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2) Series inductance decreases the value of phase shift, whereas
shunt capacitance increases this value.

3) Shunt capacitance seems to be the most dominating
reactance affecting the phase shift. This suggests that an ar-
rangement which can vary shunt capacitance across the diode
may be used for the adjustment of phase shift in the finally
fabricated circuits.

4) Effects of the forward-bias and the reverse-bias resistances
on phase shift are very small as compared to that of reactances.
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Effects of the Surroundings on Electromagnetic-Power
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Abstract—The influence of the surroundings on the interaction between
electromagnetic (EM) waves and biological tissue is examined by sche-
matizing the environment by a perfectly conducting screen placed beyond
the irradiated tissue. The effects of standing waves, which are created
in this situation, are determined as a function of the electrical and
geometrical parameters of the structure. In particular, the hazard in-
crease due to the presence of the screen combined with a phase dis-
uniformity of the incident field—an elementary schematization of the
“near-field”—is pointed out.

1. INTRODUCTION
The use of equipment for industrial heating which uses electro-
magnetic (EM) energy has become more and more widespread
in recent years. This apparatus generally operates at frequencies
between 1 and 100 MHz with a power output of several hundreds
of kilowatts [1]. Consequently, for the purpose of specifying a
standard for protection against EM radiation, the interest in the
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cannot exclude from consideration. The usual approach to such
complex problems consists in changing the aforementioned
assumptions one at a time in such a way as to evaluate the
influence of a single aspect of the phenomenon. In this way,
the dependence of the absorbed power distribution on the
curvature of the radiated surface and on the orientation of the
body with respect to the incident plane-wave vector has been
pointed out by adopting spherical and spheroidal models of the
human body [5]-[7]. On the other hand, the influence of the
anisotropy of the muscle on the absorbed-power distribution [8]
and of the disuniformity of the field radiated by particular types
of sources (e.g., the dipole with corner reflector [9] and the
rectangular aperture with a given field distribution [10]) has
been illustrated through the analysis of a single- or multiple-
layered plane model.

The aim of the present work is to bring out, by the adoption
of a plane model, the hitherto neglected influence of the sur-
roundings on the interaction phenomena. In fact, the use of
industrial heating equipment inside enclosed spaces in the pre-
sence of reflecting surfaces makes it impossible to consider the
interaction as taking place in free space. The adoption of a plane
model, besides making a substantial simplification of the analyt-
ical treatment, is justified since the phenomenon which can be
thus brought out, can be more or less remarkable but not absent
when one adopts a model more closely relevant to man or
experimental animals in complex fields.

II. THE MULTILAYERED MODEL

The simplest schematization of the interaction between the
EM field and biological tissue, in which account is taken of the
environment, is shown in Fig. 1. Beyond a layered model, con-
sisting of N biological tissues, and irradiated by a uniform plane-
wave incident at angle 6, a perfectly conducting screen is placed
at a distance d. Within each layer the field can be expressed as a
superposition of a forward and reflected wave. From homo-
geneous Maxwell equations one obtains

Y exp (Fhux — jBoy¥) M

. H,* ,
EF = 2L [—jBoyxo * kuvol + 2oE.*
JWE
+ Ezii . - bad
H= = - [iBoyXo F kxu¥ol + zoHy

Jolg

phenomena of the interaction between EM waves and biological
tissue has been extended also to this frequency range. In this
approach, it has been necessary to reexamine several of the
simplifying hypotheses generally valid at microwaves, but not
sufficiently verified at lower frequencies [2]-[4]. In the micro-
wave field, in fact, it is often possible to consider that the tissues
are isotropic, that the radiating field can be schematized by a
uniform plane wave, that the interaction takes place in free
space, and that the tissues can be represented by models infinite
in size. On the contrary, in the frequency range where the afore-~
mentioned equipment operates, the anisotropy of certain types
of tissue should be taken into account; the interaction with man
usually takes place in the radiative, or even reactive, “near-field”
of the radiating equipment; the EM generator is often instailed
in an enclosed environment, usually consisting of industrial
sheds; finally, the dimensions of the tissues play a part one

Manuscript received November 11, 1975; revised January 27, 1976. This
work was partially supported by the Consiglio Nazionale delle Ricerche,
Italy.

The authors are with the Institute of Electronics, University of Rome,
Rome, Italy.

where ¢,; is the complex permittivity of the / layer and k&,; the
complex propagation constant in the x direction; Sy, =
oV, Ho&o sin B is the phase constant in the y direction of the
incident wave. The upper signs refer to the forward field and the
lower signs to the reflected field, respectively. All the tissues are
assumed to have the vacuum permeability px,. Given proper
boundary conditions, it is possible to express the field in the
i layer in terms of that in the (/ + 1) layer
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Fig. 1. The layered plane model in the presence of a reflecting screen.
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Fig. 2. Absorbed-power distributions within the muscle tissue at f = 30
MHz. (a) Without reﬂectmg screcn (b)_Reflecting screen placed at
d = mij2, where (m = x (c) Reflecting screen placed at

d= (2m + 1)1/4, where (m = 0, ,2, .e).

where d; is the thickness of the i layer. In this way it is fairly easy
to program a computer to determine the field inside the tissue
layers as well as the absorbed-power distribution and the total
absorbed power.

