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FOREWORD 

The Bureau of Radiological Health conducts a national program to limit man's exposure 
to ionizing and nonionizing radiations. To this end, the Bureau (1) develops criteria 
and recommends standards for safe limits of radiation exposure, (2) develops methods 
and techniques for controlling radiation exposure, (3) plans and conducts research to 
determine health effects of radiation exposure, (4) provides technical assistance to 
agencies responsible for radiological health control programs, and (5) conducts an 
electronic product radiation control program to protect the public health and safety. 

The Bureau publishes its findings in appropriate scientific journals and 
technical report and note series prepared by Bureau divisions and offices. Under a 
memorandum of agreement between the World Health Organization and the Department of 
Health, Education, and Welfare, three WHO Collaborating Centers have been established 
within the Bureau of Radiological Health, FDA: 

WHO Collaborating Center for Standardization of Protection Against Nonionizing 
Radiations (Office of the Bureau Director) 

WHO Collaborating Center for Training and General Tasks in Radiation Medicine 
(Division of Training and Medical Applications) 

WHO Collaborating Center for Nuclear Medicine (Division of Radioactive Materials 
and Nuclear Medicine) 

As a WHO Collaborating Center, the Bureau makes available its technical reports and 
notes to particii;ating WHO members. 

Bureau publications provide an effective mechanism for disseminating results of 
intramural and contractor projects. The publications are distributed to State and 
local radiological health personnel, Bureau technical staff, Bureau advisory committee 
members, information services, industry, hospitals, laboratories, schools, the press, 
and other concerned individuals. These publications are for sale by the Government 
Printing Office and/or the National Technical Information Service. 

Readers are encouraged to report errors or omissions to the Bureau. Your comments 
or requests for further information are also solicited. 

Director 
Bureau of Radiological Health 
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EDITORIAL NOTE 

The papers selected for incorporation in these two volumes 
have been edited to the extent considered necessary for adherence 
to requirements of the Bureau of Radiological Health and the Food 
and Drug Administration. 

The views expressed and the general style remain the responsi
bility of the authors. 

The mention of specific companies or of their products or 
brand-names does not imply any endorsement or reconnnendation on 
the part of the Department of Health, Education, and Welfare. 

This report does not necessarily represent the views or the 
stated policy of the World Health Organization. 
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PREFACE 

Following the development of radar in World War II, concern developed over 
the possible harmful health effects that might result from human exposure to 
electromagnetic radiations produced by these devices. This led to the estab
lishment of an exposure level of 0,01 watt/cm2 by the U.S. Air Force in 1957, 
and the initiation in 1957 of the Tri-Service Research Program. Annual Tri
Service Conferences were held until 1960 when the fourth and final Conference 
was convened under that program. With the promulgation of the Radiation Control 
for Health and Safety Act of 1968 (Public Law 90-602) and increasing public 
concern over radiation emission from electronic products, scientific interest 
was rekindled in the biological effects of electromagnetic waves. This scien
tific interest was stimulated by many unanswered questions concerning health 
hazards, growing research support from Federal agencies, and increasing 
awareness and involvement within the scientific community. Significant 
landmarks included: 

1966 Promulgation of consensus United States of America Standards Institute 
(USASI) standard "Safety Level of Electromagnetic Radiation with Respect 
to Personnel." 

1969 Symposium on the "Biological Effects and Health Implications of Microwave 
Radiation," Richmond, Virginia. Bureau of Radiological Health/Division of 
Biological Effects Report 70-2. 

1970 Promulgation of Microwave Oven Performance Standard under P.L. 90-602 by 
Bureau of Radiological Health, Food and Drug Administration. 

1973 International Symposium on the "Biologic Effects and Health Hazards of 
Microwave Radiation," Warsaw, Poland, sponsored by the World Health Orga
nization; U.S. Department of Health, Education, and Welfare; and the Min
istry of Health and Social Welfare, Poland. (NTIS Report PB 739-554). 

1974 Conference on the "Biologic Effects of Nonionizing Radiation," New York 
Academy of Sciences. 

The Symposium held in Warsaw, Poland, was particularly notable in that it 
brought together 60 participants from 12 countries and provided an opportunity 
for outstanding scientists from the Eastern European and Western countries to 
engage in a detailed and significant scientific exchange of information and 
ideas. Research in this area has been international in scope, and there is a 
strong sentiment for extensive international participation among attendees and 
scientific contributors to these conferences. 

By 1974 electromagnetic bioeffects research had grown to substantial 
proportions, and there were a number of conferences that included bioeffects 
topics. It was suggested at that time that an annual conference be established 
at which all researchers could gather simultaneously and present their research 
findings. Initial discussions between A.W. Guy, S.W. Rosenthal, and C.C. 
Johnson resulted in a consensus that one major conference of this type, with 
published proceedings, was urgently needed. The proposal was then discussed and 
favorably received at an American National Standards Institute Committee C95.4 
meeting in 1974. Subsequently, USNC/URSI agreed to include sessions on the 
"Biological Effects of Electromagnetic Waves" at its 1975 Annual Meeting in 
Boulder, Colorado. This document presents the papers resulting from these 
sessions. It is expected that the proceedings from this and subsequent annual 
symposia will become major contributions to the growing literature on biological 
effects of electromagnetic waves. 
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URSI, an international organization dedicated to the advancement of radio 

science and related subjects, first became interested in the biological effects 

of electromagnetic waves in 1969 and later, through a resolution, supported the 
objectives of the meeting at Warsaw in 1973, Shortly thereafter, U.S. Commis
sion A of USNC/URSI decided to increase its activity in this field and added 
several prominent bioeffects researchers to its membership. U.S. Commission B 

followed by adding members with expertise in electromagnetic field theory and 
dosimetry related to biological hazards. Working together, U.S. Commissions A 

and B organized this first bioeffects series at the 1975 USNC/URSI Annual Meet
ing. U.S. Commission A and B Chairmen, G. Birnbaum and A.A. Ksienski, lent 
their strong support to this series and J.R. Wait, USNC/URSI Secretary, 
accomplished a major task in fitting the large number of bioeffects papers into 

the 1975 Annual Meeting. All these efforts received support from F.S. Johnson, 

then Chairman of USNC/URSI 1975, and J. Voge, now President of URSI. 

H.M. Altschuler, (international) Commission A Chairman, played a major role 

in stimulating URSI activity in bioeffects, in establishing the 1975 series, and 
in negotiating arrangements for this publication. Through the efforts of John 

C. Villforth, Director, Bureau of Radiological Health, Food and Drug Adminis
tration, the Bureau has supported and funded the publication and distribution of 
these two volumes. 

The material has been divided into two categories. Volume I consists of 
papers dealing solely with biological effects, while Volume II contains ancil
lary reports on dosimetry, exposure systems, and measurement techniques. 

We were pleased by the attendance and large number of excellent papers at 
the 1975 sessions at Boulder devoted to biological effects. Similar sessions 
were held at the 1976 USNC/URSI Annual Meeting at Amherst, Massachusetts, again 
organized by U.S. Commissions A and B. The third in the series will be the 
1977 International Symposium on the "Biological Effects of Electromagnetic 
Waves," to be held at Airlie House, Airlie, Virginia, on October 30 to November 
4, 1977, It is sponsored by URSI and USNC/URSI, and is being organized by 
(international) Commissions A and B. Proceedings of the 1976 and 1977 series 
will be published as Special Supplements to Radio Science. 

As editors of the first in the series "Biological Effects of 
Electromagnetic Waves," we are particularly pleased by the strong interest and 
support we have received from all segments of the scientific community. We hope 
that this annual bioeffects series will continue in the future and will provide: 

- a focus for contributions to our understanding of the biological effects 
of nonionizing electromagnetic waves; this may also lead to new and 
useful biological applications; 

- a platform for interdisciplinary dialogue, essential for advancement in 
this field; and 

- a useful resource for those who have responsibility for development of 
microwave/rf/elf radiation safety standards. 

Curtis C ohnson, Ph.D. 
Professor and Chairman 
Department of Bioengineering 
The University of Utah 

Moris L. Shore, Ph.D. 
Director 
Division of Biological Effects 
Bureau of Radiological Health 
Food and Drug Administration 
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ABSTRACT 

HIGH VOLTAGE ELECTRIC FIELD COUPLING TO 
HUMANS USING MOMENT METHOD TECHNIQUES 

Ronald J. Spiegel 
IIT Research Institute 
1825 K Street, N. W. 

Washington, D. C. 20006 

With the advent of EHV transmission lines and the almost certairt possibility of UHV lines, it becomes increasingly important to describe accurately the transmission line electromagnetic field interaction with life forms. This paper develops a numerical method for predicting current and normal electric field distributions induced on humans situated in the near vicinity of the l;i.nes. The technique is based on the method of moments in which the human body is modeled as a collection of straight cylindrical segments with lengths and radii comparable to that section of the body being modeled. Various scenarios are considered, e.g., a well-insulated person standing on the ground beneath the transmission line; an individual in good contact with the earth; or a lineman working in very close proximity to an energized conductor. The position of the arms is varied; for example, arms extended or down at the side. The question of biological hazards from exposure to fields of these systems is also discussed. 

INTRODUCTION 

The largest transmission lines in operation today carry 765 kV and lines in the 1,000 kV range, and above, are under development. Since these lines generate very strong electromagnetic fields in their near vicinity, it becomes increasingly important to describe accurately the field interaction with life forms in close proximity to the transmission line right-of-way. Even if thorough study reveals the fields to be biologically innocuous, precise documentation of the electromagnetic effects on humans and animals nrust be accomplished if one is to intelligently allay both manifested [l] and potential fears of the public. 

In order to assess the environmental impact and health implications of transmission line fields on man, accurate knowledge of the induced currents and power alsorbed by the body when exposed to the field nrust be obtained. For example, acute electrical hazards such as body heating and excitation of cellular membranes (painful exposure, loss of nruscular control, and heart fibrillation) arise from the induced currents and power absorbed by the body. Since in many cases, accurate measurements of these 
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quantities in a human's body are very difficult, if not impos
sible, to obtain; effort should be expanded toward developing 
sophisticated mathematical models for the human body. 

Unfortunately, the human body is a very complex geometrical 
structure, and consequently difficult to model in an exact fash
ion. Heretofore, simple geometrical shapes such as spheres r2J 
or spheroids [3] have been utilized. A more advanced model is 
presented here, in which the human body is modeled as a collec
tion of straight cylindrical sections of varying radii. A 
numerical procedure, called the method of moments [4], is used to 
calculate induced current and normal electric field distributions 
on humans situated at various positions in the right-of-way of a 
765 kV line. Consideration is given to both an insulated and 
grounded individual, as well as a lineman working in very close 
proximity to an energized conductor. 

TRANSMISSION LINE FIEIDS 

Description of the electric field emanating from various 
transmission line configurations has been adequately presented in 
many papers and texts [SJ. Less attention has been paid to the 
magnetic field, probably because of the disparity in magnitude 
between the electric and magnetic fields: kV/m versus tens of 
milligauss. The transmission lines are modeled by parallel, in
finitely long wires located above a flat, homogeneous earth. 
Using image theory and the quasi-static approximation, it is 
straightforward to derive the necessary equations for the electric 
and magnetic fields. Inasmuch as the 765 kV system is currently 
the largest operational transmission line in the U.S., numerical 
illustrations presented in this section and later sections are 
based on this system. 

Figs. 1 and 2 show plots of the lateral profiles of the 
fields near the ground in a direction perpendicular to the trans
mission line. The subscript y refers to the field component 
perpendicular to the earth, while the subscript x refers to the 
horizontal component. Note that the maximum electric field in
tensity does not occur under the center phase conductors as might 
be expected, but occurs essentially under the outside phase con
ductors. As can also be seen, the vertical component of the 
electric field completely dominates the horizontal component. The 
close correlation between measured and calculated fields strongly 
supports the validity of the simple model used. Fields at least 
an order of magnitude larger can be expected very near the ener
gized conductors. 

ANALYTICAL FORMUIATION 

The method of moments [4] is used to formulate the problem 
of an i'.:.dividual standing beneath a transmission line or a lineman 
working close to an energized conductor. This technique is es
pecially adapted to problems which involve coupling to metal ob
jects. It is, however, also useful for dielectric objects (such 
as the human body), although simplifying approximations may be 
necessary to keep the problem manageable even for the largest of 
computers. The following material comprises a brief compila-
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tion of the pertinent equations, and the interested reader is ad

vised to consult Ref. 4 for background or additional information 

pertaining to the derivation of the necessary equations. 

Even though it is known that the dielectric properties of 
the human body are not totally isotropic at low frequencies (for 

example, muscle tissue is anisotropic below 1 kHz [6]), they are 
assumed to be homogeneous for the analysis presented here. Exten

sion to anisotropic media is straightforward. 

The polarization current induced by an external field in a 
homogeneous body is given by 

j = jwe
0 

(e-1) (Ei + Es) (1) 

where Ei is the unperturbed electric field of the transmission 

line; Es being the scattered field due to the induced polarization 

current; and e is the relative complex dielectric constant of the 

body, while e is the dielectric constant of free space 

(8.85 xlo-12 f~rads/m). The scattered field can be written in 
terms of a vector and scalar poterttial via 

where 

!ff "kR - -,) e-J I 

= µo J(r 4nR dv 

= . -lBo/dy;_ ~ ( ,j (r') e -jkR dv' 
Jwe

0 
}~ 4nR 

Boy 

A(r) 

~<r) 

R= distance between the observation point 
and the point of integration. 

. t 
The time dependence of eJw is tacitly understood. 
of the fact that the dielectric constant of tissues 
low frequencies [2], e-1 ~ e. 

(2) 

Also, in lieu 
is large at 

Substitution of Eq. 2 into 1 yields the integral equation 

(3) 

where j is the unknown quantity being sought. The solution can be 

achieved in different ways, but generally the method of moments is 

applied in which the dielectric body is divided into a collection 

of N subsections. The current is expressed as a sum of expansion 

functions, In, in which each is related to the current on the 

corresponding subsection. Several different kinds of expansion 

functions can be utilized; among those reported in the literature 

are pulse, triangular, and sinusoidal. The original integral 
equation is thus reduced to matrix equation of the form 

A 
[Z + Z] [I] = [V) (4) 
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where [Z+Z] is an impedance matrix which describes the electro
magnetic interactions between subsections and [VJ is a voltage 
matrix which is determined by the impressed field. The induced 
currents, [I], can be solved by means of matrix inversion rou
tines. 

The matrix [ZJ is essentially the impedance matrix for a 
perfectly conducting body and is related to L(j) in Eq. 3, depend
ing only on the geometry of tne body and wavelength of the inci-. /\. 
dent field. The matrix [Z] depends on the body's dielectric pro
perties, e, and is a diagonal matrix related to the second term 
in Eq. 3. Thus, it is important to realize that the solution for 
a dielectric body can be thought of as dividing the object into 
perfectly conducting pieces in which the effect of the dielectric 
constant is included by adding the appropriate lumped impedance to 
the diagonal of the [ZJ matrix. 

In what follows in the next section, the human body is 
modeled as a collection of cylindrical sections. Only currents 
flowing axial to the cylindrical segments are calculated, which 
allows the volume integrals of Eq. 2 to be approximated by line 
integrals. Circumferential currents could be determined, for in
stance, by representing the object by a grid of interconnected 
thin segments, but that complexity will have to await further 
effort. 

Once the axial current is determined, other quantities of 
interest such as the surface charge or normal electric field can 
be calculated by numerically evaluating the appropriate equations. 
For example, the induced charge on the surface of the cylindrical 
structure can be found from 

-1 
Ps = jw2na 

dI 
a:r-

where l is the length variable along the axis of the cylinder. 
The derivative in Eq. 5 can be numerically approximated, and 
along a single continuous segment Eq. 5 can be written as 

1 In - In+l 

(5) 

Ps = JWTT tnan + 'n+lan+l (6) 

where an and ln are the radius a1,d length of the nth subsegment, 
respectively. Finally, the electric field normal to the surface 
of the body is related to the surface charge via 

p = _s_. 
€0 (7) 

NUMERICAL RESULTS 

Calculations are provided in this section for various models 
of humans situated in a variety of positions near a 765 kV line. 
The models are comprised of straight cylindrical sections with 
lengths and radii comparable to that section of the body being 
modeled. Table 1 lists some typical dimensions. In all the 
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Table 1. Dimensions of the cylindrical sections used to 
represent the human body. 

Torso 
Arms 
Legs 

Length 

2. to 3. feet 
2.5 feet 
3.0 feet 

Radius 

.45 feet 
1.5 inches 
2.0 inches 

models, the neck and head are assumed to be part of the torso, or 
are neglected. 

As mentioned previously, axial currents are assumed to dom
inate. Circumferential currents can be estimated by utilization 
of Faraday's law applied to a cylindrical cross section, with the 
result 

J = ~Ba 
p (8) 

where Bis the external magnetic field; a is the radius of the 
cylinder; and pis the resistivity. Using the maxinrum value of 
the transmission line magnetic field of around 75 milligauss near 
the ground (see Fig. 2) and a resistivity of 10 ohm-meters (an 
order of magnitude value [2] for tissues at low frequencies), it 

is seen that J= 19.5, 2.7, and 7.1 ~A/m2 for radii comparable to 
the torso, arms, and legs, respectively. For the case of a line
man working close to an energized conductor, approximate values 
for J can be obtained by nrultiplying these numbers by around 10. 

There exists several docmnented computer programs [7,8,9] 
which can be used for the purpose of calculating the induced axial 
currents on conducting bodies. It is a simple matter to modify 
the impedance matrix to account for the effects of the tissue di
electric constant (see Eq. 4). When dividing the body into sub
segments, care should be taken to keep subsegment length-to-radius 
ratios large enough so as to not invalidate the codes. If subseg
ment lengths become approximately equal to their radii, an inter
connecting grid or integration around the circumference of the 
subsegment [10] will then have to be employed to accurately sim
ulate the object. 

A Man Standing Beneath a 765 kV Transmission Line 

Let us first consider the case of an individual grounded 
through the feet and standing under the 765 kV line at the place 
where the vertical electric field is maxinrum. As seen from Fig. 1, 
this would correspond to around 55 feet from the center of the 
right-of-way. 

For a person standing on the earth, it is reasonable to model 
the legs as an equivalent cylinder with a radius equal to that of 
the torso. Also, as will be explained later, it is difficult to 
determine the contact resistance of each foot individually with 
the earth, further necessitating that the legs be approximated by 
a single cylinder. Thus, two models are utilized: 
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(i) A 6 foot cylinder with a radius equal to that of 
the torso (arms are neglected or assumed down at 
the side). 

(ii) A 5 foot cylinder with a radius equal to the torso 
with arms attached at the end. 

For model (i) the head and neck are assumed to be part of the 
torso, while for model (ii) the head and neck are neglected. The 
image of the body must be accounted for, and is shown in Fig. 3 
by the dashed line portion of the figure. Note that the model is 
oriented so that the arms are perpendicular to the transmission 
line, allowing for maximum coupling to the arms. 

The resistance, RP, in Fig. 3 represents the contact resist
ance between the feet of the man and the earth; a perfectlyground
ed individual would have RP= 0. A perusal of the literature re
veals that little information is available for estimating RP. 
Generally, RP would depend on the conductivity of the earth as 
well as the nature and area of the material in contact with the 
earth. Representing a foot as an equivalent hemisphere of radius 
7 centimeters, it is easily shown [ll] for a homogeneous earth 
that RP can be approximated by 

R = -L c-1. - l > (9 > p TT a S 

where a is the radius of the equivalent hemisphere; p is the earth 
resistivity; ands is the distance between the feet. Depending 
on the nature of the earth's soil (rock, clay, sand, etc.) and its 
wetness, the resistivity may range from a low value of 1 to a 
high value of 10,000 meter-ohms [12]. Fig. 4 shows a plot of RP 
versus the earth's resistivity for a feet separation of 12 inches. 
Since Eq. 9 is valid only for a perfectly conducting hemisphere, 
the calculated values for RP are worst case values, i.e., a bare-
foot person standing on the earth. The soles of shoes can pro
bably be expected to increase R by several orders of magnitude. p 

The values of the elements associated with the impedance 
matrix of Eq. 4 should also be elaborated upon. From Eq. 3 it is 

/\. straightforward to show that the elements of the CZ] matrix can be 
approximated by 

(10) 

where 'n and an are the length and radius, respectively, of the 
segment. For typical values [2] of the body dielectric constant, 
the magnitude of Eq. 10 would be less than 1,000 ohms. On the 
other hand, the diagonal elements of the [Z] matrix are given by 
[4] as 

(11) 
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which yields values in tAe vicinity of 108 ohms. Thus, for all 
practical purposes the [Z] matrix can be neglected, and the ob
ject treated as a perfect conductor. 

Also note that since the contact resistance, Rp, is added to 
the appropriate diagonal term of the rz1 matrix it too can be ne
glected for the values plotted in Fig. 4, i.e., the body behaves 
electrically to the external field as if grounded perfectly. To 
achieve any insulation of the body from ground would require a 
contact resistance of at least 109 or 1010 ohms. 

Figs. 5 through 9 show the calculated current and normal 
electric field distributions induced on various models by the 765 
kV line, assuming perfect grounds. Aswould be expected, large 
electric fields exist at the ends of the arms and trunk (head), 
while the current drops to zero. For the model in which the head 
and neck were neglected, the distributions were extended to the 
neck and head area by simply continuing the trend of the curves. 
Note that maximum current is induced on the torso and legs when 
the arms are extended horizontally, and that the magnitude of 
induced current is greater on the torso and legs than on the arms. 

Fig. 10 compares the current and normal electric field dis
tributions for a well-insulated body with a contact resistance of 
1010 ohms to those of a 6 foot cylinder in free space. The impor
tant inference to be drawn from this illustration is that a free 
space model yields a reasonably accurate calculation of the cur
rent, but not the electric field distribution. Since the contact 
resistance is now very large, current is consequently forced to 
zero at the feet. The maximum current exists in the region of 
the waist and chest, but is substantially reduced from the well
grounded situation. 

If a uniform current distribution is assumed, i.e., divide 
the induced axial current by the cross sectional area of the seg
ment, it is seen that values for the axial current density are at 
least two orders of magnitude larger than the circumferential 
current density as calculated by Eq. 8. 

Lineman Near an Energized Conductor 

An assumed worst cast situation for a lineman working near a 
energized conductor is presented. Namely, an unprotected lineman 
is suspended in free space with his torso located 5 feet from the 
conductor. The arms are assumed down at the side or extended per
pendicular to the transmission line. Legs are either together or 
spread slightly. In reality, these men would probably be working 
in shielded cages or buckets, and may also be wearing protective 
clothing. 

Fig. 11 plots the induced current and electric distributions 
for the case of a man with his arms down at the side and legs to
gether. The man is represented by a 6 foot cylinder with a radius 
equivalent to that of the torso. 

Fig. 12 shows the induced current and electric field at 
strategic positions on a more detailed model. A 3 foot section is 
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Figure 5. 

Induced current and electric field on the torso and 
legs of a man standing beneath a 765 kV transmission 
line (arms at the side). 
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Figure 6. 

Induced current and electric field on the torso and 
legs of a man standing beneath a 765 kV transmission 
line (arms extended at 45°). 
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Figure 7. 

Induced current and electric field on the arms of a 
man standing beneath a 765 kV transmission line 
(arms extended at 45°). 
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Figure 8. 

Induced current and electric field on the torso and 
legs of a man standing beneath a 765 kV transmission 
line (arms extended horizontally). 
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Induced current and electric field on the arms of a 

man standing beneath a 765 kV transmission line 

(arms extended horizontally). 
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Figure 11. 

Induced current and electric field on a lineman 
located five feet from an energized conductor of a 
765 kV transmission line (arms at the side and legs 
together). 
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used for the torso while the dimensions of the arms and legs are 
given in Table 1. Note the very large electric field of 1000 kV/m 
at the end of the arm nearest to the conductor. 

It is important to recognize that the induced current on 
either model did not increase dramatically over those of a well
grounded individual on the surface of the earth, even though the 
transmission line fields are larger by at least an order of magni
tude over those near the ground. This is due to the fact that 
since the lineman is not grounded, current is forced to zero at 
the feet, which in turn forces the current to be smaller near the 
center (waist). The induced electric field is, however, fairly 
large compared to the grounded case in the sensitive area of tlie 
groin. 

Again, axial currents dominate the circumferential currents. 

DISCUSSION 

High voltage transmission line electric field coupling to 
fairly realistic models of humans has been presented in a rather 
thorough fashion. The results of this study, as they relate to 
the subject of biological effects, can be quantified by comparing 
the calculated values of the induced currents and electric fields 
with known perception thresholds for the same quantities. Also, 
induced body heat levels can be compared with the human basal me
tabolic rate. 

Body current density levels are a much better indicator of 
acute electrical hazards such as loss of muscular control or 
heart fibrillation than is the total current. For example, if the 
total current is spread over a large cross sectional area, there 
may not be sufficient current density to excite cellular mem
branes, while on the other hand, the same total current flowing 
through a smaller area may. Since only a portion of the bulk 
tissue (body) current penetrates the cell membrane, depending on 
a variety of factors such as cell packing density and cell shape, 
it is necessary to derive a relationship which relates bulk tissue 
current densities to cellular current densities. Assuming spheri
cal or cylindrical cellular shapes, it is possible to show [13] 
that the excitation threshold for body current densities is 

around 1 mA/cm2, give or take an order of magnitude. Calculation 
of induced body current densities from the total current profiles 
as presented in Figs. 5 through 12, assuming a uniform cross sec-

tional distribution, yields values in the µA/cm2 range, or at 

least three orders of magnitude below the 1 mA/cm2 threshold level. 
In passing, it is mentioned that the well-known body current per
ception level of 1000 µA [14J is also considerably larger than the 
calculated total induced current in either a man on the ground or 
a lineman. 

Human metabolic heat production is estimated to be around 

4 x 10-4cal/gs for a 70 kg man and 2500 Calorie diet. Numerically 
integrating the induced energy density over the total volume con-
tained by the models, gives values in the 10-11 to 10-lO cal/gs 
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range, many orders of magnitude below the metabolic rate. 

Finally, the induced electric fields can be compared to both 
the electric field recognition level of 6 kV/in [14] and the 
corona forming level of 50 kV/in [15]. The detection of an elec
tric field is the result of the action of the field upon the hairs 
on the skin; sensation is similar to that of a gentle breeze blowing on the skin. A corona discharge is felt as a burning or pin prick sensation. For a man on the grotmd (see Figs. 5 through 10) the 
induced electric fields on the hands and top of the head are of 
the same order of magnitude as the recognition level. From Figs. 
11 and 12 it is seen that an unprotected lineman has induced electric fields on his hands, feet, and head of the same order of 
magnitude as the recognition level, while the induced field of 
1000 kV/m on his hand nearest to the energized conductor is only 
a factor of two smaller than corona forming level. 

The above findings can be summarized as follows: 

1. Body current 
(a) Recognition level ••••••••••••• 1000 µ,A 
(b) Man on ground (maximum) ••••••••••• 200 µ,A 
(c) Lineman (maxinrum) • • • • • • • • • • • • • 277 µ,A 

2. 

3. 

Current density 
(a) Needed for excitation of 

cellular membranes 
• • . . . 

(b) Man on ground (chest) . . . . . . 
(c) Lineman (chest) • . . . • . . • • 

Heat production 
(a) Body metabolic heat production. 
(b) Man on ground • . . . . . . . . 
(c) Lineman . . . . . . . . • • • • 

. . . 
3.4 x 10-7 A/cm2 

4.7 x 10-7 A/cm2 

4.0 x 10-4 cal/gs 
5.0 x 10-11 cal/gs 
9.4 x 10-lO cal/gs 

4. Electric field 
(a) Recognition level • • • • • • 6 kV/in• 236 kV/m 
(b) Corona forming level ••••• 50 kV/in• 1968 kV/m 
(c) Man on grotmd (maxtmum) • • • • • • • • 150 kV/m 
(d) Lineman (maxinrum). • • • • • • • • • • • 1000 kV/m 

CONCLUSIONS 

The calculated body current and heat levels indicated that 
acute electrical hazards from the fields of the 765 kV system are unlikely. However, the induced electric fields are large enough 
on the hands of a person standing beneath the line to possibly be perceived, while an unprotected lineman can be expected to have induced field levels on his hands large enough to be definitely 
felt and may be sufficient magnitude to produce a corona at the 
ends of the finger tips. It is important to point out, however, that the analysis considered only direct interaction of the body 
with the field. Consequently, the above statement should not be 
construed as to rule out the possibility that voltages induced on fences or other metal structures situated near a transmission line could, when touched, cause a hazardous current to flow through the body. Since the induced currents and fields in a body can be 
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expected to change in essentially the same proportion as the op
erating voltage of the transmission line, the results of this 
study would not change substantially even for a 1000 kV system. 
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ABSTRACT 

QUANTIFICATION AND MEASUREMENT OF INDUCED FIELDS 
INSIDE FINITE BJOLOGICAL BODIES 

Kun-Mu Chen, B. S, Guru and D. P, Nyquist 
Department of Electrical Engineering and Systems Science 

Michigan State University 
East Lansing, Michigan 48824 

The total electric fields inside finite biological bodies induced by EM 
waves are quantified by the tensor integral equation method and measured by 
insulated probes. An excellent agreement was obtained between theory and ex
periment. An inherent experimental error associated with an implantable 
probe is explained. The total electric field and the absorbed power density 
in a human torso induced by vertically and horizontally polarized EM waves of 
various frequencies are quantified. 

INTRODUCTION 

In the study of the interaction of electromagnetic radiation with biologi
cal bodies, the key physical quantity which determines the bioeffects on the 
body is the actual electromagnetic field induced inside the body by the incident 
electromagnetic wave, Since a biological body is usually a heterogeneous finite 

body with an irregular shape, the quantification of the internal electromag
netic fields becomes a difficult problem. For mathematical simplicity, com
monly used models are the plane slab [1,2], the sphere [3,4,5], the cylinder 
[6] and the spheroids [7,8]. Although these simple models provide estimates of 
the internal electromagnetic fields, the results have limited applicability to 
the biological bodies with irregular shapes and illuminated by electromagnetic 
waves of microwave range, 

Recently Livesay and Chen [9] have developed a theoretical method called 
the tensor integral equation method which can be used to quantify the internal 
electric field induced by an incident electromagnetic wave inside arbitrarily 
shaped biological bodies. This method has been utilized to quantify the in
duced electric field inside some simulated biological bodies illuminated by 
electromagnetic waves of microwave range. The induced electric field was mea
sured by a small insulated probe. Theoretical and experimental results were 
compared and an excellent agreement was obtained. Some minor discrepancies 
between theory and experiment at the body edges were found to be due to an 
inherent experimental error associated with an implantable probe. 

After the accuracy of the tensor integral equation method was confirmed 
the method was applied to quantify the induced electric field and the absorbed 
power density inside a human torso. The relative power absorption area and the 
relative maximum induced electric field of a human torso were obtained as func
tions of the frequency of the incident EM waves for the cases of vertical and 
horizontal polarizations, 
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THEORETICAL AND EXPERIMENTAL METHODS 

Since the tensor integral equation method [9] has been published, only two 
key equations are quoted here, 

+ 
If a finite biological body of arbitrary shape, with permittivity e(r), 

conductivity cr(r) and permeability µ
0

, is illumin¾~ei in free space by an inci
dent electrim¾gnetic wave with an electric field E1 (r), the total induced elec
tric field E(r) inside the body can be determined from the following tensor 
integral equation: 

T (t) + + f + + + ~ + + +i + (1 + 3 . ]E(r) - P.V. V,(r')E(r') • G(r,r')dV' = E (r) 
JWE

0 

(1) 

+ + + 
where ,(r) = cr(r) + jw(e(r) - e

0
), e

0 
is the free-yace permittivity, the P,V, 

symbol means the principal value of the integral, 'U'(t,!1
) is the free-space 

tensor Green's function, and Vis the body volume, 

+ + + 
If the body is partitioned into N subvolumes or cells, and E(r) and ,(r) 

are assumed to be constant within each cell, Eq. (1) can be transferred into 3N 
simultaneous equations for Ex, Ey and Ez at the centers of N cells by the point 
matching method, These simultaneous equations can be written into matrix form 
as 

[G ] : [G ] i [G ] 
XX I XY I XZ 

- - - - - 7 - - - - - -: - - - - - -

[Gyx] : [Gyy] : [Gyz] 
-------L------r------

[E ] 
X 

(2) 

[Gzx1 i [Gzy] i [Gzz 1 

i The [G] matrix is a 3Nx3N matrix, while [E] and [E] are 3N column matrices 
expressing the total electric field and the incident electric field at. the cen
ters of N cells. The elements of the [G] matrix have been ev¾+uited in Refer
ence [9], Therefore, with the known incident electric field E1 (r), the total 

++ 
induced electric field E(r) inside the body can be obtained from Eq. (2) by 
inverting the [G] matrix. 

The schematic diagram of the exper:illlental setup for measuring the induced 
electric field in s:illlulated biological bodies is shown in Fig. 1. For simu
lated biological bodies, a number of experimental models with various dimen
sions were constructed with plexiglass and filled with a saline solution of 
various salt concentrations, These models were placed in an anechoic chamber 
and illuminated by electromagnetic waves with frequencies ranging from 1.7 to 
3,0 GHz (with 1 KHz modulation) radiated from a horn antenna, The induced 
electric field inside the solution was measured by a small dipole-type probe 
loaded with a microwave detector diode (HP 5082-2755) at the terminals, The 
detected output of the probe was connected to a SWR meter through a pair of 
thin high resistance wires (Nichrome V wire of 2 mil diameter), The high re
sistance lead wires were needed to minimize the interference of the wires with 
the incident electromagnetic wave, Since the probe and part of the lead wires 
were immersed in a conducting saline solution, it was necessary to insulate the 
probe and the lead wires with a thin layer of Klyron Spray, A vertical dipole
probe was used to measure the vertical component of the induced electric field 
(Ex) and a horizontal dipole-probe was used to measure the horizontal components 
(Ey and Ez). The length of the dipole is about 5 mm, 
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Figure I. Experimental setup for measurement of electric field induced inside 
a t>ox filled with saline solution. 



RESULTS 

The experimental results are shown in comparison with the theoretical 
results in Figs, 2 to 10. In Fig, 2, a rectangular plexiglass box with dimen
sions of 6 cm x 6 cm x 1 cm containing 0.5 normal saline solution is illumi
nated by a microwave of 2.45 GHz with a vertical electric field at end-on 
incidence. Figure 3 indicates the theoretical results for the x and z com
ponents of the induced E field at the centers of the cells. They component is 
neglected because it is very small. In the calculation, conductivity a is 
assumed to be 5.934~/m and permittivity Eis assumed to be 68.487 Eo corre
sponding to a 0.5 normal salt concentration at 2.45 GHz [10]. Only a half of 
the model is shown in Fig, 3 because of symmetry. The upper part of Fig, 4 
shows the comparison of the theoretical and experimental results for the dis
sipated power due to Ex, 1/2 cr1Exl2, as a function of z along x = 0.5 cm, 
x = 1.5 cm and x = 2.5 cm lines. The lower part of Fig. 4 shows the theoretical 
and experimental values of the dissipated power due to Ez, 1/2 crlEzl 2 , as a 
function of z along x = 0.5 cm, x = 1.5 cm and x = 2.5 cm lines. It is ob-
served that the patterns of the dissipated power are quite complicated functions 
of the location, but the agreement between the theory and the experiment is 
excellent. It is noted in Fig. 4 that experimental results on cr/2 1Ezl2 near 
the edges are not available because it was not possible to measure Ez near the 
edge of the box with a horizontal probe of finite dimensions. The next example 
is a thicker model with dimensions of 12 cm x 12 cm x 2 cm illuminated by a 
microwave of 2.45 GHz at normal incidence as shown in Fig. 5. The purpose of 
this study is to see how the induced electric field decays as the incident wave 
penetrates the body and to observe the accompanied change in the field distribution 
pattern. Figure 6 shows the theoretical and experimental results for the 
dissipated power due to Ex, a/2 1Exl2, as a function of y along the x = 0.5 cm 
line passing through the centers of the first and second layers. The dissipater 
power in the first layer is several dB higher than that in the second layer as 
expected. An interesting observation, however, is that the distribution 
patterns of the dissipated power differ significantly in these two layers. An 
excellent agreement between the theory and the experiment is also observed ,in 
this case except at the edges of the model. This discrepancy will be 
discussed in the next section. 

After examining the induced fields inside rectangular bodies to a great 
extent, the case of irregular bodies is considered. An I-shaped model with 
dimensions as shown in Fig. 7 was constructed and was illuminated by a 2.45 GHz 
microwave at normal incidence. The model was filled with a saline solution 
of 0.5 normality in the experiment. Figure 8 indicates the theoretical values 
of the induced t field inside the model when illuminated by the microwave at 
normal incidence. Only a quarter of the model is shown in Fig. 8 because 
of symmetry. The amplitudes and phase angles of Ex and Ey at the centers of 
the cells are shown in this figure as well. Ez is neglected because it is 
extremely small. Figure 9 shows the comparison of the theoretical and experi
mental results for the dissipated power due to Ex, a/2 1Exl2, as a function 
of y along x = 0.5 cm and x = 3.5 cm lines. The patterns of the dissipated 
power are quite complicated functions of the location, but the agreement 
between the theoretical and experimental results is excellent. Figure 10 shows 
the theoretical and experimental values of the dissipated power due to Ey, 
a/2 1Eyl2, as a function of y along x = 0.5 cm and x = 3.5 cm lines. 

As evidenced by the examples given in Figs, 2 to 10, the tensor integral 
equation method has been confirmed by the experiment with a minor exception 
at the very edge of the body. The discrepancy between theory and experiment 
at the edge of the body is essentially due to an inherent error in the probe 
measurement. This point is discussed in the next section. The accuracy of 
the tensor integral equation method has also been verified theoretically by 
covergence tests in reference [9]. 
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After the accuracy of the tensor integral equation method was confirmed, 

this method was applied to quantify the induced electric field and absorbed 

power density inside an adult torso with a height of 1.7 m and a shape as 

shown in Fig. 11. Incident EM waves of various frequencies ranging from 10 to 

500 MHz have been considered. Extensive results have been summarized in a 

report [11]. For brevity, only a few examples are given here. 

Figure 11 shows the x-component of the internal electric field induced by 

an 80 MHz EM wave with an incident electric field of 1 v/m directed in the x

direction at normal incidence. The strongest induced electric field is about 

0.426 times the incident electric field and is located at the hatched area as 

shown in Fig. 11. In the numerical calculation, the torso was divided into 124 
of 10 cm cubic cells and the field intensity was calculated at the centers of 

the cells. Due to symmetry, only one half of the torso is shown. Figures 12 
and 13 show they- and z-components of the induced electric fi~d. Figure 14 
shows the corresponding absorbed power density given by 1/2 crlE12, When the 

same torso is illuminated by the same EM wave with an incident electric field 

of the same amplitude, but directed in they-direction (horizontal polariza

tion) at normal incidence, the absorbed power density is given in Fig. 15. It 

is noted that the induced field inside the torso for the horizontal polariza
tion case is much smaller than the case of the vertical polarization at 80 MHz. 

The distribution patterns of the absorbed power density for these two 
polarizations are quite different. 

Figures 16 and 17 show the distribution patterns of the absorbed power 

density in the torso induced by a vertically polarized 200 MHz plane wave and 

a horizontally polarized 200 MHz plane wave, respectively. It is noticed 

that at this frequency, either polarization induces about the same magnitude 

of maximum absorbed power density in the torso even though the distribution 
patterns for these two polarizations are quite different. 

Figure 18 shows the total absorbed power in terms of the relative absorp

tion area, A, and the ma~imum induced electric field relative to the incident 

electric fieid, IE l!IEil, as functions of the frequency for both vertical and 
horizontal polariz?t!ons. The relative absorption area is defined as (total 

absorbed power/incident power density)/total surface area, since the heat 
dissipation capability of a human torso is essentially determined by the total 

surface area of the torso. From Fig. 18 it is evident that a resonance 

occurs at around 80 MHz for the vertical polarization; this implies that the 
strongest field is induced in a human torso when the torso height is about 

0.453 times the free-space wavelength of the incident EM wave. For the 
horizontal polarization, the induced electric field and the absorbed power 
tend to increase monotonically with the frequency first and then stay rather 

constant for frequencies higher than 200 MHz. It is true that for the 
frequencies lower than 200 MHz, the induced field for the vertical polarization 

case is much stronger than the case of the horizontal polarization. However, 

at higher frequencies, a horizontally polarized EM wave can induce a stronger 

field than a vertically polarized EM wav~ inside the torso as indicated in 
Fig. 18. 

DISCUSSION 

Experiment: 

In the preceding section, some minor discrepancies between theoretical and 

experimental results on the total induced electric field were found to exist 

near the edges of the body. The discrepancy is due to an inherent experimental 

error associated with an implantable field probe as explained below. 
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Fig. 11. The x-component of electric field induced inside a human torso by a 
vertically polarized EM wave of 80 MHz with an incident electric field 
of 1 v/m. 
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Fig. 12. The y-component of electric field induced inside a human torso by a 
vertically polarized fil1 wave of 80 MHz with an incident electric field 
of 1 v/m. 
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Fig. 13. The z-cornponent of electric field induced :j..nside a human torso by a 
vertically polarized EM wave of 80 MHz with an incident electric field 
of 1 v/rn. 
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Fig. 15. The density of absorbed power induced inside a human 
torso by a horizontally polarized EM wave of 80 MHz with 
an incident electric field of 1 v/ m. 
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Fig. 17. The density of absorbed power induced inside a human 
torso by a horizontally polarized EM wave of 200 MHz 
with an incident electric field of 1 v/ m. 
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In a recent paper by Guru and Chen [12], 
an implantable field probe imbedded inside of 
body has been derived to be: 

V0 (f) • r (l) • ! f(s) ; ds 

the output terminal voltage of 
an irradiated finite biological 

---(3) 

where V
0

(t) is the output voltage of the probe, E(t) is the induced electric 
field at the probe location inside the body before the probe is immersed, 
f(s) is the current distribution function along the probe, sis a variable 
designating the location along the probe, r is the probe contour, sis a unit 

vector tangent tor at any point, ZL is the load impedance of the probe, and 
Zin(t) is the internal impedance of the probe which is equal to the input 
impedance of the probe when it is used as a radiating antenna imbedded in a 
finite biological body. 

Equation (3) clearly indicates that the probe output is proportional to the 
internal electric field, E(t), at the probe location in the absence of the 
~r~be. However, it also shows the proportionality constant between V0 (t) and 
E(r) to be a strong function of probe location for the following reason. The 

+ 
internal impedance of the probe, Zin(r), imbedded in a finite biological body 
is dependent on the relative position of the probe in the body and the body 
geometry. It is possible to show both experimentally and theoretically that 
Zin (t) varies most sign:1.fi.cantly near the edge of the body. In a recent study 
conducted by our group [13] on a coated spherical probe imbedded in a finite 
conducting body, it was shown that if the coating on the probe is very thin, 
Z. (t) varies greatly near the body edge. On the other hand, for a probe with 
a

1
~hick coating, Z. (t) remains nearly constant even at the body edge. The 

probe used+in our ~~periment was coated by a very thin layer of Klyron Spray. 
Thus, Zi (r) of the probe varies significantly near the body edge and 
consequeRtly it causes the discrepancies between theoretical and experimental 
results on the total induced electric field near the body edge as indicated 
in the preceding section. 

Theory: 

Concerning the numerical results on the induced field inside a human 
torso, one may notice that there is a great jump in the calctt1.ated field 
between adjacent cells as observed in Fig. 11. This phenomenon may raise 
the question of the validity of the basic assuption of a constant field in 
each cell in the theoretical development. To explain this phenomenon, we have 
conducted convergence tests and experiments and obtained the following findings. 
The phenomenon of the induced field jumping greatly between adjacent cells 
occurs usually when the torso is in resonance and can occur only between cells 
where no continuity of the induced current is required. For example, Ex in 
Fig. 11 is strong in the central column containing the head and the leg because 
the x-component of the induced current is in resonance in this column at 
80 MHz. On the other hand, Ex is small in the next column because the x
component of the induced current is out of resonance in this column due to its 
short dimension. · It is observed that Ex can jump greatly from a cell in the 
central column to an adjoining cell in the next column because the x-component 
of the induced current can flow independently in these two columns. It is 
also observed that no such jump occurs in the adjacent cells in the same 
column because of the continuity of the induced current. Based on our 
experience, the numerical results presented in Figs. 11 to 18 are quite 
accurate at least to the order of magnitude. These numerical results can be 
im~roved with the reduction of cell size combined with an increase in cell 
number if a larger computer storage capacity can be found in the future. 
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CONCLUSION 

The induced electric fields in finite biological bodies by incident EM 
waves were theoretically quantified by the tensor integral equation method and 
experimentally measured by insulated field probes. An excellent agreement 
between theory and experiment was obtained. An inherent experimental error 
associated with an implantable probe immersed in a finite biological body was 
also discussed. The tensor integral equation method was used to quantify the 
total electric field and the absorbed power density in a human torso induced by 
the vertically and horizontally polarized EM waves of various frequencies. 

In the numerical calculation of the tensor integral equation method, if 
the size of the cells is kept smaller than 1/4 of the free-space wavelength, 
sufficiently accurate results are obtained. Although with this cell size it 
is not possible to predict the exact pattern of the standing wave inside the 
body, it was found to be accurate enough to predict the induced electric field 
at the centers of the cells. If a more accurate pattern of the standing wave 
is needed, it is only necessary to reduce the cell size at the expense of in
creasing the computing time. It is important to note that the numerical tensor 
integral equation method can produce exact solutions for the induced electric 
field in any arbitrarily shaped biological body; the only limitation is the 
limitation in the computing time and computer storage capacity. 
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ABSTRACT 

Exferimental results are described for whole-body absorption (for orienta
tions 'til f., tll f., and HII L) of a series of saline-filled and biological-
phantom figurines of major lengths (L) that varied from 0.4 to 1.5 A. Measure
ments are also reported for several exposure conditions on the density of energy 
deposition for different regions of the body. In the absenae of ground ef-
feats, a whole-body absorption cross+se~tion as high as 4.2 times the shadow 
cross section has been measured for Ell Lat the resonance frequency (in MHz) of 
68 x (1.75/height 1m of the human in meters). Under these frequency and 
polarization conditions, a whole-body-average energy deposition rate of (2.15) 
x (1.75/1m) watts/kgm is projected for incident plane waves of 10 mW/cm2• The 
highest rate of energy deposition is observed for the neck region of the body 
where a value as high as 28.7 times the whole body average has been measured 
under conditions of tll f. resonance. Maximum whole-body absorption under 
grounded aonditions is observed at a frequency about one half that of the un
grounded body. For grounded resonance condition an absorption cross section as 
high as 14 times the shadow area has been measured. Here, while the neck is 
still one of the hot spots, the zone of maximum power deposition is the ankle 
region. 

1. INTRODUCTION 

We have previously [l, 2] reported on the observation of strong resonance 
of whole-body absorption of electromagnetic waves in biological bodies. In 
the absence of ground effects, highest rate of energy deposition occurs for 
fields polarized along the longest dimension of the body for frequencies such 
that the major length is on the order of 0.4 times free space wavelength (A) of 
radiation. At resonance an effective absorption area of about 3-4 times the 
shadow cross section has been measured using saline-filled prolate spheroidal 
"equivalents" of man. In these prolate spheroids, a major to minor axes ratio 
of 6 was used. On the basis of some preliminary experiments, peak absorption, 
in the presence of ground effects, has been observed for frequencies one half 

* Also consultant to the Division of Neuropsychiatry, Walter Reed Army 
Institute of Research, Washington, D. C. 20012. 
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as much as for bodies isolated in free space. 

In this paper we report further results on this important phenomenon. In 
particular, data are presented on whole-body absorption of saline-filled 
figurines of major lengths L varying fr~m 0.3 to 1.5 A. Measurements are also 
reported on the distribution of power deposition in biological-phantom figu
rines exposed to free-space irradiation at both 985 and 2450 MHz and to fields 
in the TEM parallel plate [2] chamber. The results obtained under the latter 
irradiation conditions are shown to be remarkably similar to those with free
space radiation. The highest intensity of energy deposition in both chambers 
is observed for the neck region of the body. The a parameter (defined as the 
ratio of watts/kgm of absorbed energy to mW/cm2 of incident field intensity) 
for the neck region is approximately 30 times that observed for the whole-body 
average. Initial results are given on figurines with feet touching the ground 
plane of the parallel-plate chamber. 

2. MATERIALS AND METHODS 

Cavities corresponding to human shapes were formed in styrofoam by using 
12.1, 18.4, 22.3, and 23.5 cm tall dolls as molds. After styrofoam had been 
formed, the dolls were cut in half around the sagittal plane for easy removal 
of the molds. Three cavities, one resealed for filling with 0.9 percent saline 
and two for stuffing with biological-phantom materials, were formed for each of 
the four sizes. 

Different compositions of the biological-phantom material were used to 
fill the figurines for parallel-plate and free-space irradiation experiments. 
From our previous results [l], the frequency of maximum absorption for a 1.75 
meter tall human is on the order of 63-70 MHz (L/A ~ 0.37-0.4). In order to 
model human for this frequency band, an "average" electrical relative permit
tivity Er was first calculated on the basis of 65 percent muscle, skin, and 
tissues with high water content and 35 percent fat, bone, and tissues with low 
water content. The value of Er needed for modeling for the 63-70 MHz band was 
calculated [3] to be 60.5 - jl43. The use of whole-body "average" Er is justi
fied because the dimensions of individual constituents are so much smaller than 
the wavelength of radiation for this band. For use at 500 MHz in the parallel 
plate chamber, the composition of the biological-phantom material was 3.26 per
cent NaCl, 8.74 percent Superstuff (obtained from Whamo Manufacturing Company, 
San Gabriel, California), and 87.0 percent water. This has a measured [4] 
dielectric constant of 66 and a conductivity cr of 4.39 mho/meter. At the 
experimental frequency of 500 MHz, the complex relative permittivity of the 
material is therefore Er= 66 - j cr/wE0 = 66 - jl57.9. A different composition 
of 8.03 NaCl, 13.23 percent Superstuff, and 78.74 percent water was used for 
free-space irradiation experiments at 985 MHz. For use at this frequency Er~ 
66 - jl64.3, once again close to the needed value of 60.5 - jl43. 

The irradiation facilities used were the parallel plate TEM chamber at 
500 MHz and free-space anechoic chambers at 985 and 2450 MHz. For the parallel 
plate chamber [2], the working area consists of a copper plate of width 63.5 c~ 
separated by a 25.4 cm clearance from the ground plane of 116.8 cm width. The 
overall transmission length of 198.2 cm is occupied by two symmetrical tapered 
sections of 61 cm axial length, the central working area of 61 cm length, and 
two 7.6 cm end sections connected to UG58/U input and output coaxial connectors. 
A 100 W, 200 to 500 MHz Epsco signal source was used to feed power to this 
chamber. The fields in the central (working) region of the chamber were mapped 
using the General Microwave Corporation Raham model 1 (300-18,000 MHz) field 
intensity probe. The variation of the field intensity in the working region is 
plotted in Figs. l(a), (b), and (c). The 985 and 2450 MHz free space fields 
were provided by Scientific Atlanta pyramidal horns radiating into the 
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Fig, 1. Field intensity in the parallel plate chamber at various locations of 
the working region (measurement frequency of 300 MHz; power input= 
100 W). 
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respective anechoic chambers at the Department of Microwave Research, Walter 
Reed Army Institute of Research, Washington, D. C. 

The whole body power absorption was obtained from the temperature rise of 
saline-filled figurines. The temperature before and after irradiation was 
measured with a digital thermometer after shaking the styrofoam cavity figu
rines in order to equalize the temperature over the volume of the saline. To 
determine the distribution of power deposition, biological-phantom figurines 
were exposed to the highest available radiation intensities to speed up the 
heating process and thus reduce the heat diffusion to cooler areas of the body. 
Temperature under irradiation was recorded using the liquid crystal temperature 
probe [S]. 

The incident field intensities used in the experiments were considerably 
higher for free-space exposures on account of a 2000 W power source available 
at Walter Reed Laboratories. The field intensities used for free-space and 
parallel-plate irradiations were 100 and 26.S mW/cm2, respectively. 

From the measured increase in temperature ~T, the density of power absorp
tion in W/kgm is calculated from the expression (4180 ~T x specific heat of the 
medium in calories/gm/°C)/irradiation time in seconds. This divided by the 
field intensity in mW/cm2 gives the a parameter either for the whole body (for 
saline-filled figurines) or for different parts of the body (for biological
phantom figurines). The values of the a parameter so calculated are then re
duced by the model scaling factor (height of the human/length of the figurine) 
to obtain the corresponding values for humans. 

3. RESULTS 

Free-Space Irradiation Experiments 

The whole body average value of a defined in W/kgm of absorbed power 
density divided by incident field intensity in mW/cm2 is calculated (by scaling) 
from the measured results at 98~ and at 2450 MHz and is plotted in Fig. 2. For 
each of the orientations Ell L, kjl i, ~nd HI! i, two distinct exposure configura
tions are possible. (The vectors E, H, and k are along the electric and mag
netic fields and along the direction of propagation, respectively;£ is along 
the major length L of the body.) For electric field along the major length, 
for example, these are: 

1. Power propagating from front to back. 

2. Power propagating from arm to arm. 

AS to 10 percent larger whole-body absorption is found for case 2 for 
electric polarization. The results for this most absorbing configuration are 
also plotted in Fig. 2. Table 1 summarizes the projected a for the six distinct 
orientations under respective conditions of maximum absorption. The most dif
ference in absorption is found fork-polarization (kl! L) where a SO percent 
increase in overall absorption is measured for electric field from arm to arm 
as compared to the cas~ where the electric field is from front to back of the 
body. The results observed with saline-filled figurines are qualitatively 
similar to those observed with rectangular parallelopipeds [6] of biological
phantom material. At (68) x (1.75/1m) MHz which is the frequency of maximum 
¥ho!e body power deposition (see Fig. 2), the ax (L /1.75) values for kl!£ and 
HI! L orientations are 0.017 and 0.011, respectively,mand both of these values 
are more than an order of magnitude smaller than the value for electric polar
ization of 0.216 (W/kgm)/(mW/cm2). From a parameter the relative absorption 
coefficient S (defined as the electromagnetic absorption cross section divided 
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Table 1. Projections for whole body electromagnetic absorption in a human of height L meters. 
m 

Ell£ ' kll £ sll £ 
Electric Field Along Power Propagating Magnetic Field Along 

the Major Length from Head to Toe the Major Length 

Power Power 
Propagating Propagating 

-+ 
E 

-+ 
from Arm E 

-+ E from Front E from Arm from Front 
from Arm to from Front to Arm to Back to Arm to Back 

Arm to Back 
Average absorbed power 
density at respective 
resonance frequencies 
for 10 mW/cm2 
incident fields 

(\:51 (\:5) o. 71 (\:
5
) 0.47 (\:

5
) (\:5) o.37 (\:

5
) (W/kgm) 2.18 2.15 0.43 

Frequency of maximum 

~\:5) =67 .9 ~\:
5
) absorption (MHz) =67.9 143-171 143-171 143-171 143-171 

(\:5) (\:5) (\:5) (\:5) 

Whole body average a 

0.218 td 0.215 (1;.J 0.071 ti.:') 0.047 (1;.J ~i.:') 0.031 ~i:5
) in (W/kgm)/ mW/cm2 0.043 

Condition for maximum 
* * A"' absorption L = 0.4 A L = 0.4 A L = 1.0-1.1 A L = 1.0-1.1 A L = 1.0-1.1 L = 1.0-1.1 

--

* A 

* This agrees with our previously reported condition of kL 2~L/A = a/b. For man a/b = 6-6.5, giving therefore an 
L/A = 1.0-1.1. 
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by the shadow area of the body) is calculated from the expression: 

s weight of the body 
CL X 

shadow area of the body 

The value of the S coefficient thus calculated for EJI £ and HJI £ orientations 
is also shown in Fig. 2. At resonance an effective absorption area of 4.2 
times the shadow cross section is measured. For the post-resonance region to 
frequencies on the order of 3 to 4 times the resonance frequency fr, a whole
body absorption reducing as (f/fr)-1 from the resonance value may be seen from 
Fig. 2. 

The measured rates of temperature increase are used to calculate CL
1 s for 

various parts of the body in a human for different exposure parameters. The 
values of CL multiplied by the field intensity in mW/cm2 give the rates of 
deposition in W/kgm. Figures 3-5 give the rates of energy deposition for 
10 mW/cm2 incident fields for prescribed exposure conditions. While Figs. 3-5 
give an idea of the rates of energy deposition, the temperature rise for the 
various parts in an actual human would, of course, depend upon several complex 
factors such as blood circulation, convective cooling, etc. 

Experiments in the Parallel-Plate Radiation Chamber 

The TEM radiation chamber was used to measure the whole body CL parameter 
of the four sizes of the saline-filled figurines at the highest power source 
frequency of 500 MHz. The CL parameters so obtained were scaled to the values 
for humans and these are plotted in Fig. 6 as a function of L/L For ti! £ 
orientation the results are noteworthy in two respects: 

1. Maximum power absorption is observed for L/A ~ 0.37. This is in 
agreement with the condition for maximum absorption observed with 
free-space experiments (Fig. 2). This result is surprising in that 
the parallel plate chamber seems to simulate the free-space plane 
waves rather than the ground plane effects. As will be pointed out 
later, physical contact with the ground plate does indeed allow this 
chamber to simulate ground effects. 

2. The value of CL at resonance observed with the parallel plate chamber 
is about 80 percent of the value obtained from free-space irradiation 
experiments. In view of the fact that different frequencies, figurine 
sizes, and calibrating field probes were used for the two radiation 
conditions, the two results should be considered in remarkably good 
correlation. 

While we have always been convinced of the validity of using a parallel 
plate transmission line to provide a medium of plane waves, and the above re
sults are a further confirmation of our feelings, doubts have, however, been 
expressed by some researchers in the field regarding this transmission line. 
Also a handicap of the parallel plate line is the rather limited space avail
able between the two plates, and this hinders its application to frequencies 
where the target size may be comparable to or larger than one half the free
space wavelength. On account of these reasons, we have designed [2] and in
stalled a monopole-above-ground radiation chamber. The anechoic chamber is 
formed by lining a 10' x 10' x 7.5' Faraday screen room with sheets of micro
wave absorbing material of pyramidal (Eccosorb VHP-18) and planar (Eccosorb 
AN-79) varieties. The radiator consists of a quarter-wave monopole above 
ground mounted in a 45° corner reflector. Due to the high gain of the antenna, 
field intensities on the order of 13 mW/cm2 have been measured at 2.4 meters 
from the radiator for 100 watts input to the antenna. An MCL model 1~145 
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Pav= 2.15 • (l.75/Lm) 
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o __ 
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0 --··-········· · 5.19 

o..L---- 4.56 

FREE-SPACE IRRADIATION 

Fig. 3. Power deposition in W/kgm for 1,75 m human under Ell L resonance 
condition (L/A • 0.4, 67.9 • (1.75/Lm) MHz). Incident fields: 10 mW/ 
cm2• 

For a human of height 1m meters, the numbers marked alongside the 
figure should be multiplied by (1,75/Lro), 
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Fig. 4. 

Pav= 0.67 • (l.75/Lm) 
( sa l ine-f i 11 ed) 

---- 0.58 

0
--.------ 0. 99 

2. 21 

FREE-SPACE IRRADIATION 

Power deposition in W/kgm for 1.75 m human (L/A = 0.985, 169 • (1.75/ 
1m) MHz). Incident fields: 10 mW/cm2. 

For a human of height 1m meters, the numbers marked alongside the 
figure should be multiplied by (1.75/Lm), 
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Fig. 5. 
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FREE-SPACE IRRADIATION 

Power deposition in W/kgm for 1.75 m man for kll £ resonance condition 
(L/A ~ 1, 169 • (1.75/Lm) MHz). Incident fields: 10 mW/cm2• 

For a human of height I,n meters, the numbers marked alongside the 
figure should be multiplied by (1.75/1,n}, 
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Fig. 6. Projected rate of energy deposition in a human of height Lui meters 
(scaled from measurements performed on saline-filled dolls in the 
parallel-plate chamber at 500 MHz. The standard deviation of three 
measurements for each of the data points is shown. 



1000 W output 400-800 MHz RF amplifier is presently on order. and this would be 
used in the continuing dosimetry experiments. While detailed data from this 
chamber are not available at this time, preliminary experiments have given a 
values fairly comparable to those of Fig. 6. 

Figures 7-11 give the rates of energy deposition in various parts of the 
body determined from the parallel plate chamber for prescribed exposure condi
tions. At least three measurements were taken to obtain the values indicated 
on these diagrams. A standard deviation of less than 5 percent for hotter 
regions of the body and a value of less than 10 percent for the cooler regions 
were calculated from the experimental data. From Figs. 7-11 the important 
features to note are: 

1. Maximum rate of energy deposition once again is observed for the neck 
for Ell L resonance and near-resonance conditions. For this region an 
energy deposition of nearly 10 times the whole body average is ob
served. This ratio is considerably lower than 28.7 observed with 
free-space irradiation (Fig. 3) on account of low field intensities 
used to date with parallel plate chamber experiments. This would 
cause a lower power deposition rate resulting in heat being carried 
away from the "hot" neck region to the cooler torso and head regions 
of the body. With the future availability of higher field intensities 
(~150 mW/cm2), it is felt that energy deposition rates comparable to 
those observed under free-space irradiation conditions may indeed be 
obtained with parallel plate TEM chambers. 

2. For Ell L orientation, a more detailed examination of the heating of 
leg shows a higher rate of energy deposition in the knee and ankle 
regions (Figs. 8 and 9). These also are the zones of smaller cross
sectional areas than the rest of the leg. The plot of a as a function 
of the cross-sectional area over the entire length of the leg is shown 
in Fig. 12. A rate of energy deposition varying inversely as the 
cross-sectional area is observed. If a constant current were flowing 
through the entire leg, a (cross-sectional area)-2 type dependence of 
a would be expected. However, even from antenna theory, a diminishing 
value of current is anticipated as one approaches the ankle region. 
This may well be the reason for the experimentally observed (cross
sectional area)-1 dependence of a. 

3. A detailed examination of the heating pattern of the arm (Figs. 8 and 
9) shows the maximum rate of deposition in the elbow region. It 
should be mentioned that the arms are in the plane of the body in our 
figurines. In Figs. 3, 4, and 9, the arms are shown protruding only 
for clarity of marking the measured values. 

4. For kil £ orientation (Figs. 4 ~nd 11), maximum rates of energy deposi
tion are observed for the elbow followed by the neck region. 

Power Deposition in the Presence of Ground Effects 

Experiments were performed with the 18.4 cm saline-filled figurine ground
ed to the bottom plate of the parallel plate chamber by means of a thin wire 
probe forming the electrical connection through a rubber cork at the base of 
the figurine. On account of an increased rate of energy deposition under these 
conditions, only two minutes of irradiation time (as against five minutes in 
experiments with ungrounded figurines) was found to be adequate for these 
exposures. The values of a calculated from the measurements over the frequency 
band 220-500 MHz are plotted in Fig. 13. Also shown in the same figure are the 
values projected for humans of different heights and the relative absorption 
coefficients. Peak power absorption is observed for a frequency slightly 
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Fig, 7, 
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PARALLEL-PLATE RADIATION CHAMBER 

Power deposition in W/kgm for 1.75 m human (L/"A"' 0.37, 63.5 • (1.75/ 
Lm) MHz). Incident fields: 10 mW/cm2• 

For a human of height 1m meters, the numbers marked alongside the 
figure should be multiplied by (1.75/Lm), 

56 



Fig. 8. 
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PARALLEL-PLATE RADIATION CHAMBER 

Power deposition in W/kgm for l.75 meter human (L/A • 0.31, 52.6 • 
(1.75/Lm) MHz). Incident fields: 10 mW/cm2• 

For a human of height Lm meters, the numbers marked alongside the 
figure should be multiplied by (1.75/Lm). 
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Fig, 9, 
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PARALLEL-PLATE RADIATION CHAMBER 

Power deposition in W/kgm for 1,75 m human (L/A a 0.31, 52,6 • (1,75/ 
Lm,) MHz), incident fields: 10 mW/cm2• 

For a human of height 1m. meters, the numbers marked alongside the 
figure should be multiplied by (1,75/Lm.), 
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Fig. 10. 
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PARALLEL-PLATE RADIATION CHAMBER 

Power deposition in W/kgm for 1.75 m human (L/A = 0.2, 34.6 • (1.75/ 
1m) MHz). Incident fields: 10 mW/cm2• 

For a human of height 1m meters, the numbers marked alongside the 
figure should be multiplied by (1.75/1m). 
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Fig. 11. 
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PARALLEL-PLATE RADIATION CHAMBER 

Power deposition in W/kgm for 1.75 m man (L/A = 0.39, 67.1 • (1.75/ 
~) MHz). Incident fields: 10 mW/cm2. 

For a human of height Lm meters, the numbers marked alongside the 
figure should be multiplied by (1.75/Lm). 
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lower than one half the value for ungrounded conditions. At resonance an ef
fective absorption area of nearly 14 times the shadow cross section is measured 
which is about 4 times the value measured at resonance under ungrounded condi
tions in the parallel plate chamber. B0th these results are predicted approxi
mately by antenna theory. The derivations giving an S of 4.2 for free-space 
irradiation and a four-times enhancement in the absorption cross section of an 
isolated versus a grounded body are illustrated in Figs. 14 and 15. 

Judging from the success of the antenna theory in explaining most of the 
whole body absorption observations under grounded and ungrounded conditions, 
highly enhanced values of Smay result for bodies in the presence of 180°, 90°, 
and other corner reflectors. Preliminary experiments in the monopole-above
ground chamber have shown this to be true indeed. S parameters on the order of 
20 and higher have been observed to date. Further experiments are in progress 
to completely understand these effects, 

The distribution of power deposition under grounded resonance conditions 
has been determined using the biological-phantom figurine with feet touching 
the ground plate of the parallel plate chamber. The rates of energy deposition 
projected for a human exposed to 10 mW/cm2 fields are shown in Fig. 16. The 
points to note are: 

1, The whole body average value is fairly close to that obtained with 
saline-filled figurine grounded by means of a wire probe, lending 
some credence to this method of grounding for saline-filled figurines. 

2. While the neck is still one of the hot spots, the region of maximum 
power deposition shifts to the lower half of the leg under grounded 
conditions. 

3. Consistent with the previous observations (Figs. 8 and 9) on the 
detailed distribution in the leg region, the zones of maximum power 
deposition are the ankle and the knee, which also correspond to the 
areas of minimum cross section in the leg. 

4. CONCLUSIONS 

In the absence of ground effects, a whole body absorption cross section as 
high as 4.2 times the shadow cross section has been measured for electric 
polarization at the resonance frequency (in MHz) of (68) x (1.75/height Lro of 
the human in meters). Under these frequency and polarization conditions, a 
whole-body-average energy deposition rate of (2.15) x (1.75/Lro) watts/kgm is 
projected for incident plane wave fields of 10 mW/cm2, At hi!her frequencies 
(to f ~ 3-4 fr), the whole body absorption reduces as (f/fr)- from the 
resonance value. The distribution of power deposition is given for the various 
regions of the body for several exposure conditions. For !JJ L resonance condi
tions, the highest rate of energy deposition is observed for the neck region of 
the body, and a value as high as 28.7 times the whole body average is measured. 

Maximum whole body absorption under grounded conditions is observed at a 
frequency about one half that of the ungrounded body. For grounded resonance 
condition an absorption cross section as high as 14 times the shadow area has 
been measured. Antenna theory has been used to explain this highly enhanced 
absorption cross section. The distribution of power deposition is determined 
for grounded resonance condition. While the neck is still one of the hot spotsi 
the zone of maximum power deposition is the-ankle region. Judging from the 
success of antenna theory in explaining most of the whole body absorption ob
servations under grounded and ungrounded condition, highly enhanced deposition 
rates are anticipated for bodies in the presence of 180°, 90° , and other 
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--+j 2bl-

A biological body isolated in free space 

For resonance, L ~ 0.5 A 

Power absorbed= (incident field intensity P. ) • (effective area of the inc 
antenna) 

).2 G 
= p --

inc 41r 

where G, the gain of the antenna, is 1.64 

Electromagnetic absorption cross section = power absorbed 
p 
inc 

1. 64>-
2 

=---41T 

For humans a/b ~ 6.34 which gives an S of 4.21 in close agreement with experimentally observed values for human-shaped figurines under free-space irradiation. 

Fig. 14. Derivation of the S parameter of a biological body isolated in free space. 
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I 

OI 
Body of shadow area A in 
free space. 

Resonance condition L ~ 0.5 A 

EM absorption cross section 
= 4.2 A 

III 

T 
L 

1 

Two bodies, each of shadow 
area A, placed end to end. 

Resonance condition L ~ 0.25 A 

EM absorption cross section 
.. 4.2 x 2A 

II 

' I 

One half body placed above ground. 

Resonance condition L ~ 0.5 A 

EM absorption cross section= 8.4 A 

(From antenna theory, the gain of a 
monopole above ground is twice as 
much as that of a twice-length dipole.) 

IV 

I \ 
I I 
I I 
I I 
\ I 
\ I ,.,, 

1 
L 

A body of shadow area A above ground. 

Resonance condition L ~ 0.25 A 

EM absorption cross section= 
8.4 x 2A 

A four-times enhancement at resonance for conditions I and IV may 

be seen while the resonance frequency is reduced to one half the value. 

Fig. 15. Comparison of the .s parameter for a body in free space with the valu 

for the same body in the presence of a ground plane. 
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Fig. 16. Energy deposition in mW/gm for 1.75 m tall human under resonance 
condition (L/A a 0.15, 25.2 MHz) for feet touching ground; incident 
power: 10 mW/cm2• 

For a human of height 1m meters, the numbers marked alongside the 
figure should be multiplied by (1.75/Lm). 
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corner reflectors. 
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MAGNETIC FIELD STANDARD AT FREQUENCIES ABOVE 30 MHz 
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ABSTRACT 

In the work are presented methods of generation the standard 
magnetic fields ie: standard antenna and standard field methods. 
Some factors limiting accuracy of the standard at frequencies 
above 30 MHz are discussed eg: non-uniform current distribution 
in the standard transmitting antenna, shape of the receiving an
tenna being standarized, sensitivity of the standard receiving 
antenna to the electric field etc. In the basis of the presented 
methods and the literature of the problem the inaccuracy of the 
magnetic field standard designed at the Technical University of 
Wroclaw was calculated as !4% in the frequency range up to 100 
MHz and !s% in the range up to 200 MHz. 
The standard magnetic field generated with the use of the stan
dard field method has been measured at the field level 50 mA/m 
with the standard antenna method. The results of the comparision 
shows that the intensities marked out with the use both methods 
agree with each other with accuracy better than 2.5 %. 

1. INTRODUCTION 

Magnetic field intensity meters are coomonly used at frequencies 
bellow 30 MHz for far field electric field intensity measurements 
because of more favourable properties of loop or ferrite anten
nas than dipole or rod ones [1]. However measuring field inten
sity in the near field, it is necessary to use different anten-
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nae for different component measurements, because of the both com
ponent field intensity dependence upon structure of the radiation 
source, distance to the source, frequency, field interference 
etc. Near field measurements are mostly connected with examining 
working conditions of personnel employed in the vicinity of ra
diation source and the examination makes measuring of both field 
components necessary. 

Regulations operative thus far or being presently introduced 
limit the permissible field intensity values of magnetic fields 
at frequencies below about 10 (30) MHz and in this connection 
there are few works discussing magnetic field measurement at 
frequencies above 30 MHz [10). Recent research carried out by 
biophysicists point out that the magnetic field biological 
activity can sometimes exceed the activity of electric field, 
which has been considered thus far as the dominating factor of 
field influence upon living organismus considering the dielec
tric nature of tissues (9]. Thie suggestion caused the necessity 
of developing methods of magnetic field intensity measurement 
with wide-band methods of possibly high sensitivity and in a 
possibly wide frequency range, also above 30 MHz. The main pro
blem and the first step connected with the construction of that 
type of meters was developing systems for the magnetic field 
meter parameter investigations ie: standard magnetic field. 

Magnetic field standards used up to now have been good for stan
darizing magnetic field meters at frequencies up to about 30 MHz 
[2,4,6]. Theoretical basis of the applied standarization methods 
are worked out in a way general enough to be used in a much wider 
frequency range [7,8,10,12]: the main difficulty in increasing 
standard working frequency is constructing standard antennas of 
appropriately small sizes, in order to obtain the required accu
racy of the standard. In connection with the work carried out at 
the Technical University of Wroclaw on biological active electro
magnetic field measurements, a set of magnetic field intensity 
standard at frequencies above 30 MHz permitting to get intensi
ties to about 100 mA/m has been built. The standard magnetic 
field producing is baaed upon standard field method and standard 
antenna method used simultaneously in order to compare standari-
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zation results obtained through two mutually independent methods 
and thus increasing atandarization accuracy in this way. 
The two methods and aome factors determining their accuracy will 
be treated briefly below. 

