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I. SUMMARY 

This paper presents the results of measurements of 
temperature increase, due to RF energy deposition, in 
simulated biological tissue near 6 W portable 
transmitters with helical and whip antennas. At close 
distances (< .5") VHF helices d~posit energy in the 

surface fatty layers, with practically no penetration 
into muscle tissue; 450 MHz helical antennas transfer 
energy mostly into the surface fat, with the 
penetration into deep tissue increasing by a factor of 
10 from 150 MHz. UHF quarter-wavelength ·whips 
deposit power mostly =n the muscle tissue. At larger 
distances (> 2."), the detected temperature increases 
are extremely small, indicating that portable radios· 

are safe. 

II. INTRODUCTION 

In recent years, there has been increasing concern 
· about human exposure to RF power. A thorough 

investigation, both experimental and theoretical, of 
energy penetration in human tissue has been 
performed for plane incident or essentially TE 
waves1- 2• Only a limited amount of research3-4 has 
been done on the penetration of RF energy in human 
tissue placed in the immediate vicinity of_the·sources, 
where the EM fields have a more involved structure 
·than a plane wave. In the region close to the radiators, 
where power concentration can be rather high, it is 
very difficult to perform a meaningful measurement 
of incident power density not only because of the 
non-simple relation between E and H vectors, but 
because real power flow may not be established 
by the fields so near to the sources. Power deposition 
in this region has not been thoroughly investigated, 
although it is most significant in determining the 
safety of portable transmitters, especially at UHF and 
lower frequencies. 

The advances in solid state technology have made 
available higher power transmitters in portable 

. radios .. This fact, coupled with the increased 
awareness of RF hazards in consumer products, has 
stimulated the interest in the energy deposition near 
portable transmitters. . 

• 
If commercially available· field probes (e.g. Narda) 

are used in evaluating power densities near the radio, 
one can read values that are above 100 mW/cm2• 

1 

However, if the measured values of power density are 
integrated over a surface inclosing the radio, the total 
power radiated thus determined is much higher, in 
some cases an order of magnitude greater than the 
powe,· available at the .battery. These discrepancies 
have prompted a research project, at Motorola, to 
determine the effective RF power penetration in a 
portable radio operator and thus correlate field probe 
readings with RF power deposition. Some results of 
this research project are presented herein. . 

III. EXPERIMENT AL METHOD 

Simulated human tissue ("phantoms" or 
"dummies") has been used throughout the 
experiments to determine RF power !Jenetration near 
portable transmitters. The energy deposition has 
been evaluated through temperature measurements. 
Although implantable high sensitivity thermal probes 
have been devised and used in similar projectss, these 
instruments are not yet commercUly available. The 
commercial products (e.g. LCT-1 Temperature 
Measuring System, RAMAL, Inc.) are too bulky or· 
lack sensitivity. It was decided to use thermocouple 
probes and a .01 ° sensitivity digital thermometer 
(Bailey Instruments, BA T-6). Parallelepipedal and 
human head-shaped phantoms have been built for 
VHF and UHF tissue simulation. The VHF phantoms 
have already been described in a previous paper6. The 
UHF "dummies" have the same geometry as the VHF 
phantoms, the only difference being the mixture 
composition. At UHF, muscle and bone tissues have 
been simulated by using the materials recqmmended 
by Guy7• · • _ · 

The details of the data gathering technique have 
already been given6 and will not be repeated here. 
From the temperature measurements, if the exposure 
time is known, it is possible to determine the power 
deposition by equating the thermal energy aborbed 
by the "dummy" with the penetrating RF energy, this 
being the only cause of the temperature increase9. 
Given the high dielectric constant of the biological 
tissue, it is correct to assume that, whatever is the 
direction of incidence of the RF energy, power 
penetrates along the normal to the surface at the 
point of incidence. These assumptions have been usecC 
in generating the penetrating power density 
diagrams shown in this paper. The method is 
essenially correct for short time exposures, so that 
heat exchange does not substantialy alter the 
temperature gradients set up by the EM fields. 
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IV. EXPERIMENT AL RES UL TS 

All the temperature data presented here are 
relative to 6W radios and 1 minute exposures. This 
exposure duration was found to be the best 
compromise between the need of large temperature 
increases to facilitate accurate measurements and the 
requirement to keep exposure times short for the 
reasons pointed out in the previous section. 

