It WIS decided to use I Schottky diode of the type used for standard
survey ..ters II I sensing element for the electric fi.ld. Initially, the
leldl of the diOde were uHd as the antenna, and the diode its.lf was used
to rectify the radio.frequ.ncy energy. High-resistance. slIIll-diameter
wires were used to. clrry the resulting DC signal back to a _tel". Much
greater slnsitivity ..s obtained by -odulation of the RF-source It 1.000 Hz

Ind use of • Hlwlett.Plck.rd 415E stlndin, Wive d.tector for Hltsing the
I,OOO-"z sfgnll froM the dfode.

It" was found, . .....,.1". thlt the l..dl in the solid-state junction

within the glisl beN of the diode lid t" ,.netted high-resistance leads
forMd • loop that was .lso senstttve to .,n.tfc field. This was

eU.ftt.ttd by enc.ltlulltion of the 41'" 1n • conducting, bisecting pillbox
(shown in Figs. 30 Ind 31) such that the bisected pillbox formed the poles

~ of the recei,frtl, d1p.le Ind .t the 1_ tt. shi.lded the loop formed by
the hf"'-res1stlnce wire connections, preventing .ny induced voltages

caused by ..gn.tic fi.lds.

The di ad. us.d WIS .n Aertech AZS810. The hi gh-res i stance.
twisted-petr, .OII-.dt_t.r, .7-0hm-Jlr-focrt, nylon-coated r.sistance wire
was prot.cted frona str.1n .nd IIIICMnical dllNg. by a 1/4-, 30-e..-lonq
.crylic tube. The high-resistance le.ds continued beyond the acrylic tube

through a 90-cm-long, flexible 1Y90n plastic tubing. The twisted pair of
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Fig. 30. P~otoqraph showing Schottky diode, bisected pillbox dipole, and
twisterl-pair leads before assembly.
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Fig. 31. (continued) Schematic of construction of diode probe for
measuring electric-field strength.
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leads were wrapped spirally around a 1/16- nylon catheter tube to take up

any mechanical strain resulting from tension on the small twi sted leads.

At the end of the tygon tubi ng the twi sted 1eads were connected to a

standard RG58 shielded cable, which in turn was connected to the HP 415E

standing wave detector, as shown in Fig. 32.

The d10de sensor was calibrated with equipillnt shown in Fig. 33. A

waveguide with 24.8- x 12.4-cm cross section was loaded with a 1l.6-cm­

thick section of phlntOM muscle tissue. The tissue was matched to the

1....I"c. of t" WI¥etuide with I qu.rt......lvel.ngth section of Eccofoam

H1K dielectric .lterill (Emerson I CUMing Int., K-6). Th. thickn.ss of the

dielectric sllb was trf-.d to 4 all for a minilllull VSWA of 1.33. The

strength of the electric field and SAR It any point in the waveguide per

watt input to the waveguide with width a and height b may be calculated as- -
follows:

The power density, P, at Iny point in the waveguide as a function of z- -
in the direction of propagation and the distance ~ from a side wall is

P - Re (E 2/4Z )e-2oz sin2wx Jo a

where a-ReryJ

y-j ~S

s-~ £ - (oJ.)2ZI

Z-120'7l'/S

,
£is the complex dielectric constant of the synthetic tissue, A is the

wlvelength. and Eo is the (rms) electric field strength at the surface of

the synthetic tissue (z-O).
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If we Issume negligible loss up to the point z.O, the total input

power is

or, in terms of 1nput power,

The lIapparent" power de"sity~ P" in ffIW/cm2 IS .,sured by field

survey meter is

Ind the SAR in W/kg is

The field strength Ind SAR along the axis of the waveguide, which varied

with the depth from the muscle Eccofoam slab interface. are given in Table

3.
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TABLE 3b. VALUES FOR ELECTRIC FIELD STRENGTH, APPARENT POWER DENSITY,
ACTUAL POWER DENSITY AND SAR ALONG AXIS OF WAVEGUID£ AS FUNCTION OF
DISTANCE FROM MUSCL£ £CCOFOA~ SLAB INTERFACE, WAVEGUIDE WITH DIMENSIONS
12.4 CM 8Y 24.68 CM, WITH 1-~ INPUT POWER