2. METHODS OF STANDARIZATION 

Relation between electromotive force (emf) eA induced in an ar
bitraty circuit by magnetic field of intensity His given by 
Faraday's Law: 

eA = j E•dL • - ft f ,u0 H•dS 
s 

1a. 

Relation between field Hand total current J causing generation 
of the field Hie given by generalized Ampere's Law: 

i H • dl = f:, • dS 
s 

1b. 

Relations 1a and 1b point out the possibility of generating 
magnetic field of known intensity by two methods, ie: 

1. by measuring emf induced by field Hin the antenna of parame
ters determined on the basis of measurements or c~lculatione 
(standard antenna method), 

2. by calculating Hon the basis of measuring current flowing 
in the circuit of a definite configuration (standard field 
method). 

Both these methods are mutually independent, which creates the 
possibility of comparison of the obtained results, their verifi
cation, as well as elimination of error sources and standard 
accuracy increase. 

2.1. Standard field method 

The relation 1b can be brought to the form [7]: 

Ir1 f -j~R 
Hav • - f e R cos~ d~ 

'1'r2 O 
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where: r1 - transmitting antenna radius, 
r2 - receiving antenna radius, 
d - distance between antennas, 
~ - centre angle of the transmitting antenna, 

2.n t, = T - wave constant, 

R = ~d2+ r2 
1 

+ r2 
2 - 2r1r2 .cosp$ 

With the assumption that R2 
0 > 2r1r2 , after integration of rela-

tion 2 we shall receive: 

Is1 
Hav a 3 

2ST'R 
0 

{ 
r .r 2 

( 1+jf?>Ro) + !§.( 1 2) (1+jAR - 6 ,t.2R2 8 R2 ,_, o I!' t-J o 
0 

r r 4 
_ j 1 ll 3R3 ) + 315 ( 1 2 ) ( 1 j ~ R _ 420 ~ 2R2 _ 

]]'1-1 o -n7 +£-lo '§l'g o 
0 

+ • • • •} e-j ~ Ro 3. 

2 If ~R
0 
~ 1 , r1 ,r2/R

0 
Ei 1/16 , then relation 3 with accuracy 

0.2% takes form: 

[ 1 + ,✓ 2 2 ••• J1+ f> R0 
4. 

If, however, d/r1 > 4 and d/r2 > 4, then it is possible to de
termine with the accuracy to 1% magnetic field intensity produced 
by the standard transmitting antenna in the axis of the antenna 
at the distanced from, in the form Is}: 

Is1 .J1 + f) 2R2 
2nR3 o 

0 

5. 

Thus measuring the current value in the standard transmitting 
antenna and knowing the antenna size it is possible to determine 
the magnetic field intensity by means of formulas 4 or 5 in re-
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lation to the system geometry and the required accuracy. The mu--tual position of the standard transmitting antenna CT) and the 

antenna (A) of the standarized meter is shown in Fig.1. An 

example of standard transmitting antenna construction is sh~wn 

in Fig.2 - the serial capacitance is used for the tune the an-
" tenna to resonance. 

2.2. Standard antenna method 

The relation 1a can be given in the form: 

6. 

where: , - magnetic flux 

n - number of turns in the antenna, 
s3 - surface of the standard receiving antenna. 

Assuming constant magnetic field distribution on the standard 

receiving antenna surface and 2JT r 3 << j\, ie. the standard recei

ving antenna size much smaller than the wave length 1 for monochro

matic signal formula 6 can be converted to the form: 

e • 107 
A 

4'1' s 3n•c.c 
7. 

In this case value His calculated on the basis of the emf measu

rement for known antenna and frequency. In the frequency range 

above 30 f1iz, because of resonance limitations, one turn antennas 

are used. 
The way of field intensity meter standarization with the standard 

antenna method is shown in Fig.3. Magnetic field is produced by 

arbitrary transmitting antenna (At), at certain distance from 

antenna At is placed standard receiving antenna R, then in the 

same place is placed antenna A of the meter under test. An example 

of the standard receiving antenna is shown on Fig.4. 
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Figure 1. Mutual position of the standard trans
mitting antenna/ T / and antenna/ A/ of the 
meter being standardized . 

.-----1R CF DCmVM 

--r 

Figure 2. Standard transmitting antenna. 
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------sou Re 

METER UNDER 
TEST 

Figure 3. Mutual position of the transmitting 
antenna/ At!, standard receiving antenna/ R / 
and antenna/ A/ of the meter being standardized. 

T 

Figure 4. Standard receiving antenna. 
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3. DISCUSSION OF FACTORS LIMITING ACCURACY 

In the frequency range bellow about 30 MHz the factors being the 
main sources of standarization errors are: accuracy of the used 
formulae and accuracy of measurements the values used in the 
formulae ie: accuracy of antennae size measurements, accuracy of 
distance measurement, accuracy of I or emf measurement. 
With frequency increase above 30 MHz more and more important are 
the standarization errors resulting from bigger and bigger sizes 
of standard antennas and non-uniform current distribution along 
the antennas. Consequently the construction of standard antennas 
requires much greater presicion than those at lower frequencies, 

3.1. Standard field method accuracy limitations 

a. Non-uniform current distribution 

The field produced by the antenna with non-uniform current dis
tribution ia analysed in (51. The current In flowing along a 
thin loop conductor ia: 

where 1 Im• input current, 
't • rJ.- + j ~ - propagation constant, 
1 - distance from the feeding point. 

a. 

The error 6 n resulting from a non-uniform current distribution 
along the standard transmitting antenna ie expressed by the rela-
tion: 

9. 

where: H
8

v - magnetic field intensity in conditions of uniform 
current distribution expressed by the formula 5, 

Hn - magnetic field intensity in conditions of non
uniform current distribution: 

{1+ f:> 2R2o' 
I H I !: --- J I1dl n 231 R3 
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Putting 10 to 9 we shall receive after computations: 

~r1 
Sl r 

2 f COS h f ( ~ - 1) - 2 5f r 1 2 
gn ~ __ o ___________ ~ ~ ( ~r 1 )2 

29Tr1 

11. 

Assuming the permissible value of error ~n = 0.6% on the basis 

of relation 11 can be put down: 

23T r 1 < 0.06 J,... 

It is obvious, that the wave length .i\ in formula 12 is the 

shortest length which the antenna is to work with. 

b. Finite size of the antenna under test 

12. 

Relation 5 determines magnetic field intensity in the trans

mitting antenna axis: the field is produced by radial component 

of the field produced by the standard transmitting antenna. Be

cause of placing the antenna under test at a finite distance 

from the transmitting antenna and because of finite size of the 

antenna under test, emf induced by the field in antenna under 

test will partially come from orthogonal field component H8 • The 

error &b resulting as a consequence of that has been calculated 

by [21 in the form: 0 
J [ l H8 yi + l H8 l] de 

gb = _o _________ - 1 

He 
13. 

where: 28 - angle under which the antenna under test is seen 

from the center of the standard transmitting 

antenne: r 
8 = arc tg _g 

d 
14. 

After calculating the relation 13 for not too big value 8 takes 

form: 
15. 

Considering the fact that formula 5 make it possible to calcula

te magnetic field intensity with the accuracy 1%, taking into 
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account accidental errors of measuring values taken to formula 5, 
systematic errors resulting from non-uniform current distribution 
along the standard antenna and finite size of the antenna under 
test as well as other error source appearing here eg. the in
fluence of multipath propagation, errors in measuring current in 
the transmitting antenna resulting from the distorition of the 
power source output signal, maximum inaccuracy of magnetic field 
standard based on the standard field method has been calculated 
not to exceed :4% at frequencies bellow 100 MHz and not to ex
ceed :5% at frequencies below 200 MHz. 

3.2. Standard antenna method accuracy limitation 

Apart from the accuracy of calculation of the standard receiving 
antenna surface and the accuracy of measurement of emf induced 
by the field in the standard receiving antenna (formula 7), one 
of the most important factors deciding on the accuracy of stan
darization with the standard antenna method, especially in the 
frequency range above about 100 MHz, is sensitivity of loop an
tenna to an electric component of the field, connected with the 
occurence of so called •antenna effect". In fact, there is a 
possibility of a considerable reduction of the •antenna effect" 
influence by application of antenna placed in electrostatic 
screen, such a solution, however, is difficult to be accepted, 
considering a simultaneous increase of antenna self-capacitance 
and consequently also lowering of its resonant frequency as well 
as because of reduction of antenna effective surface. 
There is, in fact, a possibility of calculus regard to the in
fluence of the standard receiving antenna self-resonance upon 
t~e accuracy of standard field generation, eg. by using a con
version in the form [61: 

e A a e A [ 1 - ( ,f )
2J 

r 
16. 

where: eA - emf induced in antenna without resonant effects, 

eA - emf induced in resonant antenna working at 
frequencies 0.1 fr< f < 0.5 fr 

fr - frequency of the first resonance of the standard 
receiving antenna, 
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f - working frequency. 

Yet standard receiving antennas working on frequencies exceeding 

0.5fr are not usually used regarding the necessity of taking 

into account segment f/fr in formula 16 in powers higher than 2. 

Moreover on frequencies above 100 MHz there are serious technical 

problems how to construct appropriately small loop antennas pla

ced in electrostatic screen. 
The question of •antenna effect• influence upon loop antenna pro

perties has been treated in detail in (121. The considerations 

given in [12] for one sidely loaded loop antenna placed in the 

plane wave lead to relation: 

17. 

where: ee - emf induced by electric field in loop antenna, 

eH - emf induced by magnetic field in the same loop 

antenna, 

d3 = 2r3 - standard receiving antenna diameter. 

It results from relation 17, that for plane wave in order to: 

eE < 0.01 eH, it is necessary to fulfill the condition: 

d3 < 1.6•10-3A. But in the case of the near field relation 17 

changes to the form: 

18. 

where: z
0 

- free space wave impedance, 
2 8 - apparent wave impedance of the radiation source 

determined as the relation of component E to Hof the 

field produced by the source. 

For two loop antennas placed mutually as in Fig.1 with the con

dition d3/d ~ 0.2 fulfilled, relation 18 can be converted with 

accuracy to 1% to the form: 

19. 

For the used configuration of the transmitting and receiving an

tennas during magnetic field standarization with the standard 

antenna method in order to obtain ee < 0.01 eH it is enough if 

d3 < >../60. Experimental way to find out substantiality of •an-
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tenna effect• is measuring radiation pattern deformation of the 
standard receiving antenna (4]. Thia deformation includes the 
change of position of zeros as well as the change of absolute 
value of masimas. The error resulting from radiation pattern 
deformations and being the measure of the •antenna effect• accu
rance is determined by [4): 

o<1 .; o(2 6----~ ~-
o(1 + o(.2 

where: o(1 and «2 - meter indications corresponding to both 
maximaa of the standard receiving antenna. 

The accuracy of measuring value taken to formula 7 together with 
regard to the influence of the standard receiving antenna self 
resonance and the •antenna effect• occuring in the antenna, per
mitted to calculate the maximum inaccuracy of the magnetic field 
standard based on the standard antenna method as not exceeding 
!4% at frequencies below 100 MHz and not exceeding !s% at 
frequencies below 200 MHz. 

4. CONCLUSIONS 

The magnetic field standard constructed at the Technical UniverT 
sity of Wroclaw pernits to produce standard magnetic field of in
tensity up to about 100 mA/m in the frequency range up to 200 MHz 
with inaccuracy not exceeding !s%. As a power source a standard 
power generator type UGM-2 of SW output power has been used. 
This tr,pe of the generator was selected because of lees distored 
output voltage than other types had. In order to find out mutual 
correspondence of standard field and standard receiving antenna 
methods the double atandarized field method has been used [11]. 
The standard magnetic field generated with the use of standard 
field method has been measured with the standard antenna method. 
The received results are shown in Fig.5. These results can be 
considered as satisfactory. 
The standard has been used for investigations of the sensitivity 
and frequency response characteristic of the magnetic field pro
bes having loop sensor, low band pass RC fil tar ( RCF), wideband 
amplifier, detector and DC milivoltmeter (Fig.6) and probe having 
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Figure 5. The results of standard magnetic field 
measurements with the use of standard receiving 
antenna. Standard magnetic field intensity H=SO mA/m. 
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Figure 6. Block diagram of the wideband magnetic field probe. 

80 



loo~ sensor, 1/f negative fideback wideband amplifier, detector 
and DC milivoltmeter. Because of this that the probes should work 
in broader frequency range than described standard it is necessa
ry to improve as well the frequency range as maximal intensities 
of the standard magnetic field. In the described standard antennas 
of diameter 3-10 cm have been used. Using small size thernocoup
les as well as smaller loops it would be possible to obtain upper 
limit frequency of the standard of about 300-350 MHz and improve 
its accuracy on lower frequencies. On higher frequencies a new 
concept of the standard should be worked out, what is a merrit 
of the present work. 
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MEASUREMF.NT OF RADIOFREQUENCY POWER ABSORPTION IN 
MONKEYS, MONKEY PHANTOMS, AND HUMAN PHANTOMS 

EXPOSED TO 10-50 MHz FIELDS 
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ABSTRACT 

Radiobiology Division 
USAF School of Aerospace Medicine 
Brooks Air Force Base, Texas 78235 

C.H. Durney and C. C. Johnson 
University of Utah 

Salt Lake City, Utah 84112 

Realistic electromagnetic radiation (EMR) hazard assessment requires 
careful analysis of total power absorbed and distribution in the test specimen. 
Test methods must consider such factors as orientation, complex shape, and 
complex dielectric properties of the exposed specimen as well as exposure 
frequency. Initial experiments were conducted at HF band (10-30 MHz) using 
a rectangular human size phantom. These data showed excellent comparison 
to a frequency perturbation analysis using a prolate model. Following these 
initial studies, power absorption was measured in a 70-kg prolate spheroid 
human phantom and in twenty 3. 5-kg prolate spheroid monkey phantoms. The 
phantoms were filled with saline solution having a conductivity of 0. 6 mho per 
meter and the power absorption measured using differential power measure
ment techniques for 10-50 MHz exposures. Twenty rhesus monkeys averaging 
3. 5 kg were also used to compare power absorption of primates with the 
equivalent primate phantoms. 

The research reported in this paper was conducted by personnel of the 
Radiobiology Division, USAF School of Aerospace Medicine, Aerospace 
Medical Division, AFSC, Brooks AFB, Texas. This investigation has been 
documented as SAM-TR-76-5. 

The animals involved in this study were procured, maintained, and used 
in accordance with the Animal Welfare Act of 1970 and the "Guide for the Care 
and Use of Laboratory Animals" prepared by the Institute of Laboratory 
Animal Resources - National Research Council. 
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INTRODUCTION 

Present radiofrequency electromagnetic radiation exposure standards are 

based on average power density levels and do not consider actual energy 

transferred to the biological subject. Since the quantity of power absorbed is 

a function of the frequency of the RF field, it is necessary to determine the 

relationship between power absorption and frequency for human as well as 

experimental animal expsoures. These data are necessary to set a realistic 

frequency dependent standard for man and are also required in order to 

extrapolate experimental animal exposures to equivalent human exposure. 

Power absorption measurements were made for a series of animal and man 

models subjected to 10-50 MHz fields [l, 2]. Perturbation analysis theory 

was applied to the prolate spheroid model to determine the theoretical power 

absorption over a broad range of frequencies. This experiment was designed 

to check the validity of these calculations using prolate spheroid phantoms to 

represent man and monkeys. Power absorption measurements in live mon

keys were made to determine the validity of the prolate spheroid model. 

MATERIALS AND METHODS 

One prolate spheroid phantom representing man (semimajor axis 0. 875 m, 

semiminor axis O. 138 m, and 7 x 104 cc volume) and 20 prolate spheroid 

phantoms representing the rhesus monkey (semimajor axis 0. 2 m, semiminor 

axis O. 065 m, and 3. 5 x 103 cc volume) were constructed from polyurethane 

foam. Phantoms were fabricated by the University of Utah under Air Force 

contract F41609-75-C-0022. The phantoms were filled with a saline solution 

composed of 3. 5 g/liter of NaCl. Daily measurements with a Yellow Springs 

Model 31 conductivity bridge showed no deviation from 0. 6 mho/m during the 

course of the experiment. Absorbed power was measured in an HF band 

"far-field" exposure device (Figure 1) using 40-dB couplers and a differential 

power meter. The HF band "far-field" exposure chamber was 9. 15 m long, 

2. 82 m wide, and 1. 45 m high, with a 1. 89-m wide, thin aluminum center 

conductor. The driver stage of the Microwave Cavity Laboratories (MCL) 

Model 15022, was used to supply 50 W into the exposure device at 10, 20, 30, 

40, and 50 MHz. Frequency was adjusted to within 0. lo/o and monitored using 

a Systron Donner Model 6316A frequency meter. Electric (E) field and mag

netic (H) field readings were taken at and between phantom/monkey locations 

[3, 4). Measurements were made with portable E- and H-field probes and a 

Kiethley Model 600-B electrometer. 

A block diagram of the power measurement system is shown in Figure 2. 

The system displays the incident power (Pi), the reflected power (PR), the 

power which flows out of the chamber into the 50-ohm load (PL), and the 

power absorbed within the chamber (differential power) for any particular 

condition N, such that (PN) = Pi - PR - PL, The power absorbed by the 

phantoms PpH is given by: PpH = P(PH+C) - Pc where Pc is the power 

absorbed in the exposure chamber with empty phantoms in place, and 

P(PH+C) is the power absorbed by the exposure chamber and the saline-filled 

phantoms. The transmitter was operated at a constant power level of 50 W in 

the continuous wave (CW) mode. 
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Figure 1. HF band far-field exposure device with MCL transmitter and 
differential power meter. 
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Before each series of measurements, the couplers were moved to the 
front of the chamber and oriented such that each indicated forward power. 
The output of the MCL was set at 50 W, and the gain of each of the power 
meters in the differential power meter system adjusted for equal outputs, 
Empty chamber differential power was recorded, The empty human phantom 
was placed in the chamber, and no change from empty chamber readings was 
detected for 10-50 MHz exposures. The same was noted for 20 empty phan
toms, 10 placed above and 10 below the center conductor. Measurements 
were then made for the saline-filled phantom and absorbed power noted. 
Electric and magnetic field measurements made between phantom positions 
revealed no measurable change in the field patterns upon inserting the saline
filled phantoms, indicating negligible interaction between phantoms, For the 
human phantom, a wooden stand was used to position the phantom with equal 
spacing between the center conductor and the ground screen. Data were taken 
with the long axis of the phantom in line with the long axis of the center con
ductor (cross polarization) and the long axis of the phantom across the center 
conductor (H-polarization) (Figure 3). Empty chamber readings were repeat
ed, and the monkey phantoms were centered on polystyrene stands for E-, 
cross- and H-polarization measurements. Figure 4 shows inside the expo
sure chamber above the center conductor in the E-polarization orientation, 
After removing the phantoms from the chamber, readings were again 
repeated. 

The following week all phantom measurements were repeated and a series 
of rhesus monkey measurements were made. Twenty monkeys were chosen 
to achieve an average mass of 3. 5 kg, the heaviest animal weighing 4. 2 kg 
and the lightest weighing 3. 2' kg. Animals were anesthetized with Sernylan 
and placed into cardboard containers where they assumed a natural sitting po
sition. Prior to the animal measurements, coupler calibration and empty 
chamber absorbed power measurements were completed. The animals were 
placed into the exposure device (Figure 5) and E-, cross-, and H-polarization 
measurements were recorded, Animals were exposed on the same stands as 
the phantoms, For cross- and H-polarization, animals were placed on their 
sides. Total time for the animals inside the exposure device was 30 minutes, 
Animals were removed, empty chamber power absorption measurements com
pleted, and the animals were returned to their normal living quarters, 

RESULTS 

The incident power density was determined for each frequency by 
measuring both E and H at each phantom/monkey location, squaring these 
values, and obtaining the average. For 20 readings, a maximum standard 
deviation of 15% for E-fields and 10% for H-fields was noted. The square 
root of the mean E2 and H2 was determined and the average incident power 
density determined by multiplying ✓< E 2 > times ✓< H2 > , where <>denotes 
average value. These data with experimental and theoretical power absorp
tion data are tabulated in Table 1 for the human phantom and in Table 2 for 
the 20 monkey phantoms. Power absorption data for the 20 monkeys are 
tabluated in Table 3. Incident power density for the monkeys is identical to 
that for the phantoms (Table 2). For 10- and 20-MHz exposures, variation 
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Figure 3. Human phantom inside "far-field" exposure volume in 
H- polarization orientation. 
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Figure 4. Ten prolate spheroid monkey phantoms above center conductor 
exposed in E-polarization. 



Figure 5. Ten rhesus monkeys above center conductor exposed in 
E-polarization. 



<E> <H> 
pi CROSS POLARIZATION MAGNETIC POLARIZATION 

FRCOUENCY DATE V/m A/m 
mW/cm 2 

MEASURED CALCULATED MEASURED CALCULATED 
[MIiz) [INCIDENT POWER POWER POWER POWER 

IRMSI IRMSI POWER 
DENSITY) lmWl [mW) lmWl [mW) 

10 
APRIL 9 36 43 

APRIL 17 73 .18 1.3 52 33 19 17 

APRIL 9 170 108 
20 

APRlt 16 77 .20 1.5 122 158 52 83 

APRIL 8 328 219 
30 

APRIL 14 78 .22 1.7 350 431 225 225 

APRIL 10 86 .22 1.9 700 861 377 450 

40 APRIL 15 85 .22 1.8 684 744 376 390 

APRIL 18 691 364 

APRIL 10 79 .22 1.8 875 1268 782 665 

50 APRIL 11 78 .22 1.7 2741* 527 

APRIL 18 919 567 

* SPURIOUS MEASUREMENT BECAUSE OF A FAULTY DOOR SEAL IN THE CHAMBER 

Table 1. Measured and Calculated Values of Power Absorbed by One 

Human Phantom 

J<E2> 'J<H2> 
J< E2> 

pi ELECTRIC POLARIZATION CROSS POLARIZATION MAGNETIC POLARIZATION 

FREQUENCY 
mW/cm 2 MEASURED CALCULATED MEASURED CALCULATED MEASURED CALCULATED 

DATE -- I INCIDENT POWER POWER POWER POWER POWER POWER 
IMHzl V/m A/m 

~<H2> POWER 
IRMSJ IRMSJ OENSITYJ 

lmWJ lmWJ lmWJ lmWJ lmWJ lmWJ 

APRIL 9 65 25 22 
10 

APRIL 17 74 .16 463 1.2 61 23 13 6 13 4 

APRIL 9 148 69 44 
20 

APRIL 16 78 .19 411 1.5 132 107 40 32 28 20 

APRIL 8 306 73 69 
30 

APRIL 14 82 .21 390 1.7 379 273 85 86 81 53 

APRIL 10 89 .22 405 2.0 529 569 173 178 103 108 

40 APRIL 15 89 .21 424 1.9 538 559 161 168 106 103 

APRIL 18 573 163 102 

APRIL 10 704 772 266 262 140 158 

50 APRIL 11 689 217 155 

APRIL 18 81 .22 368 1.8 751 307 181 

Table 2. Measured and Calculated Values of Power Absorbed by 20 

Monkey Phantoms 

FREQUENCY DATE ELECTRIC POLARIZATION CROSS POLARIZATION MAGNETIC POLARIZATION 
(MHz) (mW) !mW) (mW) 

10 APRIL 17 88 36 46 

20 APRIL 16 222 111 115 

30 APRIL 14 481 227 223 

40 APRIL 15 863 372 348 

40 APRIL 18 847 376 360 

50 APRIL 18 1105 482 462 

Table 3. Measured Values of Power Absorbed by 20 Live Monkeys 
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between readings was 10-30 mW, which is the limit of stability of the differ
ential power meter system. Comparison with theoretical phantom data [5] 
shows the average of the two experimental data points to be within 40 mW of 
that predicted by perturbation theory. Above 20 MHz, experimental results 
are within 20% of theory for the phantom exposures. Absorbed power was 
normalized to total exposed mass and to incident power density, The results 
are plotted in Figure 6 for the human phantom, Figure 7 for the monkey 
phantom, and Figure 8 for the rhesus monkeys. Comparison of experimental 
with theoretical data above 0, 5 mW /kg was excellent. Below 0, 5 mW /kg, 
deviations are within the measurement system stability. In all three figures, 
the top theoretical curve is for E-polarization, the middle curve is for cross
polarization, and the bottom curve is for H-polarization. 

Agreement between theory and animal was achieved for E-polarization 
if a conductivity of 0. 2 or 2 mho/m was assumed for the prolate spheroid 
calculations, This change would not correct the H- and cross-polarization 
data. The H- and cross-polarization measurements were repeated with the 
animals on their sides and on their stomachs. E-polarization data were also 
repeated with all animals facing forward and all animals facing the side of the 
exposure chamber. Data were taken for 40- and SO-MHz exposures. The 
results show little difference in the two orientations for E-polarization. For 
both H- and cross-polarization, the absorbed power was approximately a 
factor of two higher for animals exposed on the side when compared to on-the
stomach exposures. These results immediately suggested an ellipsoid model 
to be a more appropriate geometry for describing RF power absorption in 
primates. Perturbation analysis was applied to an ellipsoid model for 40 
MHz and the results are shown in Table 4. The ellipsoid model provides 
excellent results when compared to the animal data. 

DISCUSSION 

Several researchers of RF biological effects have pointed out the need 
for experimenters to make accurate records of frequency, field exposure 
levels, and orientation of the test subject exposed to RF fields [6, 7]. It has 
also been shown that scaling factors must be used when comparing biological 
results on small animals with equivalent human exposures. However, very 
few, if any, of the present researchers are able to state the equivalent human 
exposure for biological research using small animals. This research is 
aimed at developing adequate models to predict the absorption of RF power 
in animals and humans. Scaling procedures must be both simple and accurate 
enough to make their use practical. Considerable progress has been made 
from the spherical models, which were first used, to prolate spheroid 
models, which predict orientation effects. The prolate spheroid models seem 
adequate for rodents since cross sections appear to be approximately circular. 
However, for primates, cross sections taken normal to the long axis appear 
approximately elliptical. The results of the measurements obtained in this 
experiment confirm the premise that an ellipsoid model is a superior repre
sentation for primates, These experiments will continue using ellipsoid 
phantoms and models to represent monkey and man. 
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Figure 6. Absorbed power vs. frequency (human phantom). 
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Figure 7. Absorbed power vs. frequency (monkey phantom). 
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Figure 8, Absorbed power vs. frequency (rhesus monkey), 

ELLIPSOID POLARIZATION ABSORBED POWER 
DIMENSIOHS MEASURED 

a = .14 m EKH 847 mW 

b = .094 m EHK 832 mW 

C = .063 m KEH 376 mW 
8 = .092 mho/m HEK 360 mW 

KHE 166 mW 

HKE 162 mW 

Table 4. Live-Monkey Data at 40 MHz 
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CALCULATED 

845 mW 

819 mW 

328 mW 

300 mW 

138 mW 

134 mW 



CONCLUSIONS 

Perturbation analysis was used to successfully predict absorbed power 

in prolate spheroid phantoms and when coupled with an ellipsoid model to 
successfully predict absorbed power in animals. Prolate spheroid theory and 
measurement predict low levels of power absorption for man exposed to HF 
band 10-30 MHz RF fields. For 50 mW/cm2 exposures with cross-polariza
tion, only 12W total absorption is predicted at 30 MHz; at 10 MHz, slightly 
over 1 W total power would be absorbed. Compared to man's basal metabolic 
rate of 80 Wat rest to 600 W for heavy labor, 50 mW /cm2 at frequencies 
below 30 MHz would represent an almost insignificant thermal insult. The 
absorbed power decreases approximately as the frequency squared for all 
phantom as well as monkey exposures. These data indicate the definite need 
for frequency-dependent RF radiation hazard standards. 
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ABSTRACT 

THE NUMERICAL THERMAL SIMULATION OF THE 
HUMAN BODY WHEN ABSORBING NON-IONIZING 

MICROWAVE IRRADIATION--WITH EMPHASIS 
ON THE EFFECT OF DIFFERENT SWEAT 

MODELS 

A. F. Emery, R. E. Short, A. W. Guy, K. K. Kraning 
University of Washington 

Seattle, Washington 98195 
and 

J. C. Lin 
Wayne State University 

Detroit, Michigan 48202 

An understanding of the factors deter
mining the body temperatures when ab-

The human body was modeled by fi- sorbing non-ionizing radiation involves 
nite differences to determine the ther- the study of the different heat path
mal response to the absorption of non- ways within the body and at the body 
ionizing radiation. Three cases were surface. In order for the metabolic 
considered: (a) the energy was deposit-heat produced within the body and the 
ed in the head according to the solution absorbed radiation to be transferred to 
for a conducting sphere; (b) the energy the environment, it must first be trans
was deposited in the body in proportion ferred from the site of production to 
to the tissue mass; (c) the deposition the body surface. This transfer is ac
was according to phantom model and nu- complished by two modes: conduction 
merical results for the standing human. and circulatory convection. 
Short and long time exposures were mod-
eled by permitting the blood flow to The conduction process in the body 
vary according to an effective local me- involves the flow of heat through a 
tabolic production. The substantial body tissue because of a temperature 
differences found by using different gradient. The tissues of the body are 
sweat models, emphasize the need for not particularly good conductors as 
further work in defining the precise na- evidenced by their conductivity values 
ture of sweating and its response to ex- in the range of 0.002 to 0.010 kcal/ 
ternal stimuli. min-m-°C [1]. Owing to the importance 

of this mode of heat transfer within 

INTRODUCTION 

In all homeotherms the delicate re
gulation of the internal body tempera
ture is necessary for life. Man, as all 
homeotherms, is able to tolerate only 
small fluctuations and if the central 
body temperature falls much below 34°C, 
the temperature regulation is impaired, 
while if it rises much above 41°C, the 
central nervous system function deter
iorates and severe convulsions occur. 

the body, accurate values of conducti
vity are needed. 

The forced convection via the blood 
circulation is of prime importance to 
the body. In well perfused tissues, 
heat is transferred from the cells to 
the blood through very small distances. 
Therefore the temperature differences 
need only be of the order of a few hun" 
dreths of a degree and thus the blood 
flow acts to minimize the temperature 
variations in the body. The blood flow 
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also serves an important function in 
controlling the effective body insula
tion through constriction or dilation of 
the cutaneous capillaries, thus increas
ing or decreasing the distance that heat 
must flow through the superficial layer 
to the superficial epidermis. The vaso
motor state of the peripheral vessels, 
which thus regulates the amount of heat 
transferred to or from the environment is 
subject to thermoregulatory control as 
discussed in G of the next section. 

Once the heat is transferred to the 
body surface, it is then lost to the en
vironment by the usual modes of conduc
tion, convection, radiation, passive 
diffusion of water vapor through the 
skin and by respiration losses, none of 
which are subject to thermoregulations. 
In contrast to the passive diffusion, 
sweating or "sensible perspiration" in
volves the active secretion of fluid 
from specialized glands located within 
the skin. These eccrine glands secrete 
in proportion to the stimulus received, 
and as much as a liter per hour may be 
so lost. The quantity of heat lost 
through sweating depends upon the amount 
of sweat secreted and upon the portion 
of the sweat which evaporates into the 
ambient air. Under normal conditions 
convection accounts for 40% of the total 
heat lost, radiation for 45%, conduction 
for 0% and respiration for 8%, passive 

The model was then treated by an analog 
computer. Wissler [3] modelled the 
human body as a number of cylindrical 
elements representing the longitudinal 
segments of the arms, legs, trunk and 
head. Each element had a vascular sys
tem which represented the arteries, 
veins, and capillaries and provided the 
thermal continuity between the segments. 
The system of equations was solved by 
finite differences. Webb [4] described 
a spherical model which consisted of a 
core or rectal compartment, a muscle 
compartment and fat and skin compart
ments. Although this model was extreme
ly simplified, it was found to be ade
quate in predicting the cooling neces
sary in space suits to suppress sweat
ing in exercising astronauts. Stolwijk 
[5] described a more comprehensive fi
nite difference model which accounted 
for the different modes of heat trans-
fer from the body surface to the envir
onment and the regulatory responses of 
vase-constriction, shivering, vase-di
lation and sweating. This model was 
general in the sense that it is rela
tively simple to change the parameters 
to model variations in the body's size 
and build and the environmental condi
tions. Other models of the thermore-
gulatory control system have been pre
sented by Wyndham [6], Smith and James 
[7], and Crosbie [8]. 

diffusion for 7% and sweating for 0%. In contrast to the above models, 
However under some conditions sweating whose purpose was to provide a numeri
becomes the dominant heat loss mechan- cal or analog simulation of local body 
ism. For example when the ambient tern- temperatures and blood flow rates, 
perature exceeds the body surface tern- Fanger [9] has constructed a model of 
perature, convection and radiation trans-the skin surface--ambient environment 
fer heat to the body and sweating be- interaction which characterize the de-
comes the major method of heat removal. gree of human thermal comfort. The 

Different models of human thermo-
regulation have been constructed to ac
count for specific environmental condi
tions with most of these associated with 
attempts to quantify the rate of heat 
lost by sweating. There have been, how
ever, some general models to predict the 
general physiological responses of the 
human body to simulated disturbances. 
Stolwijk and Hardy [2] represented the 
body as three cylinders, corresponding 
to the head, trunk and extremities, with 
each cylinder divided into concentric 
layers to·represent the body tissue. 

thermal-regulatory details are bypassed 
by noting that humans are apparently 
thermally comfortable when their skin 
temperature and sweating are related to 
their metabolic heat production. These 
relationships were obtained by exten
sive testing of many human subjects and 
can be expressed as, 

(Although the use of kcal/min 
<lard in the field, watts will 
to facilitate comparison with 
posited microwave energy). 

(1) 

is stan
be used 
the de-
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Q =O. 42;\ ~'\· - 58) (watts/m2) 
SW 

u 
(2) Taylor's [10] approximate expression 

for the expired humidity, and appro
priate values for the specific heat and 
latent heat of evaporation, the final Using these two relationships, with 
expression is, the equations for surface heat transfer 

presented in the next section, it is pos-
sible to determine the ambient conditions QRes =M{O.oo23 <44 .-P a)+O.OOl4 

which are necessary for comfort when the 
mean radiant temperature, clothing and 
met4bolic rate are specified. The pre

(T -T ) } 
ex a 

(6) 

dictions based upon this model have been Mitchell, Nadel and Stolwijk [11) have 
shown to agree well with test results verified this expression for Qres by 
and are a measure of the validity of the measuring the rate of respiratory water 
models for the surface heat transfer loss of subjects during different 
modes used in the model of this paper. levels of bicycle exercise and over a 

THE THERMA~ MODEL 

The basic thermal model is schema
tically shown in Figure 1, with the gen
eral heat pathways schematically illus
trated in the inset. The word equation 
for the thermal balance is, 

Interni:i.1 

range of environmental conditions. 

B. C9nduction, Convection and Radia
tion to the Air 

In general, the conductive heat 
loss of the body is negligible in terms 
of the total body thermoregulation even 
though conduction may cause some local 
tissue discomfort. The primary heat 
losses are by convection and radiation, 

Rate of Energy Metabolic = storage Production 
Heat 
Conducted 

Convection 
by Blood 

Respiration 
toss 

(3) 

Skin 

Rate of Energy = Storage 
Metabolic 
Production 

Heat + Convection 
Conducted by Blood 

Convection 
to Air 

Radiation 
to Air 

Passive Diffusion_ Sweating 
to Air 

(4) 

In the following paragraphs, the 
details of each of these mechanisms is 
discussed in detail. 

A. Respiration 

The inspired air, because of its 
~~ell time in the lungs, achieves a tem
p~ratur~ equal to the core body tempera
ture and a maximum degree of saturation. 
The respiratory heat loss, Qres• is thus 
composed of the sensible and the latent 
heats of respiration, 

QR =VA(w -w )+V C (T -T) (5) es · ex a p ex a 

where Vis the pulmpnary ventilation 
rate. Using Fanget's [9] estimate of 
the ventilation rate and Mccutchan and 

both of which may be expressed as, 

Q = h A (T - T ) ( 7) 
s s a 

where A is the convective or radiating 
area which varies with body posture, 
and his either the convective coeffic
ient he or the radiative coefficient 
hr. Standard engineering correlations 
are used to determine these coefficients 
under the special conditions that the 
emissivity of the body is essentially 
unity, regardless of the pigmentation, 
and the radiant enclosure is large in 
comparison to the body surface area. 
The convection coefficient for seated 
and standing manikins in a quiescent 
atmosphere is given by Nielsen and 
Pedersen [12) as, 
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h = 2.38 (T -T ) 0•25 
C S a 

(8) E. Conduction Through Tissue 

while for semi-reclining subjects in 
forced convection, Winslow, Gagge and 
Herrington [13] report, 

h • 12.1 /; 
C 

v < 2.6 m/s 

which was substantiated by Colin and 
Houdas [14] for sedentary persons. 

c. Body Area 

This heat flow is expressed as, 

(12) 

where the major obstacle to an accurate 
assessment is in the poor reliability 
of in vivo values of the conductances 
K. Part of the problem lies in the de
termination of the thermal conductivity 
and the other in the inability to dis
tinguish between the conducted heat and 
that convected by the blood. The area in equation (7) and in all 

subsequent expressions will be treated F. 
as a fraction of the Dubois surface area, 

Convected by The Blood 

Anu, The body's skin area can be pre- The blood circulatory system is dieted with reasonable accuracy from the important to the body's thermal well height and weight with the empirical re- being through the transport of core lationship of Dubois and Dubois [15], metabolic heat to the surface for dis-

With a typical stance, the effective 
area is about 80% of the Dubois area, 
although this may vary considerably with 
posture. 

D. Passive Diffusion 

The passive diffusion of water 
vapor through the skin is not subject to 
thermoregulation and should not be con
fused with sweating. Using Fick's law, 

p - p 
s a 

m • R + R (10) 
s air 

where Rs and Rair are the skin and air 
resistance to diffusion. Because the 
epidermis is relatively impermeable to 
water vapor Rs>> Rair and equation (9) 
can be expressed as, 

sipation to the air and because it 
maintains most of the body mass at a 
uniform temperature. The amount of 
heat exchanged between a volume of tis
sue and the blood perfusing it may be 
approximated by, 

. 
Qbl = ~1 Cbl (Tbl-T) (13) 

Equation (13) is based upon the assump
tions that: (a) the blood enters the 
tissue volume at the arterial tempera
ture Tbl (e.g., there is no heat ex
changed with the blood while it is en
route to the vascular bed); (b) after 
perfusing the tissue the blood exits at 
the local tissue temperature T. This 
last assumption, described by Pennes 
[17], Perl [18] and Nevins and Darwish 
[19], is based upon the micron dis
tances in the capillaries and the small 
blood flows involved, and although it 
is counnonly used in biological heat 
transfer simulation, it has never been 
completely experimentally verified [20]. 

(watts) (11) The influence of varying peripher-
al blood circulation is important to the 

where m, the permeability of the skin 
4 

exchange of heat at the body surface. was found by Inouye [16] to be 6.1 x 10- The changes in peripheral vasomotor kg/hr-m2-unnHg. The passive diffusion is states, vaso-constriction and vaso-dilaassumed to occur independently of sweat- tion, are a result of thermoregulatory ing and normally accounts for about 7% mechanisms. Unfortunately, the skin of the total heat loss of a comfortable blood flow has not been well quantified. non-sweating person. Benzinger [21] in his studies of shiver-
ing and sweating reported on vasomotor 
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control, but only in terms of whole body decreases and hepatic temperatures in 
conductances. Stolwijk [5], in his excess of 41°C have been measured due 
model patterned peripheral vasomotor to the decreased liver flow [26]. 
control after sudomotor control, assum
ing a multiplicative interaction between G. 
deep body and skin temperature error 

Sweating 

signals. Wissler [3] presented a graph During environmental conditions of 
showing the rate of increase of forearm high ambient temperatures or humidity 
skin blood flow as a function of increas-or during heavy exercise, the heat lost 
ing skin temperature based upon experi- by convection and radiation may not be 
ments in which the forearm skin tempera- sufficient to maintain the internal 
ture was varied by immersion in a con- body temperatures at safe levels and an 
trolled temperature bath. Unfortunate- evaporative heat loss mechanism must be 
ly the effects of the body core tempera- used. In many mammals this is accom
tures upon the blood flow were not noted.plished by the regulated evaporation of 
Recently Brenglemann [22] has undertaken water from the respiratory tract by 
a systematic study of vasomotor response panting. In man, respiratory heat loss 
by considering both core and peripheral is an accidental feature of pulmonary 
temperatures. Subjects were dressed in gas exchange. Though less efficient 
water perfused suits and the blood flow than panting, man must rely upon the 
rates in the forearm, esophogeal and active regulated secretion of fluid 
rectal temperatures were measured while from specialized glands and its eva
varying the local skin temperature. A poration from the skin surface. 
quantitative formulation [23] was sug
gested, The study of sweating implies also 

the study of the thermosensitive sites 
~-a(T -T )+S(T -33.0)-6(-T )+y (14) within the body from which originate 

ra rao s s 

Tra is the right atrial temperature, 
Trao,is the reference value of Tra, Ts 
and Ts are the skin temperature and 
temperature rate and y is the basal 
forearm blood flow. In general Sando 
were found to be insignificant. In an
other study [24] it was found that exer
cise inhibited the forearm blood flow in 
response to rising internal temperature, 
leading to a reduction of about 30% in 
the coefficient a. 

the afferent signals which are proces-
sed by a central neural integrative 
mechanism to produce graded efferent 
signals which control sweating. The 
existence of thermoreceptors in the 
hypothalmus has been well documented 
and the periphery has been shown to be 
the site for thermoreceptors, although 
the precise nature of its influence is 
still open to question. Simon and 
Irikes [27] were able to show with an
ethetized cats that the spinal cord 
contains both heat and cold sensitive 

As the metabolic rate in active thermoreceptors. Jensen [28 , 29, 30], 
muscle increases so too must the blood using dogs, were able to demonstrate 
flow rate in order to replenish the mus- that the spinal and hypothalamus thermo-

receptors signals were additive and 
cle with oxygen and to carry away the 
excessive metabolic heat. Stolwijk [5] that the hypothalamus and the spinal 
considered muscle blood flow to consist cord could be regarded as equivalent 
of the basal flow plus 1 liter/hour for core temperature sensors. Rawson and 
kcal/hour of heat production. Pirnay Quick [31] have shown the presence of 

thermoreceptors in the walls of the 
[25] suggests a value of 0.82 as deter-
mined for the total metabolic increase. rumen, intestine and possibly the me-

senteric veins of sheep while Downey 
The blood flow through the areas of the 
body excluding the muscle and skin areas [321, Blight [331 and Kappey [34] have 
is assumed to remain at a constant basal inddihcated thfeirbbprietsencedinththe kidney 

an eart o ra s, an e evapora-
level. This is not entirely accurate in i f f th th d 1 

f t ng sur aces o e mou an nasa 
many circumstances, but there is not su - f f h d d Al t 11 

h sur aces o seep an ogs. mos a 
ficient information to quantify t e of these studies have involved animals 
changes. For example during strenuous 
exercise, the blood flow to the gut other than man, and it is unwise to 
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conclusively state that these same sites 
exist in man as well. 

In the studies of human sweating, 
the importance of an internal or core 
temperature has been universally accept
ed. Many have used the hypothalamic t~ 
perature as an adequate representation 
of the core temperature, while others 
have utilized rectal or esophageal tem
peratures assuming that the latter re
presents some averaged response of the 
hypothalamus, spinal cord and other tem
peratures. 

all of the data and experiments which 
incorporated exposures to a wider range 
of environmental conditions led to the 
multiplicative relationship, 

Qsw 
- = 11.6 + 81.4 (T -36.6) 
'\u e 

(T -33.5) watts/m2 
8 

(17) 

This expression is adequate for a se
dentary subject, but does not adequate
ly account for exercise and other phy
siological changes. Equation (15) al-

B f h if i f i lows for a substantial mean skin effect 
ecause O t e un orm ty O nter- while Benzinger, equation (13) suggests 

nal temperatures and thermal response of only a minor role. Colin and Houdas 
different parts of the body, it has been [l4] d th ki t 1 t 
difficult to differentiate between speci- i meadsure 

1 
te s nt, rec ad' ymi-ht 

pan can ora empera ures an we g 
fie core regions. However, considering changes of subjects exposed to abrupt 
the evidence from lower animals, it is ambient air temperature changes. Two 
difficult to justify the hypothalamus as distinct sweating responses were found, 
the only internal site of thermo-sensi- One group had a delay in the onset of 
tivity, although it is the only general- sweating, in the rise of rectal tem-
ly used value in sweating models. perature and no correlation between 
Benzinger [35] proposed the equation, mean skin temperature and the onset of 

Qsw.. 43 (T -T )+f3(T -T )watts/m2 (l5) sweating. The other group had no delay Anu 3 h ho s so in sweating, no correlation between 
rectal temperature and sweating but a 
good correlation between the mean skin 
temperature and the onset of sweating. 
Members of the first group were from 
temperate climates while those of the 
second group were from hot climates. 

where Tho and T80 are the set points for 
the hypothalamic and mean skin tempera
tures. The set points are the tempera
tures which the thermoregulatory mech
anism attempts to maintain and it is not 
unconunon for investigators to assume 
that the set point is a variable tempera
ture which depends on a number of phy- of 
siological conditions. Benzinger, 

Hannnel [38, 39] uses the approach 
an adjustable set point, 

through tests on several subjects sug
_g_ested that 8 = 2 wattsLm2-°C for 
T8 < 33 °C and• 0 for Ts> 33 °C. 
According to this, the mean skin tem
perature is a slight inhibiting effect 
for T < 33 °C and ineffective for T > 
33 °C, thus the sweat drive is almost 
entirely a function of central body tem
perature. Because of this, many workers 
have questioned his results. Stolwijk 
and Hardy [36, 37] tested subjects for 
thermal transients and recommended, 

Qsw '\u • 5.8 + 93 (Te-37,18) 

+ 18 (T -33.0) watts/m2 
8 

(16) 

where Te is the tympanic temperature. 
This additive relationship could not fit 

where 

T set 
= 

= f (T ' T ' T ' T ' s s r r 

exercise, ARAS activity, 
fever, emotional stress, 
etc.). 

(18) 

(19) 

but no attempt has been made to quanti
fy this relationship. Beaumont and 
Bullard [40] noted that the onset of 
sweating is closely associated with an 
onset of exercise and takes place before 
skin or hypothalamus temperature has 
changed. It appears that exercise may 
activate thermoreceptors in the muscle, 
or possibly that the motor impulses may 
also activate the sweating centers. To 
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relate the muscle work to sweating, centrally and expressed this in the 

Stolwijk and Hardy [2] modified equation form, 
(15) to, 

QSW 
~u• 79(Th-36.6)(Ts-34.1) + 

+ 233(Tm-35.88)(Th-36.6) 

watts/m2 (20) 

There is no assumption about the pre
sence of thermoreceptors in the muscle, 
rather the mean muscle temperature is 
simply an indicator of the influence of 
exercise on sweating. Stolwijk, Saltin 
and Gagge [41, 42] performed steady 
state exercise experiments and sampled 
the quadricep muscle temperature. They 
proposed, 

Qsw 
~ • 132.6(Tr-36.6)+ 19.8 

(Ts-33.3) watts/m2 (21) 

in which the rectal temperature is used 
instead of the muscle temperature since 
a high degree of correlation existed be
tween them. Later they evaluated the 
effects of various levels of exercise 
and the transient effects. Some of 
these findings differed with those of 
Beaumont and Bullard, although the con
ditions were not quite the same. At any 
rate, no linear combination of tempera
tures could be found to characterize 
sweating both during or after exercise. 

Probably the most detailed work is 
that of Nadel, Bullard and Stolwijk [43] 
who considered the effects of local and 
time derivitive effects. They proposed, 

QSW 
- • [ (T -T )+ (T -T ) ] 
~u es eso s so 

(T -r > /o s so 
e (22) 

The bracketed term represents the aver
aging effect of the esophageal and mean 
skin temperatures, while the exponential 
term accounts for the effect of local 
skin temperature variations. Banarjee 
et al., [44] had established the impor
tance of the rate of change of the skin 
temperature and this study confirmed it. 
They concluded that t was mediated 

s 

Q 
:_ = ¢iµE[a(T -T )+s(T -T ) 
--uu es eso s so 

(T -r )/o 
+ Y (T -r ) ] e s so 

S 0 

- leakage (23) 

The leakage term represents the sweat 
which is reabsorbed. £, ¢ and iµ were 
incorporated to account for local var
iations of sweating, degree of skin 
wettedness and the subjects acclimation 
to exercise respectively. Nadel et al., 
[45] estimated that 1/J ranged from 1 to 
3, for a well acclimated individual and 
in another study [46] determined that¢ 
ranged from 0.2 for an extremely wet 
situation to 1.0 in a dry situation. 
At this time only the chest [47] and 
arm [45] local sweat rates have been 
quantified. They also presented two 
simple expressions which could be used 
in describing the whole body evapora
tion. For thermal equilibrium, 

Qsw 
A_ = {229(T -36.7)+26.7 
--uu es 

ET -34 
s 

(Ts-34)}e lO watts/m2 (24) 

and for exercise, 

Qsw 
A_ = {128.l(T -36.4)+9.0 
--u es 

u ET -34 
s 

(Ts-34)}e lO watts/m2 (25) 

All of the above sweat expressions pre
dict the rate of evaporative heat loss 
by assuming that all of the sweat se
creted will evaporate. Using Ficks law 
the heat transfer-mass diffusion analo
gy leads to a maximum evaporative heat 
loss of, [48, 49, 50], 

O = 2.14 h A (P -P) 
-max cs s a (26) 

Sweating in excess of this amount is 
evidenced as liquid secretion and has 
no influence on the thermal state of 
the person. 
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NUMERICAL ALGORITHIM 

The numerical algorithim predicts 
the temperatures of different areas of 
the body in response to specific stimu
li in the form of surface or volume ir
radiation, ambient temperature, air 
speed variation, metabolic rates, or any 
combination thereof. The model does not 
include shivering so that the air tem
perature must be in excess of 28°C for 
a nude subject in still air, although 
lower temperatures are permissible if 

Si(T)=aSilT (T~-T0 )+(1-a)SijT 

0 0 

(Tn+l_T) (29) 
i 0 

to permit a more accurate evaluation of 
the temperatures and where T represents 
the different temperatures in the 
sweating equation. 

the metabolic rate is higher. The body CHANGES IN AMBIENT TEMPERATURE 
is assumed to be divided into 10 seg-
ments representing the head trunk, arms, The set of equations (25~27) were 
hands and legs following the work of first solved under the assumption that 
Stolwijk [5]. Each segment is further the blood flow rate was basal and no 
divided into a core region, muscle layer,sweating. The environmental conditions 
fat layer and skin. A connnon blood were consistent with Fanger's [9] ther-
supply links the segments. Fan [51) mal confort conditions for a nude se-
gives a current survey of several mathe- dentary individual. Table I lists the 
matical models of the human system. The computed temperatures and some typical 
finite difference form of the differen- measured values. When comparing the 
tial equation for a region i is values, certain points must be kept in 

mind. 

(27) 

where Mis the metabolic heat production, Actual body temperatures corres-
R is the volume irradiation and S repre- ponding to the computed values are im
sents all the surface heat flux, namely: possible to measure in-vivo and skin 
diffusion, convection, radiation and temperatures are easily measured but 
sweating, and if appropriate, the res- are the most variable and least impor-
piratory loss. Based on the work of tant in their influence on the health 
Stolwijk [5] and Stolwijk and Hardy [2), and well being of the individual. The 
one-half of the respiratory heat loss normal oral temperature of a resting 
was assigned to the trunk and one-half person is connnonly taken as 36.7°--a 
to the head core areas. The terms de- value often chosen as the hypothalmic 
noted by Tildes represent time averages, set point. This compares well with the 

0 < a < 1 
computed head core temperature of 

(28) 36.8°C. Rectal temperatures under the 
same conditions is 37.0°C while the 
computed values is 36.9°C. The slight 

Letting a c 1 gives an explicit algori- depression is due to our consideration 
thim which is subject to time step limi-
t ti hil 1 f O 5 i ld 

of the trunk as one mass and since the a ons, w e va ues o a< • ye 
i li it h ith - bili upper trunk is largely lung tissue and an mp c sc eme w no sta tyre- b 

ti ti Th bl d fl d i su ject to a greater heat loss than the 
s r c ons. e 00 ow an sweat ng lower trunk, the average can be expect-
terms, which are functions of tempera- ed to be lower than that of the lower 
ture, were expressed in the Taylor 
series, trunk. The mean skin temperature was 

computed to be 33.8°C which is in the 
range of 33.0 to 34.0°C generally ac

* The regions i+l and i-1 represent thecepted as the mean skin set point. 
regions which are thermally connected 
to the region i. 
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TABLE I. RESTING MAN IN AN ENVIRONMENT 

Core 
Head 36.76°C 

Normal Hypothalamic 36.7 

Trunk 36.85 
Normal Rectal 37.0 

Arms 35.92 

Hands 34.33 

Legs 36.67 

Feet 34.26 

Blood 36.67 

Figures 2 and 3 and Table II dis
play the results obtained for a step 
change in ambient temperature using the 
sweat equation (22). Whereas the skin 
temperature decreases during exercise 
because the rise in core temperatures 
intensifies the sweating, the skin tem
peratures rise due to external heating. 
Shortly after the initial rise, sweating 
begins and the skin temperatures fall. 
Only in the 37°C case is thermal equili
brium achieved after 90 minutes. 

Houdas [52] conducted a study of 
resting subjects exposed to changes in 
ambient temperature and his results are 
compared to the computed values in Table 
II. 

OF 28°C, 50% r.h. 

Muscle Fat Skin 
35.82 35.27 34.93 

37.12 34.58 33.25 

35.52 34.31 34.o-

34.25 34.18 34.07 

36.25 34.57 34.05 

34.17 34.12 34.04 

Mean Skin 33.80 
Normal Skin 33-34 

skin and rectal temperatures in estab
lishing an effective body temperature. 
Because the experiment only considered 
a reduction in ambient temperature, it 
is not clear that their calculated pro
portions would be valid for increased 
ambient temperatures or energy deposi
tion. 

The most important conclusion to be 
drawn from these calculations is that 
there is no significant difference be
tween the additive, multiplicative or 
exponential sweat rate equations for 
external heating of the body, although 
each equation is sensitive to the coef
ficients used (e.g., eqs. 13 and 14). 

TABLE II. MEASURED AND COMPUTED TEMPERATURES 90 MINUTES AFTER A STEP CHANGE IN 
AMBIENT TEMPERATURE 

Ambient T T T r s r 
Tem12erature Houdas [52] Eg. 22 
37°c 37.05 36.3 37.10 
40°c 37.20 36.4 37.23 
45°c 37.45 36.7 37.45 

The computed core temperatures are 
in good agreement but the skin tempera-

T T T T T s r s r s 
Eg. H Eg. 12 

34.62 37.37 35.33 37.21 34.81 
34.95 37.62 35.67 37.38 35.09 
35.34 37.95 36.36 37.68 35.77 

EFFECTS OF EXERCISE 

·tures are significantly lower. This Using the temperatures of Table I 
latter comparison is less important, as the set point values, a series of 
since it is the internal temperature numerical tests were made for different 
which determines the thermal well being levels of metabolism, using several 
of the person. Roemer and Horvath [53] sweat rate equations. Both transient 
used experimental data of skin blood and steady state temperatures were ob
flow, metabolism and arterial blood flow tained. Table III lists some tempera
in conjunction with a closed form solu- tures for the sweat equations used. 
tion to estimate the importance of the 
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TABLE III. METABOLIC LEVEL OF 407 watts/m2 (350 kcal/m2-hr) 

Sweat Rate 
QSW 

Head 
Eg,uation {watts) Core 
Eq. 13 434 38.08°C 
Eq. 14 547 40.81°C 
Eq. 15 544 41. 89°c 
Eq. 18 475 38.63°C 
Eq. 19 493 39.15°C 
Eq. 23 467 39.59°c 

Figures 4 through 6 illustrate the 
variation of temperature and total heat 
loss during exercise. As would be ex-

Leg Leg Mean 
Muscle Fat Skin 
38.54 30.04 28.45 
41.63 34.46 32.29 
42.78 36.52 34.11 
39.19 33.83 31.66 
39.75 32.76 30.65 
40.24 33.84 31. 71 

NON-IONIZING MICROWAVE ABSORPTION IN 
THE BODY 

pected, the core temperatures increase The basic microwave problem was 
with time and metabolic activity. Ex- taken to be the absorption of a plane 
cept for the highest metabolic rate, the non-ionizing electromagnetic wave which 
skin temperature experiences a progres- deposited either 10 watts in the head 
sive decrease with increasing activity. or 100 watts in the body. This corres-
At 435 kcal/hr-m2 (506 watts/m2), the ponds to R. F. power density levels of 
mean skin temperature exhibits only a 120 mw/cm2 at 100 MHz or 590 mw/cm2 at 
slight decrease and this begins to in- at 20 MHz as shown by the electromag
crease after 25 minutes. At this level netic solution [56] for the body, or 
of activity, most of the skin surface is 1000 mw/cm2 at 100 MHz for the head. 
sweating at the maximum allowable level Johnson and Guy [57] give an excellent 
which is insufficient to adequately cool review of the basic electromagnetic 
the body. The dashed lines on Figure 6 wave effects in biological materials 
indicate the condition of thermal equili-and reference [58] reviews the current 
brium and at 90 minutes the transient safety standards associated with non-
heat loss is within 4% of the steady ionizing microwave radiation. Figure 7 
state values. This is consistent with shows the results using the additive 
most researchers feeling that approxi- sweat equation when the power is depos
mately 90 minutes is necessary for ther- ited entirely in one type of tissue. 
mal equilibrium after a step change in When the power is deposited into the 
activity or environmental conditions. brain (the head core tissue), there is 
The head core temperatures shown on a small rise in core temperature since 
Figure 4 indicate that a level of 407 it is well protected by the perfusing 
watts/m2 (350 kcal/hr-m2) is the maximum blood, but a significant fall in the 
steady output realizable in man. At surrounding tissue temperatures because 
this level the equilibrium temperature of the sweating caused by the hypothal
of 39.5°C is almost equal to that at amic temperature rise. When the energy 
which hyperthermia and a deterioration is deposited in the other tissues, the 
of central nervous system begins. Ac- lack of a rise in the hypothalamic tern-
cording to Brown [54], a level of 407 peratures, again caused by the high 
watts/m2 is the maximum for a person in rate of perfusing blood, inhibits 
good physical condition. At a metabolic sweating, with the result that the 
state of 506 watts/m2 (435 kcal/hr-m2) other tissue temperatures must rise 
dangerously high head core temperatures considerably to transfer the heat. 
result after 30 minutes. Saltin [55] 
observed peak muscle temperatures of 
40°C at exhaustion, which according to 
Figure 2 would occur near 20 minutes at 
506 watts/m2 but not until 60 minutes at 
407 watts/m2. 

After obtaining a basic feeling 
for the effects of energy deposited se
lectively within the body, it is neces
sary to estimate the precise nature of 
the electromagnetic deposition. 

In order to quantify the power de--
position from an electromagnetic field 
and the internal distribution as a 
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kR 2 
(2 ) (cos2¢+cos 26sin2¢)] (31) 

function of frequency and tissue layers, 
·and in the absence of a solution appli
cable to the human shape, two spherical 
models were chosen to model man: a 
homogeneous mass of muscle tissue, and 
multi-layered sphere whose core of mus
cle tissue is surrounded by two concen
tric layers of fat (or low loss dielec- which indicates that the power absorp-
tric) and skin. tion will be greatest at the leading 

edge of the sphere and along the x and 
For a plane wave linearly polarized z-axis, the absorbed power is propor-

tional to x2 and z2 since for the body in the x-direction and propagating along I 
the positive z-direction, the exact Mie kz/ 2, kx/ 2 >> 3/IN

2 
• The effect of 

formulation adapted for the multi-layer- skin and fat on absorption of E.M. 
ed situation was used for calculating fields by the conceptual human body was 
the absorbed power densities and their investigated by using 20 and 27.12 MHz 
spatial distributions. The complex di- radiation for a O.OOlm-thick layer of 
electric constants£= El+ i£2 appro- skin and a 0.005m-thick layer of sub
priate for biologic tissues are iven in cutaneous fat. The maximum absorption 
Reference for the frequenciesgconsi- which occurs at the surface is greatly 
dered. icreased while the average absorption 

For a spherical 70 kg man, the 
sphere radius of the body is approxi
mately 0.25m and of the brain is 0.07m 
and in the range of frequencies consi
dered the Bessel Series solution can be 
simplified to, 

is decreased in comparison with the 
homogeneous case. Skin and fat have 
very little effect on the absorption 
pattern in the muscle. 

In another study, the layer of fat 
was replaced by a layer of low dielec
tric and loss tangent material of the 

E = E 
0 

-iwt 3 A kR A A e [W Xi z (COS¢ 6 - COS 6 sin¢¢)] (30) 

Quasi-Static 
Electric Term 

Quasi-Static 
Magnetic Term 

This simplified solution is within 10% 
of the exact solution for frequencies 
less than 20 MHz for the body and 100 
MHz for the head. 

Notice that the electric solution 
is polarized along the x-axis as is the 
incident wave E field. The field is 
uniform and identical to the electro
static solution for a dielectric sphere. 
Thus, in a spherical model of man, a 
surface polarization is set up which 
generates a uniform field. The magnetic 
solution is much different in form and 
an order of magnitude greater in ampli
tude than the electric solution. From 
Maxwell's equations, time-varying H re
quires a circulating time-varying E 
field, just as the solution predicts, 
The time average power density inside a 
homogeneous sphere due to the above el
ectric field can be expressed as, 

same thickness. This produces a higher 
concentration of absorption at the sur
face due to the presence of the high 
loss layer in the severe standing wave 
field at the outside surface of the low 
loss layer. 

The effect of tissue membranes has 
been investigated by placing a thin 
shell (l0-6m-thick) of low dielectric 
and loss tangent material at various 
positions inside the sphere. Aside 
from the local absorption minima, the 
dielectric produces no change in the 
maximum absorbed power, average absorb
ed power, nor in the spatial distribu
tion of absorbed power. This is not 
surprising, since the electromagnetic 
field in the spherical model of man is 
predominantly circular and does not cut 
across the dielectric membrane in this 
model. 
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For frequencies below 100 MHz and examined using the tissue mass distri-
20 MHz the absorption in the head and bution. Figure 8 illustrates the mean 
body respectively, behave as the square head and body temperature rises. Al
of the frequency, and in general the thoµgh the deposition per tissue mass 
head absorption is an order of magnitude is approximately the same for head or 
smaller than the corresponding absorp- body deposition, the results are signi
tion for the whole body model. The dis- ficantly different because the head de
tributions of the absorbed power density position is mitigated by cooling of 
inside the brain is similar to that of perfusing blood in the body with its 
the whole body. The only difference is large sweating surface while the body 
that in this case the ratio of the ab- deposition has only the small unheated 
sorption by the leading surface is much head surface for cooling. Both of 
higher than that at the trailing surface.these effects are associated with the 
This results from the change in relative non-linear sweat interaction with var
magnitude and phase between the electric ious body temperatures. 
fields induced in the sphere by the in-
cident electric and magnetic fields. For an incident plane wave, pro-

pagating in the z-direction with an 
Based on these observations, it is electric field polarized in the x-dir-

safe to assume that the maximum human ection, the electromagnetic field equa-
exposure to E. M. field can be estimated tions (31) show that there is no de
from the whole body model and there is position along the y-axis and almost 
no selective absorption by the head it- equal deposition along the x- and z
self. When the total energy deposited axes. Along the x- and z-axes a maxi
in the head is distributed according to mum deposition occurs in the skin and 
the electromagnetic field equation (31), decreases to near zero at the center of 
the resulting temperatures are closer the head with a majority of the deposi
to the case of brain (core) deposition, tion occurring in the muscle. To ac
than to any of the other cases or to any count for this strong spatial variation 
weighted mean temperature of the four (maximum/average deposition a 3) the 
individual cases. This points out the head was modeled by 49 tissue elements 
need for treating each deposition prob- rather than the 4 previously used and 
lem individually. The high hypothalamic the resulting temperatures were weight
temperatures associated with either the ed to give the mean tissue values. 
core or the distributed depositions re- From Figure 7, the simple 4 element 
sult in considerable sweating and a de- model is seen to compare very well with 
pression of all but the core body tern- 49 element head, suggesting that the 
peratures as indicated on Figure 7. The effect of the high blood perfusion rate 
10 watt input to the head, about 2 watts/in the head ameliorates the strong var
kg, corresponds to 133 watts deposition iation of energy deposition. 
to the rest of the body. However, an 
input of only 100 watts to the body core It was previously noted that the 
or muscle creates a very elevated brain body thermal responses to exercise and 
temperature rise, far in excess of that to a change in ambient temperature were 
caused by the 10 watts to the head. slightly influenced by the form of the 
Furthermore, differently than in the sweat equation used (see Figure 4 and 
head core deposition, it was found that Table III) but there was no overriding 
deposition in the body core causes al- preference for any special sweat model. 
most equal temperature rises in both the Figure 9 illustrates the effect of us
body and the head core. No electromag- ing Nadel's sweat model (equation 22) 
netic field solutions are available for for electromagnetic deposition in the 
deposition in the head-body configura• .head and it is readily apparent that the 
tion, but since the deposition distribu- use of the two sweat models is not at 
tion in the head, according to the elec- all comparable and the difference points 
tromagnetic field equations was not sig- up the need for more exactly defined 
nificantly different from a distribution sweat models. 
according to the tissue mass, the case 
of 100 watts deposited in the body was 
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The deposition of 100 watts to the 
body is approximately equivalent to ex
tra energy of exercise associated with 
the total metabolic rate of 116 watts/ 
m2 , although in the latter case the ad
ditional heat is almost totally confined 
to the muscle, the temperatures listed 
in Table IV were found. 

TABLE IV. 

effect is a redistribution of the blood 
flow with the result that the hypothala
mic temperature actually increased by 
0.08°C for Eq. (15), 0.002 for Eq. (22) 
and 0.220 for Eq. (23). The last figure 
is associated with a change from a 
sweat rate based upon a sedentary per
son to one based on an exercising per
son. Thus the redistribution aggra
vates rather than ameliorates the prob
lem. 

100 Watts Exercise Figure 11 illustrates the tempera--------==---=::.:.;=-___ _;;;,;._ ___ ture rises observed for 100 watts de-
Head Core 

Skin 
Body Muscle 

Skin 

~T-.l50C •36 posited according to the experimental 
-.1 -l.l data of Guy et al., [59] and Gandhi 

!b5 
:~~9 et al., [60]. 

Although there are some differences, 
the general agreement is good. The 
basic difference between the two calcu
lations is that in exercise the total 
blood flow increases in proportion to 
the rate of exercise and thus the hypo
thalamus is aware of the increased mus
cle temperature and initiates sweating 
whereas the blood flow during deposition 
is assumed to vary only in the skin tis-
sue. 

CONCLUSIONS 

The numerical simulation of the 
human body to thermal response to exer
cise or to changes in ambient condi
tions was computed using different 
sweat rate models and all were found to 
be satisfactory. However, when these 
different models were applied to the 
case of deposited electromagnetic en
ergy, very different thermal results 
were obtained. These disparate results 
emphasize the need for more accurate 

It is speculated that for long time sweat rate models if numerical simula-
irradiation, the effect of the elevated tions of humans are to be made. Calcu
tissue temperature on the blood flow is lations made assuming that the blood 
comparable to that produced by increased flow can adjust to the apparent local 
metabolic rates. Using this assumption, metabolic rate suggests that such ad
it is possible to estimate a revised justments will increase the central 
blood flow distribution in the muscle, core temperatures, thus aggravating 
but because of the lack of a tissue tern- the problems associated with the absorp
perature-perfusion relationship for the tion of non-ionizing radiation. 
other tissues, a complete redistribution 
is not possible. 

Figure 10 indicates the results ob-
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ABSTRACT 

NUMERICAL STUDY OF ELECTROMAGNETIC POWER DEPOSITION 
IN BIOLOGICAL TISSUE BODIES 

P.W. Barber 
Department of Bioengineering 

University of Utah 
Salt Lake City, Utah 84112 

The Extended Boundary Condition Method (EBCM) has been used to numerically 
determine the power absorption characteristics of prolate spheroid muscle tis
sue models of man and animals. It is found that the upper frequency limit of 
the calculations for a particular model is determined by the behavior of the 
solution matrix which becomes ill-conditioned at high frequencies. Neverthe
less, it is possible to make power absorption calculations to beyond the first 
resonance for the rat, monkey and man models considered. 

INTRODUCTION 

A new matrix formulation for treating a class of electromagnetic boundary 
value problems has recently been developed by Waterman [l]. This method, which 
could be classified as an integral equation approach, is called the Extended 
Boundary Condition Method (EBCM). The technique is exact within the limits of 
numerical computation capabilities and provides a general formulation for deter
mining the scattering and absorption characteristics of dielectric and conduct
ing obstacles of arbitrary size and shape. The development of the EBCM for 
application to dielectric scattering problems has previously been reported [2]. 
The present analysis begins with the theoretical development of the EBCM as it 
applies to power absorption by lossy dielectric objects (in this case muscle 
tissue models of man and experimental animals). This is followed by a discus
sion of the important considerations concerned with the numerical solution of 
the theoretical equations. Then we give computed power absorption results for 
muscle tissue prolate spheroid models of the rat, monkey, and man. 

The overall goal is to determine the internal field when an arbitrary di
electric body is illuminated by a plane electromagnetic wave as shown in Fig. 1. 
Once the internal field is known, then calculation of the power absorption is 
straightforward. The dielectric body, assumed homogeneous and isotropic, is 
characterized by the constitutive parametersµ, E whereµ is the permeability 
and Eis the permittivity of the dielectric material. The surrounding medium 
is considered to be free space with parameters µ0 , E0 • 

The problem is illustrated schematically in Fig. 2. We call this the 
original problem to distinguish it from the special problem which we will later 
construct to aid in the solution. The total field everywhere is given by the. 
sum of the incident field and the scattered field, where the incident field E1 , 
Hi is the field present in the absence of the scatterer and the scattered field 
Es, Hs is given by the difference between the field with the object present 
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Figure 2. The complete electromagnetic problem. 
Ji and Mi are the sources of the incident field. 
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(E, H) and the incident field, that is, 

Es= E - Ei, Hs = H - Hi 

This scattered field can be thought of as the field produced by polarization 
currents within the object. 

(1) 

The goal of the theoretical development is to find a solution for the 
total internal field in terms of the incident field and the physical character
istics of the object. This is accomplished by an application of the equiva
lence theorem, which is used to construct a problem which is identical to the 
original problem, but only in the region outside the bounding surface of the 
dielectric object. This problem is analyzed and an expression for the scat
tered field in terms of surface currents located coincident with the surface of 
the object is determined. Subsequent analysis uses the boundary conditions at 
the surface to relate the surface currents of this special problem (called the 
external problem) to the tangential surface fields in the original problem. 
Ultimately we find an expression for the internal field in terms of the inci
dent field. All of the equations are put in a form suitable for numerical so
lution by expansion of the various field quantities in vector spherical wave 
functions. 

