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PREFACE

This work is an attempt to present a survey on the problems dealing with
body-mounted antennas. The effect of the human body on the radiation pat-
terns has been investigated by theoretical models and experiments. A po-
larization transformation effect has been discovered which leads to a new
class of antennas for the resonance frequency range of man. The safety
aspects have been investigated by studying the available literature on
biological effects of radio- and microwaves.
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1, INTRODUCTION

Biotelemetry is concerned with the obtaining and transmission of measuring
data from a free-moving subject. Among other transmission methods such as
infrared and ultrasonic it is utilized for all modulated radiowaves in
the frequency range 10 to 1000 MHz.

In radio telemetry one distinguishes between tracking (radio bearing and
identification of subjects) and real measuring data transmission. In con-
trast to voice communication systems a non-interrupted data flow is re-
quired from a moving subject, because the redundancy of the signals is
small and the test situation happens only once in many cases.

Multichannel telemetry equipment for the continuous recording of physio-
logical, chemical, biomechanical and other data are primarily applied on
human subjects in patient monitoring, exercise physiology and sport re-
search. The encumbrance for the subject due to weight and volume of the
equipment and the feedback of the apparatus on the measuring data should
be as little as possible. With today's technology it is possible to pro-
duce miniature transducers and transmitters. Missing are, however, small,
body-mounted antennas with good omnidirectional properties.

A small, trunk-mounted, or even a non-visible, efficient antenna on the
subject would open new fields of application not only for biotelemetry.
Many applications of mobile voice communication for security personnel,
police agents, etc.,require a camouflaged antenna (GOUBAU and SCHWERING
[32], KING [48]). Experience demonstrates however, that the transmission
Toss of small, body-mounted antennas amounts up to about 20-30 dB. This
means that less than one percent of the RF energy can be utilized for
transmission in unfavorable conditions. An enhancement of the power of
the transmitter output for the improvement of transmission performance
cannot be recommended for two reasons: In modern equipment the battery
determines the final weight and volume of the transmitter, and RF-power
in excess of 100 mW may exceed the safety limits for uncontrolled RF ex-
position (DDR-Standard [18], NEUKOMM [64]).

In the last few years various experimentalists attempted to quantify the
influence of the human body on the radiation pattern of body-mounted anten-
nas. Azimuthal radiation pattern measurements with horizontal polarized an-
tennas were performed in the frequency range 6 to 280 MHz (BUCHANAN, MOORE
and RICHTER [12]). Investigations with vertical polarized A/2 dipoles
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demonstrated a dominant, but not explicable influence of the antenna~-body
distance at 450 and 900 MHz (KING and WONG [491). The fitting of relative-
1y large antennas to the body was investigated in the frequency range 33
to 170 MHz by means of the VSWR, and a main resonance of the human body
was postulated to occur at 60-80 MHz (KRUPKA [531). As a result from
these works one may conclude, that the human body acts as a director, re-
flector or absorber at frequencies above 30 MHz. In spite of considerable
effort no systematic relationship was found between body geometry, anten-
na-body~-distance, frequency and radiation pattern.

A first attempt to compute the radiation pattern of an antenna-body sys-
tem came out in 1977 (NYQUIST, CHEN and GURU [66]). The model consisted
of a short dipole antenna with assumed sinusoidal current distribution,
parallel to a rectangular cylinder subdivided in dielectrical volume ele-
ments. By means of tensor Green's functions various results at 50 MHz
were computed, such as power depositions in the body, impedance change of
the antenna and also the azimuthal radiation pattern for some antenna To-

cations.

Up to now a general theory about the radiation characteristics of an an-
tenna-body system is missing. The reasons for that gap are mainly:

- - An antenna is a complicated radiation source. The fields around an an-
tenna can be roughly categorized in near zone (r</2%), far zone (r>X)
and transition zone. Within the near zone a strong reactive near field
exists which is partially converted within the transition zone into an
effective, real, radiating field. The final far field in the far zone

is clearly described by the antenna parameter, as long as the near zone
is not disturbed. But exactly this happens in the practical application
of body-mounted antennas. Any antenna, especially an electrically small
antenna, will be detuned by the body proximity.In spite of VSWR measure-
ments one knows little about the radiated power and its radiation cha-
racteristics. If the antenna is combined with a fix transmitter (e.g.,
walkie-talkie) it is difficult to define a radiation reference level.

If the antenna is remotely fed, surface waves on the feeding coaxial
cables may radiate more than the antenna itself. Reflections from the
ground effect a further, but estimable influence. In general,it is quite
difficult to construct an antenna test set-up for antenna-body distances
(d t) below 0.2 m and signal levels below ~ 15 dB (0 dB = antenna in

a
free space) with a measuring error of less than 3 dB. Therefore, system-
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atic effects could not be detected by experiments in the past.

- Most experiments have been performed at some fixed frequencies and with
some fixed antenna-body distances where the future use of the transmit-
ter was planned. A systematic relationship can be recognized only if
these parameters are changed in little steps over a large range.

~ The human body exhibits a complicated, variable shape. The dielectric
inherent properties of the individual body organs vary around 1:10. In
addition they are strongly dependent on the frequency, with a distinct
change at about 100 MHz (JOHNSON and GUY [451).

- The frequency range of interest covers the resonance region of the human
body. The largest circumference of a body (human body : measured from
head to feet) is roughly equal to the wavelength of the first resonant
frequency. In fact this is demonstrated by absorption computation and
thermographic investigations, where the maximum absorption occurs at
about 65 MHz, if a human body model is irradiated by a plane wave (GANDHI,
HAGMANN and D'ANDREA [24], CHEN and GURU [14].

From the literature neither analytical resolvable models nor approximative
methods are available which explain the radiation characteristics of actual
body-mounted antennas in the entire frequency range. The method of NYQUIST,
CHEN and GURU [66] could lead to a systematic explanation, if the model
could be improved by parameter variation. However, an extension of that
method exceeds the 1imited storage capacity and the computation time 1i-
mits of our ETH computer. Thus,other models and computation methods have
to be found in order to understand the systematic correlations in a anten-
na-body system and in order to develop new, efficient antenna configura-
tions.
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2. ProJECT

The fundamentals have to be prepared for the development of efficient,
electrically small, body-mounted antennas with omnidirectional radiation
patterns in the horizontal plane.

An antenna-body model has to be created which allows the computation of
the systematic relation among frequency, body geometry, relative position
of the antenna to the body and transmission 10ss. The model should be
applicable for the entire frequency range from 10 to 1000 MHz.

A measuring method has to be developed which allows radiation pattern re-
cording of body-mounted antennas in the entire frequency range from 10
to 1000 MHz. The measuring error should be less than 3 dB.

An investigation about the possible risks of body-mounted antennas has to
be performed. The safety standard of some countries would prohibit the
use of transmitters with sufficient power in combination with electrical-
1y small antennas. The international findings on biological effects of
radio- and microwaves are controversial and the safety standards vary
greatly from country to country. Biological effects may have an influence
on the accuracy of biotelemetrical data and could lead to health hazards.
The investigation should conclude in recommendations for reliable and
safe use of transmitting devices with body-mounted antennas.
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3, SymBoLs AND DEFINITIONS

SYMBOL | NAME AND DEFINITION UNIT

a radius m

s radius of the radiansphere (4.5.) , A/2% m

e spherical radius vector (5.2.1.)

ARP azimuthal radiation pattern (7.2.1.)

A] body-mounted antenna (5.1.2,) , usually electrically small (h<r/4)

A2 remote antenna (5.1.2., 8.3.3.) , large broadband antenna

K magnetic vector potential (6.3.2.) Vs/m

Kscat scattered magnetic vector potential (6.3.2.) Vs/m

B bandwidth , 2Af450 or frequency range between - 3dB, (4.5.,16.1.) MHz-

BK wave propagation constant k in computer programs (10.2.2.) /m

BMR basal metabolic rate (4.1.), metabolic power dissipation W/kg

E magnetic induction u,.ugﬁ Vs/m?

c velocity of Hg}nt in vacuum, 2.997910° m/s m/s

c_u?f curl vector function, Eu—rf £ = .V)x-E'

c capacitance, 1 Farad = 1 Coulomb/Volt As/V

c central nervous system (4.4.)

W continuous wave

Cmax maximm circumference of the body in wavelengths 1

d transmission distance (d »21) (5.1.2., 8.2.) m

div divergence vector function, div E = ;E

dat antenna-body distance , distance from A; to body surface (5.1.2) m

dg thickness of the reflecting layer (5.3.2.) m

dB decibel, relative measure for power or field strength (5.1.2.) 1
power: 10 log (P/P,), field: 20 log (E/Ey)

\] refracted wave (5.3.2.)

DRP directive radiation pattern (7.2.1.)

D, diameter of the infinite cylinder IZYL (5.4.1., 6.5.2.) m

Dy diameter of the helical antenna (4.5., 16.1.1.) m

Dg mean diameter of the trunk of a TS or test body (10.4.9.) m

DTEST 1/4 of the test segment length in program PANB (6.4.5.1.,10.2.2.) m
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SYMBOL | NAME AND DEFINITION UNIT
e constant, e = 2.718
EEG electroencephalogram
EM electromagnetic (-wave)
E, reference electric field strength for O dB, received field strength |V/m
at optimal antenna polarization in quasi-free-space condition (5.2.1}
Eh horizontal component (¢-component) of an E-fie'ld.near a body (5.2.1.)|V¥/m’
Erl perpendicular (normal) component of an E-field to a surface (6.3.) [V/m
Er radial component of an E-field with respect to body axis (5.2.1.) V/m
Ey tangential component of an E-field with respect to a surface (6.3.) V/m
Ev vertical component of an E-field near a body (|} body axis) (5.2.1.) V/m
zinc incident electric field strength in z-direction V/m
E:"d induced electric field strength in z-direction V/m
zscat scattered electric field strength in z-direction v/m
F_ztot total electric field strength in z-direction V/m
E electric field intensity, complex vector V/m
E‘lnc general incident electric field V/m
Eref general reflected electric field V/m
E(;) electric field at the relative position ; to the body (5.2.1.) V/m
Ey o - (*vertical') polarized incident E-field (6.4.3.) V/m
E¢ ¢ - (‘horizontal’) polarized incident E-field (6.4.3.) V/m
f . frequency in MHz, f = w/21 1/s
res resonant frequency (usually in MHz) MHz
me Jower frequency limit due to Fresnel condition (5.3.1.) MHz
f"m2 lower frequency limit due to Rayleigh criterion (5.3.2.) MHz
me3 upper frequency 1imit due to plane wave condition (5.3.3.) MHz
me4 Tower frequency limit due to far-field condition (5.3.3.) MHz
f‘lims maximum computational frequency in program HARRA (10.3.1.) MHz
F frequency in MHz in all computer programs MHz
FFHD flat folded helical dipole (16.1.2.)
FHD flat helical dipole (16.1.2.)
FSL free-space level = Eo =0dB (5.1.2.) d8
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SYMBOL | NAME AND DEFINITION UNIT
FZVL finite. cylinder, computational body model (5.4.1.)
9 Green's function (6.4.2.1.)
gTa_c? gradient vector operator, gr—ag %= 3 [
Gl2 gain of the remote antenna A2 {5.3.2.) 1
GA ground plane antenna (16.1.2.)
Gn evaluated Green's function (6.4.2.1.)
Ga'lnB transmission gain, gain of antenna A] when body-mounted with re- dB
spect to the quasi-free-space performance (5.1.2.)
h hour h
h physical Tength of an electrically small (monopole) antenna (4.5.) m
h.' height of A] above ground (5.1.2.) m
h2 height of A2 above ground (5.1.2.) m
heff effective height of an antenna (for Uind computation)
hB relative height of the center of A] with respect to the feet of the |m
test body, z-coordinate of A] in computation (5.1.2.,10.2.5.)
HDR heat development rate, usually relative value (4.3.) 1
Hn perpendicular (normal) component of a H-field to a surface (6.3.) A/m
Ht tangential component of an H-field with respect to a surface (5.3.) |A/m
Hxinc incident magnetic field strength in x-direction A/m
Hxscat scattered magnetic field strength in X-direction A/m
B | total magnetic field strength in x-direction A/m
E magnetic field intensity, complex vector A/m
Einc general incident magnetic field A/m
Eref general reflected magretic field A/m
ﬂ‘:’(kr) Hankel function, second kind, order n (6.5.2.)
current A
J square root of -1, imaginary number 1
5 electric current density in a volume element (6.3.4.) A/m?
.Jt tangential electric current density (6.3.1.) A/m
Jn(kr) Bessel function, order n (6.5.2.)
3 electric current density on a surface (6.3.1.) A/m
k 1/m

amount of the wave propagation factor in a medium
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SYMBOL | NAME AND DEFINITION UNIT

K wave propagation factor 29/\ in free space 1/m

KK number of regarded modes n in computer program PANB 1

L inductance, 1 Henry = 1 Vs/A Vs/A

LPD logarithmic periodic antenna (remote antenna Az) (8.3.3.)

LB Jength of the TS or test body (10.4.9.) m

LossB transmbiss'lon Toss caused by the body, (= - Gaan) (5.1.2.) dB

L{J) integro-differential operator (6.4.1.)

m refraction index, m = km/k (5.3.2.) 1

M number of division of the interval O to ¥ in computer programs 1

MANMOD | conducting human body model, sagittal or lateral view (5.4.1.)

MET metallic cylinder (for experiments) (5.4.1.)

MHz megahertz, 10° Hz 1/s

MW microwave, frequencies above 300 MHz

n mode number (in expansion functions) (6.4., 6.5., 10.3.1.) 1

N number of tangential units along the contour curve of a body of 1

revolution (6.4.)

NN number of modes to be computed in program HARRA !

NP number of body contour points, (NP~1)/2 = N, program HARRA and PANB 1

NPHI number of division of the interval 0 to ¥ in program HARRA and PANB |1

NNPHI number of computed azimuthal field points in program PANB and PANC 1

NTEST number of test segments in program PANB (10.2.4.) 1
1%, number of turns of a helical monopole antenna (16.1.) 1

P polarization of antenna Al’ orientation of the main polarization

axis in the space, vertical, radial or horizontal (5.1.2.,10.2.5.)

Py polarization of antenna AZ’ vertical or horizontal (5.1.2.)

P real power in watt VA

PHA phantom cylinder (for experiments) (5.4.1.)

Pabs absorbed power in a lossy medium, watt (4.3.) VA

Pin input power at a transmitting antenna, watt (5.3.2.) VA

Ploss dissipated power in a transmitting antenna, watt (4.5.) VA

Pra d radiated power from a transmitting antenna, watt (4.5.) VA

P reactive power near a transmitting antenna (4.5.) VA
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SYMBOL | NAME AND DEFINITION UNIT
Preal real power (rad+loss) from and in a transmitting antenna (4.5.) VA
Psc“ total scattered power from an object (5.2.3.) VA
; power density, Poynting vector ; = Ex.};. usually in mW/cm? (4.5.) VA/m?
;real real power density, computed from Prad only, mW/cm*  (4.5.) VA/m?
ch reactive pover density, [B,q,(+Q, mVA/cn? (4.5.) VA/m?
Q Q-factor, ratio fres/B or stored energy/radiated+lossed energy 1
in an RLC network (4.5.)
r radius or distance m
: radius vector from origin of coordinate system (6.3.2.) m
;' radius vector of a source point from origin of coordinate system m
R amount of the distance between source and observation point, m
Rl = [F - 7] (6.3.2., 6.4.)
R resistance, Ohm V/A
RACS relative absorption cross section (4.3.) 1
RCS radar cross section, usually related to shadow area (5.2.3.) m?
RF radio frequencies, frequencies below 300 MHz
RH radius of a contour point in programs HARRA and PANB (10.2.2.) m
RHD round helical dipole (16.1.)
RTEST radius of the test segment center point (6.4.5.1., 10.2.2.) m
R1oss loss resistance of an antenna (4.5., 16.1.1.) V/A
Rrad radiation resistance of a transmitting antenna (4.5., 16.1.1.) V/A
Re reflection coefficient of the E-field of a TE-wave (5.2.4.) 1
BH reflection coefficient of the H-field of a TM-wave (5.2.4.) 1
[R] measurement row matrix (6.4.3.)
s distance from ground to feet of TS (5.1.2.) m
S surface of a body m?
SAR specific absorption rate, in W/m? or W/kg (4.3.) VA/g
sus standard human test subject (5.4.1.)
t time S
t index, means tangential (to a surface) component (6.3.)
-{] 9 tangential unit vectors on a surface of a body (6.3.5.) 1
TE transversal electric mode, horizontal polar. (5.2.4., 5.3.2.)
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(8E and §¢ are measurements for the field homogeneity, 10.3.5.)

SYMBOL | NAME AND DEFINITION UNIT
TEM transversal electro-magnetic mode, general case (5.2.4.)
™ transversal magnetic mode, vertical polarization (5.2.4., 5.3.2.)
15 test subject
U voltage v
U'Ind induced voltage at the antenna terminals (5.2.2.) )
v volume of a body m?
VSWR voltage standing-wave ratio, ratio of Umaxfumin (16.1.) 1
veff effective volume of an antenna, computational value (4.5.) m?
Vg volume of the radiansphere = A%/6 12 (4.5.) m3
{vi excitation matrix (6.4.1.)
ﬁ-i testing function (6.4.1.)
[yl admittance matrix (6.4.1., 10.2.2.)
Yn(kr) Neumann function (Bessel function of second kind) (6.5.2.)
Z Impedance V/A
ZH height of a contour point in programs HARRA and PANB (10.2.2.) m
ZTEST height of the test segment center point (6.4.5.1., 10.2.2.) m
2 characteristic impedance of vacuum, Z, = 377 Chm V/A
Zm characteristic impedance of a medium (5.3.2.) V/A
[21 impedance matrix (6.4.1., 10.2.2.)

la incident angle with respect to a body surface (5.2.4.) °
B phase factor (5.2.2.) 1
[ Fourier coefficient (6.5.2.)
Y reflection angle (glancing angle) of a wave to the ground (5.1.2.) o
g Brewstef angle, total refraction of a TM-wave (5.1.2, 5.3.2.) °
r refraction coefficient of the air-medium interface at perpendicular

(normal) wave incidence (4.2., 5.2.4.)

§ penetration depth of a wave into a medium (4.2., 5.2.4., 6.2.) m
SE maximum field strength variation along antenna axis (5.2.2.) d8
8¢ maximum phase variation of the field along antenna axis (5.2.2.) °
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SYMBOL | NAME AND DEFINITION UNIT
AU ratio actual induced voltage Uind to approximated induced voltage dB
Uind (from center field) in d8  (5.2.2., mean error 10.2.5.)
As'l path difference for the first Fresnel Ellipsoid (5.3.1.) m
AsZ path difference of a rough surface (Rayleigh criterion) (5.3.2.) m
Asa path difference of a plane wave a1ong the body axis (5.3.3.) m
g3 path difference of a spherical wave along body axis (5.3.3.) m
sz phase difference due to the reflection of the wave at a rough 0
surface, Rayleigh criterion : sz < /2 (5.3.2.)

€ total permittivity As/Vm
€m permittivity of a medium (total permittivity) As/Vm
€, dielectric constant, ¢, = 8.854 - 10" F/m or As/Vm As/Vm
€, relative dielectric constant of a medium 1

8e1 elevation angle of an incident wave above ground (5.1.2.) °

ed refraction angle (5.3.2.) °

8y incident angle of a wave (to the body axis) (5.1.2.) 0

eT angle of the test segment to the body axis (6.4.5.1.) °

A wavelength m

An wavelength of a wave in a medium (4.2.) m

A, wavelength of a wave in vacuum m

U total permeability Vs/Am
Ym permeability of a medium (total) Vs/Am
¥, permeability of vacuum, u, = 47 10”7 #/m or Vs/Am Vs/Am
. relative permeability of a medium 1

o radius of a point on the surface of the body of revolution (6.4.) m

Pn distributed charges in a medium (charge density) (6.2.) As/m?
010y conductivity of a medium in S/m or mho/m (4.2.) A/Vm
Oy surface charge density on a body (6.3.) As/m?
) azimuthal rotation angle (in the horizontal plane) (5.1.2.) ¢

? electric potential (6.3.3.) v

v phase of the reflection coefficient (5.3.2.) o
v(z) current distribution function along the antenna axis (5.2.2.) 1

© angular frequency, w = 2%f in rad/s 1/s
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4, SAreTy AsPeEcTs OF RADIO- AND MICROWAVES

4.1. INTRODUCTION AND HISTORICAL BACKGROUND

Body-mounted antennas are used in biotelemetry and walkie-talkies. Biote-
lemetry transmitters are applied on human test subjects and animals in or-
der to record physiological and other data with minimum encumbrance for
the test subject. Great efforts are made to reduce the influence of the
measuring equipment on the data to be measured. In this chapter we are
therefore not only interested in possible health hazards of radio trans-
mitters but also in effects which may falsify the recorded data.

The subject is within the near-zone of a radiating source if body-mounted
antennas are used. Due to the smallness of the antenna and due to the small
antenna-body distance (dat) » the power density (3) at the subject's surface
may exceed the maximum permissible values of some safety standards.As anex-
ample the consequent application of the German Democratic Safety Standard [18]
prohibit such transmittingdevices if the radiated power exceeds a few mi.

The non-ionizing electromagnetic (EM) spectrum encompasses frequencies from
1 Hz to 10Hz. In general, frequencies from about 0.03 MHz to 300 MHz are
called radio frequencies (RF) and frequencies from 300 MHz to 300,000 MHz
are designated as microwaves (MW). In analogy to the well established safe-
ty standards for ionizing radiation the purpose of the less known safety
standards for non-ionizing radiation is to protect a large population from
uncontrolled exposure. A safety standard is always a compromise betweenab-
solute safety and practical realization. The permissible Timits should ex-
clude health hazards based on the present state of science. Under certain,
well-described conditions the safety limits may be exceeded willingly if
the risks resulting from other factors can be considerably reduced. For
example, the application of a powerful ECG telemetry transmitter for the
monitoring of heart disease patients is justified if the physician in
charge considers a permanent heart monitoring as urgent.

A meaningful application of the safety standard requires the knowledge of
the risks and often also the history of the standard's development. Until
about 1945 "low-power" non-ionizing EM radiation was generally considered
completely harmless. It was known that dielectrical materials can be hea-
ted internally with high RF power, an effect which isapplied in diathermy
for the clinical warming-up of certain body regions {MOOR [601, SCHWAN

[73]). During World War II the U.S. Department of Defense medical services
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became interested and concerned about possible hazards associatedwith the
development, operation and maintenance of the increasing numbers of radar
sets and other RF emitting electronic equipment. The main reason for that
interest was reports about human microwave cataractogenesis (see MILROY
and MICHAELSON [591), HIRSCH and PARKER [44]) in radar repairmenwho have
been exposed to power densities in excess of 100 mW/cm®. After some in-
vestigations by the U.S. Navy and the U.S. Air Force, responsibility for
research on biomedical aspects was delegated in 1957 to “"Tri-Service-Pro-
gram" directed by the USAF. This program, well described by MICHAELSON
[581, included investigations on effects of exposure on whole~body, selec-
tive organs and tissues, singie cells and enzyme systems, using various
power levels, for pulsed and continuous waves in the frequency spectrum
from 200to 24,500 MHz. Basic work for the understanding of thermal effects
was performed by SCHWAN and PIERSOL [74] on the field of power matching,
absorption, penetration depth, etc..Non-thermal effects suchas field force
effects on molecules (pearl chain formation , MUTH [61]1), orientation of
macromolecules (HELLER [43]), activation of membranes and neurons (e.g.,
LIVESHITS [551), macromolecular resonance denaturation (e.g., BACH, LUZZIO
and BROWNELL [4]) and many other effects have been investigated in that
period. The listed non-thermal effects occurred only at high field inten-
sities, so that the thermal effects were considered as dominant. A safe
Timit of 10 mW/cm’ power density was defined which is still valid now
(ANSI 1974 [2]) in the USA and in most of the western countries.

The power density number of 10 mW/cm? has the following origin: the meta-
bolic processes of the human body amount to about 1 W/kg when averaged
over the total body mass for the sleeping state (BELDING and HATCH [81,
GUY [35]). This Basal Metabolic Rate (BMR) for the whole body may be ex-
ceeded by that of individual organs; for example, the heart muscle has a
metabolic rate of 33 W/kg, the brain 11 W/kg, the liver 6.7 W/kg, the skel-
etal muscle 0.7 W/kg (GUY [351). As a fundamental, limiting criterion an
artifical power deposition of 1 W/kg averaged over the whole body was de-
fined. Such an external heating increases theoretically the head core tem-
perature by about 0.15 Oc and the body muscie temperature by about 1°¢
(EMERY et al.[22]). This heating is considered harmless since it is com-
parable with the heat produced by physical exercise. It was argued that
since the BMR of the human body is in the order of 75 watts for a 70 kg
man with a body surface of about 1.9 m?, this represents an equivalent
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areal heat production rate of about 4 mW/cm2. Since half of the surface
area would be available for single sided exposure to a MW field, by 1imi-
ting the maximumcontinuous MW exposure on 10 mW/cm?, one would expect no
more than a doubling of the BMR in the body. (See limitations of this
simplistic model in the next sections and TELL [771.) The philosophy of
permissible heat 1oading concerns mainly the protection against destruction.
Furthermore,clearly defined test conditions were choosen, e.g., in animal
experiments an isolated test subjectwas exposed to a plane wave and great
effort hasbeen made to keep the field homogeneous. From the power density
10 mW/cm? the equivalent free space field intensities were derived for
near-field conditions (E-field 200 V/m, H-field 0.5 A/m).

The Russian and generally the Eastern safety regulations are basedon other
considerations. The regulations concerning the power density are up to
10,000 times more stringent and the exposure duration is limited. As an
example the GDR safety standard [18] demands that the power density in
the MW region should not exceed 10 pW/cm? at 8 h/day, and for the same
exposure duration the E-field should not exceed 2 V/m in the frequency
range 50 to 300 MHz. The H-field is not limited up to now, but since GUY
[36]1 could prove that the H-field induced E-fields inside a human body
are larger than the E-field induced E-fields in the frequency range 1 to
20 MHz, an appendix regarding permissible H-fields is to be expected.
These very limiting safety standards are based mainly on effects studied
in encephalography, biochemistry, cardiovascular pathophysiology etc. and
are often connected with investigations in occupational medicine. Soviet
investigators have stressed that the central nervous system is highly sen-
sitive to all modes of radiation exposure. Their conceptional approach is
based to a large extent on Pavlovian methods as can be seen from the many
publications about changes in conditioned reflexes (GORDON, ROSCIN and
BYCKOV [301), see also summary of MICHAELSON [57]). Without discussing the
details of the Eastern investigations it is evident that alterations of
functions of complicated biological systems occur at much lower field in-
tensities (nonthermal or microthermal effects) than material alterations
or destruction. In the late 1960's the Eastern literature was reaching
the American microwave community and initiated a broad research on low-
Tevel effects. One reason for this new interest was the introduction of
microwave ovens in the USA, where the microwave leakage is in the range
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from 0.7 to 20 mW/cm? (CONSUMERREPORTS [17]) in contrast to the reported
effects at a power density level of 10 pM/cm* to 5 mW/cm? (GORDON {30,311).
In 1971 GLASER [29] from the U.S. Electromagnetic Radiation Project Office
began with a bibliography on reported effects and clinical manifestations
attributed to MW and RF radiation. During this time the ninth supplement
came out so that about 4,600 citations are available.

Some of the Eastern findings could not be reproduced in the West. Criti-
cized were the insufficiently described test methods (seee.g. PROCEEDINGS
WARSAW [691). If more than one animal is kept in a cage for animal experi-
ments, the field homogeneity may be disturbed by a factor of 100. Reflec-
tions from the cage walls and ground effects lead to enhanced absorption.
If a ratisplaced in a reflector corner, an averaged incident power density
of 10 mW/cm? may lead to an absorption of 200 W/kg (GANDHI [26,271). On
the other hand it must be pointed out, that under working conditions, re-
flections exist and that no long-term investigations have been performed
with controlled conditions. The stringent Eastern safety standards which
have been prepared above all for the protection of workers in factories
are reasonable from this point of view.

In the following sections the physical background of RF and MW absorption
and recent investigations on biological effects will be presented inorder
to estimate safety recommendations for body-mounted antennas.
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4.2, ELECTRIC AND MAGNETIC PROPERTIES OF BIOLOGICAL MATERIALS

The investigations of the electric and magnetic properties were mainly

performed during the last 30 years.Only the most important results can
be discussed here; additional data and computation formulascanbe found
€.9., by TOLER and SEALS [79], SCHWAN and LI [75], JOHNSON and GUY [45].

Biological material is non-magnetic and can be characterized by theirdi-
electric properties: conductivity o and relative dielectric constant Ep.
The dielectric properties depend on the material and the frequency. In
TABLE 1 these dielectric properties and the properties of the electro-
magnetic waves in the media are shown for two typical biological material

groups:

PROPERTIES OF ELECTROMAGNETIC WAVES IN TWO GROUPS OF BIOLOGICAL MEDIA

GROUP A GROUP B
Muscle,Skin, and Tissue with Fat,Bone, and Tissue with
High Water Content Low Water Content
Frequency
f [MHz] 40.7 100 300 915 40.7 100 300 915
Wavelength in
Air 738 300 100 32.8 738 300 100 32.8
Ao [cm]
Wavelength in
Media 51.3 27.0 11.9 4.5 187 106 41.0 13.7
Am [cm]
Relative Diel.
Constant 97.3 n.z 54.0 51.0 14.6 7.5 5.7 5.6
€r [1]
Conductivity
¢ [mmho/m] or | 690 890 1370 1600 13-53 19-75  32-107 56-147
o [mS/m]
Depth of
Penetration 11.2 6.66 3.89 3.04 118 60.4 32.1 17.7
§ [cml
Refl.Coeff. T
1] [11 0.91 0.88 0.83 0.77 0.62 0.51 0.44 0.42
arg(r) [°] +176 +175 4175 +177 | +173 +168  +169 +173

TABLE 1 Properties of electromagnetic waves in two groups of biological
media. (Source: JOHNSON and GUY [45]).