The VHF (150 MHz) radio had a helical antenna, 
while at UHF (450 MHz) experiments were conducted 
by using a helix and a quarter-wave ship. The flat 
phantoms were irradiated for various distances 
between the" dummy" and the radiators to acquire an 
insight into the dependence of the power deposition 
mechanisms on frequency and antenna type. The 
head-shaped phantoms were exposed holding the 
transmitter in a vertical positio~ at a distance from 
the "operator" as recommended in the Motorola 
instruction manuals for best performance of portable 
radios. 

IV. 1. VHF MEASUREMENTS 

These results have been reported in a previous 
paper6, so they will be just briefly summarized here. 

Figure 1 shows the temperature profile vs depth in 
the flat phantom detected below the antenna tip for 
.35" distance between radiator and "dummy".There is 
a noticeable temperature gradient across the fat
muscle interface, pointing to the fact that there is 
very little penetration of the fields into the muscle 
tissue. The temperature profile in the plane 
orthogonal to the antenna axis through the tip is 
given in Figure 2 for .35" spacing. This plot clearly 
shows that, although there is a certain amount of RF 
penetration in the fat tissue, very little energy is 
deposited in the muscle material.. Moving along the 
antenna axis towards the radio case, the thermal 
profiles remain of the same shape of Figure 1 and 2, 
but the temperature values decrease rapidly away 
from the hel!x tip. 

If the distance between "dummy" and antenna is 
increased, the "hot" spot, the· point of maximum 
temperature increase, moves away from the tip of the 
radiator in the direction of the radio case. For 2"' 
distance, the "hot" spot is 1.5" away from the tip of 
the helix. Figure 3 shows the thermal profile vs. depth 
at this "hot" point. In this case, the temperature 
increase in the muscle tissue is not detectable with the 
sensitivity of the thermometer. 

Finally, the measurements on the head-shaped 
"durrimy" are · summarized in Figure 4. The 
temperatures shown are those detected at the 
phantom surface where temperature increments are 
the highest. It is worth noting the barely measureable 
<.01 °C temperature increase in the eye area. No 
hazard ... whatsoever is presented to the eyes by this 
temperature increment, since the eye temperature 
has to increase several degrees centigrade from 
normal levels before any damage can be caused to this 
organ8 • 

! 

. 
IV. 2. UHF MEASUREMENTS. 

Figures 5 and 6 show the UHF radio with the whip, 
the helical antenna, and the flat phantom. 
Temperature measurements were taken in the 
"dummy" at the points indicated in Figures 5 and 6 
'1nd in planes orthogonal to the antenna's axis 
containing the same points. 

Figures 7-10 plot the temperature profile vs. depth 
in the dummy at various points along the whip 
antenna axis for .35" distance between the radiator · 
and the phantom. It is interesting to note that there is 
an increase in penetration of the RF into the muscle as 
the point of measurement moves along the antenna 
axis toward the radio case. The plots of figures 7 and 8 
are similar in the general shape to the plot of figure 1 
excepc for the better penetration in'to the muscle. The 
similarity indicates a somewhat analogous field 
structure around the tips of the two antennas. As the 
observation point muves down the axis of the whip, it 
is clear that there is a change in the EM field 
configuration. Field components, which are not 
present around the 150 MHz helix, are cL~using the RF 
power penetration at 450 MHz near the quarter
wave radiator. The change in RF power deposition 
·along the antenna axis is even more clearly detectable · 
by considering the depth of the isotherms of Figure 11 
and 12, showing temperature profiles in the planes 
orthogonal to the antenna axis at different distances 
from the tip. While the isotherms of Figure 11 are 
similar to those of Figure. 2, Figure 12 shows ~ 
substantially increased heating in the muscle tissue. 
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For 2" distance between phantom and antenna, the · 
temperature increments are shown in Figure 13 for 
point 1 and 9. It is interesting to note that the 
maximum power deposition is still at the base of the 
whip and that the power deposition tends to become 
uniform along the antenna. . 

The helical antenna at 450 MHz has exhibited 
heating patterns somewhat analogous to the one at 
150 MHz except for deeper muscle tissue penetration. 
Figures 14-17 show the heating patterns detected in 
the phantom at the points 1, 3, 4 and 5 shown in 
Figure 6. The helix clearly has a "hot" spot near the tip 
of the antenna. Comparing Figure 15 with Figure 1, 
one can see that the muscle power penetration has 
increased by a factor of 10, although the general 
shape of the curves is the same. An explanation for 
this difference in power deposition at VHF and UHF 
will be offered in the next section. 

The temperature profiles measured at the same 
points for 2" spacing between antenna and phantom 
are shown in Figures 18-19. The shapes and levels of 
the various curves are similar, showing a more 
uniform power deposition than for .35" distance 
without a particularly "hot" spot. 