Application of the Equivalence Principle 

Let a closed surface S separate an isotropic homogeneous medium into two 
regions as shown in Fig. 3a. All the sources are contained within S so that 
the region outside Sis source-free. Schelkunoff's equivalence theorem [3] 
states that the field in a source-free region bounded by a surface S could be 
produced by a distribution of electric and magnetic currents of this surface 
and, in this sense, the actual source distribution can be replaced by an equiv
alent distribution. Furthermore, if the field produced by the original source 
is Es ' Hs, then t~e eguivalent sources on S consist of an electr!c cu!rent 
sheet of density n x Hs and a magnetic current sheet of density Es x n, where 
the normal n points from the region containing the sources to the source-free 
region. The application of Schelkunoff's equivalence theorem is shown in Fig, 
3b. Note that the boundary conditions at S indicate that the surface currents 
produce a null field within S, 

We relate the situation shown in Fig. 3 to the scattered field portion of 
our problem by identifying J and Min Fig. 3a as polarization currents within 
S (which have been induced by an incident field), which radiate .in free space 
to produce the scattered field Es, Hs. In Fig. 3b, these polarization currents 
have been replaced by equivalent surface currents which radiate the scattered 
field external to Sand a null field inside S, 

Now we go through some additional transformations to construct an electro
magnetic field configuration similar to that which exists in the original prob
lem, 

Consider the situation depicted in Fig. 4a. Here we.have.a set of sources - - -1 -1 -Ji, -Mi radiating in free space and producing a field -E, -H. The equiva-
lence theorem can be applied as shown in Fig. 4b so that the sources outside S 
cao be replaced by equivalent surface currents on S, which radiate the fields 
-E1

, -H1 within Sand a null field outside S. Relative to the original problem, 
we identify these fields as the negative of the incident field, 

We now apply superposition and add together the sources and fields from 
Figs, 3b and 4b, obtaining the situation shown in Fig. 5a, Here we end up with 
a set of surface currents which radiate the scattered field external to Sand 
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Figure 3. Application of the equivalence theorem to the scattered field sources. 
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the negative of the incident field internal to S, If w1 now add to Fig, Sa a 
set of sources ji, Mi producins an inEident field Ei, H, we obtain the con
figuration shown in Fig, Sb, E+ and H+ are the values of the external E, H 
fields at the surface, It can be seen that external to the surface S, the 
sources and fields are exactly the same as those existing in the original prob
lem and we have replaced the dielectric object by a set of surface currents 
over a surface S, Furthermore, these surface currents radiate in unbounded 
free space to produce the scattered field outside Sand the negative of the 
incident field inside S, It should be emphasized that by using the equivalence 
theorem, we have created a problem which, while related to the original problem, 
is only a portion of the total problem and is merely an artifice which is use
ful in solving the original problem, 

The External Problem 

This part of the problem is called the external problem, because the fields 
external to Sare the same as in the original problem, Referring to Fig, Sb, 
the entire region is unbounded and therefore the scattered fields everywhere 
due to j+ and M+ can be determined from the vector potentials A and F [4]. 

where 

and 

Es• -V x F - -1- (V x V x A) jWE
0 

HS. V X A - ...l__ (V XV X F) 
jwµo 

- jklr-r'I 
- 1.1sJ+e 
A•- -------

4Tr s lr-r'I 

- 1£ F • -4Tr S 

jklr - r'I M+ e 
------- dS, M+ - E+ X ii 

Ir - r' I 

(2a) 

(2b) 

(3a) 

(3b) 

r' and rare position vectors from an interior origin to source and field 
points, respectively, and an e-jwt time variation has been assumed, The ix
pression for the scattered electric field can be obtained by substituting (3a) 
and (3b) into (2a) 

Es(r) - V xis (n X E+)g(kR) dS 

- v x v x r -j 
1 <ii x H +) g (kR) ds Jg WEO 

ejkR 
where g(kR) is the free space Green's function 4~R 

R • I r - r' I and k .. 2
~ 

The expression for the total field is given by 

E(r) 
0 
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v x v x r -j 
1 <ri x ii+) g (kR) ds ; r JS WEO 

~ outside S 
~ inside S 

(5) 

It can be seen that for r inside S, (5) partially determines the surface cur
rents because of the requirement that the scattered field must cancel the in
cident field throughout the interior volume as previously indicated, i,e,, for 
r inside S, 

v x fs <ri x '.E+)g(kR) ds 

- V X V xfs ~ (n X ii+)g(kR) dS = 
JWE:

0 

-i --E (r) (6) 

This equation can be expanded by making use of spherical vector harmonics 
Mand N which have been defined by Stratton [5], Using these spherical vector 
harmonics, the incident field is given by 

where Vis a combined index incorporating the spherical harmonic indices a, m, 
and n, Dv is a normalization constant and the expansion coefficients av and 
bv are known for a specified incident field, The terms in the integrals of (6) 
are expanded as follows: 

where G(kR) is the expansion of the free space Green's dyadic in terms of Mand 
N [6]. 

i.e., 

Equation (6) is required to hold throughout the entire interior volume, 
ejkR 

for all r inside S, but g(kR) = 4TIR has a singularity at R = O, i,e,, 

for r = r', Therefore, an expansion about an origin in the enclosed volume is 
valid only within an inscribed sphere and outside a circumscribed sphere, For 
the moment, restrict the field point r to lie within the inscribed sphere, 
Substituting (7) and (8) into (6) gives the following set of equations for the 
surface currents in terms of the incident field coefficients, 

J;2 f. [·~ {k;:') • (ii x ii+) + J(~: f 2 

ii~ (k;:') • (ll x ii+)] dS • -a,, (9a) 

(9b) 

where V = 1, 2 , 3, • , , , 
Note that the substitution into (6) has resulted in two sets of equations, The 
reason for this is that the coefficient of each regular wave function (Mor N) 
must vanish separately due to the orthogonality of the functions over a spher
ical surface about the origin, 

The solution of (9) guarantees that the total field will be zero within 
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the inscribed sphere, but we need to guarantee a null field throughout the en
tire interior volume. As sho~n by Waterman [l], this can be accomplished by 
using the concept of analytic continuation. Therefore, the solution of (9) 
which guarantees zero total field within the inscribed sphere, is sufficient to 
guarantee that the total field is zero within the entire enclosed volume. 

The Internal Problem 

Returning now to the original problem which we set out to solve, assume 
that the field inside the dielectric region can be approximated by 

N 
E(k'r) = ~ 

µ=1 
(10a) 

whereµ incorporates the indices cr, m, n, a~d c and dµ are unknown coeffi
cients. k' = w(µe)l/2 = (µrEr)l/2 k. The H fihlld internal to Sis given by 

H(k'r) = j!µ cv x E(k'r)) 

(10b) 

Application of the Boundary Conditions at the Surface 

The boundary conditions at the surface require that the tangential compo
nents of the fields be continuous, i.e., the surface tangential fields (surface 
currents) which are the source of the scattered field in the external problem 
must be equal to the tangential component of the internal fields evaluated at 
the surface. Therefore, 

and 

nxH =nxH + (lla) 

(llb) 

The plus (+) sign and minus (-) sign subscripts on the surface fields 
indicate that these fields are the external and internal fields, respectively, 
evaluated at the surface. From (10), the tangential components of the internal 
fields evaluated at the surface are 

(12a) 

n X H 
1/2 

f re nxN1(k'r')+d nxM1(k'r')](l2b) 
µ=1 L µ µ µ µ 

Now due to the equality of the tangential surface fields in (11), (12) can now 
be substituted into the first 2N of (9), giving the system of equations, 
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where 

V = l, 2, , , , , N 

[r +(:J
2 

1] cµ + [J +(:: )"
2 

K] dµ • -jb" 

k2 
I= -

TI 

k2 
J = -

TI 

k2 
K = -

TI 

r;. M3(kr') x M1 (k'r') ds 
JS V µ 

/s;. M~(kr') x Nt<k'r') ds 

fs;. N~(kr') x Mt<k'r') ds 

fs;. N~(kr') x Nt<k'r') ds 

(13a) 

(13b) 

These are a set of simultaneous linear equations which give the expansion co
efficients of the internal field in terms of the known expansion coefficients 
of the incident field. 

Evaluation of the Absorbed Power Density 

Equations (13) can be solved for the coefficients cy and dµ, These can 
then be substituted into (10a) to find the electric field at any internal point, 
The resulting volume power at a particular internal point is given by: 

·1 - -* 1 IE 12 PD= 2 cr E • E = 2 cr 

Numerical Solution Considerations 

(14) 

There are essentially three major operations to perform to find the in
ternal power dissipation, 

1. The coeffici.en,t .. JD.atru ·-of-.{13} ,.lRU!lt:.be:.Qalculatea, Each of. the K-L-1-J 

terms is a two-dimensional integral which is evaluated over the surface of the 
object, The integral is evaluated numerically using a Bode quadrature tech
nique, 

2, The next step is to invert the coefficient matrix and multiply by the in
cident field coefficients, Any of a number of inversion and/or solution algo
rithms can be used, The one used here is the Gauss-Jordon algorithm, 

3, After the internal field coefficients have been determined, it is neces
sary to use (10a) and (14) to find the power density, 

The method of numerical solution for a particular scattering problem con
sists of choosing a value for N (n is a combined index incorporating cr, m, and 
n), solving the set of equations for the internal power absorption, then re
peating the calculation for successively larger N values until the final result 
(the internal power absorption) converges to a specified accuracy, The max-
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imum value of N required for a given problem is dependent on the shape (devia
tion from a sphere), size, and dielectric constant. Small spheres with a di
electric constant near unity require small values of N, while a large cylinder 
with relatively high index of refraction would require a much larger N value 
for solution. 

Convergence takes place over two separate variables, the first being the 
number of integration sections which are required to obtain an accurate numer
ical surface integration in the K-1-I-J integrals and the second being the ma
trix size Nor the number of expansion terms required to represent the internal 
field. For axisymmetric bodies like the prolate spheroid models considered 
here, a major simplification can be made to (13). For axisymmetric objects, 
many of the cross terms involving cr (the even-odd index) drop out and, further
more, it is possible to separate out them dependence so that rather than solv
ing an 2 N x 2 N system of equations once, it is possible to solve a much 
smaller 2 n x 2 n system m times. 

The integrals involved in (13) can be examined to give an indication of 
the numerical behavior of the K-L-I-J matrix. Each of the elements in the K-1-
I-J matrix is typically of the form: 

ff h (kr) j (k'r) f(S, ~) dS JJs n n 

where the integral is over the surface, 

h (kr) = spherical Hankel function (real argument) n 

n = row index (v) 

k = free space wave number 

r = radius from an enclosed origin to the surface 

j 1 (k'r) = spherical Bessel function (complex argument) n 

n' = column index(µ) 

k' =wavenumber in the dielectric 

(15) 

f(S, ~)=function of theta and phi (assumes a spherical coordinate system) 

The matrix is complex because hn(kr) and j~(k'r) are both complex. For a 
given r, kr will be much less than k'r. This is due to the high dielectric 
constant of the muscle tissue of the biological models i.e., k' =Erk. For 
increasing n, the Neumann function will become a very large negative number. 
This behavior dominates the numerical behavior of the K-L-I-J matrix. The 
magnitude of the elements increases very rapidly down the rows. There is also 
some decrease in the magnitude of the elements in going out the columns, but 
this behavior is not significant. The known a and b coefficients also increase 
in going down the rows but not nearly as fast as the corresponding elements in 
the coefficient matrix. 

The validity of the numerical procedure was verified by making calculations 
for spherical bodies and comparing the results to those obtained by the Mie 
theory. After satisfactory results for this test were obtained, the validity 
check was then extended to nonspherical shapes by computing the scattering due 
to a sphere with the origin of the sphere moved off-center. This has the effect 
of making the sphere appear to be nonspherical as far as the mathematics is 
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concerned, however, the computer program must still calculate the same internal 

field as is obtained with the origin at the center. 

This origin off-center validity check was also used to verify the results 

obtained for the prolate spheroid muscle tissue models of man. For frequencies 

above about 30 MHz, it was found that the results are different for the ori~in 

at two different internal locations. This disparity only occurred for the E 
polarization case (the incident wave polarized parallel to the long axis of the 

spheroid). The results for the H polarization case (the incident wave polar

ized perpendicular to the long axis of the spheroid) were consistent. 

A mode by mode comparison of the results for each value of m showed that 
them= 0 results were different with the origin at two different locations, 

but all higher order modes gave identical results. Looking at the K-L-I-J ma

trix form= O, we see that the matrix takes on a special form. The general 
matrix is given by: 

This 

[K-+ 
1/2 

J 1 L + e:1/2 

:-][:]-[:] 
e: r I r 

£1/2 I e:1/2 I + L jJ + r r 

is a 2 n x 2 n system which must be solved m times. 

Form= 0 and the H polarization case, the system becomes: 

0 

J + e:1/2 
r 
] [J[:] 

The problem then reduces to solving: 

[K + e:!/
2 

J ] [ c ] = [ a ] 

and the d coefficients are zero. 

Form= 0 and the E-polarization case, the system reduces to: 

[J + e:!/
2 K ] [ d] = [ b ] (16) 

A detailed examination of the solution of (16) involving the use of dif
ferent algorithms and a more accurate computer finally pinpointed the problem. 
The system of (16) becomes ill-conditioned for large values of k'r. Basically 

this means that the solution ~ector dis very sensitive to small variations in 

the coefficient matrix J + e:i12 K. Inasmuch as the elements of this matrix are 
not exact (they are determined by a numerical integration) and the computer is 

using finite precision arithmetic, this instability of the system is very se
rious. To better understand the nature of the problem, it may be best to con

sider an example. Given a two-dimensional set of equations, 
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We can plot these to find the solution x1 , x2• Figure 6a shows the two equations for a well-conditioned system and Fig. 6b shows the ill-conditioned system. It is apparent that although the ill-conditioned system has an exact solution, the calculation of this solution by numerical methods may be difficult due to the almost parallel nature of the two equations. 

Two changes were made which did result in an improvement in the accuracy of the solution. As indicated earlier, the K-1-I-J matrix in (13) is of order 2 n x 2 n. Actually, half the elements are zero for synnnetrical shapes like the prolate spheroid. This characteristic makes it possible to reduce the 2 n x 2 n system of equations to two n x n systems. This simplification had been attempted earlier with the idea of saving time in the matrix solution. At that time it was rejected, as the overall time saved would be minimal (most of the time is used to fill the K-L-I-J matrix). However, now reasoning that the fewer operations involved in solving the reduced system should result in less accumulation of error, the reduction was investigated again from this standpoint. It was found that a significant improvement in accuracy could be obtained by solving the reduced system. 

The other change consisted of going to a different computer. Realizing that the ultimate limitation is the finite-precision arithmetric employed by the digital computer, we looked for a machine with more precision. The UNIVAC 1108 at the University of Utah gives approximately 16 significant digits using double precision arithmetic. We found that we could almost double this to 29 significant digits by going to a Control Data 7600. This was done and an improvement was noted. 

Computed Results 

In this investigation we have made power deposition calculations for prolate spheroid models of man, monkey, and rat. The models used are shown in Fig. 7. Figures 8, 9 and 10 show peak absorption values for the rat to 1500 MHz, monkey to 700 MHz, and man to 80 MHz. The calculations have been made at only a few discrete frequencies and detail behavior is not shown, but it is clear that the calculations in all cases go above the frequency of maximum absorption. 

It should be pointed out that the man model results have been calculated using a matrix which is still slightly ill-conditioned and those results should therefore be viewed qualitatively rather than quantitatively. The monkey and rat results can be read quantitatively. 

The results for average power will require some further numerical calculations. Returning to (10a), the expression for the internal field, it has been found that then value required for convergence at a specific interior point is strongly dependent on the distance from the enclosed origin to that Eoint._ This is due to the behavior of the Bessel functions contained in the Mand N functions. For a given radius, the value of the Bessel function jn'(k'r) decreases rapidly with increasing n. This is in fact the primary factor affecting the convergence of the internal field expansion. This behavior results in convergence from the inside out in the spheroid, i.e., the field at the origin can be found with very low N while the field at points away from the origin takes larger and larger N values to converge. The peak power results which are given here were found by enforcing convergence only over an enclosed sphere about the origin, because it is known that the peak power occurs within that: sphere. 
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(a) (b) 

Figure 6. (a) Well-conditioned system; (b) ill-conditioned system. 

b 

Rat: 

a = 7.5 cm 
a/b = 3.0 
wt. = 196 gr. 

Sitting Monkey: 

Man: 

a = 20 cm 
a/b = 3.09 
wt.= 3.5 kg. 

a = 87. 5 cm 
a/b = 6.34 
wt.= 70 kg. 

Figure 7. Prolate spheroid models. 
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To obtain average power results requires convergence over the rest of the 
prolate spheroid. This calculation was yet to be made, but indications are 
that then value required for convergence can be minimized by moving the origin 
off-center and enforcing convergence only over half of the spheroid. Due to 
synnnetry, this should be sufficient to enable calculation of the total and 
average absorbed powers. 

CONCLUSION 

It has been shown that the extended boundary condition method can be 
successfully used to calculate the peak power absorption at frequencies higher 
than those previously possible. Further work is required to determine the best 
method for coping with the ill-conditioning problem. Recent theoretical work 
indicates an improvement in the solution may be possible. These techniques are 
being investigated. In the interim, it will be possibLe to make other numer
ical calculations. The ill-conditioning of the J + E~/ 2 K matrix appears to be 
a function of the same variables which determine the matrix size required for 
convergence, i.e., the shape (deviation from a sphere, size, and dielectric 
constant). For lower dielectric constants, for example, the system of equations 
is well-conditioned and an accurate solution can be obtained. It may prove 
feasible to compute the power absorption characteristics of models with lower 
dielectric constant and then extrapolate to find the results for the actual 
dielectric constant of muscle tissue. 
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ABSTRACT 

THEORETICAL CALCULATIONS OF POWER ABSORBED BY MONKEY AND HUMAN 
PROLATE SPHEROIDAL PHANTOMS IN AN IRRADIATION CHAMBER 

Habib Massoudi, Carl H. Durney, and Curtis C. Johnson 
University of Utah, Salt Lake City, Utah 84112 

Stewart Allen 
Brooks Air Force Base, Texas 78235 

The electromagnetic (EM) field perturbation technique which has been used 
previously to obtain the internal electric field strength, the absorbed power 
distribution, and the total absorbed power in prolate spheroidal models of man 
and experimental animals irradiated by an EM plane wave with wavelength long 
compared to the spheroid dimensions is applied here to calculations of the 
absorbed power in a near-plane wave irradiation chamber for purposes of compar
ing experimental and theoretical values. A theoretical technique has been 
developed in which the power absorbed in the prolate spheroidal models in the 
presence of two oppositely traveling plane waves is calculated. This method 
gives the power absorbed in an irradiation field in which the E/H impedance 
ratio is not necessarily equal to 377 ohms. Calculated data for power absorbed 
by spheroidal models of man and the sitting rhesus monkey as a function of fre
quency and normalized impedance of the incident EM wave are presented and 
discussed. 

INTRODUCTION 

A perturbation technique has recently been used to obtain the internal 
electric field strength, the absorbed power distribution, and the total absorbed 
power in prolate spheroidal models of man and experimental animals irradiated by 
electromagnetic (EM) plane wave with wavelength long compared to the spheroid 
dimensions [l, 2]. The above theory predicts that orientation of the prolate 
spheroid with respect to the incident plane wave field vectors is an extremely 
important variable which can make an order-of-magnitude difference in EM power 
absorption, a feature which has also been observed experimentally [3, 4]. 

Although much of the theoretical work describing the EM radiation of man 
has been done for plane wave irradiation in which the wave impedance E/H is 377 
ohms, in experimental work the wave impedance is often not equal to 377 ohms. 

This paper presents the results of an initial study to determine the 
internal electric field and absorbed power in prolate spheroidal models of man 
and experimental animals due to an incident wave where the impedance of the wave 
is a complex number not equal to 377 ohms; i.e., the incident~ and ff fields 
have an arbitrary amplitude and phase relationship. 
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FORMULATION OF THE PROBLEM 

The internal electric field and the associated power deposition in prolate 
spheroidal models of man and animals due to an incident wave with complex 
impedance (near-field irradiation) are obtained by using superposition of the 
fields due to two EM plane waves traveling in opposite directions. Figure 1 
shows a spheroid in the two plane waves. 

and 

The total incident electric field, Er, is given by 

jky 
e 

'k 'k H_ = H e-J y - H eJ y 
-""T 1 2 

(1) 

(2) 

El is related to H1 and Ez is related to Hz by the free-space plane wave rela
tionship. Assuming that E1 = IE1lf.!r. and Ez = IEzl~, the expression for the 
wave impedance at any point in they direction is given by 

where 

and 

z 
y 

1 + r e2jky 
no 1 - r e2jky 

n = 377 ohms 
0 

(3) 

(4) 

In particular, at y = 0, 

z I - i+r 
y y=O - no 1 - r 

(5) 

which indicates that any desired impedance can be obtained at y = 0 by adjusting 
the amplitude and phase relationship of ~land iz, Furthermore, for the fre
quencies of interest (lower values of ka), this impedance will be fairly uniform 
over the width or length of the spheroid, insuring that all parts of the body 
receive essentially the same field. 

The next step is to apply the previously developed perturbation technique 
[1) to find: 

a. The first-order internal electric fields caused by the incident plane 
wave from the left. 

b. The first-order internal electric fields caused by the incident plane 
wave from the right. 

Then the first-order internal electric fields obtained in (a) and (b) are added 
together and the time-averaged specific absorbed power P inside the spheroid 
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Figure 1. Generation of waves of arbitrary impedance 
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calculated from 

P(x,y,z) = 1/2 a~~* watts/kg (6) 

where a is the tissue conductivity, * denotes complex conjugate, with an assumed 
tissue density of 1.0 g/cm3• The total time-averaged power absorbed by the 
spheroid is given by the volume integral of (6) over the prolate spheroid. 

Solutions are given for each of the three standard polarizations defined 
as: 

Magnetic polarization the magnetic field vector of the incident plane 
wave is parallel to the major axis of the spheroid. 

Electric polarization the electric field vector of the incident plane 
wave is parallel to the major axis of the spheroid. 

Cross polarization -- the electric field vector and the magnetic field 
vector of the incident plane wave are both perpendicular to the major 
axis of the spheroid. 

The three polarizations are shown in Fig. 2. 

The expressions for P(x,y,z) for electric, magnetic, and cross polarization, 
labeled by subscripts e, h, and c, respectively, are: 

l 2 c 2 2 2 2) ( 1 1 )l P (x,y,z) = D A + Bx + C z Inn*+ AC z -* + -
C C C C cc n n 

where 

k = 2'1ff/c 

f .. frequency 

c = velocity of light in free space 

a• frequency-dependent tissue conductivity 

E • peak value of incident total electric field 

Ae = -1/ anog 11 

n
0 

.. 377 0 

g11 • (u~0 - 1) [u~o ln :~:: ~ - 1] 
¾•Ac= -1/(an0 &1) 

g = ---=--""""'--'---""" ------ - - ln --"'-----u1o(ufo - 1) [ ulO 1 ulO + 1 l 
1 2 ufo - 1 2 ulO - 1 
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H y y E y 

(a) (b) (c) 

Figure 2. The three polarizations: 
(a) electric, (b) magnetic, and (c) cross. 
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a= semi-major axis of the prolate spheroid 

b = semi-minor axis of the prolate spheroid 

B .. -B = ui01 (2uio - 1) e C 

C "'-c = (uio - 1 )! (1 - 2ui0) e C 

n = Z/n 
0 

z = complex wave impedance, E/H 

Integration of (7)-(9) over the volume of the spheroid gives the total time
averaged absorbed EM power: 

p 
C 

= DV [A2 + a2b2 
c s(a2 + b2)nn* 

(10) 

(11) 

(12) 

2 where Vis the spheroidal volume, V = 4rrab /3. For n =~these equations reduce 
to those of Durney, et at., for a prolate spheroid in an incident EM plane wave 
[1]. These equations are valid when: 

a. The spheroid dimensions are small compared to a wavelength, a/A< 0.1. 
b. The real part of the complex dielectric constant of the medium is much 

smaller than its imaginary part, which is the case of typical biological 
tissue at lower frequencies. 

INTERNAL ABSORBED POWER DISTRIBUTION 

In this section (7)-(9) are used to calculate P(x,y,z) along the x, y, and 
z axes. Figures 3-8 show the spatial distribution of the absorbed power as a 
function of the normalized impedance in a prolate spheroidal model of man for 
the three polarizations at 1 MHz. In each of these graphs the patterns are 
normalized to the value of the maximum absorbed power along any one of the three 
orthogonal rectangular coordinate axes. Solutions have been carried out at 
several frequencies below 30 MHz and the results are quantitatively similar. In 
each case the prolate spheroid has a weight of 70 kg and a major axis of 1.75 m, 
corresponding to the weight and height of a standard man. 

It can be seen from Figs. 3-8 that the power absorption patterns inside the 
prolate spheroid are not the same for different polarizations. It is also 
interesting to note that the absorption patterns as well as the maximum absorbed 
power vary with the change in the value of the impedance of the incident wave, 
similar to the results of Lin, et at. [S], for the sphere. The difference in 
the power absorption patterns for the case of a prolate spheroid in an incident 
plane wave has been described by Johnson, et at. [2], in terms of the internal 
electric fields induced by the incident electric field (electrically induced E) 
and by the incident magnetic field (magnetically induced E), The strength of 
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model of man as a function of normalized impedance, electric polarization. 
a= 0.875 m, a/b = 6.34, f = 1 MHz, cr = 0.556 mho/m; incident electric 
field is 1 V/m. 
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these induced fields varies with the change of the orientation of the spheroid 
in the incident plane wave field vectors. The electrically induced E field is 
maximum when the electric field of the incident wave is parallel to the major 
axis of the spheroid (electric polarization),and the magnetically induced E 
field is maximum when the magnetic field of the incident wave is parallel to the 
minor axis of the spheroid (cross and magnetic polarizations). 

For the electric polarization the relative specific absorbed power as a 
function of the normalized impedance along they and z axes of the spheroid are 
shown in Figs. 3 and 4. For this polarization, the power absorption is caused 
by an electrically induced~ field along the z axis combined with a magnetically 
induced e field circulating about the x axis. The currents produced by this 
magnetically induced circulating~ field are the familiar eddy currents. The 
eddy currents circulate in the zy plane, concentrating as they cross they axis 
because the path width narrows and weakening as they cross the z axis because 
the path width broadens. Since the eddy currents are zero on the x axis, the 
absorbed power along the x axis is due solely to the electrically induced~ 
field. The absorbed power along they and z axes is caused by the combination 
of the electrically and magnetically induced~ fields. The large variation of 
absorbed power along they axis (Fig. 3) indicates a predominant electrically 
induced~ field. The peak power absorption on the surface of the spheroid first 
struck by the incident wave is high because the electrically induced·~ and the 
magnetically induced~ are in the same direction. On the back side of the 
spheroid, the absorbed power is lower because the electrically induced~ and the 
magnetically induced~ are in the opposite directions. For lower values of n, 
the magnetically induced~ becomes stronger, causing a trend toward symmetry 
about the z axis, which is characteristic of the magnetically induced E. The 
relatively flat power distribution along the z axis (Fig. 4) occurs because the 
electrically induced~ is uniform and much stronger than the magnetically in
duced~- Notice that the relative absorbed power in the center of the spheroid 
is elevated as the value of the normalized impedance (n) is increased, indicat
ing that the coupling of external electric field into the interior of the pro
late spheroid increases with n, · 

The relative specific absorbed power along they axis and x axis of the 
prolate spheroid are shown in Figs. 5 and 6 for magnetic polarization. In this 
case the electrically induced~ field is along the x axis, and the magnetically 
induced~ field circulates around the z axis. Along they axis, Fig. 5, the two 
induced field components add asymmetrically to generate a displaced parabolic 
power absorption pattern, with peak absorbed power on the surface of the 
spheroid first intercepting the incident wave. Along the x axis, Fig. 6, a 
parabolic absorbed power pattern is observed, resulting from a superposition of 
the electrically induced~ fields and the magnetically induced~ fields. For 
predominantly magnetic fields (n small), the absorption becomes much more in
tense and proportional to y2 or x2 whereas for predominantly electric fields (n 
large), the absorbed power is reduced and approaches the uniform absorption pat
terns caused by the electrically induced~ fields. 

For the case of the cross polarization, as shown in Figs, 7 and·8, the 
electrically induced ~ field occur.a along the x axis, and the magnetically in
duced~ field circulates around they axis. In this case the greater magnetic 
flux intercepted by the spheroid body produces strong magnetically induced~ 
fields. This causes an intense parabolic absorbed power pattern along the x 
axis because a smaller electrically induced~ adds in quadrature to a larger 
magnetically induced~ which has a parabolic distribution along the x axis. 
Along the z axis (Fig. 8) even for small values of n, the absorption pattern is 
relatively flat because the electrically ~nduced ~ and the magnetically induced 
E are either in the same or opposite directions. Note that for the cross polar
ization, the peak absorbed power, for the condition of Fig. 7, occurs at y • ±b, 
where the magnetically induced~ fields are most concentrated. 

147 



AVERAGE SPECIFIC ABSORBED POWER 

The average specific absorbed power has been calculated for spheroidal 
models of man and the sitting rhesus monkey for the three polarizations. The 
results are given in Figs. 10-16. The dielectric constant and conductivity of 
the spheroidal models are taken from a compilation of data published by Schwan 
[6] and Johnson and Guy [7]. The variation of the complex dielectric constant 
with frequency as obtained from these references is shown in Fig. 9. 

Figure 10 shows the average specific absorbed power in a prolate spheroidal 
model of man as a function of the normalized impedance for each of the three 
polarizations. It is interesting to note that the average specific absorbed 
power, at a fixed frequency, for all of the three polarizations decreases as the 
value of the normalized impedance increases. The E field is held constant at 
1 V/m in these figures, so an increased normalized impedance represents a de
crease in H field with decreased H-induced specific power absorption. The varia
tion of the absorbed power with n for electric polarization is much slower than 
that of the magnetic and cross polarizations. For example, in Fig. 10, for 
electric polarization, a one-order-of-magnitude increase of the normalized 
impedance (n = 0.5 ~ 5) causes the average absorbed power to drop only by a 
factor of 2, whereas the same increase inn causes the absorbed power to drop by 
a factor of 45 for magnetic polarization, and by a factor of 60 for cross polar
ization. This difference can be explained in terms of the relative strength of 
the electrically and magnetically induced specific absorbed power for different 
polarizations. For electric polarization the incident electric field induced 
power absorption is dominant. (This component becomes stronger as the spheroid 
becomes thinner.) The contribution of the incident magnetic field induced power 
absorption is so small that the change in the value of n (or the change in the 
magnitude of the incident magnetic field) does not cause much change in the ab
sorbed power for this polarization. For the cases of both the magnetic and 
cross polarizations, the situation is reversed, and the magnetically induced 
power absorption is dominant. Therefore the absorbed power is expected to change 
strongly with amplitude of the incident magnetic field. 

Figures 11-13 show the average specific absorbed power in a prolate spher
oidal model of man as a function of frequency and normalized impedance of the 
incident wave for the three polarizations. Note that the average specific ab
sorbed power, for all values of n, increases as approximately the square of the 
frequency. The increase would be exactly as the square of the frequency except 
for the change in dielectric constant with frequency. 

Figures 14-16 illustrate the average absorbed power in a prolate spheroidal 
model of a sitting rhesus monkey as a function of frequency and normalized 
impedance of the incident wave for the three polarizations. 

The theoretical results of power absorbed calculations for spheroidal 
models have been compared with measurements of absorbed power by saline-filled 
spheroidal phantoms at the School of Aerospace Medicine, Brooks Air Force Base, 
and good agreement between the calculated and the measured values were found. 
The comparison between the calculations and measurements as well as the measure
ment technique are presented in a separate paper by Allen, et aZ. [3]. 

CONCLUSIONS 

Approximate analytical solutions for specific absorbed power in the long
wavelength range have been obtained by perturbation techniques for prolate 
spheroidal models of man and the rhesus monkey in near-plane wave irradiation 
where the wave impedance is not restricted to the normalized plane wave imped
ance of n = 1. The results indicate that in a prolate spheroidal model of man at 
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frequencies below 30 MHz: 

a. In the case of the electric polarization, for the normalized impedance 

values of greater than or equal to 1 (n > 1), the incident electric 

field is the major source of absorbed power, whereas for n < 1 the 

electrically and the magnetically induced~ fields become comparable. 

b. In the cases of the magnetic and cross polarizations, for n: 2, the 

magnetically induced~ field predominates, and for n > 2, both the 

magnetically and electrically induced~ fields should be considered for 

estimates of the tissue absorbed power. 

Curves showing the distribution of the specific absorbed power inside the 

models, and the average specific absorbed power in prolate spheroidal models of 

man and monkey, as functions of frequency and the normalized impedance of the 

incident wave, are given. Calculated values of specific absorbed power were 

found to be in good agreement with the experimental values obtained for saline

filled prolate spheroidal phantoms in the 10-50 MHz range. 
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ABSTRACT 

DEPENDENCE OF TOTAL AND DISTRIBUTED ABSORBED MICROWAVE 
ENERGY UPON SIZE AND ORIENTATION OF RAT PHANTOMS IN WAVEGUIDE 

Aurelija Leicher-Preka and Henry S. Ho 
Institute of Physiology and Biochemistry, Medical Faculty 

Sarajevo, Yugoslavia 
Division of Biological Effects, BRR, FDA, DHEW 

Rockville, Maryland 20852 

Since the size and shape of the rat as well as its position and orientation in 
the waveguide influence the absorbed dose, possible absorbed dose related 
effects of microwaves on the central nervous system of rats exposed wholebody in 
a waveguide should account for these factors. This work investigates the 
relationship between the total and distributed absorbed energy in rat phantoms 
and their sizes and orientations in a waveguide exposed to 2450 MHz microwave 
radiation. Six models of tissue-equivalent materials are used to simulate the 
sizes and shapes of rats that are 1,4,10,12,30 and 60 days old. The 
measurements are made with all models located at the center of the waveguide and 
oriented tail-on (0°) and head-on (180°) to the direction of the incident 
wave. For the two smaller models, the orientation is also varied stepwise from 
0° to 180°. The patterns of absorbed energy in the cross sections of the 
phantoms are studied using a thermographic camera. The results indicate that 
changes in size, shape and orientation of exposed animal models produce changes 
in total and distributed absorbed energy. Although the total absorbed energy 
changes only slightly between the 0° and 180° orientation, there exist large 
differences in the distribution of absorbed energy in the animal phantoms. With 
the phantom head facing the incident radiation, in most cases, the head area, 
including the brain, absorbs the most microwave energy. In the opposite 
orientation, the maximum absorption concentrates on the tail and abdominal 
regions. It is concluded that in addition to determining the total absorbed 
energy, the distribution of absorbed energy in animal bodies can be important in 
the interpretation of observed biological and psychological effects. 

INTRODUCTION 

Previous microwave dosimetric analyses of the absorbed electromagnetic 
energy in animals and phantoms were concerned with exposures under free field 
(1-5), cavity (3,6), strip line (7), and aperture Held conditions (1,8,9). In 
the explanation of the biological responses, provoked by microwave irradiation 
of a living tissue or organism, it may be necessary to know total absorbed 
microwave energy and the distribution of the absorbed energy. Both total and 
distributed absorbed microwave energy depend on the geometry of the irradiated 
objects (10-13) and on the orientation of the exposed object to the direction of 
the incident electric field (7,13). 

The present investigation deals with the relationship between the total 
absorbed energy and the size of phantoms representing a rat in several 
developmental stages. The changes in the amount of total absorbed energy as 
well as the distribution of the absorbed energy are observed as a function of 
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size and orientation of the animal models irradiated in an environmentally 
controlled waveguide system (14). 

MATERIALS AND METHODS 

There are six different sizes of rat phantoms corresponding to measured 
shapes and sizes of experimental animals at various stages of development. 
Figure 1 shows the measured average lengths of the Wistar rats. The sizes of 
the phantom models chosen, corresponding to the 1, 4, 10, 23, 30 and 60 day old 
animals, are shown in figure 2. The weights of these models are 7.8, 14.3, 
17.0, 40.0, 52.4 and 111.3, grams respectively. The models are made of two 
tissue equivalent materials: the entire body is made of muscle phantom material 
(1) except for the brain region which is made of brain phantom material (1). 
The phantoms are contained in low-loss styrofoam molds to reduce heat 
dissipation to the environment during the irradiation. 

For the total absorbed energy study, the phantoms are irradiated singly in 
the waveguide system (14) with a forward power of 6.6 watts delivered from a 
2450 :t-rnz CW microwave generator. Each model is irradiated in the center of the 
waveguide: oriented tail-on (0°) and also head-on (180°) to the direction of 
the propagation of the incident microwave energy. The first orientation is 
termed the "forward" and the second the "reverse" position of the phantom in the 
following text. The absorption, expressed in the percentage of the forward 
power absorbed and in average absorbed dose rate (15), are measured and computed 
by the method described in a previous paper (14). 

Thermography (1) is used to study the distribution of the absorbed 
microwave energy in the sagittal sections of the phantom models. A Barnes 
Engineering Company model 102 infrared camera is used for this study. The 
phantom models are exposed separately to 2450 :t-rnz CW microwaves with forward 
powers of 45 watts for 10 seconds and 50 watts for 15 seconds. The second power 
level and irradiation duration allows more observation of the absorbed energy 
distribution patterns in the regions of the models where absorption is 
relatively small. However, the observed patterns are also more diffused due to 
the longer durations of irradiations. Polaroid photographs of the thermal 
distribution in the sagittal sections as well as the B-scans (one-line scans) 
along the tail and a part of the brain region are made 15 seconds after the 
irradiations are terminated, 

RESULTS 

Figures 3(a) and 3(b) show the percentage of forward power absorbed and the 
average absorbed dose rate versus the size of the rat phantom. The results 
agree in general with results previously reported (7,14) for_, whole body 
irradiations of mice and rat phantoms. The dependence of percentage of forward 
power absorbed on the orientation of the phantoms with respect to the direction 
of propagation of the incident microwave energy is also determinded for the two 
smallest size models. The sizes of the larger models with respect to the 
waveguide dimensions precludes experiments with the larger size models for 
orientation dependence of the percentage of forward power absorbed. Five 
orientation angles (0°, 45°, 90°, 135°, and 180°) are used in the experiment. 
Figure 4 shows the dependence of the percentage of forward power absorbed on 
orientation angle for models number 1 and 2. It is found that the absorption is 
lowest at the 90° orientation angle. This observation is consistent with the 
findings in another paper (16), 
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Figure S(a) shows the distribution of absorbed microwave energy in the 
sagittal sections of the rat phantoms in the "forward" position. Most of the 
phantoms in this orientation have maximum concentration of absorbed energy in 
the back parts of the bodies, i.e., around the tail and abdomen regions. The 
amount of the absorbed energy in the other parts of the phantom bodies depends 
on the sizes of the phantoms. These characteristics could be very important in 
the cases of exposure of gravid rats, because fetuses are located in the 
abdominal region. Figure S(b) shows the B-scans of the rat phantoms through the 
head and tail of each phantom. Areas of concentration of absorbed microwave 
energy are readily observed. Figure 6(a) and 6(b) show the distribution and 
B-scans of absorbed microwave energy in the sagittal sections of the rat 
phantoms in the "reverse" position. In this orientation, the concentration of 
absorbed energy is highest in the head region which includes the brain. This 
type of absorption characteristic is of particular interest to biological 
investigations concerned with the central nervous systems of whole-body 
irradiated small animals in the waveguide. Figure 7 shows the thermographic 
records of microwave energy distribution in rat phantom number 2 at five 
different orientation angles. Even though the average absorbed dose rate does 
not change significantly for this size of phantom, as is shown in figure 4, the 
distribution of absorbed energy does change significantly with orientation 
angle. Hence the information on the energy distribution in an experiment with 
freely moving animals may be of importance. 

DISCUSSION 

The relationship between the distribution of the absorbed microwave energy, 
size, and the orientation of animal with respect to incident microwave field can 
be of vital importance to the interpretation of biological experiments. The 
results of this investigation, though revealing, do not yield quantitative data 
with regard to absorptions in a defined but irregular region (like brain or 
abdomen). On the basis of B- and C-scans, one can observe concentrated 
absorption along one sagittal section only. The evaluation of the total 
absorbed energy in a certain region may be possible if thermographic records can 
be made for a set of sagittal sections, separated by small distances. 

Since this experiment is performed on phantom rats, that duplicate the 
microwave absorption characteristics but not the circulation and thermoregula
tory characteristics of a live animal, it is expected that "hot spots" in 
animals will not be as high as that observed in phantoms. In the parts of the 
body where circulation is high, the differences will be more pronounced, but in 
the regions with lower circulation, the relative temperature rise in real 
animals may be very close to that observed in phantoms. Whether live animals 
are irradiated with high or low levels of microwave energy, the knowledge of 
areas of concentrated absorbed energy will help to interpret observed biological 
effects. In the case of high levels of irradiation, implication of structural 
damage to areas of concentrated energy absorption is obvious. In any event, the 
primary energy deposition patterns locate the sites of interaction of the 
radiation field and the tissues. 

The distributions of the absorbed microwave energy in the exposed phantom 
vary extensively depending on the size and orientation of the model. The energy 
is sometimes absorbed almost equally in large regions or is concentrated in a 
very limited volume. When small animals, like young rats or mice, are placed in 
a holder, large enough to allow free movement during irradiation in a waveguide, 
it is more probable that the absorbed energy will be equally distributed 
throughout the body during a long exposure interval. The adult rats are limited 
in movement, because their size is comparable to the dimensions of the 
waveguide. The distribution of absorbed energy in these bodies could be 
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considered as very similar to that of a body irradiated in a fixed orientation. 
Whereas the use of the quantity, average absorbed dose rate (total rate of 
absorbed energy per unit mass), may be useful as a one-number indication of 
energy absorption for experiments with mice and small rats in the waveguide, in 
the case of large rats in the waveguide, this quantity may be misleading because 
the absorbed energy can concentrate in a small percentage of the total mass. 

The appearance of high absorption regions are expected in rat phantoms. 
The sizes of the phantoms are in the same range as the wavelength of the applied 
microwaves enabling the formation of standing waves. 

In conclusion, the determination of total and distributed absorbed energy 
for biological effects experiments with small animals are needed, since any 
changes in size and orientation of the animal may cause changes in the total and 
distributed absorbed energy. Proper measurements of dosimetric quantities can 
lead to more meaningful interpretations of observed biological effects and their 
impact on radiation protection. 
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THE ATTENUATION FUNCTION FOR BIOLOGICAL FLUIDS AT MILLIMETER AND FAR-INFRARED 
WAVELENGTHS. 

K. H. Illinger, Department of Chemistry, Tufts University, Medford, Mass. 01890 

ABSTRACT 

We present a treatment of the attenuation function, o.(w), for a fluid, 
exhibiting relaxation and resonance absorption of electromagnetic radiation, 
via a theoretical model which evades the (physically) incorrect limit 
for a(w) for a Debye-type relaxation process. The collisional interruption 
of absorption and emission of electromagnetic radiation by molecular fluids 
is treated in terms of a formulation describing the efficiency of 
collisional perturbation as a function of the field frequency, w. The 
attenuation function, and hence the depth of penetration, [1/a(w)], is 
computed on the basis of this model. The results of the theory are compared 
to existing experimental results for liquid HzO and typical biological 
tissue. Consequences of the foregoing considerations for the description 
of the interaction between biological fluids and electromagnetic radiation 
at millimeter and far-infrared wavelengths are discussed. 

INTRODUCTION 

Crucial to the description of the interaction between electromagnetic 
radiation and biological systems is the attenuation, a(w), as a function 
of the (angular) frequency, w= 2~f, of the electromagnetic field, and the 
complex relative permittivity, K*(w), of the molecular systems through 
which the coupling occurs. Phenomenologically, [1/a(w)], the attenuation 
distance or depth of penetration is the distance at which the electric 
field strength is reduced to (1/e) = 0.368 of its value incident to the 
system. Experimental investigations of the attenuation distance in 
biological tissues exist (1,2) at radiofrequency and microwave frequencies 
to approximately 10 GHz, and-the complex permittivity of HzO, the dominant 
contributor to attenuation in biological tissues at microwave frequencies, 
has been extensively mapped (3,4) in the frequency region between 
microwaves and the infrared, albeit with several areas of uncertainty 
remaining in the analysis. 

METHODS 

From basic dielectric theory (1), the relationship between a(w) and 
K*(w) for all but ferromagnetic materials is given by: 
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= (w/2~2c) 

where the loss tangent, tano(w), is defined by: tan o(w) .. [K"(w)/K'(w)J, 
K*(W) • K'(w) -jK"(w), and c is the velocity of light in vacuo. In the 
limit tan2o(w)<< 1, Eq. (1) reduces to the special case:--

lim a(w) = (w/2c) K"(w) [K'(w)]-½ 

tan2o (w) « 1 

A closely related quantity is the dielectric conductivity, o(w), given by: 

o(w) = E WK 11 (W) = 
0 

k 
2c E K1 (W) 2 {lim CL(W) 

0 
} 

tan2o(w) « 1 

where E is the permittivity of free space. 
0 

A complete and general theory of dielectrics would then proceed to 

(1) 

(2) 

(3) 

develop the complex permittivity K*(w) of the system in the purely 
phenomenological equations, Eq. (1)-(3), from a detailed analysis of the 
dynamics of the molecular system in the presence of the electromagnetic-field 
perturbation and the perturbation due to intermolecular forces. Tractable 
molecular theories covering all regimes of interest of the intermolecular 
and field perturbations do not as yet exist. Except for the regime of 
vanishing molecular interactions ( gases at low pressures) and for the 
special case of simple aggregates ( e.g. fluids and solids composed of 
atoms), general molecular theories are thus largely relegated to a formal 
rather than a pragmatic role. Biological fluids clearly fall into neither 
of these categories, and one is led to the development of heuristic models, 
with a concomitant loss of predictive impact, but with the gain, at the 
least, of conceptual clarity. 

Phenomenological theories (~-.§_) of the absorption and emission of 
radiation in the presence of collisional perturbation provide expressions 
for K*(w) in terms of a set of molecular parameters: (a) the frequency 
of a photon-induced transition m+-+n, wmn' (b) the transition probability 
for the transition,l<mlµI n>l2, whereµ is the molecular dipole moment 
operator, and (c) a parameter which describes the efficiency wi~h which 
collisions interrupt the radiative process at a frequency wmn' the number 
of collisions per unit time (totally) effective in interrupting the 
absorption•emission process: (1/T ). If one separates salient processes 

mn 
into a set of relaxation transitions, k=l,2,3 ••• , for which t2Tihwmn/~T) << 1, 
w ~ 0, and a set of resonance transitions i+-+j, with (2TI hwij/ kT) > 1, 

mn -
the complex permittivity K*(w) may be cast into the following form: 
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+ t 
ij 

[K*(w) - l] ij (4) 

In Eq. (2), Tis the temperature, N the number of molecules per cm3, µk the dipole moment associated with the k'th relaxation transition, k the Boltzmann constant and h the Planck constant. The ratio of the-internal electric field, at the molecule undergoing the photon-induced transition, to the vacuum field, at a frequency w, is expressed by the term [Eint(w)/E(w)]. For our present purposes, it will suffice to identify the high-frequency limit, K! , of the real part of K*(w) for the highest-frequency relaxation transition with the second term in Eq. (4), as follows: 

K! • 1 + lim { E [ K*(w) - 1 ]ij } 
ij 

(5) 

The detailed behavior of K*(w) in the frequency regime (2w hw/!_T) > 1 must be computed by direct evaluation of the terms ij in Eq. (4), which 
are explicit functions of the parameters wij' l<ilµlj>l2, and Tij for the set of resonant transitions i++j. 

For the k relaxation transitions, the parameters <tk> constitute the set of relaxation times characteristic of the molecular system, and the first term in Eq. (4) describes the dispersive and absorptive parts of the complex permittivity of the Debye type. In both the original Debye 
formulation(!) and in the generalized phenomenological theories of collision broadening of Van Vleck and Weisskopf (&,) and Froehlich (1) and the quantum-mechanical version of Karplus and Schwinger (8), the relaxation time <tk> is considered a fixed statistical parameter, at constant temperature and pressure. 

In general, molecular systems will ~xhibit a distribution of relaxation times for a given relaxation process k, i.e. the probability distribution Pr(<tk>) will have a non-vanishing widt1, and the first term in Eq. (4) 
takes on a somewhat different form, depending on the nature of the 
distribution function. For the sake of simplicity, the remainder of the present treatment will be limited to the special ca~e of a single relaxation time, with Pr(<tk>) a delta function. This specialization can readily be extended to a distribution of relaxation times; moreover, the principal relaxation process of liquid H20 is indeed characterized, to within experimental error in the measurement of K*(w) over a wide frequency range, by a single relaxation time (10). In this case, the relationship between the real and imaginary parts of K*(w) is particularly simple (11): 
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with: 

, , [ , , ]k [ 1 + w2<.,.k>2 1-l Kk(w) = KOC>k + Ko - Koo L 

K 1 
- Kc!, 

0 

The subscript kin Eq. (6) and subsequent expressions indicates that K*(w) 

in the equation refers to the k'th relaxation process. 

The quantity K! has been defined in Eq, (5); the analogous quantity K~k 

for the k'th relaxation process is given by: 

K1 
.. K' + lim 

ok 00k l.l)+O 

(6) 

(6a) 

(6b) 

(7) 

where the index k refers, as previously, to a sequence of k relaxation 
transitions, k=l, 2, ••• , with increasing relaxation times, [<tk+l>]> [<tk>], 

Eq. (6) articulates the fact that the Argand diagram [ plot of K"(w) as a 
function of K'(w) ] for a relaxation process with a single relaxation time is 

a semi-circle, with intercepts on the K'(w) axis at K! and K~, a maximum 
for K"(w) at the critical frequency wa [1/<tk>], and its center on the K'(w) 

axis at (1/2)[K! + K~ ]. 

Combination of Eqs. (1), (4) and (6) allows one to write for the 
attenuation function associated with a given relaxation process: 

In the limit, tan2o(w) <<1. Eqs. (8) anrl (8a) may be specialized to: 

(8) 

(8a) 

lim °REL,k(w) a (2nN/31Tc) w2 µi<tk> [1 +w2<tk>2]-1 [Kk(w)]-½ [Eint<w)/E(w)] 

tan2o (w) « 1 

(9) 
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Note that for the systems of interest here, Eq. (9) is not exact in the 
microwave region sincetan2o(w) << 1 holds to good accuracy for H2o only in 
the frequency region below 1 GHz and above ~1000 GHz. 

However, for any system, irrespective of the maximum value of tan2o(w), 
Eq. (9) is consonant with the limits w+O and (/.)'+00, since: 
lim (w+O) K" (w) .. lim ((/.)'+00) K11 (w) • 0 and lim (w+O)K' (w) <co , lim ((/J'+OO)K' (w) al. 
Consequently, one obtains for the low-frequency and high-frequency limits of a(w) 
for a Debye-type relaxation process: 

lim ~L k(w) .. 0 
' 

lim ~L,k(w) • (2~N/31Tc) µf <tk>-l [K~k]-½ 

(/.)+CO 

[E
1 

(w) /E (w)] 
nt 

Analogously, the dielectric conductivity, Eq. (3), has the following low
and high-frequency limits for a Debye-type relaxation process: 

a e:
0 

[ K 1 
- K 1 

0 co 

Eq. (10b) expresses the ( physically inadmissible) prediction of a 
constant value for the attenuation function in the limit (/.)'+00, on the basis 
of the Debye model (9) and the phenomenological theories of pressure 
broadening (6-8) which were constructed to fit the Debye model in the 
low-frequency regime, (2~hw )<< 1T. Eq. (10b) implies an infinite integral 

! coo ~EL,k(w) dw 

and a constant asymptotic value for the attenuation distance as (/.)'+00. These 
predictions, which are general for any polar fluid [ µf > 0] exhibiting 
a relaxation process with a finite relaxation time [ <t > <co], 
are contrary to experiment. In particular, the prediction tha~ the 
attenuation distance of a polar liquid like H2o, of the order of 10-l cm 
at the critical frequency [ f ~20 GHz], persists throughout the infrared 
and optical frequency range, is not observed. In consequence, the general 
expression for the complex permittity, Eq. (4), requires amendment in order 
to evade the physically incorrect limit, Eq, (10b). The amended theory 
must satisfy the conditions: 
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(10b) 

(lla) 

(llb) 



lim <ic_{W) a 0 

<= 

for any process associated with the absorption and emission of radiation, 
including relaxation processes. 

{12a) 

{12b) 

The fundamental limitation which brings the general expression for K*{w) 
into conflict with experiment is the assumption implicit in Eq. {4) that the 
efficiency with which molecular collisions interrupt the radiative process 
{ absorption or emission of a photon) is independent of the photon frequency 
w, an assumption strictly valid only for infinitely short collisions. Such 
an assumption was first made by Lorentz {12) and was retained in the fabric 
of subsequent impact theories of pressurebroadening {6-8). This assumption 
fails to take into account the interplay between the dynamics of collisions 
in a fluid { whose time constants are statistically fixed at a given 
temperature and pressure) and the dynamics of the interaction with a 
time-variant electromagnetic field. The time constant appropriate to a 
monochromatic electromagnetic field, E{t) • E exp[jwt], is the period, 
{2n/w) a {1/f). Hence, the time-dependent fieid perturbation, Hf{t), may be 
expessed as { µ•E ) exp[jwt]. The total perturbation, H{t), due to the 
external field ana the intermolecular potenti 1 energy, V{tY, is then 
given by: 

H{t) a Hf{t) + <V(t)> • (µ•E
0

) ejwt + <V(t)> (13) 

where <V{t)> is a statistical average of V{t) over the ensemble of 
molecules, and is a function of temperature and pressure. While a mono
chromatic field is characerized by the single time constant (2n/w), the 
average time profile of molecular collisions impinging upon a representative 
molecule in a fluid will, in general, exhibit a complicated spectrum of 
time constants. Qualitatively, one may expect that in a fluid <V(t)> will 
have a contribution from an essentially time-independent term, representing 
the long-time average of collisional perturbations, superimposed upon which 
are quasi-individual collisional impacts varying with time. Furthermore, 
the contributions to <V(t)> of collisional events of increasingly shorter 
duration must decrease with decreasing duration of a collision since the 
statistical distribution of molecular velocities v goes to zero as v-+oo, for 
any finite thermal energy, kT. Thus, a first-order measure of the time profile 
of <V(t)> is the average value of the duration of molecular collisions in 
a fluid, <ocoll>; more complete information about <V(t)> inheres in the 
probability distribution for the duration of molecular collisions, 
Pr[<o 011>] a f(T,p). For dilute gases, <V{t)>-+O, Pr[<ocoll>] can be 
compufea from the kinetic theory of gases, but accurate estimates of 
Pr[<oco11>] are not readily available for fluids, <V(t)> >O. Nevertheless, 
the probability distribution function is expected in general to drop off 
toward zero in the limit of zero and infinite values of <oco11>. 
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On the basis of the foregoing considerations, the role of collisional 
interactions in the interruption of the radiative process at a frequency w 
will be crucially affected by the status of the ratio: (2n/w)/<ocoll>. 
Since <ocoll> is fixed for a given molecular system at fixed temperature 
and pressure, the efficiency of the average collisional interruption is 
expected to differ markedly in the low- and high-frequency limits, 
[(2n/w)/<ocoll>] >>1 and [(2n/w)/<ocoll>] <<1, respectively. 
For low-frequency radiative processes (w+O), collisional perturbations 
are essentially diabatic with respect to the radiative perturbation, i.e. 
the regime of time constants of <V(t)>in Eq. (13) lies at values much smaller 
than the field period. Conversely, for high-frequency radiative processes 
(w--), collisional events are essentially adiabatic with re~pect to the 
radiative perturbation, with the regime of time constants of <V(t)> lying 
at values much larger than the field period. 

In the diabatic limit (w+O), the average number of collisions sec-1 
totally effective in interrupting the radiative process will approach a 
maximum (1/<Tk(O)>], and the associated relaxation time a minimum, <Tk(O)>. 
In the adiabatic limit (w--), the average number of collisions sec-1 
totally effective in interrupting the radiative process will tend toward zero, 
(1/<Tk(w)>] -+O, with <Tk(w)> approaching= in the same limit. Physically, 
as the period of the field perturbation decreases far below the average 
duration of a collision in the fluid, the collisional perturbation becomes 
increasingly ineffective in interrupting the radiative process. As a 
consequence, the general 1quation for K*(w), Eq. (4) must be modified to 
express this frequency dependence of <Tk>, in order to meet the physical 
requirements, Eqs. (12a) and (12b). 

From detailed considerations concerning the mapping of the rotational 
resonance spectrum in a dilute gas onto the relaxation spectrum in a fluid (13), 
we suggest the following form for the frequency-dependent relaxation time: 

with: 

lim <Tk(w)> • <Tk(O)> 
w-+O 

(14) 

(14a) 

(14b) 

(14c) 

Although <~k> and <tk> in Eq. (14) are, strictly speaking, parameters of 
the theory, one may associate.the order of magnitude of <ok> with the average 
duration of a collision in a fluid, <ocoll>. As dictated by the physical 
arguments delineated in the above, O< [2n/<ok>] <=; hence, the limits, 
Eqs. (14a) and (14b). The parameter <tk> describes the steepness of the 
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increase in <tk(w}> over <tk(O}> as w+a>; formally, the limit <~k> + m 
corresponds to <tk(w}> • <t (O}> for 0<~ [2~/<ok>), and 
<tk(w}> • m for w> [2~/<ok~), i.e. a step function which corresponds to 
a cut-off for a(w} at the frequency w- [2~/<ok>J. For <~k> <m, <tk(w}> 
exhibit a monotone increase from <tk(O}> , and a(w} decreases in a 
monotone fashion as w+a>. 

In terms of the present analysis, the Debye assumption limiting the 
validity of Eq. (4) is seen to be: <ok> >>(w/2~}; viz., the average duration 
of molecular collisions in a fluid is vanishingly short compared to the 
period of any photon of arbitrary frequency w. In this limit, <tk(w}>, for 
any frequency w, in Eq. (14} reduces to <tk(O}> • <tk>, the relaxation-time 
parameter in Eq. (4), and the latter expression becomes exact. In fact, 
<ocoll>'vlQ-12 sec is not vanishingly small for arbitrarily short periods of 
the electromagnetic field, and this assumption is expected to become 
increasingly untenable at millimeter-wave, far-infrared, and higher frequencies. 
Thus, while Eq. (4) gives a satisfactory account of the frequency dependence 
of K*(w}, and hence of a(w}, for a relaxation process, at frequencies far 
below the far-infrared region, the Debye assumption must be removed to 
account properly for the entire relaxation spectrum, 0 < w < m. 

RESULTS 

In particular, the present analysis predicts the following behavior 
for the attenuation function, a(w}. Substitution of Eq. (14} into Eq. (10b} 
for the high-frequency limit of a(w} yields: 

lim °REL,k(w) .. 
(l)'+OO 

(2wN/31Tc) µf <Tk(0)>-1 

• lim { exp [-w<~k>) 
(l)'+OO 

[K 1 J-½ 
00k 

[Eint<w)/E(w)] } 

• (1/2c) [ K1 - K1 
] <T (0)>-1 [K,!._J-½ o m k k --.., 

• lim { exp [-w<~k>] (16} 

The exponential term ensures the proper limit for the attenuation function, 
since [Eint<w)/E(w)] will tend toward unity as w+a>. The dielectric 
conductivity, Eq. (llb} has, in the limit of infinite frequency, an analogous 
form, according to Eq. (14): 

(4~N/31T) €
0 

µf <tk(0)>-1 lim { e-w<~k> Eint<w) } 
E(w} 

• €0 [ K~ - K! ]k <tk(O)>-l lim { exp [-w<~k>J } 
(l)'+OO 
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At the frequency (l)B[2TI /<ok>], the relaxation time becomes 2<tk(O)> and, 
in the limit appropriate to this high-frequency regime: 

lim U,k[w-2n<ok>-1] • (nN/3!_Tc) µ~ <tk(0)>-1 [K!k]-½ [Eint<w)/E(w)] 

tan2o (w) «1 

Eq. (18) is valid since [<ok>-2 <tk(0)>2] >>1, even for systems with the 
smallest relaxation times, such as H20• Eq. (18) indicates that the 
present model predicts a value of a[(l)B2TI<o>-1] of one-half of the 
asymptotic Debye limit, Eq. (!Ob). 

At the critical frequency, w-<tk(w)>-1, the attenuation has the value: 

(18) 

aREL,k[w<tk(w)>•l] .. (1/2½ c) <tk(0)>-1 [ 2-½{ [K~] 2+[Kc!,) 2 }½..½[K~ +K!1J ~ 

(19) 

For the special case, tan2 o(w) <<1, Eq. (19) reduces to: 

lim °REL,k[w<tk(w)>al) a (2½ TIN/3!_Tc) µ~ <tk(O)>-l [K~+K!]1c½[Eint(w)/E(w)] 

tan2o (w) «1 

(20) 

Note that, in Eqs. (19) and (20), <tk(wcrit)> differ~ imperceptibly 
from <tk(O)> at the critical frequency, for <ok> 10-13 sec and 
<tk(O)> ~ 10-ll sec. 

In summary, the present analysis predicts the following general features 
for the relaxation contribution to the attenuation function, a(w), of a 
fluid, as a function of frequency: 

(.!_) in the limit of low frequencies, a(w) goes essentially as w2: 

lim °REL,k(w) = (2nN/3~Tc) w2 µ~ <Tk(O)> [K~,k]-½[Eint(w)/E(w)] 

[ w<Tk(w)>] «l 
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(b) a(w) increases in a monotone fashion as w increases toward the 
critical frequency, at which a(w) is given exactly by Eq. (19) and 
approximately by Eq. (20); 

(.£) between the critical frequency and the frequency w=2TI<ok>-1, a(w) 
goes through a maximum, below the Debye high-frequency limit, 
Eq. (10b), at a frequency computable via Eqs. (1), (4) and (14) and the 
auxiliary condition, (d/dw) a(w) = 0, and then decreases to a value at 
w• 2TI<ok>-1 given by Eq. (18), and equal to one-half the asymptotic Debye 
limit; 

(~) the attenuation at w=2TI <ok>-1 and at the critical frequency are 
related by the general expression: 

a[w=2TI<ok>-1] = a[w<tk(w)> =l] 

• (23/2) [ 2½{ [K~] 2 + [K' 12}½ -½[K~ + Kc!,]]~ [K~]½ [K~ - Kc!,]k1 

For tan2 o(w) <<1 at the critical frequency, Eq. (22) specializes to: 

a[w=2TI<ok>-1] = lim fo[w<tk(w)>=l] z-½ [K~ +Kc!,]~ [K!k]-½ 

tan2o(w) «1 

(22) 

(23) 

(~) in the high-frequency limit,w>2TI<ok>-1, a(w) decreases exponentially 
toward zero, according to Eq. (17). 

Analogous arguments hold for the predictions by the present model for 
the relaxation contribution to the dielectric conductivity, cr(w). The 
defining equation for o(w), Eq. (3), and the characteristics for 
lim '¾lEL,k(w) [ tan2o(w) <<1] adduced above lead to the following summary 
characteristics for o(w): 

(!_) in the limit of low frequencies, [w<tk(w)>]<<l, cr(w) has the form: 

lim °REL,k(w) = (4TIN/3~T) e0 w2 µ~ <tk(0)> [Eint(w)/E(w)] 

[w <tk(w)>] «1 
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(E_) cr(w) increases in a monotone fashion as w approaches the critical 
frequency, at which the dielectric conductivity has the value: 

= (1/2) € [K 1 
- K1

] <Tk(O)>-l o o 00 k 

(£) between the critical frequency and 
maximum, below the Debye asymptotic limit, 
and w computable from Eqs. (3), (4) and ~ax 
(d/dWJ crREL k(w) = 0; 

' 

(25) 

w=2TI<ok>-1 , cr(w) goes through a 
Eq. (llb), with crREL k( wmax) 
(14), and the condition,' 

(~) subsequently, cr(w) decreases to a value at w=2TI<ok>-1 equal to that 
at the critical frequency, Eq. (25): 

(26) 

and one-half of the asymptotic Debye limit; 

(_~) in the high-frequency limit, w>2TI<ok>-1 , cr(w) decreases exponentially 
toward zero, as indicated by Eq. (17). 

DISCµSSION AND CONCLUSIONS 

Table I provides values for a(w) for H20(l) as a function of T, 
calculated from Eqs. (18) - (20), employing values of K', K!, and <Tk(0)> 
compiled by Hasted (14). In comparing these results witg experimental values 
of the spectroscopicabsorption coefficient defined by Beer's law, 

[I(w)/I
0

(w)] exp {-[2a(w)]Nz} (27) 

we require [2 a(w)], in neper cm-1 , since the (spectroscopic) intensity 
I(w) after travel of a distance z, in cm, in the dielectric goes as E2 (w), 
while the attenuation function, Eq. (1), is defined by: 

[E(w)/E
0

(w)] = exp {-a(w)Nz} (28) 

Detailed comparison of the numerical predictions of the present model 
is impeded by the ~omplexity of the absorption spectrum of liquid H20 in 
the frequency regime between the microwave and the infrared region 
[ 30-30000 GHz; 1-1000 cm-1] (15,16), and the incompleteness of experimental 
data for a(w) or K*(w) in the region between 1 and 20 cm-1. Aside from the 
principal relaxation process with <Tk(0)>; 10-ll sec, H20(l) exhibits 
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TABLE I. Attenuation Function, a(w), for H20(l) at the critical frequency, 

[w<,k(w)>=l], at the frequency [w=(2TT/<ok>)], and in the asymptotic 

Debye limit, [<ok> <<(2TI/w)], as a function of temperature, T. 

T 

Eq. (19) Eq. (20) Eq. (18) 

lim aREL,k(w) 

w-tro 
[<ok> «(21T/w)] 

Eq. (!Ob) 

------------------------------------------------------------------------------
0 5.31 5.74 18.5 37.0 

10 7. 35 7.98 26.2 52.4 

20 9.70 10.5 33.2 66.4 

30 12.2 13.2 41.1 82.2 

40 14.8 15.9 48.6 97.2 

50 17.4 18.8 56.3 113 

60 20.8 22.4 65.1 130 

75 24.1 26.0 70.8 142 
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several other absorption processes in this frequency regime: (a) an 
intermolecular hindered-translation process, VT' at 175 cm-1, (E_) an 
intermolecular libration process, v1 , at 700 cm-1, and (£) a weak second 
hindered-translation process, VTZ' at 60 cm-1. The hindered-translation band 
VT is dominant in intensity between 20-300 cm-1, with a maximum [2a(w)] 
approximately 1300 neper cm-1 at 200 cm-1 (17). While processes (a) and (b) 
dominate the HzO(l) absorption coefficient above 20 cm-1, and thu; render
analysis of the 20 GHz ( 0.575 cm-1 ) relaxation contribution ~REL(w) 
to the total attenuation semi-quantitative, measurements of a(w) and K*(w) 
near 3 cm-1 (18) and 10 cm-1 (4,19) are consistent with values of total 
a(w) and K"(w)below the asymptotic Debye limit, <ok> <<(2TT/w). The paucity 
of experimental values for a(w) between about 3 cm-1 and the onset 
of the strong VT absorption near 20 cm-1, leading into a set of broad, 
overlapping far-infrared absorption bands, do not permit refinement of the 
parameter <ok>' Eq. (14), over the order of magnitude expected on theoretical 
grounds, <ok> ~lo-l3 sec. 

It has long been recognized that inertial effects may modify the 
predictions of the Debye model in liquids (20), and the dielectric absorption 
and dispersion in compressed gases (21-24).In the treatment of Powles (20), 
the measure of deviations in K*(w) from~ Debye-type relaxation is given
by the magnitude of x= (I/2kTT2), where I is the average value of the three 
principal moments of inertia of the rotating molecule and Tis the dielectric 
relaxation time. In the Debye limit, x+O. In the high-frequency limit, the 
Powles theory leads to: lim a(w) [w >>(2kT/I)½] ~w-2 x-2 T-3 [K~]½ 
~w-2 (2kT/I)2 T [K~]½,i.e. a decrease in-a(w) going as w-2 at frequencies 
w >> (ZIT/I)½. Owing to the heuristic nature of the present formalism 
and the fact that even for a vanishingly small inertial effect (x+O), the 
limiting behavior for <Tk(w)> , Eq. (14), is requisite in order to ensure 
a physically acceptable limit for a(w), Eq. (12a), no attempt has been 
made here to incorporate an explicit mechanism for the inertial effect. 
In particular, for the present system of interest, HzO(l), x; 10-5 
[ owing to the small principal moments of inertia: Ix= 2.9379 -10-40 gcm2, 
Iy = 1.9187 -10-40 gcm2, Iz = 1.0220 -10-40 gcm2; (~)], and the inertial 
effect is expected a fortiori to be of less than secondary importance. 
In general, the proper parametrization of <ok> and <~k> in the present 
theory, Eq. (14), may be expected to account for the decrease in a(w) as 
(J.)"t<lO, due to both the general decreasing efficiency of collisional interruption 
of the radiative process and any inertial effects. 

Whereas the Debye assumption [<ok><<(2TT/w) ] precludes the existence of 
windows in the attenuation function for a polar liquid like HzO(l) above 
the microwave region, with [1/a(w)] ~ 1.51 -10-2 for HzO(l) at zooc, 
the present model is consistent with a rapid increase in the relaxation 
contribution to the attenuation distance [1/a(w)] for w> (2TT/<ok>) ~ (2TT)l013 
sec-1 or f~104 GHz~ 300 cm-1 . This prediction has implications not only for 
the penetration of electromagnetic radiation into aqueous systems and 
biological tissues, but also for the profile of (blackbody) radiation 
emitted by biological tissues at millimeter and fa-infrared frequencies, and 
hence radiometry and thermography of tissues (26) in these frequency 
regions; viz., a minimum in a(w) (Q) as well as in K'(w) exists in HzO(l), (~Z) 
at zo0 c near 800 cm-1, in a frequency range not far removed from that 
associated with the maximum radiative flux density of a blackbody near 300°K. 
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ABSTRACT 

INTERACTION OF MICROWAVE FREQUENCY 
AND POLARIZATION WITH ANIMAL SIZE 

John Schrot and T. Daryl Hawkins 
Department of Microwave Research 

Walter Reed Army Institute of Research 
Washington, D.C. 20012 

Latency to tonic-clonic convulsion was measured in mice (25-30 g), 
small rats (100-125 g)l and large rats (380-420 g) as they were individually 
exposed to a 150 mW/cm continuous-wave (CW) microwave field. Groups of 
animals were exposed to different combinations of frequency and polarization. 
Frequencies of 710, 985, 1700, 2450, and 3000 MHz were used and at each 
frequency the electric (E) field was polarized either horizontally or 
vertically, aligned parallel or perpendicularly, respectively, with the 
long axis of the animal's body. The results showed that interactions occur 
between microwave frequency and animal size. Maximum wlnerability occurred 
at lower frequencies as animal size increased. With a horizontally polarized 
E-field the animals were most sensitive when body length was about one-half 
of the wavelength. The horizontally polarized E-field consistently produced 
the shortest convulsion latencies. Furthermore, as animal size increased 
the field parameters interacted to produce larger polarization differentials 
at lower frequencies. The results support arguments for careful consideration 
of both field parameters and target dimensions in hazards evaluation, 

INTRO DUCT ION 

Accumulating evidence indicates that microwave field parameters interact 
with target size to determine biological effects. The authors of a recent 
theoretical paper (1) predict that frequency and target size interact to 
determine the location and intensity of "hot spots" within spheres. In 
addition, when the target is very small relative to the wavelength, electric
(E) field polarization parallel to the long axis of an elongated target has 
been predicted to yield greater energy absorption than either magnetic or 
cross polarization (2). Furthermore, antenna theory indicates that peak 
absorption rates would occur with E-field polarization parallel to the long 
body axis, at a particular body-length to wavelength ratio (3). 

The available data on polarization effects agrees with the theoretical 
predictions. The rate of rectal-temperature increase of dogs was reported 
to be fastest when the long axis of the animal's body was aligned parallel 
with a horizontally polarized E-field (4). The results of a whole-animal 
calorimetry study showed that animal carcasses absorbed maximum energy when 
oriented parallel to the E-field (5). A study measuring energy absorption 
in anesthetized mice and prolate spheroid models found that greatest 
absorption occurred with orientation of the E-field parallel to the long 
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axis of the target (3). 

Investigators have also begun to probe the contribution of microwave 
frequency to bioeffects. The behavior of rats on a fixed-ratio schedule of 
food reinforcement was shown to change as a function of microwave frequency 
(6). Peak energy absorption, and the distribution of absorption, in spheres 
and brain models varied with frequency and target size (7). Energy absorption 
in rats was found to vary with changes in frequency and animal size; in. 
addition, peak absorption occurred at lower frequencies (longer wavelengths) 
as size increased (3), In prolate spheroid models the same study reported 
that resonant absorption frequency changed with polarization. The resonance 
phenomena occurred at lower frequencies with horizontal E-fields, but at 
higher frequencies with either vertical or perpendicularly polarized E
fields. 

Most studies relating bioeffects to field parameters have been limited 
to investigations of a single variable such as frequency or polarization. 
The only study investigating interactions between frequency and polarization 
used prolate spheroid models as the target. The present study has extended 
such investigations by measuring frequency and polarization interactions on 
the central nervous system of rodents. This was accomplished by exposing 
groups of mice, small rats, and large rats to a high-power density con
tinuous-wave (CW) field with frequencies ranging from 710 to 3000 MHz. At 
each frequency exposures were conducted with the E-field polarized either 
horizontally or vertically, typically aligned parallel or perpendicularly, 
respectively, to the long axis of the animal's body. The restraining 
device, however, did not absolutely restrict the animal's position in the 
field; accordingly, some variation in aspect ratio occurred during each 
exposure. The elapsed time to onset of tonic-clonic convulsion was measured 
for each animal. 

MATERIALS AND METHODS 

Subjects 

One hundred ten male mice (WRM: (IC~) BR) and 180 male rats (WRM: 
WRC (WI) BR) from the Walter Reed colony served as subjects. At time of 
testing, the mice weighed between 25 and 30 g; 110 of the rats (small) 
weighed between 100 and 125 g and 70 (large) weighed bewteen 380 and 420 g. 
The body length of mice, small rats, and large rats, excluding the tail, 
was about 8.5 cm, 16 cm, and 22.5 cm, respectively (see Table 1). Throughout 
this study, animal "size" was used synonymously with animal weight and 
length. A diurnal light-dark cycle with a 12-hr light period starting at 
0600 was in effect from birth. The rats were housed in individual cages at 
an ambient temperuture of 21 ± 1° C. Ten mice per cage were housed under 
the same ambient conditions as the rats. All animals were maintained under 
ad libitum feeding and watering conditions. 

Apparatus 

Chambers designed to provide anechoicity, with reflected energy approxi
mately 40 db below the direct rays, were used for the exposures. The 
transmitter consisted of a sweep-frequency generator (Hewlett-Packard 
8690B/8699B), and 2-KW klystron amplifiers (Varian), The klystron output 
was monitored by a calibrated directional coupler (nominal 60 db) and 
meter; a leveling circuit between the meter and coupler was constructed to 
maintain a constant transmitted power. The coupler was calibrated 
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Table 1 

Relationship between body length and the wavelength producing the shortest 
convulsion latency (most hazardous) for mice, small rats, and large 
rats. 