- 28 -

The dielectric behavior of the two groups of biological materials listed
in TABLE 1 has been evaluated most thoroughly by SCHWAN and his associates
[73,74,75]. The biological tissues are composed of cells encapsulated by
thin membranes containing an intracellular fluid. The increase of the con-
ductivity o and the decrease of the relative dielectric constante,, with
increasing frequency can be explained for group A by the interfacial po-
Jarization across the cell membrane. The cell membranes, with a capacity
of about 1F/cm®, act as insulating layers at low frequencies so that cur-
rents flow only in the extracellular medium. At higher frequencies the
reactance decreases, resulting in increasing currents in the intracellu-
lar medium. The most noticeable change can be observed at about 100 MHz.
A current density of about 1 mA/cm® produces a heat egual to that due to
the BMR (SCHWAN [72]).

The depth of penetration 8§ of RF and MW power into the material is defined
as the distance required to reduce the power by e?. The indicated values
are valid only for aplane slab, an extended investigation of KRITIKOS and
SCHWAN [52] on the distribution of heating potential inside lossy spheres
has revealed hot spots in depths which may be larger thand. The hot spots
appear inside only for spheres with radii from 0.1 to 8 cm and frequencies
from 300 to 12,000 MHz and are of importance mainly in animal experiments
(see e.g.,GUY [35]).

The reflection coefficient I of the air-media interface will be important
for the later computation of the scattering properties of a biological
body. A T of 0,88/+175° (group A, TABLE 1) means that the reflected wave
will be only about 1 dB less than whose reflected from a perfect conductor
and will show the same phase (dB: 20 Tog E/E , E reference E-field, E
measured E~field, see chapter 5.1.2). For the computation of the absorp-
tion of electromagnetic energy in a multi-layer medium,also the reflection
coefficients from one layer to the other are of importance as can be seen
in the next section.
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4.3. ABSORPTION OF ELECTROMAGNETIC ENERGY IN BIOQLOGICAL MATERIAL

The determination of the absorbed power in an arbitrarily shaped inhomo-
geneous biological medium needs a great computétional effort. Howéver, the
multi-layer plane slab model is well investigated and may serve as a first
approach for the absorption phenomena.

A simple plane slab model consists of two infinite layers of a certain
thickness whichare irradiated perpendiculariyby a plane wave. (FIGURE 2:
irradiation from the left, first layer =3 cm fat, second layer = 10 cm muscle)

Rel. Heat
Development Rate

10

Fat Muscle
9 F

@ 300MHz
@ 915 MHz
® Q@ 2450 MHz

Tissue
1o Thickness [em)

FIGURE 2 Relative Heat Development Rate (HDR) in a two-layer model.
(Source: TELL [761, SCHWAN and PIERSOL [74])

The power which is absorbed in a volume element V and which is converted
into heat is given by the formula (1):

Pos = %Io [E(r)|? dv (1)

v

The specific absorption rate (SAR) can be obtained by relating P,, . to the
volume (W/cm®) or to the specific gravity (W/kg). The electric field
strength E(I-'") can be computed by the reflection coefficients and the at-
tenuation factors in the two layers. Since the impedances of the materi-
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als are complex, a feasible method of solution is to apply the Smith Chart
as demonstrated by TELL [761.

The SAR Teads directly to the Relative Heat Development Rate (HDR) by divi-
ding the obtained SAR's by the maximum obtained SAR (FIGURE 2). The heat
actually produced could be computed by applying the laws of thermodynamics,
but since thermal data (heat conduction, external cooling, etc.) arediffi-
cult to obtain with the required accuracy, thermographic methods are bet-
ter suited (GUY, WEBB and SORENSEN [361).

In FIGURE 2 it is interesting to see that the HDR in the fat layer depénds
directly on the intrinsic wavelength Ap. At 915 MHz the fat layer is about
Ap/4 (TABLE 1) and acts therefore as a A/4 impedance transformer. The re-
sult is a high HDR at the irradiated surface and a sharp rise just inside
the muscle layer. At 300 MHz the heating in the fat is much less than in
the muscle, and at 2,450 MHz the surface heating of the fat layer is about
68 percent of the maximum heating which occurs deeper within the fat.

This simple plane slab model is a good model for local application of a
guided plane wave (diathermy applicators etc.), but does not adequately
describe RF and MW absorption in complicated biological structures with
jrregular geometry, especially if the dimension of the body is comparable
to the wavelength.

The absorption of EM energy in a three-dimensional body depends greatly on
the body geometry and the wavelength. An adequate measure to describe this
phenomenon is the Relative Absorption Cross-Section (RACS):

In FIGURE 3 a dielectric sphere with a radius a is shown which is irradi-
ated by a plane wave (SCHWAN [721). The RACS is defined as the ratio of
absorbed power to the incident power. The incident power can be computed
from the incident power density (in free space) multiplied by the shadow
area fa?; the absorbed power can be computed by several methods or deter-
mined by thermal measurements.An RACS smaller than 1 means that a part of
the incident power is reflected or transmitted through the sphere. An RACS
greater than 1 means that the effective shadow area is greater than the
physical area Ta® or, in other words, that EM power is extracted also from
outer regions around the sphere.

Where are 3 different regions (FIGURE 3) : for small radius a (or for
Jong wavelengths A) the RACS is small, but increases rapidly with size.
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FIGURE 3 Relative Absorption Cross-Section (RACS) of a sphere of tissue-
like dielectric properties as a function of the relative freguency fre]
(sphere circumference 2%a /wavelength A ) (Source: SCHWAN [721).

For large radius a (or short wavelengths A) the RACS is about 0.5 since
the sphere reflects a part of the incident power. High RACS's occur, if
the circumference of the sphere is almost equal to the wavelength. For
27a/X between 0.4 and 1.5 the RACS may exceed 1. In that resonant case not
only is the absorption very high, but also the field homogeneity around
the sphere is disturbed; an effect which will be important in the later
field computation outside the irradiated body.

GANDHI et al.[25] continued RACS investigations withdielectric ellipsoids
and various field polarizations. An ellipsoid with the axis a/b of 6.34
shows an RACS of about 4.2, if the incident E-field is polarized parallel
to the main axis a andif the length L (2a)} of the ellipsoid is about /2.

Specific Absorption Rates (SAR, see above) of body elements were determined
by GANDHI, HAGMANN and D'ANDREA [24]and are shown in FIGURE 4: A saline-
filled man model was irradiated in free space with a power density of 1
mh/cm?. The maximum averaged SAR for the whole body amounts to 0.2 W/kg
and occur at 68 MHz for a model length of 1.75 m. The SAR of the leg and
of the neck may reach 0.4 W/kg as can be seen from FIGURE 4.
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103 [MHz)

FIGURE 4 Specific Absorption Rate (SAR) for a 1.75m man model at an
incident power density of 1mW/cm? in free space, vertical polarization.
(Source: GANDHI, HAGMANN and D'ANDREA [24] )
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FIGURE 5

The z-component (vertical)
of induced electric field.
Incident EM-Wave: vertical
polarization, incident E;"C
1 V/m, 80 MHz.

Compared with FIGURE 4 at
an incident power density
of 1 mW/cm? and 70 MHz the
maximum SAR's occur at the
knee (0.4-0.5 W/kg) and in
the neck (0.2 W/kg).
(Source: CHEN and GURU [151)
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In FIGURE 5 the computed induced E-field components in the z~-direction are
shown in a body model irradiated by a vertical polarized EM-wave (CHEN and
GURU [15]. The incident E-field is 1 V/m and the frequency 80 MHz. The
highest induced E-field occurs in the knee region and is about 0.44 times
the incident field. The computed SAR's agree with the measurement of GANDHI
et al. [24,25]1 . High values are obtained mainly in the leg, the thigh
and the neck. At horizontal polarization the largest SAR's occur at about
200 MHz and are located in the chest amounting to 0.4 W/kg at 1 mW2? inci-
dent power density level (CHEN and GURU [151). The dielectric properties
o and £ in experiment and computation are similar to those of group A in
TABLE 1. If the computer capacity is available, they could be varied for
each cube for future refinement with more cubes.

Up to here the human body was considered to be in free space. The effects
of the presence of reflecting surfaces and ground effects were studied by
GANDHI et al. [24,26,27]1. The SAR's for the whole body and some intact
anatomical parts of a man for an incident power density of 1mW/cm? is
shown in FIGUR 6, where man is in good electrical contact with ahigh con-
ducting ground plane:

SAR [W/kg]

f

-4
10" + v —r—rTTT T —rTrrT T

10' 102 10° [MHz]

FIGURE 6 Specific Absorption Rate (SAR) for a 1.75 m man model in good
electrical contact with a high conducting ground plane. The incident power
density is 1 mW/cm®. (Source: GANDHI, HAGMANN and D'ANDREA [24])



- 34 -

The resonant frequency is now near 35 MHz, and the SAR's are about twice
as high than in the ungrounded condition. The SAR of the whole body a-
mounts to about 0.3 W/kg, the SAR of the leg to about 1 W/kg at an in-
cident power density of 1 mW/cm?. The indicated SAR's are those inte-
grated over basic anatomical structures and do not reveal the worst case.

A further increase of the SAR in the whole body can be observed when the
man is placed infrontof a flat reflector (1W/kg), ina 900 corner reflec-
tor (6W/kg) and in a corner reflector with ground contact (12W/kg) (all
values related to a power density of 1 mW/cm?).

In the introduction it has been mentioned that the fundamental, limiting
criterion was a power deposition of 1 W/kg which is equal to the BMR. At
frequencies below 20 MHz and above 300 MHz the present U.S. safety stan-
dard of 10 mW/cm? fulfills this criterion. However, a more stringent safe-
ty standard seems to be reasonable for the resonance frequency range 20
to 300 MHz.

4.4. OBSERVED BIOLOGICAL EFFECTS OF RF AND MW

Although some thousand recent investigations on biological effects are
available (see bibliography of GLASER et al. [29]), the effects at low-
power densities are not yet understood in a larger context. Most of the
experiments were carried out with small animals at frequencies above 300
MHz, therefore the results of such investigations cannot be transferred
directly onto large animals or humans. Some few examples should give an
overview on the variety of the documented effects.

The teratogenic effects of MW in insects were studied by LIU, ROSENBAUM
and PICKARD [56]1 by irradiating the pupae of the darkling beetle Tenebrio
Molitor during its metamorphosis. A statistically significant increase

in malformations in the adult insect was observed at power levels as low
as 170 pW/cm?. The pupation time increased monotonically with the power
density at a constant (2 h) irradiation duration. The damages increased
Tinearly with the Togarithm of the dosage, and the effects started at ap-
proximately 40 pW/cm? power density and 0.1 mWh/cm®> energy density. Expo-
sure of various durations (max. 16 h) and powers (max. 16 mW/cm*) strongly
suggested that it is the total dosage which determines the Tevel of tera-
tological damage. Since irradiation at 16 mW/cm? is known to produce a
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measured rise in pupal temperature of less than 20C, and since heating by
conventional thermal techniques appears not to be teratogenic, the effects
seem to be not (macro-) thermal in origin.

A widely observed and accepted biological effect of low-average power EM
energy is the auditory sensation evoked in an exposure to MW. Among other
researchers GUY et al. [37] describe the effect a§ an audible clicking or
buzzing sensation that originates from within and near the back of the
head and that corresponds in frequency to the recurrence rate of the MW
pulses. The loudness of the sensation correlates with the average inci-
dent power density. The threshold energy density per pulse is about 40
ud/cm? (corresponds to about 0.01 uWh/cm?) and is five order of magni-
tudes smaller than the permissible U.S. safety standard value of 1mkh/cm?
for peak power averaged over any 6-minute period (ANSI [2]). However, it
should be mentioned that the average power density for the threshold of
120 pW/cm? (about two order of magnitudes lower than the permissibleU.S.
safety standard value) requires a pulse width of 1 to 32 us, with peak
power from 1.25 to 40 W/cm2. The presented data are valid for 2,450 MHz for
humans. Experiments at 918 Mz with cats have shown that depending on the
pulse width (3 to 32 us) average energy densities of 17 to 28 uJd/cm? per
pulse, average densities of 17 to 28 uW/cm? and peak power density of
0.8 to 5.8 W/cm? are required to produce ihe auditory effects. Although
an energy density of 40 uJd/cm? is capable of increasing the tissue temper-
ature by only 5-10°° ©OC, the auditory effect could be explained by micro-
thermal expansion of the liquid in the cochlea, producing a pressure wave
similar to the normal input of acoustic signals.

Microwave-induced chronotropic effects in the isolated rat heart are de-
scribed ina recent report by OLSEN, LORDS and DURNEY [68]. Continuous (CW)
MW irradiation at 960 MHz causes bradycardia (lowered heart rate) in iso-
lated, perfused rat heart maintained at 20 °C. The observed bradycardia
occured at a power deposition of 1.3t02.2 W/kg that should have caused
mild tachycardia (increased heart rate) based on the theromogenic proper-
ties of the irradiation. The observed bradycardia,moreover, exhibits neuro-
logic features, because atropinized hearts showed strong tachycardia during
irradiation, and hearts treated with propranolol showed significantly
stronger bradycardia during.irradiation than seen without drugs. It is
assumed tha MW interacts with the autonomic nervous system by changing
the neurotfansmitter release mechanism. Because the temperature rise was
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1imited to 0.1 °C, macrothermal mechanisms are not possible, but the possi-
bility exists, that microheating, i.e.,strong thermal gradients over small
regions could be responsible for this chronotropic effect of MW. Similar
effects, but at Jower SAR in living rats,are reported by East European
researchers [28,29,69].

A considerable body of Titerature has grown in the East European countries

on transient functional changes following low dose RF and MW irradiation.
A sample of clinical and experimental data is presented in TABLE 7.

A SAMPLING OF THE GENERAL BIOLOGICAL EFFECTS OF MICROWAVES AT POWER
DENSITIES OF 10 mW/cm2 OR LESS (EAST EUROPEAN SOURCES)

Clinical Effects Experimental Effects
1. General subjective complaints 1. Decreased physical endurance and re-
(sensations,fatigue,loss of ap~ tarded weight gain (rats).
petite,asthenia, etc.)
1I. Functional CNS and perceptual II1. General inactivation of CNS electri-
changes. cal activity; domination of hypo-

thalamic function; altered afferent
function {rabbits, cats).

Inhibition of conditioned reflexes;
increased motor activity; weakening
of excitation/inhibition reactions
(rats,mice,birds}.

Morphofogical changes in nervous sys-~
tems (rats,guinea pigs,rabbits)

Altered reactivity in response to
drugs (rats,rabbits).

I11. Cardiovascular and associated I1I. Altered blood pressure and heart
autonomic changes. rate (rats,rabbits).
IV. Altered blood chemistry. 1V. Altered blood neuroendocrine chemi-
stry (rats,rabbits).
V. Altered metabolism. V. Altered amino acid and ascorbic acid
metabolism (rats)
V1. Depressed endocrine function. VI. Altered reproductive cycle; decreas-
ed viability of offspring (rats).
VII. Increased susceptibility to VII. Altered immune reactions
infectious diseases. (rabbits).

TABLE 7 A sampling of the general biological effects of MW power den-
sities of 10 mW/cm? or less as reported by Soviet, Czechoslovakian and

Polish researchers. (Source: GLASER and DODGE [28,191)
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In the Warsaw Proceedings "Biological Effects and Health Hazards of MW
Radiation" [691 and in the recent book by BARANSKI and CZERSKI [6] a re-
view of the East European research is presented. GORDON,ROSCIN and BYCKOV
[30] describe functional disturbances in the Central Nervous System (CNS),
physiological alterations and behavioral changes which occur at power le-
vels down to a few uW/cm?. Various Tow-level effects may be considered as
selective absorption of radiation at the interfaces of heterogeneous bio-
logical systems, e.g.,hypothalamic-hypophyseal-suprarenal system. Electro-
physical investigations of isolated nerves and muscle fibers in frogs at

5 uW/cm? have revealed slowed conduction of impulses, an increased synap-
tic delay, a lengthening of latent and refractionary periods and changes
in action potentials. DUMANSKIJ and SANDALA [20] investigated alterations
in the EEG, in conditioned reflex activity (longer latent period, weakend
reaction to positive stimuli) and in several metabolic processes in rats
and rabbits after irradiation with less than 10 pW/cm* at 50 MHz and 12 h/
day exposition. KALADA, FUKOLOVA and GONCAROVA [46] and others [69] demon-
strated effects in occupational exposure. The effects are manifested by
weakness, fatigue, headache, etc. and dysfunctions in the autonomic nervous
system, which are apparently reversible.

As pointed out by many Western researchers some of the Eastern findings
could not be reproduced in the West at the same low-power density level
(see e.g.,CHOU and GUY [16] and ROMERO-SIERRA, HALTER and TANNER [701).
However, there is an increasing number of investigations in the West which
lead now to similar results (EEG-changes, altered conditioned reflexes, be-
havioral changes, pathological changes in nerve tissue and brain, increas-
ed sensitivity to drugs, etc.), and it has been well established that cer-
tain birds, fish and invertebrates can exhibit sensitivity at very weak
fields of all kinds (see e.g.,discussion by DODGE and GLASER [19]). Very
1ittle is known about RF- and MW receptors, the effect of irradiation on
children and non-healthy persons, and the significance of long-term irra-
diation.
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4.5. HIGH FREQUENCY FIELDS FROM ELECTRICALLY SMALL ANTENNAS NEAR A BODY

The purpose of this section is to estimate the quantities of the E- and H-
fields on the surface of a subject in close contact with a transmitting

antenna and to compare these quantities with the safety standards.

Let us consider a small (2h< X, see FIGURE 8) dipole antenna A] radiating
an RF power Prad' In a large distance r (r»)) from the antenna one may
assume that the propagating wave is plane, so that the E- and H-vectors
are rectangular to each other and show the same phase. The amount of the
vector power density F and the amounts of the vectors E'and ﬁ'can be com-

puted from Prad’ r and the characteristic impedance of vacuum Z,:

Bl = [Pl / 4-r2ed (2)
-F; = Exﬁ (Definition Poynting) (3)
Z, = (we/e)? = (€] / [H] (4)
Bl = (IF]- )" (5)
o= (Bl 20"

-
In the vicinity of an actual antenna (r<}) the E- and ﬁ-vectors are nei-
>
ther rectangular to each other nor in phase. P becomes a rotating vector
5
of variable amount, and the time averaged power density |P| is

Bl = Y |Re(ExTi*)) - (6)

The total power density ; can be considered to be a superposition of a real
power density ;real and a reactive power density ;reac- The energy associ-
ated with the reactive power Ppazc pulses back and forth and represents
stored energy (similar to the energy stored in an inductor or capacitor).
The energy flow associated with the real power Ppaa1 is always positive

in direction of propagation and represents a real energy flow. For the
following estimation we define Erea] as the power density which is pro-
duced from a 'hypothetical point source' with the radiating power Ppaq :

PBreall = IPogql / 4 +r2-1 (8)
An antenna can be considered as a resonator for the nominal frequency fy..q
which loses energy by radiation. In the vicinity of the antenna exists a
large reactive power which is converted into radiating (real) power, and
at about r= A/2% the radiating power dominates over the rapidly de-

creasing reactive power.
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An electrically small antenna is defined as an aerial, one whose size is
a small fraction of the wavelength. It is a capacitor or inductor, and is
tuned to resonance by a reactor of opposite kind (WHEELER [831).From this
definition it is evident that an electrically small antenna will show

a considerable amount of reactive power.

The 'Helical Normal-Mode Antenna' is today one of the most applied type of
electrically small antennas for walkie-talkies and biotelemetry transmit-
ters. The dipole version (see FIGURE 8) of the helical antenna consists

of a helical conductor in the shape of a long cylinder with the diameter
Dh(Dp<1) and with the axial length 2h (2h<A/2). The computation of the
helical antenna and its features will be discussed in chapter 16.1. At

the moment we have to know only, that the main radiation direction is ra-
dial to the axis'and that the main polarization axis is parallel to the
antenna axis (similar to a full-size dipole antenna).

With the theory of WHEELER [83,84,85] the ratio of real to reactive power
can be computed in a situation as shown in FIGURE 8.

FIGURE 8

Model for the estimation of the near-

field reactive power

A] : helical dipole antenna

2h : physical antenna Tength (<X)

Dh : diameter of the helical coil
(<)

ag : radius of the radiansphere (see
definition in the text, a; =1 /27)
wavelength

: point on the surface of the body,
located in a distance h from the
antenna

The 'radiansphere' is defined by WHEELER [84] as the boundary between the
near field and the far field of a small antenna. Its circumference is X,
and the radius ag is one radianlength (1/21), at which distance the three
terms of the field (from R,L and C of the antenna impedance) are equal in
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magnitude. The volume VS of the radiansphere is:

JoAnfayr A8
Vs‘T[Z_ﬂ]‘s—ﬂ’ ()

An electrically small antenna is somewhat smaller than the radiansphere,

but it has a sphere of influence occupying the radiansphere. From the com-

putation of radiation power factor an effective volume Veff has been de-

fined (WHEELER [85]) which is very roughly a value between the physical

volume of the antenna and the volume of a sphere containing the antenna:
47

oy S s
T < ep < 3l | (10)

The effective volume of a slender helical antenna is about 2/3+h’+ 7.

The ratio between radiating power Prad to reactive power Preac is given
by the ratio Veff to VS as discovered by WHEELER [83,85].

Preac _ 4 Vs

Prad Veff (1)

An antenna can also be considered as a resonant R-L-C network. The so-
called Q-factor of such a network is defined by the ratio of the reso-
nant frequency fres to the bandwidth B and results from the ratio of
stored power (in L and C} to real power (in R). The real power is the
sum of the radiated power (in the radiation resistance Rrad) and the dis-

sipated power P (in the loss resistances R]oss):

loss
Q - fres _ stored power _ _ Preac (12)
B real power Prad * Ploss

By combining equation (11) and (12) we obtain for the lossless antenna:

fres = 4, Vs = Preac (]3)
J Veff Prad

Equation (13) leads to the following interesting conclusions:

1. By decreasing the size of a distinct antenna type the bandwidth de-
creases considerably, if the resonant frequency is kept constant. This
law (WHEELER [831) is often not noticed in practical antennas, because
the radiation resistance decreases and the loss resistance increases.

2. By decreasing the size of a distinct antenna, the reactive power in-
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creases considerably, if the radiated power and the resonant frequency
are kept constant. The Q of an actual antenna is about 5 to 30, so that
the electrically small antenna represents a strong, concentrated re-
active power source.

With the assumption that the total real and reactive power is contained
in a sphere of radius h (FIGURE 8) and is distributed homogeneously, the
averaged quantities of greal’ Breac: Hand E at the subject's surface
point P can be estimated as follows:

a) The radiated power Ppaq can be computed from the electrical field-
strength Ey in the far-field at the distance r: (BECKER [7])

E 2'?‘2
Prad ¥ XSQ 3 Eyinm¥/m, rinm, Pprag in ud (18)

b) The real power density sfea] originating from an assumed point source
with the real radiating power Ppyq is with equation (8) :

[Preal| = Prad / 4%h? - (18)

c) The Q-factor can be obtained by measuring the resonant frequency fres
and the - 3d8 bandwidth B. For the lossless antenna we obtain the
-
reactive power density Ppaac With equation (12) :

li}eacl = IB}eaII‘ Q (16)

For an antenna with high losses it is recommended to determine the
losses with the efficiency measuring method or to compute the theo-
retical Q (see Appendix 16.1.)

d) If we assume that the total reactive power is stored magnetically, the
H-field component is about

A Y Q- (|Preqyl/Z0)? (17)

and if we assume that the total reactive power is stored electrically,
the E-field component is about

Bl ¥ Q- (|Breatl Zo)" (18)

The obtained results agree with actual measurements of helical antennas
(TELL and O'BRIEN [781) within a factor of 2. For generally small antennas
an error factor of about 5 is to be expected, which is acceptable, be-
cause the threshold for biological effects is very variable.
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Two typical examples should illustrate the significance of radiation of
body-mounted antennas with respect to safety:

Mobile communication systems. Security personnel, police, traffic-

control agents, the crew on railroad yards and many other groups

are equipped more and more with body-mounted transmitters. The po-
sition of the antenna during transmission is close to the hip, chest
or head, the standard power is 1 to 5 watts; the standard frequencies
are about 170, 450 and recently also 900 MHz. For a 450 MHz walkie-
talkie the general specifications are as follows: monopole antenna
with a length of h=4 cm, antenna-body distance dat=4 cm (situationas
depicted in FIGURE 8), input power 5 W, antenna efficiency 50 percent
and bandwidth 10 percent. From these data we compute a radiated power
Prad = 2.5 W and a Q-factor of 10. The radiation intensities on the
surface of the body computed with equation (15) to (18) are: real

= 10 mW/cm?, reactive power density B = 100 mVA

power density [ reac

real o
/cm2and maximum possible E or H =2000 V/m or 5 A/m.

These intensities are comparable to the measurements of TELL and
O'BRIEN [78] at a 3.8 W/450 MHz walkie-talkie equipped with a 15 cm-
helical antenna. At a distance of 5 cm a maximum power density of 24
mW/cm? was measured with an E-field probe (EDM-3 from NBS, see e.g.,
[91).

If we assume a daily transmission duration of 20 minutes, the radi-
ation of standard professional walkie-talkies exeeds the U.S. safety
standard by a factor 1 to 10 and the East-European safety standard

by a factor of 100 t01,000. Macro-thermal effects are not to be ex-
pected, because the small irradiated area is well-cooled, but micro-
thermal or non-thermal effects probably occur. The main risk is not
only the high intensities, but the uncontrolled, frequent, world-wide
application of walkie-talkies. The actual Polish regulation (see ref.
461 in BARANSKI and CZERSKI [6]) requires that any candidate for work
necessitating exposure to MW must undergo a medical examination and
obtain a medical certificate for fitness, and periodic examination of
MW workers are compulsory. It would be wise to collect medical data
on personnel equipped with mobile communication systems in order to
decide if similar examinations are necessary for such personnel.
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Miniature biotelemetry transmitters. A common antenna for bioteleme-
try transmitters is a small coil around the housing. We assume the

following data: RF-input power 1mW, antenna diameters 2h =2 c'm,radi-
ation efficiency 10 percent anda Q-factor of 30. With that data the
-
real power density Ppga) is about 0.01mW/cm? and the reactive power
->

density Ppaac is about 0.30 mVA/cm?.

The radiation intensities of miniature biotelemetry transmitters are
between the safety standard limits of the U.S. and East Europe. The
radiation duration is generally a few weeks, and often electrodes to
sensitive body regions (EEG) are implanted . Often pulse position
modulation {sharp peak power) is applied in animal experiments. Health
hazards are notlikely to occur , but micro-thermal gradients may cause
biological effects which may lead to wrong physiological measuring
data. Therefore,it would be wise to check the probable influence of the
biotelemetry transmitter radiation with respect to artifacts.

The accurate computation of the E- and H-fields near an antenna and near
or in the bodyis complicated and vary from one antenna type to the other.
Near-field results of a slender monopole antenna have been presented by
CHANG, HALBGEWACHS and HARRISON [13].NYQUIST, CHEN and GURU [66] investi-
gated the coupling of a 50 MHz A/4 dipole antenna with a man-model consist-
ing of dielectrical cubes. At an antenna-body distance of 10cm they com-
puted a total power deposition of 0.28W at an input power of 3.14W. They
concluded that an input power of 20W results in potentially hazardous in-
tensities comparable to a plane-wave irradiation with 10mW/cm2. It should
be mentioned that a A/4 antenna is 1.5mlong so that the critical power
level may be expected below 2 W for electrically small antennas.

Accurate near-field measurements in and outside the boby still pose a problem.
EGGERT, GOLTZ and KUPFER [211 developed the near-field strength meter NFM-1
which allows E-field measurements 10 cm away from a source with less than
15 percent error in the frequency range 10 to 350 MHz. BELSHER [9] developed
the near-fieldelectric energy density meter EDM-2 witha E-probe consist-
ing of three orthogonal miniature dipoles. The probe is imbedded ina 2 ecm
stick and allows E-field measurements withless than 10 percenterror in the
frequency range 10 to 500 MHz. GREENE [33,34] described an H-field probe and
a near-field exposure synthesizer for the frequency range 10 to 40MHz. The
best method to determine the field inside a body is the thermographic re-
cording of the absorption in a model (e.g., GUY,WEBB and SORENSEN [361).
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4.6. CURRENT TRENDS IN INTERNATIONAL SAFETY STANDARD DEVELOPMENT

An overview on the present safety standards and on the actual existingex-
posures is given in FIGURE 9:
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FIGURE 9 International safety standards and actual exposures. Some stan-
dards are related gradually to the duration, all are valid for partial and
whole body exposure. The GDR limit is valid for pregnant and nursing wo-
men. The urban environmental exposure regards approximately 20,000 people
in Washington and Chicago. Sources: MICHAELSON [571, DODGE and GLASER
[191, ANSI {21, TGL [18], HANKIN et al. [39] and NEUKOMM [641.

The U.S. Safety Standard recommendations (ANSI [2]) apply toall radiation
within the frequency range from 10MHz to 100 GHz except for deliberate ex-
posure of patients by or under the direction of practitioners of the heal-
ing arts. The recommendations pertain to both whole body and partial body
jrradiation. For normal environmental conditions the CW {(continuous wave)
radiation guide is 10 mW/cm?, and the equivalent free-space electric and
magnetic field strengths are approximately 200 V/m RMS and 0.5 A/m. For
modulated fields, the power densities and the field strengths are averaged
over any 0.1 hour period, and they should also notexceed an energy density
of 1 mWh/cm?. The US Army (MICHAELSON {571 recommends further, that short
exposures should not exceed 100 mW/cm?, and that the exposure duration (in
minutes) is limited by the expression 6000/(( x mW/cm?)?).
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Sweden decreased step by step the maximum permissible power density from
10 mW/cm? (1970) over 5 mW/cm® (1973) to now 1 mW/cm®*, and Canada intends
to follow (DODGE and GLASER [191).