The results of measurements at UHF using the 
head-shaped phantom are presented in Figure 20 and 
21 for the \.vhip ar.d the helix, respectively. Figures 
20-21 show the highest temperature increments 
detected at the various locations indicated. Thermal 
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measurements were performed with the probes 
' penetrating up to 2 in. into the simulated brain 

material. In Figure 20, the maximum temperature 
increases were measured at the surface for the eyeball 
and the frontal points 2, 3 and 4. For the superciliary 
and frontal point 1, the maximum temperature 
increase was recorded at .1" -inside the simulated brain 
tissue. In Figure 21, all the highest temperature 
increases were measured at the surface. The data 
presented is relative to one minute exposure. If the 
exposure is extended to six minutes, the temperature 
increases go up by a factor of 4. Comparing Figures 
20-21 with Figure 4, one notices the much larger 
energy deposition in the eye at 450 MHz than at 150 
MHz. Although the temperature increases of Figure 
20-21 in the eyeball are about an order of magnitude 
higher than that of Figu,e 4, they are still too small to 
be considered hazardous even in the case of six 
minute exposures. 

V. FIELD STRUCTURE AND POWER FLOW 

Before evaluating power deposition from the 
thermal profiles presented in the previous section, let 
us investigate the field configurations that can give 
such temperature increments and get an insight into 
the RF energy penetration mechanism. Figure 22 
shows two different radiated electric fields incident 
on a double layered slab of fat and muscle tissue. The 
conductivity of the two layers is also indicated. The 
field of Figure 22a is orthogonal to the direction of 
propagation K and tangentially oriented to the 
surface of incidence. It can be associated with a phase 
front of a propagating wave of any type: spherical, 
cylindrical, planar, etc. This type of electric field, with 

· the associated magnetic component, is the vehicle of 
EM power propagation. The field of Figure 22b is 
oriented in the direction of ..K (orthogonal to the 
surface of incidence) and, although it can be 
associated with the phase front of a wave, it is not a 
vehicle of power propagation, but rather of EM 
energy storage. This field component does not exist at 
great distance from antennas in free spac'e, but can be 
extremely strong near radiators. The field in Figure 
22b has very little penetration in the muscle layer 
because of the high complex dielectric constant of this 
tissue. Let us consider the case of 150 MHz. At this 
frequency, the conductivity of muscle tissue o-m is 
about 1.1 inho/m, the relative dielectric constant Erm 
is 64, while for the fat CTf = 25mmho/m and Erf = 
7. The ratio of the two complex dielectric constants is 
about 20. Since the power deposition is given by the 
product ½CJl EI i, one can see that for an orthogonally 
incident field the power absorbed by the muscle is one 
tenth of that deposited in the fat 2• The product 
specific heat x specific density of the muscle tissue has 
-about twice the Vdlue of the same product for fat. So 
across .. the fat-muscle interface, if this were an 
adiabatic wall, there would be ne.1rly a 20 to 1 
temperature drop for heating due_ to orthogonally 
incident electric fields. 

The field of Figure 22a is c.'ontinuous across the fat
muscle interface. Since o- m is much larger thano- f, a 
tangential electric field deposits more .power below 
the fat-muscle interface than above, causing a 
temperature increase in the muscle that is greater 
than in the fat. Let us consider the case of 450 MHz. 
At this frequency o- rn = 1.4 mho/m, u f = SO mrnho/rn, 
so a purely tangential incident electric field deposits 
about thirty times more power below the interface of 
Figure 22a than above. If the interface were an 
adiabatic wall, there would be a temperature ratio of 1 
to 15 in passing from the fat to the muscle tissue9• 

Let us investigate now the effects of magnetic 
fields. Biological tissue is non-magnetic, so both 
tangential and normal components of radiated 
magnetic fields are continuous across fat-muscle 
interfaces. The eddy currents due to magnetic fields 

·produce a heating distribution given by: 

W = ¼a . I · VxH 12 
JWC ' . re 

(I.) 

where Ere is the complex dielectric constant of the 
medium. If boundary conditions are enforced, one 
finds that magnetic fields, at planar interfaces, 
produce heating effects analogous to those of 
tangential electric fields, that is the power deposited is 
proportional to the conductivity of the material. In 
addition, the power density deposited depends on the 
body cross-sectional area orthogonal to the direction 
of the H field4. 