Most 
Body* hazardous Body length/ 

length wavelength (cm) wavelength 
Subject (cm) (frequency MHz) ratio 

Mouse 8.5 17.65 0.48 
(1700) 

Small 
rat 16.0 30.46 0.53 

(985) 

Large 
rat 22.5 42.25 0.53 

(710) 

*The median length of five anesthetized animals of each size, excluding the 
tail. The range of measures for mice and small rats were less than 0.5 cm, 
large rats ranged from 22 to 23 cm. 

186 



on an automatic network analyzer (Hewlett-Packard 8542A) to a mean accuracy 
of 0,67 db. The microwave fields were radiated from standard-gain-horns 
(Scientific-Atlanta) and field polarization was changed by rotating the 
antennas 90 degrees. The fields were established by the matched-horn 
technique and were estimated to be within+ 20% of the true value. 

The ambient temperature of the anechoic chambers was maintained at 21 
+ 0,5°C. The ambient relative humidity of the chambers ranged from 35 to 
83% during the test series. Although relative humidity can influence 
microwave bioeffects it is not powerful enough to substantially alter the 
functions presented here. Data recently obtained in this laboratory showed 
that an increase in relative humidity from 38 to 83% only resulted in an 
18% decrease in convulsion latency. Those animals were restrained in an 
apparatus constructed of plexiglas rods that permitted complete contact 
with the ambient conditions. In the present study, the restricted air 
exchange imposed by the restraining device probably resulted in a more 
uniform relative humidity condition within the restrainer than chamber 
mesurements would indicate; in fact, comparable convulsion latencies were 
obtained within frequency-polarization subgroups with 15 to 20% shifts in 
relative humidity, From consideration of the restraining device and analysis 
of the relative humidity variations we have concluded that ambient relative 
humidity shifts in the anechoic chambers did not markedly alter the results 
obtained, 

Procedure 

Animals were individualty exposed to combinations of frequency and 
polarization with a 150mW/cm CW field. Frequencies of 710, 985, 1700, 
2450, and 3000 MHz were investigated. Exposures were conducted with two 
polarizations at each frequency; the E-field was either horizontally or 
vertically polarized and aligned parallel or perpendicularly, respectively, 
with the long axis of the animal's body. Three groups of animals were 
exposed at each frequency-polarization combination. These groups consisted 
of 11 mice, 11 small rats, and 7 large rats, 

The animals were restrained during exposures in rectangularly shaped 
boxes constructed of clear Plexiglas, o:6 cm thick. The interior box 
dimensions (width, depth, height) for mice, small rats, and large rats were 
14 X 3.5 X 3,5 cm, 14 X 7,5 X 7,5 cm, and 17 X 10 X 10 cm, respectively. 
Holes with a diameter of 0.6 cm were drilled through the box walls and 
ends, The lids were held in place with nylon screws. The dimensions of 
each box permitted an animal to turn and move transversely across the 
field, but restrained perpendicular and vertical movement in the field. 
The box did not, however, control for changes in aspect ratio caused by an 
animal elongating or shortening its body length. Continuous television 
monitoring of the exposures confirmed the relatively fixed position of the 
animals in the field, The box was placed on a styrofoam platform in the 
anechoic chamber and was centered in the field with the long axis of the 
box parallel to the antenna. The distance between the center of the box 
and the antenna aperture was 121,9 cm. The start of tonic-clonic convulsive 
activity was observed via closed-circuit television and the elapsed time 
was recorded on a print-out counter. If an animal survived one hour without 
convulsing, the exposure was terminated, 

RESULTS 

Figure 1 shows the effect of frequency on convulsion latency for the 
three animal sizes, with a horizontally polarized E-field. Differences 
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between contiguous frequencies, within species, were tested for significance 
with a two-tailed Mann-Whitney U test (8). Subjects of different size 
reacted differently to frequency. For mice, the median latencies were 
lowest at 1700 MHz (160 sec) and highest at 710 MHz (3260 sec), where 5 of 
11 animals survived 3600 sec of exposure. All differences in latency 
between adjoining frequencies were significant (p .02). As animal size 
increased the frequencies producing the lowest and highest convulsion 
latencies shifted. Convulsion latencies for small rats reached their 
minimum at 985 MHz (260 sec), but were similarly long at 2450 MHz (583 sec) 
and 3000 MHz (628 sec) (p .OS). The latencies for large rats were lowest at 
710 MHz (453 sec) and highest at 2450 MHz (1134 sec). All differences in 
latency, for these animals, between contiguous frequencies were significant 
(p .02). 

Table 1 presents the relationship between the most hazardous wavelength 
and the body length of each subject size. The most hazardous wavelength 
was defined as the one producing the shortest convulsion latency. The most 
hazardous wavelength increased as animal size increased. The animals were 
most vulnerable when the ratio of body length (column 1) to wavelength 
(column 2) was approximately 0.5 (column 3). 

Convulsion latencies obtained with mice for both horizontal and vertical 
E-field polarizations are depicted in Figure 2. The horizontal E-field 
produced consistently shorter convulsion latencies. All polarization 
differences were statistically significant (p .02); except at 710 MHz where 
both groups exceeded the 1-hr exposure limit. The median difference in 
latency of the horizontal from the vertical polarization condition at each 
frequency was: 3000 MHz, +163 sec; 2450 MHz, +179 sec; 1700 MHz, +625 sec; 
985 MHz, +3055 sec; and 710 MHz, +399 sec. The differences grew.larger as 
frequency decreased except at the lowest, least effective, frequency. At 
the two lowest frequencies all animals exposed with the vertically polarized 
E-field survived the 1-hr time limit without convulsing and without any 
apparent signs of stress. 

Figure 3 shows the polarization differentials for small rats (100-125 
g). As with the mice, the horizontal E-field produced shorter convulsion 
latencies, with the magnitude of the difference increasing as frequency 
decreased. The median difference (vertical minus horizontal conditio~), at 
each frequency was: 3000 MHz, +184 sec; 2450 MHz, +105 sec; 1700 MHz, +235 
sec; 985 MHz, +598 sec; and 710 MHz, +3182 sec. The differences at each 
frequency were statistically significant (p .02). All animals exposed with 
a vertical E-field at 710 MHz survived the 1-hr time limit without convulsing. 

Figure 4 shows the polarization differences for large rats as a function 
of frequency. No difference between polarizations was obtained at the 
three highest frequencies (p .OS for each). At 985 and 710 MHz the horizontal 
E-field produced shorter convulsion latencies (p .02). The median differences 
at those two frequencies (vertical minus horizontal condition) were +487 
and +629 sec, respectively. 

DISCUSSION 

The results of this study demonstrate interactions between frequency, 
polarization, and subject size on convulsion latency. The general nature 
of these interactions are illustrated by the following: (1) An inverse 
relationship between frequency and animal size was observed over the range 
of frequencies and sizes tested. (2) Maximum vulnerability occurred at 
lower frequencies as subject size increased; with a horizontally polarized 
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E-field the animals were most vulnerable when their body length was about 
one-half of the wavelength. (3) The horizontally aligned E-field consistently 
produced the shortest con,'Ulsion latencies. Furthermore, as an·imal size 
increased larger polarization differentials were produced at lower frequencies. 

The present findings are in agreement with data reported by Gandhi 
(3). That study found the greatest amount of energy absorption occurring 
when the E-field was polarized parallel to the long axis of the targets. 
With that orientation, peak absorption occurred at a lower frequency than 
with either vertical or perpendicular polarization. Furthermore, peak 
absorption for smaller animals occurred at higher frequencies than for 
larger animals, a relationship similar to that found between freqµency and 
convulsion latency in our study. Michaelson (10) described work by Gordon 
(11), in which rat lethality varied with frequency and pulse parameter~, 
and by Presman (12), in which energy penetration was predicted to vary as a 
function of frequency and head size. The literature on bioeffects contains 
further data confirming the singular influences of frequency (1, 6, 7), 
polarization (2, 4, 5), and size (9). · 

The present data were obtained with two species and, within one species, 
animals of different ages. It is possible that the species and age variables 
contributed to the frequency, polLrization, and animal size interactions. 
Physiological differences in temperature regulatory mechanisms could haye 
differentially influenced the convulsion latencies of each subject size. 
Nevertheless, these findings are consistent with expectations based o~ 
absorption in prolate spheroidal models (3). In addition, the subject 
groups showed (Figure 1) reversals in relative rank order across the frequency 
range which are difficult to attribute to species or age differences. 
Finally, these data were intended to further establish the importance of 
frequency, polarization, and animal size interactions for microwave bioeffects, 
not to define the limits of their applicability. 

These data were obtained with living organisms, restrained, but not 
immobilized, in a microwave field. By changing its posture during exposure, 
an animal could change its aspect ratio (target characteristics) within the 
confines of the restraining box. The restraining box was constructed of 
Plexiglas and included edges, which probably altered the field impinging 
upon the animal, within the box. These energy coupling problems make 
comparisons between these data and expectations based on biophysical theory 
difficult. Nevertheless, the dala presented in Figure 1 and Table 1 show a 
remarkable similarity to data o~tained from prolate spheroid and isotropic 
models (3). 

The data reported here demonstrate that microwave field parameters 
contribute significantly to thermal biological effects. The parameters of 
frequency and polarization interacted selectively with animal size, perhaps 
to produce a greater or lesser degree of energy coupling. The thermal 
characteristics of these findings were corroborated by other data obtained 
in our laboratory (13). Using similar field parameters, the colonic temper
ature changes of mice and rats paralieled those seen in the convulsion 
latencies. The convulsion latency and colonic temperature data demonstrate 
that an animal's size make it more v•tlnerable to some combinations of 
frequency and polarization than to others. These data should aid researchers 
in choosing appropriate field parameters for biological investigations. 

On the basis of these and other findings we would argue for careful consid
eration of both field parameters and target dimensions in hazards evaluation. 
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The problem of determining the fields and power deposition within dielectric 
bodies exposed to external electromagnetic radiation has been solved exactly 
only for a limited number of geometrically-idealized cases. This paper 
describes a theoretical formulation based on the finite element method and the 
variational calculus for the approximate calculation of internal fields in lossy 
dielectric media of asymmetric or irregular geometry. One application of this 
technique is that of determining absorbed power density in biological systems 
exposed to microwave radiation. 

GENERAL DESCRIPTION 

We want to solve the Helmholtz equation for a system with complex 
dielectric constant. If we restrict ourselves to analytic solutions the shapes 
from which the problem can be solved are restricted to spheres, infinite slabs, 
and infinite cylinders (1,2). In order to obtain more flexibility in the 
choice of shapes of scattering objects we have constructed a program, 
utilizing a numerical technique known as the finite element method, to solve 
partial differential equations. This method has been extensively used in 
problems in elasticity, heat conduction and wave guides, but not, as far as we 
are aware, in scattering problems. 

The problem at hand can be formulated as follows: We want to solve the 
wave equation in a domain (a mathematical "box") larger than the object of 
interest. This choice of domain will enable us to also calculate a part of the 
resultant field exterior to the object. The boundary condition is an 
appropriate combination of the complex wave function and its derivative, such 
that this linear combination determines the amplitude of the incoming wave. In 
general, the object may consist of several subregions of different dielectric 
constants. For the moment, we will restrict this discussion to a two
dimensional object having a given shape and complex dielectric constant. 

The method used is based on the Euler variational principle, known in 
quantum mechanics as the Rayleigh-Ritz method. The variational integral leading 
to the wave equation is 
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where B(¢) stands for the boundary condition. The class of boundary conditions 
that can be solved in this way is restricted to linear combinati,~"as of the 
function and its derivatives (3). The zero functional derivative of the above 
equation will be the solution of the problem 

The finite element method (4,5) consists of breaking up the domain in small 
triangles. In each triangle we describe the function by an appropriate poly
nomial and the constants in the polynomials become the variables of the 
minimization problem. The parameters that describe the polynomials can be 
chosen in various ways and one of the simplest ways to do this is to use the 
values of the function at the corners of each triangle as variation parameters. 
In this way one obtains a function that is continuous in the domain (or can be 
given certain specific discontinuities along preconditioned curves if one 
desires to do so). The triangulation follows the boundary lines of our 
dielectric object with reasonable closeness so that each triangle has a dis
tinct, but fixed value of k. 

The general configuration of the problem is illustrated in figure 1. The 
crosshatched area represents the object, the region where the dielectric 
constant is different from one. The small vertical planes indicate the incoming 
plane wave. The shape of the object may be irregular. 

"BOX' 

Figure 1. Plane wave incident on a 2-dimensional lossy dielectric 
medium of arbitrary shape. 

MATHEMATICAL DESCRIPTION 

Let the fqnction inside a certain triangular element, labeled m, be 
designated as¢ lm) (x,y). We want to express this function in terms of the 
functional values at the vertices of the triangle. We will label the vertices 
1, 2, and 3. The transformation that expresses the function in terms of these 
variables is given by 

¢ (m) (x,y) = Jl 

where the three by three, non-symmetric, matrix g is determined solely by the 
values of the coordinates+~f the three corners: xi, yi (i = 1,2,3) (see Fig. 2). 
The transposed vector r has components 1, x and y. If we insert this 
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expression for each element in the integrand of the variation integral, we 
obtain an expression that is bilinear in the functional values ~1• 

The integral over the domain is broken up into integrals over each element, 
After appropriate rearrangement it is necessary to compute 6 moments over each 
element: 

M • 

p,q 

/ xpyq dxdy 
t:. 

.. (0,0), (0,1), (1,0), (2,0), (1,1), (0,2) 

These integrals will result in simple algebraic expressions in the coordinates 
of the three corners of the element. After the appropriate manipulations, which 
include the multiplication with the complex dielectric constant, a three by 
three symmetric_matrix is obtained which is the contribution of that particular 
element to the main, N by N, matrix, (N is the total number of vertices of the 
network.) 

2 

:<f>(x,y) 

I 
I 
I 

/ 

/ 3 

y 

Figure 2, A triangular element of the domain. The triangular element, with 
vertices 1, 2, 3, lies in the X-Y plane. ~1, ¢2, and ¢3 are the functional 
values at the vertices of the triangle and ~(xy) is the function inside the 
element. 

th The positions of the matrix elements corresponding to them element in 
the main matrix is governed by a connective matrix. This connective matrix, of 
dimension N by M, (where M is the total number of elements) contains all 
topological information of the network (6). 

\ 
the 
the 

To compute the boundary conditions it is necessary to specify the labels of 
boundary points (the labels o~ the boundary elements can then be found from 

connective matrix) as well as the coefficients q1 and q2 at each section of 
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the boundary. This leads to an additional set of M1equations. Further details 
are explained in reference (?). M1 is the number of boundary conditions, that 
is, the number of line-elements participating in the boundary condition. In 
order to solve the equations one has first to invert the N by N matrix, The 
inversion itself, limited only by machine capacity, imposes no particular 
problem, It is done by the Gauss-Seidel method. 

Two simple test cases were constructed to test the program. The first is a 
small square network of 16 vertices and 18 triangles filling nine squares, all 
with dielectric constant 1, (Fig. 3). The second (not shown) is a sim~lar 
network with 81 vertices and a strip in the center which may or may not be given 
a dielectric constant different than one. This leads to a simple test of the 
amount of reflection of the incoming wave. Computations made with these two 
networks led to satisfactory results, provided the wavelength was chosen 
sufficiently longer than the "optical" size of the elements. 

2 3 4 

13 

(a) (b) 

Figure 3. Small test network (a) with known solution (b), 

APPLICATION 

A computer program was written based on this finite element formulation and 
the induced electric field was calculated inside a simplified model of a human 
thigh exposed to 433 MHz plane wave (TM) radiation. The thigh model is a 
triple-layered, cylindrical-shaped dielectric system of irregular cross-section 
having a central bone core, an intermediate region of muscle and an outer layer 
of fatty tissue. The real and imaginary parts of the dielectric constant were 
taken as 5.61 and 1.96, both for bone and for fat. The real and imaginary parts 
for musc1e were taken as 52.80 and47,40 (8), As shown in figure 4, the cross
section of the thigh was enclosed in a rectangular region 17.5 X 19 cm and the 
entire region was divided into 197 triangular elements (having 110 vertices). 
The heavy line segments closely follow the interfaces (not shown) of the three 
regions of the thigh. Calculations were then made of the induced internal field 
!Ei for an external source of 1 V/M incident on the left face of the model shown 
in figure 4. Values of IEI at each vertex are listed in Table 1. 
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Figure 4, Triangulation of a cross-section of a triple-layered human thigh, 
(The numbers are vertex labels) 

CONCLUSIONS 

The theoretical basis for determining internal fields (and absorbed power 
density or dose rate distribution) in two-dimensional irregular-shaped 
biological systems has been established based on a finite element-variational 
calculus approach. A computer program has been written and is presently in use. 
This theoretical foundation is presently being generalized to three-dimensional 

irregular-shaped biological systems. 
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Table 1. Calculated normalized electric field !El inside a triple-
layered cylindrical model of a human thigh exposed to 433 MHz 
plane wave (TM) radiation. Vertices are those in figure 4. 

Vertex _w_ Vertex _w_ Vertex _w_ Vertex ill Vertex ill 
l 0.0218 23 0.0455 45 0.0842 67 0.0041 89 0.0026 
2 0.0418 24 0.0309 46 0.0564 68 0.0169 90 0.0040 
3 0.0344 25 0.0107 47 0.0801 69 0.0257 91 0.0050 
4 0.0259 26 0.0098 48 0.0524 70 0. 0371 92 0.0074 
5 0.0151 27 0.0136 49 0.0533 71 0.0515 93 0.0085 
6 0.0136 28 0.0067 50 0.0397 72 0.0536 94 0.0082 
7 0.0207 29 0. 0061 51 0.0295 73 0.0605 95 0.0056 
8 0.0320 30 0.0080 52 0.0295 74 0.0759 96 0.0042 
9 0.0411 31 0.0067 53 0.0214 75 0.135 97 0.0030 

10 0.0485 32 0. 0061 54 0.0060 76 0. 160 98 0.0027 
11 0.0477 33 0.0065 55 0.0007 77 0. 168 99 0.0284 
12 0.0405 34 0.0061 56 0.0031 78 0.157 100 0.0579 
13 o. 0239 35 0.0201 57 0.0008 79 0.114 l 01 0.0612 .... 14 0.0160 36 0.0267 58 0.0073 80 0.0800 l 02 0.0391 \D 

15 0.0109 37 0.0142 59 0.0100 81 0.0673 103 0. 1000 00 

16 0.0122 38 0.0420 60 0.0089 82 0.0432 104 0.0845 
17 0.0170 39 0.0408 61 0.0056 83 0.0383 105 0.0815 
18 0.0341 40 0.0328 62 0.0029 84 0.0266 106 0.0373 
19 0.0392 41 0.0456 63 0.0042 85 0.0185 107 0.0185 
20 0.0460 42 0.0536 64 0.0027 86 0.0077 l 08 0.0035 
21 0.0530 43 0.0635 65 0.0001 87 0.0026 109 0.0051 
22 0.0566 44 0.0800 66 0.0038 88 0.0012 110 0.0083 
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Absorbed power density in a spherical multilayered model of the head exposed to 
linearly polarized plane wave electromagnetic radiation has been calculated for 
various microwave frequencies, head dimensions, and range of values of 
electrical conductivity and dielectric constant of the brain-like core. Several 
results may b~ summarized by the following. (a) The absorbed power density 
does not critic~lly depend on the electrical conductivity value ascribed tG the 
brain, (the field intensity does). (b) Power deposition occurs in the layers 
around the t~ad although the head is irradiated from one dire~tion. The dose at 
the top and back side of the head is greater than that at the sides of the head. 
Under certain conditions dose distribution is the same at the back of the head 
as that at the front. (c) Hot spots occur at various interior points. The 
number and intensity of these power concentrations depend on values of 
electrical parameters of the biological media, head size and wavelength of the 
incident radiation. (d) Power deposition in the outer shells reaches. its 
maximum at higher field frequencies than in the interior. 

INTRODUCTION 

A program undertaken at the Food and Drug Administration's Bureau of 
Radiological Health is that of developing the mathematical means of determining 
power deposition inside biological media of complex irregular geometry exposed 
to plane wave electromagnetic radiation. In the initial phase of this 
development a computer program, SCAT (1), was written to calculate fields and 
dose distribution in single and multilayered spherically-synunetric biological 
systems. This computer program is based on the mathematics of single sphere 
scattering theory first developed by Mie (2), and later by Stratton (3) and 
Shapiro et al. (4) and is here applied to the idealized spherical multilayered 
model of the head as described in (4). This model consists of a central 
spherical brain core, surrounded by five concentric layers; cerebrospinal fluid, 
membrane, bone, fat and skin. The incident radiation is taken as a linearly 
polarized plane wave ~t microwave frequencies. Field intensity, IEl 2 and 
absorbed power density, 2 1El 2 in the interior and in the layers surrounding the 
brain have been calculated as a function of incident frequency, head radius, 
electrical conductivity of the core, and dielectric constant of the core. 
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THEORY 

A brief outline of the mathemetical background is presented here. The 
notation follows that of Stratton (3). Consider an electromagnetic field of 
frequency w in a biological medium characterize4 by ~ permitivity E, 
permeabilityµ, and conductivity cr. The field vectors E and H obey the wave 
equation 

(1) 

where k2 = Eµw 2 + icrµw. The quantity k is called the complex propagation 
constant. The general solution of the vector wave equation is expressed as a 
linear combination of the vector function solutions of (1), V x (t ~)and½ V x 
V (t ~), where tis the radius vector from the origin and~ is a solution to the 
~elmholtz ~quation (V 2 + k2 ) ~ = O. These vector functions are designated by 
me-iWt and ne-iWt, respectively. Expressing~ in spherical harmonics as ~ = 
zn(p)P~ (cos 9) i~~ (m¢) e-iwt and performing the vector operations indicated in 
(1) yields 

-+ 
m = + 
~ 

A m m sin 
ee sine zn (p) Pn (cose)cos m¢ 

m 
A aPn cos 

- e~ z (p) - sin m¢ 
'f' n ae 

-+ 
n 

emn 
0 

A n(n+l) = e z (p)Pm(cos8) cos m¢ 
r P n n sin 

A 1 a rc ( ~ a m ( cos + e8 pap (Zn p)j ~ pn cos8) sin m¢ 

A m a r, ( )1 Pm (cose) sin m¢ + e¢ psine ap ~zn PJ n cos 

(2) 

where zn (p) are spherical Bessel or spherical Hankel functions, and PW (cos8) 
are associated Legendre polynomials. 

An incident plane wave will induce fields outside and within the biological 
system. An x-polarized incident field propagating in the z-direction is 
described by 

E m 1 E ei(kz-wt) 
inc o 

H .. k k"-+ 
i X Ei nc µw nc 

Equating these to the 
dn ffo) e-iwt, with i and J 
orthogonality conditions on 

general solution form fort and ff, namely r 
expressed in spherical coordinates and 
rti and n, one obtains 
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-+- -iwt 00 n 2n+l [-+-(1) 
Einc = Eo e ~=1 i n ~+1) moln i ;<1)] 

eln 

µw-+-
- -H = k inc 

E -iwt 00 in 2n+l [;(1) + i ~(1)] 
o e ~-1 n(n+l) eln oln 

(4) 

The superscript 1 designates the use of spherical Bessel functions (zn + 

jn). Within a multilayered spherical biological medium the solution of the wave 
equation in the p-th region will be a linear combination of spherical Bessel and 
spherical Hankel functions (zn-+- bn), the latter being designated by superscript 
3. That is, the solution for the electric vector has the form 

E • E -iwt 00 in ~n+l fa ;<1) - ib ~(1) + a ;(3) - i(3 ;<3)] 
p o e ~-1 n(n+l)[np oln np eln np oln np eln (S) 

with an analogous expression for H. The coefficients in (5) are determined by 
the continuity requirement of tangential components, 9 and~, of both E and Hat 
each interface. This yields a set of four coefficients per region in terms of 
four coefficients in the adjacent region. These, together with additional 
conditions at the origin and outer boundary determines the fields at any point. 
Further details are found in (4), The SCAT program was written based on these 
considerations. The quantities calculated here are the interior or exterior 
fields and the absorbed power density or time averaged absorbed power per unit 
volume at various points in the biological regions. The absorbed power density, 
in units of watts/met 3 , is the time rate at which energy is absorbed by the 
tissue. 

ABSORBED POWER DENSITY CALCULATIONS 

The absorbed power density in a biological medium depends on the frequency 
of the incident field and the properties of the medium; its size, shape, 
orientation, interior geometric structure and electromagnetic characteristics. 
Several investigators have studied single sphere dose distributions for various 
diameters and frequencies (5, 6). The multilayered spherical system was 
developed by Shapiro and co-workers (4). They calculated the dose distribution 
along the 3 rectangular axes of a 3.3 cm radius, 6 region spherical model of a 
primate head irradiated by a 3 GHz plane wave. Ho (7) and Weil (8) continued 
this line of research. Weil determined the relative absorption cross section 
as a function of frequency and outer radius using the same multilayered system, 
and points up the frequency-dependent, migratory nature of the magnitude and 
location of peak power density absorption. This paper, utilizing this six 
region system, investigates the dependence of absorbed power density on (a) 
variations of incident field frequency, (b) variation of the radii of the 
spherical regions, (c) uncertainty in the values of the electrical conductivity 
of the brain and (d) uncertainty in the values of the dielectric constant of the 
brain, 

The model representing a human or animal head consists of a central 
spherical core of brain-like matter surrounded by 5 concentric spherical shells 
representing cerebrospinal fluid (CSF), membrane (dura), bone, subcutaneous fat 
and skin. Starting with the innermost sphere, the regions are labelled p = 1, 
2, ••• 6. The surrounding region of air is denoted by p • 7 (see figure 1). The 
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Figure 1, Six region model of the head. 1-brain, 
2-cerebrospinal fluid, 3-membrane, 4-bone, 5-fat, 
6-skin, 7-surrounding medium. 

Figure 2, Exterior scattered normalized electric 
field intensity IEl 2/IE 12 in the x • 0 plane of 0 the head. Outer radius r 6 a 3,3 cm, Incident 
frequency v • 3 GHz. 
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p-th region is described by spatial coordinates with origin at the center of the 
sphere and a set of tissue-equivalent electrical parameters crp, Kp and µp, Kp 
is the relative dielectric constant £/£ 0 • The outer radius of the p-th region 
is rp. For calculational purposes the interior and surrounding space are 
mathematically divided into parallel planes and the quantities deter~ined in the 
planes are the field intensity IEl 2 and absorbed power density½ a IEl 2 , 

Figure 2 is a plot of normalized (E0 = 1 v/m) electric field intensity of a 
scattered 3 GHz plane wave in the x = 0 plane surrounding the head. This figure 
spans a 30 x 30 cm planar region with a 3.3 cm radius head at the center of the 
region. The free space wavelength Ao= 10 cm. In the plot, the field is 
advancing from lower left to upper right. The ratio IEl 2 /IE0 J

2 is 1.6 at a 
distance of A0 /2 in front of the incident side and 1.4 at a distance of about Ao 
along the sides of the head. 

Absorbed power density in rnho/m (normalized to 1 v/m peak) as a function of 
frequency was investigated at several incident field frequencies for head and 
brain core radii of 6.6 cm and 5.4 cm, respectively. At 100 MHz (not shown) 
this size head is essentially unseen by the incident plane wave field. At 433 
MHz, a small amount of power is deposited in the front and rear layers of the 
head. This is shown in figure 3a, where the quant~til!lotted in the x = 0 plane 
is the normalized absorbed power density a 2. At 915 MHz (Fig. 3b), 
density in the layers is only slightly increased b8 a region of enhanced 
deposition or "hot-spot" appears around the center of the head. At 2450 MHz 
(Fig, 3c) deposition within the brain core has diminished but absorption in the 
front layers has increased considerably. At 5.8 GHz (Fig. 3d) absorption 
diminishes in the layers and is essentially zero in the core. 

Using a 3 GHz incident field, head radius 3.3 cm, and brain radius of 2.68 
cm the absorbed power density was calculated in four parallel planes of the 
head; the x = 0 or major plane, and the x = 1.6 cm, 2.4 cm, and 3.2 cm planes 
above the major plane. In the major plane (Fig. 4a) normalized power densities 
were found to be 0.18 and 0,32 in the center and frontal layers, respectively. 
Absorption in the layers along the sides of the head is apparent but diminishes 
from front to rear. In the x = 1.6 cm plane (Fig. 4b) and in the x = 2.4 cm 
plane (Fig. 4c) absorption peaks in the brain have diminished but layered 
absorption around the head is more pronounced. Power densities in the layer of 
skin at the "top" of the head i.e.; in the x = 3.2 cm plane (Fig. 4d), were 
calculated to be 0.14, about half that in the front layers but 3 times that in 
the layer of skin at the sides. (Compare Fig. 4a with 4d). 

Absorbed power density as a function of sphere size was calculated using a 
3 GHz incident field for head radii 1.1 cm, 1.65 cm, 3.3 cm, and 6.6 cm with 
brain cores of radii 0.89 cm, 1.34 cm, 2.68 cm, and 5.4 cm, respectively. The 
results indicate sharp increases in power density absorption as the dimensions 
become comparable to the internal wavelength (A internal~ 1.5 cm). In the 1.1 
cm sphere (Fig. Sa) the normalized power density reaches a peak value of .75 
near the center and .25 in the front and rear layers. Considerable absorption 
also occurs in the rear regions of the brain core and in the layers around the 
sides of the head. In the 1.65 cm sphere (Fig. Sb) two well defined peaks are 
found in the interior with values of ,55 near the center and .25 at a distance 
of 8 mm behind the center. Absorption in the layers has diminished to a maximum 
of 0.1 in the front of the head. In the 3.3 cm radius (Fig. Sc) the central 
peak diminishes to a maximum of .16 but front layers absorption has increased to 
0.32. Interior peaks are no longer present in the 6.6 cm radius head, (Fig. 
Sd), and the absorbed power density decreases to 0.17 in the front layer. In 
the 9.9 cm radius head (not shown) the distribution is similar to that in figure 
Sd but with maximum values of 0.1 in the front layers. 
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Figure 3. Normalized absorbed power density, at selected frequencies, 
in the x • 0 plane of the head. rs• 6.6 cm, scan spacing• 4 111111. 

(a) 433 Milz, (b) 915 Milz, (c) 2450 Milz, (d) 5.8 GHz. 
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Figure 4. Normalized absorbed power density in selected planes of the head. rs• 
3.3 cm, ~ • 3 GHz, scan spacing• 2 111111. (a) x • 0 plane, (b) x • 1.6 cm plane, 
(c) x • 2.4 cm plane, (d) x • 3.2 cm plane. 
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Figure 5, Normalized absorbed power density in the x • 0 plane of the head at 
selected head radii. ~ • 3 GHz. (a) rs• 1,1 cm, (b) rs• 1.65 cm, (c) 
rs• 3.3 cm, (d) rs• 6,6 cm. 
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Because of uncertainties in published values of conductivity, a and 
dielectric constant, Ka (€/€ 0 ) the sensitivity of absorbed power density to a 
and K values of a biological medium was investigated, Choosing 3 GHz frequency, 
head radius r6• 1,65 cm and K1 a 42, the brain core was assigned four different 
conductivity values 3, 2, 1, 0,5 mho/met. Over this range of cr1 values the 
internal wavelength varies by no more than 2% of 1.54 cm. Normalized field 
intensities and power densities are plotted in figures 6a and 6b, respectively 
for the case of cr1 • 0.5 mho/met and in figures 6c and 6d for the case of a1 = 3 
mho/met. For a 1 = 0.5, two distinct field intensity peaks appear in the 
interior (Fig, 6a) with maxima 2 mm in front of the core center and 8 mm behind 
the core center. Normalized field intensities IEl 2/IE0 l2 at these locations are 
1.56 and 0.84, respectively. There is also a greater field concentration in the 
rear layers than in the front layers. For OJ= 3, (Fig. 6c) the situation is 
reversed with regard to field intensity in the layers. The field intensity 
appears to be uniform across the brain core, diminishing slowly from front to 
rear. The central peak has diminished to IEl 2 /IE 0 l2 = 0.28 (compare with 1.56 
in the former case). Because of the 6-fold change in o however, the power 
depositions in both the 01 = 0.5 and 01 = 3 cases are nearly identical except in 
the layers at the rear of the head (compare Fig, 6b with 6d). The two cases of 
cr1 • 1 and cr1 = 2 (neither shown) have nearly identical power deposition as 
those of cr1 = 0.5 and 01 = 3. 

Power density as a function of dielectric constant of the brain using the 
same head size model (r5 = 1,65 cm and r1 = 1.34 cm) with v • 3 GHz and 01 = 2 
mho/met was investigated for Ki values of 29, 42, 55, and 68. For K1 = 29 (Fig. 
7a) absorbed power density is uniform in the front hemisphere of the brain 
peaking to 0.29 at the center. With Ki• 42 (Fig. 7b) two hot-spots occur, a 
cent~al peak of maximum value 0.53 and a second peak of maximum 0.22, 8 mm 
behind the center, For Ki• 55 (Fig. 7c) the central peak increases to 0.98, 
the second peak increases to 0,35 and a third peak of maximum value 0,18 appears 
8 mm in front of the center, Power deposition has increased in the outer layers 
as well. The three peaks are more pronounced when Ki = 68 (Fig. 7d), the 
central hot spot reaching a maximum value of 1.3. 

CONCLUSIONS 

The distribution of absorbed power density inside a biologically-modelled 
head exposed to linearly polarized plane wave electromagnetic radiation was 
investigated as a function of head size, radiation frequency and electrical 
parameters of the brain. Although spherical symmetry is assumed, absorption 
does depend on orientation with respect to the direction of field polarization. 
If the field is polarized in the direction of the vertical then the "top" of the 
head experiences greater power absorption than do the sides. Power absorption 
occurs at all points around the sides and rear of the head as well as at the 
front (the side facing the incident wave). Absorption in the front layers of 
the head is generally greater than in other regions of the outer shells. 
However, mder certain conditions front and rear shell absorptions are the same, 
Power absorption depends on frequency and head radius, increasing to a maximum 
then diminishing over the range of frequencies utilized. The maximum of the 
outer shell absorption occurs at higher frequencies than does that for interior 
absorption. For certain head dimensions and electrical parameters relatively 
high absorbed power density (hot spots) occurs in the interior which is not 
confined to the central region of the head alone. The central hot spot however 
is the most intense, Values of the electrical conductivity of the brain need 
not be known with great precision in order to accurately determine absorbed 
power density. This is because the variation in field intensity with 
conductivity (at 3 GHz) is such that the product olEl 2 remains relatively 
constant. Thus, large variations in o will, greatly influence internal fields 
but not power density, However, since both field intensity and absorbed power 
density vary directly with the dielectric constant K, precise values of K are 
necessary for accurate dosimetric determinations. 
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6a 6b 

6c 6d 

Figure 6. Normalized electric field intensity (a and c), and normalized abaorbed 
power density (band d), in the x • 0 plane of the head, at two different 
electrical conductivity values of the brain, v • 3 GHz, acan •pacing• 1 m, 
(a) a1 • 0,5 mho/met, (b) a1 • 0.5 mho/met, (c) a1 • 3 mho/met, (d) a1• 3 'dto/ 
met, 
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Figure 7, Normalized abaorbad power denaity in the x • 0 plane of the head at 
aelected value• of the dielectric conatant of the brain, rs• 1,65 cm, 
~ • 3 GHz, 01 • 2 mho/met, acan apacing • 1 -• (a) K1 • 29, (b) K1 • 42, 
(c) K1 • 55, (d) K1 • 68, 
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It should be recognized that the results presented in this paper apply to 
the isolated head and that this mathematical technique is suitable for spherical 
systems only. For plane wave irradiation, both the magnitude and distribution 
of the power density may be modified by the existence of non-spherical 
structures such as the actual head shape, asymmetric internal structure such as 
a head-eyes system, or irregular external structures such as a head-body system. 
The degree of modification in the power density depends on the relative 
geometries, conductivities, and dielectric parameters. In most cases of 
irregular geometries, power density is best calculated by numerical techniques. 
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THE BIOLOGICAL SIGNIFICANCE OF RADIOFREQUENCY RADIATION 
EMISSION ON CARDIAC PACEMAKER PERFORMANCE 

ABSTRACT 

J. C. Mitchell and W. D. Hurt 
Radiation Physics Branch 

Radiobiology Division 
USAF School of Aerospace Medicine 
Brooks Air Force Base, Texas 78235 

The effect of radiofrequency (RF) radiation emission on cardiac pacemak
er function is a unique bioeffects phenomenon. Dependent on the pacemaker 
type and design, and on the frequency, peak E-field intensity, pulse width, and 
effective pulse repetition rate of the incident RF signal, the pacemaker may 
cut off complete! y, revert to a fixed interference-rejection mode of operation, 
experience intermittent disruption, or be totally unaffected. Experimental 
evidence of electromagnetic interference with cardiac pacemakers is present
ed for tests conducted under controlled laboratory conditions and in the vicini
ty of RF emitters prevalent in U.S. population centers. These test results 
are discussed in terms of their clinical significance, the technical feasibility 
of designing pacemakers to minimize electromagnetic interference, and appro- . 
priate design goals to achieve overall RF environmental compatibility. 

INTRODUCTION 

During the past 10 years, the electronic cardiac pacemaker has been 
developed into a sophisticated prosthetic device, It is applied in medical 
facilities throughout the world to correct malfunctions (atrioventricular heart 
block) of the body 1 s electrical conduction system and thus to restore the rhyth
mic pumping action of the heart. 

Pacemakers may be classed as fixed rate (asynchronous) and demand 
(synchronous or R-wave inhibited). Fixed-rate pacemakers provide a fixed, 
preset rate of electrical stimuli to the ventricles, which is independent of the 
electrical and/or mechanical activity of the heart. Demand pacemakers sense 
the depolarizations of the heart muscle activity and produce their own 

The research reported in this paper was conducted by personnel of the 
Radiobiology Division, USAF School of Aerospace Medicine, Aerospace 
Medical Division, AFSC, United States Air Force, Brooks AFB, Texas. 
This investigation has been documented as SAM-TR-76-4. 
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depolarization signals (electrical stimulus) only if the normal heart depolari
zations are not present. The atrial synchronous pacemakers sense the 
depolarization of the atria, delay the signal to simulate natural conduction 
time, and then provide the electrical stimulus to the ventricles. The R-wave 
inhibited demand pacemaker inhibits its output when it senses depolarization 
of the ventricles if it occurs naturally; i.e., the pacemaker £unctions only 
when the AV heart block occurs [1]. 

Most pacemakers implanted today are the R-wave inhibited type. They 
contain an electronic timing circuit which is reset by normal depolarization 
or the pacemaker stimulus. Their sensing circuit is programmed to respond 
to electrical signals normally generated by the heart. Energy pulses induced 
externally via the pacemaker leads or circuitry can erroneously cause the 
pacemaker to inhibit its needed output [2, 3]. Thus, the interaction of radio
frequency (RF) electromagnetic radiation fields with cardiac pacemakers 
represents a unique indirect biological effect. This results primarily from 
the £act that current pacemaker interference thresholds begin as low as 
10 V /m, while peak E-field levels of several hundred volts per meter can be 
associated with pulsed fields having average power densities well below the 
acceptable, nonrestricted 10 mW /cm2 personnel exposure level; i.e., the 
E-field level of a continuous wave (CW) 10 mW/ cm2 field is about 200 V /m, 
but it can be much higher £or a low duty cycle pulsed source, having the same 
10 mW/cm2 average power density. 

Case histories of pacemaker electromagnetic interference (EMI) reported 
in the open literature [4-10], combined with newer findings such as those dis
cussed at the June 1975 FDA open public hearing on pacemaker interference 
by antitheft devices, substantiate the potential problem. Also, many cases of 
pacemaker EMI probably go unreported due to the nature of the interference 
phenomena. For instance, upon sensing intense 60 Hz external EM radiation, 
many pacemakers revert to a fixed rate so close to their demand rate that the 
user would not normally detect the change. Radiofrequency radiation emitters 
such as air route surveillance radar can cause many pacemakers to miss 
single beats as the radar beam scans past, an effect most likely unnoticed [2]. 
Even more serious interference may not be identified because, most often, 
interaction times are short; i. e,, either the source of EMI is moved or turned 
of£ or the user moves from the particular area of the effect. Additionally, 
little postmortem followup is available to identify any possible causal relation
ship to EMI. 

Although the potential hazard to individual users of the more sensitive 
pacemakers is generally acknowledged, controversy will continue as to the 
clinical significance of this effect of RF radiation on the pacemaker populace 
[11, 12]. 

Results of tests conducted in 1974 and 1975 by the USAF School of Aero
space Medicine (USAFSAM), both in the USAFSAM RF laboratory and in close 
proximity to a series of Air Force RF emitters, demonstrate the significance 
of EM emission characteristics in the overall assessment of the EMI of cardi
ac pacemakers. 
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TEST PROCEDURES 

Im.plant Simulation 

Realistic assessment of the effects of radiofrequency electromagnetic 
radiation (EMR) on cardiac pacemakers requires actual implant conditions or 
accurate simulation of implantation. Initial EMI studies by USAFSAM were 
conducted by implanting pacemakers in 18 to 20-kg dogs and effecting a com
plete atrioventricular heart block [13]. This procedure is costly and has 
obvious disadvantages in having to handle the animals under a variety of test 
conditions in the laboratory and at remote test sites. Thus, alternate tech
niques were developed to simulate the pacemaker implant [2, 3, 14]. 

More recently the Association for the Advancement of Medical Instrumen
tation (AAMI), working under a contract with the U.S. Food and Drug Admini
stration (FDA), has developed a draft protocol for testing cardiac pacemaker 
EMI characteristics. They recommend using a 80- x 40- x 20-cm container 
made of 5-cm-thick, low-dielectric plastic foam (density of 0, 035 g/ cm3), 
The container is filled with 0. 03 molar saline solution, and the pacemaker 
leads are located to place 1 cm of solution between the pacemaker and its 
lead(s) and the wall of the container. The pacemaker lead is stretched out 
horizontally, and the pacemaker response is picked up via 2- x 2-cm copper
mesh screen electrodes placed in the solution in each end of the container. 
The USAFSAM pacemaker test container used in the laboratory studies re
ported herein was designed to AAMI specifications and is shown in Figure 1. 
For purposes of this illustration, the front view of the container shows the 
pacemaker placed outside the test container. During testing, the pacemaker 
and horizontal lead arrangement is placed inside the test container as de
scribed above, with 1 cm of solution between the pacemaker and front wall of 
the container. A similar arrangement used in all previous USAFSAM tests 
provided good correlation between this method of simulated implant and the 
implanted dogs [3, 13]. With the many variables (body size, location, orien
tation, depth of implant) in actual human implants, this procedure for implant 
simulation is believed sufficient for EMI testing. Additionally, it is recom
mended that both "free-field" and "simulated-implant" data be reported to 
bracket actual implant representation. 

Instrumentation 

Many different types of instrumentation techniques have been used in 
cardiac pacemaker EMI testing [2, 3, 6, 13, 15, 16], The principal require
ment is that the instrumentation system be immune to the EM fields encoun
tered in the tests and that it presents to the pacemaker a load and signal 
simulating those encountered in an actual implant situation, so that the results 
obtained apply to a human implant. The system should also provide simul
taneous real-time recording of the incident EMR signal and the pacemaker 
response. 

Several pacemaker models have interference rates identical to their 
demand rates, so it is often difficult to determine susceptibility thresholds 
for pacemakers in EMR fields having pulse repetition rates (PRR) sufficient to 
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Figure I. USAFSAM :eEting con:a.ner used in pacemaker E.M·: tests. 
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cause the pacemaker to revert to its fixed rate. The minimum PRR values 
range from 3 to 60 Hz depending on the specific pacemaker. Thus, a device 
to simulate normal heart activity at the pacemaker leads is required so that 
an R-wave inhibited pacemaker would be inhibited by this simulated activity 
and would not produce a pulse until it detected interference and reverted to 
its interference mode. An additional requirement is imposed for a synchro
nous pacemaker to track the simulated activity up to its interference thresh
old. A system of this type has been developed and incorporates a light
emitting diode (LED) fiber optics monitoring system [16]. This system was 
used in essentially all of the field tests at RF emitter sites. Results of such 
tests are in good agreement with USAFSAM laboratory studies using the 
AAMI-type test arrangement as described above. 

TEST RESULTS 

Laboratory Studies 

Eighty pacemakers (2 3 different models) were evaluated to establish their 
relative electromagnetic interference (EM!) susceptibilities as a function of 
the radiation frequency, pulse width, and E-field intensity. Figure 2 shows 
most of the pacemaker types tested. The tests were performed in the 
USAFSAM RF anechoic chamber using three different frequencies (450, 1600, 
and 3200 MHz); a constant pulse repetition rate of 10 pulses per second (pps); 
pulse widths (duration) of 0. 01, 0. 02, 0. 5, 1, 2, 5, 10, and 20 ms; and E-field 
levels up to 1200 V /m. The total ranges of pulse widths (PW) and E-field 
levels were somewhat different for each frequency. 

The 450-MHz radiation source was provided by a Microwave Cavity Lab
oratory (MCL) model 15022 power generator, amplified by an MCL model 
10110 power amplifier (up to 1000 W), and fed via an air dielectric "Heliax" 
transmission line to an EMCO model 3101 conical log-spiral antenna. 

The 1600- and 3200-MHz radiation sources were provided by a Caber 
model 1831 high-power microwave generator (peak power up to 1800 W). The 
1600-MHz signal was fed via a 7 /8" air dielectric "Heliax'' transmission line 
to an AEL model H-5001 horn in the anechoic chamber. The 3200-MHz signal 
was fed via flexible waveguide to a Struthers model 1109 antenna horn. 

A multiple-pulse generator designed and built at USAFSAM to supply ex
ternal modulation for both the MCL and Cober generators was used to provide 
the special pulse modulation used in these tests. 

Figure 3 shows the antenna and test container configuration in the ane
choic chamber for the 450-MHz tests. Similar arrangements were used for 
the 1600- and 3200-MHz tests. Many of the pacemakers were tested on both 
sides; i.e., after a set of data was collected, the pacemaker was turned over 
with its other side facing the incident radiation field. This can change some 
pacemaker thresholds by a factor of 2-3. 

The RF field at the test location was measured (mapped) with a National 
Bureau of Standards (NBS) electric field intensity meter (model EDM-lB) 
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Figure 2. Pacemaker models representative cf those tested. 

Figure 3. Pace:-naker test configurat.on in the USAFSAM anechoic chamber. 
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and/or a Narda electromagnetic radiation monitor (model 8316). Less than 

3-dB variation in the field was measured across the front of the pacemaker 

test container. The solution was then added to the container and the trans

mitter output power adjusted to equal that used for the field mapping measure

ments. A corresponding field measurement was made using a Singer field 

intensity analyzer (model EMA-910) or a Fairchild interference analyzer 

(model EMC-25) to establish a correlation factor between the field analyzer 

readings and the power density at the test location. The field analyzer was 

connected to a monitoring antenna which was located above and behind the 

pacemaker test container. 

The copper-mesh electrodes in the solution were connected to an ECG 

amplifier by approximately 10 ft of lossy line, and the signal conductor was 

routed via a shielded path through the anechoic chamber wall. The amplifier 

output was fed into a computing counter so that the pacemaker rate could be 

displayed, and also to one channel of a dual-channel strip-chart recorder. 

The field intensity analyzer output was recorded on the second channel. 

The EMI threshold data obtained under simulated-implant conditions are 

summarized in Table 1 for each of the pacemaker types (models) tested. 

Where more than one of a particular model was evaluated, the lowest thresh

old value is presented because it is believed such values are sufficiently 

representative of the threshold value of these devices in use. The EMI 

threshold value in rms volts per meter represents the E-field strength at 

which the pacemaker rate falls below 50 beats per minute (bpm) or exceeds 

120 bpm--arbitrarily defined here as a clinically significant adverse effect. 

Although essentially all these data were obtained for a constant pulse repet.

tion rate of 10 pps, the PRR was occasionally decreased to confirm the 

interference threshold. This is necessary for this test configuration for pace

makers that remain in their fixed interference-rejection mode at a PRR of 

10 pps, but that cut off when the PRR is lowered further. 

These test results demonstrate that cardiac pacemaker EMI is strongly 

dependent on the frequency and pulse width of the incident radiation, and there 

remains a wide range of EMI thresholds among the different manufacturers 

and pacemaker models currently marketed. Of the three frequencies used, 

the 450-MHz source resulted in the lowest EMI thresholds. Data were ob

tained for about eight different pulse widths, but only the range is presented 

here to illustrate the general trend- -that shorter pulse widths will result in 

higher EMI thresholds. Although the longest duration pulse used in these 

tests was 20 ms at the 450-MHz frequency, there is some indication that 

pulses wider than 20-30 ms may reverse the trend of EMI threshold values in 

some models of pacemakers [17]. 

In these tests, the antenna horns were placed with the E-field vector 

parallel to the horizontal lead arrangement for maximum coupling of RF to the 

pacemaker. Some pacemakers have better case attenuation and lead RF 

filtering, causing their EMI thresholds to shift more than others as the inci

dent RF frequency is increased. 

Five of the 11 manufacturers have essentially resolved the potential EMI 

problem, demonstrating the technical feasibility of developing cardiac 
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TABLE I. CARDIAC PACEMAKER EM! THRESHOLDS IN VOLTS/METER AS A 
FUNCTION OF FREQUENCY AND PULSE WIDTH (SIMULATED
IMPLANT; PULSE REPETITION RATE, 10 PPS) 

Pacemaker 

American Optical 
281003 
281013 
281143 

Biotronik 
IDP-44 

Cardiac Pacemaker 
301UD 
401BD 

Cordis 
Atricor 133C7a 
Stanicor 143E7 
Omni Atri. 164A a 
Omni Stan. 162C 

General Electric 
A2072Db 
A2075Ab 

Medcor 
3-70A 

Medtronic 
5942 
5944 
5950 
5951 
9000 

Pacesetter 
BD-101 

Starr-Edwards 
8114 
8116 

Stimtech 
3821 

Vitatron 
MIP-40-RT 

450 MHz 
Pulse width 

20 ms l ms 10 µs 

r, 
6 

>260 

116 

>260 
>260 

18 
15 

9 
4 

16 
31 

23 

37 
82 

>260 
>260 

22 

>260 

14 
>260 

26 

37 

13 
15 

>260 

130 

>260 
>260 

19 
13 
12 
6 

28 
82 

23 

39 
110 

>260 
>260 

26 

>260 

21 
>260 

78 

116 

62 
73 

>260 

>260 

>260 
>260 

28 
65 

110 
65 

260 

46 

260 
>260 
>260 
>260 
>260 

>260 

>260 

>260 

207 

1600 MHz 
Pulse width 

1 ms £..I!.!. 

132 

>725 

>725 

35 
83 

70 

188 
130 

34 

>725 
251 

>725 
>725 
>725 

>725 

56 
>725 

199 

226 

623 

148 
380 

536 

363 
543 

209 

758 

139 

536 

623 

3200 MHz 
Pulse width 

l ms £..I!.!. 

620 >1200 
790 >1200 

>1200 

>1200 

642 >1200 
400 >1200 

>1200 
657 >1200 

790 >1200 
983 >1200 

325 >1200 

>1200 
>1200 
>1200 
>1200 
>1200 

>1200 

357 >1200 
>1200 

>1200 

579 >1200 

NOTE: The maximum E-field levels available were 2b0, 725, and 1200 V /m for the 450, 1600, 
and 3200 MHz frequencies, respectively. 

a These EM! thresholds represent the E-field level at which these cardiac pacemakers begin 
to synchronize with the incident RF signal; however, under worst-case conditions of these tests, 
these pacemakers did not exceed the manufacturer's design limits to ~150 bpm. 

b These EM! thresholds were observed at 5 pps; at 10 pps the General Electric pacemakers 
generally revert to fixed rate. 
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pacemakers to be compatible with the overall RF environment. Progress in 

this respect has been remarkable compared with the EMI state of technology 

3 years ago. 

Field Test Studies 

Tests were conducted in close proximity to a variety of RF radiation 

sources to assess potential EMI effects as a function of E-field level and cor

responding distance from the respective emitters. 

The emitter characteristics ranged in operating frequencies from 35 kHz 

to 9 GHz, pulse widths (PW) from 1 to 2000 µs, pulse repetition rates from 

20 to 400 pps, and peak output powers from 0. 02 to 32 MW. 

Figure 4 illustrates the instrumentation system used in these field-test 

studies. In each instance, a vehicle was instrumented to accommodate the 

equipment necessary to monitor and record the real-time E-field level and 

cardiac pacemaker response on a dual-channel strip-chart recorder. For 

each test location, the pacemaker test container and field monitoring antenna 

were located 20-25 ft from the test vehicle. 

The specific test equipment used to measure E-field exposure levels 

varied, depending on the electromagnetic frequency which was being measured. 

In general, this equipment consisted of a field intensity meter (FIM), asso

ciated calibrated antennas, and a strip-chart recorder. The FIM is an inter

nally calibrated receiver capable of measuring amplitudes of electromagnetic 

energy at the FIM input. Applying known calibration factors for the respective 

antenna enables an operator to measure the field intensity at the antenna. The 

field intensity in this study is referred to as the E-field level. An oscilloscope 

was intermittently used to observe the pulse rate and width of the incident sig

nal (RF radiation). 

To assure maximum accuracy, pulse and signal generators were used 

before each field test, to calibrate the field measurement equipment, and after 

each field test, to validate the proper functioning of the field measurement 

equipment. For such calibration tests, known amplitudes of electromagnetic 

energy were inserted into the input of the FIM. This signal substitution was 

at the operating frequency, pulse rate, and pulse width of the radiation source 

being tested. All test equipment was certified and was within the normal cali

bration cycle. 

The fiber optics telemetry system used to monitor the pacemaker is de

signed to present the pacemaker with a load comparable to that produced by 

the heart, and to prevent EMI pickup in the telemetry link [16]. The load net

work was mounted on a subminiature audio jack to which the pacemaker leads 

were attached with "flea-clips. 11 A light-emitting diode was mounted in a 

mating plug so that when the pacemaker fired, approximately one-half of the 

pacemaker output current passed through the LED, causing it to flash during 

the pulse. The LED was optically coupled to a length of light pipe which was 

terminated by a photoresistor in a voltage divider circuit. The output of the 

voltage divider was amplified by an ECG amplifier and fed to the strip-chart 
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recorder for a permanent record. An electromechanical digital counter in 
parallel with the recorder was used to numerically determine the pacemaker 
pulse rate in beats per minute. 

To determine whether demand-type pacemakers were operating in their 
interference-rejection fixed-rate mode or in the normal demand-rate mode, 
a cardiac simulator system was used to simulate cardiac activity to the pace
maker. This device consists of a variable-frequency pulsating-light source 
optically coupled via a light pipe and photocell to the pacemaker input leads. 
If the pacemaker were in its demand mode, the signals from the simulator 
would, in effect, turn off the pacemaker; if the pacemaker were in the 
interference-rejection fixed rate mode, the simulator would have no effect. 

The pacemakers were tested in both "free-field" and "simulated-implant" 
configurations as illustrated in Figure S. The following paragraphs summa
rize typical simulated-implant test results by emitter type/function, and 
frequency. Systems which operate at frequencies greater than 5 GHz are 
omitted since few, if any, EMI effects were found for such systems. 

Height-Finder Radar--Frequency ~2700-2900 MHz; pulse width (dliration) 
~2 µs; pulse repetition rate ~300-400 pps; peak power ~3-5 MW; scans a 
-2° to +32° elevation sector with a 3-s-cycle period, often changing its azi
muth setting. Dependent on the tower height and terrain elevations, these 
systems can produce E-field levels of 1000-3000 V /mat distances of 200-2000 
ft on the ground in the main beam. However, due to the relatively high oper
ating frequency, short pulse duration, narrow beam width, and the fact that 
the intense portion of the beam traverses a fixed location rather rapidly, pace
maker interference from these systems is minimal. Characteristically, the 
more sensitive devices will skip a few bea.ts (5-10 bpm) in close proximity to 
these systems in the sector scanned by the main beam. Tests conducted 
using four different height-finder radar over a 2-year period revealed no 
significant pacemaker interference under simulated-implant conditions. 

Search Radar--Frequency ~200-500 MHz; pulse width (duration) ~15-30 
µs; pulse repetion rate ~300-400 pps; peak power ~3-5 MW; scans 360° 

(azimuth) at a fixed elevation angle at 5 rpm. Such systems are usually lo
cated on a 50-75 ft tower. They produce a peak E-field level (designated El) 
of 150-200 V /m at distances of 500-2 500 ft on the ground as the main beam 
passes overhead. Secondary (E-field level greater than 15° on either side of 
main beam center) peak E-field levels of 30-80 V /m are typical on the ground 
at distances of 200-500 ft. The maximum secondary E-field level is desig
nated E2. Many of the pacemakers tested skipped single beats coincident with 
the passage overhead of the main beam about every 12 seconds, out to dis
tances of about a mile. Closer to these systems where E2 exceeds the thresh
old of some pacemakers and the moving antenna lobe structure mimics a low 
PRR, potentially serious pacemaker interference can occu~:. Most of the 
adverse effects (significant interference) recorded at distances greater than 
~600 ft from these emitters were from pacemaker models that are being 
rapidly phased out of service and replaced with less sensitive devices. 

Search Radar- -Frequency ~1250-1350 MHz; pulse width (duration) ~6 µs; 
repetition rate ~200-400 pps; peak power ~2. 5-10 MW; scans 360° (azimuth) 

223 



at a fixed elevation angle at 5 rpm. These systems are usually located on a 
50-75 ft tower. They produce a peak E-field (El) of 150-400 V/m on the 
ground at distances of 200-2000 ft as the main beam passes overhead. The 
E2 levels ranged from 50 to I 00 V /m at 150-400 ft distances. These systems 
affect pacemakers in the same manner as the 200-500 MHz search systems, 
but the extent of effects is less because of the higher operating frequencies. 
There was a significant difference in the free-field and simulated-implant 
data. 

Search Radar--Frequency 2400-2900 MHz; operating parameters of these 
systems are analogous to those of the other search systems except the peak 
output power may vary over a wider range extending to 15 MW. Peak E-field 
levels (El and E2) of ~150 and 100 V /m, respectively, were recorded at 275 
ft. These systems did not produce any significant pacemaker interference in 
any of these tests, primarily because such systems were located on a 50-75 ft 
tower and the operating frequency is significantly attenuated by the implant. 
The same was true for the search systems operating at frequencies grP.ater 
than 5 GHz. 

Ground to Air Telemetry Transmitter--Frequency 250-300 MHz. These 
systems are capable of I 5-20 kW operation, using a fixed omnidirectional 
antenna (located on a 70 ft pole) to propagate a 33 pps square wave modulated 
signal. The periods of transmission vary from 2 to 5 s. The pulse periods 
are separated by I. 5-s intervals during which one or two pulses of ~35 ms 
pulse width occur. Although the measured E-field levels did not exceed ~10 
V /m, the square wave pulsed signal causes many of the pacemakers to miss 
up to ~10 bpm within ~500 ft of this system. Except for the older more sensi
tive pacemakers, only one pacemaker, the General Electric model A2075, was 
significantly affected under the ~imulated-implant tests. 

LORAN C Transmitter--This system operates at a frequency of 100 kHz, 
propagating a 9-pulse group repetition rate of 10/s with I ms between pulses, 
and a 250 µs pulse width. An output power of I MW is fed to antennas sus
pended from four 600 ft towers. No significant pacemaker interference was 
observed from this system, even for tests conducted within 50 ft of the main 
antenna feed line. 

EMF Simulators--Electromagnetic pulse (EMF) simulators are unique 
sources of RF emission which produce intense pulses (up to 100,000 V /m) in 
0. 5 µs with ~90% of the frequency components below 10 MHz. Tests were 
conducted using single pulses at 5, 25, and 50 kV/m. On the basis of pace
maker response recordings made before and after exposure, it was deter
mined the pacemakers were not seriously disrupted. Tests conducted using 
a repetitively pulsed (2-100 pps) source and peak E-field levels from 300 to 
6000 V /m established an EMI threshold of 500 V /m under simulated implant 
conditions. The effective short pulse probably accounts for the relatively high 
EMI threshold, although the effect of the EMF frequency spectrum is not well 
established. 

High-Powered Phased Array Surveillance and Track Radar- -Frequency 
400-450 MHz; pulse widths (duration) up to 60 µs; pulse repetition rates up to 
200 pps; peak power 32 MW; about 5000 transmitting elements; RF beam 
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electronically formed and scanned, The RF emission from this type of 
emitter, producing a series of rapidly varying pulses at essentially all loca
tions on the ground in the primary scan sector, is much different from a 
normal search radar. Significant pacemaker interference can be expected 
out to a distance of about 2500 ft. 

Multiple-Frequency Emitters- -Environmental sites where more than one 
source of RF emission produces complex E-field patterns are not uncommon. 
One example is the air route surveillance radar that usually operate in con
junction with one or more height finder radar. Tests conducted under these 
conditions are difficult to assess but generally do not appear to represent a 
significant threat. More complex situations, where perhaps 2-10 different 
sources are being propagated in the same direction, generally require an 
empirical evaluation to assess the potential risk to pacemaker users. 

Field Tests Summary--The results of these field test studies are summa
rized as follows: 

(1) Many of the pacemakers tested demonstrated some form of peri
odic interference resulting in reductions in pacemaker rate by 5-6 bpm. 
From a clinical viewpoint, this type of interference is generally judged in
significant; i.e., the loss of not more than one beat in any 10-s period [17]. 

(2) EMI thresholds observed in the field tests agree quite well with 
the data from the laboratory tests. 

(3) With the exception of several of the older more sensitive pace
makers, and perhaps one or two current models, there were few examples of 
serious pacemaker disruption under the simulated implant conditions in any of 
these tests. 

(4) The potential hazard to pacemaker users in the vicinity of radar 
complexes has been significantly reduced in the last 2 years with the phaseout 
of several popular but sensitive model pacemakers, and more importantly, 
their replacement with new state-of-the-art RF resistant devices. 

(5) The results of these field test studies are directly applicable to 
90% of the RF emitters in this country today. 

DISCUSSION 

The laboratory data summarized in Table 1 illustrate the extent to which 
cardiac pacemaker interference depends on the emission characteristics of 
the radiation source. Such findings were further substantiated in essentially 
all the field test studies at RF emitter sites. Additionally, comparison of 
free-field to simulated-implant test data readily demonstrates that shielding 
(RF signal attenuation) of both the pacemaker and lead(s) is a major protec
tive factor, particularly at the higher frequencies. This points out that in 
many cases of pacemaker EMI, the user could effectively eliminate the poten
tial hazard by rotating or relocating his body to increase the shielding between 
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the pacemaker and the source of interference. This may inadvertently happen 

in many potential interference situations. 

Included in these tests were 23 pacemaker models manufactured by 11 

different companies. Based on the laboratory tests at 450 MHz, using a 1-ms 

pulse duration at 10 pps: (1) 7 of the 23 models tested have EM! thresholds 

greater than 200 V /m, (2) 10 of 23 have EM! thresholds greater than 100 V /m, 

(3) 12 of 23 have EM! thresholds greater than 50 V /m, and (4) 8 of the 11 that 

have EM! thresholds below 50 V /mare older models which are essentially 

phased out now or will be in the coming months. These test data substantiate 

the success most manufacturers have had in developing prosthetic devices 

that are compatible with the electromagnetic environment. 

Extrapolation of these field test data to t.1e vast majority of operational 

RF emitters or emitter complexes in the CONUS reveals few that produce 

E-field levels (E2) greater than 100 V/m for sufficient time periods to signifi

cantly disrupt normal pacemaker function. Thus, if pacemakers were de

signed and tested to be compatible with the minimum E-field level, viz 200 

V /m, associated with the unrestricted 10 mW/ cm2 personnel exposure level, 

potential EM! situations would be substantially reduced or effectively elimi

nated. Such actions will eventually achieve overall RF environmental com

patibility. 

CONCLUSIONS 

Cardiac pacemaker EM! is strongly dependent on the frequency, pulse 

width, real-time E-field level, and effective pulse repetition rate of the 

incident radiation signal. To a lesser extent but also important is polariza

tion of the field with respect to pacemaker and lead orientation. 

Based on the many variables encountered in RF field measurement, im

plantation simulation, and pacemaker parameters, the reported EM! threshold 

values can vary by a factor of about 6 dB. Notwithstanding this fact, the 

values listed in Table 1 are believed most representative of the current state 

of technology. They can be used as a guide in selecting pacemakers with the 

better EM! characteristics and/or for assessing potential EM! interactions 

with a wide range of RF emitters. 

Probably the largest variable in assessing the biological impact of pace

maker EM! is the heart condition and general state of health of the individual 

user. A person totally dependent on the pacemaker would obviously suffer 

greater consequences than one who required only periodic assistance from the 

pacemaker to regulate heart rate. 

Many of the pacemakers included in the field tests, periodically skipped 

single beats in close proximity to the emitters. However, this is not surpris

ing when one considers this type of pacemaker is designed to sense the rela

tively low-level heart signal. These pacemakers undoubtedly respond to many 

other types of pulsed RF emission in much the same manner, Clinically, this 

type of EM! is judged insignificant. 
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On the other hand, pacemakers having EMI thresholds of 100 V /m or less 
may be expected to encounter serious disruption of normal function in close 
proximity to certain high-power pulsed emitters. 

In general, these current test results, when compared with such studies 
conducted 2-3 years ago, provide remarkable evidence of the overall improve
ment in the EMI characteristics of currently marketed cardiac pacemakers. 
These findings also demonstrate the technical feasibility of manufacturing 
high-quality RF-resistant pacemakers. 

Such improvements will likely continue through the mutual efforts of 
physicians and manufacturers, recognizing the potential EMI threat in an 
environment where pulsed-RF sources are commonplace and increasing in 
number. Also, acceptance of a pacemaker EMC test standard would provide 
reasonable assurance that all new devices would be compatible with the un
restricted RF environment. 
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A LOW FREQUENCY H-FIELD RADIATION MONITOR 

ABSTRACT 

Edward Aslan 
Narda Microwave 

Plainview, N.Y. 11803 

An H-field radiation monitor is described which has a 1 dB bandwidth from 
10 MHz to 200 MHz. It functions to 300 MHz with some additional degradation in 
sensitivity. The probes response is isotropic and independent of polarization. 
Its equivalent plane wave power density range extends dynamically from20mW/cm2 
to 20 µW/cm2 , and with an alternate probe, from 100 mW/cm2 to 100 µW/cm 2. The 
probe consists of three mutually perpendicular coils, each coil, having a 
diameter of 9 cm and consisting of two turns. The natural resonance of each 
turn is well above the frequency range of interest and each coil is resonated 
slightly below the frequency range of interest with a small lumped capacitance. 
The coils are each terminated in a thin film thermocouple element having a 
resistance between thirty and fifty ohms. Very high resistance monolithic leads 
connect the outputs of the elements to a well shielded preamp; Connections are 
then made to the metering instrument. The RF induced currents dissipate power 
and heat the resistive thermocouple hot junctions thereby providing a d.c. out
put voltage proportional to the square of the RF induced current. The probe 
makes use of two innovations of an NBS pro½e design of Ron Bowman, a high 
resistance film to provide a shield of 8tatic changes, and a preamp in the handle 
which eliminates cable modulation from degr8ding the performance. 

INTRODUCTION 

This Low frequency probe was developed to fill the void that exists in the 
availability of commercial instrumentation for measuring electromagnetic fields 
in the 10 to 300 MHz band. Prior to this development no commercial instrument 
operating in the band measured the magnetic field. Two probes were developed, 
each covering the range of 10 MHz to 300 MHz. 

PROBE CHARACTERISTICS 

The power density range is 20 mW/cm2 maximum and 100 mW/cm2 maximum full 
scale, for the two probes. The dynamic range for both probes is 30 dB below 
their full scale values, ie. 20 mW/cm2 to 20 µW/cm 2 for one and 100 mW/cm2 
to 100 µW/cm2 for the other. These probes are isotropic, and independent of 
polarization. They have true square law characteristic~ providing an accurate 
summation of power density present from multiple frequency sources. These 
probes are responsive to the "H" field. Each probe consists of three mutually 
perpendicular coils, each coil having a diameter of 3.5 inches and consisting 
of two turns. They are series resonated somewhat below the low frequency end ·of 
the band. Each coil is terminated with a thin film thermocouple element having 
a resistance of 30 to 50 ohms. Figure 1 shows a system sketch. The frequency 
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Figure 1. Low Frequency System Sketch. 
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sensitivity of the probe is flat to within ±.5 dB from 10 MHz to 200 MHz and 
exhibits .an increase in sensitivity of about 1 to 1.5 dB between 200 and 300 
MHz. This increase is due to the becoming responsive to the "E" field. 

FREQUENCY SENSITIVITY 

One appr.oach to achieving a flat frequency response is to make the ratio 
of wL/R very large. This approach becomes undesirable for a field type instru
ment because a small value of R would result in very low sensitivity. The low 
value of resistance would prevent adequate power from being dissipated in the 
thermocouple load. A large value of inductance, achieved with a large number 
of turns would produce a number of parasitic resonances and prohibit a flat 
frequency response. 

An approximate solution for flat freq-response is achieved with the loop 
resonated below the operating band, a load resistance with a value of R 
selected such that the total impedance at the lower end of the band, 10 MHz, is 
equal to the inductive reactance at this frequency. 

A lumped equivalent circuit of a coil is shown in figure 2: Where C is the 
lumped resonating capacitor, L/2 is the inductance of each loop. Each turn is 
effectively shunted by its loop capacitance. Rr is the radiation resistance. 
Both the latter capacitance and the radiation resistance are relatively small 
and are negligible in the operating band. 

The radiation resistance [1] 
Rr = 34077"4 (NA)2 / ;\ 4 

At 10 MHz, Rr = .OOln 
At 200 MHz, Rr = 1.61n 
At 300 MHz, Rr = 5.ln 

The first anti-resonance of the probe is well above the operating band. 
The anti-resonant wavelength ;\a~ 4t [2]; where t equals 1/2 the loop circum
ference. The corresponding frequency for this first anti-resonance is ap
proximately 540 MHz. Its effect on the performance of the probe starts to be 
noticeable above 200 MHz where the response is seen to start increasing. Again 
referring to figure 2 R is the resistance of the thin film thermocouple element. 
Eis the induced equivalent open circuit voltage. 

The response characteristics is of two turns on a 3 1/2" diameter are an 
inductive L, of .73 µH which is resonated by a 820 pf capacitor at 6.5 MHz. 

The inductance for the 3 1/2" coil was calculated as .715 µH from 
L = N2 r 2 µ Henry/9r+10t [3] 

Where: t = spacing between loops 
r = radius of the coil 
N = number of turns 

The measured value was .73 µ Henry. 

The ratio of the power dissipated in the thermocouple at any frequ~ncy to 
the power dissipated at 10 MH~ is 

Pr/Pio• Z1of/Z10 

This ratio indicates the frequency sensitivity of the instrument since the 
d.c. output voltage of the thermocouple is directly proportional to the power 
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dissipated within it. For more detail on the thermocouple operation see Ref. 
[6]. The thermocouple resistance for max. flat response is 39Q, 

The probe does not respond to the Electric field though it contains no 
shield for this purpose. The E field induces relatively small voltages. In a 
small loop where its dimensions are small relative to a wave length, the in
duced currents are equal and opposite. As frequency increases deviation from 
this characteristic is observed. The increase in sensitivity above 200 MHz is 
due to the loop responding slightly to the E field in addition to the H FIELD. 
The theoretical flatness for the probe is shown together with a typical probe 
response in figure 3. 

PHYSICAL CHARACTERISTICS 

The RF current induced by the "H" field dissipates power in the thermo
couple elements, heating the hot junctions and providing a de output voltage 
proportional to the square of the induced current, which is proportional to the 
mean squared magnetic field strength. Very high resistance monolithic leads 
interconnect the thermocouple elements in series and provide connection of the 
thermoelectric voltage to the preamplifier situated in the handle of the probe. 
These leads and connections are inflexible. This prevents the connection from 
modulating the signal if it is flexed or moved. The pre-amplifier is an 
extremely low noise operational amplifier with a minimum of zero offset char
acteristic. The gain of this amplifier establishes the calibration of the 
probe. The multiconductor shielded cable connects the pre-amp probe to the 
Meter. This cable carries the power supply voltages and a correction voltage 
which is applied to the input of the amplifier to compensate for the zero 
offset. The cable disconnects at the Meter front panel. 

The entire probe is covered with a thin film very high resistivity coating. 
This film is in the order of .5 megohm per square and provides a shield against 
electrostatic charges. This form of shielding had been used in the NBS 
Electric Energy probe Model EDM-2 [4]. Complete interchangeability exists 
between any and all of these series probes and the Model Metering instrument. 
A probe and meter are pictured in figure 4. 