The East European safety standards in FIGURE 9 apply for all occupational
radiation in the frequency range 300 MHz to 300 GHz. Remarkable are the
stepped curve (constant dosis) and the low values for permanent exposure.
At Tower frequencies somewhat higher values are permissible. A typical
example for Eastern safety standards is presented in TABLE 10 with the
German Democratic Republic's (GDR) safety standard:

MAXIMUM PERMISSIBLE FIELD INTENSITIES IN THE GERMAN DEMOCRATIC REPUBLIC (1978)
FREQUENCY
RANGE OCCUPATIONAL EXPOSURE TO [RRADIATION COMMUNAL HYGIENE (RECOMMENDED)
GENERAL PREGNANT AND NURSING WOMEN OPEN TERRITORY DWELLING HOUSES
60 kHz - 3 Mz 50 ¥/m 10 ¥/m per 8 h 10 V/m 10 ¥/m
3 MHz - 30 MHz 20 V/m 4V/m per 8 h 4 V/m 0.4 ¥/m
30 MHz - 300 Muz S ¥/m 2V/m per 8 h 2 ¥/m 0.2 ¥/m
300 MHz - 300 GHz | 10 pW/cm? per 8 h 1 uW/cm?® per 8 h 5 uk/cm? (pulsed, 2 ui/cm? {pulsed,
100/ em? per 2 h rot. antenna) rot, antenna)
1 mW/cm? per 0.3 h 1 uW/em? (CW) 0.5 uk/em?® (CW)

TABLE 10 Maximum permissible field intensities for RF and MW irradiation
in occupational exposure and communal hygiene in the GDR.
(Sources: DDR-Standard and appendix [18])

The actual exposure to RF and MW is shown in FIGURE 8 for three different
categories. In urban areas with distributed Radio- and TV stations many
thousand people are living day and night in EM fields. HANKIN et al. [39]
investigated the power densities of UHF-TV stations and found that about
20,000 people inWashington, 20,000 people in Chicago and 3,000 people in
Philadelphia are exposed to more than 4 uW/cm?. Up to now little data are
available about hazardous effects, from the work of VREELAND, SHEPHERD and
HUTCHINSON [82] it is known, however, that TV-stations may affect the cor-
rect operation of pacemakers. Mobile communication systems and especially
the UHF walkie-talkies are of greater significance as discussed in section
4.5,.0ne may assume, that about 10million people are exposed to more than
1 mW/cm? by such sources, and it is worth to mention that in the East
European countries the power of professional walkie-talkies is legally
limited to about 100mW. Biotelemetry transmitters are relativelysafe, but
deserve attention to possible artifacts.
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4.7. RECOMMENDATIONS FOR SAFETY LIMITS FOR BODY-MOUNTED ANTENNAS

With the present poor knowledge about tong-time effects of RF and MW on
humans it is very difficult to state generalized recommendations. If very
Jow permissible values are recommended, many sensible applications for
biotelemetry and mobile communications have to be excluded. If very high
values are recommended, we have to bear the responsibility for health
hazards. Summarizing the facts collected in this chapter , we may come
to the following conclusions:

Averaged permissible values related to the transmitting frequency:

Below 20 MHz the power absorption is about proportional to 2, is de-
termined mainly by the H-field,and at 10 mW/cm?® the SAR's are well
below 1 W/kg. A maximum power deposition of 10 mW/cm? and maximum near-
field strengths of 200V/m and 0.5 A/m are conservative limits.

Above 300 MHz the penetration depth is small, but local hot spots
are possible under certain conditions. A maximum power density of
1mW/cm? and maximum near-field strengths of 63V/m and 0.16 A/m must
not be exceeded.

In the resonance region of 20 to 300 MHz excessive local absorption
is only possible, if the human body is irradiated by a remote source
(whole body exposure), and if the power density is more than 1 mW/cm?.
For partial body exposure, like irradiation from body-mounted anten-
nas, a distribution of the available radiation power may be expécted.
For low-power transmitters (e.g., < 25 W) the maximum power density
should not exceed 1 mW/cm? and the near-field strengths should not
exceed 63V/m and 0.16 A/m. For a high-powered transmitter the coup~
ling conditions and the power distribution have to be investigated.

Peak power and dosis: The reported phenomena seem to be effects from

the dosis and effects from the peak values. The above indicated maxi-
mum ratings are conservative for CW and for maximum 2 hour exposure
per day. For shorter durations and pulse modulated sources the above
indicated averaged power densities may be multiplied by a factor of
10 and the above indicated averaged field intensities may be multi-
plied by a factor of 3 in order to obtain the permissible peak val-
ues . For long-time exposure, however, the above indicated values
should by divided by the factors 10 and 3, respectively.
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Risk factors: Some of the risk factors are: conducting objects inside
and outside the body (e.g., pace makers, electrodes, microphone cables,
headphones, transducers), decreased state of health, extreme en-
vironmental conditions (heat), stress, immobility, pregnancy, etc.
The present state of bio-research leads to the conclusion that some
reversible biological effects may occur, but thatreal health hazards
can be excluded at such low maximum safety 1imits. With respect to
biotelemetry one has to take into account possible artifacts which
may Tead to wrong results. In animal experiments, especially with
small animals, one should consider the wavelength/size ratio, the
different biological functions (e.g., thermoregulation, metamorpho-
sis) and the environmental (e.g., cage reflections) conditions.
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5. ANALYSIS OF THE ANTENNA-BoODY SYSTEM

5.1. DESCRIPTION OF THE GENERAL PROBLEM

5.1.1. DEFINITION OF THE BASIC GOALS IN ANTENNA BODY MODELLING

Comparatively speaking, there are two kinds of antenna engineers. First,
the experienced practitioner who develops in a short time an exotic, well-
operating antenna, but who is not able to deliver computational data, be-
cause there are too many variable, undefined parameters. Second, the theo~
retically-trained engineer, who computes for assumed idealized conditions
an excellent theoretical antenna which operates badly under the givendif-
ficult environmental conditions.

Similar to above the same dilemma is manifested in our modelling problem:

The antenna-body model should contain on one hand all significant
parameters which describe a realistic situation, on the other hand
the selected model should be computable with a reasonable effort.

The basic goals may be defined as follows:

The computation of the antenna-body model should explain the syste-
matic relation among frequency, body geometry, relative position of
the antenna to the body and transmission 1oss to a remote antenna.

The results of the computation should be verified by asufficiently
accurate measuring method.

The obtained results from both theory and experiment shoulddeliver
fundamental data for the development of efficient, electrically
small, body-mounted antennas. With the test subject standing on
the earth, the antenna-body system should radiate omnidirectional-
1y in the horizontal plane.

5.1.2. PARAMETER DESCRIPTION OF THE GENERAL ANTENNA-BODY SYSTEM

The general test situation is shown in Figure 11. Given is a test subject
(7S), a body-mounted antenna (A]) and a remote antenna (Az). The TS is
electrically isolated from ground by the small space (s) between ground
and feet. The relative position of A] to the TS is defined bythe azimu-
thal rotation angle { ¢), the relative antenna height (hg) and by the an-
tenna-body distance (dat)’ which is the distance between the center ofA]
and the surface of the TS. The absolute position of the antennas is de-
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fined as follows: The transmitting distance (d) is much greater than the
wavelength (1) and dat; therefore we regard d as constant. The antenna
height (h1) is the height of A1 above ground, the antenna height (hz) is
the height of A, above ground. The elevation angle (ee1) is the vertical
angle of the beam AIAZ to the horizontal ground; the incident angle (6;)
is the vertical angle between the beam A]A2 and the vertical body axis.
The reflection angle (YB) is the Brewster angle (later discussed in
5.3.2.).

A

hy

/. ///////fl( /- //>// TS S AF/
f— d>>2 : {

FIGURE 11 General test situation. Parameters described in the text.

The point of interest is the transmission from an EM signal from A7 to
Ap when a body (TS) is near to the antenna A1. Because we want to inves-
tigate the systematic influence of the TS and not the properties of a
specific antenna type, we define the test situation closer :

The two antennas Ay and A, have to fulfill the following requirements:

1

The physical size of Ay should be smaller than any relevant
dimension of the test set-up.

Ay should have only one dominant E-polarization axis (py)

Ay should radiate omnidirectionally in free space (e.g., radial
radiation independent on the rotation angle of the axis of A7)

Ay should not change its input impedance due to body proximity.

Ay should have a strict linear E-polarization (pp)
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As an additional regulation the input power (P;,) at Ay, theabsolute po-
sitions hy,hy,d and the polarization pp are keptconstant for each experi-
ment performed at a given frequency (f).

The reference field strength E; is measured at Ay, when no subject is pre-
sent. Ay is oriented for maximum radiation in direction of Ap; in the
first case (see FIGURE 11) py and pp are vertical.

The actual field strength E is measured at A, when the TS is positioned,
varying d,i.hg, ¢ and P-

The "transmission Toss" (Lossg) and the "transmission gain" (Gaing) is de-
fined as follows:

Lossg = - 20 Tog (|-|EE01‘] in decibels [dB] (19)
Gaing = 20 log (H—%) in decibels [dB] (20)

Lossp is a measure for the negative (or positive) influence of the TS on
the radiation characteristics of the antenna Ay. Lossg is a function of
many parameters which are discussed in TABLE 12. The main radiation pat-
tern of the antenna-body system are described by Lossg versus ¢ and ver-

Sus 961 .

Because E, represents the maximum possible field strength for a given test
antenna in the best practical conditions (near ground, but far away from
a body), we call Lossg of the free antenna (E,) "free-space level™ (FSL):

Free-space level (FSL) = 0 dB = reverence level E, (21)

The polarization pj of Ay may also be horizontal (parallel to the ground).
In that case the FSL (0 dB) is obtained by orienting py of Ay horizontal,
so that py and py are parallel.

In the case of reverse transmission, that is, transmission from A, to Ay,
the FSL (0 dB) is calibrated to the electrical field strength E, of the
incident, plane wave in the region, where the TS is intended tobe placed.

Finally, it is pointed out once more that Ej or the FSL is not identical
with the field strength produced by an ideal isotropic radiator. At the
moment we are not interested in the directional gain and in theefficien-
cy of Ay; such questions will be treated later in Appendix 16.1..

A Tist of Lossp determining parameters are presented in TABLE 12:
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A SAMPLE OF SIGNIFICANT PARAMETERS DETERMINING GENERALLY THE TRANSMISSION LOSS

PARAMETER | SYMBOL RANGE DESCRIPTION OF THE PARAMETER AND ESTIMATION OF ITS INFLUENCE

Frequency f 10-1000 MHz | At frequencies from 50-300 MHz the dimensions of the human
body are in the same order of magnitude as the wavelength.
Wavelength] A 0.3-30m Resonance phenomena of unknown influence are to be expected.

Polari- ) vert./hor./ | The main resonance of the human body occurs at vertical po-
zation of radial larization, a weaker resonance at horizontal polarization.
Ay and Ap Py vert./hor. Field irregularities outside the body may likely occur es-
' specially in the case of resonance for 2 and Py vertical.

Body- Ay [h<0.15m The requirements concerning length, polarization, omnidirect-
mounted jonality and impedance have been defined in 5.1.2. In the ex-
antenna periment Ay has to be operated off-resonance in order to keep

the impedance stable. An antenna for practical use, however,
has to be tuned exactly on resonance for the provided mount-
ing. Details are described in section 8. and 16.1.

Remote Ay - Ay has no influence, if A is a calibrated precision antenna
antenna with strict Tinear polarization pp.

Height of hy ]0.8 - 1.5m | An hy of this range corresponds to 0.03 X upto5Ax. The radi-
Ay above ation pattern in the vertical plane will show varying lobes
ground for an elevation angle @) of 5-200. The electrical center of

the antenna-body system is not known, so that errors of about
4 dB are likely due to ground reflections. See vy beTow.

Height of

Az above hy Jfix6.2m At frequencies above 20 MHz the hp has no influence, as long
ground as hy, d and thus Bgy are kept constant.

Transmis- d fix 31 m As long as d is greater than X and if 6,y is kept constant,
sion the distance d has no influence. A sma'l? variation of the
distance actual A1-Ap distance with dat of £1m causes a 0.3 dB change.
Relative hg |0.6 - 1.3m | hg has an influence on hy and causes a secondary influence.
A1 height The primary influence of hg is a subject of this study.
Azimuthal ¢ 0 - 360° Experiments showed a large loss in the shadow zone at 1800.
angle The influence of ¢ is a subject of this study.

Ay-body- dat |0.05-4m Experiments showed a large loss at small dat. A large range
distance variation of dat is a subject of this study.

Space TS s 0.2-1m Grounding effects will probably affect Lossg. The TS has to
to ground be isolated from the ground to minimize that influence.
Geometry tg J1.5-1.5m The length Ly and the diameter Dg of the TS might be related
of the TS Dg ]0.2-0.5m to the A/2 resonances. A standard TS or phantom is required.
Material er |6 - 100 . See section 4.2. The EM density is so high that the material
of the 75 | o ]0.01-1.65/m | might be of little significance at large dy¢.

Elevation 8e] |5 - 20° The elevation angle 8e) should be kept constant. See discus-
angle sion at h) above.

Brewster Yg 12 - 170 The ground reflected vertically polarized wave is more than
angle 10 dB smaller than the directly transmitted wave, if the Brewster

angle yBis adjusted properly. For details see section 5.3.2.

TABLE 12 A sample of significant parameters which generally determine the
transmission loss (Lossg) in an antenna-body system.
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5.2. PARAMETER EVALUATION AND MODELLING OF THE ANTENNA-BODY SYSTEM

5.2.1. TRANSFORMATION OF THE PROBLEM WITH THE RECIPROCITY THEOREM

The EM fields in the vicinity of an electrically small transmitting anten-
na Ay are of a complicated nature. If Ay is in the vicinity of the body,

the near-fields are disturbed. The integral effects of the near-fields

at the remote antenna Az determine the transmission loss Lossg. The com-

putation of this problem is quite difficult and needs much additional in-
put data concerning the specific antenna and the specific body.

Because we are only interested in the transmission loss from a point Aj

to a point Ap, we may ask also for the transmission Tloss from a point A2
to a point Aj. If both Tosses are of the same magnitude, we had only to

look at the more simple second case.

The reciprocity theorem (HEILMANN [421) runs as follows:
Assumed are two arbitrary antennas Ay and A2 at arbitrary re-
lative orientation and distance. If the same voltage is applied

either to Ay or Ap, the same current will flow in the other
antenna Az or Ay.

Aq A2

h

o
Ze Uz —{1

.

N,
=
N

FIGURE 13 Test set-up for the verification of the reciprocity theorem
(Source: HEILMANN [42]).

The reciprocity theorem is valid for any linear medium, where y,e and k
are scalar, but arbitrary quantities. These electromagnetic parameters
may depend on their locations, but are not functions of the field vectors.
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In our model we can assume that the body material is linear (i.e., not de-
pendent on the magnitude of the EM-field, no thermal alterations of the
material) and isotropic (i.e., the properties do not depend on the direc-
tion of the EM field vectors). If both antennas are terminated with the
same impedance, we may conclude that Lossg is the same for A]-A2 and
Ag-A7 transmission.

As it will be shown in section 9.1.5. the reciprocity theoremis valid for
our application. The verification measurements revealed a difference of
Tess than 2 dB when the direction of transmission was reversed (trans-
mitter and receiver changed over, antennas unchanged). This held true for
all test bodies (see 5.4.1.), for all measurements at 100 to 1000 MHz,
for all dzt's above 0.05 m and for an applied input power Pj, of 1 mi.

FIGURE 14 Transformed test situation. Antenna A, generates a plane wave

in the region of the body,the wave is scattered at the body and the dis-
turbed wave is picked-up by antenna Aj.

The transformed problem, which we have to compute in this study is: a bo-
dy is irradiated by a plane wave with an FSL field strength E, at 0. We
have to quantify the E(;) vector components E, (vertical), Ep (horizontal)
and Ey (radial) around the body as a function of 3 (FIGURE 14).
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5.2.2. ANTENNA LENGTH AND FIELD HOMOGENEITY

In the test situation FIGURE 14 the monitored E-vector E(;) is given by
> > -> > -+
ER) = Einc(@) + Escat(@) (23)

where Ejnc(g) is the incident E-vector from A,,and Escat(;) is the scat-
tered E-vector from the body. The total E-vector E(;) is varying in di-

rection, amount and phase for variable positions 2. Because the antenna

A7 will have a certain length 2h (FIGURE 15),the E-field irradiating Ay

is not constant along the antenna axis.

Because the voltage induced at the terminals of the antenna Ay will be-
come a measure for the transmission loss, we have to investigate the re-
Tation between E(;), antenna length 2h and the induced voltage Uinpg.

FIGURE 15

Induced voltage in a linear
dipole antenna immersed in a
inhomogeneous electrical field.

E(E) : variable applied E-field
Ez(z) : z-component of E(3)
for @ on the z-axis
z : axis of the antenna
2h : length of the antenna
Ujpd ¢ induced voltage at the
terminal of the antenna

3,3y : position vector (see
also FIGURE 14)

Let us assume a linear dipole antenna Al with the axis z and the length
2h (FIGURE 15). Let us further assume that we know the current distri-
bution function ¥(z) along the z-axis for an incident plane wave (see e.
g.,HEILMANN [42]). The induced voltage Ujpq is then given by:
+h
Uing = I E (z) ¥(2) dz (24)
-h
If the length 2h of Ay is adequately small, the variations of E,(z) along
the z-axis are so small, that we are allowed to replace E,(z) by theplane
wave equivalent field strength Ez(o) of Ekgb)-g} .
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For a given antenna Ay a certain relation between the axial antenna length

2h and the variability of the axial field E,(z) has to exist, if the above

approximation should lead to induced voltages U;pq representing the field-

strength. We assume the following:

035

- Ay should measure the relative field strength E,(2) compared to

an FSL reference field E, with an accuracy of 2 dB.

Ay is small compared with the wavelength (2h<0.2}).

The total E(g)-vector is polarized in z-direction, which is the
main polarization axis py of Ajy.

We assume for the worst case a constant current distribution
function ¥(z) = constant. An E; at the ends of the antenna has
the same weight on Usjpq as an E; at the antenna center.

We assume that E;(+h)=E,=0dB and that|Ez(z)| increases monoton-
ously from -h<z<th. E;(z) may be approximated as:

Ex(2)] = E(x) = ag + aix + 2ax?, x=5 , 0<x<1 (25)

We assume that the phase angle arg(gz(z)) increases monotonously

.

from -h < z<+h and depends linearly on z :

arg(EZ(z)) = const. + z*Bek ; 2h<B-k < 9/2 , B = const. (26)

mlm

S [aB) 2w Uina [dE)
E
= !

Ulnd = f(Ez@) = f(EX)

SE 3
o | —————1av

rd
-5 [Eztn} ~ 5| Uing = (€20 = HED)

E0),
-6 -6
-7 -7
-8 -8
-9 -9
~10 -10

-h ] +h z )

: . Ha L
° 05 10 x [27"'1]

FIGURE 16 Relation among SE,AU and AE in a worst-case situation as com-
puted later in section 10. The assumed worst case E-field data are:

|§_Z(-h)|= E(x=0) = minimum at one antenna end = -6.00dB
[E;(0)[= E(x=V) = nominal center field = -4,08dB (27
|[Ez(+h)|= E(x=1) = maximum at other antenna end = 0.00 dB
|Ez(0)|= E(x=V,) = logarithmic mean value = -3,00dB
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The induced voltage Uj g at the antenna terminals is with (25)

+h +1
Uing 'IE (z) dZ-th E(x) dx = 2h (a, +;l+ 2) (28)
The approximated induced voltage Ujnq with a constant (center) field is
+h .
Umd = f EZ(O) dz = 2hf E(—-) dx = 2h [ao + 21 + _4_2] (29)

The logarithmic mean value I_E_Z(o)ldB =20 1og[]§2(o)[/|gz(+h)|] is
= ;.82 a a2
=20 ]og[]+a0+ao/]+ao+ ]

The Togarithmic center field strenght |E,(0) |gg s 20T0g [E (o) |/]E,(+h)]:
= Ay 82 a az
|E,(0) |45 = E() 2 20 Tog “”2ao+4ao )/[1+ 2 ] (31)

From (28) and (29) we obtain the logarithmic difference AU :

= 20 log Ujpq - 20 Tog Tjpg = 20 log | ——2o0 3% (32)

From (30) and (31) we obtain the logarithmic difference AE :

1 =1 ]+Zaal+4aa
AE =20 log E(3) - 20 Tog E(3) = 20 log|——=00 2o (33)
2 2

14214 22

If we replace :—1 by a;, and g: by a, , we obtain
0

1+21:%

A = 20 log 21 ;2 (34)
1+ 7 +4
1+348%

AE = 20 log |ttt (35)
V] +ayta,

As we can see from equation (35), AE becomes zero for specific pairs of
a; and oy, also when AU is not zero. Therefore, the number AE cannot be
used as an indicator for AU.
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AU, however, varies only little for 0<a;,a,<1. As can be seen from (34},
AU increases with a, and decreases with increasing a;. A good measure for
the maximum AU|] can be obtained with |8E|, assuming that the E(x) func-
tion is of the type E(x) = a, + a,x*. In FIGURE 16 such a function has
been assumed with ag =0.5, a,=0.5 and thus a,=0, a; =0. The obtained

results 6E and AU are:
[6E] = 6 dB s |AU] = 0.56 dB (36)

If we regard only the AU/a, ratio of the same quadratic equation E(x) =
ap, + a,x2, we obtain for a permissible |AU| of 1 dB an @, of 2.3. Thus,
the field strength variation 6E along the antenna should not exceed :

[6E] = {[Ez(~h)[ 4 - IE,(*h)|4g | < 20 Tog [———] =10 dB (37)

The permissible phase variation 82 along the antenna is Timited by:

A

+h. ) E
lUindl = Iﬁ E sin(B-zk) dz| = [¢ (cos(2hgk) | (38)

If we require a resulting real-part variation of less than 10 dB (which
causes a |AU| < 1dB, see (37)), we obtain a phase variation limit ¢ of

(s8] = [arg(E (-h)) - arg(E (+n))] < arcos(107®) = 71° (39)

For the practical applications the field homogeneity requirements along

a dipole test antenna Ay are completely specified by (38) and (39). With-
in these limits the field strength E;(0) at the center of the antenna is

representative for the whole field around the antenna, at an accuracy of

better than 2 dB. Under these conditions the transmission loss Lossg for

py = z-polarization can be computed as:

Lossg = - 20 Tog |[Ez(0}] Eg = FSL, z'= polar. axis, (40)
|Eo| E,(0) = center field strength

If equations (36) and (38) are not fulfilled, equation (24) has to be
evaluated for both theoretical Lossg and verification experiments.
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5.2.3. RELATION OF BODY-DIMENSIONS TO WAVELENGTHS

In section 4.3. and FIGURE 3 it has been shown that the absorption of EM
energy inside of a dielectric sphere depends on the ratio of the sphere-
circumference 29a to the wavelength A (see RACS).

With the Radar Cross Section (RCS) it should be shown that also the scat-
tered fields outside a body depend on the same ratio. If a body is irra-
diated by an EM wave, a part of the EM energy will be absorbed as discuss-
ed 1in 4.3. and the remaining EM energy will be scattered in all direc-
tions.That part of EM-energy which will be back-scattered toward the EM-
source can be quantified by the RCS..The RCS is defined as:

p |Becas |2
scat scat

RCS = —— = lim 4MR?* ——— (41)
[Pl R | Einc |

Pscat is the total scattered power, F is the incident power density of
the EM wave at the body, R is the distance between the remote source and
the body, Egcat is the back scattered E-field and g}nc is the incident E-
field. The RCS of a sphere is shown in FIGURE 17 versus the ratio 21a/A.

B2 nl
10
1 ) S
Rayleigh
Region
Mie -or Optial
o1 Resonance Region Region
001
0001 Fret
) ot " © 2 Tan\]

FIGURE 17 Radar Cross Section (RCS) of a sphere with the radius a, rela-
ted to the shadow area a2, versus the relative frequency fre1 (sphere
circumference 2%a/ wavelengthX ). (Source: BECKER [7]).



- 60 -

The shape of the human body can be approximated by an ellipsoid. From the
literature it is known that the RCS of an ellipsoid is similar to the RCS
of a sphere, if the largest circumference is equal and if the incident
wave is polarized parallel to the main axis of the ellipsoid. In FIGURE
18 a simplified man-model is shown and the approximated main resonant fre-
quency for vertical polarization is indicated:

FIGURE 18 Simplified Man-Model

Eca Vertical axis : 2c = 1.8 m
Kea Sagittal axis : 2a = 0.2 m
c ) Lateral axis : 2b = 0.3 m
//’ Incident vertical polarized waves:
,// Ecb Sagittal incidence : Eca:Eca
b _ Keb Lateral incidence : Ech.Kcp
a

Circumferences for vertical po-
larized incident waves:

Cca S 9(1.5(cta)-vcea) = 3.77 m
Cep SM(1.5(c+b)~/C B) = 3.79 m

Resonant frequency for maximum RCS

Comparing FIGURE 3 with FIGURE 17 we notice a certain relationship. If the
absorption in a body and if the scattered field far away fromthe body is
highly dependent on the circumference/wavelength ratio, we may assume that
the scattered fields near the body are also affected by the same ratio:

- At frequencies below 40 MHz the RACS and the RCS are small. That means
that the integral effect of the body on the incident EM-wave is small.
However, local field disturbances in the vicinity of the body has to
be expected, because the body is not transparent to EM-waves.

- At high frequencies above about 200 MHz the RACS and RCS are high but
almost constant. The resonance effects may be neglected, and the three
dimensional problem may be reduced to a two-dimensional problem, e.g.,
the scattering from an infinite cylinder.

- In the resonance region, that is about 40 to 200 MHz, both RACS and
RCS are high and depend greatly on the frequency. Numerical field com-
putations on a three dimensional model are urgently needed.
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5.2.4. INFLUENCE OF THE HUMAN BODY'S MATERIAL ON THE SCATTERED FIELD

The dielectric properties of biological materials have been discussed in
section 4.2.. They depend on material and frequency, but,in general,the hu-
man body represents a dense, lossy medium. With respect to the field dis-
tribution around the irradiated body we have to look closer to the trans-
mission of EM-energy through the body and the reflection of an EM-wave at
the body's surface:

The transmission of EM-energy through the body can be estimated as follows:

We assume a vertical, circular cylinder, which is irradiated by a plane,
>

vertical polarized wave with the incident E-field Ej,c (FIGURE 19):

FIGURE 19 Transmission of EM-
(:) (:) energy through a circular cylinder.
2a : diameter of the cylinder
1,3: medium air
2 : medium body, Ibssy material
£y : incident wave,lginc|=0 dB
Ry2: reflected E-field in 1
D21: refracted E-field in 2
Ey : attenuvated E-field in 2
R23: reflected E-field in 2
D32: transmitted E-field in 3

" The EM wave enters into medium 2 only for small angles a and is refracted
close to the center of the cylinder. The entered wave Dpj isattenuated dur-
ing the travelling through the body and amounts finally to Ep. The second
refraction produced a small transmitted and scattered wave, D3p. Maximum
transmission occurs at a=00 and at low frequencies. For this case the
complex computation of the EM transmission through a plane slab model of
2a thickness was performed by a computer, using the method of TELL [76]:

Input data: Output data:

Thickness plane slab : 2a = 0.25 m Reflection Ryz = -0.8 dB
Frequency : f =75 MHz Attenuated field E; = -38 dB
Material : ep =50 , o = 1.255/m Transmitted field D3p = -52 dB

Without EM-transmission the Gaing(5.1.2.) in the shadow zone amounts up
to -30 dB atextremely small d,t.Because the transmitted wave amounts to
-52 dB, is scattered and is even smaller at higher frequencies,the trans-
mitted wave through the human body has noeffect on the transmission Lossp.
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The reflection of the incident EM-wave at the surface of the human body
determines the scattered field around the body. The EM-wave reflected at
the air-body interface is described by the three reflection coefficients
T (see TABLE 1) and Rg,Ry (see also section 5.3.2. and FIGURE 24):

- I : reflection coefficient for the E-vector of an TEM-wave withrec-
tangular incidence on the surface. The complex number T is de-
rived only from the intrinsic impedances of the interface media
(for computation see e.g.,TELL [76]). An average value for our
frequency range is about 0.7-0.9 /% 175-1770 (TABLE 1).

: reflection coefficient for the E-vector of an TE-wave. Here the
E-vector is parallel to the surface. Rp is the ratio of Epnfto
Einc and -Hpef to Hipc. For a vertical body and a vertical po-
Jarized incident TE-wave (FIGURE 19) Rp is about 1/x180° (lar-
ger than I) for all angles a>10°. (For reference see FIGURE 24,

I‘le

horizontal reflection at earth, o = 900 - v).
: reflection coefficient for the H-vector of an TM-wave. Here the
H-vector is parallel to the surface. Ry is the ratio of Hpef to

__[:77

Hinc and - Epef to Ejpc- For a vertical body and a horizontal
polarized incident TM-wave,Ry is near 1 /%09 for all angles
o smaller than 700. Total refraction and signum change occur
only at o > 80° and are of little significance on the integrally
scattered fields. The average reflection coefficient for the E-
vector is greater than T and amounts to about 1/ x180°. (For re-
ference see FIGURE 24, vertical reflection at earth, o = 90%-v),

The reflection coefficient T represents at least for vertical polarization
the smallest occuring reflection coefficient. The reflection coefficient
for any incident E-vector at the interface air to aperfect conductoris -1,
Compared with T the amplitude of the body-reflected E-vectordiffers only
within - 3 dB. This means that we are allowed to assume the human body as
a perfectly conducting body, if we are only interested in the fields out-

side of the human body.