On the basis of previous considerations, let us try 
to investigate the field structure near the antennas · 
from the thermal profiles of the preceding section. It 
is clear that, near the 150 MHz helix, there are 
predominantly electric fields of static nature 
orthogonally incident on the dummy, since no RF 
penetration in the muscle tissue is detected. The 450 
MHz helix has a more involved near field structure. In 
addition to an electric field of static nature, decreasing 
in magnitude away from the tip of the antenna, there 

· is an electric and associated magnetic field which is 

3 

incident tangentially to the surface of the dummy. 
This tangential component of the field increases, as 
one may expect, towards the base of the a-ntenna 
where the currents are stronger. The presence of a 
tangential component of the E-field is confirmed by 
the fact that the attenuation constant of the muscle 
heating in Figures 14-17 is very similar to the power 
attenuation constant measured in a long coaxial 
waveguide filled with muscle material. What causes 
such a change in the muscle power penetration 
between 150 MHz and 450 MHz? It is not the 
effective power radiated. Measurements show that 
there is not a great difference in the antenna 
mismatch due to the presence of the dummy at .35"' 
distance. The 150 MHz antenna with 6W incident 
power radiates nearly 4W, while the 450 MHz helix 
radiates 4.6W for the same incident power. The 
nearly three-to-one difference in real power density . 
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around the two antennas does not explain the ten-to
one increase in the power deposition inside the 
muscle tissue. The difference in power penetration is 
explainable in terms of different field impedances. At 
.35" distance, the 150 MHz helical antenna sustains 
fields of much higher impedance than the 450 MHz 
helix. The high impedance fields are totally reflected 
at the muscle surface which has a very low impedance 
(lower at 150 than at 450 MHz). The higher field 
_mismatch at VHF should not be surprising because, in. 
terms of wavelength, the "dummy" is three times 
closer to the sources at 150 than at 450 MHz. 

Finally let us consider the quarter-wavelength 
whip. The plots of Figures 7-10 show that, near the 
antenna tip, there is a substantial component of the 
electric field incident normally on the dummy. This 
component, as in the helices, is due to electric charge 
accumulation and decreases away from the tip. In 
addition, there is a component· of the E field (and 
associated H) tangentially incident on the dummy 
causing power absorption in the muscle. This last 
component is predominant near the base of the 
antenna, where there is the largest power deposition 
and the greater heatir.g is in the muscle tissue. The 
field configuration deduced from the thermal profiles 
is in good agreement with the field structure near a · 
quarter-wavelength dipole10. The whip is less 
mismatched than the helix at 450 MHz, as may be 
expected because of the lower Q of the antenna. For 
.35" distance between flat phantom and whip, with 
6W incident power, the effective radiated power is 
5.2W. There is practically no power reflection in any 
of the three antennas when the dummies are at 2" 
distance or more. 

VI. POWER DEPOSITION. 
COMPARISON WITH FIELD PROBES 

From the thermal diagrams of Section IV, it is 
possible to determine the penetrating power density, 
that is the power per cm2 that flows through the 
surface of the "dummy". The power density is 
determined following the method given in Section III. 

Figures 23-25 show the penetrating power density 
directh· below the antennas for the helix at 150 MHz, 
the 450 MHz whip and 450 MHz helix, respectively. 
In all three diagrams the distance between the flat 
phantom and the antenna is .35". For the two helices 
the penetrating power density has a peak near the tip 
of the antenna because of the heating of the fat tissue 
due to the orthogonally incident electric fields. The 
whip causes a power density penetration which 
increases moving away from the tip toward the base 
of the antenna. The penetrating power densities for 
the three antennas at 2" from the phantom are shown 
in Figures 26-28. The power density distributions of 
the two helices show some similarity. For both 
antennas there has been a flattening of the 
distribution curve and the peak, much broader for 2" 
distance, has shifted toward the base of the antenna. 

. The power density of the quarter-wavelength whip 
maintains practically the same shape for both .35" and 
2" distance, with maximum deposition near the 
antenna base. 
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It is interesting to compare the "deposited" or 
"penetrated" power densities at 2" distance with the 
incident power density indicated by a commercially 
available E field probe, for example the Narda 
Isotropic Probe Model 8321. Although the rated 
frequency range of this instrument is 300 MHz-18 
GHz, it was carefully calibrated at 150 MHz. The 
probe has a foam spacer which keeps the sensors at 2" 
distance from the RF sources. 

Figure 29 plots the power density along the . 
antenna axis indicated by the probe near the radio in 
the absence of the dummy for the 150 MHz helix. The 
Narda instrument has an end-of-scale value of 20 
mW/cm 2, so the power output of the radio had to be 
reduced to .6W in order to make the measurements; 
the rndings were then.multiplied .by 10. In the same 
figure is shown the measured penetrating power 
density o~ Figure 26. As one can see, the two curves 
have the same shape. but the readings of the probe are 
about two orders of magnitude higher than th€ 
measured penetrating power density. The data 
indicate that the fields around the antenna are 
essentially oriented orthogonally to the axis of the 
helix. These fields of static nature cause high readings 
of the probe, but deposit very little power in human 
tissue. 