CALIBRATION 

Two Crawford cells are used in the calibration and testing of the probes. 
The smaller cell is exactly scaled to 1/2 the dimensions of the larger cell. 
The cells are connected in series with a 6 dB flat attenuator between the two. 
Cell 2 is exactly 1/2 the size of cell 1, see figure 5. The calibration fields 
are established by measurement of power transmitted thru the cells. 

The probes when inserted in the TEM cell are rotated about their axis and 
the calibration is noted at the average of the polarization ellipse, which is 
less than 1 dB. Further tests for isotropic characteristic are accomplished by 
inserting the probe into the TEM cell such that the H-field is normal to only 
one coil. This is repeated for each coil, with the resultant readings being 
within 1 dB of each other. 

The electro-magnetic force fields are the same in both cells. The poten
tial distributions are twice as large in the larger cell. The probes read the 
;ame in either cell if they are not responding to the potential fields. For a 
>robe not to be responsive to the potential field at low frequencies the lead 

:·esistance must be very much greater than the element or sensor resistance. 
Fith Electric field probes this may be very difficult to obtain and the probes 
l'Ould give false indications when in proximity to high potentials. 
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The TEM cell is used to ascertain that the probe truly responds to the 
magnetic field. [7] Technique utilizes the positioning of short at the ter
minating end of the TEM cell a A/4 from the midpoint of the cell. This results 
in a minimum H field maximum E field at that mid position. When the probe is 
positioned at that point the meter indicates a null. As the probe is moved to 
either side of that position the meter indications rise. These tests were 
conducted at 50 and 60 MHz and at various harmonics of these frequencies. 

Thru the 180 MHz region excellent nulls were obtained. For the same 
incident power, mean squared field strength ratios for open and short circuit 
terminations on the TEM cell were 50:1 at 50 and 60 MHz. At 150 MHz the ratio 
dropped to 10:1. At 240 MHz, the smaller 1 meter long TEM cell was used, the 
ratio observed was 3:1. The maximum H field being created at the mid position 
with a short circuit termination and a maximum E field being created with an 
open circuit. Above this frequency the nulls were less pronounced. This is 
partially due to the probe becoming more responsive to the electric field. The 
short and open circuit being less effective provided lower standing wave ratios 
and less definitive fields. 

INSTRUMENTATION SHIELDING 

The performance of the meter has been tested with the meter itself exposed 
to high fields. Essentially no change in meter readings were obtained when the 
probe alone was positioned in the field in the larger TEM cell, and when the 
meter was also introduced. This test was conducted at 50 MHz, at power density 
level of 10 mW/cm2• Further confirmation of the shielding was established by 
placing a meter, with a dummy probe, in the larger TEM cell. The dummy probe 
was a modified probe with the thermocouple elements replaced with simple 
resistors. At a power density of 10 mW/cm2 the frequency was scanned from 
10 MHz thru 200 MHz. No observations of any indications of leakage into the 
meter were observed. The meter scale was on the 2 mW/cm2 full scale range. 
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Since heat has been shown to exert an inhibitory effect on malignant tu
mors, hyperthermia is receiving intensive study at many biomedical research 
centers. Accurate determination of tissue temperature is of paramount impor
tance in studies of this type. Where microwaves are employed to produce heat, 
conventional thermometric methods are unsuited because of perturbations induced 
by metallic components of the sensor. The metal-free design of the LCOF Temper
ature Probe obviates this difficulty, The electronic, fiberoptic, and liquid 
crystal systems and their integration into a thermal-sensing device have been 
described elsewhere. This paper presents data obtained during a series of 
calorimetric and hyperthermic experiments which provides a critical evaluation 
of performance parameters such as stability, accuracy, and longevity, Experi
mental results have consistently shown that reflectance for the body temperature 
probe (32-45°C) heated to 45°C does not remain constant over the course of one 
day's experiments but drifts gradually downward, perhaps an inherent problem 
associated with liquid crystal fatigue, If the shift in the probes' response is 
monitored by period calibrations, the accuracy can be held to 0.1°C and often 
less. Otherwise, the drift problem results in errors of 0,25°C when only one 
calibration is performed, The drift problem is less serious in lower temper
ature probes, Prot d of 8-10 months age are still functional and providing 
reliable data, 

INTRODUCTION 

In the fields of medicine, engineering and biology many experimental and 
clinical protocols exist-which require the accurate measurement of temperature 
changes and power deposition in biological specimens subjected to nonionizing 
electromagnetic radiation. Some representative investigations and procedures 
where these parameters have great significance are: (1) bioeffects research, 
(2) diathermy, (3) tissue and blood warmers, (4) EM biohazards for man, and 
most recently, (5) EMR-induced hyperthermia as a potential modality in cancer 
therapy. Conventional thermal sensors (thermistors, thermoco~ples) have in most 
cases proven unsuitable for assessing temperature in EM fields since no con-
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ducting material is allowed in the tissue during irradiation. It has been ade
quately demonstrated [4] that metallic components of these sensors concentrate 
the fields therby producing localized hot spots and consequently inaccurate, 
nonrepresentative temperature Measurements. This problem has seriously hampered 
progress of research in this field. The need for a nonperturbing temperature 
sensor has been heightened by the rapidly growing interest in the biological 
effects of nonionizing electromagnetic radiations. 

The LCOF (Liquid Crystal Optic Fiber) Probe takes advantage of the unique 
optical properties of a group of organic compounds referred to as liquid crys
tals. One class of these compounds (thermotropic) characteristically exhibit 
a high sensitivity to change of temperature which results in color changes. 
This characteristic, a result of chemical and physical properties of the mole
cules themselves, finds application in thermometry since direct visualization 
of changes can be made. Electronic and fiberoptic systems are coupled with the 
sensor to monitor the interaction of light with the liquid crystal at various 
temperatures, The result is an opto-electronic liquid crystal sensor for con
tinuous temperature monitoring in electromagnetic fields. 

MATERIALS AND METHODS 

The sensor medium consists of a three-component cholesteric liquid crystal 
mixture housed in a sealed enclosure between glass lenses attached to the dis
tal end of a fiberoptic probe (see Fig. 1). The cholesteric liquid crystals 
employed in the sensor are cholesteryl chloride, cholesteryl nonanoate, and 
cholesteryl oleyl carbonate, The three compounds were heated to the isotropic 
phase, mixed together thoroughly and allowed to cool to room temperature. Fol
lowing this procedure the mixture exhibits a highly iridescent green, red, or 
orange color depending on the proportions of each compound used, The mixture 
was then placed between two nested-glass tips and sealed together with epoxy. 
After drying, the fiberoptic probe was inserted into the inner glass tip until 
contact was made with the sealed end. The catheter was secured to the inner 
tip with epoxy cement. In this configuration the liquid crystal mixture is 
contained in an air-and-waterproof enclosure between two glass lenses fixed on 
the distal end of a fiberoptic probe. 

The catheter consists of 8 plastic light fibers sheathed by thin-walled 
teflon tubing. This light guide was inserted in thick-walled PVC tubing which 
provides a total light shield and mechanical protection for the fibers. Four 
fiberoptic strands transmit red light originating from a 670 nm light-emitting 
diode over a six-foot length to the probe tip housing the sensor. The other 
four strands gather light scattered by the liquid crystal and transport it to a 
photodetector where it is measured, As the liquid crystal sensor is subjected 
to heat, the color of the crystal mixture gradually changes from a predominant 
green through shades of red which grow more intense. Just beneath its clearing 
temperature (isotropic melt), the liquid crystal is deep red in color and back
scatters a greater proportion of incident light to the photodetector where it 
is converted into a voltage output, Voltage, therefore, is a quantitative mea
sure of reflected light which in turn is a function of crystal color which 
varies predictably with temperature, 

This paper will not include a description of the electronic system which 
is ~oupled with the liquid crystal and fiberoptic systems. For an account of 
the electronics mechanization the reader is referred to previous publications [1] [2] [3]. 

III. RESULTS 
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A typical response curve describing the reflection (voltage) temperature 
relationship is illustrated in Fig. 2. The curve generated by this relation
ship, although nonlinear, remains generally the same regardless of the com
position of the sensing medium. The position of the curve, however, with re
spect to temperature can be shifted up or down scale by altering the ratio of 
the three cholesteryl compounds in the mixture. Three formulations have been 
prepared, tested, and found suitable for temperature ranges of 10-24°C, 20-34°C, 
and 32-46°C. 

Since this method of temperature measurement depends on a precise voltage
temperature relationship, the reproducibility of the response curve is of para
mount importance. Figure 2 illustrates the deviation one typically observes 
between a response curve generated by heating and one produced by cooling. Not 
only does hysteresis affect the accuracy of the temperature response curve, but 
also there is a gradual and progressive decay in the reflectance (voltage) at 
a given temperature as a function of time and temperature cycling. 

In order to define the stability and reproducibility of the LCOF under 
simulated experimental conditions, a test was conducted over a three day period. 
The LCOF Probe was initially calibrated from 32-45°C after which it was re
peatedly cycled up and down a temperature gradient of 37-45°C. The probe was 
tested for a total of 24 consecutive cycles with interruptions at various 
intervals for lunch, overnight and other periods of prolonged exposure to room 
air temperature. The results of this test are shown in Fig. 3. The response 
curves are reasonably stable between consecutive cycles and days although some 
variation is apparent. It should be pointed out that the actual response range 
varies from one probe to another where fiberoptic systems are different even 
though the same liquid crystal is used. This is not surprising because of 
certain uncontrollable variations in such factors as fiber diameter and geo
metric variations in the probe tip itself. The data shown in Fig. 3, however, 
was obtained with the same probe and thereby any differences would reflect 
changes in the sensor itself as a result of time (ageing) and temperature 
cycling. 

The data in figure 3 shows a characteristic hysteresis, i.e. output voltage 
on the cooling cycle is consistently larger than that of the heating cycle at 
a given temperature. Factors affecting hysteresis are difficult to control and 
likely are inherent to the chemical nature of the liquid crystal molecules. In 
many cases, however, this shortcoming can be minimized to a level of 0.1°C or 
lower (see Fig. 2). At least one calibration run is required to "break in" the 
temperature probe after which there is reasonably close agreement between the 
heating and cooling curves. 

Despite the hysteresis apparent in Figs. 1 and 3, results show that over 
the course of a full day's testing the response curves show good reproducibility. 
The tendency is for output voltage to decrease gradually with repeated cycling 
and some indication of recovery after nonuse. Occasionally LCOF probes show 
substantial amounts of drift even over the course of an afternoon with repeated 
cycling (see Fig. 4). In this case a five percent reduction in reflectance at 
45°C resulted after 13 consecutive cycles between room temperature and the peak 
temperature of 45. The magnitude of the drift problem would result in an error 
of 0.3°C if the calibrated value were relied upon during the thirteenth cycle. 
This apparent progressive deterioration of the sensing medium can only be dealt 
with by periodic calibration. This procedure will establish confidence limits 
for the temperature data. For example, Fig. 5 illustrates how the LCOF Probe 
was used to monitor microwave-induced hyperthermia in mouse intestine. Pre
calibration in a water bath shows a reflectance value of 410 for the target 
temperature of 45.5°C. The LCOF Probe was then inserted rectally and the animal 
placed in a microwave field with the power pulsed to maintain an average reading 
of 410 or 45.5°C. Immediately following treatment the probe was postchecked in 
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the water bath at 4S.5°C. During this procedure the digital panel meter again 
gave a reflectance value of 410 which indicates no deterioration in the probes' 
performance during the experiment. This procedure often, however, reveals some 
drift which typically amounts to an error of .1 to .2°C. By means of periodic 
calibrations, the LCOF Probe deterioration can be monitored and corrected for 
in order to maintain temperature values with confidence limits set by the cal
ibration procedure. 

DISCUSSION AND CONCLUSIONS 

The LCOF Temperature Probe has two shortcomings, namely, hysteresis and 
ageing of the sensing medium. The magnitude of the hysteresis problem can 
usually be minimized to a level of 0.1°C or lower. Following the first trial 
run which invariably is required to "burn in" the probe there is usually good 
correlation between the heating and cooling response curves (see Fig. 2). The 
largest hysteresis errors seem always to occur on the first test run following 
the fabrication of a sensor. Often subsequent temperature cycling shows the 
hysteresis problem to be negligible or nearly so. Factors which affect hyster-·
esis are difficult to identify and control, although chemical composition is 
known to play a significant role. The second limitation of the LCOF probe is 
an ageing effect which results in progressive decay in the response curve over 
a time period of intensive use. This phenomenon appears to be a result of 
inherent chemical instability of the cholesterol esters used in the sensor. 
This problem is easily disposed of by recalibration of the probe just prior to 
an experiment, a procedure routinely carried out before and after an experiment 
anyway. Pre- and post calibration runs establish a confidence interval which 
measures the probes performance during the experiment. 

A long term evaluation of several LCOF probes has repeatedly shown that 
nonuse of a probe results in significant recovery, i.e. voltage output (re
flectance) at a given temperature can increase by as much as 25% after several 
days of nonuse. This indicates that repeated heating and cooling induces some 
sort of "molecular fatigue" that results in reduced reflectance which must be 
monitored by periodic calibrations. Once the sensor has deteriorated where it 
has become too erratic or does not show a suitable response, the sensor can be 
easily removed and replaced with a new probe. As for the longevity or useful 
life of a sensor, results have indicated many months of reliable performance. 
One LCOF Probe after use in hyperthermia experiments on several hundred mice, 
still gives data accurate to 0.1°C after 9 months use. Other sensors have 
performed comparably. 

All in all, the two shortcomings of the LCOF Temperature Probe can be 
controlled or minimized so that this thermal sensing device has considerable 
practical value. Another advantage includes the inexpensive materials required 
to fabricate and assemble a probe. The fiberoptic catheter and sensor are of 
minimal cost, the major expense being the electronics unit. This temperature 
probe is currently finding use in a broad range of research studies permitting 
continuous temperature monitoring in electromagnetic fields. 

REFERENCES 

1. Johnson, c.c., C.H. Dumey, J,L. Lords and G.K. Livingston. Fiberoptic 
liquid crystal probe for absorbed RF power temperature measurement in tissue 
during irradiation. New York Academy of Sciences Conference on Biological 
Effects of Nonionizing Radiation, New York, February 1974. 

2. Moss, S.D., G.K. Livingston, C.C. Johnson and T.C. Rozzell. An opto
electronic liquid crystal sensor for continuous temperature monitoring. 

247 



IEEE 1975 Region Six (Western USA) Conference, Salt Lake City, Utah, May 
1975. 

3. C.C. Johnson and T.C. Rozzell. Liquid-crystal fiberoptic RF probes. Part 
I, Temperature probe for M/W fields. Microwave Journal, Vol. 18. No. 8, 
August 1975. 

4. C.C. Johnson and A.W.Guy. Nonionizing electromagnetic wave effects in 
biological materials and systems. Proceedings of the IEEE, Vol. 60. No. 6, 
pp. 692-718, June 1972. 

n8 



DIAGNOSTIC APPLICATION OF MICROWAVE RADIATION 
IN PULMONARY MEDICINE 

+ 
P.C. Pedersen*, c.c. Johnson*, C.H. Durney*o and D.G. Bragg 

INTRODUCTION 

*Department of Bioengineering 
College of Engineering 

0 Department of Electrical Engineering 
College of Engineering 

+Professor and Chairman 
Department of Radiology 

College of Medicine 

University of Utah 
Salt Lake City, Utah 84112 

Pulmonary diseases are a major cause of disability and mortality partly 
due to the lack of available techniques for early diagnosis. In many pulmonary 
diseases, in particular pulmonary edema and emphysema, there is a change in 
total lung water. The existing diagnostic methods generally have insufficient 
sensitivity for early recognition of pathological lung water conditions. Chest 
radiography is one of the most frequently used diagnostic tools in pulmonary 
medicine, but is only indirectly able to detect changes in total lun~ water [1]. 
Lung diffusion capacity is another indirect measure of lung water [2J. The 
double indicator dilution method can provide the clinician with an estimate of 
gross changes in intra- and extravascular lung water [1]. 

The work we present here describes preliminary results in an investigation 
of a new diagnostic technique, aimed at detecting changes in total lung water 
by means of low intensity penetrating microwaves, 

Microwaves in the frequency range of 1 GHz or lower will penetrate into 
tissue, and the degree of penetration is dependent on the water content of the 
tissue. Consequently, changes in total lung water change the absorption char
acteristics of the lung tissue, and when microwave energy is applied to the 
lung regions of the chest, the reflection coefficient from the chest as well as 
the transmission coefficient through the chest is affected by changes in total 
lung water. 

Up to the present time, microwave energy as a diagnostic modality has onl) 
found limited application. Noncontact measurements of volume changes in iso
lated frog and rabbit hearts have been performed with microwaves [3], and Guy 
[4] has shown that changes in microwave transmission loss through the human 
chest correlate well with ventricular volume changes. Recentlyj microwave 
energy has been employed for remote sensing of respiration [5,6 • 

In this paper, the diagnostic application of microwaves as it relates to 
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detection of changes in total lung water will be discussed from 
of view, Two separate techniques, the reflection technique and 
sion technique, are evaluated experimentally and theoretically. 
frequency and swept-frequency measurements are studied, 

TECHNICAL ASPECTS 

a general point 
the transmis
Both single-

For both reflection and transmission measurements, the central part of the 
instrumentation is an HP 8410 A network analyzer which, via a dual directional 
coupler (HP 778 D), receives two input signals proportional to the incident 
electric field strength and the reflected (or transmitted) electric field 
strength. Comparing these two signals yields the reflection (or transmission) 
coefficient in form of two analog voltages representing the amplitude and phase 
components. With single frequency measurements, the voltages are recorded on 
a two-channel strip chart recorder while an X-Y recorder is used for swept fre
quency measurements where normally the amplitude is recorded versus frequency, 

The power limitations on the input signals to the network analyzer re
stricts the power delivered to the microwave applicator to less than 10 µW/cm2 , 
or more than a factor of a thousand below the current safety standards for 
microwave exposure. Thus the radiation hazards can be considered nonexistent. 

The applicator(s) which has been used in all the measurements is a 13 cm 
by 13 cm microwave diathermy applicator, developed by A.W. Guy, University of 
Washington [7]. The applicator is designed for optimal coupling into tissue at 
915 MHz and consists of two parallel waveguides, radiating in a TE10 mode. 

REFLECTION MEASUREMENTS 

Single Frequency 

With reflection measurements, the applicator may be placed either on the 
chest or on the back over a selected lung region. The complex ratio of the re
flected signal to the incident signal constitutes the reflection coefficient. 

Using single frequency reflection measurements, dynamic events such as 
respiration or cardiac rhythm can readily be detected, Baseline variations in 
the order of 1 dB and 5° for amplitude and phase, respectively, are recorded 
with deep breathing and the applicator positioned over the lung region of the 
chest (see Fig, 1). The corresponding baseline variations with the applicator 
positioned on the back are around 2 dB and 10°, These results apply for rela
tively slim individuals and are reduced for individuals of heavier build. 

To constitute an ideal diagnostic technique, the microwave reflection co
efficient should be predominantly a function of lung water. Unfortunately, 
testing of a large number of subjects as well as simulation experiments and 
theoretical calculations have indicated that individual variations in the thick
ness and composition of the superficial tissue layers (the chest wall) over
shadow the effect of changes in total lung water on the reflection coefficient. 
Therefore, with the present applicator and frequency range, absolute measure
ment of a static condition such as total lung water is not feasible, 

However, when an individual serves as his own reference, as is the case in 
a monitoring situation, the single frequency reflection technique is a poten
tially useful method for detecting changes in total lung water. Such a monitor
ing device can be of great importance for patients with heart failure or the 
severly burned patient as these conditions often are accompanied by pulmonary 
edema. 

250 



N 
U1 
I-' 

1 dBI 

10 , .. sec .. , 

\ 

\ 

j \ 
~ 

Fairly deep breath
ing - normal rhythm. 

\ 
I 

\ 

lJ Amplitude 

Phase 

Deep breathing - holding breath 
after both inspiration and ex
piration, 

Fig. 1, Phase and amplitude variation of the reflection coefficient 
during respiration with the applicator placed on the chest, 



The monitoring potentials of the single frequency reflection technique 
have been demonstrated in two dog experiments in which pulmonary edema was in
duced by infusion of large amounts of the hypertonic glucose solution, Dextran 
40. Figure 2 summarizes th~ results of the first dog experiment. The ampli
tude baseline of the microwave reflection coefficient, recorded with the appli
cator strapped to the dog, is shown together with the left atrial pressure 
which serves as an indicator of the development of pulmonary edema. 

The curves show that the infusion of Dextran 40, starting 2:47 p.m., very 
quickly produced a rapidly increasing left atrial pressure and a slow, but 
fairly steady change in the baseline of the reflection coefficient. At the 
time when alveolar edema developed - indicated by the presence of rales (ab
normal respiratory sounds) - a rapid change in the amplitude baseline took 
place which continued until the cardiovascular conditions had deteriorated sig
nificantly. 

Although relatively small, the total change in the magnitude of the re
flection coefficient with the progress of pulmonary edema is significant and 
serves as a strong indication that monitoring of total lung water changes is a 
potential application of the reflection technique. 

Swept Frequency 

With sweft frequency measurements of the amplitude of the reflection co
efficient, IP, the nonlinear reflection characteristics of the applicator be
comes apparent. Only over a narrow frequency band is there an effective cou
pling between the applicator and the irradiated medium. The center frequency 
of this narrow band is lowered significantly when the applicator radiates into a 
lossy medium. 

Figure 3 shows recordings of !Pl versus frequency with the applicator ra
diating into free space and into the chest of a human subject. Relevant 
physical data for the subject is given in the figure. Of special interest in 
Fig. 3 is the 75 MHz shift of the amplitude peak, from 915 MHz to 840 MHz. We 
have made recordings of IPI versus frequency on about 20 normal subjects, cov
ering a wide range of age and body habitus. These subjects all caused a fre
quency shift of the amplitude peak from 915 MHz to 845 MHz± 5 MHz. However, 
the actual height (in -dB) of the amplitude peak varied greatly from individual 
to individual, with thin subjects generally producing a higher and narrower peak 
than heavy built subjects. 

Further simulation experiments have indicated that in reflection measure
ments the shape of the amplitude curve is determined mainly by the water con
tent of the superficial tissue layers and to a lesser extent by the condition 
of the lung tissue. An in depth theoretical analysis of the reflection measure
ments is extremely difficult due to the complex nature of the applicator chac
acteristics, field configuration, body geometry, etc. In general, lowering the 
frequency of the microwave signal will reduce the influence of the first tissue 
layers and therefore improve the sensitivity to changes in lung water. 

TRANSMISSION MEASUREMENTS 

Principle 

In the transmission measurements the complex transmission coefficient is 
determined as the ratio of the transmitted electric field strength to the in
cident electric field strength. This technique offers greater potentials for 
absolute measurements of total lung water as the effect of any tissue layer on 
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the transmission coefficient is practically independent of its position in the 
transmission path. 

Two applicators are used in the transmission measurements, with one appli
cator placed on the chest and one applicator on the back, such that the trans
mission measurement is performed through either 11: . ..1;:-

Although the ~~plicators display a nonuniform IPI versus frequency char
acteristic when used in reflection measurements, the straight feed-through char
acteristic with the applicators closely facing each other is remarkably uniform 
over a fairly wide frequency band, Over a frequency range from 820 MHz to 950 
MHz the measured attenuation across the two applicators is 2 dB± 1.5 dB when 
aligned for direct coupling from one to the other. A relatively constant in
sertion loss is observed with a homogeneous medium between the applicators, 
This leads to the important conclusion that the medium between the applicators 
is the main factor in determining the transmission coefficient in the frequency 
range of minimum applicator attenuation. 

Phantom Measurements 

In order to directly test the capabilities of the transmission technique 
for relative and absolute measurements of total lung water, a simulation experi
ment was performed on a three-layer phantom model. In this experiment, two 
outer layers of fresh, excised beef fat simulated the chest walls of the thorax 
and the middle layer, consisting of natural sponges in which isotonic saline 
solution was absorbed, simulated the lung layer. By adding fixed amounts of 
saline solution to the "lung" layer, transmission measurements of 10, 15, 20, 
and 30 percent "lung" water were obtained, Figure 4 shows the amplitude of the 
transmission coefficient for these values of "lung" water over a frequency 
range from 800 MHz to 950 MHz. The fat layers are each 3 cm thick and the 
"lung" layer is 14 cm thick. The curves in Fig. 4 show that an increase in the 
saline content of one percent gives an increase in transmission attenuation 
close to 1 dB, Accordingly, the lung water has a considerable effect on the 
transmission coefficient. In comparison, reducing the thickness of the fat 
layer from 3 cm to 1.5 cm gives an average reduction in the transmission atten
uation of 3-4 dB. Theoretical calculations based on the conditions of the 
simulation experiment have shown a good agreement between the experimental and 
the theoretical results, with a difference within± 3 dB. 

Theoretical Calculation 

A further investigation into the diagnostic potentials of the transmission 
technique was undertaken with a series of calculations of the transmission co
efficient through thorax, under three lung conditions, normal, pulmonary edema, 
and pulmonary emphysema. 

The electromagnetic properties of the lung tissue under these three con
ditions were determined indirectly from the electromagnetic properties of the 
components of the lung in vivo, air, blood, and lung tissue. The same proce
dure was applied for determining the electromagnetic properties of the chest 
wa11. 

A theoretical analysis has shown that maximum sensitivity to changes in 
total lung water is obtained when the lungs are at maximal expiration, and the 
theoretical results, given in Fig. 5, are based on this respiratory states. 
D • 22 cm is the A-P caliper (the distance through the thorax from front to 
back) and corresponds to an adult male of normal build. In Fig. 5 there are 
three sets of curves, representing the three lung conditions, edema, normal, 
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and emphysema. Further, each of these three sets contains three curves, re
presenting a normal range of chest wall thickness. 

The curves in Fig. 5 reveals the important fact that varying the chest 
wall thickness (and therefore also the thickness of the lung) over a normal 
range with the A-P caliper held conitant causes much less variation in the 
transmission coefficient than a change in lung condition from normal to either 
pulmonary edema or emphysema. Hence, the theoretical calculatio··d predict that 
with the A-P caliper as a "normalizing" factor the amplitude of the transmis
sion coefficient can yield direct information about the lung condition. With 
experimental transmission measJrements on human subjects, the theoretical re
sults for normal individuals have been confirmed with reasonably good experi
ment. 

CONCLUSIONS 

The purpose of the present work has been to investigate the feasibility of 
using low intensity microwave radiation in detecting pathological total lung 
water conditions which signify many pulmonary diseases, most notably pulmonary 
edema and emphy.,cma, as well as in monitoring changes in total lung water. Two 
separate techniques have been evaluated, the reflection technique and the trans
mission technique. 

The reflection technique offers some practical advantages, especially in a 
clinical environment, because only one applicator is needed. However, correl
ation of the measured reflection coefficient with lung water content is very 
difficult as the reflection coefficient is predominantly determined by the 
superficial tissue layers. Accordingly, at the pre~ent stage only monitoring 
applications appear feasible with the single frequency reflection measurements 
as shown in the dog experiments. The potentials of the swept frequency reflec
tion measurements have not been fully explored, and this method may have diag
nostic applications. 

The transmission technique has the advantageous quality that the effect on 
the transmission coefficient of any tissue layer is independent of its position 
in the signal path which gives this technique potentials for absolute measure
ments of total lung water. The phantom model experiments provide direct ex
perimental evidence for the ability of detecting changes in total lung water 
with transmission measurements, and the agreement with the theoretical calcu
lations demonstrates that absolute measurements of total lung water can be 
made. 

The theoretical calculations for microwave transmission through the human 
chest have given further supportive evidence of the diagnostic potentials of 
the transmission technique, and the confirmation of some of the theoretical 
data by experimental results from human subjects indicates that the transmis
sion-line model constitutes a sufficiently accurate representation of the lung 
regions of the thorax. 
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ABSTRACT 

BIOLOGICAL ACTIVITY ASSOCIATED WITH PULSED 
HIGH FREQUENCY RADIATION (27.12MHz) 

Brian West and William Regelson 
Medical College of Virginia/Virginia Commonwealth University 

Division of Medical Oncology, Department of Medicine 
Richmond, Virginia 23298 

A pulsed radiowave source (EMR) utilizing a carrier frequency of 27.12 
MHz (DiapulseR) was seen to alter survival time and mass of implanted B-16 
melanoma and Lewis lung carcinoma in syngeneic mice. Anti-tumor activity was 
achieved with post-tumor inoculation exposure at intermediate and lower mean 
power outputs (6 watts) available in this source as evidenced by retardation 
of primary Lewis lung subcutaneous implants. This effect in no way rivals 
ionizing radiation, chemotherapy, or immunotherapy. The mechanism for this 
action is unknown but may be independent of temperature elevation. In con
trast, increases in tumor growth and shortened survival can be seen follow
ing extended schedules of pre- and post-tumor implantation irradiation depend
ing on the tumor. Unanesthetized mice show no evident rectal temperature 
rise but pentobarbital anesthetized mice show temperature increases as high 
as 2.5°c as compared to corresponding controls after 60 minutes of EMR ex
posure. Significant inhibition of weight gain in male mice treated day 18-32 
post-natally for 30 minutes of daily EMR exposure was seen. Decreases in 
pentobarbital induced sleeping time were found to be related to higher power 
output levels (on the order of 38 mean watts) which is consistent with rectal 
temperature elevations seen in anesthetized mice. 

INTRODUCTION 

Prompted by a brief report by Basset (1) of inhibition of the trans
planted METH-A sarcoma in mice by pulsed electromagnetic fields, we noted 
several reports indicating that non-ionizing radiation, distinct from micro
wave (diatherapy), may retard tumor growth. 

Weber and Cerilli (2) claimed to prolong the life span of mammary adeno
carcinoma bearing mice injected with tumor cells exposed in vitro for 20 
minutes to a 12 kilogauss/mm non-homogenous field. In vivo irradiation of 
intact mice at 72 and 96 hours post tumor cell inoculation increased survival. 
No increase in heat was reported in tumor cell suspensions or in tissue or 
skin measurements, and no destruction of normal tissue was reported. 

Considerable publicity in France has been given to reports of complete 
regression of lymphosarcoma tumor implants in mice exposed to combined mag
netic and electromagnetic radiation with a 620 gauss intensity (3-5). Un
fortunately, the carrier frequency and modulation rates and width as well as 
electrical field density were not described as was the specific irradiation 
methodology in these reports. 
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Ozdaglar (6) reported on the clinical use of the commercially available 
pulsed electromagnetic generator (DiapulseR) in cancer patients. Results with 
this approach are unevaluable and confused by the associated use of tumor 
autovaccination, but there is apparent little clinical toxicity. Anderson (7), 
using the same equipment, reported relief of acute symptoms of pain following 
radiation of gastric carcinoma, but there was no randomization or use of 
simultaneous control; and although the author claimed to have an improvement 
in median survival, no comparative data are available in untreated cases. 

Pulsed short waves have been popularly applied in the treatment of 
wounds or soft tissue injuries. Cameron (8) found transverse alignment of 
fibroblasts, collagen formation and white cell infiltration and accelerated 
phagocytosis and histiocltic activity in experimentally wounded dogs follow
ing exposure to Diapulse radiation. However, a Food and Drug Administration 
(FDA) sponsored replication of this study (9) was unable to duplicate 
Cameron's results. Despite this, Wilson (10) claimed significant reduction 
of edema and pain in soft tissue ankle injuries in humans. 

Despite these inconsistencies, the evidence supporting biological 
activity based on either athermal or relatively low thermal mechanisms needs 
serious evaluation. This is particularly true as there is extensive literature 

on thermal inhibition of tumor growth, including EMR (microwave) alone 
or combined with chemotherapy or ionizing radiation (11-15). The incon
sistencies and lack of follow-up in previous non-microwave EMR studies on 
tumor growth led us to begin investigation of this problem with a commercially 
available pulsed radiowave generator. The DiapulseR instrument operates at 
27.12 MHx carrier frequency and was made available to us for laboratory studies. 
Besides the commercial availability of this source of EMR (provided you have 
FDA clearance), another immediate advantage was the existence of several field 
analysis studies and reports of its clinical use and, as discussed before, 
scattered biological application data (6-10, 16-24). In order to evaluate 
DiapulseR effects on tumor growth, it was necessary to probe its toxicologic 
effects to establish a therapeutic index. This led to the investigation of 
previously reported effects on weight gain and barbiturate anesthesia as 
measured by sleeping time changes (personal communication). Additional studies 
were performed evaluating the action of this instrument for in vitro cyto
toxicity effects on anuran embryonic development, and wound healing in mice, 
and effects on in vitro plasma viscosity. All these studies will be reported 
elsewhere. 

METHODS AND MATERIALS 

The concept of this machine's theoretical design is that pulsed high 
instantaneous power output (on the order of 280 to 975 watts peak), with 
relative low duty cycles (0.5 to 3.9%, depending on pulse repetition rate), 
should permit heat dissipation from tissues during the off phase (1600 micro
second width or greater). In addition, the higher peak power levels of this 
instrument were designed to be capable theoretically of inducing tissue effects 
that could not be found with diathermy tolerance because of heat damage. This 
latter advantage may not be significant in view of the reports that pearl chain 
formation in lipid suspensions (25) can occur at lower power outputs with con
tinuous (average intensity of the corresponding pulsed field) wave sources. The 
theoretical validity of the DiapulseR patent have not been our concern, but 
rather the simple assessment of its effects on tumor growth and its therapeutic 
index and toxicology on mouse and tissue models. The generated power output is 
reported both in average and peak power as well as pulse repetition rate. 

The DiapulseR generator uses a fundamental frequency of 6.76 MHz provided 
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by a crystal which is doubled and mixed with output of a multi-vibrator stage. 
Output of the mixed stage is amplified, doubled and coupled to the 10 cm 
treatment head. Pulsed modulation as selected from 80-600 cycles per second 
is applied to the amplified stage to regulate the radiation supplied to the 
treatment head, At maximum settings, the treatment unit supplied 975 in
stantaneous watts with a 3,9% duty cycle, each pulse lasting 65 microseconds. 
This yields a highest average power output of 38 watts. These measurements 
were taken with a P80 probe placed on the inverted radiation head (1.3 cm 
removed from pancake coils) by means of 585A Tektronic oscilloscope. 

Neurath and Li (24), in a study to determine the magnetic and electrical 
field intensities of a DiapulseR instrument, reported similar measurements. 
A range of 10 to 45.volts/cm and an approximate 10 gauge field is seen at 
the surface of the head, 

Steps were taken to analyze heat production of the coupled field because 
of the need to establish the validity of purported minimal heat effects, Heat 
production of the radiating source at several average power outputs was as
certained through evaluation of thermistor temperature changes in two saline 
mouse models, and via direct temperature determinations of irradiated mice 
iilllllediately after turning off the machine and removing the mouse from the 
holder. This was done to see if it would serve as an indicator for dosimetry 
and if we could reproduce the Neurath and Li (24,26) findings. 

Polystyrene petri dishes, 15 Illlil in depth, approximately the same as a 
prone BDF1 mouse, filled with 70 cc of isotonic saline, were irradiated for 
20 or 60 minutes at 975 peak watts and 600 pulses per second (an average 
38 watts). The circular radiating head was held at the open mouth of the 
dish, minimizing power dissipation, establishing 2.8 cm distance between the 
pancake coils and the plane of the inside surface of the container (a 1.3 cm 
air gap between coils and radiation head cover exists). 

An additional in vitro model using 25 milliliters of isotonic saline 
in a 30 milliliter glass beaker, 35 millimeters in diameter, approximately 
the size of a 20 mg BDF1 mouse, was irradiated with either 38 (600 pps at 
975 peak watts), 15 (400 pps at 585 peak watts) or 10 (160 pps at 975 peak 
watts) mean watts at a 2.0 centimeter distance from the coil to the top of 
the saline level. 

These models, of course, do not indicate heat retention in a normal mouse 
with intact thermal regulation, This was assessed by rectal temperatures of 
non-anesthetized BDF1 mice recorded by placing a thermistor probe 111 in the 
rectum iilllllediately before and after 20 minutes of radiation at an average of 
38 watts (600 pps at 975 watts). 

All mice were obtained from Jax labs and were uniform as to age, sex and 
weight, Mice are kept 8 to a cage for at least one week in air-conditioned 
quarters insulated from loud noise and with a fixed light cycle, 

Transmitting power levels and timing of radiation exposure is indicated 
for each experiment and for each exposure. Mouse movement was restricted by 
acrylic or plexiglassR stalls arranged so that each mouse was separated from 
other mice while exposed to the same field and their tails were extended and 
secured away from the radiating head. The radiating head was then placed 
within 0.5 - 1.0 cm of the mouse and the generator activated for 20 minutes or 
as indicated. Eight mice could be exposed under the head for each period of 
exposure (cage mates). Controls were treated similarly but without receiving 
radiation. 
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To increase the ease of mouse handling, our final model used BDF1 mice 
intraperitoneally injected with .020 cc/gm 10% pentabarbital. Upon loss of 
the righting reflex, these mice were distributed in the same holder minus 
plexiglas stalls, with tails extended and secured outside the field. The 
treatment head was placed in direct contact with the animal's flank with 
gentle contact but no pressure. Again, controls underwent the same procedures 
except the machine was not turned on. Thirty-eight mean watts or 600 pulses/ 
second at 975 peak watts output was administered to experimental animals for 
repeated 10 minutes of EMR exposure or for a continuous 60 minutes. In the 
repeated irradiation experiment, the animals were placed in the field 25 
minutes post pentubarbital injection with temperatures taken every 15 minutes 
beginning at 20 minutes post injection with thermistor probe placed 1" into 
the colon via the rectum. Sixty-five minutes were allowed to elapse before 
the second 10 minutes of radiation exposure and subsequently 50 minutes to the 
third exposure. This procedure permitted a direct control comparison as well 
as examination of baseline rectal temperature fluctuations following irradia
tion. The 60 minutes exposure test began at 15 minutes post barbiturate 
injection, and temperatures were taken every half hour beginning immediately 
after the field was turned off. 

Methodology for the Pentobarbital Sleeping Time Effects 

Twenty-four mice were matched for age and weight and segregated into 
three groups of eight animals each. Each set of eight mice were ear punched 
for identification permitting individual sleeping time data plots while 
irradiating all eight animals simultaneously. 

On the first experimental day, each animal was given .015 cc/gm 10% 
pentobarbital-saline solution intraperitoneally. This dose, while producing 
extended sedation, is not toxic to healthy mice in the 18-22 gram range. The 
animals were then placed in the acrylic holders with tails extended from 
the field and secured as described in previous methodology. Thirty-eight 
(600 pps/975 watts) and ten (160 pps/975 watts) mean watts output was used 
to irradiate for 15 minutes. This time frame allowed approximation for 
successful comparisons with our other studies using unanesthetized mice. 
The same pulsed short wave generator was used, and the radiating head was 
placed so as to make direct contact with the flanks of the mice. Controls 
were injected and sham irradiated with identical procedures as the experi
mental groups. After extinguishing the field, all animals were placed on 
their right sides on a cloth-covered platform and the elapsed time from the 
point of injection was recorded for each mouse following a successful righting 
reflex. 

On subsequent days, defined as 24 hours post pentobarbital injection, 
the same radiation timing procedures were employed. Barbiturate tolerance 
was evaluated in conjunction with EMR exposure to ascertain the shortening 
of anesthesia-induced sleep in mice which had experienced previous pento
barbital anesthesia (.01 cc/gm) independent of radiation. These animals 
received daily pentobarbital dosage of .010 cc/gm in an effort to minimize 
the extensive individual variations associated with pentobarbital toxicity. 
The length of radiation was shortened to 10 minutes/day to avoid premature 
arousal, prior to shutting off the field, which occurs at the reduced dose. 

Methodology for Study of Weight Gain Effects 

Thirty-two male and sixty-four female ICR mice were matched for age 
and weight and segregated as to sex into groups of eight mice each. All 
animals used weighed from 11 to 13 grams on the first day of irradiation. 
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Treatment and control groups shared separate cages in the same laboratory 
environment. 

Treatment levels were randomly assigned; two male and three female groups 
received 38 mean watts (600 pps at 975 peak watts), and three female groups 
received a 10 mean watt output (160 pps at 975 peak watts), matched controls 
consisted of sham irradiation for two male and three female groups. Each 
group was prepared for irradiation by being individually weighed. When placed 
under the EMR field, the imposed restraint permitted some movement on the 
part of the animal but prevented gross doubling back or the congregation of 
mice found in open field situations, under the treatment head. Approximate 
air space from the plane of the coils to the dorsal surface of the mouse was 
2.5 centimeters. 

Each group of eight mice underwent simultaneous irradiation at the de
signated treatment dose level for thirty minutes. This procedure was followed 
from the initial day through the fourteenth day (eighteen to thirty-second 
day post-natal). These animals were not irradiated again until day 26 (see 
Fig. 3) continuing through day 32, and were subjected to identical procedures 
as those outlined above. Weights were taken daily prior to the radiation 
session and thereafter on alternative days beginning with day 32. 

Methodology for Effect on Tumor Growth 

The initial investigation examined mean life span differences in asso
ciation with pulsed EMR radiation in four tumor models: Ll210 ascites, P388 
ascites, Lewis lung carcinoma and B-16 melanoma. The latter two are models 
known to be affected by factors modulating host resistance. In all four 
studies, the BDF1 female mice, DBA paternal, C57 maternal parentage, carrier 
mice were matched for weight (20 mean grams) and age. Unless indicated, 
controls were treated identically but power was not turned on. 

Animals were anesthetized with 0.2 cc of 10% pentobarbital given intra
peritoneally 10 minutes prior to their daily 20 minutes of irradiation. This 
minimized movement of the animals in the field and permitted direct contact 
of the radiating head to the flank of the mouse. One inch styrofoam strips, 
one-half inch in depth, were placed so as to restrict undue pressure of the 
treatment head on the mice. In view of observed tissue necrosis in the tails 
of several anesthetized mice exposed in this fashion, the tails of each mouse 
was extended away from the field and secured with tape. 

One hundred-four mice were intraperitoneally injected with 105 L1210 cells 
and segregated into 13 groups of eight mice each. Eight groups received 20 
minute daily exposures beginning at approximately 24 hours post tumor inocula
tion, and DiapulseR treatment was continued through the eighth day. Treatment 
was given at the same time each day for eight days. 

Four mean power output settings were selected and assigned to two each 
of the eight groups. These were 600 pulses per second at 975 instantaneous 
watts (38 mean watts), 400 pulses per second at 975 peak watts (25 mean 
watts), 400 pulses per second at 585 watts (15 mean watts), and 160 pulses 
per second at 975 peak watts (10 mean watts). 

Four additional groups each received one of the four above settings for 
20 minutes daily beginning on post tumor inoculation day 5 and treatment was 
terminated at day 8. The controls were handled similarly but not anesthetized 
during the course of the experiment. 
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P388 cells, 106, were injected intraperitoneally in 80 BDF1 mice. Ten 
groups of eight mice each were divided between two treatment schedules (i.e., 
post tumor inoculate days 1 through 7 or days 5 through 9). The same four 
pulse and peak wattage settings reported above were used for each of the 
two schedules. Two groups of controls, one for each treatment schedule, 
underwent the same procedures including barbiturate anesthetization. 

Exposure times were designed so as to evaluate the direct action of this 
radiation on the target tumor or to see if effects seen related to stimula
tion of host response through macrophage activation, interferon induction, 
or iunnunologic response in the Lewis lung or B-16 mice. 

Lewis lung cells, 106 , were injected subcutaneously in the flank of mice. 
Animals were matched for weight and age and divided into 15 groups of eight 
mice each. 

Three schedules for daily radiation were used; once daily for three days 
preceding ti.nnor cell injections, daily on post inoculate days one through 
six and daily post tumor inoculation days seven through twelve. 

Irradiation of mice prior to tumor inoculation was used to evaluate any 
host resistance effects associated with EMR as measured in longevity changes. 
The selection of treatment periods on post tumor inoculation days 1 through 6, 
or 7 to 12 was to study EMR radiation effects as they might correlate with 
the average onset of metastasis which begins to be clinically apparent at 
day 7 following tumor implantation. 

The same four settings and control treatments were assigned to groups 
undergoing these pre- or post-tumor inoculation schedules. Three control 
groups were used as the statistical comparison for each of the appropriate 
exposure schedules. In addition, the tumor pre-inoculation control group was 
used as a control for all treatment levels since no experimental procedures 
were imposed following the introduction of tumor cells and were thus 
applicable as a control for stress induced variations. 

B-16 melanoma tumor masses, approximately eight millimeters in volume, 
were implanted into the flanks of chloroform-anesthetized mice. The incision 
was closed with stainless steel clamps which remained in place for the first 
seven days. Design and assignment levels identical to those of the previous 
Lewis lung methodology given above were used. 

In vivo tumor mass was also used as a parameter in this later study. 
Vernier caliper measurements of palpable, subcutaneous tumors were taken at 
the two widest perpendicular points of the tumor. The tumor is assumed to 
be ellipsoidal, thus these lengths are used to compute the total mass by 
the equation: 

length x width2 pi 
6 

This voli.nne formula is multiplied by 1 g2~, or the designated constant for 
water. Since tumor tissue has a very high water content level, it can be 
assumed that the calculated tumor volume approximates the mass. The percentage 
of inhibition was equated by the difference of experimental mean mass from the 
controls over the control mass. Additional studies were done measuring sub
cutaneous tumor weights in sacrificed animals, but will be reported elsewhere. 
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RESULTS 

Temperature Effects 

Temperature elevations in the 70 cc saline dish model were similar to 
those reported elsewhere (24, 26) (see Table 1). In the deeper glass beaker 
model, 20-minute readings revealed increased of 3.5°, 2.0° and 1.5°c respec
tively for the three power levels (38 mean watts), 600 pps at 975 watts, 
400 pps at 585 watts (15 mean watts) and 160 pps at 975 watts (10 mean watts) 
in descending order respectively. The two degree rise compares directly to 
measurements taken by Neurath and Li (26) of 2.1°C for 400 pulses/second at 
585 peak watts or 15 mean watts over 20 minutes. 

The unanesthetized animals were able to dissipate body heat completely 
as measured by rectal temperature. No temperature change was seen, and it 
can be inferred that the heat induced at this setting (the highest power 
output available with this machine) does not exceed the animal's capacity to 
dissipate the heat generated at least in the rectum and colon area measured. 

In contrast, after 60 minutes of radiation at 38 (600 pps at 975 watts) 
mea, watts, the average temperature of the barbiturate-anesthetized animals 
was 2.5°c more than their corresponding controls (Fig. 1). 

Thermal regulations of heat loss appears intact in unanesthetized mice 
but barbiturate-treated animals lose both the ability to retain or dissipate 
heat, and DiapulseR radiated, anesthetized animals showed marked temperature 
elevation as compared to untreated controls. Barbiturate-anesthetized mice 
that underwent repeated irradiation showed a significant but not as great a 
rise in temperature following radiation exposure. This varied from internal 
control measurement from their own previous baseline temperatures (see Fig. 2). 

Barbiturate Anesthetic Effect 

AT test analysis showed that a reduction of sleeping time (p=.05) was 
obtained at the highest EMR power levels (38 mean watts) with a mean duration 
of 81 minutes sleeping time in comparison to the control's 121 minutes. Mice 
exposed to the 10 average watt output were not significantly different 
(111 mean sleeping time minutes), and all three groups demonstrated wide 
individual variations (see Table 3). Sleeping time data collected on the 
second and third consecutive day of repeated pentobarbital injections showed 
a wide individual variation for both the control and EMR exposed mice. On 
day 2, the lower power output irradiation group exhibited a significant ac
celeration in arousal time (mean 55.5 minutes; p=.05) in comparison to the 
controls (see Table 3). However, the effect of the higher radiation inten
sity was not statistically different. Radiation on day 3 did not produce 
any mean differential data when subjected to an F test, or for T tests be
tween the control and experimental groups. 

Body Weight 

A multi-factorial design using group means was employed to isolate and 
analyze the effect of DiapulseR EMR on body weight. A small but significant 
time to weight gain differential was noted (p=.05) in irradiated (ICR) males 
in comparison to the male controls. The data used represents the time span 
from day 1 through day 25 (postnatal days 18 to 43). The irradiated males 
had a mean weight gain of 12.5 grams by day 25, whereas the controls gained 
an average of 13.9 grams (see Fig. 3). 
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TABLE 1 

Temperature Elevation of 70 cc. 0.86% Saline in a 15 DID x 100 mm Polystyrene Dish After Irradiation 

Average Power Mean Mean Length of 
Output (Watts) Temperature Temperature Difference Exposure 

Pre- Post {minutes} 

38 20.7°c 29.4°c 8.7°c 60 
N 

°' 10 21. 7°c 24.8°c 3.4°c 60 " 
Control 22.8°c 23.8°c 1.0°c 60 

38 23.3°c 27.0°c 3.7°c 20 

Control 24.0°c 24.0°c 0.0°c 20 



TABLE 2 

Temperature Ranges and Means Before and After Irradiation with Pulsed Shortwaves (27.12 MHz) 
in Unanesthetized Mice 

Pre-Exposure Mean 
Temperature Post-Exposure 

Temperature N Temperatures** Range Temper a ture s 

Irradiated 12 37.05° 36.l - 38.0° 36.7° 

Control 10 37.03° 36.0 - 38.0° 36.7° 

*27.12 MHz Carrier Frequency, 600 pulses per second, 975 watts peak, duty 
cycle 3.9%; irradiated for 20 minutes 

~All temperature in centigrade; thermistor readings taken immediately after 
extinquishing field. 

Post-Exposure 
Temperature 

Range 

34.7 - 37.6° 

34.5 - 37.4° 
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Figure 1. Mean rectal temperatures of pentobarbital anesthetized BDF1 
mice irradiated for sixty minutes. Dashed lines represent radiation 
exposure (38 watts averaged). Range of temperatures is indicated in 
brackets. 
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Figure 2. Mean rectal temperatures curve of anesthetized mice subjected 
to repeated radiation exposures. Dashed lines represent radiation 
exposure (38 watts averaged). Range of temperatures is indicated in 
brackets. 
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Re-exposure did not produce or maintain this differential in weight as 
the average weights began to converge at day 43 and were equivalent by day 
55. In contrast to males, female mice of the same strain and age did not 
demonstrate any particular weight loss or differential gain after EMR ex
posure. In contrast, preliminary data with BDF1 female mice showed a complete 
retardation in size and weight but further work is necessary to explore sex 
and strain differences. 

Tumor Growth - Experiment 1 

Varied tumor mass alterations and life span response of tumor growth to 
EMR DiapulseR was seen depending on the tumor model used. Lewis lung car
cinoma bearing mice demonstrated an extended life expectancy of 14± 8% after 
receiving radiation during post-tumor inoculation given on day 1 through 6 
at 400 pps/585 watts (p=.016). This was seen in comparison to the overall 
survival of both tumor control groups. In contrast, decreased life span 
occurred in Lewis lung mice receiving radiation prior to tumor inoculation at 
400 pps/975 watts (26 mean watts) (p=.007) resulting in a negative 21.2± 8% 
life expectancy. Similarly, post-tumor inoculate exposures on days 1 through 
6 at 600 pps/975 peak (38 mean watts) watts also decreased mean life span 
by a negative 20.8± 10% (p=.025). 

A significant decrease in life span was also observed in the B-16 mela
noma models following 160 pps/975 peak watts (10 mean watts) exposure 
during post-tumor inoculation days 7 through 12 (p=.036) with a negative 
29± 13.7% life expectancy. A radiation schedule given for pre-tumor in
oculation utilizing 400 pps/858 watts (15 mean watts) also approached sig
nificance in reducing life span (p=.054). 

Calculated mean tumor mass at post-tumor inoculation day 26 showed en
hanced tumor growth of 113%, 41% and 84.5% in animals exposed prior to tumor 
inoculation at 400 pps/585 watts (15 average watts) and 400 pps/975 peak watts 
(26 average watts), and in post-tumor inoculated mice irradiated with 160 pps 
of 975 peak watts (10 mean watts) respectively. 

In the 11210 ascites, the coumonly accepted level of significant anti
ttm1or activity must produce greater than 25% increased life span. This was 
not achieved in any of the 12 groups. However, statistical difference was 
observed with respect to survival time. Two settings, 400 pulses per second 
at 585 watts amptitude (15 average watts) (p=.01) and 160 pps/975 watts (10 
mean watts) (p=.005) were significant for the 5 through 8 day schedule while 
400 pps/585 watts approached significance (p=.06) by increased longevity when 
administered day 1 through 8. Survival was increased by 9.1± 5.3%, and 9.1± 
6.1% respectively. 

There was no statistical significance in any of the schedule or irra
diation level combinations for survival in the P388 inj:~ted mice. 

Based on these results, two subsequent studies were used to further 
evaluate the effects of the available lower power outputs. In these studies, 
two additional factors were examined: one, the removal of the anesthetic 
agent from the procedure to avoid the possible effects of barbiturate
induced alterations on endoplasmic reticulum of the liver or CNS effects on 
metabolism and the blocking of thermoregulation functioning that was found 
with barbiturate anesthesia. As discussed previously, this was accomplished 
by constructing pie-plate fashioned holders with acrylic dividers which re
stricted movement while allowing direct exposure of the mice to the electro
magnetic field. 
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TABLE 3 

Effects on High Frequency Radiation on Time to Arousal of Sodium Pentobarbital Anesthetized Mice 

4F CONSECUTIVE BARBITURATE RADIATION POWER MEAN TIME OF 
DAY OF BARBITURATE DOSAGE TIME OUTPUT AROUSAL 
INJECTION N !cc/gm.2 !minutes2 !average watts} !minutes+ S.D.) 

1-CONTROL 8 .015 121.0 + 40. 7 
IRRADIATED 8 .015 15 38 81.0 + 38.4x 
IRRADIA 'JED 8 .015 15 10 111.0 + 46.4 

2-CONTROL 8 .010 76.0 + 15.1 
IRRADIA'JED 8 .010 10 38 62.5 + 21.9 
IRRADIATED 8 .010 10 10 55.5 + 14.4.xx 

3-CONTROL 8 .010 42. 5 + 9.8 
IRRADIATED 8 .010 10 38 29.5 + 16.0 
IRRADIA'JED 8 .010 10 10 32.5 + 8.0 

*lpart/9parts 0.86% 

X T test; p=.05 

xx p=.05 
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Figure 3. Radiation effect on mean weights of maturing male !CR mice. 
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Secondly, due to our interest in host immune responses as a factor in 
non-ionizing radiation effects, further studies of pre-tumor inoculation 
exposure of mice to this EMR field was employed. Increased number of pre
tumor inoculation irradiation days, extension of the daily exposure duration 
and post-inoculate exposure time was studied. 

Tumor Growth - Experiment 2 

BDF1 female mice were used in both studies. All animals were matched 
for weight and age and injected subcutaneously with 106 Lewis lung tumor cells. 
Radiation procedures included placement of mice into individual, separate 
stalls as described .previously. The radiating head left an approximate 5mm 
air space between the treatment head plane and the surface of the mouse. 

In the first of two experiments, two mean power output levels were used 
to radiate 40 mice in five groups of eight mice each including controls. 
Three groups received 160 pps/585 peak watts (6 mean watts), two for seven 
pre-inoculate and six post-inoculate days, with a barbiturate-anesthetized 
and a non-anesthetized group used for comparison. The third group was ir
radiated for seven pre-tumor inoculate days and a fourth, unanesthetized 
group, received a radiation level of 160 pulses per second at 388 peak watts 
(4 mean watts) for seven days pre- and six days post-tumor inoculation. 
Controls underwent identical treatment for a schedule of seven pre- and six 
post-inoculate days. 

Five groups of eight mice each were divided into five treatment levels; 
600 pps/975 peak watts (38 mean watts), 400 pps/585 peak watts (15 average 
watts) radiated 13 pre- and 14 post-inoculate days, 400 pps/585 instantaneous 
watts, and 160 pps/585 watts (6 mean watts) irradiated 13 days pre- and six 
post-inoculate days. Controls received identical daily procedures for 13 
pre- and six post-tumor exposure days without power application. 

In both studies, these power levels were selected to permit a range of 
mean power outputs to explore the effects of prolonged pre-inoculate non
ionizing electromagnetic treatment on host resistance. In this study, all 
animals underwent one uninterrupted hour of daily radiation. 

Mean tumor mass was inhibited for all experimental treatment levels at 
the 14th day post-ttnnor inoculation (see Table 4). Mice irradiated before 
ttnnor cell introduction with 160 pps/585 peak watts (6 mean watts) showed 
a 49% decrease in ttnnor mass. The same power output in the anesthetized 
group (seven pre- and six post-inoculate days radiation schedule) yielded 
a 67% inhibition of the ttnnor. All other anti-tumor activity was less than 
25%, Measurement by caliper at the 26th day revealed a continued inhibition 
of tumor mass for the pre-tumor inoculation irradiated group (45%). In con
trast, a 74% enhancement in tumor growth occurred at the lowest power output 
group (160 pps/388 peak watts or 4 mean watts). Life spans were not signi
ficantly affected. Percentage changes in tumor mass have been estimated from 
the calculated ttnnor mass in sham-treated controls. 

Stimulation of tumor growth was noted in the second experiment (see 
Table 4) with an enhanced mean ttnnor mass of 54% and 51% over the corres
ponding controls was noted for treatment levels 400 pps/585 peak watts and 
600 pps/975 peak watts respectively on day 14. It should be stressed that 
these groups received daily exposures from the 13th day pre-tumor inoculation 
to the 14th post-inoculate day (excluding day 0, which was the day of tumor 
implantation). In addition to ttnnor mass differences, exposure at 400 pps/ 
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Pulsed Radiowave (27 .12 MHz) Effects 
Lung 

Average 
Power 
Output N 
(watts) 

Control 8 

3 8 

6 (anesthetized) 8 
N 
-..J 6 (unanesthetized) 8 V1 

6 8 

Control 7 

6 8 

15 8 

15 8 

38 8 

TABLE 4 

on Mean Tumor Mass and Percent Inhibition in Lewis 
Carcinoma bearing Mice 

Day 14 Percent Irradiation 
Mean Inhibition Schedule 
Mass (Mass difference) 1 hour/ day 
(mg.) (control mass) (Days Pre/Post) 

1234.64 ------- 7/6 

1036.46 +16% 7/6 

462.27 +67% 7/6 

1038.82 +20% 7/6 

631. 53 +49% 7/0 

1055.88 ------- 13/6 

1267.17 -20% 13/6 

1127 .11 -7% 13/6 

1627.34 -54% 13/14 

1596. 97 -51% 13/14 



585 peak watts for 13 pre- and 14 post-inoculate days resulted in a signi
ficantly decreased life span (p=.003), but it should be pointed out that the 
mean control longevity was·unusually long in this study. 

Similar studies are underway utilizing direct tumor weight measurement 
following removal of subcutaneous tumor from mice sacrificed at intervals 
post-tumor inoculation and EMR exposure. 

DISCUSSION 

Biological activity on the order of shortened barbiturate sleeping time, 
minimal inhibition of weight gain, and effects on tumor growth and develop
ment have been found after exposure of mice to this particular EMR source. 
We have seen that specific scheduling and selected output EMR field power 
levels can extend the survival of Lewis lung carcinoma. While not impressive 
increases, these tumor models represent host modulated tumor systems re
sponsive to immune activity and were used to evaluate this potential. Animals 
subjected to 400 pulses/second at 585 watts (mean 15 watts) for 20 minutes 
daily on post-inoculate days 1 through 6 demonstrated a 14± 7.7% and 20± 15% 
increased life span for the respective tumor system. These increases are not 
seen as rivaling the effects of chemotherapy, ionizing radiation or immuno
therapy, but the data suggests that anti-tumor activity rr.lated to non
ionizing electromagnetic radiation can be seen. However, equally as important 
from the viewpoint of immune stimulation or suppression was the apparent re
duction in life span of tumor bearing animals, depending on the scheduling and 
power output administered. The relatively higher outputs, 38 mean watts 
(600 pps at 975 watts) on exposure of mice on days 1 through 6 post-tumor 
inoculation or 26 mean watts (400 pps at 975 watts) irradiation pre-tumor 
inoculation significantly decreased life span in Lewi~ lung carcinoma mice, 
21± 9% and 21± 10% respectively. B-16 melanoma bearing mice were found to 
have similar decreased longevity following irradiation with exposure post-tumor 
inoculation days 7 through 12. All these changes of life span including 
significant increases in 11210 tumor survival while minimal do warrant 
further study with this source of EMR energy. Similarly, effects on the 
growth and weight of mice are minimal. The effects on barbiturate sleeping time 
are not different from what one would anticipate with microwave. 

More impressive is the change in the primary tumor mass in B-16 mela
noma and Lewis lung carcinoma models. In the former tumor system, marked 
enhancement of the mean mass associated with post-implantation irradiation 
(day 7 through 12) was observed at all power levels. This is in contrast to 
the equivocal results in B-16 melanoma mice that received daily radiation 
(post-implant days 1 through 6). In the case of B-16 melanoma, field dis
tortion associated with the steel clamps during irradiation must be con
sidered a factor affecting this result, although no tissue damage was noted 
in the inmiediate area of the clamps. 

Growth of Lewis carcinoma tumors were either enhanced or inhibited de
pending on the scheduling of the EMR exposure used. Pre-tumor inoculate 
irradiation, one hour daily for one week, resulted in a 49% inhibition at 
post-tumor inoculate day 14 and 45% inhibition at day 26 after exposure to a 
6 mean watt (160 pps/585 watts) power level. However, extended scheduling 
using daily irradiation for 13 pre- and 6 post-tumor inoculate days, at the 
same power level, resulted in a 20% increase in tumor growth. The use of 
higher power levels was associated with greater increased growth of tumors 
of 54% and 51% (15 mean watts produced by 400 pps/585 watts and 38 mean watts 
by 600 pps/975 watts, respectively, given for 13 pre- and 14 post-tumor inocu-
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lation). 

Interestingly, anesthetized mice receiving identical treatment (160 pps/585 
watts daily seven pre- and six post-inoculate days) demonstrated a greater 
inhibition of tumor mass, 67%, in comparison with the unanesthetized animals, 
20%. This may indicate an effect of temperature elevation in view of the data 
previously shown demonstrating heat retention in irradiated anesthetized mice. 

Future investigations should more fully examine the effects of duration 
and scheduling factors in EMR exposure. Specifically, exploration of differ
ences attributable to pre- and post-tumor inoculation exposure should be 
examined. While major interest should be concerned with increasing survival, 
the effects on tumor mass may serve as a starting point for understanding the 
anti-tumor activity of EMR at other frequencies and with varied magnetic and 
electrical field intensities. 

While we can be critiqued regarding our frequent use of pentobarbital as 
an anesthetic agent, it has to be used in these studies. Attempts using 
environmental restraint in unanesthetized mice produces an alternative 
variable related to the stress of confinement. Permitting free movement under 
the EMR head in unanesthetized mice results in congregation (clumping of the 
animals) which produces another variable related to local temperature changes 
on the radiating head itself as well as other variables related to the posi
tion and orientation of the mice to the field. In addition, the use of the 
PlexiglassR holders produces changes due to the subdivisions used which are 
a predetermined height and size, thus altering the air space between the mice 
and coil. This can result in varied power absorption as well as in varied 
positioning of mice to the field orientation of the radiating head. One 
other factor that must be considered as the tumor grows in the mice is its 
increasing size, which in late tumor growth can approach the total volume of 
the animal. Pentobarbital dosage needed to produce anesthesia sleep greater 
than 20 to 30 minutes of duration can be lethal, which restricted the ex
posure time to 20 minutes. 

Reports of accelerated return of righting reflex in barbiturate anes
thetized animals following low intensity microwave exposure (2.45 GHz, 25 to 
10 mW/cm2 ) (27), and our own observation in the anesthetized BDF1 mice 
prompted a preliminary study that revealed an apparent shortening of sleeping 
time at the higher power intensity (600 pps/975 peak watts or mean 38 watts 
output) which introduces a possible thermal explanation for the changes seen. 
Temperature related alterations of sleeping time have been found to be 
peculiar to organisms metabolizing barbiturates such as pentobarbital (28). 
Low ambient temperatures reportedly lengthen pentobarbital induced sleeping 
time at high doses and inversely reduces sleeping times at low doses. Setinkar 
and Temelcou (28) have studied the effects of ambient temperatures on pento
barbital anesthetized rats. In that investigation, intravenous injections of 
2 ml/kg of a pentobarbital at a previously determined LD50 was administered 
in one of two temperature environments of 15° and 30°c which was found to 
significantly alter the pentobarbital concentration in the blood and brain. 
Another ambient temperature experiment studying causes of shortened sleeping 
time in pentobarbital anesthetized mice found that a range of room temperatures 
from 260 to 28°c reduced sleeping time in contrast to cooler environments (29). 
The authors suggested a temperature sensitive barbiturate formed enzyme complex 
which accelerated drug detoxification with elevation of body temperature. 

These reports add historical support to the observed shortening of bar
biturate induced sleeping times especially in view of our observed effects on 
rectal temperature increase following 60 minutes of continuous irradiation 
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or in our mice subjected to repeated 10-minute exposures. These results 

suggest that EMR might be useful clinically in accelerating drug metabolism. 

However, in our present pentobarbital work, while differences in some cases 

are of statistical import, the vast fluctuations found within group arousal 
times should signify caution in interpretation of the data, This variation 
has been seen by others (29). 

In a review, Roberts and Cook (30) reported a gross body weight increase 
in young mice following high frequency EMR exposure. In that experiment, a 

3 meter continuo11s wave was introduced to newly born mice four times daily, 

each of one hour in duration. Others (31) have not been able to alter growth 

patterns in rats by using EMR at 25 and 33.1 meter wave lengths. However, 
direct electrical stimulation to hypothalmic or extrahypothalmic structures 
has evoked increased plasma growth hormone release as measured by immunoassay 
(32,33). Our study permitted analysis of group differences of weight de
velopment in ICR mice over a prolonged period. The weight gain inhibition 

found in males, while significant, was both minimal and ephemeral and further 

studies should be made relevant to the biologic effects of EMR in our 
environment. 

CONCLUSION 

In conclusion, we feel that pulsed EMR can have biologic effects that 
occur with minimal effects on total body temperature although temperature 
elevation is seen in anesthetized mice. The toxicity of the DiapulseR 
instrument has minimal effects on body weight. The effects on tumor growth, 
while significant, require comparison to continuous wave exposure utilizing 
the same settings and radiating head as well as other types of heating sources. 

The tumor inhibiting and stimulating effects we have observed may be in
dependent of heat effects and thus require further study in view of burgeoning 

clinical application of microwave and internal and external heating techniques 
therapeutically applied to control local tumors. Pulsed EMR represents another 
option that may have biologic applicability in the study of external energy 
effects on tumor growth 

It is our feeling that future biologic exploration requires examination 
of frequencies other than 27 MHz, One should not forget Lakhovsky's specula
tion that cell systems may respond selectively to different frequencies 
through some resonant effect. Biologic activity of pulsed magnetic radiation, 

while reproducible, requires the development of instrumentation that goes 
beyond the limits of the DiapulseR instrument studied and our use of whole 
body radiation. 
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ABSTRACT 

E- AND H- FIELD INSTRUMENTATION AND CALIBRATION BELOW 500 MHz 

Paul S. Ruggera 
Division of Electronic Products, Bureau of Radiological Health 

Food and Drug Administration 
5600 Fishers Lane 

Rockville, Maryland 20852 

Under P.L. 90-602, The Radiation Control for Health and Safety Act of 1968, the 
Bureau of Radiological Health is charged with the responsibility to study the 
development of practical procedures for the detection and measurement of 
electronic product radiation. The capability to generate and measure 
electromagnetic fields from 0.1 Hz to 500 MHz is discussed in this paper. Many 
of the current available electronic products which operate below 500 MHz and 
emit potentially hazardous radiation have never been accurately measured. The 
reason for this is that RF "field strength" detection equipment has been 
primarily designed for far field use. In most applications involving electronic 
products such as shortwave diathermy machines, dielectric heaters, induction 
heaters, anti-theft systems, etc., the exposure to personnel is actually near 
field in nature. This adds the constraint that both the electric and the 
magnetic field must be measured for a true assessment of the possible biological 
consequences of exposure. This paper will discuss commercially available 
instrumentation and the evaluation procedures utilized, Two varieties of three
axis magnetic field measuring instruments will be presented. The operating 
characteristics of a special three-axis version of a commercially available 
portable electric field meter will also be discussed. The cross polarization 
rejectivity of all the multi-axis instruments appears to be about 20 dB. The 
field strength covered will be equivalent to a free space power density range of 
approximately 0.3 - 10 mW/cm2 • 

INTRODUCTION 

Electronic products which emit radiation below 500 MHz are referred to by 
the Electromagnetics Branch as RF (radio frequency) emitters. Three examples of 
products which are known to emit high levels of RF radiation are: the RF 
diathermy machine which operates at 27 MHz; the dielectric heaters which operate 
from 40-90 MHz; and the electrocautery whose primary emission is in the vicinity 
of 1-2 MHz. People can be intentionally exposed to RF sources for medical 
treatment as is the patient when diathermy or electrocautery is used, or they 
can be unintentionally exposed as is the doctor or therapist who is 
administering the treatment. In the above examples, the exposure situation is 
always "near field" in pature. Therefore, if the biological effects researcher 
is to accurately simulate these conditions in the laboratory, he must utilize 
instrumentation and exposure facilities capable of measuring and generating 
these RF "near fields." 

Frequently, biological effects researchers prefer to know what "power 
density" is in the area where the test subject will be placed, Unlike analogous 
microwave frequency situations where it is usually sufficient to measure only 
the E field, in the RF region, it is necessary to measure both the electric (E) 
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and the magnetic (H) field to make this "power density" determination. This is 
true because, in the "near field," the ratio of the electric to the magnetic 
field is not constant or equal to 377 ohms. To measure only one type of field 
and then mathematically transform its value to produce the equivalent power 
density is not correct. In addition to this restraint, it is also necessary to 
account for polarization of the fields. Therefore, a multi-axis instrument or a 
means of obtaining the orientation of the field is necessary. 

Under P.L. 90-602, the Radiation Control for Health and Safety Act of 1968, 
the Bureau of Radiological Health is charged with the responsibility to study 
the development of practical procedures for the detection and measurement of 
electronic product radiation. This paper gives an overview of the 
instrumentation developed in the past few years to measure fields below 500 MHz 
and discusses its calibration. 

EQUIPMENT 

The principal RF generators and broadband power amplifier for field 
generation are pictured in figure 1. At the extreme right is a linear 200 Watt 
power amplifier which operates over the frequency range of 150 KHz to 200 MHz. 
Tracking generators used in conjunction with the spectrum analyzer (located in 
the middle rack) serve as signal generators normally used for cw calibration. 
Above the tracking generators is a leveling amplifier with fiber optically 
linked field sensors which provides flat, swept frequency E and H field 
calibration. A counter, network analyzer, filters, and other related equipment 
can also be seen in the remainder of figure 1. 

Figure 1. Main RF power supply source and some related equipment. 

The two field exposure systems primarily used for calibration of 
instrumentation can be seen in figures 2 and 3. The first is a balanced 
parallel plate transmission line (PPTL) that will maintain a true transverse 

282 



electromagnetic modE! (TEM) up to 10 MHz. This has been established 
experimentally by utilizing the scanning system shown in the figure and 
measuring both the E and H fields and verifying that their ratio (E/H) is equal 
to 377 ohms. 

Figure 2. . Balance parallel 
plate transmission line. 

Figure 3. IFI's Crawford Cell ·and 
microwave power devices amplifier. 

The equipment illustrated in figure 1 allows the generation of E fields 
equivalent to 200 volts/meter (V/m) free space (approximately 10 mW/cm2) from 
150 KHz to 10 MHz when used with the PPTL. (Other power amplifiers are 
available above and below this frequency range but do not have as much power 
capability. They will be described later,) The PPTL plates are energized at 
one end and terminated on the opposite end by two special elemental horn 
transducer assemblies. The PPTL has the unique feature of having both plates 
energized above ground .potential. This is accomplished by splitting the 
incoming signal and shifting the phase of the top plate 180° out of phase with 
respect to the bottom plate. The height of the object or animal which can be 
placed in the line should be limited to around 25 cm for uniform exposure. Its 
length and width can be up to 60 cm each. With this PPTL, larger objects can be 
placed between the bottom plate and the floor. The line is then used as a 
conventional parallel plate transmission line since the floor is covered with 
conductive screening and acts as a large ground plane. Within the PPTL, when 
terminated in its characteristic impedance of 100 ohms, a "plane wave" situation 
exists where the ratio of E/H is 377 ohms. To establish a higher E/H ratio, one 
simply opens the line at the termination end creating, in effect, a large 
capacitor. Similarly, by shorting the tern.ination end, a low E/H ratio is 
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created. This is sometimes desirable to establish realistic exposure conditions 
for biological experimentation. 

To extend the calibration frequency range above 10 MHz, a commercially 
available Crawford Cell and 10 watt broadband amplifier, shown in figure 3, are 
utilized. They operate up to 500 MHz with a flat response and good TEM 
characteristics. With the RF generators and amplifiers in house, 600 V/m can be 
generated up to 220 MHz, and about 70 V/m can be generated up to 500 MHz, using 
the Crawford Cell. The Cell's main limitation is its small size whi_cll 
restricts objects, iilstruments, or animals to a height of less than 5.0 - 6.0cm. 