II1. NORMAL INCIDENCE

Consider the simple case of a linearly polarized plane-wave
incident normally on a single layer of muscle tissue. The influence
of the reflecting screen is shown in Fig. 2 where the absorbed
power distribution inside the muscle is indicated in the cases of
interaction in free space (curve a) and in the presence of the
screen placed at distances d = mi/2 (curve b) and d =
(2m + 1)A/4 (curve c), where (m = 0,1,2,- - -) at the frequency
of 30 MHz. (At about this frequency the greater part of industrial
heating equipment operates.) As can be seen, the presence of the
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Fig. 3. Absorbed-‘})ower density at the irradiated surface as a function of

/A at f = 5 MHz and f = 30 MHz

screen at a distance multiple of A/2 strongly changes the ab-
sorbed-power distribution and produces a notable increase both
of the total absorbed power and of the power density on the
radiated surface. Such an effect, however, is strictly dependent
on the various parameters at stake, i.e., the distance between the
screen and the tissue, the frequency of the radiating field, the
thickness of the muscle layer, the direction of propagation, and
the plane of polarization of the incident wave.

In Fig. 3 the absorbed-power density on the radiated surface
as a function of the distance d of the reflecting screen is shown
for two frequency values: 5 and 30 MHz. As can be noted, with
respect to the case of free-space interaction, the standing waves
created by the screen produce opposite effects at the two fre-
quencies. In particular, for the distances d = ml/2, at which the
screen produces the most remarkable effect, there is a net
diminution at 5§ MHz, while at 30 MHz there is a net increase,
of the absorbed power. This behavior is easily explained since
the tissue is about 0.094 thick at 5 MHz and 0.244 at 30 MHz,
and therefore the shorting plane at d = 0,4/2, ,-- - produces an
approximate null in the electric field at the front surface at
5 MHz and an approximate maximum at 30 MHz.

This suggested investigation of the behavior of the structure at
various frequencies. between 5 and 100 MHz. In Fig. 4 the
behaviors of the total absorbed power P, and of the power
density on the radiated surface Py, arc considered with reference
to the absence of reflecting surfaces and the presence of a screen
at d = mA/2. The influence of screen increases the hazard in the
frequency range between ~ 15 and ~60 MHz; in particular,
near 30-35 MHz the presence of the screen doubles the power
density P; and increases by 50 percent the total absorbed power
P,,,. Outside this frequency range, however, the screen has the
effect of diminishing both P, and P,,. Fig. 4 was obtained by
using for the electrical parameters of the muscle tissue the data
obtained by Schwan and reported in [5], [11]; some of the values
estimated by such references are shown in Table L.

Another parameter which notably influences the power
absorption is the thickness of the muscle layer. Fig. 5 shows,
at the frequency of 30 MHz, P, and P, as functions of the
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Fig. 4. Total absorbed power P, and power density at the irradiated
surface P, versus frequency for a muscle layer of 15 cm.

TABLE 1
EsTiMATED CoMPLEX RELATIVE DIELECTRIC CONSTANT & — j&” FOR THE
Muscie TisSUE

fimMHz) £ 7 [

5 210 2335
10 160 132
20 129 539
30 | o 374
40 96 310
80 74 186
100 71 160

thickness: the two cases of the absence of the screen and of the
screen at d = ml/2 are considered. As one would logically expect,
at sufficiently large thicknesses, in practice larger than 40 cm,
the presence of the screen is, in fact, irrelevant. Conversely, for
small thicknesses, below 5 cm, the presence of the screen is
strongly felt, making the power absorption within the tissue
tend toward very small values. In the absence of the screen,
however, and with the thickness tending toward zero, the power
density P; absorbed on the surface facing the source tends to a
finite value, depending on the losses of the tissue. The total
power P, absorbed by the tissue per unit area of radiated
surface first increases strongly with the diminishing thickness
and then rapidly tends to zero. (For reasons of scale this effect
is not noticeable from Fig. 5.) So the presence of reflecting
surfaces increases the hazard for intermediate values of muscle
thickness—particularly around 15 cm. In these cases, the ab-
sorbed power is greater than that which can be inferred from a
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Fig. 5. Total absorbed power P, and power density at the irradiated
surface Py versus layer thickness at f = 30 MHz.

model of muscle infinitely thick. Such a model, frequently used
at microwaves {9]-[12] for determining the characteristics of
interaction between the EM field and the biological tissue, is
therefore not justified at lower frequencies in the presence of
reflecting surfaces. Since the studies of interaction are essentially
concerned with the individuation of the most dangerous situa-
tions, a human-body model consisting of a layer of tissue of 15
cm turns out to be particularly suitable for frequencies around
30 MHz. It is, moreover, evident that with varying frequencies
other values of muscle thickness give place to situations of greater
power absorption.