The situation is somewhat different at 450 MHz. 
Figure 30 plots the power density indicated by the 
Narda instrument and the measured penetrating 
power density for the quarter-wavelength whip. The 
probe indicates the presence of a "hot" spot in the field 
near the antenna tip. The "hot" spot is due to strong 
fields oriented orthogonally to the axis of the antenna 
as can be calculated by using a simple dipole model for 
the radio. Since these fields deposit little power in 
organic tissue, the highest indications of the probe 
correspond to the minimum penetration of power 
density. As the observation point moves toward the 
base of the antenna, the component of the E field 
orthogonal to the axis of the whip decreases, while a 

. weaker component parallel to the axis of the radiator 
develops. As pointed out before, the latter component 
deposits power in human tissue more efficiently than 
the former, so the penetrating power density 
increases while the indication of the instrument falls 
off very rapidly. 

Figure 31 compares the indicated and the measured 
power density near the 450 MHz helix. The curves 
have a similar shape except for the fact that the 
instrument indicates a rather sharp "hot" spot near 
the tip of the antenna while the penetrating power 
density is more uniform. The ratio between the 
measured values on the two curves is about 10 dB 
near the tip of the antenna and 6 dB near the bottom. 
As in the case of the whip, the relative increase of 
power penetration near the base of the antenna can 
be explained in terms of the presence ofan increasing 
axial field component. Comparing the results of 
Figures 29 .and 31, it is clear that there has been a 
tenfold increase of power density deposition vs. 
instrument indication. The difference cannot be 
explained in terms of the increased incident power . . 

. -:-=-' .,·. ·,;·•:: '-"': .. ~• ~ ..... ,_ . _, ... ,_ ..... _. 
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density, but by the presence of tangcn tially incident 
components of the field which are absent at the same 
distance at 150 MHz. 

VII. CONCLUSION 

The data presented in this paper indicate that there 
are substantial differences in the near fields of 
commonly used portable radio transmitters. In the 
band 150-450 MHz, helical antennas deposit 
relatively little power in muscle tissue placed at close 
distance. A 450 MHz quarter-wavelength whip in the 
same conditions very efficiently couples RF energy in 
to the deep layers of biological tissue. The in-depth 
power deposition. of helices increases very rapidly 
with frequency for distances less than one inch. 
Commercially available E-field probes placed near 
portable radiators can give a substantially distorted 
picture 6fthe power density, because the instrument 
if sensitive to electric fields that are associated with 
relatively little power. It has been shown that, for a 
150 MHz helix, there is nearly 20 dB difference 
between the levels of the power densi_ty indicated by 
the Narda E-field probe and the measured deposited 
power density. At 450 MHz, the indication of the 
probe is within an order of magnitude of the 
deposited power density. Even in this case, however, 
the indication of the instrument can be misleading in 
terms of determining an RF radiation hazard. It has 
been shown that, in the case of the whip, there is 
maximum power deposition in the locations where 
the instrument 1eadings are the smallest. 

Tht temperature increases . in the head of an 
operator due to exposure to a portable radio are very 
small, if the radio is held in the position recommended 
for best performance. Temperature increments no 
larger than 0.l°C are caused in simulated human 
heads for one minute exposures and no larger than 
0.4°C for six minute exposures. Temperature 
variations larger than these are caused in the human 
body by ambient thermal changes or emotional 
status11 • If the radio antenna is held extremely close 
to the face (less than 0.5''), parts of the surface of the 
face of the operator are subjected, for prolonged 
exposures (more than 2-3 minutes), to temperature 
increases that may be considered hazardous. As the 
experimental data have shown, at close distances, the 
strong electric fields near the tip of the antennas can 

. cause substantial temperature increases in the 
surface fatty layers of human tissue. This danger can· 
be eliminated by having an adequate insulating cap on 
the tip of the antenna. 

The eyes of the operator are protected by their 
naturally recessed location, so it is difficult for an 
operator to place the antenna extremely close to the 
eye while normally operating the transmitter. A 
hazard is present if the user accidentally places the 
antenna tip in the vicinity of, practically touching, the 
eye and then operates the transmitter. An RF burn 
may then be caused to the cornea. Even in this case, 

. the possibility of damage is eliminated by a suitable 
insulatirtg cap at the tip of the antenna. 

s 
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