However, the penetration depth § of the EM-wave in the human body is not
zero as in a perfect conductor. The surface charges and the surface cur-
rents (see section 6.) which are responsible for the scattered field are
distributed in the outer layers but also with decreasing amplitude in
deeper regions (TABLE 1). Therefore, the perfectly conducting man-model is
only accurate for d ; > 50 mm and verificationmeasurements are needed.
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5.3. GENERAL CONSIDERATIONS ON ANTENNA MEASUREMENTS

5.3.1. ANTENNA MEASUREMENTS IN PROXIMITY TO THE GROUND

For the field measurements the TS has to be rotated together with the body-
mounted antenna A7, and the antenna-body distance d,; must be varied up to
4 m. Theoretically, antenna measurements with quasi-free-space conditions
would be possible with anechoic chambers or elevated platforms. However,
at measuring frequencies from 10 to 1000 MHz both methods are not suit-
abTe. Below 200 MHz an anechoic chamber has to be huge, and the common
absorber pyramid plates has to be matched to the frequency (length of an
absorber pyramid approximately A/4!). An elevated platform is prohibitive
due to material and stability problems. Thus, the measurements have to

be performed in proximity to the ground, and we have to analyse the in-
fluence of the ground on the relative transmitted signal from Ay to A,:

Fr.EL

FIGURE 20 Effects in proximity to the ground in antenna measurements.

TS : Test subject Fr.El.: Fresnel Ellipsoid (b'+b"-a) = 1/2
Ay : Body-mounted antenna Cg : stray capacitors from TS to ground
Ay : Remote antenna Y : reflection angle (glancing angle)

At a small antenna height hy (FIGURE 20) disturbing effects occur by:
- Capacitive coupling of the TS to the ground
- Entrance of material into the first Fresnel Ellipsoid
and depending on h1,h2 and d :
- Ground reflections with significant interferences if (g'+g"-a) = n%
and if the reflection coefficient of the ground is high.
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The capacitive coupling of the TS to the ground depends on the space s and
the material of both the TS and the ground. With great effort thestray ca-
pacitors Cgmight be computed, but its effect on the scattered field around
the TS wou'ld require a further study. Because such a study does not help-
much in the understanding of the anterna-body problem, it is notnecessary
to further scrutinize an investigation. In order to reduce the capacitive
coupling, a constant space s of 0.2 m is now defined for the measurements.
Verification measurements with varying s from 0.2 to 1 m will show that
the capacitive coupling can be neglected with this restriction.

The first Fresnel E1lipsoid is defined as the geometrical locus for all
points which satisfy the condition (b'+b*a)=2r/2. (FIGURE 20). If no ob~
stacles interfere with the first Fresnel E1lipsoid, one speaks of optical
line-of-sight propagation (BECKER {71). The lower frequency limit flim1
for this free propagation can be approximately determined for the data:

Antenna height hy : 1.16m
Antenna height hp : 6.2 m (42)
Distance d : 31 m (dat=0)

Assuming the ellipsoid touches the ground with the reflected beam g'+d' we
obtain the path difference Asy and the frequency Timit fypq ¢

A = g'+g"-a = J(hpth1)2+ & - Vl{hp-h1)?+ & =0.455m  (43)

f'lim‘l = ‘C/ZAS] = 330 MHz (44)

It has to be clearly stated that accurate absolute antenna measurements
are not possible for frequencies below 350 MHz with such a test set-up.
However, relative measurements with an accuracy of about 2 dB (experimen-
tal experience) are possible, if one looks carefully on the reflection
angle v.

5.3.2. REFLECTIONS FROM THE GROUND AND WAVE POLARIZATION

The following considerations are based on the condition that there is an
optical line-of-sight propagation as discussed above.

The antenna measurements are performed on a very large lawn. Because the
grass is not an ideal reflector, we have to find out the frequency limit
flim2 at which a certain grass thickness dg changes from an EM smooth to
an EM rough surface (Rayleigh criterion, BECKER [71):
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FIGURE 21 Phase difference of
two beams, reflected on different
U | heights.
A : reflection angle
dg 1 thickness of the reflecting

layer (grass)
upper beam

Tower beam

..

Asp: path difference

In FIGURE 21 an EM-wave is shown which is reflected by the reflection

angle y from a grass surface. The upper beam U is reflected from the top
of the grass layer, the lower beam L from the actual earth. We assume a
reflection coefficient Rp of +1. The path difference Asy depend ony and

Agp = 2edgesiny (45)

If the resulting phase difference Ay, is near 0, the surface can be re-
garded as smooth. If Ay2 is larger than Y, the surfaceis rough and repre-
sents a random scatterer. With the Rayleigh criterion Ay < 7/2 we ob-
tain finally the lower frequency limit fyjp2 for a smooth surface:

C
flim2 < 8+dg-siny (46)

If we assume a thickness dg $0.05 m and a reflection angle v 2179 we
obtain:

Thus we study the ground reflection at the smooth earth (FIGURE 22):
FIGURE 22 Reflection of a wave.

i R 1,85 : incident wave and angle
(:) o or- D,84 : refracted wave and angle
v 8 \v R,8, : reflected wave and angle
IS ST 1 : medium air (€q,1y,07,Mm)
@ 04 2 : medium earth (ep,up00,Mm2)
D my,mp: refraction indices

Y : reflection angle 900-8;
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The computation of reflection and refraction of waves at the interface of
two media is completely described by e.g.» BAGGENSTOS [5]1 and BECKER [7].
The derivation of the formulas is quite long, but well known so that only
the significant final formulas should be indicated here.

The correlation of the refraction index m, the wave factor k and the char-

acteristic impedance Zy in a medium is given by BECKER [7] :

Jw ue Uy

WwHe Hp

Z = =
" jweo gr-0 k

=—Z°

Hp
(48)
m

The correlation of the incident angle 8; with the refraction angle 94

and with the reflection angle 8, (y = 900-6,) is:

e.i-_'er,

kysin8; = kpsinéyg ,

mysin 84 = mpsin 64 (49)

The two different polarizations have to be treated separately (TABLE 23):

THE DIFFERENT REFLECTION OF A VERTICALLY AND A HORIZONTALLY POLARIZED WAVE

VERTICAL POLARIZATION (TM-WAVE)

HORIZONTAL POLARIZATION (TE-WAVE)

The E-vector is in the plane of incidence.
The H-vector is parallel to the interface.
Directly computable : refiection coeffici~

ent Ry of the H-vector :

2
2 . 2 0 2gin2 2
p]mz COSei uzm] [mz lTl-l SIn ei ]

Ry =
u]mzzcosei+u2m] [mzz -m]z sin? 8; ]Vz
F = = - -
or U‘ ¥, ¥, and 0 =0, 0
tan(ei - ed)
Ry = ——————

tan(8; + ed)

If °i+°d= 1/2 , the Ry becomes zero and
there is no reflected wave. The glancing
reflection angle vy (y=900-8;) for which
this extinction occurs is here defined as
BREWSTER ANGLE vp

The H-vector is in the plane of incidence.
The E-vector is parallel to the interface.
Directly computable : reflection coeffici-
ent Rp of the E-vector :

m . 2V,
uzm]cosei L) [l - [@ sin ei] ]

M .. 21V,
uzm]cosei+u]m2[1 L5551n ei] ]

Rg=

Fo =
s Tl

sin(ei N ed)

=¥, and 0 =0y = 0:

R = = —————
sin(ei + ed)

R
E
zers. There is always a ground reflection,

varies onlya little and does not become

TABLE 23 Computation of the reflected wave for vertically and horizon-

tally polarized incident waves. (Source: BECKER [71).
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The amounts and phases of the reflection coefficients Ry and Rg for a TM-
and a TE-wave reflected by a realistic earth surface(ez=10e:o,02= 1mS/m)
is shown in FIGURE 24:

Refl. Amplitude Refl. Phase
Rellryl  [1] ‘p {3
10 A= 300 Horizontal
m Polarization
9 d<y, 180 { Sl
%o, DS
8 Potarizatio A-3m
N ation
150 A=10m
1
6 120
5 A=10m
4 IRyl - 90 1
Vertical A=1m Vertical
3 Polarization 60 4 Potarization A=1m
2
30 4
R
Y Y
o — v [¢] v v S
os 1 2345 10 203050 900 05 1 2 345 10 203050 9

FIGURE 24 Amplitudes Ry and Rg (left) and phasesy of Ry and Rp (right)
versus the glancing reflection angle y for an average earth surface.
(Source: BECKER [71).

If the conductivity is very low, the refraction index m, and the Brewster
angle vyg' become for ey = 10,u, = 0, 0y = 0: (YB' = 900 - vg)

mp = Ve, ; YB' = 90° - arctan m, = 17° (50)
which is close to the value depicted in FIGURE 24.

At vertical polarization the influence of the reflected wave is small, if
the glancing reflection angle vy is near yp'.With the data in FIGURE 24
applied to the antenna configuration in FIGURE 20 we can compute accord-

ing to BECKER [71 the influence of the reflected wave on the transmission
from Ay to Aj. The field strength Eyo¢¢' at A produced by the direct
beam (a) from A, is (input power Pip, antenna gain Gy):

(30 Py, Go)

[Egefs'| = 1)
d
The actual Egeff at Ay produced by the beams (a) and (g'+g'') is:
' 41%hyh Vz
[Eoeps | X [Ecefs' [HZIRHI cos(p+ Ml! 2y 4+ IRH|2] (52)

If we insert the data (42), we obtain a y of 13.4%and thus an|Ry|of less
than 0.2 (FIGURE 24). At worst case ¥ conditions and for all frequencies
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between 30 to 1000 MHz the field strength Egeff varies within :

0.8 |Egeff'| < [Egeffl < 1.2 [Eqeff'| (53)

so that |Ejgpe| differs from -2.0 to +1.6 dB. With respect to the trans-
mission loss determination the effect of the ground reflected wave will be
smaller, because the reference E, will be determined for each measuring
frequency, and because the direct and reflected E-vectors are not parallel.

At horizontal polarization the influence of the reflected wave might be
important, if we look on FIGURE 24 and equation (52). With [Rg[ = 1 we
obtain from (52) the interference equation:

Zﬂh]hz]l (54)

IEgerel ~ |Eoefs] lzsm (_—x 3

With the data (42) we obtain at 323 MHz a maximum (+6 dB) and at 646 MHz
an extinction (< -10 dB). Because hy of Ay is not identical with the
height of the antenna-body center, transmission loss measurements are very
inaccurate at arbitrary frequencies. Reasonable measurements at horizon-
tal polarizations are only possible at certain selected frequencies and
only with large hy and hp. Because the horizontal polarization is of lit-
tle significance for omnidirectionally radiating antenna-body systems,
measurement at horizontal polarization will not be performed.

5.3.3. FIELD HOMOGENEITY ALONG THE BODY AXIS AT VERTICAL POLARIZATION

For the computation a homogeneous, plane wave has been assumed. For the
measurements this is not absolutely true as can be seen from FIGURE 25:

| A2

h2

d

FIGURE 25 Field homogeneity along the body axis of the TS.
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For this consideration we assume that Ay is on the vertical axis of the
TS and that the following parameters are given:
p1.p2 : polarization = vertical

hy : nominal antenna height = 1.16 m

hp : fixed antenna height =6.2 m

d : transmission distance =31 m (55)
: space TS to ground =0.2 m

Lg : length of the TS =1.8 m

For the computer computations {section6.4.,FIGURE 33) one assumes a plane
wave (dashed lines in FIGURE 25) irradiating the TS with the nominal 85:

g = nominal incident irradiation angle = 80.80 (56)

The program computes the phase difference among any field point and the
origin 0 for the incident plane wave. In this case the path difference
Ag3 of the plane wave along the axis of the TS amounts to :

Ag3 =Llp cos8; = 0.2878 m (57)

In the actual measurements (solid lines in FIGURE 25) the TS is irradia-
ated by a spherical wave with an averaged incident angle 6;. The path dif-
ference Ag3' of the spherical wave along the axis of the TS is:

Ag3r = g-f = (d2+(hp-s)? )2 (d%+(hp-Lg-s)? )22 0.2921 m (58)

The difference of the plane to the spherical wave is expressed by the dif-
ference of the path differences 853 - 4g3'. If we allowa phase difference
of max. /2, we obtain a maximum permissible frequency limit fijp 3 for
which the spherical wave can be still regarded as a plane wave:

S & = 17,000 MHz (59)
4(8s3~ As3' |

In addition we have to fulfill the condition d>X,i.e., Ay has to be out-
side of the near-field of Ap. For small antennas we obtain the lower 1imit

fim 3

fling = S = 9.7Miz (60)

Neglecting the ground reflections, we may assume a plane wave for both
experiment and computation, if the operation frequency f is between:

9.7 MHz < f < 17,000 MHz (61)
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The effect of the ground on the field homogeneity (Eo(h])) along the ver-
tical axis is described in ARRL [3] for some selected cases. Generally,
the field strength Eo(hy) oscillates around the free space value Eq(=),
with minima and maxima spaced about A/2. Because the field homogeneity

is of fundamental interest for the later experiments, the field homogene-
ity along the vertical axis of the TS (without TS) has been measured by
varying h1 from A/8 up to A with the following method :

Electrically small dipole antennas A1 (2h =0.1 m) with autonomic RF-oscil-
Jators (see section 11.3.) were moved along the vertical axis with a special
antenna manipulator (see section 11.2.). The field strength Eg(hy)was meas-
ured with an LPD antenna Ap (see section 8.3.3.) and was calibrated to the
field strength for hy=1.2m. The obtained data are presented in TABLE 26:

VERTICALLY POLARIZED FIELD AMPLITUDE VARIATION AT VARIABLE ANTENNA HEIGHTS Hi

FREQUENCY RELATIVE FREE-SPACE FIELD STRENGTH Eo(hl) IN DECIBELS AT HEIGHT
[MHz1 hy =0.8m h] =1.0m h] =1.2m h] =1.4am h] =1.6m h] =1.8m
65 + 0.5 +0.0 + 0.0 - 0.0 - 0.5 - 0.5
74 + 1.0 + 0.5 + 0.0 - 0.5 - 1.0 - 1.0
101 + 1.5 + 0.5 + 0.0 + 0.0 + 0.0 + 0.5
164 ~ 1.5 - 1.0 + 0.0 + 0.5 + 1.5 + 2.0

TABLE 26 Homogeneity of the field along the vertical axis of the TS at
vertical polarization. Values of Ej(hy) related to Eq at hy=1.2 m.
(Measuring data obtained by the standard test set-up,hp=6.2m, d=31m).

The maximum field strength variation amounts to +2dB in a full A/2-hy
range (TABLE 26: f=164 MHz). If we apply the equations (52,53),there is
a good agreement; the changing factor is Ry, but because s<hy<s+lg, the
reflection angle is 11.69<y<14.89 and thus |Ry| <0.2. The variations of
|Eg(h71)| along the vertical axis are the same as given by equation 53 and
amount to -2.0 to + 1.6 dB for all frequencies between 30 to 1000 MHz.

As a conclusion from this section 5.3. we may state:

- The test set-up allows antenna measurements with an accuracy of *2dB
in the proximity to ground at vertical polarization pp of Aj.
- The TS must not be coupled with the ground.
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5.4. ANTENNA-BODY MODELS FOR EXPERIMENT AND COMPUTATION

5.4.1. BODY MODELS

An adequate body model should respond to the investigated parameter like
the original with a required accuracy but should be so simple that the
phenomena can be computed with adequate effort.

The computation of the antenna-body model requires a stepwise increase of
the complexity of the body model. In this study we start with a infinite
model for two-dimensional computation and we end with a conducting mode1
of human shape for three-dimensional computation.

The experiment with the antenna-body model requires a stepwise decrease
of the complexity of the body model. The aim is twofold: at one side the
body model should quantify the difference between original and model; on
the other hand the model should allow the verification of the computation.

The development of the different body models is depicted in FIGURE 27:

BODY MODELS FOR EXPERIMENT BODY MODELS FOR COMPUTATION
HUMAN TEST sUBJECT (SUB) —o ] METALLIC MAN MoODEL (MANMOD 182)
complicated shape, variable ? rotational symmetric model of quasi

dielectric properties human shape, infinite conductivity
PHANTOM CYLINDER (PHA) FINITE METALLIC CYLINDER (FZYL)
simple shape, dielectric pro- rotational symmetric cylinder, in-
perties clearly described finite conductivity
METALLIC CYLINDER (MET) INFINITE METALLIC CYLINDER (IZYL)
simple shape, very high - rotational symmetric cylinder of in-
conductivity finite length, infinite conductivity

FIGURE 27 Body modelling for experiment and computation.
The different body models are specified as follows:

HUMAN TEST SUBJECT (SUB)

The same TS has been used for all experiments (dress without metallic parts)
Body length : 1.68m
Averaged trunk diameter : 0.25 m
Lateral diameter : 0.3 m
Sagittal diameter : 0.2 m
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PHANTOM CYLINDER (PHA)

A cylindrical vessel has been constructed using a PVC tube filled with a
kind of Ringer solution:

Cylinder length : 1.8 m Dielectric properties of the Ringer
Cylinder diameter : 0.25m sotution at 750 MHz:

Wall thickness : 6.0 mm Relative permittivity e, : 50
Relative g, of the wall: 2.7 Conductivity g :1.25 S/m

The Ringer solution has been composed according to a prescription by GUY
{381 and consisted of:

Glycol Ethandiol HOCHp-CHo0H 48.2 liters
Destilled water Hy0 35.4 liters
Natrium Chloride NaCL 1.86 kg

METALLIC CYLINDER (MET)

A cylindrical vessel without caps has been constructed with copper plates:

Cylinder length : 1.8 m
Cylinder diameter : 0.25m
Wall thickness : 1.0 m

INFINITE METALLIC CYLINDER (IZYL)

For the two-dimensional (off-resonance) computation a rotational symmetric
cylinder of infinite length and infinite conductivity has been assumed:
Cylinder length : infinite

Cylinder diameter : 0.25m (nominal value, used as a parameter)

FINITE METALLIC CYLINDER (FZYL)

For the general three-dimensional computations a rotational symmetric cyl-
inder with hemispherical caps and infinite conductivity has been assumed:

Cylinder length : 1.8 m
Cylinder diameter : 0.25m
Caps diameter : 0.25 m (other caps used as a parameter)

METALLIC MAN MODEL (MANMOD 1 & MANMOD 2)

The sagittal and lateral projection of the human test subject (SUB) was
used for modelling rotational symmetric, perfectly conducting body models.
The shapes can be seen in FIGURE 28 and are described in section 16.2.4.
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A
-
( - "~
Ve,
suB PHA MET zyL FZYL MANMOD 1 MANMOD 2

FIGURE 28 Body models used in experiments and computations

5.4.2. ANTENNA-BODY MODELS FOR COMPUTATION

The off-resonance computation for frequencies above 200 MHz can be per-
formed with a two-dimensional antenna-body model, using the body model
IZYL. We assume a plane wave with 85 = 900 which is scattered by a verti-
cal cylinder of infinite length. The total field at an arbitrary point
outside of the cylinder is the superposition of the incident field and
the scattered field. This problem can be analytically solved by Bessel
functions.

The general computation has to be performed with a three-dimensional an-
tenna-body model, using the body models FZYL and MANMOD. We assume a plane
wave with g; = 80.80 which is scattered by a rotational symmetric body.
The total field at an arbitrary point outside of the cylinder is again the
superposition of the incident field and the scattered field. This problem
can only be solved by numerical methods, e.g., by the method of moments.

5.4.3. ANTENNA-BODY MODELS FOR EXPERIMENT

The antenna-body model consists of the body models SUB, PHA and MET in a
test set-up as shown in FIGURE 11. The parameters d (nominal 31 m), 8
(nominal 80.8%) and vg'(12-179) should be kept as constant as possible
during varying d,4 and ¢. The antennas have to fulfill the requirements
indicated in section 5.1.2..
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6. FunDAMENTAL THEORY FOR THE COMPUTATION OF SCATTERING FROM
CoNDUCTING BODIES

6.1. PURPOSE OF THE THEORY

The purpose of this theoretical section is to present all needed steps

from the Maxwell equations up to the numerical solution concept. The theo-
retical background is described in BAGGENSTOS [5], VAN BLADEL [811, ANDRE-
ASEN [11, KING and WU [50], HARRINGTON and MAUTZ [40] and BEVENSEE [10].

6.2. PENETRATION DEPTH OF THE EM FIELD IN CONDUCTING BODIES

Most of the computations of fields neara conducting body are based on the
assumption that the body is a perfect conductor and that there is no field
inside the body. This assumption should be proven for our application.

If the conducting body and the observer are not in relative motion to
each other and if the conducting body is an isotropic and Tinear medium,
the Maxwell equations within the conducting body can be written as:

—_— _ > aE
curlT H = opkE + emyt (101)
curl E - Umyg (102)
divh = 0 (103)
>
dive = X0 (104)
€m

In these equations o is the conductivity of the medium, ey is the dielec-
tric constant ey of the medium multiplied by the permittivity e, of vacuum,
up is the relative permeabiltiy p, of the medium multiplied by the permea-
bility wo of vacuum and pp is the electric charge density in the medium.

If static fields can be excluded,we obtain with (104) inserted in (101) :

Lo _ % ™ .
diveurl H = 0 = Zom t o and with
P = Pn, et/ we obtain
£
r = - (105)
Im

Consider now a time interval T in which a charge of the fields E and H
should be observed. If this time interval T (usually a fraction of the
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period time of the applied wave) is Targe in relation to T, that is here
T
7 > 1 (106)

when the electric charge density py in the medium can be assumed to be

zero, since it disappears rapidly.

With the restriction (106) the Maxwell equations inside the medium are:

—r > > 3E

curl H = opE + eq 37 (101)
— > 3H

curl £ = - ¥m3g (102)
divid = 0 (103)
divE = 0 (107)

Using the curl function on (101) and (102) and the identity

—_—
- % = curl curl - grad div
we obtain in a Cartesian coordinate system (x,y,z) the formula

3%F | 9%F , 3%F oF % _
a7 ¥ ayT e Vot Fenger T O (108)

where F stands for Ey,Ey,E; Hy HysHy o The solution of this differential
equation can be found in the case of a homogeneous body material with

> > .

F o= Fpelkmr + Jut) where (109)
km = kmx+ kmy+kmz = Jommom - embme? (110)
Kml| = * Yooy + /- eqd/0n (1)

With the restriction (106) and with the period time T of the applied wave
we obtain the maximum frequency fpax at which the charge density within a
well conducting medium (copper) may be still ignored:

7= 21 . uep
w ° 2%op

eg v €, = 8.86+1077 Aesev om™!

on v 107 Ay en”!

fmax ~ 10'°Hz >> 1000 MHz (112)
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The wave factor Eﬁ from (111) becomes at frequencies well below fpax:

-

kn v % Sfugon (1+3) (113)
Considering a wave travelling in positive direction r within an isotropic
medium, we may write:

- K

>
m-r = -kmor

The attenuated wave is described by (113) inserted in equation (109):

Mfugop e r | ej(mt- Vifumom * r)

F o= Fe (113)

Fo may be regarded as a component of E or ﬁ below the surface of the con-
ducting body. The penetration depth 8, defined as the distance which the

propagating component will travel before the amplitude is decreased by a

factor of e™!, can be quantified as

1
R (115)

The Towest frequency in our investigation is 10 MHz. With a permeability
Uy = Ho and with § we are now able to compute the maximum thickness of the
field carrying surface layer of a well conducting medium. In a depth of 5
times & the fields are almost zero, and this layer thickness 58 is :

58 = 5-6]0 Mz " 0.2 mm ({copper) (116)

This layer is much smaller than all dimensions of the body (see FIGURE 28)
so that the field inside the conducting body models (copper) can be con-

sidered to be zero. This means that the computations on a perfectly con-

ducting body will be also representative for an actual metallic body mod-
el as used for the experiments.

6.3. CHARGE- AND CURRENT-DENSITIES AT THE SURFACE OF A CONDUCTING BODY

6.3.1. BOUNDARY-VALUE PROBLEM

We apply the Maxwell equations (101) and (102) on the fields near the sur-
face of the medium and assume a thin layer 58 in which the fields may ex-
ist. The deeper regions are field-free as calculated with (114). In the
computational model FIGURE 29 we assume that: .

a) The E- and H- components within the test area AA are finite

b) The E- and H- components within Al are constant in planes || surface,



- 78 -

FIGURE 29 Interface between vacuum

nd a well-conducting medium.

o

vacuum

(3]

§ = thickness field-carrying layer
A1 = length of the test area AA
M = test area 56-4]

s = integration path

{///////////

Eii-0

Hio © s {|© Hu-o

\

s / Eto = E-comp. tangential outside
— / E,. = E-comp. tangential inside
®Eiss ti
H, = H-comp. tangential outside
Hio AA Hy-o to
a / Hti = H-comp. tangential inside
Bo®l 2 / E5= E-comp. tangential in layer
54 Egs™ E-comp. normal in layer

7 / Higs= H-comp. tangential in layer
/ Hoss= H-comp. normal in layer
The integration along s contains the parts :

58 0
Frowdl = Fiqpcal + 0j’FnE.NS(ss) ds +5£Fn56(s) ds

so that only Fto-A] is left. Thus,the integrations of (101) and (102) are:

>
S L T S
Ero = MA{\M dA 5 H=Hg,(s) (M7
->
] - -> oE > > ,
Hio = T [A{\cmE - dA + emAan—t < dA} ; E=Eq(s) (118)

For the integration of the Maxwell equations (103) and (104) we consider
a subvolume AV containing the field carrying layer (FIGURE 30) :

;88%7////////////////////////// FIGURE 30 Interface between vacuum
Melum and medium (see also FIGURE 29 above).

N

Vacuum

I\ Eu=0
a E_"j Hni=0
Hoo
Hio AA Hn=0
Eno ] Eni=0
bw

width of the subvolume AV
subvolume AA -« Aw

>4
=
n

"

E-comp. normal outside

n

E-comp. normal inside

A

AN

= H-comp. normal outside

. = H-comp. normal inside

A\

e
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In analogy to the assumptions a) and b) we assume the field conditions:
c) The E- and H-components within the test subvolume AV are finite
d) The E- and H-components within Al+Aw are constant in planes || surface.

The integrations of (103) and (104) over the layer thickness 56 lead to :

Hno = 0 (119)

1_ Moy (120)

E = —
no Ale Aw AV Em

We assume now that there is an outer wave travelling parallel to the sur-
->

face. The Poynting vector P is therefore parallel to the surface, and with

FIGURE 30 we obtain the only tangential component Pt :

Pe = Eio'Hoo = Epo*Mflyp £ 0

Since H,, is zero (119) it remains :

P, = - E M #0 (121)

t and Enof 0, H

to to

Enof-O means that the right side of (120) is not zero. Since we have prov-
en with (105) that there are no charges pp inside the medium at low fre-
quencies, then charges have to exist on the surface of the medium:

(e -
Eo = =  osy= surface charge density [C-m *1 (122)
€m

Hto# 0 means that the right side of (118) is not zero. Thus currents flow-

ing in the outer layer have to exist which can be expressed/by:
-

Hto = Jt ; J = current density vector [A:m~'] (123)

The direction of Jy is tangential to the surface and perpendicular to Heo

Now we consider a wave perpendicular (normal) to the surface. If we neg-
lect the losses in the medium, there is no wave entering the medium and
thus the wave will be totally reflected. This means that the Poynting
vector has no normal component P (see FIGURE 29) :

P" = Eto' Hto = 0 (upper and lower case) (124)

Either Eto or Hto could be zero in order to fulfill (124). If Hto would be
zero,no wave could exist outside the medium since Hno is already zero as
proven by (119). Because the wave cannot vanish outside the medium, the
other field component Eto has to be zero, and we obtain:

B,y = O (125)



- 80 -

The conclusion of (119,122,123,125) is: at the surface of a good conductor
the E field has only a component normal to the surface, produced by a sur-
face charge density ag,,and the H-field has onlya component tangent1a1 to
the surface, produced by the surface current density J normal to H.

This surface charge density og, and the current density J are the origins
of the scattered fields from a conducting body which is irradiated by awave.

6.3.2, THE EFFECT OF THE SURFACE CURRENT DENSITY 3

In FIGURE 31 a conducting body is depicted with the area element dS , con-
taining the surface current density 3 and the surface charge density osy:

FIGURE 31 Conducting body with

>
Bscat P J and og, produced by an incident

wave, and scattered parameters.

0 = Origin of coordinate system
Q = Source point

P = Observation point

r' = Position of the source point
r = Position of the observ.point
gscat = Scattered electr. potential
A cat Scattered mag.vector pot.
3 = Surface current density
Oy = Surface charge density

ds = Area element on the body

The source is the current density 3 in the area element dS positioned at

Q(r ). The effect is the scattered magnetic vector potential Kscat at the

remote observation point P(r). Because the distance between the source and

the observation point is comparable with the wavelength X, a phase differ-

ence occurs which has to be treated by the time retardation t' :

IR| = [ - )

t=t-f ; t=actual time (126)
t'= time retardation

>
The scattered magnetic vector potential Ascat js defined as

BtR = B [0nE pes (127)

S
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>
From (109) and (123) we obtain the complex surface current density dJd:
> > 30!
3ty = Jpye dut (128)
and using the retardation (126) we insert (128) in (127) :
"Scat - > &> 1 t_R c 'l
A (r,t) = %‘%JJ(Y")GJ(‘)( /c) B ds

S
Introducing the wave factor k for free space (111)

k = 29/x = w/c (129)
the exponential function becomes
er(t-R/c) - e.]k(t-c - R)
and if we delete the time dependency we obtain finally :

__A’S(:at(:) = %%'J’-J(;I>e-akk ]R_ ds (]30)
S

6.3.3. THE EFFECT OF THE SURFACE CHARGE DENSITY Osy

The treatment of the effect of the charge density ogy is analogous to 6.3.2..
The source is the charge density osy in the area element dS positioned at
Q(:).The effectis the scattered electric (scalar) potential ¢scat at P(_r:).