DIELECTRIC CONSTANT OF MUSCLE • 50.6 -j.266

DISTANCE ELECTRIC FIELD APPAR£NT POWER ACTUAL POWER SAR
(CM) (VIm) DENSITY (mW/cm2) DENSITY (mW/cm2) (W/kg)

0 5.807£+01 8.944E-01 6.535£+00 4.167£+00
1 4.223£+01 4.730E-01 3.456£+00 2.204E+00
2 3.071£+01 2.502£-01 1.828£+00 1.165£+00
3 2.233E+01 1.323£-01 9.667£-01 6.164£-01
4 1.624£+01 6.997£-02 5.112£-01 3.260£-01
5 1.181E+01 3.700E-02 2.704£-01 1.724£-01
6 8.589£+00 1.957E-02 1.430£-01 9.117£-02
7 6.246£+00 1.035E-02 7.562£-02 4.822£-02
8 4. 542E+00 5.473E-03 3.999£-02 2.550£-02
9 3.303£+00 2.895£-03 2.115£-02 1.349£-02

10 2.402£+00 1.531E-03 1.119E-02 7.132£-03
11 1.747£+00 8.096£-04 5.916£-03 3.772E-03
12 1.270£+00 4.282E-04 3.128£-03 1.995E-03
13 9.239E-01 2. 264E-04 1.655£-03 1.055£-03
14 6.719E-01 1.198£-04 8.750£..04 5.579£-04
15 4.886£-01 6.333£-05 4.628E-04 2.951£-04
16 3.553E-01 3.349E-05 2.447E-04 1.560E-04
17 2.584£-01 1.771E-05 1.294£-04 8.252£-05
18 1.879£-01 9.368£-06 6.845£-05 4.364£-05
19 1.367E-01 4.954£-06 3.620E-05 2.308E-05
20 9. 939E-02 2.620£-06 1.914£-05 1.221E-05,

VALUES FOR AIR FILLED GUID£

0 1. 896E+02 9.531£+00 6.535E+00 0.000E-01
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TABLE 31. VALUES FOR ELECTRIC FIELD S11tENGTH, APPARENT POWER DENS lTV ,
ACTUAL POWER DENSITY AND SAR ALONG AXIS OF WAVEGUIDE AS FUNCTION OF
DISTANCE FROM MUSCLE ECCOFOAM SLAB INTERFACE, WAVEGUIDE WITH DIMENSIONS
12.4 eM BY 24.68 CM, WITH l-W INPUT POWER

DIELECTRIC CONSTANT OF MUSCLE • 50.6 -j.266

DISTANCE ELECTRIC FIELD APPARENT POWER ACTUAL P(wER SAR
e-, eV1M' DENSITY elllW/CIft2) DENSITY (1IIW/cm2) ("/kg)

0 5.801£+01 8.944£-01 6.535£+00 4.161£+00
1 5.625£+01 8.392£-01 6.132£+00 3.910£+00
2 5.441£+01 1.814£-01 5.153E+00 3.119£+00
3 5.211£+01 7.388£-01 5. 398E+00 3••42£+00
4 5.112£+01 6.932E-Ol 5.065£+00 3.230E+00
5 4.952£+01 6.504£-01 4. 753E+OO 3.030£+00
6 4.791E+Ol 6.103£-01 4.459£+00 2.843£+00
7 4.646£+01 5.726£-01 4.184£+00 2.668£+00

t
8 4.501E+Ol 5.373£-01 3.926£+00 2.503£+00
9 4.360£+01 5.041E-Ol 3.684£+00 2. 349E+OO

10 4.223£+01 4.130£-01 3.456£+00 2.20CE+00
11 4.090£+01 4.438£-01 3. 243E+00 2. OfiElE+OO
12 3.962£+01 4.164£-01 3.043£+00 1.940£+00
13 3.838£+01 3.907E-Ol 2.855£+00 1.8ZOE+00
14 3.718£+01 3.666£-01 2.679£+00 1.708£+00
15 3.601E+Ol 3.440E-Ol 2.513£+00 1.603£+00
16 3.488£+01 3.228£-01 2.358£+00 1.5CMl+OO
17 3.379£+01 3.02SE-01 2.213£+00 1.411£+00
18 3.273E+Ol 2.842E-01 2.Q75E+00 1.324£+00
19 3. 170E+Ol 2.666E-Ol 1.948£+00 1.242E+00
20 3.071E+Ol 2.502E-Ol 1.828£+00 1.165£+00

VALUES FOR AIR FILLED GUIDE

0 1.896E+02 9.531£+00 6.535£+00 O.OOOE-O!