In figure 4, three single-turn, E-field shielded loops made from semi
rigid coax are shown. The largest loop is 6 cm in diameter and the smallest 2 
cm. Their method of use will be described in the Calibration section of this 
paper. Also shown (Fig. 4) is a simple dipole with integral diode detector and 
high resistance, carbon-impregnated readout leads. 

Figure 4. Dipole and some single turn shielded loops 

The dipole has interchangeable elements, shown in figure S, which allow the 
diode to be maintained in the square law region as the field strengths being 
measured increase. The DC voltage developed across the diode is read out using 
an electrometer in order to e·1ir.11nate readout lead voltage drop. 
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Figure 5. Close up of the interchangeable elements of the dipole. 

As isotropicity was considered to be a desirable parameter for total H 
field detection, the three loop orthogonal, E-field shielded, probe shown in 
figure 6 was developed in BRH laboratories. Its loops are single turn, about 6 
cm in diameter, and the cross polarization rejectivity appears to be about 20 dB 
from 40 KHz to 50 MHz. Resonance occurs at about 560 MHz. Readout is 
accomplished with terminated, coaxial cables. 

Figure 6. Three orthogonal loops each 6 cm in diameter. 
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Figuz:-e 7. rhree•,1>:is magnetic field measuri:lg instrument. 

Paralleling the h-1:o•Jse effort that resultec in the isotropic magnetic 
field probe just described, :he BRH awarded a contract to Southwest Research 
Institute (SwR.I) t:: davelop a portable, three-ads magnetic field measuring 
instrument. The system ae de:ivered is pictured in figure 7, Inside the top 
black portion (-:wo tops fer separate frequency rangee a'I'e p:'..ctured) are three E 
field shielded orthcgonal m·.1lti-turn loops. Through eix outputs, the three 
components of magnetic fl~x density, as well as the equare of these quantities, 
can be read. The ~nits' 1ntended range was froa 6.1 milligauss to 100 
milligauss (1 nilligauss a ,•)796 A/mh and its desired frequency response was 400 
KHz to 200 MHz On completfon of the contract, the UJ:Pe'I' frequency limit of the 
device was found to :>e 5·) MHz. The primary reasor. for this was that the 1. 4 
meter long flexible tri-~hie:ded coaxial cable =£quired extremely careful 
positioning for rei:eatabilit~ near 50 MHz. Abo"le: this frequency, the cable 
picked up more signal than t·:i.e coils. Secondarily, tr.ere was a potential hazard 
when operating in high f1e:d strength conditions. Since the instrument was 
operated in a "floating" ccn:lition, RF voltages on th£ cable were measured to be 
several hundred volts. Cl:viously, it was desirable to eliminate this method of 
readout. In a separcte BRF :levelopment project, a circuit was devised in which 
analog voltages wer£ CO!lverted to a pulse-encoded optical signal. This circuit 
(1) was then miniaturize~ en:l packagea in a cube abcut 2.5 cm square. The 
"optical telemeter" that t:£s.1lted transmitted three d.annels of information over 
a 4 meter fibe::- ,:,ptic. link to a receiver which pro•,ided the original analog 
voltages. Th::-o·Jgh use cf a shielded cable about 6 cm in length, this optical 
telemeter was ~o~nected tc t:i.e output of the orthogon~l magnetic field measuring 
instrument vi::-utally elimi~ating the undesirable E:.FI effects of the original 
shielded cable readcn..t. A close-up view of the optic~l telemeter connected to 
the instrumen: is preser.ted in figure 8. The cooplete system as it is now 
utilized is s~own iL figure 9. Under test conditions, the new readout not only 
eliminated the danger of high RF voltages but also made the instrument usable 
to 150 MHz rat:1e-r the.n the 5::l :t:1Hz prior to retro::!.t. A flatter frequency 
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Response over this rang= was an aroitional benefit obtained. This will be 
demonstrated in the graJhical analysis presented in the Calibration section of 
this paper 

Figure 8. Three-channel optica: telemeter. 

Figure 9. New syste~ showing optical telemeter and its 
receiver connected by 4 meters of fiber optic cable. 
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Two three-axis devices were thus developed for measurement of the magnetic 
field: one portable and another more suited to laboratory work. As a parallel 
effort, an isotropic, three-axis E field measurement system was also developed. 
Already mentioned were the si~gle dipoles which proved quite useful but 
presented the difficulty of requiring physical reorientation for measuring the 
total field. 

For quite some time a commercial instrument manufactured by Instruments for 
Industry (IFI), the EFS-1 field strength meter, had been under evaluation. This 
instrument proved to meet manufacturers' specifications of 5 percent full-scale 
accuracy over the frequency band of 10 KHz to 220 MHz. It measures from 1 V/m 
to 300 V/m. Through a special purchase order, the manufacturer produced 
essentially three EFS-l's systems in one box with an optical readout similar to 
the previously mentioned optical telemeter. The finished product, the RHM-2 
Radiation Hazard Monitor, along with the EFS-1 and its optical telemeter, are 
shown in figure 10. The operation of the two units are identical, except for 
the fact that when the RHM-2 has more than one channel activated (through front 
panel switches) the resultant reading in V/m is the square root of the sum of 
the squares of the individual field components being measured. This provides a 
total measure of the electric field regardless of its polarization while still 
retaining the capability of establishing the field's polarization. The three 
orthogonal antenna on the RHM-2 are shown in figure 11. 

Figure 10. Comrnercia).ly available E-field 
meter and three-axis isotropic version. 

Figure 11. The orthogonal arrange
ment of the monopoles. 

As was mentioned in the beginning of this paper, measurement 
instrumentation below 150 KHz is available in the laboratory. However, some 
calibration limitations exist primarily due to lower generator capabilities. The 
three-axis orthogonal loops and the dipoles can be used providing the power is 
available for them to respond. A dedicated system purchased comrnerically from 
Electro Mechanics Co. (EMCO) based around their model 6640 Magnetic field 
intensity meter is shown in figure 12. This instrument operates from 0.1 Hz to 
50 KHz for magnetic fields of from 10-o to 1 Gauss and from 100 Hz to 50 KHz 
for electric fields from 2 µV/m to 2 V/m. To the left of figure 12 are two, 100 
watt audio amplifiers whose frequency range is 20 Hz to 400 KHz. The Helmholtz 
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coil is used to calibrate the magn~tic field probes; the area under the PPTL, 
described ear:ier, is used for cclibr~tion of the E-field p~obe. 

Figure _2, Lov. frequency measuTerren: system (~MCO). 

CALIBRATION 

The parcllel plate tranEmission line of f~gure 2 is lccated in a dedicated 
screen room. Electr~c field calibra:ion was accomplished by measuring the 
voltage developed Lcross t~e line with a tigh-impedance, true RMS voltmeter. 
This voltage is actuc..lly sampled in the coaxial input cable. By measuring the 
distance betyreen tl'.e plateE, the field strengths in V /m can be determined. 
Similarly, sir.ce the line is cnly used for calibration when it is operating in a 
true TEM moc.e the H-fiel~ in A/m can be determined by the E/H = 377 formula. 
All of the prc,bes anc. instrunent.stion previously mentioned were calibrated in 
the geometric. center of the lir.e ovo:r the frec_uency range of 400 KHz to 10 MHz 
using the aboYe procedures. The specified accuracy of the true RMS voltmeter 
over this frequency range ~E ±2 per~ent. TI:e forward and reflected power into 
the parallel i:late transmiss~cn line and received power at the terminated end 
were monitored dur:!.ng the calibra:ion to cssure that only the transverse 
electromagnetic mode ;,;ras present. His was als:> done to assure that the, 
instrument being calibrated did ,,ot 5:ignifica,tly perturb tie field.) 

The parcllel i: late transu.ission line car. be used up to 200 MHz providing 
that the fiek (either electric er magnetic) is established by use of a transfer 
probe as the field does vary along :he length of the line at frequencies above 
10 MHz. The E and H field tr.sns:er p~obes resi:ectively a~e the dipoles and 
the single-tLrn loops. Sir.ce the p~obes and the loops are small in size, they 
can be calibri:.ted in the CraFford CeE shoym in figure 3. Ey using the Crawford 
Cell, the fon-•ard anc. reflected fOWer are monitored by a calibrated power meter. 
Once the net i: ower ar :1 impeder.ce. of the Cell are known, the same method of 
calculating Vim anct 1-Jm applies as was discussec. for the PPTL. 
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The dipoles of figure 5 exhibit a very wide, linear frequency response as 
can be seen in the data of figure 13. In this figure, the E field strengths 
were calculated from the net power and the impendance (very close to 50 ohms) of 
the Crawford Cell. The output of the various length dipoles was then plotted. 
(The longest dipole has not yet been precisely calibrated.) The dipoles' 
responses are essentially constant from 10 MHz to 450 MHz over field strengths 
ranging from 45 to 600 V/m. (Details of the accuracy appear on Fig. i3.) 

The frequency response obtained in the Crawford Cell, translated in terms 
of Antenna Factor, of the single-turn three-axis loops and a single-turn 2 cm 
diameter one-axis loop are presented in figure 14. The response of the 
orthogonal loops is quite predictable up to 50 MHz (i.e., given the area of the 
loop and measuring the voltage developed across a constant load by the simple 
formula, H(A/m) = e/2TI Af(4TI x 10- 7), where: 

e = output rms voltage into 50 ohms 
A= area of loop in square centimeters 
f = frequency at calibration point in Hertz 
TI= 3.1416 

one can determine the field and obtain good agreement with the previously 
described net forward power technique). Apparently some loading, due to the 
loop area versus the area available in the Cell, takes place, and the simple 
relationship does not hold above 50 MHz. The smaller single probe, however, 
maintains this good agreement up to 250 MHz, the highest frequency calibrated. 

The remaining three figures (15, 16, and 17) are presented to show the 
effect of using the optical telemeter with the SwRI magnetic field measuring 
instrument. When the manufacturer completed his report, included in it were 
frequency response data for seven discrete frequencies with a constant magnetic 
field of one milligauss. The three curves show the response of each individual 
coil as it is oriented to intercept the calibrated magnetic field. The 
contractor's data are represented as the squares on the plots. (The reason for 
the apparent discrepancy at 27.12 MHz is that data for that point is available 
from two different tables in the report--and the values are not the same.) 
The circles are the results obtained in BRR iaboratories utilizing the optical 
telemeter and the methods described previously. The fact that the frequency 
range was extended from 50 MHz to 150 MHz is quite apparent on all three plots. 
The increased flatness of the output voltage at different frequencies is most 
apparent in figure 16 and 17. 

CONCLUSION 

The Bureau of Radiological Health has developed measurement and generation 
capability of at least one electromagnetic field parameter (either E or H) over 
the frequency range of from 0.1 Hz to 500 MHz. In certain portions of this 
spectrum both can be measured. The development of optically coupled E and H 
orthogonal field measurement systems have demonstrated the high desirability of 
this type of readout system and its practicability over a large portion of the 
RF frequency spectrum. Further development of new optical systems such as the 
electro-optical crystal detector (2) should provide the means for an even 
greater reliability and accuracy in the true measurement of electromagnetic 
fields. 
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ABSTRACT 

METHODS AND INSTRUMENTATION FOR THE EVALUATION AND 
CALIBRATION OF MICROWAVE SURVEY INSTRUMENTS 

M. Swicord, H. Bassen, W. Herman, J, Duff, and J. Bing 
Division of Electronic Products, Bureau of Radiological Health 

Food and Drug Administration 
5600 Fishers Lane 

Rockville, Maryland 20852 

A facility consisting of an anechoic chamber plus several specialized test 
systems has been established to thoroughly and precisely calibrate and evaluate 
microwave survey instruments. Precise techniques are described for the 
generation of plane wave fields at 915 and 2450 MHz with absolute power 
densities having worst case uncertainties of ± 0.8 dB and± 0.6 dB at the 
respective frequencies, directly traceable to the NBS primary standards of 
microwave (non-radiated) power, and distance. Precise antenna gain measurement 
techniques, and methods for the elimination of second order multipath errors 
occurriqg when "isotropic" probes are calibrated in the far field, are 
discussed. Test methods and systems are described for the evaluation of 
instrument temperature response, antenna pattern, near field calibration, and 
field polarization response. 

1. INTRODUCTION 

Since the passage of the Radiation Control for Health and Safety Act of 
1968 and the subsequent promulgation of the Microwave Oven Standard under that 
Act, the Bureau of Radiological Health has found it necessary to establish means 
of thoroughly evaluating and precisely calibrating microwave radiation 
instrumentation. These instruments are used in a wide range of programs 
including the enforcement of the Microwave Oven Standard, radiation hazard 
assesments, and radiation measurements performed on other electronic products 
such as microwave diathermy. This paper describes the facilities and methods 
established and used for these purposes. 

2. PLANE WAVE CALIBRATION FACILITY, PHYSICAL CHARACTERISTICS 

The main element of the calibration facility is an anechoic chamber. An 
interior view of this chamber is shown in figure 1. The chamber has approximate 
external dimensions of 3.6 x 3.6 x 9 meters. This provides a usable interior 
longitudinal axis of 7 meters. A fiberglass cart, which is also partially 
covered with anechoic material, can be moved along the longitudinal axis of the 
chamber and remotely positioned to millimeter accuracy. The fiberglass cart 
rides on two stainless steel rails located below the anechoic floor material of 
the chamber. The rails are located off center so that no specular reflections 
can occur. A chain drive parallels each rail and is connected to a motor 
outside the chamber. 

A microwave oven survey probe to be calibrated is placed in a dielectric 
holder which, in turn, is mounted on the cart (Fig. 2). The probe is extended 
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Figure 1. 

Figure 2. 

Interior view from rear of anechoic chamber with 
probe being irradiated 
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in front of the cart as far as possible on a dielectric rod. The readout device 
for the probe is then placed on the cart, behind anechoic material. The probe 
is then irradiated with a truncated horn antenna. Standard gain horns are not 
used due to increased problems and uncertainties which occur when horn gains are 
experimentally determined in the Fresnel region or even closer to the antenna. 
A high power, rigid coaxial transmission line with an integral directional 
coupler between generator and antenna is used as a forward-power-monitor. While 
the probe is exposed to a precisely known plane wave, the meter readout 
indication is observed with a closed circuit TV camera with a telephoto lens. 
The rear wall is covered with a high performance pyramidal absorbing material. 
Ports in the rear wall are provided for the camera, a spotlight and a laser 
(Fig. 3). The split beam laser is used for the alignment of transmitting and 
receiving antennas with the central longitudinal axis of the chamber, and with 
the cart's rail system during the antenna gain measurement procedure. A pulley 
system is used for retracting R.F. cables attached to the cart during gain 
measurement procedures. These cables parallel one of the rails and are run in a 
groove in the absorbing material on the floor. Transmitting antennas can be 
centered and aligned by placing a precisely machined, teflon-coated, insert 
containing a first-surface mirror in the waveguide throat of the transmitting 
horn as shown in figure 4. The reference laser beam is reflected from this 
mirror and serves as a means for providing antenna alignment to better than one 
degree. This beam is also used for alignment of the receiving probe or 
receiving antenna on the cart. Cart wobble is minimized by alignment of the 
rails to eliminate lateral and vertical cart position variations during its 
travel along the 7 meters of travel. 

In the front or transmitting end of the chamber, a connection is made from 
the source to the rigid coaxial feed system (with integral directional coupler 
and waveguide output flange) through high power flexible transmission line. 
Relative forward power is read on the coupler's side arm digital power meter. A 
single meter reading determines the absolute radiated power through precise 
"power equation" techniques developed by Dr. Glenn Engen of the National Bureau 
of Standards (1). A description of this specific application has been published 
by the Bureau of Radiological Health (2). The equipment console in figure 5 
provides control signals to the cart and displays accurate position data. The 
control circuitry sends pulses to a stepping motor at a selectable rate. The 
acceleration and deceleration of the cart is controlled by the control circuitry 
to avoid potentially destructive starts and stops. A shaft encoder is used to 
provide a digital position readout accurate to± 2 millimeters (calibrated 
against an NBS-calibrated steel tape). A digital comparator is used to provide 
automatic presettable positioning of the cart to the nearest centimeter. 

3. METHODS OF GENERATING A PRECISE "PLANE WAVE" FIELD 

The procedure for establishing a calibrated plane wave field is as follows. 
The standing waves in the chamber are measured by mounting a probe, of the type 
to be calibrated, on the cart. The cart is then driven the entire length of the 
chamber and the "recorder output" voltage of the receiving probe vs. distance is 
automatically plotted, while a constant power level is transmitted by a horn 
antenna. From this procedure, a relative."quiet zone," with negligible standing 
waves, can be determined in the center of the chamber, for a particular 
frequency. Next, the horn gain is measured in this quiet zone via continuous 
path loss measurements between pairs of nominally identical horn antennas. The 
Power Equation methods are most appropriate for determining net power transfer 
(path loss) between transmitting and receiving antennas, since mismatches 
between these antennas and their respective source or load are precisely 
accounted for. 
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Figure 3. Exterior view of the rear of chamber, illustrating 
alignw.ent laser and c3ble retraction system 

Figure 4. Horn antenna with m"rror insert for lase~ 
alignment 
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Antenna gain is then computed as a function of path loss between a pair of 

nominally identical antennas by the formula: 

where: 

PR (4;R2~ GTGR = p 
T 

GT = transmitting horn gain 

GR = receiving antenna gain 

R = antenna separation 

A = wavelength of transmitted signals 

PR= received power/transmitted power (path loss) 

PT 

(1) 

Equation (1) assumes that no multipath reflections are received from 

chamber sidewalls or the cart and its supports. Also, no mutual reflections may 

exist between antennas. These conditions are met by providing a high 

performance anechoic chamber, proper antenna separation, and sufficient antenna 

directivity or gain. The gains Gh and GR are a function of separation distance 

and approach a constant "far field value at large separations. 

Errors in path loss measurements due to antenna skin currents (side lobes), 

and leaking cable connections must be experimentally detected and minimized. A 

check of connector leakage is easily performed by wrapping a large sheet of 

metal foil over the face of the receiving horn. Next a sheet of microwave 

absorber, cut to the size of the horn aperture, is placed in front of the foil 

to minimize transmitting antenna mismatch. Any received signal observed under 

these circumstances is reduced by re-tightening of connectors, or replacing 

cables, until the level is at least 20 dB below that received without the foil 

and absorber shield present in the receiving aperture. 

Skin currents flowing on the outside of the horn antenna and on microwave 

feed cables can give rise to radiation side lobes. Since the method of antenna 

gain measurement used assumes that reciprocity exists, the gain of an individual 

antenna must be unaffected by its mounting structure and surroundings. These 

side lobes may be reflected to the opposite antenna by the materials surrounding 

the antenna (i.e. absorber behind the transmitting antenna, the cart on which 

the receiving antenna is supported, or the cables feeding each horn). Reflected 

side lobes are not part of the true antenna "gain" for the purposes of precision 

calibration. Their effects must be detected and minimized. For this purpose, a 

baffle was constructed of flat, metal-backed, microwave absorber, supported by a 

wooden frame. The baffle was 0.7 meters x 0.7 meters in cross section, and had 

a rectangular hole in its center of sufficient size to accommodate the horn 

antenna aperture. The baffle was mounted slightly behind the front surface of 

the horn aperture, with its surface normal to the axis of propagation. Path 

loss between antennas was measured between transmitting and receiving horns 

taking account of increased receiving antenna mismatch due to the baffle. The 

baffle was moved backward, one quarter wavelength, and path loss was taken. 

This process was repeated. No significant change (< 0.1 dB) in path loss 

occurred for any of the measurements as the baffle was repeatedly moved 

backward. 

A test of the receiving antenna was performed to evaluate the 
its position on the cart. Moving the receiving antenna back on the 

quarter-wave increments), the path loss was measured at a fixed 

between antennas. Differences of less than 0.2 dB occurred for 
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locations on the cart, in a periodic nature. Since these 
not negligible, an average of several values was taken to 
loss uncertainty to less than 0.1 dB. This variation is 
to reflections from the cart surface which are seen by the 

The use of three pairs of antennas (with a total of three antennas 
utilized) allows the determination of the gain of a single antenna. This gain 
is position dependent, since the measurements may not be made in the true far 
field, especially at 915 MHz. The antenna separation is sufficient however, so 
that little spatial variation (less than 5 percent) occurs, over the aperture of 
the receiving antenna under worst case conditions. This implies that a small 
probe will observe the same power density as the receiving antenna with its much 
larger effective aperture. 

The calibration of absolute transmitted power from the horn antenna is 
accomplished via a special high-power coupler/bolometer (calibrated by NBS). 
This coupler/bolometer has a waveguide input flange of the same dimensions as 
the waveguide horn antennas (Fig. 6). To calibrate the forward-power-monitor 
which consists of a directional coupler, permanently mounted on the rigid 
coaxial feed system, the transmitting antenna is removed and the NBS-calibrated 
coupler/bolometer is substituted as a termination (Fig. 7). The readings of the 
digital power meter on the forward-power-monitor are simultaneously compared 
with the substituted D.C. power supplied to the NBS calibrated coupler/bolometer 
as measured by a precision bolometric bridge. The net transmitted power is 
absolutely calibrated by the relationship: 

where: PT = net power delivered to transmitting antenna 

= power equation matching factor between feed system and 
transmitting antenna 

MGM= matching factor between feed system and calibrated 
coupler/bolometer 

k = effective efficiency of calibrated coupler/bolometer 

P = substituted D.C. power into calibrated coupler/bolometer m 

(2) 

The forward-power-monitor reading (P5) is related to Pr by leveling power 
P4, during all measurements. Waveguide offset shorts are used as references to 
provide accurate matching factor measurements. Absolute power density is then 
computed at a point in the previously determined "quiet zone" of the chamber 
where both far field conditions and minimal standing waves (as seen by a small 
isotropic probe) exist. Power density is computed as: 

(3) 

where: S = power density 

PT = absolute transmitted power 

GT(R) = transmitting horn gain (a function of distance) 
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Figure 5. Control and .l~ro~a\e power generation equ·pment 

Figure 6. Coupler/Bolometer units for (a) 915 MHz ard 
(b) 2450 MHz forw~rd-power-monitor calibration 
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R a distance from the horn to the point where power 
density is computed 

The standing waves (due to chamber wall reflections) which are seen by an 
isotropic probe under calibration must be accounted for to remove residual probe 
calibration errors. Then the process of calibrating the plane-wave facility is 
complete. A worst-case absolute power density uncertainty of less than± 0.6 dB 
at 2450 MHz and ± 0.8 dB at 915 MHz are readily achieved using a very 
conservative error analysis. 

4. PROBE CALIBRATION IN THE KNOWN "PLANE WAVE" FIELD 

When calibrating a probe in the known plane-wave field, precautions must be 
taken to avoid additional errors due to reflections from the absorber-covered 
dielectric cart the probe support structure, and the instrument's cable and 
readout meter. Reflections from the cart are measured by placing a probe in a 
fixed dielectric holder and pedestal, separate from the dielectric cart. The 
pedestal is mounted in the chamber's quiet zone, and the probe is aligned with 
the center axis of the chamber. The empty cart is positioned behind the probe 
and pedestal and is moved toward the probe. The probe output is plotted vs. 
cart position. Sinusoidal variations in the probe's output occur, due to 
scatter from the moving cart. By placing microwave absorbing material on the 
front surface of the cart, reflections can be reduced to acceptable levels (± 
0.2 dB at 2450 MHz and± 0.5 dB at 915 MHz). A large amount of additional 
scattering from the cable connecting the probe to the readout meter was detected 
by placing a probe with its cable on the cart in the normal manner and 
performing the above measurement. Shielding of the cable with absorber was 
necessary over portions where it was oriented vertically (aligned with the 
electric field). Even with this absorber, second order errors due to residual 
scattering occur, particularly at the lower frequencies. To eliminate the 
residual scattering errors a "multi-position averaging technique" was devised 
(Fig. 8). Since the spatial position of the standing waves (due to cart 
absorber reflections) was known from previous measurements, this information was 
used in the multi-position averaging procedure. These standing waves had a 
known period of one-half wavelength. Therefore, several calibrations were 
performed on each probe, with the probe mounted ahead of the cart at various 
spacings. The spacing of the probe's sensor tip to the cart (D2) was varied in 
quarter wave increments for each calibration, while the distance from the 
probe's sensor to the transmitting horn (Dl) was maintained at a constant value. 
An average of four such readings was taken. Depending on the phase of the 
reflections, all four readings could range from exactly equal values (each 
reading is taken at the zero crossing of the standing wave) to values 
representing the true minima and maxima of the standing wave. In all cases, 
cart and support reflection/errors are reduced by numerical averaging of 
calibration results to a value below 0.05 dB (1 percent) by multi-position 
averaging, 

Whenever the separation between two antennas is not great, compared to the 
parameter a 2/A, where "a" is the maximum dimension of the transmitting horn, 
some amplitude and phase variations exist in the plane of the receiving antenna 
aperture used during gain measurement procedures. Spatial averaging of these 
fields occur since the receiving antenna aperture is large. In contrast, a 
small antenna such as a radiation hazard meter, will see only the maximum field 
intensity if it is on the boresight of the transmitting antenna. At 2450 MHz 
separations used exceeded 20 a2 /A, At 915 MHz, since separations of 6,5 a2 /').. 
were used, the spatial averaging error was experimentally evaluated by 
continuously scanning planes normal to the axis of propagation, with a small 
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probe. Numerical integration was performed over a rectangular area with 
dimensions identical to the receiving horn aperture. The probe's effective 
aperture was extremely small, since it incorporated three orthogonal, 2.5 mm 
dipoles with integral diode detectors. The integrated power density over the 
aperture space differed from the central point value of power density by less 
than 5 percent. Because the effective aperture of the receiving antenna is much 
smaller than its physical aperture, this is a worst-case test of non-uniformity 
of the "plane wave" used to calibrate probes. 

5. INSTRUMENT EVALUATION 

In addition to calibrating an instrument in a known plane wave field, che 
response of that instrument to various field parameters existing during the 
measurement of a leaking microwave oven or other near-field source, must be 
evaluated. Ambient temperature, the polarization of the electric field, its 
amplitude modulation, and other parameters must be varied and the instrument's 
response noted. The test apparatus shown in figure 9 provides a means for some 
of this evaluation. More microwave absorber is used in actual practice than is 
shown. A probe, supported by a dielectric holder, is positioned in front of a 
slot source. The holder is mounted on rails as shown. The variation of probe 
response, as a function of distance from the slot source, can be observed and 
standing waves occurring in the system may be minimized by adding microwave 
absorber. Then "near" vs. "far field" responses of various probes may be 
compared by moving them toward the slot source from a distance. A probe can be 
rotated to obtain its angular response (azimuth pattern). During this rotation, 
the center of the receiving sensors of the probe is placed on the probe holding 
fixture's axis of rotation. A stable 20 watt source is used to provide field 
strengths of appropriate magnitude. A counter is used for precise frequency 
measurement. Average power to the system is leveled and a modulator, driven by 
a function or a pulse generator, allows complete control of the amplitude 
modulation impressed upon the radiated fields. This allows the evaluation of 
instrument response as a function of arr;plitude modulation while constant average 
power density is maintained. The avera.ge power level may also be adjusted to 
determine the instrument linearity for CW radiation of varying amplitude. 

Another system is used for determining the polarization response of a 
probe, i.e., the response to a linearly polarized E field as the probe is 
rotated about its handle axis (Fig. 10). Leveled power is fed to an absorber
lined box from an open-ended waveguide, while the probe body is supported by a 
plastic holder. The sensor is maintained at a constant distance from the 
waveguide. Rotation of the probe handle allows one to observe the polarization 
response or "polarization ellipticity" of the instrument. 

A specially designed temperature-response evaluation system has been 
developed. It consists of an absorber-lined environmental chamber (60 cm 

. )" cubicle) capable of temperature variations from -20° C to +50° C using liquid J 
nitrogen cooling and electrical heating. The instrument under test is placed in 
a plastic holder at a fixed distance from a slot source (Fig. 11). The fields 
near the slot have been separately tested for temperature independence. The 
variation of relative probe response may be observed while constant net power is 
fed to the slot source at different ambient temperatures. R.F. power is turned 
off and the instrument re-zeroed before readings are taken at each temperature. 
The entire instrument, including readout, can be placed in the chamber, with the 
instrument readout viewed through a small plastic window in the side of the 
chamber. 

A final evaluation procedure must be performed to determine the 
radiofrequency interference (RFI) susceptibility of the probe body, cable, and 
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readout meter to strong fields at frequencies at which the microwave oven, or 
other sources to be surveyed, operate. The sensor tip of the probe is totally 
enclosed in metal foil, The probe body, cable (which is aligned with the 
electric field) and the readout meter are irradiated in the plane wave 
calibration facility. The response of the readout meter is noted and compared 
to the reading obtained with the sensor unshielded. Many instruments have 
failed this test, due to faulty RFI gaskets in readout units, or insufficient 
filtering in the readout or probe body. 

Figure 9. Probe evaluation facility 

307 



Fiqure 10. Probe e~ipticity evaluation system 

Figure Probe temperaure-response evaluation system 
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ABSTRACT 

COMPLETE MEASUREMENT OF ELECTROMAGNETIC FIELDS 
WITH ELECTRO-OPTICAL CRYSTALS 

Howard Bassen 
Richard Peterson 

Bureau of Radiological Health 
Food and Drug Administrat1on 

5600 Fishers Lane 
Rockville, Maryland 20852 

An electric field probe capable of wideband measurements of the amplitude and 
phase of RF electric fields has been developed using an electrically short 
dipole antenna (30 cm in length) with a small optical crystal at the antenna 
feed point. No electrical cables or components are in the vicinity of the 
detection system. Instead, a laser is used to interrogate the crystal, hence 
minimal perturbation of the field occurs, Standard optical detectors with 
bandwidths exceeding 100 MHz are used to convert remotely the modulation of the 
laser beam (polarization rotation) to a linearly proportional electrical replica 
of the field under study, In the feasibility system, a 1 mm x 1 mm x 20 mm 
Lithium Niobate crystal was used to provide detection of a 10 Volt/meter 
electric field whose frequency was swept from 10 to 30 MHz while a signal-to
noise ratio of 10 dB was observed with a spectrum analyzer having a 3 kHz IF 
bandwidth, Fields over 200 V/m were observed with all harmonics generated by 
the crystal being more than 20 dB below the fundamental. Excellent linearity 
(±0.1 dB) is exhibited over a 30 dB range, 

Good agreement between theoretical analysis and experimental results exists 
for the above dipole/optical crystal, Further analysis of a smaller 3 cm dipole 
mated to an integrated optical modulator illustrates the feasibility of this 
technique for a miniaturized, portable measurement system. Applications of the 
electro-optical crystal modulator are discussed for the wideband measurement of 
magnetic fields. A multiturn loop antenna, matched to an integrated optical 
modulator, is theoretically analyzed, Sufficient sensitivity to measure a 1 
milligauss field in the region of 0,4 to 100 MHz is predicted. 

I. INTRODUCTION 

The objective in the development of a totally optical means for the 
detection of electric and magnetic fields is to overcome limitations inherent in 
the present methods of measurement of these quantities. It has been common 
practice to utilize small electric or magnetic dipole antennas (linear dipole or 
loop antennas) with an electronic detector (diode or thermocouple) imbedded in 
the antenna structure, and to transmit the detected amplitude information via a 
length of high impedance, balanced transmission line, to a suitable readout 
device (1,2,3). The use of a high impedance transmission line is imperative if 
the orientation of the electric field is unknown, since currents induced in a 
metallic readout cable would perturb the field under study, introducing a 
significant measurement error, At microwave frequencies (above 300 MHz), 
several isotropic measurement devices utilize high resistance leads whose length 
ranges from 30-50 cm which in turn are connected to a metallic cable which 
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transfers the detected signal to a readout device. The reason for the 
transition from a high impedance line to metallic cable is that longer lengths 
of high resistance lines introduce electrical noise due to static charges limit 
the post-detection bandwidth, and necessitate the use of specialized, readout 
electronics with very high input impedance. The choice of the optimum length of 
the high impedance line is based upon the wavelength of the field under study, 
If a sensor is placed in the center of a volume of free space containing a 
relatively constant field, significant errors result due to the presence of a 
metallic cable close to the sensing antenna. Studies of the reflections from a 
metallic cable aligned with a plane wave E field have been performed in an 
anechoic chamber (Fig. 1). It was found that a one meter cable can cause an 
error of ±0.75 dB when it is 30 cm from the sensing antenna in a 915 MHz plane 
wave field (3), At 450 MHz this error increases to approximately ±1.5 dB, Of 
course, one could attempt to orient the readout cable orthogonally with respect 
to the electric field under study, but this assumes the field orientation is 
known. This also places unnecessary restraints upon the user of the equipment, 
especially when complex fields are under investigation such as those existing in 
biological-effects exposure chambers (a multimode cavity or a facility where 
many animals cause scattering of an otherwise well-known field), An approximate 
rule of thumb is that only high resistance leads should be within one wavelength 
of the sensing antenna when the magnitude of the field under study is fairly 
uniform around the antenna. This leads to the problem of accurate measurements 
of long wavelength fields (below 300 MHz) unless great lengths of high impedance 
lines are used. 

A second problem exists for measurement devices utilizing twin conductor, 
high impedance lines. The resistance and mutual capacitance of the lines create 
a low pass filter, limiting the bandwidth of detected information which may be 
transmitted. A post-detection bandwidth of D.C. to several kilohertz is typical 
for present hazardous-field instruments, This limits the measurement of pulsed 
fields, such as those produced by radar devices, to average values rather than 
peak values, if the risetime of the fielQ is less than a few hundred 
microseconds, 

The approach presented here utilizes an electro-optical crystal, instead of 
a diode or thermocouple, imbedded in a dipole or loop antenna. A laser beam, 
passing through the crystal is modulated by the action of the crystal. Because 
the electro-optical modulator's inherent response time is on the order of 
picoseconds, the instantaneous voltage applied to the crystal is faithfully 
converted to laser beam amplitude modulation. The entire waveform of the field 
being measured is accurately reproduced whether it is a sinusoidal signal or .a 
complex waveform (short pulsed RF, multi-frequency RF, or transient 
electromagnetic pulse (EMP)), The crystal can be made small enough to minimally 
perturb the field under study, The free-air laser beam (or fiber-optically
guided beam) has no significant interaction with the fields under study (either 
electric or magnetic), 

The experimental work discussed in this paper is limited to the measurement 
of electric fields with a dipole antenna, modulating a free-air laser beam via a 
bulk electro-optical crystal. Table I presents a comparison of the performance 
of this type of device using a commercially available crystal and photodetector 
vs. a recently developed dipole/diode RF electric field probe utilizing a high 
impedance transmission line (4), The comparison is only meant to illustrate the 
salient features of both systems, and cannot be assumed to represent a complete 
performance evaluation. The prototype electro-optical crystal in bulk form is 
not the optimum device for such a sensor. Newer integrated optical modulators 
(5,6) offer sensitivities several orders of magnitude greater than bulk 
modulators, and would allow proportional reduction of the dipole size to one 
comparable to those in the dipole/diode probe. 
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Table 1. Electric Field Probe Comparison 

Parameter 

Minimal 
Perturbation 

Isotropic 

RF Bandwidth 

Pulse 
Risetime 

Dynamic Range 

Phase 
Measurement 

Maximum 
Sensitivity 

Dipole Length 

Prototype 
Electro-optical 

Probe 

Yes 

Yes 

1-100 MHz 1 

4 nsec 

40 dB 

Yes 

1 V/m2 

30 cm 
(3 cm using improved 
modulator) 

Frequency Selectivity Yes 4 

Notes 

High Impedance 
Probe/Diode 

Yes 

Yes 

10 MHz - 500 MHz 

200 usec 

50 dB 

No 

8 V/m3 

0.8 cm 

No 

[1] Bandwidth with an RFI-shielded photodetector 

[2] 30 Hz post detection bandwidth 

[3] 10% of lowest scale reading on analog meter 
display with a bandwidth of approximately 1 Hz 

[4] Using a spectrum analyzer or tunable filter 
after photodetection 

II. THE NEED FOR OPTICAL ISOLATION IN ELECTROMAGNETIC 
FIELD INSTRUMENTATION 

When field measurement devices are designed for near-field hazard 
evaluation, electrically small loop or dipole antennas are used to provide 
"isotropic" and non-perturbing capabilities. In the ISM frequency band centered 
at 2450 MHz, a large number of oven survey instruments with this type of design 
have been developed. Hundreds have been used in operational situations. A 
somewhat smaller quantity has been used for 915 MHz oven survey applications. 
In addition, broadband microwave survey instruments have been designed and 
manufactured in moderate quantities. The evaluation and calibration of these 
devices has been performed by the author and his co-workers over a period of 
many years. Their experience has been that a statistically significant number 
of instruments have yielded highly erroneous readings due to parasitic radio 
frequency interference (RFI) effects. RFI problems can occur in the readout 
device, probe or interconnecting cable in these instruments. These RFI problems 
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increase significantly as the frequency decreases. This is due to the fact that 
the instrument's detector converts microwave or radio frequency energy to a low
frequency or D.C. voltage. Typically, low-pass filtration is used to remove 
spurious high-frequency signals from the detected signal. Low-pass filtration 
becomes less effective as the difference between the frequency of the field 
under study and the upper frequency limit of the readout electronics decreases, 
Thus, at lower (RF) frequencies, sufficient low-pass filtration becomes more 
difficult to provide without excessively limiting bandwidth, Indeed, at 
frequencies below 1000 MHz, RFI problems have been very prevalent in the various 
sample lots of prototypes of commercial instruments evaluated by the author. 
Typically these defective instruments will indicate 25% or more of the true 
field strength when the probe sensor is totally shielded with metal foil, but 
while the readout and cable are exposed to the same uniform field as the probe. 
Usually the instruments can be retrofitted with increased low-pass filtration 
and RFI gasket material in the readout device to eliminate the RFI problem. The 
susceptibility of these filtration devices to mechanical degradation is high, 
and failures of such components are not uncommon. Gaskets may be damaged during 
disassembly of a readout device for battery replacement. The cracking of feed
through filters may result from mechanical shock. 

The use of optical isolation avoids the use of low-pass filtration. The 
optical link is a form of high-pass filtration, with information impressed on 
the high frequency, optical carrier. A remote readout device, well out of the 
high field strength area, is the only system component in which low-pass 
filtration must be incorporated, Optical telemetry systems already are in 
operational use in a variety of hazard instruments at both microwave (3) and RF 
(7) frequencies. These systems use electronic circuitry and active 
optoelectronics to produce an optical signal modulated with field strength 
information. The improvement afforded by these optical devices has been 
invaluable in many measurement situations. The next logical step in optical 
isolation technology is to eliminate the telemetry system electronics and 
directly modulate an optical beam with information via passive electro-optical 
modulation techniques, 

III. PRINCIPLES OF ELECTRO-OPTICAL MODULATION 

Electro-optical modulators vary the amplitude of a laser beam, transmitted 
through the crystal, in a variety of ways, All of these methods involve the 
change in the refractive index of a crystal via the application of a strong 
local electric field to the electro-optical material (lithium niobate, lithium 
tantalate, zinc oxide) via electrodes on the crystal. In the present modulator, 
a lithium niobate crystal was used as a polarization rotation device (Pockels 
cell) as illustrated in figure 2. A linearly polarized laser beam, incident 
upon the crystal experiences a continuous rotation as it propagates through the 
crystal. This rotation is a function of applied voltage and crystal geometry. 
With polarizing filter placed in the path of the emergent beam, polarization 
modulation is converted to amplitude modulation, resulting in the following 
relationship (5) between input and output light intensity. 

= K1sin
2
(r0 + K2Lvm) 

-s-
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where: I 0 a Output laser beam intensity 
Iin • Input beam intensity 
K1,r0 ,K2 a constants of the crystal and optics 
Vm a Modulation voltage 
S • spacing between the electrodes 
L • length along axis of optical transmission 

It is evident that reduction of the spacing between electrodes (as is done 
in integrated optical modulators) will proportionally increase the sensitivity 
of the device. It also should be noted that the nonlinear (sin2) modulation 
characteristics of the device can be made essentially linear if only a small 
polarization rotation occurs. The modulation res~~nse time of the crystal is 
extremely short and depends upon the relaxation time of the crystal material 
(much less than 1 nanosecond) plus the crystal capacitance and the equivalent 
source resistance of the modulation voltage source. 

IV. ANTENNA-MODULATOR INTERFACE 

The electro-optical crystal represents an electrical network which serves 
as a load impedance to the modulation voltage source (dipole antenna). By 
standard circuit analysis techniques, the total systems' sensitivity and 
frequency response may be analytically determined, with respect to an electric 
field vector being intercepted by the dipole antenna. The electro-optical 
modulator shown in figure 3 can be accurately modeled as a simple parallel plate 
capacitor with the electrodes forming the plates and the electro-optical 
material forming the dielectric (with very low loss tangent below 1 GHz). The 
dipole antenna is readily analyzed (8) as a voltage source with an impedance 
calculated from standard antenna analysis. The capacitance of the crystal (Cx) 
is: 

or ex= EoErL (if W=S) 
s for square cross section 

where: 

tr a relative dielectric constant 
L • length of the crystal electrode 
W • width of the electrode 
Sa spacing between electrodes 

(2) 

The antenna source impedance (ZA) for a short dipole is: 

ZA = 20(wh )2 - j 120c (log £b.. -1) (3) c wrr a 
where: kh • 2~h • electrical length of antenna in radians -A-

h • height of one element of the dipole 

a• radius of dipole element 

ca speed of light 

w • angular frequency 

This impedance is accurate for lengths which are small with respect to a 
wavelength and dipole radius "a" is much less than 0.1 11h11

• For our purposes 
(producing a non-perturbing field sensor), the antenna length must be extremely 
small (less than 0,1 wavelength). For this case, the real part of antenna 
impedance is very small with respect to the imaginary part and the antenna 
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impedance can be approximated as simply a function of antenna capacitance which 
is frequency independent. 

_:j__ 
wCA 

where: CA a antenna capacitance 

(4) 

The antenna/crystal equivalent circuit for the above case is shown in 
figure 4, When the dipole is aligned with the incident electric field (E), the 
voltage produced in series with the antenna impedance is: 

VA= Eh 
2 

The modulation voltage is: 

Vm "'th (~) 
2 CA+Cx 

(5) 

(6) 

It is readily observed that combining equations (1) and (6) 
the laser beam modulation (amplitude intensity) is approximated as 

~ "' k1 sin 2 to + k2LEhCA I (7) 11 n 2S{CA+C )) 
(this is a frequency in ependent refationship for the short dipole case) 

and by inspection it is evident that by reducing Cx, the modulation sensitivity 
of the sensor will increase, For a crystal of square cross section, Cx = ErE0 1 
(from equation (2)). Therefore, S, the spacing between electrodes, should be 
decreased with respect to 1, the crystal length, to optimize modulation 
sensitivity. The implication is that the ideal modulator would have some 
optimum length, 11, such that 

1 1 » S and (8) 

EoEr11 -<.< CA 

For a lithium niobate crystal with a relative dielectric constant of 85 and 
a short dipole antenna (3 cm total length by 1 mm diameter) with a source 
capacitance of approximately 2 pF, 1 should be less than 0,1 cm and S should be 
less than 0,1 mm. This implies that integrated optical techniques are mandatory 
to achieve optimum performance, since bulk crystals cannot be made in this size. 
Integrated optical channel waveguides in lithium niobate can be fabricated with 
dimensions on the order of S = l0µm and 1 = 1 mm (6), 

V. EXPERIMENTAL SYSTEM 

In order to evaluate the feasibility of the electro-optical probe concept, 
a prototype demonstration unit was developed using a commercially available bulk 
crystal. A 20 mm x 1 mm x 1 mm lithium niobate crystal was chosen because of 
its availability, temperature stability, and chemical inertness. Using the 
equations developed to predict system sensitivity, a pair of 15 cm dipole 
elements would be necessary for the detection of moderate electric field 
strengths (1 to 100 volts/meter). While this dipole size was much greater than 
would be required for practical use, the large scale model would serve to prove 
feasibility and verify the analysis. 

The dipole and optical crystal were rigidly mounted in a plastic support 
containing a simple lens which served to focus an incident laser beam in the 
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geometric center of the crystal (Fig, 5). This assembly was placed in the 
center of a parallel plate transmission line (illuminator) with a plate 
separation of 60 cm (Fig. 6). A 4 mw, linearly polarized, helium neon laser 
beam was directed at the sensor and carefully aligned so that no internal 
reflections occurred within the crystal. The illuminator and laser were 
contained in an RF screen room and the emergent beam was directed out of the 
screen room through a small window. The window was covered only by copper 
screening material which allowed most of the laser beam to be transmitted to a 
converging lens outside the room. A polarizing filter w~s placed in front of a 
counnercial PIN photodiode detector. This detector fed an RF spectrum analyzer 
which served as a frequency selective, broadband detector. No impedance 
matching between photodiode and spectrum analyzer was utilized, resulting in 
degraded sensitivity. 

The system's frequency response is shown in figure 7, Because of the 
"acoustic" or mechanical resonant properties of the particular crystal used, 
large resonances occurred at 2 MHz and its harmonics up to approximately 20 MHz, 
Above this frequency, resonance effects were minimal (less than 1 dB). 
Background noise was measured by blocking the laser beam and observing the 
spectrum analyzer display. Above 30 MHz, RF interference in the unshielded 
photodetector resulted in steady rise in the background "noise" which increased 
with frequency so that above 40 MHz, RF interference exceeded the detected 
signal. A signal to noise level of 10 dB was achieved for the following 
spectrum analyzer detection bandwidths: 

Table 2 

Bandwidth 
(Hz) 

3 X 104 

3 X 10 3 

30 

Minimum Detectable 
Electric Field (20 MHz) 

(V/meter) 

32 

10 

1 

For a test of linearity, the incident power to the illuminator was varied with 
the followirg detected signal resulting: 
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Figure 5. Electro-optical Modulator and Dipole (left) 
and E-field McnitJring Device (right). 

Figure 6. Electro-optical Detection System in 
Parallel Plate Line. 
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Table 3. Linearity Test Data 

Incident Field Detected Signal 
jE2J (20 MHz) (dB) 

(dB) 

0 (200 V /m) 0 

-10 -10 

-20 -20 

-30 -30 

-35 -32 

VI. MAGNETIC FIELD MEASUREMENTS USING ELECTRO-OPTICAL CRYSTALS 

The detection of magnetic fields can be accomplished by sim?lY substituting 
a loop antenna for a dipole antenna as shown in figure 8 and using the same 
electro-optical modulation approach with the addition of a single resistor as 
follows. The resonant frequency of such a system may fall within the frequency 
range of interest. The Q of this resonance can be lowered to provide flat 
frequency response and to suppress "ringing" induced by pulsed magnetic fields. 
This is accomplished through the use of a parallel resistor which also samples 
the current (I} flowing in the loop which is a frequency independent quantity. 
The magnitude of this current is: 

where 

I= 12O1rNAH 
cl 

N ~ number of turns in the loop 
A= area of the loop 
H = magnetic field intensity 
L = inductance of the loop 
c = speed of light 

(9) 

This technique has been used (9) to provide a wideband magnetic field 
measurement device (0.4 to 200 MHz) using two different coil sensors, each 3.8 
cm in diameter. The output voltage across a 50 ohm resistor was approximately 7 
mv for an 80 mA/meter (1 milligauss) magnetic field. This output was detected 
by active electronics in a shielded metal enclosure. In a hypothetical electro
optical version of this device, the 1 pF capacitance of an integrated electro
optical crystal would resonate with a 15 µH loop inductance at approximately 40 
MHz (probably lower due to inter-winding capacitance), the Q of the resonant 
circuit would be so low (0.013) that virtually no variation of sensitivity over 
the band would occur and no ringing would exist if pulsed fields were observed. 
Electric field shielding of the loop would assure that the sensor would respond 
only to magnetic fields. The 7 mv imposed on an integrated optical modulator 
would yield approximately 0.5% amplitude modulation of a laser beam, an amount 
well within the range required for a high signal to noise ratio. 
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VII. FUTURE PLANS 

As previously shown, an integrated optical modulator must be used if high 
sens .. tivity and small antenna size (3 cm dipole or 3,8 cm diameter loop) are to 
be achieved. Work on these versions shall soon be performed utilizing 
experimental prototypes of sensitive, integrated optical modulators together 
with small dipole and loop antennas. Improved RFI filtering of the optical 
detector is mandatory and is readily achievable. The mating of fiber optics to 
these modulators is the final obstacle to overcome in the development of a 
portable and practical instrumentation system. 
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ABSTRACT 

A miniature, isotropic electric field probe, consisting of three orthogonal 
dipoles (each 2.5 mm in length) with integral diode detectors, has previously 
been developed for microwave near-field measurements in free space. Experi
mental and theoretical work has recently been performed to evaluate this 
device's capability for the accurate determination of electric field strengths 
within multilayered biological systems. An analysis employing a transmission 
line model of the buried, insulated dipole antenna was performed over the 0,9 to 
2.45 GHz frequency range. The antenna impedance modification because of 
interaction with the surrounding media was computed for a wide range of 
dielectric parameters typical of various biological materials, over a range of 
ambient temperatures. It was demonstrated analytically and experimentally that 
for deep implantation in muscle, very little change (±10 percent) in probe 
response occurs with respect to the free space response of the probe over the 
frequency range of 0.915 GHz to 2.45 GHz. In addition, when in very close 
proximity to the muscle-fat or the worst case, muscle-air boundary, no 
observable change occurs in probe response because of dipole impedance 
variations. This situation is unique because of the specific design features 
incorporated in the probe. A lack of perturbation of internal fields by the 
probe itself was also demonstrated. 

INTRODUCTION 

A miniature, broadband electric field probe, capable of measuring the total 
free space electric field with a relatively flat frequency response from 0,915 
GHz to 10 GHz has been previously developed (1), The probe has been 
successfully used to measure both near and far fields generated by various 
radiating sources. This paper discusses the experimental use of this device as 
an implantable probe, and compares measured data with theoretically predicted 
field strengths within simulated biological tissue. The probe consists of an 
array of three orthogonal, electrically short dipoles (2.5 mm in length) as 
shown in figure 1 each coated with a thin layer of epoxy. Each dipole contains 
a micro-miniature, beam lead, diode detector chip placed directly across the 
center gap of the antenna. High resistance, thin film leads allow the detected 
voltage to be monitored by a high impedance, DC amplifier, without the 
pertubation of the field under study due to microwave current flow on these 
leads (Fig. 2), The detector is unique in several aspects. Being a beam lead 
chip, it requires no inductive bonding wires for connection to the dipole 
antenna. This becomes very important at higher frequencies, where a resonance 
of the diode and dipole reactances would seriously degrade the performance of 
the implanted probe. Secondly, the device is a zero bias Schottky diode, 
providing very high sensitivity while eliminating the need for either d.c. 
biasing of the diode or the use of very high impedance (>100 Megohm) readout 
amplifier impedances. The detector diode impedance at microwave frequencies is, 
however, very high with respect to the antenna impedance. The spatial 
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Figure 1. Geometric configuration of a three axis probe. 
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Figure 2. Details of an individual probe substrate. 
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resolution of this electrically small probe is also quite adequate even when 
measuring complex fields with steep gradients and short wavelengths within 
biological material, 

There are several important factors one must consider before attempting to 
calibrate this type of probe within biological tissues. Upon implantation, the 
antenna is submerged in a medium with electromagnetic properties significantly 
different from those of free space, This may result in a modification of the 
dipole/diode detection characteristics. Secondly, local inhomogeneities within 
a single type of biological material as well as variations in the dielectric 
properties of a multilayered biological body may introduce severe limitations in 
a systematic calibration. Thirdly, a change in the biological body's 
temperature can alter the dielectric properties of the media surrounding the 
antennas, resulting in a continuously changing electromagnetic environment. 
Finally, the problem of the mutual interaction between the antenna and 
discontinuities formed by the interfaces between various layers of biological 
materials as well as the surrounding skin (such as the muscle/fat/skin/air or 
muscle/bone interface) must also be analyzed. It is important to establish the 
validity of electric field measurements performed close to these boundaries. 
This boundary interaction problem also arises when external fields are measured 
in the close proximity of biological specimens. Thus, ideally, a probe for 
implanted measurements should have a response to the local electric field (or 
square of the field) so that its detected terminal voltage v0 , as measured 
across the high resistance detection leads is as follows: 

(1) 

where v0 = the square-law detected output voltage from the probe, E = local 
electric field, and C = a constant, The constant C should ideally be 
independent of the constituent electromagnetic parameters of the surrounding 
medium. A probe with this kind of response not only will eliminate the need for 
a special calibration of the probe for use in a specific medium, but also 
eliminates problems resulting from temperature variations and tissue 
inhomogeneity within the particular medium, once it is calibrated in free space. 

THEORETICAL BACKGROUND 

Our approach is to examine mathematically the free-space detection 
characteristics of the dipole/diode system for the existing probe, and to 
quantify the modification of the system's response characteristics upon im
plantation in biological tissue. The model used for the dipole antenna is shown 
in figure 3. In the receiving mode, the dipole antenna acts as a voltage source 
having a characteristic impedance ZA (2). It is connected in series with a 
detector diode with impeiance Zo, The microwave voltage (Vm) impressed upon the 
diode junction can be expressed as: 

Vm = 
(2) 

where K is a constant dependent on the effective length of_the dipole and the 
orientation of the dipole with respect to the electric field E. In the present 
system, when a high impedance diode is used, z0 >> ZA, we then have: 

Vm = K Iii (3) 

For a probe consisting ot three identical but mutually orthogonal dipole/ 
detector systems oriented along the X, Y and Z axes, we have: 
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Vmx = Kx sine cos~,! 
Vmy .. ~ sine _!in~ E 
Vmz .. K2 cose E 
Ka Kx =Ky= Kz 

where ea the angle in the x-y plane and~= 
sensitivity coefficients Kx, Ky, and Kz 
accomplished in practice hy adjustment of 
diodes are operated in the square law region, 

(4) 

the angle in the Y-Z plane. Diode 
are assumed equal, as can be 
the readout electronics. When the 
we have: 

(5) 

where K2 = Kx2 + Ky2 + Kz 2, and Vn • square law detected probe voltage, 

Thus, when used in free space, the .'csponse of our probe is directly 
proportional to IEl 2, or the absolute energy density as previously expressed in 
equation (1). 

Our first task is to consider the modification of the detection 
characteristics of the dipole impedance due to implantation within biological 
media. In practice, the probe would be implanted inside muscle, fat, brain, or 
bone media or in simulated tissue material. The first problem to be considered 
is an insulated dipole, immersed at depth "h," within an infinite planar slab of 
muscle, bounded by fat on the outer surfaces. We wish to calculate the 
receiving characteristics of this dipole for various burial depths. Such a 
problem can be studied by transmission line theory using the well-established 
antenna model shown in figure 4 where the insulated dipole is modeled as an 
open-ended, single wire transmission line of radius "a" coated with epoxy of 
thickness ("b-a"). The wire is immersed in a lossy dielectric with a dielectric 
constant and loss tangent equal to those of muscular tissue as measured by 
Schwan (J). The line is excited by a current I=I

0
e-rz along its axis, The 

resultant electric field is a superposition of a primary field and a secondary 
reflection due to the boundary discontinuities between muscle, fat, and air. 
This field is calculated with respect to matched boundary conditions so that a 
dispersion relation results. From the dispersion relation, one obtains r, which 
is the propagation conEtant along the wire (4,5). This constant is calculated 
as: 

1-

where Er= relative dielectric constant of the muscle, 
k0 = free-space wave number, 
H

0
(1) and H1(1) are Hankel Fun~ ions of the first kind 

½ 

(6) 

and f(b,o,h) is a multiplying factor d,pendent on the properties of the boundary 
discontinuity an the burial depth "h" (6). 
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Equation (6) was derived by assuming that the conductivity of the wire is 
infinite. Guy (6) has derived an expression for antenna resistance (RA) and 
reactance (XA) using the relationship, r • a-jS as follows: 

I 
R = 15nko ! -SsinaJl,-asinSJI, 
A aS ._ coshaJl,-cos $JI, 

• g 

7 
X _ 15nko. SsinSJl,-asinhaJI, ·

1 
• g 

A - I aS ~ coshaJl,-cosSJI, _J (7) 

g = 8aS 

For the initial calculation, the burial depth is assumed to be infinite, so 
that f(b,o,h)~l. We generate values of RA and XA, at frequencies ranging from 
1-10 GHz, with our dipole geometry for values of€ ranging from 35-45 and tano 
from 0.1-0.4 is shown in figure 5. Note that RA and XA do not vary 
significantly with changes in € and tano and that for an order-of-magnitude 
comparison, RA and XA are not vastly different from their free-space values. 

During irradiation studies, temperature elevations may occur in high 
exposure situations. The change in the dielectric prqperties of simulated 
muscle has been experimentally measured at frequencies in the vicinity of 8,5 
GHz over a range of 20° C to 50° C (Fig. 6), Very similar variations occur in 
the 1-3 GHz range in biological and simulated tissues. These changes in the 
dielectric properties of biological materials must be considered when the 
impedance of an implanted antenna is computed. 

Smith and King have analyzed the insulated dipole buried in high dielectric 
materials, Their work, performed independently of the BRH study, have shown 
very similar results with an electrically short, insulated dipole probe(?), 
They have shown that for €>12 their probe response is independent of the 
electrical parameters of the surrounding media within 10 percent, These 
findings are significant for the case of a dipole buried in infinite media. The 
independence of antenna impedance with changing € and tano suggests that 
problems associated with temperature variations, as well as tissue inhomogeneity 
mentioned earlier are insignificant for this particular probe geometry and 
frequency ranges. The probe's temperature response (diode temperature 
coefficient, etc,) is relatively insignificant over the 10° to 50° C range. 
Also of significance in their paper is the finding that a bare antenna's 
response is strongly dependent upon the medium in which it is implanted. 

If one assumes that the diode impedance Zn is much greater than the antenna 
impedance ZA (Fig. 3) under all conditions (implantation or free space), then 
the probe's response to a given electric field in free space should be very 
nearly equal to the probe's response to the same electric field strength 
existing in a biological body. This will be demonstrated through the use of 
several experimental studies. 
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EXPERIMENTAL CALIBRATION 

The antenna was calibrated within an "infinite" slab of simulated muscular 
tissue (30 cm x 30 cm x 15 cm) whose dimensions are large with respect to 
wavelength within the material. This material was formulated as specified by 
Guy (8) with loss tangent values of 0.5 and 0,35 at the repective frequencies of 
0,915 and 2.45 GHz and a dielectric constant of 50 at both frequencies. The 
antenna was inserted from access openings in the rear of the slab and the whole 
assembly was situated within an anechoic chamber with the front of the slab 
exposed to a known plane wave at 2.45 GHz and at 0.915 GHz, The incident and 
scattered fields in front of the slab were experimentally measured to allow the 
net internal field to be analytically computed. The experimental arrangement is 
shown in figure 7. 

This "infinite" slab was placed directly behind a lossless matching plate 
(one quarter wavelength thick at 2.45 GHz) to minimize scatter from the 
dielectric body, Dr. H. Ho of the Bureau of Radiological Health suggested this 
matching scheme. To ensure that no standing waves existed within the slab in 
the transverse (x-y plane) and the longitudinal directions (where the incident 
field is propagating along the longitudinal "Z" axis) and thereby demonstrating 
that the slab was "infinite," probe readings were taken at various points along 
both X and Y axes vs implantation depth. Figure 8 shows the measured probe 
response for various positions in the X-Y plane. Note that the plots of probe 
voltage outputs along the longitudinal direction in each transverse plane 
(constant implantation depth) are virtually identical. Such findings support 
the assumption that no standing waves exist within the medium. 

Probe output voltage data was taken at both 2.45 and 0.915 GHz for specific 
absolute incident power density levels within an anechoic chamber. Figure 9 
shows the measured probe response versus theoretically predicted values of the 
field existing within an "infinite" slab. The calculated theoretical field 
strength squared (IEl 2) is plotted vs. depth "h," and is shown as a continuous 
line along with the data generated from a typical calibration at 2.45 GHz within 
a muscular phantom. The same type of data was also obtained at 0.915 GHz, A 
comparison was made between the absolute response of a probe to a given computed 
field strength within muscle equivalent material and the probe response obtained 
in a free-space calibration at the same field strength, It was found that the 
experimental and theoretical response in muscle tissue agreed within± 10 
percent when the free-space probe sensitivity coefficient was directly used. 
Thus, it was concluded that once calibrated in free space, this probe can be 
used for accurate measurements of E fields within infinite slabs of muscle, 
brain, bone, or fat when deeply implanted. The response of the probe can be 
equated with the actual electric field strength existing in muscular tissue at 
frequencies ranging from 0.915 GHz to 2,45 GHz by simply using the free-space 
calibration factor for the probe. Since multilayered, finite biological systems 
are of primary interest, further experiments were performed, as follows, to 
determine boundary effects on the probe calibration. 

EXPERIMENTAL STUDY OF PROBE RESPONSE IN THE PROXIMITY OF BOUNDARIES 

In order to study the effects of probe interaction with the multiple layers 
and their boundaries, which always exist in biological systems, a series of 
experiments was performed. The results were used in conjunction with the 
previous theoretical antenna analysis using the buried transmission line model 
in the proximity of the muscle-fat boundary. It was known that in the proximity 
of this or any boundary between different dielectric materials (including air) 
the currents induced in the probe antenna would reradiate microwave energy. 
When this reradiated energy was reflected from a boundary, back to the antenna, 
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the net current flow on the antenna, and hence its impedance, would change, In 
very close proximity to the boundary, negligible attenuation occurs during the 
two-way travel of the reradiated energy, This proximity effect is accounted for 
by the parameter f(b,o,h) in equation (6), The increasing proximity to such a 
boundary would cause an exponentially increasing sinusoidal oscillation in 
antenna impedance, for probe travel toward the boundary surface, along the z 
axis which was normal to the surface. 

The worst case condition of an air-muscle interface was chosen for the 
experimental evaluation of the probe-boundary interaction. At 0,915 GHz, the 
plane wave irradiation experiment with an "infinite" slab of muscle material was 
performed as previously described, (Fig, 7) except that the matching plate was 
removed and a low density Styrofoam slab was placed on the front surface of the 
muscle material, Continuous probe scans were made from the rear of the slab to 
the front of the slab, with the probe body oriented parallel to the axis of 
propagation, The central probe dipole was oriented perpendicular to the axis of 
propagation and parallel to the electric field, Using a mechanical positioner, 
well-covered with microwave absorber, the probe was slowly pushed through the 
entire muscle slab until it emerged in the Styrofoam. The probe displaced 
muscle equivalent material during its travel, leaving a hole approximately 5 mm 
in diameter when withdrawn. The probe itself was found to be well coated in 
muscle material when withdrawn, ensuring complete immersion in the muscle
equivalent material during measurement, Similar data was taken at 2,45 GHz, 
using a near-field irradiator (a horn antenna, very close to the slab's front 
surface), Data is presented in figures 10 (a and b) for both frequencies. As 
is evident, no significant oscillations occur in the probe output voltage as the 
distance of the probe to the boundary approaches and reaches zero. This 
qualitative data is conclusive proof that the diode impedance is very high with 
respect to the antenna impedance, since the antenna impedance which is known to 
oscillate, vs. proximity to the boundary, has no effect on the probe output, 
Therefore, the probe may be used without concern for boundary effect errors in 
multilayered biological systems or for shallow implantation in non-infinite 
biological media, Bone and fat have a lower loss tangent than muscle, and 
boundary interactions may be slightly more significant for the probe under 
discussion. Therefore, measurements of the electric field inside complex bodies 
composed of these materials can accurately be performed but some further 
m~asurement in low-loss material is called for, 

EXPERI~~NTAL EVALUATION OF THE PERTURBATION OF FIELDS EXISTING IN SIMULATED 
BIOLOGICAL MEDIA BY THE IMPLANTED PROBE 

To make certain that the electrically-small probe did not perturb the 
electric fields being measured, and thus did not alter the distribution of 
energy within the previously unpenetrated system, an experiment was performed at 
2.45 GHz. Using a waveguide horn antenna as a contact-type applicator, the 
previously described muscle-equivalent slab with styrofoam front plate was 
irradiated while a probe was placed along the center axis of the slab, parallel 
to the axis of progagation, The center dipole was placed 2.5 cm from the front 
surface of the test "phantom." This dipole was aligned with the incident 
electric field and remained stationary while a second probe was inserted from 
the top of the slab, with its ha~dle aligned with the electric field, This 
second probe was continuously pushed toward the first probe until the two tips 
touched. The output of the stationary probe was continuously monitored. No 
observable change in probe output was observed until the proximity between tips 
was less than 1 cm. Then the probe output increased to a value 10 percent 
higher than previously observed, This test demonstrated negligible perturbation 
by the probe body and its three orthogonal dipoles for the case of implantation 
in lossy media, Again, further tests in low-loss material are called for, 
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CONCLUSIONS 

The use of an electrically small, three axis dipole probe for direct 
measurement of electric fields at microwave frequencies (0.915 to 2.45 GHz) has 
been experimentally and theoretically explored with implantation in biological 
media as the goal. Using a well-established, buried transmission line 
theoretical model, the antenna impedance has been analyzed with respect to 
various implantation situations. As independently shown by others, the use of a 
small, insulated dipole probe enables the device's response to an electric field 
to remain relatively constant without regard to the dielectric properties of the 
media surrounding the probe. Material inhomogeneities and temperature changes, 
therefore, do not affect this relationship, even though these produce 
significant variations occurring in the magnitude of the dielectric constant of 
the biological media. Therefore, a properly designed probe may be calibrated in 
free space, and then used as an implantable probe in "infinite" media without 
special calibration. Using this approach, errors of less than± 10 percent were 
encountered when fields experimentally measured in a large muscle-equivalent 
slab were compared with theoretically computed field strengths induced by plane 
wave irradiation of the slab at 0,915 to 2.45 GHz. 

The problems associated with measurements performed in biological systems 
near the boundary layers between various biological materials (muscle-bone, 
muscle-fat-air) were also studied theoretically and experimentally. Worst case 
(muscle-air) boundary conditions were experimentally measured with continuous 
scans along an axis normal to the boundary plane. The experimental findings 
demonstrated that no detectable probe-boundary interaction occurred during 
increasing proximity to the boundary. This is unique to the specific probe 
design utilized in which the diode detector impedance is much higher than the 
antenna impedance, thus eliminating dipole/boundary interaction effect from 
being observed in the probe's detected output voltage. The lack of significant 
electric field perturbation by the probe itself was also demonstrated in the 
muscle-equivalent slab. 
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ABSTRACT 

A thermometer has been developed which uses the optical activity of a 
Y-cut single crystal of LiTao3 as the temperature sensitive element. Polarized 
light propagates through the crystal in two modes, the ordinary ray and the 
extraordinary ray, which have indices of refraction n' and n11

• At room temp
erature, n = 2.2, B = n11 

- n' = 0.004, and dB/dT = 4.4 x 10-51oc. The intensity 
of light passed through a sandwich of properly aligned sheet polarizer, cyrstal, 
and analyzer is a function of Band hence also is temperature dependent. A 
thermometer probe was constructed by bonding this sandwich to a bundle of 
optical fibers (along with a dielectric mirror so that the sensor would be at 
the probe tip). Half of the fibers conduct light from a light emitting diode 
(LED) to the sensor tip while the other half conduct light from the sensor to 
a photodiode detector. The prototype uses a crystal 0.1 mm thick. A tempera
ture range of 300 C with 0.1° C resolution is attained. Slow drifts equivalent 
to 0.30 C/16 hr. {i.e., 1%/16 hr. in output signal) resulted for various 
prototypes and have been associated with drifting in the photodiode and LED 
characteristics. Tests of the probe in air and in phantom materials while 
being irradiated by microwave fields of up to 1000 mW/cm2 showed no direct 
probe heating. 

INTRODUCTION 

The need for new thermometers that can be used in the presence of strong 
radio frequency electromagnetic fields has been demonstrated dramatically in 
recent years (1-6) and developments now are appearing to meet this need. The 
two basic approaches which have been followed have nearly opposite points of 
view. One method is to start with a well-established thermometric technique, 
in particular, the use of thermistors. The objective, then, is to reduce the 
electromagnetically induced heating (both electric dipole and magnetic loop 
currents) through the use of high resistance leads and by minimizing the area 
enclosed by the circuitry. Examples of these are the MIC devices (2,3) (shown 
in Figure 1) and that described by Bowman (6). The other approach has been 
to begin with materials which do not interact with the electromagnetic radia
tion, and then to make a good thermometer, that is, a device which has the 
appropriate range, has adequate temperature resolution, can be calibrated (i.e. 
is reproducible), and is not to'o large. Convenience of use is desirable, but 
for initial development, at least, it can be sacrfficed. Probe thermometers 
following this approach are optical devices which use fiber optics to 
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Figure 1 A photograph of a JOOdified version of the microwave integrated 
circuit therJOOmeter (MIC) (3) described in Reference 2. A thin 
film thermistor is bonded to a pair of 5 µm wide gold leads which 
are plated onto a sapphire needle. Junctions for four terminal 
resistance measurements are made on the larger substrate where 
carbon impregnated teflon leads are attached for connection to 
external circuitry. 
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conmunicate with the sensor and relate its temperature to the intensity of the 
light reflected from the sensor. Examples of these are a liquid crystal device 
which is based on the selective reflection of red light (4,5), a thermometer 
which uses the optical rotary power of a liquid crystal mixture (7), and the 
birefringent crystal sensor which is the subject of this paper. Two inherent 
advantages of the birefringent crystal sensor are the stability of the sensor 
itself (a solid single crystal in contrast to a semi-ordered liquid) and the 
existence of a simple, physically-based, expression to characterize the 
thermometer calibration. 

PHYSICAL BASIS 

The physical basis of the birefringent crystal sensor can be understood 
(8) by considering the two orthogonal principal optic axes, D1 and D", of the 
crystal, with indices of refraction, n' and n11

, respectively. If a polarizer 
is placed in front of the crystal and is oriented so that its axis, P, is at 
angle¢ with respect to the crystal axis, D1

, and if an analyzer is placed 
behind the crystal with its axis, A, at angle, X, with respect to the 
polarizer, P, then, the light intensity, I, which passes through the three 
pieces is related to the intensity, I

0
, which is passed by the polarizer, by 

I= I
0 

(Cos2 X - sin 2cj,sin 2 (cp- X) sin2 6/2) (1) 

The phase shift, 0, between the rays propagated along the two principal axes 
is given by 

o = 2,r h (n 11 
- n 1 ) 

X-
(2) 

where his the crystal thickness and A is the wavelength of the light. The 
case of interest to us arises when the polarizer and analyzer axes are parallel 
(X = 0), and Eq. l becomes 

I = I
0 

(1 - sin2 2 ¢ sin2 o/2) (3) 

The factor sin2 2 ¢ is a constant, a, for a particular arrangement of the 
polarizer, analyzer and crystal. The ideal case would be for¢= ,r/2 which 
gives a = l. We assume that the birefringence, n11 

- n', depends linearly on 
the temperature, T, and set o/2 = (T - 0). Hence, 

I= I0 (l - a sin2 S (T- 0)) ( 4) 

where 0, a, S, and Ioare calibration constants for an individual optical 
thermometer. Once these are determined, temperatures, T(I) can be calculated 
from measured values of I by inverting Eq. (4) to yield, 

T (I) = 0 + t sin -l ((10 -I)/I0 a )½ (5) 

Equation (4) is a multiple-valued function of the temperature and so some 
provisions must be made to determine unique temperatures from measurements of 
I. One approach, and the one we followed, is to select the parameters h, A, 
n1 and n11 (or S and 0 ) such that only one-half of the sine function is co
vered in the temperature region of interest, say, 15 to 500c. Alternatively, the 
parameters could be chosen so that the maxima in the function repeat frequently 
with temperature, e.g. every degree. Then an unknown temperature would be 
determined by counting the number of maxima from some reference temperature 

340 



(as in fringe counting in interferometry) with interpolation between maxima 
for finer resolution. 

The birefringence of a Y-cut single crystal disc of lithium tantalate 
(LiTa,J3) shows a rather large temperature dependence (j' 10). In particular, 
for this material, n11 

- n1 = 2.18, n11 
- n1 = 4.4 x 10- near room temperature 

and d (n 11 
- n1

) /dT = 4.5 x 10-5/°C. We used red light(>..= 660 nm) to sense 
the birefringence of a 0.2 rrvn thick crystal, and o/2 ranged from radians TI 
near 12.3° C to 3 TI/2 radians near 49° C. 

THERMOMETER CONSTRUCTION 

Several thermometers have been constructed according to the ideas suggest
ed above. A bundle of optical fibers was bifurcated such that half of the 
fibers went to a light emitting diode (LED) source and half went to a photo
diode detector. At the sensor end where the source and detector fibers were 
well-randomized, the bundle was potted in clear epoxy and ground flat. A 
sandwich composed of a properly aligned dichroic polarizer, the crystal, and 
a mirror was then bonded to the tip. For this configuration, the effective 
crystal thickness is twice the real thickness (0.1 mm) and the polarizer serves 
as analyzer for the reflected rays, hence our interest in the case where the 
two are parallel. A close-up photograph of the tip is shown in figure 2. The 
diameter of the fiber bundle is about l mm and represents the effective diamet
er of the present device. The discs are about 2 mm in diameter, which was 
a convenience for the suppliers in order for them to provide the components 
sooner for feasibility tests. Certainly, the device can be constructed to 
the smaller dimension, and, with further sophistication, could well be 
miniaturized. 