The scattered electric potential (Pscat is defined as
scat;y 4y o _1_ Ty
27, t) 4ns°J°5“(" H) 1 g (131)
S

and analogous to 6.3.2., we obtain with deleted time dependency :

gscat(y) TWIT.,I osy (P ds (132)
S

6.3.4. THE FIELD OUTSIDE OF THE CONDUCTING MEDIUM

With the magnetic vector potential A% (130) and the electric potential
>
¢ 5¢3t (132) the field strengths of the scattered ESCa% and pScat are:

pscat o 1 o Kscat (133)
Ho .

Tscat —
gscat _9A - grad gScat (138)

at
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The total fields outside of the conducting medium are the superpositions
of the incident and the scattered fields:

ftot - ginc , gscat (135)

fitot . finc , jscat (136)
The index 'tot' means total outer field, 'inc' stands for the incident
field and 'scat’ stands for the scattered field.

The combinations of (134)(135) and (133)(136) lead to :

*>scat

. B
g tot . 3Aat _ grad®5°a1'+ ginc (137)
-> 'i — -> 3
Htot - ;ocur‘l Ascat + R inc (138)

6.3.5. DETERMINATION OF THE CURRENT DENSITY J AND THE CHARGE DENSITY osu

From equations (119) and (123) we know that at the margin of the conductor

only the tangential H-components are existing. Since the coordinate system
> .

is not yet choosen, we define Ht as a H-vector parallel to the test area dS.

>3 >
ﬁg.ot - I_llgnc + Htscat (139)
> -9 . —Fs t
uthtot - UoHan + uoHtca

With the equation (123) and the relation:

mﬁtscat = Induction Escat = curly Kscat = jtuo
— —_—
curly = tangential components of curl (140)
we obtain finally
— P
- curly AScat + inc
J = —————— + Hg {141)

Ho

Equation (141) is a transcendental differential equation for the two
-
tangential components of J.

>
Similar as above we obtain the normal component of E at the margin of the
conductor with equations (122) and (137) :

— —_— ->
gr‘adn,An,En = normal component of grad, A, and E (142)
. a;\’ scat
to n T scat inc
En Sy - grad, ¢ + En (143)
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By inserting (122) we obtain a transcendental differential equation :

5 scat
Su _ aKn - ot pscat | 7 oscat
- - LT grad,, ¢ +E | (144)

Equation (134) can be rearranged considering (109) :

Escat(:) - - jmgscat (-rt) _ mgscat(}’) (145)

and with (135) and (125) are

ginc . Ftot _ Escat
I,:tmc - 'E’tot . '_E’:cat with _Etot =0 (146)

we obtain with At, gradt tangential components of A and gr'ad
;E’Ecat('rf) = jmztscat (_;) + gradt gscat(;) (147)
We may apply now (147) on a local coordinate system 't>= E],'Eg on the sur-

face of the conductmg body where the sources are located. Thus, we build
the scalar product t with E1nC as follows :

[ E"‘C(r) = [JwAscat(r‘) + grad @Scat(r)] (148)

By inserting (127) and (132) the equation (148) can be shaped in a form
of an integral equation which does no more contain E and ¢ :

. . JkR
T Einc(r) = dowo £ [ J J(r) & s +
— -kR
e gradtjo (r')& ds) (149)
s

>
The current density vector J and the surface charge density Osy are not
independent of each other but are linked by the continuity equation:

3 > . 5> >
3% p(rst) = - div j(r,t) (150)

In our case the continuity equation becomes

at og,(Ft) = - div, J(r,t) (151)

By inserting (109) and (122) in equation (151) we obtain

+l - ‘l d' ->->I ]
Gy(F) = =35 div, 3(r) (152)
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N

The surface current density.gsu is now expressed by a function of J for

each position r' of the area element dS. With the free-space wave: factor
k2 = wleqlo (153)

we combine (149) with (152). We obtain two equations for the tangéntial
->
components of the incident E-field as functions of J only :
t,Einc(;.’) =
5 =JkR -jkR
duile 3. Uﬁ(r') E—ds +-]19radt[e - divti(F')ds] (154)

Ay k
S S

The general scattering problem is a very complicated mathematical bound-
ary - value problem which so far has resisted exact analytical treatment
except in such special cases as the sphere and the infinite cylinder.
For all other cases only numerical methods can be applied.

6.4. SCATTERING FROM BODIES OF REVOLUTION WITH THE METHOD OF MOMENTS

6.4.1. GENERALIZED NETWORK PARAMETERS FOR BODIES OF REVOLUTION

The integral equatfon (154) can be solved numerically by the method of
moments (HARRINGTON [411). In the years 1968 and 1969 a theory and some
computer programs have been developed for the scattering from bodies of
revolution by HARRINGTON AND MAUTZ [40]. The following is a summary of
this report as it applies to the present problem. The first step is the
determination of the generalized network parameters:

The equation (154) can be rewritten in the simpler form:
'E’inc = L(j) (155)

where L(J) is the integro- d1fferent1a1 operator and which corresponds to
the right side of equation (154). L(J) is also similar to (148) :

L(J) = [jw A + grad@ 1; (156)
R - = Ascat  (see (130))
o = gscat (see (132))

>

A solution of (155) gives the current J on the surface S. Usually we are
>

interested in some functional of J, which can be computed oncej is known.
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In order to effect a solution by the method of moments, let the inner pro-
duct be defined as : (see definition of <f,g> in HARRINGTON [41])

> > > > .
<W,d>= J Wed dS (157)
S
Both ﬁ and 3 are tangential vectors on S. A set of expansion functions
{33} is next defined, and the current on S is approximated by
-> ->
J = § Ij Jj (158)
Ij are constants to be determined. Equation (158) is substituted into (155)
which, because of the linearity of L, reduces to

-+ >
Etio = %13. L(J;5) (159)

-

A set of testing functions {wi} is defined, and the inner productof (159)
->

with each W, is taken. The result is

> > > > A
§ Ij <wi’LJj> = <N, Einc® i=1,2,3,... (160)

N
The index 't' has been dropped from Ej,. because the inner product involves
only tangential components. We now define the generalizednetwork matrices

2 = [ Lp) (161)
V] o= [<ﬁis-€inc>] . (162)
M- 0] (163)

and rewrite the set (160) as

(2] [1] = [V] (164)
[z}is the generalized impedance matrix , and [Y] = [Z]-] is the general-
ized admittance matrix. The inverse of (164)

ay = [ (165)
gives the coefficients Ij of the current expansion (158) and hence is an
approximate solution of the problem.

The impedance elements of (161) are explicitly using (156) and (157) :

. re —
Zy = Iwi . (JwAJ, + grad ;) ds (166)
S
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The subscript j denotes that K& and @i are potentials due to 3 and og.
In order to match the equations in 6.3. to those used in [40] we replace

— ->
grad ¢ = V&

> - (167)
div J =V

Regarding ﬁu as a current density from ogy, we rewrite (152) with (167)

1+ =
Osu_i = _._(;)—V. w.i (]69)

[

Now (166) can be written as
. > -+
;5 -JwI(Ni-Aj + osu; 05) (170)
S

Equation (170) is more convenient for computation than (166) or (154).

So far the discussion has been for an arbitrary conducting body. Now we
restrict considerations to the surface S generated by revolving a plane
curve about the z-axis. The surface and the coordinate systems are shown
in FIGURE 32:

FIGURE 32 Body of revolution and

N-1 z
[N coordinate systems .
N-2 E S = surface of the body
ﬂ; ‘‘‘‘‘ ?-1 , NP = number of points describing
\ / N-

the generating curve
RH = radius parameter of gen.curve
ZH = height parameter of gen.curve
ty = tangent unit e]ements,N=(E%§la
t = length variable along the
curve generating S

RH p = radius of a point on S

¢ = angle of a point on S

- z = height of a point on S
Ut = local tangential coord. syst.
3¢ = local tangential coord. syst.

(suffix ' = source point)
A = triangle function (182), N-1
X ! peaks at 1,2,...N-1,
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The body of revolution is described by the generating curve given by the
curve parameters RH and ZH. The variable 't' is now a tangential length
variable along the curve generating the surface S. We desire the expansion
(158) to be general enough to approximate an arbitrary 3 on S. Hence, in-
dependent sets of functions are defined as

%& = fxt)em¢ (171)
Emj . ¢ £5(t) eIMe (172)

where up and u¢ are unit vectors t-directed and ¢-directed, respectively.
The f (t) has been chosen in both sets to be the same, but it is not
necessary to do so [40]1. The current expansion (158) now becomes

K t ¢ 3¢
J ZJ(ImJ nd + ImJ JmJ ) (173)
For testing functions, choose
>t - 'jnd)
wni = U fi(t) e (174)
> _ -> _jn¢
Wy = U, f.(t) e (175)

which differ from (171,172) only in the sign of the exponent The w are
orthogona] to J ,m#n, over 0 to 2%0n ¢, and alsoto LU )(the f1e1d
from J ) Hence, al] jmpedance elements are zero except those for which m
=n, and each mode n can be treated separately. This is the major simpli-
fication introduced by the rotational symmetry of the body. For the com-
putation of non-rotational symmetric bodies, such as shown in FIGURE 18,
the further procedure had to be already changed here.

The use of (171)(172)(174) and (175) to evaluate the elements of (170)
results in the partitioned matrix equation

t t
(z,tt] [Z,té] (1) {0v,)
oty o 00 N t176)
2,% (z,%) 19 |vé
Here the elements of the Z submatrices are
tt, _ 2t 2t
(Zn )ij = <wni ’L(Jnj)> , etc. for to,ot and ¢o (178)
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The elements of the I submatrices are the coefficients in (173),and the
elements of the V submatrices are

ty, _ .pt =
(vn)i LY ’Einc>
(179)
by _ .7d ¢
(vn)i =< wm' ’ Einc>

Note that, for N terms in the Fourier series of ¢, there are N sets of
matrix equations (176).

The solution to (176) can be also written in partitioned form as

IS I Vs I I
= (180)
A4 I BUA N aea R IS

The Y submatrices must in general be obtained after inversion of the en-
tire Z matrix and are not the inverse of the corresponding Z submatrices.
However, as shown in [40], the -n mode matrices are related to the +n
mode matrices, so that only the n>0 mode matrices need to be inverted.

Finally, for an explicit solution one has to choose the t expansion func-
tions f5(t).A triangle expansion function gives a piecewise-linear ap-
proximation which converges rapidly:

£.(t) = ;— T(t-t,) (181)
T(t) = 1= |t} for |t|<1 and O for |t|>1 (182)

When using these functions, distance and frequency are scaled so that the
tj's are one unit apart. The generating curve is determined by NP body
points (FIGURE 32). There are (NP-1)/2=N tangential units, and if one
triangle function covers 2 units, there are N-1 peaks at 1,2,3...N-1.

6.4.2. IMPEDANCE MATRICES

6.4.2.1. EVALUATION OF THE IMPEDANCES

The generalized impedances for a body of arbitrary shape is the integral
over all source points (dS') and the integral over all field points (dS) :

1
Jweg

, i > &> > > > > e‘ij
Z;; = IdS IdS [Jmu,, Npeds + (V' W) (V+ JJ.)]W (183)
S S

For bodies of revolution the integrals have the t-elements OtoN and the ¢-
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elements 0 to 2%. The radius R (see FIGURE 32) can be expressed by F - ;':
R = [ore0 - 2000 cos (4-9') + (z-2)7 (184)

The inner products in (183) are of the type
7.3 =12y 3 185
Ved o= o (e ¢(¢) (185)

Four types of impedances are defined by (178). To evaluate them, we use
(171)(172) and (174)(175) to obtain the W-J terms in (183) as

WP 739 o Jin(e-9") ' T
n1 Jnj = e fi(t ) fj(t) up uq (186)
where p and q represent permutations of t and ¢. The unit vector inner

products in terms of the body coordinates defined by FIGURE 32 are

3{ . 3£ = sin v sin v' cos(¢-¢') + cos v cos v'
> -
ul - u = - sin v' sin(¢-¢')
t $
>, > _ . : f (]87)
uy Uy = sin v sin(¢-¢')
- . r = -'
ug * U, cos(9-¢')

Here v is the angle between the t direction and the z axis, being positive
if 3£ points away from the z-axis. Changing (¢-¢') to a new variable, and
expressing the sine and cosine terms of (187) as exponentials, one ¢ in-
tegration of (183) can be performed. The remaining ¢ integration defines
the Green's function :
! e TIkR,
9 = I d¢ ® cos n¢ (188)
()
0

where R is given by (184) with ¢'=0. With f given by (18]), the result-
ant expre551on for the impedance elements (]78) are (only (Z ) shown):

N N
(zn )i * [ dt'f dt [jwuoT(t'-i) T(t-j)(sinv sinv' —“—”—ggrul
0 0

+ cosvcosv' g ) +J.u—)‘€— T'(t'-i)T'(t-j)gn] (189)
0

Here T' is the derivative of the triangle function

1, =-1<t<0
T'(t) ==, 0<t<1 (190)
0, |t] >
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The integrations of (189) involve many different integrands, and to reduce
the number of integrations the following approximations are made. For the
t-integration, the T function is approximated by four pulses of amplitude
1/4, 3/4, 3/4, 1/4, and the derivative of T (denotedhere as T') is repre-
sented exactly by four pulses of amplitude 1, 1,-1,-1. The functions p,
sinv, and cosv are assumed constant over each pulse, equal to their
values at the midpoints of the pulses. For the t' integration, the T -
function is approximated by four impulse functions of strengths 1/8, 3/8,
3/8, 1/8, and the derivative of T is approximated by four impulse funct-
jons of strengths 1/2, 1/2,-1/2,-1/2 (T],TZ,T3,T4 and T',Té,Té,T ).

The midpoints of the pulses and the pulse Green's functions are defined :

_ i . p-2.5 _ .. 9-2.5
tp = i+ ; tq =it s (191)
(a2
I*77 1 -3kR
Gn = 2 dt J do R P cos ng (192)
J+gi 0 P
= + -2
Rp [o op pp, COS b+ (z-2 ) ] (193)

In terms of these definitions and approximations, the matrix elements of
(189) reduce to:

4 4 G + G
(Z:t)ij =7 I [Jmuo TpT (sin vy s1nvq el el
p=1 g=1
A 194
+ cos v, cos v G)+ Toco Tp Tq G, ] (194)
4 4 G, -G T
(2%).. =} Z[wuoTT siny_n_n-l "']+1T'—ﬂe]
n i p21 g pq P 2 weg P Py n
4 4 G -G T
ot ntl _"n-1 _n_ p
(227):: = 1 Z[ﬂuu TT siny, ——— - — T'G}
n'ij T p2y gl 0 PaT T a weo P, @M
4 4 G .,-G 2 T
96, nt1 " %-1,n2 Yo Tq ]
(2343 pZ] qZ [J“’”" ToTq 2 Yjueed B on
Here pp, vp, pq, vq are the p and v evaluated at tp and tq respectively.

Finally, the Gn (192) was prepared for the numerical computation by di-
viding the integration interval 0 to ¥ into M equal intervals, In the
actual computer program the Gn‘s were further divided by k in order to make
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them insensitive to the absolute size of the body. In addition , the Tp
and the T' were modified, as can be seen in the description of the com-
puter program A by HARRINGTON and MAUTZ [40].

6.4.2.2. LIMITATIONS OF THE NUMERICAL COMPUTATIONS OF THE IMPEDANCES

The computer program HARRA is based on the above theory. It will be dis-
cussed Tater in section 10.2.. The purpose of the program HARRA is to com-
pute the four Z-matrices (194) and its inverse four Y-admittance matrices
(164). The Y-matrices for each mode n from 0 to nnn(192) are stored in a
file for the later use by following programs computing the scattering.

Because the solution for the Y-matrices are obtained by matrix inversions,
the matrix size has to be Timited to a reasonable value in order to save
computation time and storage capacity. The body shape will be approxi-
mated by 20 tangents (N=20), thus one obtaines 4 matrices of the size 19
x 19 for each mode. The integral intervals of the G,'s of 0 to 1 will be
divided into 20 subintervals (M=20).

With these specifications acurate Y-matrices up to the mode n=6 can be
obtained for a conducting model of man up to frequencies of 400 MHz. The
proof for these statments will be presented in the program description
in section 10.3.1.

6.4.3. MEASUREMENT MATRICES

Any linear measurement of the field from the current 3 on the body S can
be expressed as a linear functional of 3; that is

>
measurement = [ E +J dS (195)
S
where Er is a known function. For a moment solution, the current is given

by a superposition J = ¢ Ijjs » and (195) reduces to
measurement = [R] [I] (196)
where [I] is the matrix (163) and [R] is a measurement row matrix:
- >
Rl = [« Jj, E >] (197)
[R] is similar to the excitation matrix [V] (162), and with the matrix

solution (165) substituted in (196), one has

measurement = [R] [Y] [V] (198)
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>
For bodies of revolution, the expansion for J can be separated into t
and ¢ directed components, according to (173). It is then convenient to
partition [R] into t and ¢ component terms as

(RlF])] = < -jnt1 . Er>
(199)
(R(z)i = <3% L ET>

The analogous partition for excitation [V] is given by (179). Now one can
rewrite (198) in the partitioned form as

(w8 wh] [ost ot o)

v ]| v

measurement (200)

where the Y submatrices are obtained after the Z matrix is inverted and
are not the inverses of the corresponding Z submatrices.

An important special case is that of radiation field measurements. HAR-
RINGTON [41] has shown that the radiation field from currents J on S is
given by (201) :

>

I (1Y
E-u = —mr "Rl 013 (201)

where the elements of [R] are given by (197) with
>y > -jkFe ¥
E = ue (202)

This 15 a unit plane wave with polarization vector U and propagation vec-
tor k An arbitrary plane wave is a superposition of two orthogonal com-

ponents :
E, = 'vertical' polarization (see 5.3.2.) (203)
E¢ = ‘horizontal' polarization (see 5.3.2.) (204)

Hence, one can treat the general case as two applications of (202), one

for U = Ee and the other for U= E@. To distinguish between the two
cases let us denote the measurement matrices as follows: (205),(206)

g-polarized case ¢-polarized case

to, 4t ar to, _ %t xr )
(Re); = <35 Ep> (R); = < Ep > - 61 (209)

8, _ ¢ r by . ¢ Fr .
(%), = <3* B> (R, = Iim. E, > : (206)
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The excitation matrices can now be evaluated as follows. Let
-E>er - -Jer eJk(p sin 8 cos¢ + 2z cos er) (207)

where er and ¢r = 0 are the angles to the field point of measurement. The
inner products required in (205) are given by

> . >r - si ~ ine s
U * Uy =cosp, sinvcos¢ - sin p COSV
R p ) (208)
uCp ug = - coser sin ¢
Using the integral formula for Bessel functions
n 29
- d ~jo cos ¢ _-jn¢
Jn(p) = ﬁJ e e do (209)
0
one can evaluate the ¢ integrations in (205), obtaining
to n+l " jkz cos Ins1 ~ Ina1
(Ry); = 21 Jdtpfi(t)ea r [cos 8. sinv 5
0
+J sing_cosv J_ ] (210)
N
. J +Jd
30y _ _,e Nt Jkzcos 6, n+l n-1
(Rn )i = =215 Jdtpfi(t)e cos o, 73
0
and one can similarly evahjate the ¢ integration for the ¢ case :
N
. J +4
(th’), = 21[jn+][dtp f.(t) e‘]kz oSO ginv n+] - n-1
n ‘i i 2]
0 (211)
N J -d
. n+l n-1
(Rﬁ%i - zuj"”[dtp £.(t) eikz cosb, —————
0
where Jn is
‘]n = Jn (kp sin er) (212)

For computations,the pfi(t) in (210) and (212) were the triangle functions
(182). For plane-wave excitation of the body the excitation matrix [V]is

(V,?q )‘i = (R[_)q

WP (213)

where pqrepresents t8, ¢9, t¢, or ¢¢. Equation (213) means that the v1. are
given by (210) and (211) with n replaced by -n and 8, by et .
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6.4.4. GENERAL PLANE-WAVE SCATTERING

The radar scattering problem consists of a plané wave incident on a scat-
tering body, plus measurement of the far-zone scattering. Because we are
interested in the measurement of the near-zone scattering, only a few de-
tails should be discussed here. The solution of this radar scattering pro-
blem requires the determination of the t-directed and ¢-directed surface
currents. In program B the currents are computed and printed for the axial
incidence of a plane wave, and in program D the currents are partly com-
puted for an oblique incidence (HARRINGTON and MAUTZ [401)

Using the formulas (127),(132) and the continuity equation (152), the
scattered field in a point near the body (see FIGURE 31) could be computed
if Jt and J¢ are known at the peaks of each triangle function. A special
program E (not enclosed in this book) has been prepared to compute these
currents for arbitrary wave incidence. In principle, the current densit-
jes for each mode are obtained by program D, have to be summed over all
needed modes and transferred in program B for Tinearization and printing.

6.4.5. NEAR-FIELD COMPUTATION

6.4.5.1. METHOD OF SOLUTION

The solution of our actual problem, that is the computation of the scat-
tered field and the incident field near the conducting body became possi-
ble with the extension of the theory by BEVENSEE [10] (see FIGURE 33) :

X

m;
°3

xi
my
°z

y

FIGURE 33 Coordinates and nomenclature for near-field computations at
oblique incidence of a plane wave. (Source: BEVENSEE [101)



- 95 -

The method of solution (BEVENSEE [10] is an extension of the method by
HARRINGTON and MAUTZ [40] discussed above in sections 6.4.1. to 6.4.3.. The
formulas (155) up to (163) can be summarized as follows:

The operation equation

B =i, @) = Gk o+ o), (214)

is solved by expanding

J J 215
J —§Ijj (215)

>
for the nth azimuthally varying mode by a set of functions : ‘]3 =u f eJn¢

(U = unit vector in the t- or ¢-direction on the surface of the body) and

5 p
by a set of functionals wj = ﬁ%e Iné in succession :
W B o v W LL(3)> 1., i= 1,2, N 216
<i,t>—§<is(j)>ja1‘!’°- ( )

The < > denotes a spatial 1ntegra1 over the localized range of the w -
function. Defining Z1.. as <w ,L(J )> one obtains the network r‘epresent-
ation of (214) as :

ne, (217)

> >
Vi =§Z,ijIJ.,V.=<N.,E

Analogously, a test segment, subscript T , is inserted to measure the
scattered field ESC3t = L(J) as (BEVENSEE [101)

<W. , BSCat, L L@)> = f < ﬁT ,L(ﬁj)> 1 (218)

1
T i

> >
Defining the measurement matrix [ZM] as (ZM)lJ' = -<W,, L(JJ.) > , where
the index '1' means test segment 1 and 'j' the source element (166), one

has
> Tscat

<NT s E > = § (ZM)]J. IJ. (219)
and the electric field in the T-direction along the test segment is
approximately

*scat 1

E = ™), . I. 220

hd *scat

As the area < NT > of the test segment approaches zero, ET approaches

_ the correct scattered field value.
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The computation of the fields at a point near the conducting body (see
FIGURE 33) involves the following steps:

First,the [Z] matrices (194) and its inverse [Y] matrices have to be com-
puted for all needed modes. This computation is only dependent on the
dimensions of the body and the applied frequency but not on the irradi-
ation angle 6, or the polarization.

Second,the [R] matrices (210) and (211) have to be computed fora specific
incident wave in order to obtain the exitation matrices [V] and the coeff-
icient [I] of the current expansion (164).

Third,at a given test point a test segment is defined by five points and
four sections of equal length DTEST (FIGURE 33). This test segment is
first positioned along the spherical radius vector 3} (for IT = 1, as
shown in FIGURE 33) to measure the ;r' and 2 -components of the E field.
It is then positioned along the spherical ;e-vector (for IT = 2) to meas-
ure the 36- and 3¢-components of the E field. The two measured E¢ fields
. approach each other as the test segment length 4DTEST approaches zero;

their discrepancy gives an estimate of the accuracy obtained with this

segment.
> .
The total E-field EtOta1ong an a-vector is the superposition of E1nc
> >3
and Escat (see (135)). The g'nc. components are obtained by using the

subroutine PLANE (which computes the [R] and [V] matrices, see (213))

->
applied a second time on the test segment. The Escatcomponents are com-
puted with a new subroutine NEARZ which is well described by BEVENSEE [10]

The matrix elements of [ZM] (220) are determined similar to the elements
of [Z] (194) but with an altered Green's function Gy If we denote a
surface element on the body as 2 Yo * %o (2 Y = 2 tangent units as in
FIGURE 32, x, = circumference unit p_1/M, M = number of ¥ intervals),
the GnT for the test segment may be written in the form

nT 20y

+y X0 i T2 svay2a 2%
o 1 J odyl dx Lt k[x2 + (y-ya)+ 8%] (221)
q’o

-yo 0 [x2 + (y-ya)2+ 82 ]%2

where dx = pqd¢, X,y = center of a local coordinate system at the center
of the Jt source element, y; = tangential distance from the test section
and A3 = projection distance from the test section {see FIGURE 34). Equa-
tion (221) can be evaluated as follows:
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RT(D),ZST(1) .

Test section, length QTEST

Pa =R(1),ZS()) of source segment ]}

FIGURE 34 Coordinates and nomenclature for a test segment section very
near to a triangle segment on the body.The x and y of the local coordinate
system are measured from the center of the source segment J.

->

<> - .
Y= V13 |a]l =1, Aa2 = vf - y; (Source : BEVENSEE [101)

With Yo=Yt Y, 2 0 and Yg =¥y " Y, > 0 one obtains:

Y X - 3 2 2 21%2
o) .1 ; J B 4y J 04 L= Jk[ x® +y? + 85%]" (222)
0

nT " 2p 2 2 212
a0y, [x* + y* + 4.%]

In NEARZ the near-charge contribution (222) of source segment J to the po-
tenial at test section I is computed only if all three of these conditions
are true : K=1 (0<¢< /M in the azimuthal integration over the source),
Aa < DTEST (the center of the test section is closer to the source segment
than the test section length), and |yA| < DH(J)/2 (i.e., a perpendicular
dropped from the test section falls somewhere on the source segment). If
one or more of these conditions is not valid the standard Gn (192) will

be computed by the distant-source formulas . The evaluation of Gn for the
numerical computation is described in HARRINGTON and MAUTZ [40] and that

of ag}) in BEVENSEE [10].

Because of the approximations in separating the charge contributions to
the potential on the test segment into a smoothed near-charge and discrete
far-charge components,the test fields should be regarded as suspect
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unless Aa/x > 1 and also 4 DTEST/X < 1/4, where 4 DTEST is the full
length of the test segment in FIGURE 33.

The remainder of NEARZ is essentially the same as in program A and HARRA
(6.4.2.2.) except that the measurement matrix [ZM] is computed for the test
segment instead of the impedance matrix [Z] of the body.

The output of the source program HARRDF (BEVENSEE [10]) consists of the
field components EiNC gscat gtot iy the directions of 39,3r and (2x) §¢
for ¢ = 09, a selected incident angle ei and the selected mode n.

The extended program PANB computes these quantities for all needed modesn
and for ¢ = 0, 5, 10,..180°. The contribution of each mode is summed
separately,and one cbtains the complete gtot ipn 3@,3} and §¢ (mean value)
directions. After coordination transformation the Etot(¢) are available
in vertical,horizontal and radial directions. The amounts of EOt(¢) re-
lated to |E| of the incident plane wave deliver the chosen transmission
Lossg for the three polarization axes py of the antenna Ay in FIGURE 11.

6.4.5.2. LIMITATIONS OF THE NEAR-FIELD COMPUTATIONS

The basic Timitations are already given by the computation of the [Z] ma-
trices with program HARRA (see discussion in section 6.4.2.2.)

A further problem is to select the "best" segment length. If the segment is
short, one would measure fluctuating components of the tangential fields,
since the boundary condition of Et = 0 (125) is only satisfied in an in-
tegral sense with respect to the triangle functions. If the segment is
long, one obtains an averaged value of the surrounding fields of the test
point. Near field computations of a point field with a test segment tend
to be inaccurate unless both these conditions are fulfilled:

a.) Minimum distance of the test segment center to the body surface > .
b.) Test segment length < X\/4.

The accuracy of the obtained results will be discussedin section 10.3..In
general, the field components can be computed withless than 2 dB error for
a human-sized conducting model, if the frequency is below 500 MHz and if
the distance of the test segment (antenna-Body distance dgt) from the
surface is larger than 0.1 m. It is required to investigate the influence
of each additional mode n and to perform two computations with different
test segment Tengths, in our case 0,08 and 0.2m, to check fluctuations.
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6.5. SCATTERING FROM LONG CIRCULAR CYLINDERS: AN ANALYTICAL APPROACH

6.5.1. PURPOSE OF THE ANALYTICAL APPROACH

The numerical computation of a finite body of revolution according to
section 6.4. is primarily limited by computation time and storage capaci-
ty of the computer. Tremendous efforts are needed if the frequency is a-
bove 400 MHz and if the antenna-body distance is smaller than 0.1 m.

On the other hand, as shown in section 5.2.3., the human body is large
compared with the wavelength at frequencies: above 200 MHz if we consider
the radar cross section as a measure for quasi-off-resonance behavior.

If we neglect the resonance phenomena and are looking only on the total
field at vertical polarization at frequencies above 200 MHz, the three-
dimensional problem can be converted in a more simple two-dimensional
problem. Thus, the adequate model is an infinite, circular cylinder,

which is irradiated by a plane wave at an angle ei = 90°%. The theory to
solve this problem originates from KING and WU [50] and VAN BLADEL [811.