.,,"
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3 EXPERIMENTAL RESULTS

Field Mapping

Two ..ters were available for carrying out the mapping of the
electromagnetic fields both inside and outside of the automobile. The HaS
EOM-IC meter is 1I05t sensitive, with capabilities of measuring below 10
~W/c.2t but is not calibrated for 835-MHz. Therefore, it was compared to a
Holiday isotropic-broadband meter (Mode' HI 3001) from Bell Laboratories.
It was found that if I correction factor of 1.83 was applied to the reading
of the EOM-IC, it ..reed very well with the Holaday meter at distances away
front the source .,.. there was no sourc......eter interaction. Since the
Holaday meter has a larger sensor, the ..ter-source interaction was greater
for it. Compar1 son of the measurements b.y the two meters (With corrected
values for the [OM-IC _ter) are sho,," in Table 4. In Figs. 34-37 are
111 ustrated the ••asurlftlents with respect to the roof-mounted antenna and
the position of tfte exposed subjects. The measurements were made without
the presence of the exposed subject. In Figs. 38-40 are illustrated the
power-density _asur_nts exterior to the automobile of the 835-MHz
radiation from the trunk-mounted antennas with l-W input •

Maximum exposure levels for the roof-mounted antenna varied from 64
JlW/cm2-per-watt input for the woman to 148 J,lW/c",2_per-watt input for the
child. Maximum exposure levels for the trunk-mounted antenna varied from
357 )lw/cm2-per-watt input for the child to 624 IJw/cm2-per-watt input for
the woman.

The electrOMagnetic fields within the automobile were measured over
a three-d1...nsional space where the upp.r body of the exposed subjects
could be expos.d to the radiation frOlll the trunk-mounted ant.nnas through
the rear window of the car. The region over which the measurements were
made every 10 CII in three directions is shown in Figs. 41 and 42. The
coordinate system was arbitrarily chosen with the origin IS shown in the
figures. For the simulated exposures, the subjects were placed in
positions where maximum fields were measured. Their relative positions in
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TABLE 4. COMPARISON OF MEASUREMENTS OF POWER DENSITY (mW/cm2) MADE
WITH NBS EOM-1C AND HOLADAY 3001 SURVEY METERS AT 835-MHz,
WITH l-W INPUT TO SOURCE

Waveguide Open Aperture Source

Distance 0 5 10 15 20 25 30 40 SO
from source
(ems)

NBS 11.82 5.68 2.64 1.44 0.859 0.514 0.374 0.186 0.136
.ter

Holaday 6.77 3.76 1.97 1.13 0.713 0.483 0.340 0.208 0.134
..ter

Roof.Mounted Antenna

Distance 35 45 55 57.5 60 70 80 90
frOM source

.(em)
NBS 0.141 0.095 0.083 0.084 0.075 0.046 0.046 0.037
.ter

Holaday 0.159 0.127 0.090 0.093 0.093 0.037 0.044 0.034
meter

Trunk-Mounted Antenna Exterior of Automobile

Distance 15 25 35 45
from source

• (em)
NBS 0.456 0.196 0.091 0.069
.ter

Holiday 0.444 0.197 0.095 0.056
meter

, .. - Trunk-Mounted Antenna Interior of Automobile

Distlnee 55 60 65 70 74 80
from source
(em)

NBS 0.042 0.047 0.045 0.038 0.033 0.037
.ter

Holiday 0.035 0.047 0.045 0.039 0.032 0.028
3001 meter
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fig. 34. Power densities exterior of auta-obile due to 835~z radiation
fro. roof--ounted antenna. with I-V input power (outline shows
position of exposed WOMan MOdel standing 43.5 c. frOM antenna).
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Fig. 35. Power densities exterior of auta-obile due to 835JMHz radiation
fr.. roof-...te4 anteRna. with 1.... input ....r (autUne shows
position of exposed WOMan ~el standtnq 63 01 fr.. antenna).
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Fig. 36. Power densities exterior of auta.obile due to 835-MHz radiation
fro. roof~nted ant.-na. with l-W in,ut power (outline shows
position of exposed child MOdel held 39 c. fro- antenna).
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