The measurement electronics which we used are fairly conventional and are 
sketched in Figure 3. Pulsing the LED permits greater drive currents and 
results in greater light intensities. The current pulses are 2 A for 20 µs 
with a 10 ms repetition rate. A boxcar integrator detector amplifier helps 
to reduce the effects of amplifier zero drifts. Presently, we pot the LED 
and photodiode in the body of BNC connectors with the optical fibers.butted 
and potted tightly to them. Thus, the thermometer probes are terminated 
electrical connections rather than optical ones which are more difficult to 
reassemble reproducibly. We anticipate trying sinusoidal excitation currents 
for the LED with ac lock-in detection techniques as well in order to compare 
signal-to-noise and stability characteristics. 

PERFORMANCE 

The calibration of a typical thermometer, C-15, is shown in Figure 4. 
The optical thermometer was placed in a controlled calibration block along 
with standard thermistors calibrated to an accuraty of better than 0.01° C. 
The values of I given on the y-axis are the amplifi'ed signal as read on the 
digital voltmeter which is proportional to the reflected light intensity (see 
Fig. 3). The I versus T characteristics is well represented by Eq. (4) with 
contants a= 0.8740,S = .04288 radians/0c, 0 = 12.3° C and I0 = 0.5560V. This 
agreement is seen most clearly in Figure 5a, where the temperatures, T(I), 
which were computed from I values and Eq. 5, are compared with the actual temp
erature determined from the calibrated thermistors. The deviations are nearly 
all within ±o.1oc except one point (29.o0c) taken at the end of the day and the 
two points near 110 C where the thermometer has little sensitivity (See Fig. 4). 
The sensitivity of this thermometer is about 20 mV/° C in the middle of its 
range and the noise level is about 0.5 mV p-p. The instrumentation resolution 
thus is better than 0.1° C as it stands. However, variations in the LED and 
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Figure 2 Photograph of the sensor components of the birefringent crystal 
optical thermometer. The optical fibers, the dichroic polarizer, 
the birefringent crystal and the dielectric mirror are shown lying 
sequentially. A partially assembled and finished prototype are 
shown as well. 

Pulse _n_ LED 
Gen. 

Trigger 
Sensor 

Ph Det 

DVM 

Figure 3 Schematic diagram of an optical fiber therroometer system. An 
optical switch is represented by the break in the fiber optic 
bundle leading from the LED to the Ph Det. 
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photodiode characteristics groduce uncertainties of the order of 0.2 to 0.3° c. 
It should be noted that 0.1 stability implies 2 mV/400 mV = O.S% stability 
of the light measurement system. Drifts and shifts of this order are character
istic of both photodiodes, (11 and LED's (12). 

Changes in the opto-electronic component characteristics will affect the 
measured light intensity of I. However, one would not expect the other 
parameters, >.., n" - n1

, or h (Eq. 2) or the constructional features (such as 
polarizer characteristics and orientations) to change much. This observation 
is verified by plots Sb and Sc where calibration data taken earlier were 
compared through Equation S using the same constants a, S , and 0 but with a 
new value for 10 selected by normalizing the data at one temperature. In 
these two cases, most of the data lie within± 0.20 C. The three points above 
the axis in Fig. Sb were taken upon cooling from so° Cat the end of the day 
and again indicate the effects of drifting in the opto-electronic components. 
Fast cools too° C were made before the 28° C point and between the two points 
at 23° C (with deviations of 0.39 and 0.48° C, respectively). If the point 
at 28° C would have been normalized (that is, if 10 were changed to bring T(I) 
back to the axis) then the two points at 23° C would lie+ 0.14 and+ 0.220 C 
above the axis. In other words, if care is taken to check the thermometer 
before and after an experiment, temperatures can be believed to about 0.2° C. 
While this is not acceptable for a final device, the present model can be used 
for many experiments until more refined probes become available. 

Similar conclusion can be made for the data shown in Figure Sc. These 
data were taken on two separate days about a month before those shown in 
Figs. Sa and Sb. Furthermore, they were taken in different facilities before 
the thermometer was shipped across country. Again, only 10 was changed in 
order to recalibrate the thermometer. 

In order to look at the long term drift of the thermometer characteristics, 
thermometer C-lS was held at a constant temperature for several hours. Typical 
results of these tests would be negative drifts of 2 mV and 6 mV out of 400 mV 
over about sixteen hours. These would be equivalent to calibration drifts of 
0.1 and 0.3° C. 

Finally, several experiments with a thermographic camera were made to 
verify that there is no direct interaction or heating effects of the 
thermometer by electromagnetic fields (2.4S GHz) of up to 1 w/cm2. The only 
perturbation arises from the displacement of absorbing material, such as phantom 
material of tissue, by the non-absorbing probe. 

FUTURE DEVELOPMENTS 

Several refinements are necessary before the design becomes final and 
before many probes are constructed and distributed. The most important of 
these from a metrological standpoint is the elimination of calibration drifts 
associated with the variable characteristics of the LED and photodiode. 
Temperature control of these elements helps some and so would some form of 
optical feedback to maintain the LED output intensity. Nevertheless, an 
optical switch, as is suggested by the broken line in Figure 3, would be far 
preferable. Instead of measuring absolute intensities as now, one could measure 
ratio of light reflected from the sensor to light directly received from the 
source. The particular characteristics of the opto-electronic elements as well 
as those of the LED driver and detector amplifier would then cancel out and 
only the probe itself would carry the calibration. We have constructed two 
rudimentary, mechanically-operated switches. The light coupled to the fibers 
was not sufficient and consequently the signal was too small to be measured 
precisely. We are considering other designs, but clearly this is an area for 
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Figure 5 Differences between actual temperatures, T, and temperature T(I) 
computed from measured I-values and Eq. 5 (a= -0.8740, S = 0.04288 
radians/° C, e = 12.3° C, and 10 given in the figure) for 
thermometer C-15. 
(a) Principal calibration data, as in Fig. 4. 
(b) Calibration data taken a few days earlier than those in (a). 

only the constant, 10 was adjusted by normalizing the data 
for one point at 23° C to give the correct temperature. 

(c) Calibration data taken on two days about a month prior to those 
in (a) and (b) and in another laboratory. Again, only 1° 
was adjusted by forcing one point at 28° C to .agree with the 
data in (a). 
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more sophisticated optical technology than that represented by the present 
device. 

The geometrical distribution of light propagating in an optical fiber is 
affected by the degree and nature of any bends in it. If light losses exist 
in the system, such as at sensor tip or at the fiber-photodiode junction, then 
bending the fiber will change the distribution of light and hence change the 
intensity, I, detected by the photodiode. Shifts of the order of 1% in 
earlier probes could be attributed to this cause. In the present design, with 
care, these effects can be kept below a few tenths percent. Nevertheless, 
this source of error must be reduced in future models. Another improvement 
would be to make a smaller sensor with more flexible fibers. Now that the 
feasibility of the thermometer has been demonstrated is has become worthwhile 
to pursue these refinements and to locate the specialized expertise needed to 
implement them. The author has made some contacts, but all suggestions are 
very welcome. 

SUMMARY 

The birefringent crystal thermometer shows promise as viable solution to 
the problem of temperature measurement and control in intense electromagnetic 
fields. Features of this thermometer include the inherent stability of the 
sensing element, the existence of a physically-based calibration function and 
the lack of any induced heating by radiofrequency fields. It can be used in 
its rather rudimentary form to measure temperatures with an accuracy of 
± 0,30 C, if only one recalibration temperature is available. It is easy to 
construct so individuals can assemble their own devices until further refine
ments are made and a fabrication source, preferably commerical, is found. 

The presence of other devices, especially the thermistor-based devices, 
is more complementary than competitive. An investigator will be able to 
select from alternatives which device is best for his needs and most compatible 
with his existing instrumentation. 
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ABSTRACT 

A NEW SYSTEM FOR INVESTIGATING NONTHERMAL 
EFFECT OF MICROWAVES ON CELLS 

James C. Lin 
Department of Electrical Engineering 

Wayne State University 
Detroit, Michigan 48202 

A fluid-filled waveguide exposure system with a micropipette sample holder 
may be used to isolate the nonthermal effects of microwave radiation on mam
malian cell cultures from those effects resulting from cell temperature rise. 
The system also allows more precise calibration of the incident and absorbed 
microwave energies. The capability of the designed technique is demonstrated 
on Chinese hamster somatic cells in vitro and may be applicable for microwave 
research on cell cultures in general-.--

INTRODUCTION 

Recently a number of studies concerning the effect of microwave radiation 
on living organisms have involved the irradiation of cell suspensions in vitro. 
The observed changes occurring at low incident power conditions include forma
ation of atypical, malformed cells [1], lymphoblastoid transformation [2], 
chromosomal damage and inhibition of cell growth [3), and increased membrane 
permeability [4]. Microwave radiation has also been reported to either 
increase, decrease or inhibit the synthesis of both DNA and protein in pro
liferating cells [5-7). However, to date most experiments involving cell 
cultures have utilized standard, off-the-shelf containers (such as the Petri 
dish, test tube or flask) and conventional exposure techniques (such as 
irradiation in air-filled waveguides and open space conditions). These 
attempts have inherent difficulties in dosimetry and, in the majority of the 
cases, the amount of absorbed energy could not be determined. Consequently, 
the quantity of energy converted to cell temperature elevation could not be 
eliminated and, thus, the biologic effects due to any direct nonthermal inter
action would not be meaningfully studied. It is well known that differential 
absorption occurs in different parts of the various types of sample containers 
utilized in previous experimental systems [8]. 

In this study we have used a bioengineering approach to develop a tech
nique for investigating the effects of microwave radiation on the in vitro cell 
system by using a waveguide chamber in conjunction with a micropipette sample 
holder. The advantages of this method are that the incident and absorbed 
energies may be precisely determined, and that the temperature in the cell 
system may be controlled with the accuracy necessary for isolating any non
heating effect of microwave radiation on cells from those resulting from any 
cell temperature rise, 
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MATERIALS AND METHODS 

The waveguide exposure chamber is illustrated in Figure 1, The chamber is 
filled with phosphate buffer saline solution (PBS) which is matched to air 
using a quarter wavelength transformer. The buffer solution is circulated 
through a constant temperature circulator which maintai~s the desired tempera
ture. The fluid temperature at the outlet is monitored using a thermocouple 
temperature indicator. The unique feature of this system is that instead of a 
Petri dish or flask, a 35 ml, micropipette is used to hold the cell suspensions. 
The micropipette has an outer diameter of 1.1 mm and an inner diameter of 
0,8 mm. Therefore, the wall thickness of the pipette is only 0.15 mm (150 
microns), Since the micropipette is a smooth cylinder whose diameter is small 
compared to wavelength and the PBS used as cell suspension medium is homoge
neous with that in the chamber, the absorbed energy inside the pipette is also 
the same as that in the buffer solution. Brass screw caps with conical center 
holes are used to fix the micropipette in position, The ends of the screw caps 
are designed to advance inward and become flush with the inner walls of the 
waveguide, Other means for fixing the position of the sample holder, such as 
grooves running down the opposite sides of the waveguide wall to a desired 
position and grooves machined between the flanges of two waveguie sections, 
are equally satisfactory. 

Because the microwave field in a waveguide is established, the incident 
power density (Pi in ITM/cm2) and the rate of energy absorption (Pa in TrM/gm) 
can be calculated exactly from the following equations [9]: Pi• (Wf - Wr) 
exp(-2az)/A and Pa• 4aP, Wf and Wr are forward and reflected power, respec
tively; a is the attenuation coefficient; z is the distance between the liquid 
surface at the incident end of the waveguide and the position of the sample 
holder during microwave irradiation; and A is the cross-sectional area of the 
waveguide, 

The complete experimental system is shown in Figure 2, Microwave power is 
derived from a MW/200 diathermy unit and coupled to waveguides by coax
waveguide adapters. The forward and reflected powers are measured using a 
cross guide coupler and thermister power meter combination. The temperature of 
the buffer solution is closely controlled by using a constant temperature 
circulator. The outlet temperature is monitored by the thermocouple indicator, 
The fluid temperature in the chamber just before and immediately after irradia
tion may be measured directly. This temperature may also be measured contin
uously using a fiberoptic temperature probe which has been shown to exhibit 
excellent non-microwave-interfering characteristics [10]. 

The present study investigated the effect of 2450 MHz microwave radiation 
on Chinese hamster somatic cells (V79) from the lung of a male animal, The 
cells were routinely grown in Eagle's minimum essential medium (EME) supple
mented with 10% fetal calf serum under a humidified atmosphere of 2% co2• The 
incubation temperature was 37°c. Following microwave irradiation, cells were 
plated into a Petri dish containing the same EME medium and 50µg/ml of 
Gintamycin, A total growth period of 12 days was allowed, The final colony 
assay was done by first discarding the culture medium from the Petri dish and 
washing it repeatedly with distilled water, Absolute ethanol was then added, 
The alcohol was removed after 10 minutes. The cells were then stained with 
Giemsa and allowed to dry. 

The exposure duration in this study was limited to 20 minutes. The 
incident power densities on the cells were 0, 1, 10, 100 and 500 trM/cm2, The 
corresponding energy absorption rates were 0, 2,2, 22, 220 and 1100 rrM/gm. 
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RESULTS AND CONCLUSIONS 

Although at the present time the quantitative aspect of nonthermal effects 
is not available, no2significant differences were found between the cells 
exposed to 100 mw/cm and controls. At those levels, the cell temperature 
stayed constant at 37°C. Clearcut cytotoxic effects were seen however when an 
incident power density of 500 mw/cm2 (1100 mw/gm absorbed) was applied. The 
cells exposed to this power density had a temperature rise of around 5°C due to 
the limited pumping capacity of the circulator. [In recent experiments in which 
a constant temperature circulator (Lauda K-2R) with refrigeration capability 
was used allowing control of temperature of the bathing solution to within 
± 1°C, irradiated cells did not show any morphological change - added during 
proof], Qualitatively, we have observed a slower rate of growth, changes in 
cell structures, and differences in the size of individual colonies after a 
12-day incubation period. Examples of control and irradiated cells are shown 
in Figure 3. It is apparent that the irradiated cells showed increased vacuoli
zation in addition to morphologic transformations. 

We have demonstrated the feasibility of a micropipette in a fluid-filled 
waveguide irradiation chamber for studying the nonthermal effects of microwave 
radiation on mammalian cells in vitro. With further improvement in apparatus 
(including other types of waveguides) and the use of higher capacity constant 
temperature circulators, the system may serve as a prototype for future studies 
of the thermal and nonthermal interaction mechanisms of microwave induced 
biologic changes in living organisms at the cellular level. 
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Figure 3. Photomicrographs of Chinese Ha'hister Somatic Cells After 3 
Days of Incubation at 37 ° C. a) Control cells show in active 
stage of growth with an average generation time of 12 hours; 
b) the irradiated cells divide at a much slower rate, and the 
appearence of giant-ruffle cells is typical. (both, x 1,600) 
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MEASUREMENT OF ELECTRIC AND MAGNETIC FIELD STRENGTHS FROM 
INDUSTRIAL RADIOFREQUENCY (15-40.68 MHz) POWER SOURCES 

D. L. Conover, W. H. Parr, E. L. Sensintaffar, and W. E. Murray, Jr. 

ABSTRACT 

Robert A. Taft Laboratories, NIOSH, DBBS, PAEB 
4676 Columbia Parkway, Cincinnati, Ohio 45226 

This paper describes the performance characteristics of radiofrequency 
(RF) electric and magnetic-field-strength monitors and the results of RF 
(15-40.68 MHz) power source measurements made with these monitors. The 
monitors were constructed and calibrated for near-field exposure measurements 
for NIOSH by NBS. Near-field measurements must be made at locations within 
fractions of a free space wavelength to RF power sources. These measurements 
are necessary because personnel operating RF power sources receive near-field 
exposures. Results from a limited preliminary survey indicated that at least 
80% of the sources emitted electric and magnetic-field strengths that exceeded 
the field-strength guides (200 V/m and 0.5 A/m, respectively) specified in 
the ANSI C95.1-1974 Personnel Exposure Standard for RF radiation. The degree 
of personnel exposure can only be ascertained reliably by electric and 
magnetic-field-strength measurements with monitors such as those described in 
this paper. The use of commercial far-field power density monitors (with 
dipole antenna elements) for near-field RF (15 to 40.68 MHz) exposure measure
ments neglects the magnetic-field-induced power absorption which predominates 
under near-field conditions. Problems regarding the application of totally 
incorrect RF exposure monitoring techniques and instrumentation may partially 
result from the absence of any Federal personnel exposure standard which 
specifies field-strength measurements for RF (10-300 MHz) sources. In an 
effort to provide this mandatory monitoring data for a Federal RF personnel 
exposure standard, research is in progress to investigate factors influencing 
industrial personnel electric and magnetic-field-strength exposures. 

INTRODUCTION 

Current OSHA Regulations include occupational exposure limits for Radio
frequency/Microwave radiation for the frequency range 10 MHz to 100 GHz. 
However, only one commercial instrument is available which can be validly used 
for radiofrequency (RF) radiation measurements below 300 MHz (1). Consequently 
little usable personnel exposure data has been obtained within the RF 
radiation band (10 to 300 MHz). Within the FCC regulated Industrial-Scientific
Medical (ISM) bands at 13.56, 27.12, and 40.68 MHz, the power output of RF 
sources is unlimited and their industrial applications are rapidly increasing. 
For these reasons, surveys of the magnetic and electric-field-strength levels 
emitted by industrial RF power sources were made to obtain actual industrial 
exposure data for RF bioeffects studies. 
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Commerical power density monitors (with dipole antenna elements) give 

no indication of magnetic-field-strength exposure. Consequently, the vast 
majority of commercial power density monitors do not indicate magnetic-field
strength exposure. However, Guy et al. (2) have shown that magnetic-field
induced power absorption predominated in a 70-kg spherical model of man for 
dominant magnetic-field exposures from 3 to 30 MHz. Dominant magnetic-field 
exposures can occur in close proximity (less than one meter) to radiofrequency 
(15 to 40.68 MHz) power sources where operators are located. Guy~ al. (2) 
concluded that magnetic fields must be measured to obtain any estimate of 
hazards due to RF exposure. 

Virtually every co1Illllercial RF/Microwave exposure monitor is calibrated 
for power density in terms of milliwatts per square centimeter (mW/cm2). One 
exception is a useful magnetic-field-strength monitor developed by Aslan (1) 
which recently became connnercially available. Guy et al. (3) cautioned that 
the use of power density monitors which respond onlytothe electric-field 
vector but are calibrated in terms of power density (mW/cm2) can result in 
completely erroneous and possibly dangerous assumptions at RF (10 - 300 MHz) 
frequencies. 

Almost all RF personnel exposure measurements must be performed in the re
active near-field region within one meter of the RF source where the operators 
are located. Bowman (4) demonstrated that the power density (e.g. in mW/cm2) 
of reactive near-fields can be~ while these near-fields can be quite 
strong and contribute significantly to personnel exposure. Bowman (5) con
cluded that for frequencies below 1,000 MHz both the electric and magnetic
field strengths should be measured. 

Electric and magnetic-field-strength quantities are defined for all 
near-field and far-field condtions and can be-measured accurately with expo
sure monitoring instrumentation recently developed for NIOSH (6, 7). For 
these and other reasons, Guy et al. (3) recommended that RF personnel exposure 
standards be written in termsofmaximum allowable electric and magnetic-field 
strengths. 

The American National Standards Institute (ANSI) has recognized the in
herent difficulties associated with power density personnel exposure standards 
from 10 to 300 MHz. It was previously assumed that the guides derived for 
the 1,000 to 3,000 MHz frequency range were usable from 10 to 1,000 MHz. The 
recent RF bioeffects data of Gandhi (8,9) indicated that personnel exposures 
from 25 to 26 MHz are more potentially hazardous than microwave (1,000 to 
3,000 MHz) personnel exposures. The latest ANSI standard (ANSI C95.l-1974) 
specifies electric-field strength (200 V/m) and magnetic-field strength 
(0.5 A/m) guides. The OSHA RF/Microwave Personnel Exposure Standard was 
adopted from the inadequate previous ANSI C95.l-1966 power density standard. 
Modification of this OSHA standard is currently under consideration. The 
field-strength monitoring techniques and data presented in this publication 
should prove useful for modification of the OSHA standard within the radio
frequency range 10 to 30 MHz. This paper describes the performance character
istics of RF electric and magnetic-field-strength monitors, the field-strength 
monitoring techniques, and the results of RF (15 to 40.68 MHz) field-strength 
measurements performed on the near-field exposures generated by industrial 
power sources. 

MATERIALS AND METHODS 

The details of the design, construction and calibration of the electric-
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field-strength exposure monitor developed under contract for NIOSH by NBS (6) 
have been reported. The electric-field-strength exposure monitor (EDM-2) 
employs a set of three orthogonal dipoles to obtain an essentially isotropic 
response. For additional versatility, each orthogonal axis signal may be read 
independently. The dipoles are connected to the meter electronics by special 
high resistance conductors which have minimal interaction with the RF field. 
The meter displays electric energy density from 0.003 to 30 microjoules per 
cubic meter (µJ/m3) which corresponds to electric field strengths from 
approximately 26 to 2600 volts per meter (V/m). The exposure monitor was 
calibrated by NBS from 10 to 500 MHz with specific calibration points within 
the Federal Conununication (FCC) Industrial-Scientific-Medical (ISM) frequency 
bands at 13.56, 27.12 and 40.68 MHz. The EDM-2 exposure monitor accuracy 
specifications have been published previously by NIOSH (6). NBS specified 
that the total inaccuracy of the EDM-2 monitor was+ 1.5 dB from 10 to 
40.68 MHz. The monitor has the capability to display peak or average readings. 
Variable response times (0.1 to 10 seconds) are available to give a controll
able averaging of varying signals. 

The description of the NIOSH magnetic-field-strength probes and the 
associated electronic equipment has been published by NIOSH (7), Two portable 
(HFM-2) magnetic-field-strength probes were developed that consist of small, 
single-turn, balanced loop antennas 10 cm and 3.16 cm in diameter. The 10 cm 
loop antenna was designed for a measuring range of 0.5 to 5.0 A/m and the 
3.16 cm loop antenna was designed to measure from 5.0 to SO A/m. A type 
1N4148 silicon-junction, semi-conductor diode was connected internally across 
a gap in each loop to rectify the induced RF voltage. For the above mentioned 
range of magnetic field strengths, the d-c output of each probe is approxi
mately 1 to 10 volts. A newly developed non-metallic, high-resistance, 
transmission line is used to transmit the d-c voltage to an electrometer volt
meter. The loop probes were swivel mounted at the end of a 36-inch-long 
tubular figer-glass handle. The probes were tripod mounted while performing 
magnetic-field-strength measurements. The angle between the pricipal axes 
of the loop and the probe handle can be set for 54.74 degrees to enable 
orthogonal measurements to be taken. The HFM-2 probes, like the EDM-2 monitor, 
have been specifically calibrated by NBS for use within the ISM bands at 13.56, 
27.12, and 40.68 MHz but can be used at any frequency from 10 to 40,68 MHz. 
The HFM-2 exposure monitor accuracy specifications have been given in a prior 
NIOSH publication (7), NBS specified that the total inaccuracy of the HFM-2 
monitor was+ 1.5 dB of the monitor reading from 10 to 40.68 MHz. These ISM 
band calibration points were chose because the great majority of high power 
industrial RF power sources operate within one of these bands. 

A total of ten radiofrequency power sources with nominal power outputs 
ranging from 0.7 to 20 kW were surveyed. There were two synthetic fiber dryers 
used in the textile industry, one edge gluer from the lumber industry and 
seven heat sealers utilized in the plasticf industry. These are typical 
industrial RF applications. Each power source had a single dial power control 
which was conunonly set close to the maximum power for optimum production speed. 
The variable RF application time control incorporated in each source was 
usually positioned so that the RF source was activated for 1 to 3 seconds. 
The measured fundmental frequencies of the power sources ranged from 15.00 
to 40.68 MHz. The two synthetic fiber drying sources had a fixed ISM band 
frequency of 40.68 MHz and the one lumber industry power source had a fixed 
ISM band frequency of 27.12 MHz as did two plastic industry sources. The 
remaining five plastic industry sources had frequencies which varied depending 
on the application conditions at the time of measurement. Each source used 
continuous wave (CW) modulation. 
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Measurements were performed in areas occupied by personnel operating the 
RF power sources. These personnel were located within one meter of the RF 
power sources. Operators were observed for several repetitions of their work 
cycles to establish normal work patterns prior to making the measurements. 
Operators were then instructed to maintain these normal work patterms during 
the measurements. All field-strength measurements were taken using the 
operator's anatomy as a reference framework. Measurements were taken at the 
eyes, waist, and hands positions of most operators. Each operator was in a 
stationary position during the time of measurement (commonly 1 to 3 seconds). 
The probe, meter electronics and the interconnecting cable as well as the 
surveyor were stationary during all measurements. The highest field strength 
reading observed during RF power source operation was recorded in each case. 
Unfortunately, available time, personnel and monitoring equipment allowed only 
one repetition of each measurement. All possible efforts were made to insure 
reproducibility of exposure conditions during these measurements. Additional 
work is planned to investigate the possible influence of selected factors on 
RF exposure to personnel. 

The EDM-2 exposure monitor was used to make the-electric~£ield-strength 
measurements. The monitor was operated in the isotropic response mode (x, y, 
z channels activated) and the average readings were displayed. The meter 
needle was zeroed before each measurement. The response time constant switch 
was set to the 0.1 seconds. The range switch was adjusted so that the 
displayed readings were maintained between 20 and 80 % of full scale. The EDM-2 
monitor readings were converted to electric-field-strength levels (V/m) using 
the information given in a NIOSH report (6). The monitor readings can always 
be validly converted to root mean square (RMS) electric-field-strength values 
but not to far-field power density (mW/cm2) values. 

The HFM-2 exposure monitor was utilized to perform all magnetic-field
strength measurements. The probe with the appropriate magnetic-field-strength 
sensitivity was mounted on a tripod support. The principal axes of the loop 
antenna were oriented at 54.74 degrees relative to the probe handle (to insure 
orthogonal measurements) and secured in that position for the duration of 
these measurements. The loop probe was connected to the electrometer voltmeter 
with the special high-resistance line. The voltmeter feedback switch was set 
at the normal feedback position and the range switch was placed in the 10-lO 
Amperes position. The meter zero was verified prior to all readings. The 
multiplier switch was set at 10 so that a full scale meter needle deflection 
would represent 10 volts directly. The HFM-2 monitor voltage readings were 
converted to RMS magnetic-field-strength (A/m) levels based on the data pub
lished by NIOSH (7). 

RESULTS AND DISCUSSION 

RF field-strength measurements made in the textile, lumber and plastics 
industries are listed in Table 1. Measurements performed on the two RF power 
sources utilized for synthetic fiber drying did not have a linear dependence 
on the source power output. A two-fold increase in power output resulted in 
less than a factor of two enhancement of the electric-field-strength exposure. 
The magnetic-field-strength values exhibited a supralinear (factor of 6.6 
increase) behavior with the two-fold increase in power output. Both RF power 
sources were virtually identical in all aspects except for power output. The 
measurement location was reproduced for each power source. In addition, the 
measurement data on the plastic heat sealers demonstrated that an increase in 
power output was not necessarily accompanied by an enhancement of the electric 
or magrletic-field-strength exposure. For example, the plastic heat sealer with 
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a 2 kW power output emitted a magnetic-field-strength level at the eyes 
position which was more than five times that generated at the same location by 
the plastic heat sealer with an output power of 10 kW. A further illustration 
of this point is that the electric-field-strength exposure generated by the 
2 kW plastic heat sealer at the waist location was more than 10,times that 
emitted at the same location by the 4 kW heat sealer immediately below it in 
Table 1. 

The highest electric-field-strength measured was almost five times the 
200 V/m radiation protection guide recommended by the ANSI C95.1-1974 RF/ 
Microwave Personnel Exposure Standard. The largest magnetic-field-strength was 
more than twenty-five times the 0.5 A/m guide set by the same standard. The 
tabulated data reveals that 90% of the sources emitted electric-field-strengths 
greater than 200 V/m and 80% of the sources produced magnetic-field-strengths 
in excess of 0.5 A/m. 

CONCLUSIONS 

Measurements of RF (15 to 40,68 MHz) electtlc and magnetic-field-strength 
exposures generated by power sources having application in the textile, lumber, 
and plastics industries are presented. Measurements were taken for near-field 
conditions (at distances less than one meter from the sources) where operating 
personnel were located. The measured electric and magnetic-field-strength 
exposures showed no clear dependence on the RF power output. The field
strength exposures were compared to the ANSI C95.1-1974 RF/Microwave Personnel 
Exposure Standard radiation exposure guides. This comparison revealed that 
90% of the sources measured exceeded the electric-field-strength guide of 
200 V/m and 80% of the sources exceeded the magnetic-field-strength guide of 
0.5 A/m. These guides were exceeded by factors as high as five for the electric 
field and by as high as twenty-five for the magnetic field. Based on the infor
mation contained in the ANSI C95.1-1974 standard at least 80% of these RF power 
sources represent a potential personnel exposure hazard. 

The degree of personnel exposure hazard relative to existing standards can 
only be ascertained reliably by the measurement of electric and magnetic-field
strengths with monitors such as those described in this publication. These 
measurements have demonstrated that a very significant magnetic-field-strength 
personnel exposure can be completely neglected if commercial far-field power 
density monitors (with dipole antenna elements) which respond only to the 
electric-field component of an RF field are used. It is important not to 
neglect the magnetic-field-strength component of the RF field because magnetic
field-induced power absorption (in biological phantom models of man) predomi
nates for near-field exposure conditions. 

Little, if any, emphasis has been.placed on the need for monitoring 
electric and magnetic-field-strength exposures under near-field conditions 
partially because no Federal standard has been written in terms of field
strength exposure for the frequency range 15 to 40.68 MHz. In an effort to 
develop useful monitoring techniques and instrumentation for a Federal RF 
personnel exposure standard, additional research is being done to investigate 
factors influencing industrial personnel electric and magnetic-field-strength 
exposures to RF radiation. Because of the large number of RF power sources 
utilized in industrial applications, the rapid increase in the types of RF 
applications, the unlimited power output of sources operating within the ISM 
bands at 13.56, 27.12 and 40.68 MHz, and the high-level RF industrial expo
sures documented in this paper, greater emphasis should be placed on the 
collection of RF bioeffects and personnel exposure data with the proper 
monitoring techniques and instrumentation described in this publication. 
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Table 1 

Electric and Magnetic-Field-Strength Measurement Results 

POWER OUTPUT FREQUENCY MEASUREMENT ELECTRIC FIELD MAGNETIC FIELD 
(kW) (MHz) LOCATION STRENGTH (V/m) STRENGTH (A/m) 

Textile Industrx:-sx:nthetic Fiber Drx:ers 

20 40.68 Waist 305, 333 13.8, 12.6 
10 40.68 Waist 179, 189 1.9, 2.1 

Lumber Industrx:-Ed~e Gluer 

20 27.12 Waist 211, 231 1.05, 0.95 

Plastic Industrx:-Heat Sealers 

o. 7 27.12 Eyes 318, 298 0.4, 0.4 
Waist 21, 23 0. 02, 0.02 

1. 25 27.12 Eyes 293, 323 0. L)4, 0.04 
Waist 220, 236 0.04, 0.04 

1.5 38.00 Eyes 330, 342 0.58, 0.62 
Waist 468, 482 0.67, 0.73 

2.0 22.00 Eyes 482, 504 7.5, 7.9 
Waist 481, 499 
Hands 506, 480 12.6, 11. 6 

4.0 30.00 Eyes 958, 982 o. 72, 0.68 
Waist 44, 48 0.48, 0.52 

4.0 30.0 Eyes 948, 998 0.41, 0.39 
Waist 196, 206 0.67, 0.73 

10.0 15.0 Eyes 649, 671 1.34, 1.46 
Waist 811, 851 0.51, 0.49 
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ABSTRACT 

BROADCAST RADIATION: A SECOND LOOK 

R.A. Tell and D.E. Janes 
U.S. Environmental Protection Agency 

9100 Brookville Road 
Silver Spring, Maryland 20910 

As part of its program to determine the health and environmental effects 
of exposure to nonionizing radiation, the U.S. Environmental ProtectionAgencyis 
gathering and analyzing information on sources which produce radiation levels 
in the environment. The question of broadcast stations as environmental 
sources of nonionizing radiation exposure has been previously addressed by the 
authors. This paper extends the results of the previous work. This investiga
tion is developed around vertical radiation patterns and data supplied by the 
FCC on the heights of transmitting antennas above ground and above supporting 
structures, such as building roofs. In particular, power densities at roof and 
ground levels are calculated for areas very near FM broadcast installations 
using recent information on steep depression angle radiation from commonly used 
FM transmitting antennas. Associated field measurement data are also discussed 
and the overall implications of this analysis are examined in terms of present 
RF exposure standards and philosophy. 

INTRODUCTION 

The U.S. Environmental Protection Agency conducts a program to determine 
the health and environmental effects of exposure to nonionizing radiation. This 
program includes gathering and analyzing information on levels in the environ
ment. In the initial phases of this program sources of electromagnetic energy 
were examined on a categorical basis in an attempt to identify those sources 
which provide the major contribution to ambient radiofrequency (RF) and micro
wave field intensities [1]. Source types with the highest effective radiated 
powers (ERP) were identified and became the subject of a subsequent analysis 
wherein satellite communication earth terminals ranked highest with high power 
search radars next on the list. On the basis of raw ERP alone, these sources 
are clearly the most potentially hazardous simply because of their high powers. 
But when analyzed on the basis of ground level power densities in their 
vicinity, these sources became less of a potential environmental problem than 
originally suspected because of the extremely directive antenna patterns 
employed. These super-power sources were then examined on an individual basis 
with respect to potential hazards should one be exposed in the main beam [2-4]. 
In general though it was found that the sources which contribute most to the 
environmental picture are the broadcast stations which are so predominant in 
this country. The term "environmental picture" is used to denote the average, 
ambient RF and microwave multiple source environment as opposed to the very 
intense levels associated with a specific source location. Table 1 gives the 
number of broadcast stations in the various services [S]. Broadcast sources 
are, of course, considerably lower powered than many satellite communications 
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Table 1. Broadcasting stations on air!{ 

513 VHF Commercial TV Stations 

198 UHF C1mmercial TV Stations 

711 Total Commercial TV Stations 

95 VHF Noncommercial TV Stations 

147 UHF Noncommercial TV Stations 

242 Total ~oncommercial TV Stations 

953 Total TV Stations 

4434 AM Radio Stations 

2648 Commercial FM Stations 

725 '.~oncommercial FM Stations 

8760 Total Broadcasting Stations 

!/As of the end of January 1975 taken from 
reference [5]. 

or radar stations but by their very nature they direct their emissions to the 

surrounding environment. Thus, on a practical basis, relatively high trans

mitter power and relatively low antenna gain are the two source factors which 

most influence population exposure in general. Table 2 summarizes some of the 

factors associated with non-broadcast emitters which lessen their environmental 

and/or general population impact. 

Table 2. Non-broadcast source factors which lessen their 
environmental impact. 

Source Type 

Radar 

Satellite Communications 

Land Mobile Communications 

Comments 

Very narrow beam widths 
Antenna rotational duty 

factor 

Very narrow beam width 
Orientation to sky 

Low power 
Intermittent operation 

Not only are more people exposed to radiation from broadcast stations than 

other types of sources but the dynamic range in exposure levels of various pop

ulations is very striking. A relative amplitude-frequency spectra for the FM 

broadcast band taken in Greenbank, West Virginia is compared with one collected 

in Washington, DC in Figure 1. The vertical axis of these figures is a loga

rithmic plot of the relative power density observed at these two locations. 

Thus, depending upon geographic location some individuals are routinely exposed 
to RF levels many orders of magnitude higher than others. 
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Figure. 1-A. Relative FM spectrum - Greenbank, WV 
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Figure 1-B. Relative FM spectrum - Washington, DC 
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The question of broadcast stations as environmental sources of nonionizing 

radiation exposure has been previously addressed [6]. This paper reviews some 
of the radiation properties of broadcast stations, extends the results of the 

previous work, and focuses on the identification of specific VHF broadcast 
sourceswhich ma! produce practically observed power densities in the neighbor

hood of 1 mW/cm or higher. Associated field measurement data are discussed 
and the overall implications of this study are examined in terms of present RF 

exposure standards and philosophy. 

RADIATION PROPERTIES OF BROADCAST STATIONS 

Amplitude modulation (AM) is employed in the AM standard broadcast band 
(535-1605 kHz). Stations range in power from 100 W to 50 kW and employ vertical 

monopole antennas. There exist 133 50 kW AM stations or about 3 percent of the 

total number of AM stations. These antennas, or phased arrays of monopoles, are 

used to propagate a vertically polarized groundwave signal in an omni-direc

tional pattern. Generally the reason for a multiple tower array is to minimize 

radiation in some particular direction instead of enhancing the signal in a 
given direction. In this manner long distance interference protection is pro
vided to distant stations operating on the same frequency. Because the earth 

acts as a ground plane for the vertical antennas used in AM radio transmission, 

ground conductivity plays an important role in determining the strength of the 
emitted signals. The greater the soil conductivity, the greater the signal 
strength at a given point for a fixed power. Ground conductivities found in 
the U.S. vary typically from 1 to 30 millimhos per meter [7]. Other factors 
that affect the intensity of an AM radio signal are the tower height (some 
heights are more effective than others in maximizing field strengths), the 
frequency of emission, the immediate terrain about the antenna site, and the 
actual power being transmitted. 

Using a computer program developed by the Institute for Telecommunication 

Sciences [8], the ground level field strength near two different AM radio 
towers was computed and is plotted in Figure 2. These two curves represent the 
extremes in field strength for variations in ground conductivity, antenna tower 

height, and frequency. Each curve is computed for a transmitter output power 

of 50 kW and assumes that the power is totally delivered to the antenna without 

mismatch loss. The particular tower heights used were obtained by inspection 
of the official list of notified assignments of standard broadcast stations [9] 

and choosing actual indicated minimum and maximum tower heights according to 
the 50 kW stations operating on each of the two different frequencies. A 
maximum field strength of 22 V/m is obtained at 100 m from the 550 kHz case and 

decreases as approximately the inverse of the distance. Two qualifications 
need to be placed on these results: (a) the indicated field strength values 
are not valid at distances closer than 100 m due to near field effects and (b) 
it is possible that some particular station with an optimum tower height (5/8 

A) at its operating frequency and an excellent ground system might produce 
slightly higher field strengths - the two cases selected here are intended to 
be representative of typical extremes but not necessarily the absolute extremes. 
A field strength of 22 V/m is equivalent to 0.13 mW/cm2 in free space. 

As one approaches the monopole of an AM station the exposure must be 
computed on the basis of both the electric and magnetic fields and must include 

the induction and electric fields very near the surface of the antenna. It is 
of interest to determine the intense fields very near such antennas and this is 

accomplished by solving the field equations for the case of a monopole over a 
perfectly conducting ground plane [10]. In reality finite ground conductivity 

will affect the answers but for practical hazard analysis purposes the 
approximation is sufficiently accurate. Figure 3 is a plot of the electric and 
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magnetic field strengths in the very near vicinity of a vertical monopole 
antennadrivenwith SO kW of power with tower heights of 0.1 and O.S wavelengths. 
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Figure 2. Ground wave field strength for a SO kW 
single monopole AM broadcast station. 
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Figure 3. Electric and magnetic field strength for 
a monopole over perfect ground. 
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The two sets of curves represent the fields as calculated on the ground surface. 

The electric and magnetic field strengths which are equivalent, in the far 

field, to 10 mW/cm2 are shown for reference. Through numerous calculations, 

depending on exact tower heights, it can be shown that these field intensity 

values represent the range of possible values for practically used standard 

broadcast towers. The strongest implication of these results is that field 

strengths very near and on the surface of such towers can reach extremely high 

values and may represent a hazardous condition for workers climbing them. 

FM and TV stations operating in the VHF and UHF parts of the spectrum (see 

Table 3 for frequencies and authorized maximum powers) employ antennas which 

exhibit a uniform pattern in the azimuth but concentrate the power into a 

narrow vertical plane beam. An example of the vertical plane radiation pattern 

of a typical UHF-TV transmitting antenna is seen in Figure 4. Sometimes the 

antenna employs a certain degree of beam tilt to optimize the coverage in a 

particular locale. FM and TV antennas utilize the tower only as a supporting 

device; frequently a single tower may support several FM and/or TV transmitting 

antennas. 

Table 3. Technical information relevant to FM and TV broadcasting. 

Service 

FM Radio 

Low VHF-TV 
(Ch. 2-6) 

High VHF-TV 
(Ch. 7-13) 

UHF-TV 

Frequency (MHz) 

88-108 

54-88 

174-216 

470-890 

Maximum ERP (kW) 

100 (may use 100 kW 
in both horizontal and 
vertical planes) 

100 

316 

5000 

Because of the collimation of a fairly narrow beam of radiation, these 

antennas exhibit gain over an isotropic radiator. This power gain is used to 

compute the effective r~diated power (ERP) for the station since 

ERP= PtG where 

Pt= power input to antenna 
G = gain of antenna 

For computation of the field in the vicinity of such antennas, several relations 

hold for a hazards analysis. The electric field radiated from the antenna may 

be expressed by: 

where 

P = effective radiated power in watts in the main lobe of the antenna 

R = distance from center of radiation of antenna in meters - usually 

taken as the physical center of the antenna - to the point in question 

Fa= relative field factor for the desired depression angle from the 

horizontal of the antenna 
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Fa is that number which would be taken from a plot of the relative electrir 
field strength for an antenna such as is given in Figure 4. The factor of two 
in this relation accounts for the reflectioh ,f the incident electric field 
which might occur due to surrounding objectg. In the case of reflections the 
standing wave can double the value of the .. :i.dent field. This factor is then 
a conservative way of making an estimate of ~Le actual field. 

Figure 4. Medium gain UHF antenna vertical radiation 
pattern, 
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Another useful relation is -c free space expression for power density: 

S(mWfr.,,. J = p 

10nR2 
where 

the terms are the same as previously defined. This relation comes directly 
from the expression for e ·.ectric field strength since 
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E2 
S = - where 

Zo 

Z
0 

= intrinsic impedance of free space= 120n n 

These relations have been used to compute the worst case values of expected 

power density at various heights above ground for an actual super-power UHF-TV 

station in Washington, DC [11). Terrain elevation data along eight different 

radial directions from the station locat~on were used in conjunction with the 

vertical radiation pattern of the actual antenna being used by the station. 

Figure 5 shows how the power density varies as a function of distance from a 

UHF tranF~itter and the distance below the center of radiation for the antenna. 

The comp1.ted curves are for a 1 MW ERP station and employ the radiation pattern 

characteristics of the actual station studied in Washington, DC. Main beam 

exposures could theoretically only exist ~n the case of a tall nearby building 

or other antenna mounting configuration which allowed individuals to "look into 

the antenna." Figure 6 gives the maximum worst case power densities produced 

in the main beam of FM, VHF-TV, and UHF-TV broadcasting stations. Maximum 

authorized ERP is used from Table 3 for c ,·'\ service and the computed power 

density assumes that reflections occur. 

Figure 5. 
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FM and VHF-TV broadcast antennas exhibit broader beam widths in the 

vertical plane and in some instances less well controlled illumination of the 

array resulting in what are referred to as grating lobes [12]. Grating lobes 

are those radiation lobes which are directed straight above and below the 

antenna where it is not desired to radiate or aste power. Figure 7 illustrates 
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Figure 6. Maximum power density from FM and TV 
stations. 
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the existence of grating lobes. In the case of a broadcast antenna with a pronounced grating lobe, the electric field strength on the ground or at the· base of the tower can be as intense as in the main lobe of the antenna at the same distance (a distance equal to the tower height) [13]. This interesting result is the basis for an analysis of FM stations to attempt identification of specific sites where unusually intense fields might be observed. This analysis will be discussed shortly. 

HAZARD SURVEYS AT BROADCAST FREQUENCIES 

Within the last few years a number of field measurement studies have been accomplished; some of these studies have been aimed at determining ambient RF levels a long distance away from broadcast sources while others have been directed toward assessing field levels in the immediate neighborhood of specific transmitting antennas. Two environmental studies, one in Las Vegas, Nevada and one in Washington, DC, have been performed to determine the relative intensities of stations operating in a number of broadcast bands [14,15]. These measurements provided some initial information on levels due to broadcast sources and demonstrated the difficulty of making accurate, broadband field intensity measurements. The results of the Washington study indicated that the principle component of the total power density observed, when monitored over the frequency range of 20 Hz to 10 GHz, was due to broadcast stations and nearby radar installations. The Las Vegas survey studied only broadcast stations in the VHF spectrum (54-220 MHz). Maximum power density observed in Las Vegas was 0.8 µW/cm2 at one monitoring point and this was due in large part to one TV station and two FM stations. A total integrated value of power density of 
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Figure 7. Visualization of grating lobes of an 
FM transmitting antenna. 
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0.4 µW/cm2 was recorded as the largest value in the Washington, DC survey. More 
recent measurements in the Washington area using more accurately calibrated 
equipment indicate that much higher ambient levels can be expected [46). As an 
example of the type of general environmental surveys being performed presently 
by EPA, Figure 8 shows the field strengths in the FM and low VHF-TV bands. 
These measurements utilize antennas designed to respond to all polarization 
components of the impinging waves and make use of computer automated data 
corrections which incorporate all system correction factors necessary such as 
for the antennas. These graphical outputs were obtained at Sibley Hospital in 
Washington and when converted to equivalent power density plots represent a 
total of 0.4 µW/cm2 in these two bands alone. This compares with a value of 
0.007 µW/cm 2 measured at the same location in the previous Washington, DC 
survey [15] which was reportedly due to contributions throughout the entire 
spectrum. 

Another interesting study concerns the measurement of RF field strengths 
at the University of California Medical Center in San Francisco [17). This 
study was prompted by the construction of a nearby major broadcast tower which 
now supports the transmitting antennas for several television and FM stations. 
Personnel in the hospital were worried about possible interference from the 
new tower with medical instrumentation and particularly cardiac pacemakers. 
Measurements were made both before and after installation of the new tower to 
assess the impact which the more closely situated stations would have. Maximum 
observed field strengths of 1.4 V/m were found after the new tower was placed 
in operation, and this value was from an FM station. A report by personnel of 
the hospital [18) indicates that their Office of Environmental Health and Safety 
has established an inside the hospital standard which requires that the field 
strength must not exceed 1 V/m average or 1.5 V/m peak. These two studies 
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Figure 8-A. FM band field strengths in Washington, DC 
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Figure 8-B. Low VHF TV field strengths in Washington, DC 
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suggest that the effects ot RF ~nterference to critical lite support devices 
may be as important as the direct thermalizing effects in tissue from intense 
RF fields. Though cardiac pacers have been greatly improved with respect to 
RF interference susceptibilities in the past few years, this problem may still 
exist for some time in the close proximity of high power broadcast stations [19]. 

An investigation of a new proposed broadcast antenna installation in 
Minneapolis has been made to determine if radiation levels on the roof of the 
building supporting the tower will exceed the OSHA regulation of 10 mW/cm2 [20]. 
Using as a guide a previous study made at the Shell Plaza in Houston [21] from 
which eight FM radio stations transmit, the expected ~ower density on the 
building in Minneapolis was predicted to be 5.9 mW/cm if four stations are 
used or 9.1 mW/cm2 if five stations operate. The Shell Plaza study, supported 
by field measurements, found that levels approaching 5.6 mW/cm2 could occur on 
that building. A similar analysis performed for the new Sears building in 
Chicago which supports a number of major television and FM stations determined 
that exposure levels were in the 4-5 mW/cm2 range at the point of maximum 
intensity [22]. 

The question of broadcast radiation from a hazard point of view has been 
raised by the Hawaiian State Senate which has passed a resolution asking for a 
formal examination of this question from the Hawaiian State Department of 
Health [23]. An impetus for this resolution was the denial of an application 
for a building permit for a new high rise building which would be located 
innnediately adjacent to a broadcast tower which is the single most powerful 
source of broadcast power, ERP wise, in Honolulu [24]. EPA has assisted the 
State of Hawaii in this endeavor [25]. In a previous broadcast situation in 
Hawaii, the strong fields produced by an AM standard broadcast station induced 
high RF currents and voltages in nearby cranes used in ship loading operations 
at an adjacent pier [26]. A subsequent study was performed to quantitate the 
induced field effects and to investigate possible remedial measures [27]. 

Recently a very interesting exposure situation has been identified at 
Mt. Wilson near Los Angeles in California. Mt. Wilson is the site of probably 
more FM radio and television broadcast stations than any where else in the 
nation. At the request of the Los Angeles County Health Department, EPA is 
presently assessing the possible levels of RF radiation which exist at the base 
of the many towers on this mountain top. At one particular location, a post 
office is situated in the midst of 27 different radio and TV stations located 
on different towers. Figure 9 illustrates the Mt. Wilson broadcast complex. 

Because of the unique setting of this large broadcast installation, most 
of the towers are relatively low to the ground since they are on a mountain top 
to begin with, EPA will be conducting a series of field measurements at Mt. 
Wilson in the near future to determine actual exposure levels and to investigate 
various instrumentation approaches applicable in a multiple source, intense 
field environment. 

IDENTIFICATION OF HIGH INTENSITY FM TRANSMITTER SITES 

The foregoing examples of hazard surveys at various broadcast installations 
point out that broadcast stations are a major source of RF exposure in the 
environment and if the circumstances are right, environmentally significant 
exposures may occur. Significant is defined as any exposure which is tn the 
range of 1 to 10 mW/cm2 , 1 mW/cm2 beipg a tenth of the current accepted occupa
tional guide for exposure in this country. It is of interest to determine what 
segment of the population may be routinely exposed to significant levels of RF 
energy, if any, before a decision is made as to the necessity of creating an 
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Figure 9. Broadcast tower complex on Mt. Wilson near Los Angeles. 

environmental standard for RF exposure that would be applicable to the general 
population. Prompted by the outcome of so~e of these past broadcast radiation 
hazard surveys and the observation of relatively intense grating lobes frorr. FM 
radio transmitting installations (28] we decided to study the population of FM 
radio stations in this country. The intention was to identify specific FM 
transmitting sites where the RF exposure lavels might be relatively high, at 
least in the significant range. These sitas then, could serve as locations to 
make careful f1eld intensity measurements :or the purpose of va:idating the 
calculational ~rocedures used in identifying them. 

The first step in this analysis was to obtain the required technical 
information on all FM radio stations in the nation. A list of ~11 FM stati,ns 
was obtained directly from the FCC which contains in addition to the usual 
technical specifications :or the stations the height of the antenna above tie 
tower base and the height of the antenna above ground. This information is 
very difficult to obtain without individua:ly contacting each station of 
interest and unfortunately is not available on a computer automated data base. 
From this listi3g of some 3,000 stations a sorting criteria was established to 
select out thosa stations which appeared to be interesting from a high level 
exposure viewpoint. If the following conditions were met by a station it was 
placed in a new list for subsequent analysis: 

(a) the ac:ual transmitter power had to exceed 100 W 
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(b) either the antenna height above ground or the tower base had to be 
less than 100 feet. 

Using this criteria 326 stations were found that qualified for further analysis. 
In this procedure, there exists the possibility that a maximum authorized power 
station might be situated just over 100 feet in height and be missed. During 
the sort process, therefore, some judgment was used to include in a few 
instances stations that were slightly over the 100 foot limit if they were 
high power outlets, 

Each station which met the sorting criteria was then analyzed for the 
maximum possible power density which could exist at the base of its tower. This 
power density might be on a roof top, if the station was situated on a building, 
or on the ground. Power density calculations were performed using the simple 
free space relation previously discussed and includes the possibility of 
reflections which would enhance the field intensity and assumes that the grating 
lobe field is as substantial as the main beam. In the case of stations utiliz
ing dual polarization, only the ERP in the horizontal plane was used in the 
computation. This procedure was assumed reasonable since previous measurement 
results seemed related to the power in one polarization plane only [13]. A 
final cross check for current operation power was made by referring to another 
commonly available source of broadcast station information before ranking the 
results [5]. Table 4 is a list showing the results of this analysis with the 
stations listed in order of decreasing computed power density. This list 
reveals that the maximum computed power density is about 21 mW/cm2 for a roof 
top location in Oklahoma City. Power densities decrease fairly rapidly to the 
range of 1-2 mW/cm2 • This list shows only the first 24 stations; it was 
determined that 86 stations could potentially produce a power density of 1 
mW/cm2 or higher. This represents 3 percent of all FM stations in the country. 
The predominate number of the higher exposure values calculated are for roof 
top installations. Sixty-one of these 86 stations were roof mounted. Table 5 
provides a sunnnary of the data found in Table 4. 

Table 4. FM station analysis. 

Call Location ERP Antenna Power Density {mW/cm2 ) Freq. 
(kW) Heights Structure Ground (MHz) 

Struct/Gnd 
(Ft) 

KAFG Oklahoma City, OK 100 40/301 21.414 0.3782 102.7 KFNB Oklahoma City, OK 100 40/457 21.414 0.1641 101.9 WFMR Milwaukee, WI 39 35/330 10.908 0.1227 96.5 KCMW Wa rrenburg, MO 100 60/100 9.517 3.426 90.9 WQFM Milwaukee, WI 50 44/279 8.849 0.2201 WFUV Ne11 York, NY 50 45/199 8.460 0.4326 90.7 WJR Detroit, Ml 50 54/486 5.875 Q.0725 96.3 WOMA Tallahasse, FL 51 55/149 5. 777 0.7871 94.9 WTMI Miami, FL 60 60/409 5. 710 0.1229 93. l KPRI San Diego, CA 50 55/135 5.663 0.9400 106.5 KSRN Reno, NV 25 40/40 5.354 104.5 WBYU New Orleans, LA 100 80/513 5.354 0.1302 95.7 WQRS Detroit, MI 50 58/516 5.093 0.0643 105.1 KEZQ Little Rock, AR 60 66/310 4. 719 Q.2139 94. l KYKRJ 
KCAW Port Arthur, TX 25 44/204 4.424 0.2058 93.3 
KEZK St. Louis, MO 63 70/347 4.405 o. 1793 102.5 KRAS Seattle, f/A 45 60/60 4.283 107.7 WMTQ Mt. Washington, NH 48 62/62 4.278 94.9 KITT San Diego, CA 120 H, 31 V* l 00/320 4.112 Q.4015 105.3 KRWG Las Cruces, NM 100 --/92 4.048 90.7 WPRB Princeton, NJ 17 38/154 4.034 0.2456 103.3 KTBA Broken Arrow, OK 3 16/174 4.015 0.0340 92.1 WFYR Chicago, IL 50 69/549 3.598 0.0568 103.5 
*Effective radiated power in horizontal and vertical planes. 
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Table 5. Statistical summary of FM data. 

Power Density Number of Percent of 
Range Stations Those >l 

1.0 - 1.99 36 41. 9 
2.0 - 2.99 21 24.4 
3.0 - 3.99 7 8. 1 
4.0 - 4.99 8 9.3 
5.0 - 5.99 7 8. 1 
6.0 - 6.99 0 
7.0 - 7.99 0 
8.0 - 8.99 2 2.3 
9.0 - 9.99 1 1.2 

10.0 - 10. 99 1 1.2 
------------
21. 0 - 21. 99 2 2.3 

Total number of FM stations= 3373 = 100%. 
No. of Stations which met "pull-out" criteria = 326 = 9.7%. 
No. of stations which have power densities >l.O = 86 = 2.6%. 
No. of above power densities measured from a roof= 61 = 70.9%. 

A number of qualifications must be indicated concerning these results. 
The indicated antenna heights as obtained from the FCC are in reality the 
heights to the very top of the supporting structure rather than to the center 
of radiation for each antenna. In some instances this is in fact to the top of 
the antenna but in others it may be a significant distance beyond the point on 
the tower where the antenna is mounted. In the cases where the antenna is 
actually lower to the tower base than shown in the FCC data, the calculated 
power density will be under-estimated. Another factor is the accuracy of the 
data base as supplied by the FCC; it was found by checking with a few stations 
at random that some errors in antenna heights exist in the FCC listing. 
Additionallv there were 78 stations which had insufficient antenna height 
information to determine if they should be included with the stations for which 
power densities were computed. This factor, of course, could place other 
stations in Table" which are not presently there. Finally the computation of 
power density used in this analysis is a simplification of the problem in that 
it does not use measured vertical radiation pattern data for each station's 
antenna nor does it use any method of correction for near-field gain effects 
when the computation is for a distance in the near field. Another very 
important factor is the proximity of the nearest radiating element with respect 
to the ground or the roof. The local fields in the immediate vicinity of a 
radiating element can be extremely intense and these estimates do not take into 
account this possibility since we have no data on such element locations. All 
of these factors can obviously modify the order of the listing in Table 4, the 
actual stations and power densities found therein, and, of course, can account 
for differences between those power densities calculated and the exposure which 
would be measured in the field. Nevertheless, this analysis can provide a 
guide to locations where relatively intense fields will be found and measurement 
locations useful for verifying analytical methods of predicting exposures. 

A similar sorting was performed for TV stations in the U.S. using both a 
special list provided by the FCC and other sources [29]. From the available 
data it was not possible to determine if a given TV tower was located on a 
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building or on the ground; additionally the significance of grating lobes on TV 
antennas is assumed to be far less than in the case of FM antennas. Thus a 
listing was produced of all stations with antenna heights above ground of 100 
feet or less. This list, Table 6, is produced in order of increasing tower 
heights and indicates those stations with short towers where ground level field 
intensities will be relatively high. 

Table 6. TV station analysis. 

Cal 1 Location 

NEW Salinas, California 
WVPT Staunton, Virginia 
KMEB Wailuku, Hawaii 
KVRW Rawlins, Wyoming 
KTIE Oxnard, California 
WOLE Aquadilla, Pureto Rico 
KMAU Wailuku, Hawaii 
KYUS Miles City, Montana 
KINY Juneau, Alaska 
KAIL Fresno, California 
KMVI Wailuku, Hawaii 
KEKO Elko, Nevada 
KAII Wailuku, Hawaii 
KYVE Yakima, Washington 
WNNE Plattsburgh, New York 
KWRB Riverton, Wyoming 
WSVI Christiansted, Virgin Islands 
KBSC Corona, California 
KBGL Pocatello, Idaho 
KTVR LaGrande, Oregon 
KSL Sa 1 t Lake City, Utah 
KTEH San Jose, California 
KORL Reno, Nevada 
WLBZ Bangor, Maine 
KBYU Provo, Utah 
KEET Eureka, California 
K8LL Helena, Montana 
KBSA Guasti, California 
KIXE Redding, California 
NEW Reno, Nevada 
WETK Burlington, Vermont 
WB8J Jackson, Tennessee 
KEYC Mankato, Minnesota 

ERP 
(kW) 

23.48 
87.1 
31.6 
12.6 
20 
17.8 
14. l 
10.2 
0.24 

355 
27.5 
25.3 
29.8 
19. l 

525 
58.9 
58.5 

457 
66.1 
12.2 
33.9 
95 
17.4 
51.3 
49 
66.1 
0.973 

219 
115 
31.05 

251 
295 
316 

Antenna Channel 
Heights 
Struct/Gnd 
(Ft) 

29 7 
46 51 
47 .3 10 
57 11 
59 63 
60 12 
60 3 
65 3 
69 8 
69.5 53 
70 12 
71 10 
75 7 
78 47 
79 57 
79 11) 
80 8 
82 52 
87 10 
87 13 
90 5 
92 54 
92 4 
95.5 2 
96 11 
97 13 
97 12 
98 46 
99 9 

100 5 
100.4 33 
109 7 
116 12 

The next phase of this study is to document by a set of careful field 
measurements the actual field intensities at the base of a number of the 
previously discussed FM and TV transmitter sites. These field measurements 
will examine the applicability of various measurement techniques including: (a) 
the use of tuned dipoles and narrow band tuneable receivers, {b) electrically 
short probes using- broadband diode detection, and (c) commercially available 
RF hazard survey instrumentation. The comparison of electrically short probes 
with more conventionally used half-wave dipoles is important to define condi
tions under which the larger antennas may give erroneously low results due to 
complex standing wave configurations. 

BIOLOGICAL CONSIDERATIONS 

There has been considerable controversy within the past few years over the 
wide range which exists between RF exposure standards in the USSR and in this 
country. To date this controversy still exists but steps toward its resolution 
have been taken by U.S. scientists who are attempting to replicate some of the 
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Russian biological effects research. Other guides or standards for RF exposure 
exist and several of these are outlined in Table 7. The most striking feature 
of this table is the 1 V/m limit in the Soviet Union for the frequency range of 
30-50 MHz [30]. This field strength is equivalent to a free space power density 
of 0.27 µW/cm 2 as compared to the OSHA [31] or ANSI [32] limits of 10 mW/cm2 

which are defined for individuals occupationally exposed. The low exposure 
limits, for the general population in the USSR, if applied in this country, 
would be exceeded for a substantial fraction of the U.S. population where field 
strengths of this magnitude routinely exist and have so for years. It is even 
questionable whether such low limits can be practically complied with even in 
the USSR. 

Table 7. Some RF/microwave exposure standards. 

Standard App 1 i cab 1 e Frequency 
Range Limits and Co11111ents 

OSHA 10 MHz - 100 GHz 10 mW/cm2 for periods >O. 1 hour 
1 mW-hr/cm2 during any 0.1 hour 
period 

ANSI 10 MHz - 100 GHZ Same as OSHA but includes other 
specifications for field as 

40,000 V2/m2 or 0.25 A2/m2 

BRH 915, 2450 5 mW/cm2 at any point two inches 
from surface of microwave oven 
during life time 

USAF 300 MHz - 300 GHz T = 6,000/W2 where T is time of 
exposure permitted and W is power 
density in mW/cm2 

10 kHz - 10 MHz 50 mW/cm2 for periods >6 min 
18,00~ mW-sec/cm2 for periods <G min 
100 kV/m peak pulse, 1 pulse/minute 

USSR Occueational Groues The Poeulation 

Medium Waves 50 V/m 10 V/m 

100 kHz - 3 MHz 5 V/m Not Established 

3 - 30 MHz 20 V/m 4 V/m 

30 - 50 MHz 10 V/m 1 V/m 

50 - 300 MHz 5 V/m Not Established 

0.3 - 300 GHZ 10 µW/cm2 1 µW/cm 2 

The ANSI standard allows for exposures in excess of 10 mW/cm2 when the 
duration of the exposure is sufficiently short. One possible shortcoming of 
this standard is the allowance of very intense exposures for these short time 
periods. A modification of the ANSI standard by the U.S. Army and Air Force 
[33] limits maximum exposure under any conditions to 100 mW/cm2 regardless of 
how short an exposure time is involved. A proposed regulation for RF exposure 
in the State of Texas [34] is patterned after the ANSI standard. 

Generally the degree of thermal hazard from RF exposure decreases with 
frequency. However, to date, standards in this country do not take this into 
consideration. There have been suggestions that a much higher limit should be 
used for frequencies below 30 MHz by at least two different organizations [35, 
36]. The Admiralty Surface Weapons Establishment of the U.K. has adopted an 
unofficial guide of 1,000 V/m below 30 MHz and this level has been chosen on 
the basis of phantom dielectric heating and analytic studies which show a 
decreased heating effect. The U.S. Air Force has suggested the use of 50 mW/cm2 

at frequencies below 10 MHz from their own animal studies which indicate 
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negligible thermal damage at this level and frequency range [36], 

Based on simple electric field coupling alone, safe current-density values 
were projected by Schwan [37] which indicated that incident power densities on 
the order of 106 times that considered safe at 1 GHz (10 mW/cm2) would be 
required at 1 MHz to produce the equivalent power deposition in a spherical 
model of man and that the concept of current density might be a better choice 
of a hazard parameter, especially for the lower frequencies. A current density 
of 3 mA/cm2 is used as corresponding to an incident flux of 10 mW/cm2 in the 
microwave spectrum and is equivalent to the thermal load in the body imposed by 
the basal metabolic rate. Schwan's relation between incident power density and 
frequency for current densities of 1 and 3 mA/cm2 are plotted in Figure 10. 
The 3 mA/cm2 figure is compatible with the fairly extensive data on electrical 
hazards of low frequency currents. 

Figure 10. Power density as a function of frequency 
for current densities of 1 and 3 mA/cm2 • 
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Numerous studies have been performed to determine the relative absorption 
cross section of man in different frequency ranges. Notably, the early studies 
concerned with radar hazards examined planar tissue slabs [38] and spheres [39] 
and showed that lossy dielectric absorbers could absorb up to several times 
the product of the incident power density and geometric shadow cross section of 
the sphere in the frequency range of 400-10,000 MHz. Subsequent thermographic 
analyses determined the distribution of the absorbed microwave radiation in 
spheres [40,41]. 

A more careful analysis of relative absorption characteristics of man at 
lower frequencies has shown the importance of considering both electric and 
magnetic coupling effects in spheres [42]. Figure 11 from Lin's work, illus
trates the variation of absorbed power density (mW/cm3=total power absorbed/ 
volume) for a man-equivalent sphere model in the frequency range of 1 MHz to 10 
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GHz. An incident plane wave field of 1 mW/cm2 is assumed. The significance of 
the magnetic field induced power has been calculated as approximately two orders 
of magnitude greater than the electric field induced power at frequencies below 
about 20 MHz [42]. This suggests that it is very important to measure the 
magnetic field component at low frequencies in assessing potentially hazardous 
exposure situations. As the wavelength to size ratio becomes smaller, the 
electric and magnetically induced powers approach one another. Moreover it is 
interesting to note that the average power absorption density (mW/cm2 ) curve 
shows a difference of about four orders of magnitude for relative absorption 
between 1 MHz and 1 GHz as opposed to the 106 factor suggested from electric 
field coupling only [37]. Additionally, the average absorption power density 
at 100 MHz is on the same order as at 1 GHz which is well into the microwave 
range for which the present exposure standard of 10 mW/cm2 is applicable. This 
suggests that exposure in the FM broadcast band is essentially as significant, 
thermally speaking, as the higher microwave frequencies. 

Figure 11. Relative power absorption for a man 
equivalent spherical model (taken with permission 
from Lin et al. [42]). 
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An extension of spherical analysis has been accomplished for a more 
suitable model of man in the form of a prolate spheroid, exposed to a plane 
wave field [43]. This work showed the very significant effect of orientation 
of the model to the incident field in the HF band (3-30 MHz), Maximum power 
absorption is obtained when the major (long) axis of the prolate spheroid is 
polarized with the incident electric field. This occurs because of maximum 
electric coupling and maximum magnetic coupling since more magnetic flux is 
intercepted by the cross section. A factor of ten difference can exist in the 
total absorbed power density (mW/cm3) depending on whether the spheroid is 
polarized with the electric or magnetic field. Figure 12 is reproduced from the 
work of Durney at al, [43) which illustrates this phenomenon where the aspect 
ratio (ratio of length of major axis to minor axis) of the spheroid approximates 
that of man. Again the principle power absorbed is due to the incident magnetic 
field. The curve of average absorbed power density for electric polarization 
is highest since the spheroid is aligned for optimum electric field coupling 
and optimum magnetic field coupling (the body of the spheroid intercepts more 
magnetic field flux lines). Figure 13 from Durney et al. [43) also illustrates 
the interesting effect of the aspect ratio for the spheroid where the absorbed 
power is normalized by dividing it by the power absorbed in a sphere of equal 

Figure 12. Average absorbed power density by a 
muscle prolate for each of the three polariza
tions, electric (Pe), magnetic (Pb), and cross 
(Pc), and for a sphere (Ps) with an incident 
power density of 1 mW/cm3 , a= 1 m, a/b = 7.73, 
volume 0.07 m3 (taken with permission from 
Durney et al, [43]). 
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volume. This curve provides significant insight to the problem of extrapolating 
the results of animal bio-effect research to man where the aspect ratio may be 
totally different than that of man. Experimental studies have documented this 
polarization dependence in the microwave range [44]. In this study frequency 
ranges of 40-55 MHz and 135-165 MHz whicharenear the FM and VHF TV broadcast 
region were suggested as being important frequencies for human absorption; this 
study is based on an extrapolation of data obtained for prolate spheroids in a 
transmission line configuration [45]. At the lower frequencies the importance 
of quantifying the magnetic field is again emphasized for hazard evaluations. 

Figure 13. Total absorbed power of a 0.07 m3 muscle 
prolate spheroid normalized to that of a muscle 
sphere of equal volume for each of the polarizations 
as a function of the ratio of the major axis to the 
minor axis of the spheroid at 10 MHz (taken with 
permission from Durney et al. [43]) . 
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Thermographic studies at lower frequencies have been performed using 
scaling techniques to investigate the absorption properties of humans in the 
HF range [46] using scaled down phantom models. Maximum absorption has been 

, observed to occur at frequencies for which the human body is approximately A/2 
in length in free space configurations and at frequencies for which the body is 
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A/4 when on a ground plane. The observed resonance effect in this study is in 
contrast with another study which has shown a relative flat, frequency 
independent characteristic of the body in the frequency range of 30-80 MHz [47). 

These studies, in general, have treated the case of plane wave irradiation 
and further study is required to assess the absorption properties of man in 
near field conditions where-in the electric and magnetic fields are not in 
time phase; these are the conditions which exist very near the AM standard 
broadcast towers for example. 

Certainly an environmental exposure standard should not exceed the 
occupational standard and perhaps should be lower. The occupational guide 
[29,30) implies that the health conditions of the worker are known, that the 
actual exposure can be controlled, and the daily exposure is limited to 
approximately eight hours. None of these conditions apply when dealing with 
the uncontrolled exposure of the public at large. This suggests that a general 
environmental limit of 10 mW/cm2 applied to large population groups may not be 
prudent. On the other hand, it is not clear at what point a lowered exposure 
would satisfactorily compensate for the uncontrolled aspects of general popula
tion exposure. Any environmental standard should incorporate the flexibility 
necessary for upwards or downwards adjustment to take into account unique 
exposure situations. 

Careful examination is being given to the range between 1 and 10 mW/cm2 

in an attempt to define an acceptable exposure level for large population 
groups under uncontrolled exposure conditions. The closest scrutiny is being 
given to the lower end of the range. This does not preclude the promulgation 
of even lower levels should later biological data indicate that standards 
should be set below the indicated range. Due consideration must be given to 
frequency range and duration of exposure. The strongest factors to be con
sidered in choosing environmental exposure criteria are the protection afforded, 
the means of providing for control, and the economic impact on both the user of 
the source and the consumer of source related services. 

Values which lie within the indicated range, especially at the lower end, 
would generally provide for a less hostile electromagnetic compatibility 
environment for many sensitive medical devices, would provide an additional 
safety facto~ 1 of up to 10 for direct (thermal) biological effects, and would 
limit radiofrequency interference to consumer electronic devices. 

CONCLUSIONS 

Broadcast stations are significant sources of RF exposure in the environ
ment; they represent the major portion of exposure from all source categories, 
including radar, when viewed in a macro-environment context and can, under 
special circumstances, produce significant exposure levels on a specific source 
basis or in the micro-environment. The levels of exposure associated with 
broadcast stations in either situation exhibit a wide dynamic range depending 
on location and local source density but are generally not considered to 
represent a hazard. Specialized exposure circumstances, however, can imply 
relatively intense power densities and these situations should and are being 
investigated to determine the real extent of possible hazards. 

Several specific conclusions are drawn: 

a) Because personnel routinely work on energized broadcast towers, the 
currents and local fields on such towers should be investigated further to 
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determine actual exposure and absorbed dose data. This consideration applies 

to AM and VHF or UHF installations. 

b) Significant ground or roof level power densities (1 mW/cm2 or greater) 

from FM and TV stations may be more prevalent than previously thought; however, 

accurate field measurements to better validate this possibility are indicated. 

c) Careful consideration should be given to work on towers or buildings 

immediately adjacent to high power broadcast stations, especially UHF-TV. 

d) More definitive data on the relative absorption cross section of man 

is needed in the frequency range of 50 to 400 MHz. This data would help to 

establish a better perspective on RF hazards at lower frequencies than most 

available data and would be helpful in determining the applicability of 

presently used exposure guides, 

e) At present no environmental standard exists for RF or microwave 

exposure. Careful examination is being given to the range between 1 and 10 

mW/cm2. The actual choice of a level will be based on the results of current 

effects research, the protection afforded by the chosen level, control 

methodology, and economic impact. 
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ABSTRACT 

SYSTEM FOR QUANTITATIVE CHRONIC EXPOSURE OF A POPULATION 
OF RODENTS TO UHF FIELDS 

Arthur W. Guy and Chung-Kwang Chou 
Bioelectromagnetics Research Laboratory 

Department of Rehabilitation Medicine RJ-30 
University of Washington School of Medicine 

Seattle, Washington 98195 

A system has been developed for economically exposing a large population 

of rodents on a long-term basis without disturbing their normal laboratory 
living patterns. The use of separate cells consisting of cylindrical waveguide 

excited with circularly polarized guided waves provides relatively constant and 
easily quantifiable coupling of the fields to each animal, regardless or their 
position, posture, and moving patterns. The VSWR to each cell is sufficiently 
low that any number of cells can be coupled to a single source through a power 

splitter without the need for isolation circuitry. 