6.5.2. METHOD OF SOLUTION

The scattered fields associated with a circular cylindrical scattered can
be determined by separation of variables. The configuration of interest
is shown in FIGURE 35 , the body model is the IZYL defined in 5.4.1.:

y
EI = Ezinc + g;cat
= incident+scattered field
Aq
®
r E:
2a:
N ¢ Einc
X - B _— -

~ Perfectly conducting
circular cylinder
(scatterer)

FIGURE 35 Two-dimensional model of man for analytical computation (IzZyL).
Vertical infinite cylinder in a vertical polarized incident plane wave: N
Dc = cylinder diameter, A] = antenna positioned at r,¢, E;nc = incident E



- 100 -

For the following computation it is convenient to operate with the angle
¢' and the cylinder radius a :

o = o+ T 5 a = DJ2 (223)
->
The incident E~wave has only a z-component and is of the type :
E;nc _ e-ka - e-JkY‘ cos ¢ (224)

The incident field is expanded in a Fourier series in ¢' whose r-depend-

ent coefficients are found by insertion in the wave equation to satisfy

Bessel's equation. Thus, with EINC finite at r = 0

£ = 1 3T (kr) I (225)
nN==o

where gn(kr) is a Bessel function of order n. The scattered field must

have a Fourier series of the form

scat _ ¢ ~-n (2 jne'
E, = n}.wﬁn 37 H (kr) e (226)
where ﬂ,(:)(kr) is a Hankel function of the second kind and order n. The

value of [ follows directly from the boundary condition (125) :

E, = EM 4+ 3% -0 at r-a (227)
according to which the o~ are

a = - ————J"(ka) (228)

o 12 (ke)

The above formulas by KING and WU [50] and VAN BLADEL [81] are now eval-
uvated for near-field conditions with respect to the computer program
PANA (see also program description in section 7.3.and listings in16.2.1.)

A series of complex parameters can be expressed as

+ o0

+®
Ley = ¢ ¢ Z] (¢, *c_,) (229)
-0 n:

-n

In equation (225) the [ and c._, are

:=N s
37 9, (kr) oJné

=N -jné' _ .n n ~jng’
379 (kr) e =3(-1)" 9 (kr) e (230)

(2]
n
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jn¢'

With the re]ations(-j)n = (j)-n and e = ¢€os ¢' = an), E € becomes
g;m = 3 (kr) + 2:§: im 3, (kr) cos n¢' (231)
The series for Esca‘t is evaluated as follows:
T W COR
e, = oag " HD e e
M (kr) = eI 0 (k) (232)

Because (-1)" = (31)", (-1)" 3" = (@3N 2 41, the o becomes

- Jp (ka) n _jn®
Z-n ) -e-j"ﬂHm(ka) =(-1) e a, = a (233)
n

and the E-n becomes
= a4 J"'"H (kr) e™"® (234)

Cn Zn

1 n .n _=jnT .-n
= (-1, " e

= j = one obtains for Escat

With the relations e J"

(2}

gseat  _ a B 2 (kr) +22 a, H(kr) i™ cos ne’ (235)

-z

The combined fields from (231) and (235) represent the solution Ez(r,qp')
at the location of the antenna A].

For the computer program the Hankel function may be replaced by the ex-
pression:
H3%kr) = 3 (kr) - § Y_(kr) (236)
-n n n
where Jrl is a Bessel function of the first kind and order n,and Yn is a
Bessel function of the second kind and order n or a Neumann function.

6.5.3. LIMITATIONS OF THE ANALYTICAL NEAR-FIELD COMPUTATION

The convergence of the series (231) and (235) is quite slow (r»a)for big

values of ka. Whereas six terms (modes n) give satisfactory results for
ka = 3, over 1000 terms are needed for ka = 100 (KING and WU [50]). Our ka
is about 3 at 1000 MHz, and accurate near-field data are possible with n<25.
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7. Two-DIMENSIONAL COMPUTATION OF SCATTERING FROM AN INFINITE
CIRcULAR CYLINDER

7.1. COMPUTATIONAL MODEL AND GOALS

The antenna-body model consists of a perfectly conducting, circular cylin-
der of infinite length (FIGURE 28: Model IZYL), a small antenna A1 polar-
jzed parallel to the cylinder axis with the coordinates r (radius) and
¢ (azimuthal angle), and an incident plane wave with the E-field polar-
jzed parallel to the cylinder axis. The computational situation is shown
in FIGURE 35, and the method of solution is described in section 6.5..

The selectionof this model follows from the analysisinsection5.2.3. and
5.2.4. The vertical IZYL represents a standing human TS at frequencies a-
bove 200 MHz, irradiated by a plane wave with the incident angle 8;= 90°.

The model allows the computation of all vertical polarized E-field com-
ponents and should give a preliminary answer about the correlation among
antenna-body distance dat’ azimuthal angle ¢, frequency f, cylinder dia-
meter Dc and transmission Ga1‘nB .

7.2. COMPUTER PROGRAM PANA: NEAR-FIELD PATTERN COMPUTATION OF THE IN-
FINITE CYLINDER IZYL

7.2.1. COMPUTATIONAL FORMULAS AND PARAMETERS

The total field (vertical component always) E(r,¢') at the antenna A1 is
determined by the formulas (223) to (236) in section 6.5..With ¢'= ¢+ 1T :

scat

E(rhe') = EM(re') + E5r,e') (= 0atr=a) (227)
+o
£, 0') = Jlkr) + 2 § 3™ 9 (kr) cos n¢' (231)
n=1 n
+o
B = g Holkr) 2 Lo Btk 57" cos ne (235)
) Jn(ka)
e, = - F(—ka_)— ; as= Dc/2 (228)
(2) .
ﬂn(kr) = Jn(kr) - Yn(kr‘) (236)
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The transmission GainB (see definition (20) in section 5.1.2.) is then:

gscat 0
Gaing = 20 Tog |1 + £ret) (237)
E'Inc (r’d)')

In the program the variables and parameters are denoted as follows:

INPUT | PARAMETER NAME | MEANING UNITS
* 1A (REAL) a, radius of the cylinder [m]
AK (REAL) ka
DAT (REAL)} | dat, antenna-body distance _ [ml
* DMAXT (REAL) maximum dat for ARP [m]
* DMAX2 (REAL) maximum dat for DRP [m]
* DMIN1 (REAL) minimum dat for ARP [m]
* DMIN2 (REAL) minimum dat for DRP {m]

EZI  (CoMpPL) | ETNC

EZSC (coMpL) | gscat
* F (INTEG) | f, integer number for the frequency [MHz]
G (REAL) | Gaing [dB]
HNKR  (COMPL) | Hn, Hankel function, second kind
JN (REAL) Jn» Bessel function, first kind

K (REAL) k, wave propagation factor

LAM  (REAL) A, wavelength [m}
M1 (INTEG) | maximum mode n for ARP
(INTEG) | maximum mode n for DRP
MRT  (INTEG) | number of dat for ARP

MR2  (INTEG) | number of djt for DRP

PHI  (INTEG) | ¢, integer azimuthal angle,0,5,10,.. 180 1
PHH  (REAL) o'y o+ 1 [°1
RK (REAL) kr

YN (REAL) Yn, Bessel function, second kind

* * * *
=
~N

TABLE 36 Variables and parameters used in program PANA
(ARP: Azimuthal radiation pattern, DRP: Directive radiation pattern)

7.2.2. PROGRAM DESCRIPTION PANA

The 1isting of the program PANA is enclosed in Appendix 16.2.1. It con-
sists of one main program and one subroutine BESS. The main program con-
sists of two parts preceded by an input section.

PANA 44 to 60 : Input and preliminary computations

PANA 61 to 98 : Computation of the azimuthal radiation pattern

PANA 100 to 143 : Computation of the directive radiation pattern

The input data set consistsof the following punched cards (PANA 174-179):
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NAMES INPUT PARAMETER | FORMATS INPUT PARAMETER [SAMPLE INPUT PARAMETER

DMINT DMAX1 MR1 MI F6.2 F6.2 14 14 0.05 0.25 05 12
DMIN2 DMAX2 MR2 M2 | F6.2 F6.2 14 14 0.05 1.00 20 25

A F7.3 0.125
F I3 150
F I3 250

TABLE 37 Input parameter set (punched cards PANA 174-179)

Card No. T : data for the azimuthal radiation pattern

Card No. 2 : data for the directive radiation pattern

Card No. 3 : data for the cylinder radius

Card No. 4+i : data for the frequencies to be computed (i=0,1,2,..)

In the present program the azimuthal radiation pattern computation (part 1)
consists of the computation of the ¢-dependence of Ga1‘nB for five (MR1)
fixed dat's of 0.05 to 0.25 m in the ¢-range 0 to 180°. The spacingof the
¢-steps is determined to 5° due to the statement

D0 2 I=1,37 PANA 81

The maximum number of dy¢'s (MR1) is limited by the output procedure PANA
69-71; the values of the dat's may vary from 0.01 to 9.99 m (PANA 70).

In the present programthe directive radiation pattern computation (part 2)
consists of the computationof the d;i-dependence of Gaing at the irradiated
side (¢=0°) andin the shadow zone (¢=180°) of the cylinder. The dat's
vary from 0.05 to 1.00m in 0.05m steps, determined by the input cards.
The maximum number of dat's (MR2) is limited only by the computational
time; the values of the dat's may vary from 0.01 to 9.99 m {PANA 109).

The program computes the two radiation patterns for as many frequencies
as frequency input cards are added in the data set. If the last frequency
is executed, the program stops due to the statements:
IF(EOF (1)) 52,53 PANA 55
52 STOP PANA 145
The radius a (A) is limited by PANA 64 and 104 and may vary from 0.005 to
4.999m . The frequency f (F) may vary from 1 to 999 MHz (PANA 62 and 101).
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The computation of the first Gaing for the azimuthal radiation pattern
starts with the defining of AK (PANA 60), selecting the first da¢ (PANA 78
and 79) and selecting the first ¢ =0°(PANA 81 and 82). The corresponding
RK is given by PANA 88 and the PHH by PANA 83. The maximum mode number M1
is transferred to M, and the computation parameters M,AK,RK,PHH are trans-
ferred to the subroutine BESS for the computation of Gaing (G) :

CALL BESS(M,AK,RK,PHH,EZI,EZSC,V,G) PANA 89

The subroutine BESS will be discussed below. The result G (Gaing) is re-
turned from the subroutine and is checked for correct size in printing
(PANA 90) and plotting (PANA 92). With the statements

DO 3 L=1.31 PANA 85
3 DI(L)=1H PANA 86
KK=IFIX(G+30.5) PANA 93
D1 (KK)=1R0+J) PANA 94

the number J (first J=1) of the J-th da¢ is plotted as anamplitude mark-
er in the Gainpg versus ¢ diagram in FIGURE 38.

The computation of the first Gaing for the directive radiation pattern
uses the same AK and starts with the defining of the first daty (PANA 124)
and the first PHH (PANA 118) . The corresponding RK is computed in PANA 131
and 132. The following computation of Gaing in the subroutine BESS and the
plotting of Gainpg as an amplitude marker in the Gaing versus dat diagram
is similar to above with the exception that a (*) is printed. The com~
plete diagram is shown in FIGURE 39.

The subroutine BESS uses the routine BESYN of the 1ibrary BRUSLIB VIMCODE
C306. Because other Bessel routines might be used in other computer cen-
ters, a few comments are helpful. In FORTRAN IV the transfer of the par-
ameter 0 causes difficulties. Thus, the mode numbers n = 0,1,2,...M are
changed into MP1 = 1,2,3,...M+1 (PANA 153). The statement

CALL BESYN(-AK,MP1,JN,YN) PANA 154

executes the computation of Jn(ka) and Yn(ka) for the modes 0,1,2,..MP1-1.
With PANA 156 one obtains the ap of (228) in array AN(I). Similarly

CALL BESYN(-RK,MP1,JN,YN) PANA 157

executes the computation of Jp(kr) and ¥ (kr). Finally, the gincand gscat
are computed in PANA 158-167. The returned G in PANA 169 represents Gaing
of equation (237) for the selected r and %'
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7.2.3. PROGRAM LIMITATIONS AND ACCURACY

The convergence of the series in equation 231 and 235 is quite slow for
large values of kr and similar in equation 228 for large values of ka.
The mimimum required modes npj, to solve equation 237 accurately depends
therefore primarily on the maximum frequency f and the maximum dat- The
subroutine BESS allows the computation of maximum 99 modes, and since the
computational time increases with n, Npin should be evaluated as.follows:

For large values of dat's (or distance r) Gaing should approach 0 dB for
¢ = 180° (shadow zone). If the chosen npj, is too small, Gaing increases
first monotonously with increasing dyt as expected; it begins to oscillate
for larger dat's, and finally the program stops with an error message.
Introducing the additional statements:

GOTO 5 before PANA 61
5 CONTINUE before PANA 100
1J=1J4+2 before PANA 118

the program executes only the directive radiation pattern computation for
¢ = 180°. At a given frequency f, a given radius a and a chosen minimum
mode number npip (M2) the largest correctly computed dat can be seen in
the Gaing versus dy¢ diagram (e.g., FIGURE 39,bottom, if M2 would be <12).

In our application it was found that even for the maximum frequency 999
MHz a mode number of 25 (M2 = 25) is sufficient for dy¢ below 2 m, with
a = 0.125 m and an accuracy of better than 0.1 dB.

The dimensions of the input parameters depend mainly on the selected out-
put formats and have been discussed in 7.2.2.,The units are [m] and [MHz]:

DMINT : 0.01 DMINZ2 : 0.01 A : 0.005-4999
DMAX1 : 9.99 DMAX2 : 9.99 F : 1 -999 (238
MRI :1-5 MR2 :l-w No.of F:1 - )
M1 : 1-99 M2 : 1-99  A¢ steps : 1 - = (PANA 81)

Scaled model computations are possible with a factor Cscale’
Fmode1 = Factual * Cscale
Amodel = Aactual ¥ Cscale (239)
Rmode1 = Ractual * Cscale (R = dat + a)

The execution of the program PANA on a CDC 6500 computer requires a stor-
age of 20,000 to 60,000 octal, depending on the compiler. The standard
program (with 3 frequencies) requires 30 s excecution time.



- 108 -

7.3. COMPUTED RESULTS OF THE TWO-DIMENSIONAL MODEL IZYL

7.3.1. AZIMUTHAL AND DIRECTIVE RADIATION PATTERNS OF ANTENNA-IZYL MODEL

Samples for the frequency 567 MHz (FIGURES 38 and 39) and 150 MHz (FIGURES
40 and 41) are presented here; additional samples are in Appendix 16.2.1..

AZIMUTHAL RADIATION PATTERN FREQUENCYS67TMHL
TWO-DIMENSIONAL ANTENNA-BODY SYSTEM
TESTBODY: INFINITE ROT.SYM.CYLINDER NUMBER OF MODI: 12
DIAMETER: .25 M POLARIZATION: VERTICAL/VERTICAL
DAT(I) : ANTENNA-BODY DISTANCE IN METERS
GAI(I) : GAIN, FIELD STRENGTH AT THE ANTENNA A1 IN DB, O DB = FREE SPACE
PHI : HORIZONTAL ROTATION ANGLE IN DEGREES
DAT(1) DAT(2) DAT(3) DAT(4) DAT(5)
050 .100 150 .200  .250

PHI|GAI(1) GAI(2) GAI(3) GAI(4) GAI(5)| -20DB -10DB +0DB +10DB

0 5 3.9 3.7 5 5.3 .

5 5 3.9 37 .5 5.3 .
10 A4 3.9 3.7 6 5.7 .
15 .3 3.8 3.8 .8 4.9 .
20 2 3.8 3.8 1.1 4b .
25 0 3.7 3.8 1.4 -3.9 .
0] -2 3.5 39 1.8 3.1 .
35 -5 3.4 3.9 2.1 =2.3 .
3| -8 3.2 39 2.5 -1.3 .
45| -1.1 3.0 3.9 2.8 -1 .
50{ -1.5 2.7 3.8 3.1 4 .
55 -1.9 2.4 3.7 3.3 1.2 .
60| -2.4 2.0 3.6 3.5 1.9 .
65| -2.9 1.6 3.4 3.5 2.4 .
| 3.5 1.2 3.1 35 2.9 .
75 4.1 6 2.7 3.4 3.1 .
go| -4.8 A 23 3.3 3.3 .
85| 5.5 -.6 1.8 3.0 3.3 .
9| -6.3 -1.3 1.2 2.6 3.1 .
| 1.1 =20 .6 2.1 29 .
100 -7.9 2.8 -1 1.5 2.5 .
105 .8 -3.6 -.8 9 2.0 .
110 -9.7 4.5 -1.7 .2 1.4 .
15| =10.7 5.5 2.6 =T R .
120| -11.8 6.5 =-3.5 -1.6 -.2 .
125] -12.9 -7.6 -#.7 2.6 -1.2 .
130| -14.2 -8.9 5.9 -3.8 -2.3 .
135| 215.6 -10.3 7.3 5.2 =3.7 .
140] -17.1 -11.8 -8.8 -6.8 5.2 .
145{ -18.7 -13.4 -10.5 -8.% 6.9 .
150| 0.2 -15.0 -12.1 -10.1 -8.6 .
155| 21.4 -16.2 -13.4 ~11.5 -10.1 .
160 -21.9 -16.8 -14.1 -12.3 -11.0 .
165| -21.8 -16.8 1.1 -12.8 -11.2 .
170] 21.5 -16.5 -13.9 -12.2 -10.9 .
15| 21.2 -16.2 -13.6 -11.9 -10.6 .
180 -21.6 -16.1 -13.4 -11.7 -10.5 .

FIGURE 38 Azimuthal radiation pattern at 567 MHz (result of program PANA)
Left: Gaing for 5 da¢'s and ¢=0-180°, right: Gaing versus ¢ for 5 dat's-
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In FIGURE 38 and 39 the diameter of the IZYL is 0.25 m and the frequency
is 567 MHz. The azimuthal radiation pattern (FIGURE 38) shows a clear min-
imum of the gain (GAI(I)) at ¢ = 160-165°, decreasing with decreasing
dat (DAT(I)). The directive radiation pattern (FIGURE 39) at ¢ = 0° re-
veals a gain oscillation, with maxima at dyt of about A/4 + neA/2.

DIRECTIVE RADIATION PATTERN FREQUENCYS6TMHZ
TWO-DIMENSIONAL ANTENNA~BODY SYSTEM ROT.ANGLE PHI : O ABOVE, 180 BELOW
TESTBODY: INFINITE ROT.SYM.CYLINDER NUMBER OF MODI: 25
DIAMETER: .25 M POLARIZATION: VERTICAL/VERTICAL
DAT(I) GAI(I) PHI |-20DB ~15DB -10DB -5DB +0DB  +5 DB
M - IB DEG
.00 -8 0 *: .
%5 167 0 : ‘ ey
.90 1.93 0 .ot .
N B . -t :
80 273 0 . o .
a5 -6 0 A " .
0 1o . AN
65 2.3 0 . Lok
60 1.6 0 . e
5 2.5 0 . . { A
. ~C e . . * . .
B e 0 —
. . . . . . \ .
o 2.8 o0 : : . .oy
3B 215 0 : . . : L
30 -1.57 0 . . . Rt .
S5 5300 0 . : : % . :
.20 a5 0 . . . T
5 38 o X : : X : . -
.10 3.92 0 . . . . *
05 48 o . . . a—
0.00
5 200 180 ; . . . . )
.10 -16.06 180 i . . . .
5 -13084 180 : it . . . :
20 Tl 180 : Do : : :
25 -10.52 180 . . , . . .
30 960 180 . A . :
5 -8.87 180 : . o . .
M0 8.7 180 . . A . .
W5 7,78 180 : . ¥, . .
;50 7.3 180 . : R N . :
5 6.9 180 . . . . . .
80 -6.67 180 : . . L . .
65 6.3 180 : . i . : :
0 6.1 180 : . * : :
5 591 180 : : : i :
80 571 180 . . . ', .
85 5.2 180 : . X i . :
0 5.3 180 . : . . .
B 520 180 : . % . :
1.0 5.06 180 . : ' .

FIGURE 39 Directive radiation pattern at 567 MHz (resultof program PANA),
-Above: GainB versus dat at $=0°, below: GainB versus dat at ¢=180°.
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In FIGURE 40 and 41 the same IZYL is shown at a frequency of 150MHz. This
fr‘equencyis just below the application range of this two-dimensional com-
putational model. The data obtained with this model shoutld be compared
with the data from the three-dimensional model in section 10.4..FIGURE 40
shows the azimuthal- and FIGURE 41 the directive radiation pattern:

AZIMUTHAL RADIATION PATTERN FREQUENCY1SOMHZ
TWO-DIMENSIONAL ANTENNA-BODY SYSTEM
TESTBODY: INFINITE ROT.SYM.CYLINDER NUMBER OF MODI: 12
DIAMETER: .25 M POLARIZATION: VERTICAL/VERTICAL
DAT(I) : ANTENNA-BODY DISTANCE IN METERS
GAI(I) : GAIN, FIELD STRENGTH AT THE ANTENNA A1 IN DB, O DB = FREE SPACE
PHI : HORIZONTAL ROTATION ANGLE IN DEGREES
DAT(1) DAT(2) DAT(3) DAT(4) DAT(S)
.050 .100 .150 .200 .250
PHI|GAI(1) GAI(2) GAI(3) GAI(4) GAI(5) -20 DB =10 DB + 0 DB +10 DB
o] -8.2 =3.3 -.8 .8 1.9 . 2 3.45 .
5| -8.2 =3.3 -.8 .8 1.9 .1 2 3.45 .
10f -8.3 =3.4 -.8 .8 1.8 .1 2 3.45 .
15| -8.3 3.4 -.9 T 1.8 1 2 3.45 .
20] -8.4 -=3.5 -1.0 .6 1.7 .12 3.5 .
25 -8.6 =3.7 -1.1 .5 1.6 .1 2 3.45 .
30f -8.7 -3.8 -1.2 4 1.5 .1 2 345 .
35| -8.9 -4.0 -1.4 .2 1.4 .1 2 345 .
40| -9.1 4.2 -1.6 .0 1.2 .1 23145 .
451 -9.4 4.5 -1.9 ~.2 1.0 .1 234 .
50| -9.7 -4.7 =2.1 -.4 .8 1 2 345
55§ -10.0 5.0 -2.4 -7 .5 1 2 3u4.5
60| -10.3 5.4 2.7 -1.0 .2 1 2345
65 -10.7 5.8 -3.1 -1.4 =1 1. 2 345
70| -11.1  =6.2 =3.5 =1.7 -5 1. 2345
75| -11.6 =6.6 -3.9 =2.2 -.9 1. 2 345, .
80) -12.1 -7.1 4.4 2.6 -1.3 1 2 34 5. .
85| -12.6 =~7.6 -4.9 3.1 1.8 1 2 345. .
90] -13.1 -8.2 5.5 -3.7 -2.3 . 1 .2 3u5. .
95| -13.7 -8.7 -6.0 4.2 =2.9 . 1T .2 345 . .
100| -14.3 -9.3 6.6 -4.8 -3.5 . 1 234 . .
105{ -14.9 -10.0 -7.3 5.5 4.1 1 2 34 . .
10| -15.6 -10.6 -7.9 -6.2 -A.8 1 2. 345 . .
15| -16.2 -11.3 -8.6 -6.8 5.5 1 2.3 45 . .
120| -16.8 -11.9 -9.3 -7.5 -6.2 2 .34 5 . .
125| -17.4 -12.5 -9.9 -8.2 -6.9 2 3485 . .
130{ -18.0 -13.1 -16.5 -8.8 -7.5 . 2 3.45 . .
135| -18.5 -13.6 -11.0 -9.4 -8.1 . 2 3.8 . .
1ol -18.9 -14,0 -11.5 -9.8 -8.6 .1 2 345 .
145 -19.1 -14.3 -11.8 -10. -9.0 .1 2345 .
150| -19.4 -14.6 -12.1 -10.4 -9.3 A2 345 .
155 -19.5 -14.7 -12.2 -10.6 -9.5 .12 345 .
160} -19.6 -14.8 -12.3 -10.7 -9.6 1 2 345 .
165( -19.6 -14.8 -12.3 -10.7 -9.6 b} 2 345 .
170| -19.6 -14.8 -12.3 -10.7 -9.6 1 2 345 .
175] -19.6 -14.8 =12.3 -10.7 -9.6 1 2 3u5 .
180| -19.6 -14.8 =-12.3 -10.7 -9.6 1 2 345 .

FIGURE 40 Azimuthal radiation

pattern at 150MHz (result of program PANA),
Left: Gaing for 5dat‘s and ¢=0-180°, right: Ga1‘nB versus ¢ for Sdat's.
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The azimuthal radiation pattern (FIGURE 40) shows a clear minimum of the
gain (GAI(I)) at ¢=180°, decreasing with decreasing dat (DAT(I)). The
minimum gain amounts to -19.6 dB, compared with -21.9dB at 567 MHz.FIGURE
41 shows at ¢=0° a maximum gain at da¢ = A/4 (0.375m). The shadow zone
$=180% is within 1.5dB identical with those at 567 MHz.

DIRECTIVE RADIATION PATTERN FREQUENCY150MHZ
TWO-DIMENSIONAL ANTENNA-BODY SYSTEM ROT.ANGLE PHI : O ABOVE, 180 BELOW
TESTBODY: INFINITE ROT.SYM.CYLINDER NUMBER OF MODI: 25
DIAMETER: .25 M POLARIZATION: VERTICAL/VERTICAL
DAT(I) GAI(I) PHI -20 DB -15 DB -10 DB - 5DB + 0 DB + 5 DB
M DB DEG
1.00 -3.07 0 . .
%5 -3.42 Q . * .
90 =3.17 0 . .
.85 -2.41 0 . . * .
.80 -1.38 Q . . .
.75 -.31 0 . . *,
.70 .67 0 . N
.65 1.52 0 . . . ®
.60 2.20 0 . . *®
.55 2. 0 . . *
.50 3.06 0 . . . s,
45 3.23 0 . . . o,
.40 3.22 0 . . . .,
.35 3.02 0 . . . £,
.30 2.59 0 . . . . ® .
.25 1.89 0 . . . * .
.20 .83 0 . . d .
.15 -7 0 . . *
.10 ~3.31 0 . ® .
.05 -8.20 0 * . .
0.00
.05 -19.59 180 * . .
.10 14,80 180 ¥ .
15 -12.32 180 * .
20 -10.74 180 b . .
) -9.61 180 . * . .
30 -8.75 180 . . .
.35 -8.08 180 * . .
4o -7.53 180 * . .
A5 -7.07 180 * .
.50 -6.68 180 ' .
.55 -6.34 180 . LIS . .
.60 -6.05 180 ., . .
.65 ~5.79 180 ., .
.70 5.5 180 *, . .
NGl -5.36 180 ., .
.80 -5.17 180 .
.85 -5.00 180 . ¥
.90 -4.84 180 4 .
.95 -4.70 180 o .
1.00 -4.57 180 . N .

FIGURE 41 Directive radiation pattern at 150 MHz (result of program PANA).
Above: Gaing versus dyt at ¢=0°,  below: Gaing versus d,¢ at ¢=180°.
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7.3.2. MINIMUM GAIN DEPENDING ON FREQUENCY AND CYLINDER RADIUS

The minimum Gaing occurs at frequencies above 300 MHz not at ¢= 180° but
at about 165° as shown in FIGURE 42 (dashed lines: model not accurate).
Small diameter changes are of little significance at all dy's (FIGURE 43).

Gaing 1ZYL »
[aB] § Ev

0 Free-Space Level

dat "0.20m

R T ———————— . N

-1 det "0.10m \¢ 180.
min~ 165

¢ -180°

'{ dat =005 m .
20 ===———— min~165
: \ b-180°
min~185"
-30 - . — f
100 200 300 500 700 1000 [MHz]
FIGURE 42 Gaing versus f in the shadow zone of the IZYL.
Gaing 1ZYL 567 MHz
fuB] § Ey
o Free-Space Level -
¢ =180° b.- 02
Nominal Diameter y r—n_ e ——
D.:2a:0.25m T T -
e
s et
D.» 0.3 m
-301-L . . — - — ot
01 02 03 04 05 0.6 [m]

FIGURE 43 Gaing versus dat for different cylinder diameters D, (¢=180°).
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8. MeasuriNGg METHOD

8.1. PURPOSE OF THE EXPERIMENT

The experiments should answer the following questions:

Assumption verification : The computational models are based on as-

sumptions which need to be verified. The main assumptions, as dis-
cussed in section 5.2., are reciprocity, quasi-perfect conductivity,
and simplified body shape.

O0ff-resonance model verification : The two-dimensional computation

of the radiation characteristics of the IZYL-antenna model (section
7.) delivers data for frequencies above 200 MHz. The experiment at
frequencies above 200 MHz should deliver near-field data for large
scale dat and ¢ variation. If an acceptable correlation between ex-
periment and computation exists, an extension of the theory on three
dimensional computation of conducting bodies is reasonable.

Resonance phenomena : The analysis of the antenna-body system (sec-
tion 5.2.3.) predicts resonance effects at about 40 to 200 MHz. The
experiment should verify this prediction.

Practical body-mounted antennas : A practical body-mounted antenna

is usually a monopole antenna mounted on a transmitting device. If
the housing of the transmitter is small (e.g., maximum dimension
about 0.25 m), the counterpoise for the monopole antenna is not ideal
(too small) for frequencies below 300 MHz. Thus, the experiment should
also deliver data for standardized transmitting devices operating

in proximity to the body in the entire regarded frequency range.

8.2. DESCRIPTION OF THE ANTENNA-BODY TEST SET-UP

Real-size antenna-body experiments have to be performed outdoors and in
proximity to the ground. The reasons for this decision and the problems
dealing with ground reflections have been discussed in section 5.3..

The outdoor FR experiments are performed on a military airport (AMF Diiben-
dorf). With respect to RF-emissions one has to act very cautiously. Not
only the RF-power emitted at the measuring frequency has to be kept with-
in permissible limits but also unwanted harmonic distortions have to be
controlled. On the other hand there are at any frequency distortions from
the outside. Our experiment requires a signal/noise (S/N) ratio of > 30 dB
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since the effect to be studied are up to 25 dB below the maximum field
strength level. Further, one is obliged to apply small radiation sources
(electrically small antennas, limited counterpoise) with a generally 1lim-
ited efficiency. Thus, the accurate measuring frequency and the necessary
RF-power cannot be determined in advance.