The effect of the screen was also examined, taking account of
muscle anisotropy [13]. The investigation was conducted on the
basis of the model proposed by Johnson ez al. [8], which assumes
as muscle permittivity a diagonal complex tensor. It was found,
however, that the presence of reflecting surfaces produces less-
notable effects than in the isotropic case; this remains the case
in which situations of greater hazard take place.

A model of human tissues closer to reality would be that con-
stituted by a layer of fat beside one of muscle, or even by a series
of three layers, fat-muscle-fat. The calculations done on such
models, with a fat layer 1-3 cm thick, in the case of normal
incidence, have not led to results substantially different from
those already shown. This confirms that at such frequencies,
even in the presence of a screen, the power absorption within the
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muscle tissue is practically unaffected by the presence of a fat
layer [11]. -

IV. OBLIQUE INCIDENCE

It is worth emphasizing the role of the plane of polarization
for a wave incident at angles different from 0°. A two-layer model,
fat 3 cm and muscle 15 cm, at the frequency of 30 MHz Wwas
adopted. In Fig. 6(a) and (b) the values of the total powers
absorbed by the fat and by the muscle in the presence (d =
mZ{2) and in the absence of a screen are shown as a function of
the angle of incidence. The two cases of polarization, perpendic-
ular polarization [electric-field vector parallel to layers of tissue:
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H,; = 0 in (1)] and parallel polarization (magnetic-field vector
parallel to layers of tissue: E,; = 0), are considered. In both of
these cases it is supposed that the incident wave conveys 1 mW/
cm? in the direction of propagation. While in the case of parallel
polarization, with the increase of the angle of incidence, the
absorbed power undergoes a rapid diminution, in the case of
normal polarization this does not happen, except for angles of
incidence very close to 90°; and, in fact, the fat layer presents
a maximum absorption around 70°. In any case, the presence of
a screen produces a notable increase of the absorbed power.

The diminution of the power absorption with the increase of
the angle of incidence is, in part, due to the fact that the power
conveyed by the wave in the & direction is distributed over a
greater area of the tissue. In real cases of interaction, however,
the tissues are immersed in the ‘“near-field” of the radiators
in such a way that the direction of propagation of the wave
cannot be defined. It appears, therefore, necessary in such cases
to refer to power which strikes the tissue per usit of surface.
With this view of the phenomenon, a uniform plane wave,
independently of the direction of propagation, may be regarded
as an EM field which conveys a certain power density in the
direction perpendicular to the tissue and has a variable phase on
the surface of the model. In this way the wave may be charac-
terized, instead of by the angle of incidence, by its normalized
wave impedance, E,/noH,, 1, being the wave impedance of a
uniform plane wave in the vacuum. As a function of this param-
eter there are thus shown in Fig. 7(a) and (b) the power densities,
both total and peak, absorbed by the muscle tissue, for a constant
incident power (1 mW) per square centimeter of tissue. It is
to be noted that the range 0 < E,/nH, < 1 corresponds to the
oblique incidence of a parallel-polarized plane wave, while the
range 1 < E,[noH, < o corresponds to a perpendicular-polar-
ized plane wave. The effects due to the screen and to the disuni-
formity of the phase of theincident field produce, as one can see, a
peak power density absorbed by the muscle as much as 10 times
greater than that obtained in the absence of the screen and with
the normal incidence of a uniform plane wave (E,/n.H, = 1).
It is interesting to note that these power values are of the same
order of magnitude as those obtained with a spherical model of
the human body irradiated in free space [5].

Y. CONCLUSIONS

In the present work, a model for studying the interaction
between EM waves and biological tissue has been introduced.
Although highly idealized, this model allows a quantitative
evaluation of the combined effects of the thickness of the
radiated tissue, of the surroundings, and of the disuniformity of
the incident field.

It has been underlined that these effects can consist in a nota-
ble increase both of the peak and the total power absorbed by the
tissue. In particular, it has been shown that the polarization and
the wave impedance of the field are essential in determining, for
a given incident power, the energy dissipated in the tissue
samples.

From the observations made, one should conclude that the
safety criteria based only on the electric-field intensity or on the
power incident on the tissue surface do not have an actual
significance. A better characterization of the radiating field
appears therefore to be necessary in the light of the results
obtained. Such a characterization could be obtained, for instance,
by taking into account both the wave impedance and the power
conveyed by the incident field. .
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Fig. 7. Total absorbed power (a) and peak absorbed power (b) in the muscle layer versus normalized wave impedance
E,/noH, at the frequency of 30 MHz.
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