I. INTRODUCTION 

There has been increasing evidence that long-term chronic exposure of 

animals to low-level electromagnetic (EM) fields will produce effects that 
cannot be produced by short-term acute exposure, even at much higher levels of 

field strength [1]-[6]. Many of these investigations usually involve the 
exposure of a population of animals as a compact group to a plane wave field in 

an anechoic chamber or to standing wave fields in a metallic cavity. For both 

methods, the coupled power to each animal is a function of the group size, 

group orientation, the orientation of each animal within the group, as well as 
the presence and orientation of water and food dispensers, It has been shown 

that under a fixed set of exposure conditions, the maximum specific absorption 

rate (SAR) in a particular animal of a group exposed in a metal cavity could 
vary over a range of three orders of magnitude with normal changes of animal 

posture and position [7]. Ghandi [8], and Durney, et al., [9], have shown that 
the absorbed power in an animal exposed to a plane wave field can change by 

more than an order of magnitude, depending on whether the animal is parallel or 

perpendicular to the electric field. These problems could be partially elimin

ated by restricting the size of the exposed groups to a single restrained 
animal, but the cost of resources and time required for even simple experiments 

involving chronic exposures of animal populations in the large anechoic chambers 
now in use would be prohibitive. This paper describes a new and inexpensive 

method for exposing a population of animals to a single source while independ

ently maintaining relatively constant and quantifiable EM power coupling to 
each animal, The animals may be continuously exposed while unrestrained and 
living under normal laboratory conditions with access to food and water, 

The system consists of a number of individual exposure cells connected 

through a power divider network to a single power source. Each cell consists 

of a section of circular wave~uide constructed of low-cost, galvanized wire 
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screen in which a circularly polarized TE11 mode field configuration is excited, 
Each cell contains a plastic chamber of adequate size to house rodents up to 
the size of guinea pigs under normal laboratory living conditions. The floor 
of the chamber, consisting of glsss rods, allows waste to fall through plastic 
funnels into collection containers outside of the waveguide. The animal is fed 
from a special magazine containing dried food pellets which absorb very little 
of the microwave energy. The water supply is a standard water bottle and glass 
nozzle normally used in the laboratory except that it is electrically decoupled 
from the animal by two concentric one-quarter wavelength long coaxial choke 
sections. Each animal may move freely around in the chamber with minimal change 
in power coupling characteristics since the incident circularly polarized wave 
insures that the animal is uniformly illuminated with a propagating field (not 
unlike a radiation field) regardless of his orientation and movements. Severe 
changes in coupling due to animal orientation with respect to field polariza
tion observed for plane wave exposure systems are virtually eliminated. The 
system allows easy quantitation of the average incident power density to the 
animal and the total power absorbed by the animal. SAR distributions in the 
body of the exposed subject can be obtained by thermographic studies on phan
tom models, or on the actual bodies of sacrificed animals. 

II. THEORY 

The electrical design and operation of the system can best be described 
with the sketches shown in Figure 1. The basic system consists of a circular 
waveguide constructed of solid metal tubing or, for better ventilation and 
visibility of the subject, of wire screen. Each end of the tube contains two 
orthogonal excitation probes of proper length and distance from the shorted 
ends of the circular waveguide so each is matched to a 50 n coaxial feedline 
when the opposite end of the circular waveguide is terminated in the character
istic impedance of the TE11 mode excited by the probe. The probes are 
connected to standard four-terminal hybrid rings, as shown in the figure. The 
hybrid rings may be fabricated by forming a one-and-one-half wavelength diame
ter circle of 72 n cbaxial cable and shunting four standard 50 n connectors to 
it one-quarter wavelength apart (as measured within the coaxial cable). When 
power is fed to terminal (1), it will split in-phase and equally to terminals 
(2) and (3) with no coupling to terminal (4). Terminals (2) and (3) are 
connected to the waveguide probes by sections of 50 n transmission line. One 
line is one-quarter wavelength longer than the other in order to provide a 90° 
phase shift between the two orthogonal TE11 modes excited by the probes. The 
electric field configuration of the TE11 mode excited by terminal (2) of the 
hybrid is shown in the center of the waveguide sketch. The super-position of 
the two TE11 modes excited by the probes will produce a circularly polarized 
TE1i mode field configuration rotating in a clockwise direction while propa
gating from left to right in the waveguide. The two components of the circu
larly polarized mode will couple to the probes on the right-hand side of the 
guide such that the power originating at terminal (2) on the left hybrid will 
exit from terminal (2) on the right hybrid. Similarly, power originating at 
terminal (3) on the left hybrid will exit from terminal (3) on the right hybrid, 
Since the total phase shift of each component will be identical while propaga
ting between the respective junctions of each hybrid, the two components of 
power will arrive at terminals (2) and (3) of the right hybrid with the 
respective voltages in-phase, thereby adding at terminal (1) and subtracting 
at terminal (4) of the hybrid. Thus, if power is fed to terminal (1) on the 
left-hand hybrid, it will couple directly to terminal (1) on the right-hand 
hybrid by means of a right-hand circularly polarized wave traveling through 
the cylinder with virtually no power being coupled to terminals (4) of either 
hybrid. By the same token, if power is fed to terminal (4) of the left hybrid, 
it will couple directly to terminal (4) of the right hybrid by means of a left
hand circularly polarized wave with no power coupling to the other terminals of 
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either hybrid. If an electrical short were placed in the cylindrical waveguide 
while power was fed to terminal (1), the right-hand circularly polarized travel
ing wave would be completely reflected but still rotating in the clockwise 
direction with respect to the z axis (left to right) but in the counter
clockwise direction with respect to the negative z axis. Therefore, the 
reflected wave traveling in the negative z direction would be circularly polar
ized in the left-hand sense and would couple directly to junction (4) of the 
left hybrid with no reflected power coupling to the feed terminal (1). Thus, 
the hybrid provides a means of isolation between the reflections and the source 
energizing the waveguide. If the short were imperfect, for instance, a circular 
metallic disk not quite filling the waveguide, some of the energy would be 
transmitted beyond the obstacle. In this case, however, the wave would still be 
predominantly right-hand circularly polarized and the transmitted component 
would propagate to terminal (1) of the hybrid on the right, with virtually no 
power propagating to terminal (4). When an animal is placed in a chamber, as 
shown in Figure 1-b, and illuminated with a circularly polarized wave Rp by 
feeding power to terminal Rp of the hybrid, some power, PA, will be absorbed by 
the animal, some will be reflected in the form of both right-hand pRp and left
hand Lp circularly polarized waves, and the remaining will be transmitted beyond 
the animal as both right-hand R1 and 11 circularly polarized waves. The ~ 
reflected component PRp can be measured at the reflected arm of a bidirectional 
coupler between the source and the hybrid feed as CpRF (where pis the reflec
tion coefficient for the incident wave and C is the coupling coefficient of the 
bidirectional coupler). The reflected component Lp can be measured directly at 
the Ly terminal of the hybrid. The incident power launching the right-hand 
circularly polarized wave can be measured at the incident wave terminal of the 
coupler as CRp. The power transmitted beyond the animal can be measured at 
terminals R1 and 11 of the right hybrid. The total power absorbed in the animal, 
then, may be obtained from the expression in Figure 1-b in terms of the known 
components of power measured at the various terminals of the hybrids and 
directional coupler. 

A standard 8" diameter tube constructed of metal or low-cost galvanized 
metal screen provides a convenient method for exposing small rodents up to the 
size of a guinea pig to the ISM frequency of 918 MHz. Since the cut-off 
frequency for the dominant TE11 mode is 879 MHz and that of the next higher 
™oi mode is 1150 MHz, only dominant mode propagation is possible in the tube. 
Since the wavelength within such a waveguide is 105.5 cm, the animal represents 
an object that is relatively small compared to a guide wavelength. As a result, 
reflections from an animal and transmitted power beyond the animal experience 
very little distortion of the original sense of polarization with respect to 
the direction of propagation. Thus, reflections arrive at the feed transducer 
chiefly as a circularly polarized wave of the opposite sense of rotation, 
thereby coupling to terminal Lp of the feed hybrid. Power transmitted beyond 
the animal remains in the same sense of circular polarization, so most of it 
is coupled to the terminal R1 at the load transducer with a negligible amount 
coupled to the other LL, Laboratory measurements discussed in Section IV 
indicate that the mean value of input VSWR is below 1.5 at the input terminal 
Rp of a cell loaded with a freely moving rat. Furthermore, the transmitted 
power to the LL terminal at the load transducer rarely exceeded .1 of that 
transmitted to the RL terminal. Thus, for a given incident power level Pin• 
RF to the cell, the approximate total power coupled to the animal can easily 
be determined by subtracting the power measured at hybrid terminals LR and 
RL from RF• If greater accuracy is desired, the small reflection measured 
at terminal RF through the directional coupler and the power coupled to 
terminal LL can also be subtracted. 

The water supply is electrically decoupled from the animal by two concen
tric one-quarter wavelength coaxial choke sections so that the tip of the water 
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nozzle is extremely high in impedance, thereby preventing current flow between 
it and any contacting object. 

III. CONSTRUCTION OF THE CHAMBER AND CAGE 

Figure 2 illustrates the construction and dimensions of the exposure cell. 
The cell consists of a section of circular waveguide constructed of galvanized 
wire screen of 0.63 cm mesh. Short sections of brass tubing are attached to 
the mesh to provide stability for maintaining a proper circular shape and to 
form a base for anchoring the feed probes and the phosphor bronze fingers that 
provide electrical contact with the removable feed or load sections on one side. 
The removable section, allowing access to the chamber, contains two orthogonal 
probes for either launching or providing a termination for the circularly 
polarized TE11 mode. An identical section is permanently fixed to the opposite 
end of the chamber. 

The feed sections were designed in the following manner. A prototype 
section of the circular waveguide was first terminated in a load consisting of 
tapered thin sheets of plastic coated with a carbon impregnated paint (aquadag). 
A single telescopic probe of adjustable length was then placed near the opposite 
end of the waveguide. A sliding short was positioned at the end of the wave
guide behind the probe and the length of the probe was adjusted for a good 
match with a standard 50 n coaxial line. After a match was obtained, the 
tapered load was moved back and forth to insure that it was a proper match to 
the TE11 mode indicated by a stable match at the feed section for all positions 
of the load, The second probe was then placed into the guide orthogonal to the 
first and it was terminated in a 50 n impedance. The position of the sliding 
short and the length of each probe was then readjusted slightly for a proper 
match when power was fed into one while the other was terminated by 50 n. This 
was alternately repeated by interchanging the feed and the 50 n load between 
the probe terminals until both were matched and equal in length. The tapered 
load at the opposite end of the circular waveguide was then replaced by a 
similar dual probe transducer section and hybrids with construction details as 
shown in Figure 3 were connected at each end of the circular waveguide, as 
shown in Figure 1. The ellipticity of the circularly polarized wave launched 
in the waveguide was measured by feeding power to terminal (1) of one hybrid 
and observing the measured power transmitted to terminal (1) of the opposite 
hybrid while rotating one of the feed sections with respect to the other. An 
imbalance caused by the set of probes being on one side of the waveguide was 
compensated by the placement of stubs opposite each set of probes, as shown in 
Figures 1 and 2, with lengths adjusted to eliminate the problem. The cop
struction of the plastic cage for holding the animal, shown in Figure 4, 
consisted of a section of 7" diameter lucite cylinder, with a circular section 
cut away and replaced by glass rods to form a floor. Holes were drilled into 
the cage for ventilation and below the glass rod floor two inverted pyramidal
shaped lucite funnels were built for deflecting the wastes outside of the 
exposure system through square holes cut in the bottom of the wire mesh screen. 
A course-weave of heavy test weight monofilament fishline was placed below the 
glass rods in order to prevent the animal's tail from easily dropping into the 
funnels and out through the waste ports. The ends of the cage were terminated 
with lucite plates with one serving as a door and fitted with a receptacle for 
receiving a plastic magazine filled with dried food pellets. This magazine 
could be placed into the cage through the wire screen at any time, even when 
the animals were being exposed. 

The water supply system shown in Figure 5 was designed to eliminate the 
problems encountered in most exposure systems when the exposed animal comes in 
contact with the highly conductive water spout. Without special precautions, 
very marked changes in power absorption in the animal can occur when it comes 

393 



SHORTING PLATE 

SECTION 
A-A 

---491rm-----i 

----~2cm----"---
CONTACTING 

FINGERS CAPSULATE 
2.b LONG SECTION 
8" BRASS TUBING 

TUBING 
90 7.23cm LONG . 

l.27cmOIA. 
TUBING 

20.32cm 38cm LONG 

HYBRID 

Figure 2. Physical details of the exposure chamber. 

UG 58 
CONNECTORS 

SECTION 
A-A 

RG-11 
COAX 

CABLE 

~c/4= 5.45cm 

Figure 3. Hybrid for feeding power to exposure chamber. 

394 



WEAVED 
NYLON LINE 

1/2 SCALE. 

-2cm 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

----20.eocm----

Figure 4. Plastic cage for holding animal in exposure chamber. 

(cable connection shown for one view only, same for both ends). 

METAL 
WALLS 

~/4=8.I 
cm 

EXPOSURE 
CHAMBER----~ 
WALL--,,,,
(SCREEN) 

80UNCE 
BOTTLE 

R, =l.75cm 
R2=.875cm 
R3=.475cm 

)./4 = 8.19 cm 

' R3 , ___ CONTACTING 
FINGERS 

4mm 

Figure 5. Water supply system for exposure chamber. 

395 



in contact with the conducting water pathway. This problem is especially 
serious when the contact is small in area and involves sensitive tissue such as 
the tip of the animal's tongue [7]. This problem can be eliminated, as shown 
in the figure, by designing the water spout as a metal center conductor of a 
shorted quarter-wave section of coaxial cable and connecting it through a very 
short section of glass tubing through the top of the plastic cage, as shown in 
Figure 1-b. The open end of the coaxial sheath surrounding the water spout is 
terminated at the top of the plastic cage so the animal cannot come in contact 
with it. This section of coaxial sheath is further isolated to prevent it from 
carrying any microwave currents between the walls of the cages to the vicinity 
of the animal by surrounding the sheath with another larger diameter quarter
wavelength long sheath grounded to the outside of the circular waveguide 
chamber and shorted to the inner sheath at the opposite end. The thermographic 
measurements described in the following sections illustrate the effectiveness 
of the double choke isolation provided by the shorted quarter-wavelength 
sections of transmission line formed by the water spout and surrounding 
conducting sheaths. Figure 6 illustrates a photograph of an intact exposure 
cell and Figure 7 the plastic chamber containing a rat. 

IV. TESTING OF THE SYSTEM 

The effectiveness of the system was tested through the use of ellipsoidal 
phantom models of rats of various shapes and weights, sacrificed rats, live 
anesthetized rats, and live freely moving rats. 

A. Phantom Model Studies 

First of all, a 330 gm phantom model of prolate spheroid shape with 
length 2a = 17 cm and the width 2b = 6.1 cm and electrical characteristics 
similar to those of muscle tissue was tested in the chamber. The length of the 
ellipsoid was chosen to represent a rat stretched the full length across the 
chamber. The total power absorbed by the subjects was calculatea ~ased on an 
incident power RF of 1 W, and measurements of LF, RL, LL, and PRF were made at 
various ports of the hybrids and directional coupler connected as shown in 
Figure 1-b. With an input power of 1 W to the 20.2 cm diameter waveguide, the 
average power density illuminating the waveguide cross-section is 3.13 mW/cm2, 
but due to the Bessel function transverse field distribution, the maximum power 
density on the guide axis is 6.55 mW/cm2, The respective "effective" power 
densities based on a hazard meter measurement of E2 are 10.12 mW/cm2 average 
and 21.17 mW/cm2 maximum. These variations in power density values point out 
the desirability of relating the more useful dosimetric parameters of total 
absorbed power and SAR to biological effects in test animals. The following 
test results show that the relationship between the average power density and 
the SAR values correspond closely to that expected for radiation field 
exposures of equivalent size subjects. 

The specific absorption rate (SAR) distributions were measured by 
standard techniques [10] using thermographic methods. Figure 8 illustrates 
the maximum and average SAR and the total power absorbed in the 17 cm long 
330 gm phantom ellipsoid exposed in a circular waveguide chamber with major 
axis coincident with the waveguide axis. The left side of the figure illus
trates the thermograph intensity scans (brightness proportional to SAR) and the 
right side of the figure illustrates "B" profile scans taken through the 
selected locations of the model. The average SAR in the phantom based on a 
power of 1 W incident to the exposure cell was measured as .79 W/kg. A 
maximum value of 1.42 W/kg was measured at the exposed end of the phantom. 
Figure 9 illustrates the absorbed power characteristics for the same ellipsoid 
with its axis perpendicular to the waveguide axis. In this case the average 
SAR is 0.90 W/kg with a maximum of 1.27 W/kg, indicating very little change in 
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Fig~re 6. Photograph of exposure chamber with associated instrumentation. 

Figure 7. Ptotograph of plastic cage containing a rat. 
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the average and peak values with orientation of the object. Figure 10 and 11 
indicate that the SAR values are not considerably different for a 13,2 x 6.6 cm 
301 gm ellipsoid. 

In order to assess the problems that might be encountered for a drinking 
animal, a series of tests were made with the shorter ellipsoid in a position 
where a rat might be while drinking, The ellipsoid was placed with its major 
axis transverse to the axis of the cell but with the center displaced 1,97 
inches toward the position of the water bottle so that one end would come in 
contact with the nozzle, Thermograms were first taken without the water bottle 
present to determine the effect of the object being off-center in the chamber. 
These thermograms, shown in Figure 12, indicate that the SAR values remain 
approximately the same but the absorption pattern becomes asymmetrical as com
pared to that taken for the phantom at mid-position with peak absorption 
occurring on the end of the ellipsoid nearest the metal wall of the exposure 
cell, Figure 13 illustrates that when the nozzle of a standard water bottle was 
brought into contact with the ellipsoid, the peak absorption increased substan
tially at the point of contact, When the contact was made with a bridge of 
tissue simulating the nose region of the animal, the absorption was maximum at 
the point of contact with a peak SAR of 2.47 W/kg. The enhancement effect was 
much less when the bottle was simply butted against the ellipsoid or pushed 
slightly into the ellipsoid. Note that the total absorbed power changed very 
little and, in fact, actually decreased slightly from that measured in the 
previous tests. In order to eliminate this coupling effect which could cause 
even much larger increases of SAR in smaller volumes of tissue such as the tip 
of the animal's tongue when it comes into contact with the water spout, a 
quarter-wavelength decoupling choke system consisting of a single concentric 
metal sheath was placed around the water spout. A 3 cm long glass tube 
extension from the high impedance aperture of the choke terminating at the 
waveguide wall was used to carry water into the plastic cage. A thermographic 
study with results shown at the top of Figure 14 indicated that when the water 
spout was allowed to contact the ellipsoid, a highly localized SAR still was 
observed at the point of contact, though somewhat diminished in magnitude from 
that measured for a standard bottle. It was found, however, that this was not 
due to the failure of the quarter-wave section, but was due to the fact that 
the 3 cm glass section outside of the isolater was of sufficient length to 
produce significant field perturbation at the point of contact with the 
ellipsoid. This was confirmed by using a completely empty bottle and filling 
only the 3 cm glass section with water. Thermograph studies illustrated at the 
bottom of Figure 14 indicated that the results were similar to those obtained 
with a full water bottle, thus proving that all the water, with the exception 
of the 3 cm section, was isolated from the subject. 

In order to establish how short the glass tube would have to be to prevent 
any significant increase in SAR at the point of contact with the ellipsoid, 
experiments were run with varying amounts of water in a glass tube placed in 
contact with the exposed ellipsoids, The results are shown in Figure 15. With 
a 1.3 cm column of water in contact with the ellipsoid, the localized increase 
in SAR was obvious, as indicated by the results shown at the top of the figure, 
but when the column height was reduced to a third of a centimeter, the thermo
grams were almost identical to those shown in Figure 12, taken without the 
watering system present. Thus, in order to reduce the length of the glass 
tubing, the end of the quarter-wavelength isolation section had to be placed 
closer to the cage containing the animal. This, however, brought the conduct
ing outer sheath of the isolation section within a fraction of a centimeter 
from the animal when he was in a drinking position. In order to prevent signif
icant intensification of fields from this outer conductor, another one quarter
wavelength long section of concentric conducting cylinder was added, resulting 
in the final system illustrated in Figures 1 and 5. Thermograms taken using 
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this system with the water column in contact with the ellipsoid resulted in 
the thermograms shown in Figure 16. The top of the figure illustrates the 
thermograms taken without the presence of the double quarter-wave isolated 
system, showing no detectable change in the SAR pattern when the ellipsoid was 
placed in contact with the water supply. Thus, with the double quarter
wavelength choke isolation, rats can be watered in the conventional manner 
without the usual problems experienced when an exposed animal contacts the 
water supply. 

B. Sacrificed Animal Studies 

In order to assess both the absorbed power and SAR for real animals 
exposed in the chamber, a series of thermograms were made of a sacrificed 
388 gm rat using methods discussed previously by the authors [11]. Figure 17 
illustrates computer processed thermograms (showing iso-SAR lines normalized 
for 1 W input) for a rat exposed in three different positions: 1) axial 
position with anterior exposure, maximum SAR= 1.92 W/kg, average SAR= 1.18 
W/kg; 2) axial position posterior exposure, maximum SAR= 1.68 W/kg, average 
SAR= 0.98 W/kg; and 3) transverse position, maximum SAR= 2.36 W/kg, average 
SAR= 1.30 W/kg. 

C. Live Subject Studies 

Studies were made to determine the total absorbed and reflected power 
on both anesthetized and moving live subjects in the cage. For the anesthe
tized cases, the incident power and power transmitted to all ports in the 
directional coupler and hybrids shown in Figure 1-b were measured to determine 
the total absorbed power in the subject and the amount of power reflected back 
to the source for various positions of the subject in the cage. For all 
orientations the VSWR was less than 1.5. The absorbed and reflected power were 
also measured for a freely moving animal within the cage. Since the number of 
power meters were limited, simultaneous power measurements could only be made 
from three ports at a time, therefore, two separate experiments were set up. 
In one, the incident input power was set to 1 mW and the power transmitted to 
the three terminals of the hybrids was measured over a 16 hour period and 
recorded on a multiple-track FM tape recorder. 

Assuming that the reflected power back to the source was negligible, the 
equation in Figure 1-b was used to solve to the instantaneous absorbed power 
as a function of time by playing the FM tape through an A-D converter into 
a digital computer. These instantaneous values were then averaged over the 
16 hour exposure period to obtain the mean absorbed power in each animal. 
Another experiment was conducted on a single animal to measure the reflected 
power over a period of time as observed by the measurements from the 
bidirectional coupler. The reflected power was plotted on an X-Y plotter and, 
again, an average was taken over a period of time. Figure 18 illustrates the 
computer plot of the total absorbed power in a free moving rat as a function of 
time during its most active period, 2315 hours to 0515 hours. The mean 
calculated SAR for the entire 16 hour period of time was .43 mW with a standard 
deviation of+ .07 mW when 1 mW of incident power was fed to the system. 
Figure 19 illustrates the plot of the reflected power measured in a separate 
experiment conducted over a one-half hour period where the activity of the 
animal was as high as one could expect. In this case, the animal was very 
hungry, alert, and inquisitive and did, in very rare incidents, cause momentary 
reflections of up to 30% of the incident power. The mean reflected power of 
.038 mW (standard deviation 0.06 mW) would correspond to a VSWR less than 1.5. 
Fortunately, however, during normal exposure conditions, the rat was much less 
active. For these periods, the mean was measured as .027 mW, with a standard 
deviation of 0.014 mW, indicating that for most practical conditions, the 
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reflections have a negligible effect on the overall dosimetry. Table I 
illustrates the SAR measured in various subjects exposed in a waveguide cell 
to an input power of 1 mW. Note that for both moving and anesthetized rats, 
varying in weight from 132 to 490 gm, the absorbed power remains relatively 
constant with low standard deviations. The mean values for the freely moving 
rats should be reduced by 0.027 mW to account for reflections back to the 
power source which were ignored in the calculations. 

Figure 20 illustrates the use of a system of exposure cells consisting of 
eight energized cells exposing experimental animals and eight non-energized 
cells housing control animals. The power from the source is split by means of 
an eight-way power splitter. Since 1 W input is equivalent to an average 
incident power density of 3 mW/cm2, a relatively low power microwave source 
may be used to expose a large number of animals to relatively high power 
density levels. For instance, the low-cost 700 W microwave source built from 
parts of a microwave oven power supply can be used with the system to expose 
as many as 200 animals to an average power density as high as 10 mW/cm2. The 
maximum available average power density could be increased inversely with a 
number of subjects to approximately 2 W/cm2 for a single animal allowing 
short-term high power exposures to be made for dosimetry or other research 
purposes, This system has been used to chronically expose a population of 
rats with the results described elsewhere in this publication. 
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TABLE I 

Total Power Absorption and SAR in Various Subjects 
Exposed in Waveguide Exposure System 

(All Values Normalized to 1 W Input Power) 

WEIGHT TOTAL ABSORBED AVERAGE SAR 
SUBJECT (gm) POWER (W) (W/kg) 

moving live rat 132 0.416 + 0.077 S.D. 3.15 
II 323 0.430 + 0.067 S.D. 1.33 
II 385 0.476 + 0.079 S.D. 1.24 
II 490 0.569 + 0.096 S.D. 1.16 -

Anesthetized live 323 0.403 1.25 
rat parallel to 
waveguide axis 
anterior posteriot 

45° with axis 323 0.452 1.40 

perpendicular to 323 0.508 1.57 
axis 

sacrificed rat 
parallel to axis 
anterior exposure 388 0.460 1.18 

posterior expo-
sure 388 0.380 1.25 

perpendicular 388 0.510 1.30 

17 .1 X 61. cm 
spheroid 

parallel 333 0.310 0.93 

perpendicular 333 0.260 0.790 

13.2 X 6.6 cm 
spheroid 

parallel 301 0.217 0.72 

perpendicular 301 0.233 0.77 
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MAXIMUM SAR 
(W/kg) 

1.92 

1.68 

2.36 

1.27 

1.42 

1.46 

0.978 



Figure 20. Photograph of the system of 8 control and 8 experi
mental animals used for long term chronic irradiation studies. 
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MAPPING OF FREE SPACE AND SCATTERED FIELDS IN MICROWAVE DIATHERMY 

ABSTRACT 

G. Kantor, H. I. Bassen and M. L. Swicord 
Division of Electronic Products, Bureau of Radiological Health 

Food and Drug Administration 
5600 Fishers Lane 

Rockville, Maryland 20852 

Near-field measurements of external electric fields around microwave diathermy (2450 MHz) were performed in free space and in conjunction with simulated biotissue, Electric field components were measured with a minature isotropic probe developed by the Bureau of Radiological Health, Spatial variations of the field components were mapped in the vicinity of Type B applicators presently in clinical use. The probe, consisting of three orthogonal -2.5 mm long dipoles, utilizes a fiber optically-linked telemetry system to eliminate metallic cables in the vicinity of the probe and applicator, thus minimizing perturbation of the field and eliminating RF interference in the readout electronics. Threedimensional plots representing the magnitude of each field component as a function of position were generated by a digital computer. Also, the effectiveness of the field components inside bio-tissue was analyzed in conjunction with heating patterns obtained with a thermographic camera. One significant finding is that a major portion of microwave energy emitted by the Type B applicator is wasted in irradiating planar tissue areas due to the predominant electric field component which is normally oriented to the patientapplicator interface. Scattered fields which could expose unprescribed tissue to microwave radiation were measured in conjunction with a "phantom" arm. 

I. INTRODUCTION 

The Bureau of Radiological Health is developing a safety performance standard for microwave diathermy. Part of this effort is to determine the exposure levels experienced by unprescribed tissue during a typical treatment, Since very little information is available that quantifies near fields in the vicinity of applicators, the purpose of this paper is to present typical maps of fields around microwave diathermy applicators in free space and applicators loaded by a phantom, consisting of simulated bio-tissue. 

The experimental set-up will be described, followed by a discussion of the experimental results of typical free space and loaded applicator scatter measurements. Also, the role of the "transverse" field with respect to heating patterns will be analyzed. The last part will deal with final comments. 

II. EXPERIMENTAL SET-UP 

The basic experimental set-up is shown schematically in figure 1. The power source was a stable microwave generator operating at the ISM frequency of 2,45 GHz. Directional couplers were placed between power source and applicator for accurate reading of forward and reflected power. The forward power was set 
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at a level of 1 to 5 watts and the reflected power was generally at least 10 dD 
below the forward power. 
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Figure 1. Schematic of Experimental Set-Up 

The applicator under investigation was mounted on a mechanical slide to 
allow for relative positioning of the applicator with respect to the measurement 
probe in the horizontal x-direction. The miniature isotropic probe, developed 
by the Bureau of Radiological Health (1), was mounted on a separate mechanical 
positioner providing continuous motion in the vertical direction (y) and 
incremental positioning in the longitudinal direction (z). The positioning 
mechanism allowed measurement of IEl 2 , the square of the electric field, to be 
made in a transverse plane (x-y plane) at a specified distanc_e from the 
applicator in the longitudinal direction (z) (see figure 2). By definition, the 
horizontal electric field components lie in the x direction, the vertical 
components lie in they direction, and the longitudinal components lie in the z 
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direction, (In the far field, the z direction is the direction of the 
propagating field,) 

Figure 3 shows a picture of the experimental set-up for free space 
measurements. The BRH probe is mounted on its mechanical positioner. At its 
tip are three 2. 5 r. 1 long dipoles, each containing integral zero bias detector 
diodes, plus a pair of high resistance, thin film leads to transmit the detected 
signal to a fiber-optically linked telemeter shown in the left foreground. This 
miniature telemeter eliminates metallic cables in the vicinity of the probe and 
applicator, thus minimizing perturbation of the field, RF interference in the 
readcut electronics is eliminated as well. The applicator shown in figure 3 is 
a T~:pe B applicat'.Jr, It consists of a six··inch hemisphere reflector with a 
smal~ ~onical feed in its center. Its usage is connnon in clinical microwave 
diathermy (2). Absorbing material was placed around the measurement area to 
minimize reflection;. All of the mechanical positioner parts were made of 
dielectric materials if they were in the primary beam of the applicator. 

To obtain a near-field, free-space pattern, the probe was scanned (in they 
direction) in front of the applicator, while the spacing between its tip and the aperture plane remained fixed. A series of vertical scans was made in the x-y 
plane at 1.25 cm intervals along the x axis. In figure 3, the probe is posi
tioned at a 45 degree angle so that the center dipole measures the longitudinal 
field component while the two side dipoles measure the horizontal and vertical 
field components, respectively. In most instances, to accurately map the steep 
gradients of the near field, only the center dipole was used in three successive orthogonal orientations. This eliminated the slight asymetry of the antenna 
patterns of the three orthogonal dipoles (1). For each vertical scan, a voltage 
proportional to the mechanical slide probe positioner height was recorded on an 
FM tape recorder along with the field strength data from the three probe axes 
for later processing by a digital computer. The probe readout voltage was 
calibrated(± 1 dB absolute accuracy) to obtain an equivalent plane wave power 
density in mW/cm2 in the near field (jE2 j/120rr). 

Figure 4 shows a picture of the experimental set-up for scatter 
measurements of a loaded applicator. Since the fields around the irradiated 
phantom do not have the steep gradients that characterize the fields in the main 
beam of applicators, the three dipole readouts of the BRH probe were recorded 
simultaneously and sunnned to obtain vertically-scanned measurement of to~al 
fields at horizontal intervals of 1. 25 cm. The Type B applicator was lot.,ded 
with an 8 cm diameter diathermy arm phantom consisting of a 1 c. outer 
cylindrical layer of simulated fat material, filled with a muscle eq, •.Valent 
material. Both materials were prepared using the procedure develope.t by Guy 
(3). 
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III. EXPERIMENTAL RESULTS 

A. Free Space Measurements 

Figures 5-8 show a typical set of free space measurements for the Type B 
applicator at a longitudinal (z axis) spacing in the x-y plane of 5 cm from the 
applicator front surface (its aperture plane). 

Figure 5 shows the magnitude of the radiation fields in the transverse 
plane, namely, the sum of the equivalent power densities of the X and Y 
components. Its maximum value is 140 mW/cm2 per 100 watts of forward power 
applied to the applicator. Note the doughnut-shaped pattern of the transverse 
field. Its shape is the same as the total field pattern in the far field since 
the longitudinal component is non-existent at several wavelengths from the 
applicator. Figure 6 is a half-section of the previously shown doughnut-shaped 
pattern. This three-dimensional view clearly shows that the field intensity in 
the center is small. 

Figure 7 shows a three-dimensional plot of the longitudinal component for a 
Type B applicator with a maximum of 390 mW/cm2 per 100 watts of forward power, 
almost three times as large as the maxima of the transverse component. This is 
very significant as will be discussed in relation to heating efficacy. 

Figure 8 is a plot of the total field. As expected, the maxima of the 
pattern occurrs on the center axis of the x-y plane and is only slightly higher 
than the longitudinal component. The maxima is 420 mW/cm2 per 100 watts of 
forward power. Since, for the same setting of 100 watts, the longitudinal 
component is 390 mW/cm2, only 30 mW/cm2 are contributed by the transverse 
component. Thus, the ratio of the longitudinal to transverse fields in the 
center is about 13. This is so because the transverse field maxima are off
center with a maximum-minimum ratio of about 5. 

To illustrate the role that the transverse fiela can play in shaping a 
heating pattern and thus demonstrate the usefulness of mapping field components, 
thermographic camera data is presented as follows. A planar, fat-muscle 
phantom, split down its central axis, was irradiated by placing the aperture of 
a Type B applicator 5 cm above the front surface of the phantom (see figure 9a). 
The thermographic data of figure 10 was taken by first symmetrically placing the 
applicator above the vertical midplane of the phantom and then, after microwave 
heating, viewing the midplane of the phantom with an infrared camera (see figure 
9b) after quickly removing one half of the phantom. Note the cross section of a 
doughnut-shaped heating pattern in figure 10a and the corresponding temperature 
profile in figure 10b (obtained from the intensified white scan line setting 
shown in the thermogram). Since the heating patterns obtained with the 
thermographic camera and transverse electric fields as measured with the BRR 
probe, are similar in shape, these results indicate that for this simple 
geometry, the predominant longitudinal component does not contribute 
significantly to the heating pattern because of the boundary conditions at the 
air-fat and fat-muscle interfaces. (The assumption is made that the presence of 
the phantom 5 cm from the aperture plane does not significantly affect the 
relationship between longitudinal and transverse field components. This 
assumption appears correct because of the good agreement between free space 
field measurements and loaded applicator heating patterns.) 

The significant facts revealed by the free space mapping and verified by 
the heating pattern data are: (1) the Type B applicator is relatively 
ineffective, since the major portion of its near field (longitudinal) is 
inefficient in generating tissue heating and (2) the transverse component of the 
near field contributing to the heating pattern in the center is about five times 
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X 

Figure 5, Three-Dimensional Graph for Free Space Transverse Field of Type B 
Applicator - 5 cm Spacing Between Aperture and Parallel Transverse 
Plane with Scanning Probe Tip - Maximum of 140 mW/cm2 per 100 Watts 

X 
Figure 6, Three-Dimensional Graph for Free Space Transverse Field Half Section 

of Type B Applicator - 5 cm Spacing Between Aperture and Parallel 
Transverse Plane with Scanning Probe Tip - Maximum of 140 mW/cm

2 

per 100 Watts 
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X 

Figure 7. Three-Dimensional Graph for Free Space Longitudinal Field of Type B 
Applicator - 5 cm Spacing Between Aperture and Parallel Transverse Plane with 
Scanning Probe Tip - Maximum of 390 mW/cm2 per 100 Watts 

X 
Figure 8. Three-Dimensional Graph for Free Space Total Field of Type B Appli
cator - 5 cm Spacing Between Aperture and Parallel Transverse Plane with 
Scanning Probe Tip - Maximum of 390 mW/cm2 
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B. Scatter 11easurements 

The magnitude of the scattered and transmitted energy behind a phantom or 

patient strongly depends on the relative size of the applicator aperture, the 

phantom cross section, and the spacing between phantom and applicator. Thus, 

one must make scatter measurements for the specific applicator-phantom 

combination of interest to quantify the levels of fields which could expose 

other unprescribed tissue. There are two extremes which represent best and 

worst case hazard situations for unprescribed tissue or other persons in the 

vicinity, In one case, the phantom almost completely blocks the aperture so 

that the scattered energy is negligible. In the other case, the phantom 

minimally blocks the aperture so that essentially free space conditions exist. 

An intermediate case was experimentally quantified as follows. The 8 cm 

diameter arm phantom, previously described, was placed in front of a Type B 

applicator, with its cylindrical axis lying in the x direction. It was centered 

with respect to the applicator, in the x-y plane. A spacing of 2.5 cm on the z 

axis was established between the nearest point on the phantom's surface and the 

aperture of the applicator. Probe scans were performed as shown in figure 4, 

2.5 cm behind the phantom (on the far side of the applicator). Data is 

presented for scans taken in this x-y plane in figure 11. Three distinct peaks 

exist in the magnitude of JE2 1. The central (largest peak) is probably due to 

the effects of the large longitudinal field generated by the applicator, while 

the two lesser peaks may be due to the transverse field components. A maximum 

scattered level of 30 mW/cm2 per 100 watts of forward power exists. 

X 

Figure 11. Three-Dimensional Graph for Scattered Field of Phantom Loaded 

Type B Applicator - 2.5 cm Spacing Between Phantom and Applicator; Same 

Spacing Between Phantom and Parallel Transverse Plane with Scanning Probe 

Tip - Maximum of 30 rdil/cm2 per Watt 
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IV. FINAL COMMENTS 

A detailed program to map external fields around microwave diathermy 
applicators which are presently in clinical use is under way at the Bureau of 
Radiological Health with the preliminary results as follows: The Type A 
applicator, a small hemisphere reflector, has a large longitudinal component and 
a doughnut-shaped transverse field pattern similar to the Type B applicator. 
The Type E corner-reflector applicator has a non-symmetrical, doughnut-shaped, 
transverse field. The Type C applicator, a smaller corner-reflector applicator, 
is the only applicator presently in clinical use in the United States that was 
found to have a transverse pattern with a peak in the center. As with the Type 
B applicator with its non-uniform transverse field and heating pattern, there 
seems to be good agreement between the transverse fields of the Type A, Type C, 
and Type E and their respective heating patterns. 

The results of these measurements indicate that when the longitudinal 
component impinges normally on the treatment area, it does not significantly 
contribute to the heating of tissue. On the other hand, large longitudinal 
field components can constitute a hazard at grazing incidence. (For grazing 
incidence, the aperture of an applicator is defined as being non-parallel to the 
surface of the phantom or patient. Under these conditions, the impinging 
longitudinal field would be the main source for microwave heating since it would 
be oriented at a shallow angle with respect to the surface of the biological 
material.) 

This leads to the conclusion that for flat surface irradiation, special 
applicator designs with minimal longitudinal field components are most desirable 
for optimum efficacy. Furthermore, such a design would be safer since it would 
eliminate the possibility of overexposure due to grazing incidence. 
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ABSTRACT 

MICROWAVE IRRADIATION APPARATUS DESIGN AND DOSIMETRY 

Henry S. Ho, Mark R. Foster and Mays L. Swicord 
Bureau of Radiological Health 
Food and Drug Administration 

5600 Fishers Lane 
Rockville, Maryland 20852 

Microwave biological and psychological effects do not depend on external 
exposure conditions (frequency, field strength, and distribution) alone, but 
rather, depend on the distribution of absorbed energy in the specimen. This 
absorbed energy distribution is affected by the geometry, electrical 
characteristics of the specimen, the exposure conditions, and the orientation of 
the specimen with respect to the incident field. The Bureau of Radiological 
Health has constructed in it facilities a variety of apparatus that provide a 
means of irradiating cell samples, hamsters, mice, rats, rabbits, and monkeys 
and to determine the total and distributed absorbed microwave energy in exposed 
specimens. These devices consist of waveguides, cavity and anechoic chambers, 
and dielectric lenses and are adapted to the need of individual experiments. 
The specimens can be whole- and partial-body irradiated individually or 
chronically exposed in groups. The source frequencies are 383 MHz, 915 MHz, 
2450 MHz, and 10 GHz. The instrumentation for dosimetry includes phantom tissue 
materials, thermographic cameras, calorimeters, implantable temperature and E
field probes, and wideband dielectrometers. In order to establish meaningful 
dosimetric relationships between biological experiments {quantified in absorbed 
energy) and health protection, we have initiated a study to determine the total 
and distributed absorbed energy in phantom human bodies for measured exposure 
fields. 

INTRODUCTION 

In the design of microwave irradiation apparatus for biological 
experiments, there are two major considerations. One is that, in order for the 
results of small animal and cell culture experiments to be meaningful to human 
health protection, sufficient dosimetric quantification including absorbed 
energy determination is needed (1,2). The second consideration is that 
individual biological experiments often call for a particular mode of exposure 
of the animal. Depending on the particular biological endpoint under 
investigation, animals may be exposed in whole-body (3) or partial-body (4,5) 
fashion. Simultaneous irradiation of groups of animals for long durations may 
also be needed in some experiments (6). 

In the laboratories in the Bureau of Radiological Health, a series of 
irradiation apparatus and the associated dosimetric instrumentations are being 
developed to fulfill the needs of microwave biological effects experiments. 
Because of the diverse needs of biological experiments, the approaches to 
irradiation apparatus design and dosimetric instrumentation are different for 
each experiment. A brief description of each apparatus follows. The objective 
of each design, the difficulties encountered, and the problems yet to be solved 
are presented. 
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MATERIALS AND METHODS 

Irradiation Apparatus: Closed Systems 

In an effort to provide facilities for the irradiations of individual small 

animals such as mice and hamsters, a 2450 MHz waveguide apparatus has been 

constructed (7). Figure 1 shows the waveguide apparatus. The absorbed energy 

of a freely moving animal is determined by means of electronically time

integrated values of the forward, reflected, and transmitted power signals. In 

addition, the time rate of energy absorption can also be sampled in small time 

intervals (8). The microwave input power is variable from very high levels, so 

sufficient to kill a small animal within five minutes, to very low levels (below 

detection by power meters). Input signals (instrument not shown in the figure) 

can also be amplitude modulated with sine or square wave modulation. Modulation 

frequency is variable from 1 Hz to 1 KHz. The apparatus allows for 

environmental control of air temperature, humidity and flow to reduce the 

variability of observed biological effects which may depend on these 

environmental variables. 

In order to irradiate six animals simultaneously, the development of the 

waveguide system shown in figure 2 has begun. A six-way splitter allows input 

power to be diverted equally into six waveguides where six animals of 

approximately the same weight are housed in holders which restrict the movements 

of the animals. The waveguides are terminated in shorting plates. Tuners are 

used to 'tune out' reflections from each animal. The forward and reflected 

powers of each waveguide can be selectively monitored by means of a six-way 

coaxial switch and two power meters. 

To provide irradiation apparatus for behavioral studies, 2450 MHz and 915 

MHz waveguide apparatus are built to irradiate only the head of a monkey and to 

allow it to perform lever-pressing tasks while observing stimulus lights. The 

top part of the head of the monkey is introduced into the waveguide through an 

opening at the bottom of the waveguide. Leakage of the radiation through this 

opening is greatly minimized by the use of an RF shield made from conductive 

metallic cloth. Figure 3 shows the 915 MHz apparatus. The total absorbed power 

is determined electronically by monitoring the forward and reflected power. 

A 2450 MHz waveguide apparatus has also been built to irradiate the head of 

a rabbit for cataractogenesis studies. The head of the rabbit protrudes into a 

waveguide through an opening cut into the waveguide wall (Fig. 4). Figure 5 is 

the block diagram of the apparatus. Total absorbed power is determined by 

measuring the forward, reflected and, transmitted powers. 

Irradiation Apparatus: Anechoic Chamber 

A system for focusing microwave radiation into a small area, i.e., a rabbit 

eye, by the use of a dielectric lens in an anechoic chamber has been developed 

(9,10). Figure 6 demonstrates its use. Studies of lens opacities in the rabbit 

eye due to 2450 MHz and 10 GHz radiations are reported (11), however, the 

determination of energy absorption characteristics in the rabbit eye remains to 

be completed. 

In order to repeatedly irradiate simultaneously a large number of small 

animals at low levels of microwave radiation, an apparatus is constructed as 

shown in figure 7. The apparatus, which is mounted in an anechoic chamber, 

consists of a Plexiglas frame on which Plexiglas holders are placed for housing 

24 rats. The exposure field experienced by each animal is somewhat complicated 

because of reflections from the holders and neighboring animals, however, 

exposure field measurements using 3-D probes and absorbed energy determinations 

using calorimetric and thermographic techniques can be facilitated by the fixed 

location of each animal. 
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Figure 1. Environmentally
controlled 2450 Mlz wave
guide irradiation appa
ratus. 

Figure 2. Multiple-waveguide irradiation app~ratus 
for 2450 Mlz exposure of small animals. 
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Figure 5. Block diagram of the 2450 Mlz waveguide rabbit head irradiator. 

Figure 6. A rabbit head irradiated behind a dielectric lens in an anechoic chamber. 
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Figure 7. 2450 Mlz irradiation apparatus 
for 24 rats in an anechoic chamber. 
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Dosimetric Instrumentation 

The determination of total absorbed power and energy are determined by 
electronic measurements in the waveguide irradiation systems, however, similar 
measurements for the anechoic chamber systems are not possible, It is therefore 
necessary to use a calorimetric technique to measure total absorbed energy for 
the anechoic chamber systems. Figure 8 shows two calorimeters that will be used 
for the study of energy absorption in the rat experiments, The calorimeter 
detects the rate of total heat flow from inside the calorimeter to the outside 
walls in terms of a voltage, hence a thermally-insulated phantom or carcass can 
be irradiated and then put into the calorimeter, Integration of the voltage 
signal from the calorimeter results in determination of microwave energy 
absorbed by the phantom, 

A thermographic camera has been used to determine the distribution of 
absorbed microwave energy in phantoms of irradiated animals (12). Figure 9 
shows the thermographic camera along with its digital magnetic tape data 
acquisition system, Some results of energy absorption patterns in rats of 
various size irradiated in the 2450 MHz waveguide are reported (13), In order 
to measure the dielectric properties of phantom materials which electrically 
simulate biological tissues, S-band and X-band dielectrometers have been 
developed, as shown in figure 10. 

In addition to the dosimetric instruments mentioned above, two newly 
developed instruments may prove to be of significance in the determination of 
fields near and within animal tissues and the temperatures inside animal bodies 
without severe interference of the microwave field, One instrument is a 
miniaturized 3-D probe (14) that measures electric field isotropically (Fig, 
11), Calibration of this instrument is reported (15), A second instrument is a 
birefringent crystal thermometer with optical fiber leads (Fig, 12) which allows 
for the measurementof temperature without interfering with the microwave field 
(16). 

DISCUSSION 

In an effort to provide irradiation apparatus for microwave biological 
effects experiment using animals, a variety of exposure and dosimetric systems 
have been developed. In the process, it is found that microwave absorption in 
animal bodies are nonuniform, and depends on the size and orientation of the 
animal as well as the microwave source frequency, 

The instrumentation for complete quantitative characterization of absorbed 
energy in animal bodies may need further development, In some experiments the 
absorbed energy in particular organs, such as the eye or the testes, are of 
importance to the interpretation of observed biological effects. Also, the use 
of animal data quantified dosimetrically on absorbed energy for health 
protection relies heavily on the yet to be fully quantified knowledge of 
absorbed energy in human bodies due to given exposure field conditions (e.g., 
leakage from microwave oven, exposure to radar, etc,), Efforts are being made 
to meet these needs, A phantom eye is being developed, through contract to 
simulate the microwave characteristics of a rabbit eye, Inhouse experiments are 
being prepared to study the energy absorption characteristics of a phantom human 
body because plane wave and aperture field exposure conditions, 
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Figure 8. Calorimeters for studies of animals irradiated in anechoic chambers. 
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Figure ll. Miniature 3-D electric field probe. 

Figure 12. Birefringent crystal thermometer. 
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ABSTRACT 

MUTUAL COUPLIN!i BE"TWFFN LINEAR ANTFNNAS 

M. L. Swicord 
Division of Electronic Products 

Bureau of Radiological Health 
Food and Drug Administration 
Rockville, Maryland 20852 

A. Y. Cheung 
University of Maryland 

College Park, Maryland 20742 

A method for calculating the mutual impedance between a linear transmitting 

antenna located synmetrically along the Z axis and a linear receiving antenna of 
arbitrary location and orientation is described. Two specific cases are 

treated. The first case considers orthogonal wire antennas. Coupling between 

two short electric dipoles which are perpendicular but have displaced centers is 

investigated as a function of their relative size and location. This provides a 

means of determining the design criteria for small isotropic electric field 

probes consisting of three orthogonal components. The second case considers a 

transmitting slot antenna and short electric dipole receiving antenna. The 

coupling is determined as a function of receiving antenna size at various dis

tances and locations. This allows us to establish a minimum design criteria for 

a nonperturbin~ near field dipole detector with direct application to the case 

of using a dipole for measurement of microwave oven leakage. 

INTRODUCTION 

Mutual coupling between antennas can play an important role in measurement 

of electric fields close to radiating sources and in the design of measurement 

instrumentation, for use in microwave and R.F. dosimetry. Two particular cases 

of interest are (1) the use of multiple dipole antennas to achieve isotro~ic 

reception, where orthogonality is shown to be a necessary but not sufficient 

condition, and (2) coupling between a receiving dipole antenna and a 

transmitting slot source. 

The general geometry is given in figure 1. Antenna 1, located along the Z 

axis, is the transmitting antenna and may be an electric dipole or a slot source 

(magnetic pole). Antenna 2, the receiving antenna, will, in all cases, be a 
dipole. A computer program generated for the calculation of mutual impedance 

allows the selection or variation of the coordinates XO, YO, and ZO of the 

center antenna 2. In addition, the angle of aspect of antenna 2 with the Y axis 

y and the angle of aspect with the XY plane y shown in figure l can be selected 

or varied by the program. For the cases considered the Y projection of antenna 

2 will always be zero, i.e., (XY projection of the antenna will always be 

parallel to X axes). y and the coordinates of the antenna center will be 
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varied, the fields generated by antenna 1 will be expressed in terms of the 
variable h along antenna 2. The values Hl and H2 refer to antenna half lengths. 

METHODS AND RESULTS 

The equations to be considered are as follows: 

v, = 

V2 = I1Z21 

l f H 
I
1
(o)I

2
(o) o 

Eh= E2sin(y) - E~lc8syl sin(~-a) 

+ Epcoslyl cos(~-a) 

V = I {l + l.1J..2.)z 
l l r Z11 11 

dh 

The voltage across the terminals of the antenna (for example, antenna 1) is a 
product of the current flowing in that antenna (11) and the self impedance plus 
the product of the current flowing in the other antenna (1 2) and the mutual 
impedance (Z1£). The mutual impedance (Z21) is obtained by integrating the 
product of the field along the antenna EH and the current I 2 over the length of 
the antenna. The current in the antenna is asstnned to be sinusodial which 
approaches a triangular distribution for small antennas. The electric field 
along His given by the EH equation above. Ep and Ez will exist when Hl is an 
electric dipole and E$ will be the only contributing term when Hl is a magnetic 
pole. The actual equation for the components of E and the geometrical relation 
are omitted. 

For comparison of the effect of mutual coupling on a measured value, the 
calculation of z2 1 is insufficient. A more meaningful quantity is {1 + 
Z12IZ11}, The self impedance Z11 is calculated using the same method and 
equation for Z12 where Hl a H2 and the antennas separation is almost zero. 

The methods can be checked by comparing with published results for the 
special case of parallel electric dipoles centered on the Y axis, Figure 2 is a 
plot of the mutual impedance Z1£ as a function of antenna separation for two 
parallel antennas of equal length whose centers lie in the XY plane. The 
results from Jordan and Balmain are given as points (1). Similar comparisons 
are made for the self impedance Z11 as shown in figure 3. 

The values given are for the reactance. The resistance (not shown), which 
does not vary with antenna size, also agrees with the published results. 

We wish to now examine the effect of coupling in cases of more complex 
geometry. Figure 4 shows the relative coupling effect as a function of 
receiving antenna size for two dipole antennas. The wavelength used i~ figure 4 

437 



MUTUAL 
IMPEDENCE 
200 

180 

160 

140 

120 

100 

80 

60 

40 

• - DATA FROM JORDAN 
AND BALMAIN 

(~ ~ 10 CM) 

--_H, = H2=2.5 20~---__.____.__.___._ _________ _ 
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

ANTENNA SEPARATION (CM) 

FIG. 2 

COUPLING OF TWO PARALLEL DIPOLE ANTENNAS -
MUTUAL IMPEDANCE 

438 



REACTANCE ( OHMS) 

400 

200 

0 ~--L------L..-_..____.....J.....,,,,~...L----l 
H 
A 

-200 

-400 

-600 

-800 

-1000 

-1200 

-1400 

-1600 

-1800 

FIG. 3 

O/A=0.0035 
a;A =0.0014 
0;\ =0.0004 

• - DA TA FROM JORDAN 
AND BALMAIN 

COUPLING OF T\~O PARALLEL DIPOLE ANTENNAS - REACTANCE 

439 



1.50 

1.40 

1.30 

1.20 

1.10 

PARALLEL CASE, H, =0.1 A 

DIA.= 0.05 CM 
A= 10 CM 

SEP =0.2 CM 

I.OO O 0.25 0.50 0.75 I .00 1.25 1.50 

H2 (CM) 

FIG. 4 

VARIATION OF DIPOLE COUPLING WITH RECEIVING 
ANTENNA LENGTH 

440 



1.4 

1.3 

1.2 

1.1 

PARALLEL CASE, H 1 = H2 

~ = 10 CM 
SEPARATION =0.2CM 

DIAMETER =0.05CM 

I.O O 0.25 0.50 0.75 1.00 1.25 1.50 (CM) 

ANTENNA LENGTH • 

FIG. 5 
VARIATION OF DIPOLE COUPLING WITH ANTENNA LENGTH 

441 



- -------

~ +(t)] 
1.50 

1.40 

1.30 

1.20 

1.10 

A=IOCM H1 =H 2 =1CM DIA.=O.OICM 

NONCOLINEAR 
CASE 

(XO=YO=Z0=0.2 CM) 

COLINEAR 
CASE ( YO =O .2 CM) 

1.00 -------'---------'-------
0 45 90 

ORIENTATION ANGLE ( o) 

FIGURE 6 

VARIATION OF DIPOLE COUPLING WITH ORIENTATION ANGLE 

442 



~ +(~::J] PERPENDICULAR CASE, NON-COLINEAR 
I. 11 

1.10 

1.08 

1.06 

1.04 

1.02 

0.3 0.6 

FIG. 7 

0.9 

XO= YO =0.2 CM 
H1 = H2 
DIA.= I.OCM 

1.10 Zo (CM) 

COUPLING OF DIPOLE ANTENNAS WITH COLINEAR AND NON-COLINEAR 
CEtlTERS 

443 



MUTUAL 
COUPLING 

15 

12 

9 

6 

3 

0 

PERPENDICULAR CASE, 
(5 CM. SEPARATION) 

Hl=l5.0 CM 

A= IOCM 
H.I=5.0CM 

Hl=3.0 CM 

H 1=2.0 CM 

0.2 0.4 0.6 0.8 1.0 

DETECTOR LENGTH (CM) 

FIG. 8 

MAGrffTIC AND ELECTRIC DIPOLE COUPLUC - EFFECT OF LENGTH 

444 



[
11t~J 
1.35 

1.30 

1.25 

1.20 

1.15 

1.10 

1.05 -

PERPENDICULAR CASE 
(5CM. SEPARATION) 

H, = 5 CM 
>-. = 10 CM 

i)IA.=0.1 CM 

DIA. =O. 05 CM 

DIA. =0.01 CM 

1.00 .___ _ __,a. __ --'-__ __.__ __ _ 

0 0.5 1.0 1.5 2.0 

DETECTOR LENGTH (CM) 

FIG. 9 

MA31~ETIC AND ELECTRIC DIPOLE COUPLING - EFFECT OF DIAMETER 

445 



and all subsequent figures will be 10 cm unless otherwise indicated. All 
dimensions are given in cm. The antenna diameter for calibration of self 
impedance will be .05 cm unless otherwise indicated. Also the current ratio of 
I1/I2 will be set equal to 1. The usual effect of changing this ratio is to 
increase (or decrease) the vertical scale without changing the curve shape. 

Figure 4 gives a basis for comparison by considering two parallel dipole 
antennas. The separation between the two antennas is .2 cm. Maximum coupling 
in this case occurs when the antennas are about the same length. Beyond that, 
over coupling occurs. The significant result is that an antenna with wing 
lengths of 3 mm or .03 wavelengths long will have the output voltage affected by 
only 10% due to the close proximity of the transmitting antenna. 

Figure 5 shows similar results for equal antenna lengths. The effect for 
small antenna size is higher due to the now varying value of z11 . 

We would now like to extend the theoretical situation to consider the case 
in which neither antenna is truly a transmitting antenna, but both are being 
excited by an external source. The same comparative analysis holds. 

Figure 6 shows the effective variation with angle. The term, colinear, has 
been used to designate a configuration for which symmetry of one antenna with 
respect to the center of the second exist. If antenna 2 has either XO, YO or ZO 
coordinate zero, it will be the colinear case. For the colinear case shown, the 
center lies on the "Y" axis. An orientation angle of zero indicates 
perpendicular antennas. As antenna 2 is rotated out of the XY plane, coupling 
increases to a point of over coupling and begins decreasing. The non-linear 
case shown is for an antenna centered at XO= YO = ZO = .2. The response 
follows the same general curve, but does not go to 1 even when the antennas are 
orthogonal. Thus, a mutual coupling still exists for the orthogonal antennas 
due to a lack of axis symmetry. This point is further investigated in figure 7. 

The relative mutual coupling effect increases from zero as the antenna is 
moved out of the X-Y plane and begins to decrease as the total antenna 
separation begins to increase. Again, the effect is reduced by using very short 
antennas. Thus, if one wishes to use two orthogonal dipoles as receiving 
antennas, their centers must have at least one axis of symmetry. That is, 
either XO, YO or ZO must be zero. The addition of a third orthogonal antenna 
further restricts the geometry. In fact, the only way this criteria can be met 
for three antennas is for the centers to lie along a single axis; thus the term 
colinear. It should be pointed out that a suitable compromise in design can be 
achieved by slightly violating the colinear center criteria and minimizing the 
coupling with short antennas. 

SLOT SOURCE/DIPOLE COUPLING 

The next case of interest is the coupling of a dipole receiving antenna 
with a slot source. The slot is located along the Z-axis so that a dipole 
orthogonal to Z will provide maximum signal and coupling. The objective, again, 
will be to minimize z21 • In this case, antenna 1 is the source. The desired 
measured quantity is r 2z22 with I1Z 21 negligible. Figure 8 shows Z21 as a 
function of vector wing length. For various slot half lengths in this and 
subsequent figures, antenna 2 will be located on the Y-axis. The point of 
interest in figure 8 is that an increase in slot length will result in changing 
the scale of relative response. 

Figure 9 gives an indication of the mutual coupling effect as a function of 
receiving antenna size. The expected results of shorter and smaller antennas 
giving minimal effect is seen. The top curve turns up as the antenna length 
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becomes small because the antenna length actually is smaller than the diameter, 
Again, relative scaling is noted and an arbitrary diameter of .OS is chosen for 
the remaining discussion. 

Figure 10 gives the relative couplin,- as a function of separation distance 
for various lengths of the dipole, A sinusodial variation, which is damped with 
increasing distance, is seen. The null at about~ cm is due to the wavelength 
and slot length chosen and may vary more radically about 5 or 6 cm as indicated 
in figure 11. 

Our interest is measurements at a frequency of 2450 MHz or a wavelength of 
12,24 cm at a 5 cm separation distance, Figure 12 shows the variation of the 
relative coupling as a function of separation for the 12,24 cm wavelengths, 
These results indicate that an antenna of wing length of ,5 cm or less will 
result in a coupling effect of 5~ or less at~ cm. 

CONCLllS ION 

A method of calculating the mutual impedance between a linear transmitting 
antenna located symmetrically along the Z-axis and a linear receiving antenna of 
arbitrary size, location and orientation has been described. This method was 
used to demonstrate that three orthogonal dipole receiving antennas must have 
colinear centers in order to achieve a design which leads to no mutual coupling, 
However, the co-linear center criteria restriction can be relaxed for very short 
antennas with only slight perturbations of the measurements, In addition, 
microwave oven survey instrumentation should not have antenna wing lengths 
greater than 1 cm, (or total antenna lengths of?. cm), In fact, total antenna 
lengths of .5 cm or less are more desirable in order to achieve insignificant 
coupling effects of 5% or less. 
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ABSTRACT 

A method is described for measurement of complex, dielectric constants which is 
useful over a frequency range of 0.2 to 18 GHz. Two different sample lengths 
may be required if the entire frequency range is to be covered, Dielectric 
constant values from 1 to 50 with a loss tangent of as much as 0,5 are measured 
with an accuracy dependent on the sensitive of the particular system used, 
Transmission line theory for lossy dielectrics is employed, but the need to 
solve transcendental equations has been eliminated, The method is particularly 
adaptable to use with automated systems but can also be used with slotted lines. 
A distinct advantage of the method is its independence of measured sample 
lengths and the easy construction of a sample holder, The method is expanded to 
include corrections for the sample holder. Comparative data using an automatic 
network analyzer and a slotted line is presented, 

INTRODUCTION 

A method suitable for measurement of complex dielectric constants useful 
over a frequency range of 0.2 to 18 GHz has been developed. Dielectric constant 
values from 1 to 50 with a loss tangent of as much as 0,5 are measured with an 
accuracy dependent only on the sensitivity of the particular system used. 

This method is particularly adaptable to use with automated systems but can 
also be used with slotted lines, A distinct advantage of this method is its 
independence of sample length and the easy construction of a sample holder. The 
method includes corrections for the sample holder, 

BACKGROUND 

Most methods used for dielectric measurements in the 0,2 to 18 GHz 
frequency range measure the impedance of a waveguide or transmission line loaded 
with the material in question. The shortcomings of such methods are that they 

a) require solution to transcendental equations resulting often in 
ambiguous results; 

b) depend on the length of the sample often requiring accurate 
measurements of small samples; and 

c) may require different experimental configurations for each frequency 
of interest. 
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One of the most common impedance measuring methods is the short 
waveguide technique. The general equation to be solved is the 
transmission line equation 

Z(t) = z Z(t2) + Z3(Tanh)y3d3 
3 3 23 + Z(t2)Tanh y3d3 

(1) 

circuited 
familiar 

where z3 is the characteristic impedance of the line, Z (t2) is the impedance of 
the terminating load and Y3 is the propagation constant. Figure 1 illustrates 
the physical situation, 

Transmission Line 
of Length d3 

I 

j 
r I Z 3 'y 3 I 

~ Z(t) 
~----d3--------- • 

Load 
----t 

Q,3 t2 

Figure 1. Transmission line terminated in load. 

t3 is the location of the measurement reference plane and t2 is the location of 
the load, 

If Z(t2) is set equal to zero (line terminated in a short), then Z(t3) 
becomes 

(2) 

Note that superscript s indicates a measurement with the line terminated in a 
short. 

Since yZ a jwµ, then 

Z(t~) = 20 Xn. TanhY 3d3 
Y3 

where it is assumed that µ3 aµ • 
0 

(3) 

Equation 3 is normally solved for y3, often giving ambiguous results due to 
the multivalued solution of Y3, 

TWO IMPEDANCE METHOD 

The transcendental nature of the transmission line equation can be 
eliminated if we note that the value of Tanhy 3d3 has been determined by 
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measurement. If a second non-zero terminating impedance,~, is U$ed at 12 , 
then equation (1) combined with equation (2) becomes 

(4) 

Note that the superscript L has been used to designate a measurement with the 
line terminated in a load z1 . 

. Equation (4) may now be solved for Z3 in terms of the measured values of 
Z(1;) and Z(i~). The result is 

(5) 

An added bonus is the independance of equation (5) of the sample thickness d. 

PRACTICAL CONSIDERATIONS 

Sample Holder 

The construction of a sample holder which lends itself to the above 
required measurements is not necessarily straightforward. First, all reflection 
coefficient measurements must be made with respect to the reference plane 1 3 , 
requiring access of this plane. 

A difficulty arises in using 13 as the initial reference plane. A thin 
window can be used to define the location of t 3 • This, in conjunction with a 
sliding short inserted into the open line from 12, can be used to initialize a 
system using, for example, a slotted line. However, an automated system such as 
a network analyzer requires several offset shorts for initialization. Under 
these conditions, the use of a thin window is impractical due to construction 
difficulties. 

These difficulties are avoided by using a thick window. 
arrangement is diagrammed in figure 2, in which i3 is used 
reference plane, 

Window Sample 

2 3, y 3 Z2,Y2 

z ,Y 
---d ____ I Z(R,i)I 0 0 ---d -------

3 2 

Figure 2. Schematic of sample holder using 
thick front window. 

453 

The experimental 
as the initial 

LOAD 



The characteristics of the window are first measured and determined using 
equations (2) and (5). The measured quantities Z(R,') and Z(R,~) now determine 
the properties of the window. 

The quantities Z(R,~) and Z(tt) (not measured) are now defined as the 
impedance at t 2 (front of sample) when the impedance of the line (end of sample 
at R-1) is terminated in a short or load, respectively. The measured quantities 
Z(R- 3) and Z(R-3') are now defined as: 

Z(R-3> = Impedance observed at t 3 when impedance at R- 2 is given by 
Z(R-~). 

Z(R-3')= Impedance observed at R-3 when impedance at 12 is given by 
z (R,~). 

The measurement with the sample terminated in a short results in equation 
(6). 

,. s 
Tanhyada z (R. ) = z ~~2) + z a 

3 Z + Z(R,5 ) Tanhy
3
d

3 
(6) 

3 2 

z Z(R,~) + Z(R,~) 
= 

3 z + Z(R,S) Z(R,S) 
3 2 3 

z3 
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This is solved for the value of Z(i~) in terms of measured quantities Z(i3) 
and Z(tJ) as 

.,. 
Z3(Z(t3) - Z(t5

3)) 
Z (ts) = ~--"--:-:;---=-----

2 Z3 - zci;) zct~) (7) 

Z3 

In a similar manner, Z(tt) can be determined from the measured quantities 
Z(i§"') and Z(i~) as 

.... s 
Z3(Z(t3) - Z(t3)) 

Z(t~) = ----_ ..,..,.------
23 - Z(t3) Z(t1) 

Z3 
Z2 is now determined from equations (7) and (8) as 

Liquid or Gel Samples 

(8) 

(9) 

Liquid or gel-like dielectrics are easily measured using this method. A 
sample holder is constructed of one solid section, d2 + d3 (Fig. 2), with the 
window tightly fitting into the waveguide or coaxial holder a distance d3. The 
,line is then mollllted in a vertical position. The surfaces i2 and i3 are well 
defined; the sample holder is retooved for the initialization of the system at 
13. The characteristics of the window can be measured using the two impedance 
method by inserting a sliding short from t 1 to t 2 and determining Z(t~). Z(~) 
is determined by placing a load at t1, A sliding load can be used to avoid the 
error df an imperfect load. Measurements are taken with the sliding load in 
three different positions, resulting in a circle in the complex impedance plane. 
The center of the circle is used as the value z1 in equation (9). 

Difficulty may arise due to a meniscus forming on the top liquid surface 
when the short is removed and replaced by a load. This problem is easily 
avoided by using a second window as shown in figure 3. 

Window Sample Window 

----'-, 

d __ J LOAD 

I \ I I 
I I 

'f------~ I~•------),~--------------,> I 
' d I ,i d I 

3 ~ l 

Figure 3. Sample holder with front and back window. 
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One additional 
acconq> lished by 
The impedance 
becomes 

measurement is then required to determine Z(R-1'). This is 

treating the window and load as a new terminating impedance. 

of the new load Z(tt) is measued directly. Equation (9) then 

2 Z(R,Ll) Z(R,s2) Z(tL2) 
(Z ) = 

2 _Z_(_R,T"L-) _+_Z _(R,_S_) ---Z-(R, ...... L_) __ _ 
l 2 2 

(10) 

The impedance (Z) is related to the propagation constant y by 

Z=~ 
y 

(11) 

where w is the angular frequency and µ is the permeability. The measured 

quantity for most systems is the reflection coefficient p which is related to Z 

by 

z = z 0 
1 + p 
1 - p 

( 12) 

where Z is the characteristic inq>edance of the measurement system. 
0 

Thus the determined quantity is the normalized impednace Z/Z
0 

which using 

equation (12) is given by 

(~o)'=(~) (13) 
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The normalized impedance is related to the relative complex dielectric constant £* as 

2 2 

e:*w - We 
2 2 

W - W C 
(14) 

where w2 is the angular cut off frequency. For a coaxial system, equation (14) reduces ~o 

= e:* (15) 

LIMITATIONS OF THE METHOD 

The above described method is generally useful over the frequency range of from 2 to 18 GHz. A single sample length can be used over any given decade of the above range. 

The limitation to a decade is best understood by considering the example plot of the reflection coefficient as a function of length of the sample as shown in figure 4. The example theoretical plots are for a dielectric constant of 50, and loss tangent of .4. The magnitude and phase are plotted for the sample terminated by a short and by a load. The variation of the reflection coefficient with length in units of wavelengths in the sample is insensitive below 1/8 of a wavelength and above 1-1/14 wavelengths. 

The total useful frequency range is then constrained by the practical size of sample construction. Since samples can be constructed as thin as 2 mm, the upper practical frequency range is well above 18 GHz. Samples much longer than 20 cm are impractical. This would indicate a lower frequency limitation of about 200 MHz for most dielectrics of interest. 

SAMPLE HOLDER CONSTRUCTION 

Figure 5 shows a waveguide sample holder constructed for use at X-band frequencies. Plexiglas windows are used. The holder and front window can be constructed separately and fastened together as suggested by the view at the top of figure 5, or the section can be made of one solid waveguide piece and the window inserted, The back window is separate and can be fastened to the terminating load for measurement. 

Care should be used in constructing and measuring the front window. An error in the measurement of Z3 and Z(t~) will be amplified in the final results. For this reason, it is best to double check the window measurements by using a second window as a sample if possible. 

Figure 6 shows the construction of a 7 mm coaxial sample holder. The 10 cm air line is filled with a high density polyurethane foam, leaving only a small portion of the line for sample containment, 

The reference plane t3 is the unaltered end of the line. The window is then the full length of sty~ofoam. The reference plane i2 is the end of the polyurethane foam indicated in figure 6. The outer conductor of the end of the line is removable. Two different outer compactor adaptors are constructed so as 
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Figure 4. Complex Reflection coefficient Versus Sample Length 

WAVEGUIDE HOLDER 
FIGURE 5 

Figure 5. Waveguide Holder 
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to allow shorted measurements at i2 (top view Fig, 6), and shorted measurements 
at t, (bottom view Fig. 6). A special short is constructed which has a hole to 
allow clearance of the protruding center conductor for shorted measurements at 
i2, 

RESULTS 

Figures 7 and 8 show data taken on various samples using an automatic 
network analyzer,* The dielectric constant (real part) is presented in figure 7 
and the loss tangent in figure 8. 

Each point represents an average of three data points of consistent data. 
The values show agree with slotted line data and expected results. 

CONCLUSIONS 

A method of measuring dielectric constants from 200 MHz to above 18 GHz has 
been described, The method avoids solutions to transcendental equations as well 
as the exact measurement of the sample thickness. The method of constructing a 
sample holder and exact methods for correcting its presence in the system have 
been presented, 

This method should be most useful to those having access to an automated 
reflection coefficient measurement system and of particular interest to those 
wishing to examine biological materials for molecular resonant absorption in the 
microwave range. 

*The analyzer belongs to the Walter Reed Forest Glen Facility and our thanks go 
to them, particularly to John Jacobie, 
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FDA 77-8005 Report of State and Local Radiological Health Programs, Fiscal Year 1975 (PB 259 947/AS,$4.50). 
FDA 77-8006 Nationwide Evaluation of X-Ray Trends: Organ Dose Index System-Instruction Manual. 
FDA 77-8007 Radiation Safety Handbook for Ionizing & Nonionizing Radiation (Gro 017-015-00116-4, $1.70) (PB 262 109/AS, mf only). 
FDA 77-8008 Imports - Radiation-Producing Electronic Products. 
FDA 77-8009 Comparison of Radiation Exposures from Panoramic Dental X-Ray Units. FDA 77-8010 Biological Effects of Electromagnetic Waves - Selected Papers of the USNC/URSI Annual Meeting - Volume 1. 
FDA 77-8011 Biological Effects of Electromagnetic Waves - Selected Papers of the USNC/URSI Annual Meeting - Volume 2. 

*Price per single copy at GPO Book Store. 
**Gro minimum charge for each mail order. 
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