Quartz-stabilized RF-generators for all measuring frequencies are out of
question. The manufacturing of miniaturized transmitters is too expensive
(especially for frequencies above 200 MHz), the frequency is fixed and the
power can only be controlled within small margins (see section 11.3.).

Free-oscillating RF-generators tend to be unstable with respect to power
and frequency, need a careful tuning in order to avoid harmonic distor-
tions and get detuned if the antenna environment is disturbed. Thus, such
transmitting devices are not suited for our experiments.

In order to choose arbitrary antennas, frequencies and power levels, a
dummy system (FIGURE 44) is used instead of an autonomic RF-generator.
The monopole antenna A; and its counterpoise represent an idealized field
point source (transmitting case) or a small field probe (receiving case).
Ay is connected by a long coaxial cable to a precision RF-generator or

in the receiving case to a field strength meter.

Let us first consider Ay as a transmitting antenna. Remote feeding causes
severe problems concerning radiation from the feeding coaxial cable, if Aj
is a monopole with an electrically small ( <)/2 diameter) counterpoise.
For the experiments A} has to be approached up to 0.05 m to the test body.
As a consequence, the counterpoise in FIGURE 44, No. 2, represents the max-
imum acceptable size with a diameter of 70 mm and a length of 100 mm. If
no precautions would be taken, the outer sleeve of the cable would become
a part of the counterpoise at frequencies below 500 MHz. Radiating currents
on the outer sleeve of the cable would make accurate field measurements
impossible. Methods for attenuating such sleeve currents are described in
ARRL [3], KRUPKA [53] and ROTHAMMEL [71]. Usually a A/4 hollow cylinder is
mounted around the coax, opened towards the antenna and contacted with the
coax on the opposite cylinder side. Such a A/4 RF choke is efficient if
the diameter is about 3-times the coax diameter. A smaller RF-choke can
be obtained if the feeding coax cable is shaped ina coil (FIGURE 44, No. 4)
of an electrical length of A/4. The design of such a helical RF-choke is
similar to that of a helical antenna and will be discussed in 8.3.2.. Be-
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cause the helical RF-choke radiates itself a certain amount of RF power,
it is covered by an absorbing tube (FIGURE 44, No.5.). The remaining sur-
face waves on the feeding coax are attenuated by covering the whole coax
with absorber material in the proximity of the antenna Aj. Finally load
variations for the coax and the generator are prevented by inserting a

20 dB attenuator (FIGURE 44, No.3) below the antenna's foot point.

The complete antenna test set-up is shown in FIGURE 44. It follows the
specifications evaluated in section 5.3. and allows measurements of vert-
ical polarized E-fields in the frequency range 10-1000 MHz. The dummy sys-
tem discussed above has a shape of a circular cylinder of 70 mm diameter
and is supported by an antenna holder (No.6.). Depending on the frequency
the test antenna Ay (No.1.) is a helical monopole as shown or a whip (see
8.3.1.). The revolving stage (No.7.) rotates the test-body together with
the antenna Aq. A directive, broadband antenna (8.3.3.) A2 (No.8.) com-
pletes the antenna test set-up.

Aj

h' -
12m

98

hz=
8.2m

destm 777777 '
—]
FIGURE 44 Measuring antenna test set-up
1: test (body-mounted) antenna A; 5: EM absorber material
2: electrical counterpoise for A 6: wooden antenna holder
3: 20 dB attenuator in series 7: wooden revolving stage
4: matched RF-choke 8: remote antenna Ap
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For the corputational models the transmission distance d has been defined
in section 5.1.2. as follows:

Transmission distance d ] Horizontal distance between

* the center of the body and Ay (240)

for computational models

For the experiment it is better to keep the distance between Ay and A2
constant, thus we define the experimental transmission distance d:

Transmission distance d ] Horizontal distance between (21)

for experiments " the centers of Ay and A2

Essentially there is no difference between (240) and (241), because dat is
small compared with d and because we are not interested in the absolute
phase of the fields. However, the reference field strength Eg is more con-
stant when the antennas and the cables are not moved.

The experiments require rotation of the antenna-body system (¢ = variable,
dat = parameter) and translation of the body in respect to the antenna Aq

(dat = variable, ¢ = parameter). These two experiments are shown schemat-

ically in FIGURE 45:

TEST 2 TEST 1

Az

TS

q

FIGURE 45 Rotation and translation of test bodies

1: wooden revolving stage 4: displacement transducer
2: plastic trackway section (rubber band goniometer)
3: wagon 5: rubber thread
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8.3. ANTENNAS AND FEEDING

8.3.1. BODY-MOUNTED ANTENNA Ay

Theoretically the body-mounted antenna Ay should fulfill the following
requirements as defined in section 5.1.2. :

‘The radiation intensity should be constant, but the efficiency is
‘not of interest.

- The physical size of Ay should be smaller than any relevant dimen-
sion of the test set-up.

Only one dominant E-polarization axis py should exist.

The antenna should radiate omnidirectionally.

The impedance and thus the radiation should not change due to body
proximity.

In practice there are physical and technical Timitations:

- The efficiency should be so high, that the radiation of Ay is much
higher (30 dB) than the leakage radiation of all involved equipment.
Such an efficiency can only be obtained if Ay is operated near re-
sonance.

- An antenna length h of 0.15 m is acceptable for the purpose of the
experiment. This antenna length corresponds to A/4 at 500 MHz. Thus,
efficient, resonant (no external tuning), electrically small antennas
have to be used for all frequencies below 500 MHz.

- A strict linear polarization is difficult to obtain with resonant
electrically small antennas. Any internal frequency tuning element
Teads to certain field irregularities.

- Omnidirectional radiation in a horizontal plane depends not only
on the antenna but also on the feeding cable. A dipole antenna is
not suited because the cable had to be mounted rectangular to the
antenna axis. Thus, monopole antennas have to be used with a 1im-~
ited counterpoise.

- If an antenna has to be operated near resonance, the impedance de-
pends on body proximity, because the bandwidth of any electrically
small antenna is narrow (see section 4.5.).

The normal mode helical monopole (16.1.) offers a good compromise for
antenna lengths h>/20. The polarizationiselliptical, with a dominant
vertical E-component which is larger than that of an equal-sized whip.
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Ant. Type | Resonant | Approx.-3dB | Antenna | Antenna | Number Wire
Frequency | Bandwidth length |} diameter Jof turns] diam.
No. fregMHz] | min/max[MHz1{ h [mm]l] Dy [mm] Nq dy,[mm]
ATl hel.| 120 + 3 110 ~ 125 185 1.5 42 1.5
AT2 hel.} 180 + 3 170 ~ 185 155 12.0 26 2.0
AT3 hel.| 210 + 2 190 ~ 215 145 12.0 24 2.0
AT4 hel. | 298 £ 2 260 ~ 310 145 12.0 13 2.0
ATS hel. | 363 + 4 335 - 403 130 12.0 8 2.0
AT6é whip| 490 5 450 - 560 150 - N 1.5
AT7 whip| 630 £ 5 605 ~ 700 110 - - 2.0
AT8 whip | 1060 * 8 960 -1150 75 - - 1.0

TABLE 46 Monopole antennas Ay for field experiments. The resonant fre-
quency fres and the bandwidth have been measured with a network analyser,
when Ay was mounted on the counterpoise, with RF-choke, but without at-
tenuator, and in an anechotic chamber.

The specification§ of the experimental antennas Ay are shown in TABLE 46.
It should be mentioned that these data may vary from the theoretical data
in section 16.1., because the antennas Ay are operated on the later used

limited counterpoise.

8.3.2. RF-CHOKES

The purpose of the RF-chokes is to attenuate surface currents on the feed-
ing coaxial cable. They are constructed from an RG-58 coaxial cable, wrap-
ped in a helical shape. The specifications are shown in TABLE 47:

RF Choke | Operating | Choke Choke Cable Number Cable
Range length | diameter | length | of turns | diam.
No fe [MHz] | 1clmml | de [mm] | 1¢[mm] ne d¢ [mm]
CH1 50 - 150 100 20 1000 14 6
CH2 100 - 200 70 16 700 12 6
CH3 150 - 200 50 16 500 8.5 6
CH4 200 - 250 37 16 330 6 6
CH5 250 - 350 22 16 220 4 6
CH6 350 - 500 13 16 130 3 6

TABLE 47 RF-chokes for field experiments. f. theoretical values.
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The effectiveness of the coax-line RF-chokes in TABLE 47 decreases at
higher frequencies because of the distributed capacitance among the turns.
Since they have to be mounted in absorbing tubes (attenuation of the choke
radiation), the Q-factor is not very high, resuiting in a favourable broad
band range, but with further decreases effectiveness. There is a simple
method to test RF-chokes: when the complete antenna test set-up according
to FIGURE 44 is assembled for the selected test frequency, the received
field strength should not change more than 2 dB if the coaxial feeding
cable is touched by hand at any location along the cable.

8.3.3. REMOTE ANTENNA A2

Because the helical antennas Ay are elliptically polarized and we have to
measure only the vertical polarized E-field component, the remote antenna
A2 has to be strictly linear polarized. In addition A2 should be a direc~
tive antenna with broadband characteristics. It was found that a logarith-
mic periodic antenna (LPD) fulfills these requirements best. The chosen
Cross LPD (R. GRANER, AMF) operates from 100 to 1000 MHz‘with a directive
gain of about 6 dB (aperture angle + 600). By simple line-switching the
vertical polarization and the horizontal polarization can be measured in-
dependently, which is needed to check the radiation properties of Ay be-
fore the actual experiment can be started.

8.4. MEASURING EQUIPMENT

8.4.1. REVOLVING STAGE FOR ANTENNA-BODY ROTATION

In cooperation with R. GRANER from the AMF a revolving stage and an elec-
tronic plotter control unit has been developed. It consists of

- revolving stage with basement, stage, engine and angle sensors
(see FIGURE 48, shown with inverted separate stage).
- angle data transmitter, combined with remote control of the stage
rotator and with an intercom system
- plotter control unit with angle display, synchronizer and x-y driver
(see FIGURE 49).

This equipment allows the automatic plotting of azimuthal gain charts when
combined with the RF-equipment and the power supply for the stage engine.
The control unit synchronizes on the zero marker (FIGURE 48) and plots one
full 0-360° E/¢ sequence with 19 resolution on an ordinary x-y recorder in
a rectangular diagram as recommended by CEI Publication 138.
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FIGURE 48 Revolving stage
1 : basement
2 : hollow axle (for anten-
na coaxial cable with
rotational N-connector)
: supporting wheels
: engine with driving
wheel (24 V DC)
5 : angle sensors with sen-

sor protection bolts

6 : line driver and inter-
com station

7 : stage platform (upside
down)

8 : angle markers (s: syn-
chronization marker)

9 : angle marker protection

FIGURE 49 Plotter control unit
1 : command switch : next revolution = plot diagram

2 : x-y driver output
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8.4.2. TRACKWAY FOR ANTENNA-BODY TRANSLATION

According to FIGURE 45 a trackway was constructed in order to move the
heavy test subject (phantom weight 90 kg !) continuously toward the sta-
tionary antennaAj. A wooden basement of 5 meter length equipped with plas-
tic rails was mounted on the ¢~coordinates 0-180° and later 90-270°. A
small, ball-bearing equipped wagon carried the test subjects, with the
footpoint spaced s=0.2m appart from the ground. By help of deflection
pullies, mounted each 10 meters away from A1 on the trackway axis, and
Tong plastic strings the wagon could be precisely moved manually,

The monitoring of dyt, which is the distance from the center of Aj and
the nearest surface of the test body, is not easy. First,this distance
has to be actually measured and not e.g., the position of the wagon, be-
cause of practical accuracy considerations. Second, the space between Ay
and TS should not be disturbed by measuring devices, because any metallic
or dielectric material causes field disturbances. Third, an accuracy of

+ 10 mm is required at least in the low dat regions.

The rubber band goniometry, developed by NEUKOMM [65] for the biomechani-
cal research, solves this difficult problem with little effort. A low
torque conductive plastic potentiometer is mounted rectangularly to the
trackway axis in the distance a=2 m from the vertical Al axis. (FIGURE
45, No. 4.). At the vertical axis of the potentiometer a beryllium bronze
arm of 0.1mm thickness and 100 mm length is attached. The arm can be
bent up and down without angular changes or significant forces on the
axle. From this arm a thin rubber thread (#<0.3mm) is stretched (about
1 N tensil force) to the test point on the TS and fixed with self-adhe-
sive tape (see FIGURE 45, No.5. ). The linear motion dy¢ is thus trans-
formed into an angular motion B according to

8 = arctg(dat/a) (242)

There is a non-linear, but one-to-one correspondence between 8 and dat.
In a Tinear B presentation the interesting range 0<d3¢<0.35m corresponds
to 0<B < 109 but contains also the large range 0.35<dat < 2.38mcorres-
ponding to 10<B<50°, The accuracy in the Tow dat range is better than 10
mm, because the hysteresis of the rubber band goniometer isless than 0.3,
the resolution is quasi-infinite (better than 0.01°). The non-linearity
of the potentiometer of 0.5 % F.S. would cause moderate errors in (242),
thus the g-scale is calibrated directly in the actual d,¢-scale.
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The mechanical B signal is converted by the potentiometer into a propor-
tional electrical tension, and with the built-in impedance converter the
signal is transmitted over a long shielded cable to the x-imput of the
plotter. If the field strength signal is on the y-imput of the plotter,
one obtains a calibrated E/dat plot with 0<dat<2.3 m for 4= 0° and ¢=
1809, Of course, the switching from ¢=0° to ¢=1800 requires a tip down
of the Ay antenna tower and to connect the rubber thread on the reverse
side of the test body when it has been rolled over with the wagon. The

dat
line of the trackway.

-scale has to be calibrated once by means of markers on the middle

8.4.3. FIELD MEASURING EQUIPMENT

Besides the mentioned antennas and ¢/dat recording devices the follow-
ing materials have been applied in the experiments:

- Field-strength measuring unit: main unit RHODE + SCHWARZ VHF-UHF
ESUM BN 15076/5/P with the plug-in units 25-230 MHz, 160-470 MHz,
and 850-1300 MHz. The effective accuracy (as tested) is ¥ 0.5 dB
in the +5 to -20 dB range and ¥ 2 dB in the -20 to -35 dB range.
(0 dB = 80 % full scale of the recorder output, operating on the
self calibrated "linear" range of the ESUM)

- RF-Generator : HEWLETT PACKARD 8640B, 25-1000 MHz. The stability
of the amplitude is specified to 0.1 dB and could be checked by
a free space recording before and after an experiment at a speci~
fic frequency (over-all test revealed a stability of + 0.5 dB at
frequencies above 200 MHz, depending mostly on the antenna Ay)

- X-Y-Recorder: BRYANS 26000 A3. The accuracy is specified to % Imm
which could be affirmed by a test,

- Absorber material: blocks of 0.3 x 0.3 x 1 m. Standard absorbers
of the PTT antennna development division, efficient above about
100 MHz. Has been used to attenuate sieeve currents on the feed-
ing coaxial cable (see FIGURES 44 and 53).

- Coaxial cables: double shielded. coax of 9 mm diameter with N-con-
nectors. Standard materials of the AMF antenna development divi-
sion. At frequencies below 30 MHz the RF-radiation leakage cannot
be neglected if inefficient antennas and cable Tengths in excess
of 40 m are used.
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8.5. ANTENNA SET-UP TESTING AND EXPERIMENTAL PROCEDURE

Field measurements with non-resonant antennas in proximity to the ground
require careful preliminary tests in order to exclude artifacts. With a
human test subject TEST 1 (FIGURE 45, ¢= 0.90,180,270°, dat = 0 to 4 m)
and TEST 2 (FIGURE 45, dat = 0.035,0.077,0.135 m) have been performed at
the frequencies 25,50,75,100,150,200,300,400,600,700,800 and 900 MHz. In
October 1976 a further experiment with the three test bodies SUB, PHA
and MET (see specifications in section 5.4.1) was performed according
TEST 1 (FIGURE 45, ¢ = 0 and 1800, da¢ = 0.035 to 2 m) at 11 frequencies
from 74 to 897 MHz. TABLE 50 shows the preliminary test preparations,
TABLE 51 the antenna parameter and TABLE 52 the experiment check Tist.

1. LABORATORY PREPARATIONS

- Computation and construction of antennas Ay

- Network analysis in anechoic chamber (TABLE 46)
Construction and testing of RF-chokes (TABLE 47)
Construction of rubber band goniometer with lawn anchor
Goniometer test with 100 m cable and strong RF disturbances

—_——t et
B wN—

2. MEASURING SET-UP PREPARATIONS

. Warming-up of RF equipment and recorder, initial calibration

. Trackway mounting with levelling rod under 100 kg load

. Goniometer mounting with levelling rod. (In this test series is
a=lm, corresponding to dat : 2 m = 8 : 63.439)

. Calibration of the dat scale with reference markers on trackway

- Verification of the dat accuracy when rubber thread is attached
on phantom at hy = 1.2 m.

N NN
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3. TRANSMISSION TEST (for each measuring frequency)

3.1. Search for a free RF-channel
3.2. Evaluation of antenna Ay and RF choke, sleeve current tests.
3.3. Checking if no obstacles are around within a radius of 50 m.
3.4. Polarization and reciprocity test:
Transmitter out on Ay, polarization A
Receiver input on Ay, polarization A
Receiver input on Ay, polarization As = horizontal , reading:
Transmitter out on Ay, polarization Ay = horizontal , reading:
3.5. RF-leakage test: Ay replaced by a 50 @ terminator
Transm. out on Ay cable, polar. Ay = vertical , reading:

vertical » reading:
vertical , reading:

Receiv. inon " " = vertical , reading:
Receiv. inon " " " " = horizontal , reading:
Transm. out on Ay cable, polar. Ay = horizontal , reading:

TABLE 50 Preliminary test preparations and checks
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The accuracy of the data obtained in the following antenna-body experi-
ments depends directly on the results of the transmission test 3.4. and
3.5. in TABLE 50. The field strength at vertical polarization should be
at least 15 dB higher than the field strength at horizontal polarization,
and should be at least 20 dB higher than the noise or the residual signal
picked-up when A] (transmitting and receiving case) is replaced by a
50Q terminator. The reciprocity test‘reveals RF-leakage in the control
center, theoretically the transmission in both directions should give the
same reading. These important antenna parameters are 1isted in TABLE 51 :

Freq{ Ay RF Ay = transmitting antenna Ay =receiving antenna
choke Ag : verti. A2 : horiz. |[Agz:verti. A2 : horiz.

No.| No. ANT [TERM | ANT [TERM [ ANT [TERM | ANT |TERM

[Miz] ras7 | a8y | raBy |rde1 | [dB1 |rdB) | [dB] |IdBI
7 | am| &% sl 3l 13lo ] 17]s | 18]
101 | An| 3x 25 | 10 ol o | 2 |15 o |0

T T ET I E
158 | AT2| CH1 25 | o 4] o 26 | o 3 |2
205 | AT3| CH2 25 | 2 9| o 5 | 7 9 | o
250 | AT4| CH3 25 | o 2| o 25 | 0 3 |o
300 | AT4| CH3 25 | 3 5] 0 28 | 7 5 | 0
400 | AT5| cHa 25 | 0 O I 25 | o 0 ]o
562 | AT6 | CHS 25 3 1 0 24 0 7 0
700 | AT7| CcHe 25 | 0 o o 251 0 5 | o
ga7 | AT8| CH6 25| 0 2] o 25 | © o lo

TABLE 51 Antenna parameter of the test set-up used in the later antenna-
body experiments. ANT: specified antenna A connected to generator or re-
ceiver, TERM: Ay replaced by a 50 terminator. Frequency 74 allows no
accurate measurements (but qualitative measurements for Ay = transmitting
antenna), 101 MHz is at the border line of the applicability.

If we compare TABLE 51 with TABLE 46, one can predict that the frequency
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300 MHz may cause difficulties, because AT4 resonates at 298 MHz. A change

in the proximity of the antenna (body) will effect an important change of
the antenna impedance. The specifications at 74 MHz are not satisfactory

not only due to AT1, but also due to the lower frequency limit of 100 MHz
of the remote antenna A,.

The check list for the actual antenna-body experiment (TEST 1 in FIGURE
45) is shown in the next TABLE 52 :

4. ANTENNA-BODY EXPERIMENT CHECK LIST (for each measuring frequency)

. Final calibration of RF-equipment and recorder

. Repetition of points 3.4. and 3.5. according TABLE 50

. Zero calibration of the goniometer :

. Calibration of the FSL (free-space level) on + 15 dB for Al =
transmitting antenna and Ay = vertical polarization

4.5. Experiments with the test bodies MET,PHA and SUB in the dat-
interval 0.035 up to 2 m: (Ap=always vertical polarization)

4.5.1.1. MET, ¢ = 0°, A
2.

FN NS
S wr—

transmitting antenna
receiving antenna

non

4.5.2.1. PHA, ¢ = 0°, A} = transmitting antenna
2. Ay = receiving antenna
4.5.3.1. PHA, ¢=180°, A7 = receiving antenna
2. A1 = transmitting antenna
4.5.4.1. MET, ¢=180°, Ay = transmitting antenna
2. Al = receiving antenna
4.5.5.1. SUB, ¢=180°, A = receiving antenna
2. A} = transmitting antenna
4.5.6.1. SUB, ¢= 0°, Ay = transmitting antenna
2. A1 = receiving antenna

4.6. When all test bodies are dislocated, reading of the FSL for
A1 = transmitting antenna.

4.7. Reading of the goniometer at dat = 0.

TABLE 52 Antenna-body experiment check 1ist (shortened)

The procedure for TEST 2 (FIGURE 45) is similar to TABLE 50, 51, and 52.
In FIGURE 53 a picture is shown of such a TEST 2. The measured results
are discussed in the next section together with the theoretical predic-
tions. The sketch in FIGURE 54 is not only a joke : the directive gain
from the bodies of three men amounts to about 4 to 6 dB as measured with
a MOTOROLA HT 220 walkie-talkie with a 4 inch helix at 174 MHz.
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FIGURE 53
Test set-up for azimuthal

radiation experiments

1: test antenna Aj

2: spacer (dat=parameter)

3: electrical counterpoise
with attenuator

4: absorber tubes (RF-choke
within the tubes)

5: wooden antenna holder

6: wooden revolving stage

7: absorber blocks on

feeding coaxial cable

s
o !_ _______ Gain

et TR approx. 4dB

FIGURE 54 "The soldier directive antenna". An application of the Gainp
obtained at dayt=2/4 at =00 and dyt=21/2 at ¢=90 and 270°.
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9, CompARISON OF EXPERIMENTAL DATA WITH THEORETICAL DATA

9.1. INVESTIGATED PARAMETERS

9.1.1. EFFECT OF FREQUENCY AND BODY MATERIAL
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FIGURE 55 Gaing versus f in the shadow zone from the three test bodies
MET, PHA, SUB (measured data) compared with the computed data from IZYL.
Parameter: dat=0.1 and 0.2m. Ey: E-field strength, vertical polarization.
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FIGURE 55 is a comparison between the experimental data for the three
test bodies MET, PHA, SUB and the computational data for the IZYL (see de-
finition of the bodies in 5.4.1.). Shown are the data for the constant pa-
rameter dyy = 0.1 m and 0.2 m in the shadow zone ¢ = 1809, obtained from
the Gaing/dyt experiment in FIGURES 56,57 and 58.

The experiment, performed according to the check Tists in 8.5., includes
the experimental frequencies (74), 101, 125, 158, 205, 250, (300), 400, 562,
700 and 897 MHz. The results at (74) and (300) MHz are not accurate enough
for a quantitative consideration, the reasons are mentioned below TABLE 51
and in section 9.2..

The computational data for the infinite cylinder (IZYL)are valid only for
frequencies above 200 MHz for finite bodies of more than 1.8 m length, as
explained in section 7.1.. The most interesting result is the parallelism
of the Gaing curves for dat = 0.1 m and 0.2 m. The difference is almost
constant versus the frequency and amounts to 4 * 0.5 dB.

The experimental data reveal a similar tendency. For all test bodies the
gain difference between dyt = 0.1m and dat = 0.2m amounts to 4 + 3 dB and
often to 4 + 1 dB. Thus, one may assume for a first approach that the
measuring accuracy is better than I 3 dB.

The experimental data oscillate around the computed data, at frequencies
below 200 MHz with a considerable amplitude and above 200 MHz with a much

smaller amplitude. The experimental data reveal clearly four regions:

- A2 resonance at 74 to 101 MHz (exp..data of insufficient accuracy)
- 3 3/4 anti-resonance at about 101 to 125 MHz

- A second resonance at about 125 to 158 MHz

- > A off-resonance at frequencies above 200 MHz.

The MET and PHA have the same length of 1.8 m, the SUB is only 1.68 m
long. It seems that the body material does not influence the resonant fre-
quencies much, and that the anti-resonance is especially weaker in lossy
materials.

Above 200 MHz the difference between experiment and theory is less than
+ 3 dB for all three test bodies. Taking into account that field measure-
ments in the shadow zone are very difficult due to the large field gradi-
ents, the correlation is encouraging.
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9.1.2. EFFECT OF ANTENNA-BODY DISTANCE AND BODY MATERIAL

G
T 101 MHz
MET 3

1ZYL

-a dat

15 o o5 o os 10 15 [m)
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h;ﬁg 158 MHz

$=0
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N 14 LA T T
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FIGURE 56 Gaing versus d, ¢ at ¢ = 0 and 180° from the three test bodies
MET, PHA. SUB (measured data) compared with the computed data from IZYL.
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FIGURE 57 Gaing. versus d,y at ¢ = 0 and 1800 from the three test bodies
MET, PHA, SUB (measured data) compared with the computational data from
IZYL (continuation of FIGURE 56).
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FIGURE 58 Gaing versus dj¢ at ¢ = 0 and 180° from the three test bodies
MET, PHA, SUB (measured data) compared with the computational data from
IZYL (continuation of FIGURES 56 and 57).
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FIGURES 56,57 and 58 are comparisons between the experimental data for the
three test bodies MET,PHA,SUB and the computational data for the IZYL.

The experiments include the experimental frequencies 101, 125, 158, 205,
250, 400, 562, 700 and 897 MHz and were performed according to the check
lists in section 8.5..

The computational data for the infinite cylinder (IZYL) are valid only
for frequencies above 200 MHz, as explained in section 7.1.. The Gaing
decreases with decreasing dat in the shadow zone ¢=180° and oscillates
around the FSL in the irradiated zone ¢ =00, with maxima at dytvnr/4,
n=1,3,5,.... and minima at datvni/2, n=0,1,2,....

The experimental data agree qualitatively with the theoretical data for
all frequencies and antenna-body distances. The quantitative agreement
depends on the frequency range:

- Resonance region below 200 MHz. At ¢ =00 the differences are smaller
than 2 dB, except for 158 MHz at dat below 0.1m. At ¢=180° the dif-
ferences amount up to about 5 dB at d above 0.2m. Generally, Gaing
decreases from SUB to PHA to MET. The somewhat larger differences at
very small dat's seem to be caused by near-field effects.

- Off-resonance region between 200 and 400 MHz. There is an excellent
agreement between experiment and theory. Generally, the accuracy is
better than 3 dB for all dat's and ¢'s. There are no significant
differences between the three test bodies.

- High frequencies above 400 MHz. It should be mentioned that the test
antenna A] has a length of ~ A/4 in this frequency region, so that
A1 cannot be regarded as an actual point source. However, the dif-
ference amounts to less than 4 dB. The data for MET and PHA are very
similar but differ from SUB, leading to the hypothesis that the
shape of the body becomes more important than the body material.

The Gaing versus dat diagrams demonstrate clearly a formerly unknown,
systematical relation between these two quantities.

Analogous experiments at ¢ =909 and 2700 revealed similar results as shown
at ¢=00, with maxima at dq A2, n=1,3,..as predicted. An applica-
tion of these maxima at 0,90 and 270° is shown in FIGURE 54. Similar ef-
fects occur also, if a person approaches a mobile receiver (FM, 80-120
MHz) when tuned to a weak radio station (Try it with your radio !).
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9.1.3. EFFECT OF THE AZIMUTHAL ANGLE

If one speaks of the influence of the human body on the radiation pattern
of body-mounted antennas, one means generally the azimuthal radiation pat-
tern. Such experiments were performed by many authors, e.g., BUCHANAN,
MOORE and RICHTER [12], KING and WU [50], etc.. Generally, the published
results differed greatly, offering hypotheses about directive proper-

ties of the human body and impedance changes.

After the discovery of the dominant dat effect, the azimuthal radiation
pattern is well explainable in the off-resonance region. FIGURE 59 shows
a typical azimuthal radiation pattern recording for d;4¢=0.035, 0.077 and
0.135 m compared with the computed results at d,4=0.050 and 0.150 m :

Gaing f = 600 MHz
[aB][Ey

oy Body dat[m)

---- 1ZYL 0.150

: —-— 1ZYL 0050
-20 NN —a— SUB 0.135
FN — SuB 0077
—a— SUB 0035
-30¢
¢
-180 -90 0 +90 +180 [9]

FIGURE 59 Azimuthal radiation pattern at 600 MHz. Gaing versus ¢ for the
human test subject SUB compared with the computational data from IZYL.

The experimental data SUB, d34=0.077 and 0.135m are in between the com-
putational data from IZYL, dat=0.05 and 0.15m. Thus, the agreement be-
tween experiment and computation is better than 3 dB for dytabove 0.05m .
The antenna-body system is an efficient directive antenna with a front-
to-back ratio of up to 20 dB and a gain up to 2-3 dB. The main- and side-
lobes are completely controlled by dat for a given ¢ (FIGURES 59, 38 and
the other computer results in Appendix 16.2.1.). The experimental differ-
ence in gain and ¢, and the asymmetric shape of the curve at dy=0.035m
may be caused by the asymmetry of the SUB and by an inclination of Ar.
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A summary of the results obtained by TEST 2 (see FIGURE 45) is shown in
TABLE 60. Listed are the minimum Gaing measured with the human test sub-
ject SUB at da¢ = 0.035, 0.077 and 0.135 m and the minimum Gaing computed
from IZYL :

MINIMUM GAIN AT VERTICAL POLARIZATION IN SHADOW ZONE FOR SUB AND IZYL

Frequency [MHz1}25 50 75 10C 150 200 300 400 500 600 700 800 900

SUB, Gaing _ “d 218 290 =23 <20 =22 -28 93 -2 -
dat=0.035m [dB] 0 -8 +2 4 -18 -20 -23 ~20 -22 -28 -23 -21 -26

SUB, Gaing _ -7 213 =17 =21 =19 =18 =21 -21 =18 -
dat=0.077m [dB] 0 -3 +4 7 <13 =17 -21 -19 -18 -21 -21 -~18 -24

SUB, Gaing _ . £ . 11 18 - _ - o1 _
o G ge, a1 | 0 - 5 -12 -11 -15 =18 -17 =17 -21 ~16 -20
IZYL,GainB pqpy ) - - - . - .15 215 -16 -17 -17 -18 -18 -19

dat=0.100m

TABLE 60 Minimum Gaing at vertical polarization in the shadow zone 1350
< ¢ < 2259. Comparison between measured data (SUB) and computational data
(IZYL) at different antenna~body distances djt.

The experimental minima occur somethere between 135 < ¢ < 2259. They are
symmetrical for djy > 0.05 m (see also FIGURE 59, the most asymmetrical
recording of the whole test series). In contrast, the computed minima are
always near * 1659 (see also section 10.4.) in the IZYL-model. Neverthe-
less, the IZYL data agree within 3 dB with the averaged experimental data
at dat 0.077 and 0.135 m. Taking into account the small signals (up to
-26 dB below FSL),and the large field gradients,the agreement is satis-
factory for frequencies above 200 MHz (IZYL-model limit).

9.1.4. EFFECT OF THE BODY MATERIAL

In the analysis 5.2.4. it was shown that the reflection coefficient for
TEM, TE and TM waves is close to -1 for the E-vector and that probablydif-
ferences occur only due to larger penetration depth §. In fact, the ex-
perimental results prove these hypotheses. The differences among MET,

PHA and SUB are generally below ¥ 3 dB (FIGURES 56,57,58 and also 55) at
dy¢ above 0.1 m. Below 200 MHz and at extreme small dy4's there are some-
what larger differences caused perhaps by &, but also by the different
shapes of the bodies. From the practical point of view,these differences
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are of little interest, as long as the antenna-body distance is above ap-
proximately 0.050 m. Smaller dyt are only sensible with much smaller an-
tennas, but one should take into account that GainB becomes very small and’
that the antenna gets detuned due to the extreme body proximity.

9.1.5. VERIFICATION OF THE RECIPROCITY THEOREM

The complete test series TEST 1 in section 9.1.2. was performed for both
transmission directions (A} = transmitting antenna / Ap = receiving anten-
na and Ay = receiving antenna / Ap = transmitting antenna). The transmis-
sion loss (or Gaing) differed only within t 2 dB (usually % 0.5 dB). This
holds true for all three test bodies, for all frequencies above 100 MHz
and for all antenna-body distances above 0.05 m. The RF-power was always
below 1 mW; it might be that at higher power levels with considerable
heating effects significant differences could occur, but such power levels
are beyond our application.

9.2. DISCUSSION OF THE LIMITATIONS OF EXPERIMENT AND COMPUTATION

The agreement between experiment and theory is * 3 dB at frequencies a-
bove 200 MHz and antenna-body distances above 0.1 m. Taking into account
the large signal range from -26 dB up to + 4 dB, the agreement is more
than satisfactory. A difference of ¥ 3 dB around the - 20 dB level cor-
responds to a power variation of only ¥ 1%, related to 0 dB = FSL = 100 %.

The relative simple IZYL model explains the off-resonance effects at
frequencies above 200 MHz, at djt above 0.1 m and for all test bodies.

The assumpticns in section 5.2. could be verified. The reciprocity theo-
rem is valid for our application as shown in 9.1.5.. The human body can
be regarded as a perfectly conducting body with respect to scattering,
at least for dat above 0.05 m as shown in 9.1.1. and 9.7.2..

Experimental data at frequencies between 100 and 900 MHz (except 300 MHz)
could be measured accurately at distances from 4 m up to 0.1 m. The lower
frequency limit is mainly determined by the performance of the test an-
tenna A; and also by the remote antenna A;. The main problem is the bad
efficiency of electrically small antennas when operated off - resonance.
Measurements with antennas tuned on resonance tend to be inaccurate as
can be seen in FIGURE 55 at 300 MHz: the extreme loss with MET is caused
by detuning effects due to body proximity, less accentuated with PHA and
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SUB. The experimental lower limit for dat is determined by the antenna
dimensions and by the extremely low signal level in the shadow zone.

A problem related to all frequencies below 300 MHz is the insufficient .
counterpoise of the monopole antennas Aj. With the precautions in FIGURE
44 the resulting radiation from the feeding coaxial cable could be at-
tenuated. A better solution with dipole antennas and built-in RF-gene-

rators will be shown in section 11.3..

The IZYL-antenna model has proven its usability for two-dimensional off-
resonance computations at vertical E-field polarization at 67 = 909,

An extension of the computations for frequencies at or below resonance,
for arbitrary polarizations and arbitrary wave incidence is only possible
with a finite body-antenna model. Such three-dimensional computations and
experiments of verifications will be performed in the next sections.
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10. THRee-DimensionaL CoMPUTATION OF SCATTERING FROM FINITE
BODIES OF REVOLUTION

10.1. COMPUTATIONAL MODELS AND GOALS

The antenna-body models consist of perfectly conducting, finite bodies of
revolution (FIGURE 28: Body models FZYL, MANMOD 1 and MANMOD 2), a small
antenna Ay positioned at hg,dat and ¢, and anincident plane wave with an
irradiation angle 6 to the vertical axis of the body. The computational
situation is shown in the FIGURES 14 and 33 : the E-field vector of the
incident wave may be 6-polarized ('vertical', def. 203) or ¢-polarized
("horizontal', def. 204); the E-field components at Aj are computed in 39,
;r and 3¢ directions by help of test segments located at RTEST and ZTEST,
rotated with the angle ¢ around the z-axis. With these data one obtains
the vertical, radial and horizontal field components Ey,Er and Ep at Aq.

The method of solution is described in section 6.4. and is based on the
extended works of HARRINGTON and MAUTZ [40] and BEVENSEE [10]. The pur-
pose of the following (very expensive) computation is tocollect numerical
data in the important frequency range 10 to 500 MHz (extended resonance
region of man) with regard to near-field components which influence Gaing.
The parameters of interest are the body geometry (actual shape of the
body), frequency f, antenna-body distance dat, azimuthal angle ¢,antenna
polarization py and pp, incident irradiation angle 67 and the relative
antenna height hg.

10.2. COMPUTER PROGRAMS FOR NEAR-FIELD COMPUTATIONS

10.2.71. GENERAL OVERVIEW

Due to storage capacity- and computational time 1imits the computationis
split-up into three independent programs connected by one file:

- Program HARRA : computation of the Y-matrices
- Program PANB : computation of near-field data for some A1-positions
- Program PANC : computation of the field homogeneity along Aj.

These programs are written in Fortran IV for a CDC 7600 computer and re-

quire a minimum storage capacity of 160,000 octal in the core memory. The
data are stored in a COLLECT FILE, catalogued in HARRA, read and extended
in PANB and read in PANC. There is only an auxiliary print output in HARRA
and PANB, because the final data are plotted by a special routine.
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The following subroutines are used several times in program HARRA, PANB:

Subroutine LINEQ : replaces a 19 by 19 matrix Z by its inverse

Subroutine PLANE : provides the measurement matrices for the body

of revolution and for the test segments

Subroutine PROGA : prepares the matrix variables in order to ac-
commodate the Y-matrices read from the file

Subroutine REORD : arranges a number of values in descending or-
der (needed if no plotter is available)
Subroutine NEARZ : computes the coordinates for the test segments,

similar to the body coordinates in HARRA.

The complete programs and output sampies are enclosed in Appendix 16.2..
Not enclosed is the plot routine, because its application is Timited to
the ETH computer center. The procedure to compute the near-field data
can be summarized as follows:

- definition of the body geometry and frequency in HARRA

- computation of the Y-matrices for some modes and storage in a
collect file in HARRA

- definition of the test segments (location and length) in PANB

- computation of the near-fields for each mode, manual test of the
convergence of the results in PANB

- summation of contribution of each mode and for each azimithal angle,
manual checking of the minimum number of needed modes in PANB

- coordinate transformation of the results in order to obtain the
E-field components in vertical, radial and horizontal direction,
separate storage of the data in the collect file in PANB

- auxiliary output of Gaing for some significant cases in PANB

- reading of the file data, final processing and plotting or

- reading of the file data, final processing of the field homogeneity

and printing in PANC.

10.2.2. PARAMETER DESCRIPTION

The input parameters are described in TABLE 61; the body parameters for
FZYL, MANMOD1 and MANMOD2 are enclosed in the listings of PANC in Ap-
pendix 16.2.4.. CAUTION: For convenience the computational frequency is
ten times smaller than the actual frequency, and all computational di-.
mensions are ten times larger than actual. This means that the input data
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have to be scaled to the computational data. The output tables describing

the body parameters, the tables with the complex field data for each test

segment for the convergence test and the tables showing the contribution

of each mode are presented in the computational scale. However, the final

graphical outputs and the final result tables about the field homogene1ty

are presented in the actual scale.

INPUT PARAMETER

MEANING

UNITS

BK  (REAL)
DTEST (REAL)

F (REAL)
F (REAL)
KK (INTEGER)
NN (INTEGER)
NNPHI (INTEGER)

NP (INTEGER)

NPHI  (INTEGER)

NT (INTEGER)

NTEST (INTEGER)
RH  (REAL)
RTEST (REAL)
RUN  (INTEGER)
IH  (REAL)

ZTEST (REAL)

Computational wave factor = 2%/Azctyal * 0-1.
Test segment length, see FIGURE 33,
computational DTEST = actual size * 10 .
Computational frequency = factyal *0.1 in HARRA.
Only used for data card identification.

Actual frequency used in PANC.

Number of computed modes. KK=8 means that the
modes 0,1,2,...7 are executed, if the correspon-
ding Y-matrices are available.

Mode number. NN is the same as n appearingin (194).
Number of azimuthal angle ¢ steps in the range
from 00 to 1800. The standard NNPHI is 37.
Number of points describing the generating curve,
see FIGURE 32. The arc length ttot along this
curve is divided in (NP-1)/2 = N tangential unit
elements t from one peak of a triangle function
to the next peak. It is not necessary that the
body points areequally spaced.Standard NP is 41.
Number of equal subdivisions of the body ¢ axis
from 0 to . The standard NPHI is 20.

Number of irradiation angles. The standard NT is
1, but the program is prepared for larger NT's.
Number of test points (Aj positions dat's and
hg's). The standard NTEST is 9 for PANB and 5 for
PANC.

Radius of the points describing the generation
curve,see FIGURE 32. The computational RH is the
actual body radius * 10.

Radius from the body axis to the test point, see
FIGURE 33. The computational RTEST is the actual
radius * 10.

Control variable. If RUN = 1, program PANB com-
putes the scattering from the direct incident
wave , if RUN = 2, of the ground reflected wave.
Height of the points describing the generation
curve, see FIGURE 32. The computational ZH is
the actual height * 10.

Height hg of the test point, see FIGURE 33. The
computational ZTEST is hBactual * 10.

[1/m]
[m}

[MHz]
[MHz1

[m]

[m]

[m]
[m3

TABLE 61

Input parameter names used in programs HARRA, PANB and PANC
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OUTPUT AND FILE | MEANING UNITS
PARAMETER NAMES
DA (REAL) length of the body in z-axis, actual scale [ml
DAV (REAL) logarithmic difference S8E,p] vertical or hor. [dB]
DAR  (REAL) logarithmic difference 8E,p7 radial [dB]
DI (REAL) antenna-body distance dyt, from body point No.
22, def. at PANB 336, actual scale [m]
ou (REAL) diameter of the body, at body point No. 20,
def. at PANB 332, actual scale [m]
DPY  (REAL) phase variation & along the antenna axis, p)
vertical or horizontal [°1
DPR  (REAL) phase variation & along antenna axis,p] rad. [°1
EAV  (REAL) logarithmic difference AU,y p1 vertical or hor. | [dB]
EAR  (REAL) actual to averaged Uipd p1 radial [dB]
EPH  (COMPLEX) |E-field §¢-d1rection amp1itude of one mode,of | [V/m]
ERAD " " r " one test point, for ¢ =
ETH " L PO 00, i, Ejnc and Efnc
EPTOT (COMPLEX) JE-field 3¢-direction added amplitudes up to [V/m]
ERTOT " L M the Tast computed mode,
ETTOT " " Je " else identical to above
EHTOT (COMPLEX) |E-field horizontal field strength components | [V/m]
ESTOT " “ radial including all modes for
EVTOT " " vertical all ¢'s, one test point
GHTOT (REAL) E-field horizontal amounts of the components | [V/m]
GSTOT " " radial in dB,includingall modes
GVTOT " " vertical forall ¢'s,one test p.
PHTOT (REAL) Phase  horizontal phases of the field com- | [°]
PSTOT of radial ponents GHTOT,GSTOT and
PVTOT E-field vertical GVTOT
HO (REAL) relative antenna height hp, actual size [m]
IT (INTEGER) {control variable for test segment orientation
ITE  (INTEGER) ]index test point
L (INTEGER) |index irradiation angle
M (INTEGER) |index mode
NST  (INTEGER) {number of stored final data:NTEST*NNPHI(H,S,V)
NZ (INTEGER) [number of stored Y-elements:(NP-3)2(Y1,Y2,Y3,v4)
POL  (INTEGER) |control variable:1=Eg1NC, 2=E4inC (p2)
SYH  (COMPLEX) ]stored final data, horizontal components [v/ml
SYS  (COMPLEX) Jstored final data, radial components [V/m]
SYV  (COMPLEX) ]stored final data, vertical components [V/m]
TJ (REAL) arc length along generating curve to the jth
triangle function (HARRA),computational scale [m]
X1 (REAL) irradiation angle 65 or 180°-8;, (RUN 1,2) %1
Y1-4 (COMPLEX) |Y-matrices elements (Yit)ij, (Y$t)ij,(Ye)ij,
Z  (COMPLEX) | (Y§%)ij, first run n=0, next run n=1,2,. N
$164M07 (FILE) |]S=code MANMOD2 ,164 = 164 MHz,M07 = max.mode 7
S164D9 (FILE) |S=code MANMOD 2 ,164 =164 MHz,D9=9 dat's
F10005 (FILE) |F=code FZ¥YL,  100=100 MHz,D5=5 dat's

TABLE 62 Output

and file parameter names in programs HARRA,PANB,PANC
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10.2.3. PROGRAM DESCRIPTION HARRA

The computer program HARRA is based on the theory in section 6.4.1.and6.
4.2.. In the presented form (Appendix 16.2.2.) it computes the Z-matrices
for the body MAMMOD2 for the actual frequency 164 MHz, performs the ma-

trix inversion and stores the Y-matrices Y1 to Y4 for the modes 0 to 7 in
the collect file AMAT2 with the code name S164M07.

The source program is the program A developed and well described by HAR-
RINGTON and MAUTZ [401. It runs on an IBM computer. Because our computer
center is equipped with a CDC-computer, the source program has been alter-
ed to the present program HARRA. The modifications regard mainly the
structure of the program parts, the conversion of some characters and the
file generation. Only the input and file procedure are discussed here;
details can be studied in the above mentioned source program description.

Punched card data about mode number, number of body points, ¢-subdivi-
sions, k-factor and frequency (computational scale) is read early in the
main program:

50 READ (1,51) NN, NP, NPHI, BK, F HARRA 47

51 FORMAT (313, E14.7, F8.2)° HARRA 48
The number F is only used for punched card data identifications and is
not used for computations. Because we need all modes from 0,1,2,...7 in
our example, there are 8 data cards, only differing in the first number
for NN. If the last mode is executed, the program stops due to the state-

ment:
IF (EOF (1)) 52,49 HARRA 49
49 CONTINUE HARRA 50
52 STOP HARRA259

Punched card data about the body contour (MANMOD2) is read later:

READ (1,53) (RH(I),I=1,NP) HARRA 51
READ (1,53) (ZH(I),I=1,NP) HARRA 52
53 FORMAT (10F8.4) HARRA 53

For each mode a complete set of data is required. With an earlier reading
of the number NP only one reading of the body data would be required, but
for a better overview on the program the presented procedure is more

convenient.

For each mode the Y-matrices are computed and printed separately. The
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output (see example in Appendix 16.2.2.) consists of the listing of the
input data, the 19 arc lengths along the generation curve and 4 Y-matrices
of 19 x 19 complex elements (see theory in section 6.4.2.2.). The Y-ma-

trices are stored on the collect file according to:

PERMF ,AMAT2. (first run) HARRA 4
PUBLIC,COLLECT,  (first run) HARRA 7
COLLECT,N=AMAT2. (first run) HARRA 8
CATALOG,AMAT2. (first run) HARRA 9
or

ATTACH,AMAT2,PW.. (fcllowing runs) HARRA 13
PUBLIC,COLLECT. (following runs) HARRA 16
COLLECT,M=AMAT2. (following runs) HARRA 17
PROGRAM HARRA (....TAPE 6 = DISK) HARRA 21

WRITE (6) (Z(I),I=1,NZ) HARRA242
ADD, S164M07, DISK, RO. HARRA334
LIST HARRA335
END HARRA336

Due to the LIST statement all existing names of the files in AMATZ are
Tisted.

10.2.4. PROGRAM DESCRIPTION PANB

The computer program PANB is based on the theory in section 6.4.5.. In
the presented form (Appendix 16.2.3.) it reads the Y-matrices from the
collect file, computes the current densities on the body of revolution
MANMOD 2 for the specified incident wave, computes the incident,the scat-
tered and the total E-field at a specified test segment near the body,de-
termines the field components in vertical, radial and horizontal direc-
tions, delivers some tables for accuracy considerations, prints an aux-
iliary output and stores the final data in the same collect file AMAT2
with the code name S164D9 (or in a new collect field HOMOG with the code
name F100D5, see description program PANC).

The source program is the program HARRDF, developed and well described
by BEVENSEE [10].HARRDF is an extension of the program D by HARRINGTON
and MAUTZ [40], so that both reports have to be consulted for a detailed
understanding. HARRDF runs on an IBM computer and delivers the field
components in'gé,gr and Z¢ directions at one test point, for ¢ = 00 and
for each single mode. The source program has been altered to the present
program PANB. The modifications regard mainly the structure of the pro-
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gram parts, the preceding computation of the Y-matrices (now in HARRA),
the conversion of some characters (CDC-notations), the 6j-handling, the
extension on the computation of the ¢-dependence, the summation of the
contributions of each mode, the coordinate transformation of the results,
the output procedure and the file generation. A major problem was the re-
duction of the storage requirement from the original 662,513 octal to 160,
000 octal. Only the input and some important procedures are discussed
here; the principle of the method is described in section 6.4.5. and the
computational details in the above mentioned reports.

Punched card data about the number of modes, number of body points,¢-sub-
divisions, number of incident angles, number of test points, number of
azimuthal steps, k-factor and wave origin is read early in the main pro-
gram: in computational scale:

50 READ (1,51) KK, NP, NPHI, NT, NTEST, BK, RUN PANB 62

51 FORMAT (613, E14.7, 2X, 12) PANB 63
Usually only one corresponding data card is necessary, but more than one
is possible simliar to the input section in program HARRA. Next the card
data about the body contour (MANMOD2) are read:

READ (1,53) (RH(I),I=1,NP) PANB 67
READ (1,53) (ZH(I),I=1,NP) PANB 68
53 FORMAT (10F8.4) PANB 69

Next an integer array TEXT(9) is filled with the letters for the words
"VERTIKAL","HORIZONTAL", "RADIAL","DIREKTE EINSTRAHLUNG" (means direct ir-
radiation) and “REFLEKTIERTE EINSTRAHLUNG" (means irradiation by a wave
reflected from the ground) to be used in the output tables. The input da-
ta appear first in the output listing due to the statements

JA<RUN*3+1 PANB 79
WRITE (3,46) (ZH(I),I=1,NP) PANB 91

The irradiation angle 6; is set to 80.780 (direct wave, RUN = 1) and
103.36° (reflected wave, RUN = 2) due to the statements

DT = 0.394 (DT = PI/(NT-1) 1 PANB 111
DO 1 J=1,NT [DO 1 J=1,NT ] PANB 112
THR(J) = DT*(J-1) + 1.410 [THR(J) = DT*(J-1)] PANB 113
IF(RUN.EQ.2) THR(J) = DT*J+1.410 PANB 114

For equally spaced 6;-steps the [statements] must be used and all arrays
concerning the 8j-variable {L=1,NT) have to be changed (PANB 39 to 50).
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After some initial computations the punched'card data about the 9 test
points are read :
READ (1,49) (RTEST(J), ZTEST(J), DTEST(J), J=1,NTEST PANB-173
49 FORMAT (3F8.4) PANB 174
For a given mode subroutine PLANE is called with its 50 argument IT=1 to
compute the incident plane wave components VVR(1,J) on the Jth field tri-
angle on the body:

CALL PLANE (VVR,THR,NP,NT,1,R,ZS,SV,CV,T,TR) PANB 199

In contrast to the source program the Y-matrices are read from the collect
file, called by PROGA which prepares only the matrices accommodations.
CALL PROGA PANB 200
127 READ (6) (Y(I),I=1,NZ) PANB 202
In the DO 41 loop E3(L,J) and E3(L,J+NM) measure the current densities
for the Lth incident angle of the EJ"C (pp = vertical, see FIGURE 33)
while E4(L,J) and E4(L,J+ NM) measure corresponding current densities of
. -> ->
the E&"C (p2 = horizontal, see FIGURE 33) in t and ¢ directions (FIGURE
32):

E3(L,J) + Y(J1)*VWVR(1,11)-Y(J2)*VVR(1,12) PANB 221

E3(L,J)
J) = E4(L,J) - Y(JT)*VVR(1,13)+Y(J2)*VVR(1,14) PANB 222

E4(L,

With J¢ and Jy the current densities per unit Tength in azimuth and along
t, respectively, at the peak of the Jth triangle, for a certain ginc,

B e
] Jat(e) E3(L ;) (240)
inc (L,
Eq RA(32) 2 cos n¢ n>1
polari- 0 n=0
zation Jae(d) (241)
¢

1

%%%ﬁ%ﬂMljZSinn¢ n

These formulas are similar for E;nc polarization (see BEVENSEE [10]) and

v

>
can be used to compute the current density J in equation 128 at any point
on the body surface, if one sums the contributions of all modes for each

azimuthal angle separately.

In the following discussions only the Eénc polarization will be considered,
but all the data from E;"c are computed, printed and stored.With E3(L,J)
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stored for a given mode, for each incident angle 1, and for each triangle
function J, the scattered field for that mode can be determined from them
for all test segments in succession. Thus, the DO loop 7100 over the test
segments, NEARZ determines the near-field matrix ZM for a given tést seg-
ment, and PLANE yields its sampled incident field for all angle of inci-
dence.Both test segment orientations for IT=1 and IT=2 are treated:

DO 706 IT=1,2 PANB 251

The test segment fields are approximated according to equation 220. The
ESC(IT,1) and ESC(IT,2) at PANB 257 are proportional to the scattered field
mode amplitudes in the 3} and §¢-directions for IT=1, and in the 3@ and
3¢-directions for IT=2, respectively. From statement 702 to 711 the in-
cident, the scattered and the total E—fie]dsir\gr (ERAD}Y, 36 (ETH) and
twice in 34, (EPH) - directions are computed and printed for the regarded
mode M, irradiation angle L, test segment ITE and both wave polarizations.
The use of the two EPH'swill be discussed in section 10.3.4.2..

With the advice of BEVENSEE [10] the program has been extended to compute
the total field components for different azimuthal angles. The key form-
ulas are: (ERAD:ETR, ETH:ETH, EPH: ETP1 and ETP2 inside the program)

tot KK-1 cos Mg,Einc :
Er (rr.z1,0) = Z ETR(M,ITE,L) j sin Mo, ginc (242)
M=0 ¢
tot KK-1 cos M¢,Egnc :
Ee (ryszr,t) = Z ETH(M,ITE,L) j sin Mo, E(1bnc (243)
tot K1 3 sin Mo, E1"
E¢ (ryszrs¢) = MZO ETP,(M,ITE,L) cos M¢,E;nc (244)
These computations are performed by the statements

909 DO 506 M=1,KK PANB 361
NN = M-1 : PANB 362
ERTOT = ERTOT + ETR(M,ITE,L)*COPHI(M,J) PANB 363
ETTOT = ETTOT + ETT(M,ITE,L)*COPHI(M,J) PANB 364
EPTOT = EPTOT + ETP(M,ITE,L)*SIPHI(M,J) PANB 365

where ETP is the averaged value of the two EPH's and the trigonometric
functions COPHI and SIPHI are the previously computed numbers:

EPR = (ETPIR+ETP2R)/2 $ EPI = (ETPII4ETP2I)/2 PANB 295
ETP(M,ITE,L) = COMPLX(EPR,EPI) PANB 296
COPHI(M,J) =  COS(NN*PHI(J)) PANB 189
SIPHI(M,J) = U*SIN(NN*PHI(J)) PANB 190
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In order to monitor the contribution of each mode (see later in section
10.3.4.1.) the continuously summed up field components are Tisted in the
output for ¢=0, 90 and 1809. The sample output shows the results for
one. 83, the 9 test points (hp=constant = 1 m, dat = DIST = parameter),
for E;“c and for the actual frequency 164 MHz, according to:

40 CONTINUE PANB 330
F=3000. *BK/ (2*P1) PANB 331
IF(J.EQ.19) WRITE (3,545) NN,ERTOT,EPTOT,ETTOT PANB 376

913 CONTINUE PANB 378

From the last ERTOT, EPTOT, ETTOT the corresponding field components are
computed in vertical, horizontal and radial directions : EVTOT, EHTOT and
ESTOT. They are also stored as SYV(JDI), SYH(JDI) and SYS(JDI) :

JDI=0 PANB 350
JDI=JDI+1 PANB 379
EVTOT = ERTOT * COTN(ITE) - ETTOT * SITN(ITE) PANB 380
SYV(JDI) = EVTOT PANS 381
EHTOT = EPTOT PANB 382
SYH(JDI) = EPTOT PANB 383
ESTOT = ERTOT * SITN(ITE) + ETTOT * COIN(ITE) PANB 384
SYS(JDI) = ESTOT PANB 385

The numbers COTN(ITE) and SITN(ITE) are the sin and cos of the a-vector
already computed in PANB 177 for the different test points. Next the field
components are scaled in dB and the phase angles are computed:

PP = CMPLX(1.0E-32, 1.0E-32) PANB 333
QQ = 1.0E-32 PANB 334
IF(CABS(EVTOT).LT.QQ) EVTOT = PP PANB 386
GVTOT(ITE,L,d) = 20.*ALOGIO(CABS(EVTOT)) PANB 389
PVTOT(ITE,L,J) = ATAN2(REAL(EVTOT),AIMAG(EVTOT))*PR PANB 392
504 CONTINUE PANB 396

For the later use of the results in the plot programs or in PANC,the com-
plex original data are stored in the collect file:

ATTACH,AMAT2 ,PH. . PANB 4
CALL,S164M07,P=AMATZ,B=DISK. (for Y-matrices) PANB 5
PROGRAM PANB (..TAPE 6 = DISK, TAPE 7= RESULT) PANB 13
WRITE (7) (SYV(I),I=1,NST) PANB 397
WRITE (7) (SYH(1),I=1,NST) PANB 398
WRITE (7) (SYS(I),I=1,NST) PANB 399

ADD, S164D9, RESULT,RO. (or S100D5 for later PANC) PANB 768
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The remaining of the program PANB is concerned with the graphical output
of the amplitude and the phase of Gaing. Due to the statements
DO 918 I=1,3 PANB 400
J = (I*18)-17 PANB 401
only the results for ¢=0, 90 and 1800 are printed. By changing these cards
into DO 918 1=1,37 and J=1 all azimuthal results would be printed. Only
the py=vertical polarization is executed by the output procedure. By
changing PANB 402, 403 and 431 and duplicating the program from PANB 404
to 463 (change labels) one also obtains the other pj-data. The El"c out-
put (p2=horizontal) is already incorporated in the program due to the
DO Toop 912 in PANB 239,but not shown in the sample output.

Similarly, the results for the next program PANC are computed for all P1
and pp. The only difference is, that the results are stored in the col-
Tect file HOMOG, and that only 5 test points are needed.
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10.2.5. PROGRAM DESCRIPTION PANC

The computer program PANC is an extension to program PANB and is based on
the investigation in section 5.2.2.. It reads the vertical polarized E-
data of P1, P4 , PS5, the radial polarized E-data of P1, P2, P3 and the
horizontal polarized E-data of P1 (see FIGURE 63) for all azimuthal ang-
les 0 < ¢ < 180% (J = 1, NNPHI) from the collect file HOMOG. It computes
the horizontal E-data of P6 and P7, so that the fields at the center and
at the ends of a dipole antenna of 2h=0.1m are available for py = ver-
tical/radial at pp = vertical and py = horizontal/radial at p2 = hori-
zontal. Then it computes the amplitude variation SE and the phase vari-
ation 8& along the antenna polarization axes, the logarithmic difference
AU between the induced vo]tage computed by Ecenter * 2h and the numeric
integral f +h E(£)+dE where 5 p1. and prints all data versus ¢ in tables
which can be directly applied for field homogeneity considerations and
antenna design. The sample program is specified for the body model FZYL
at 100MHz and dj¢=0.1m. The Tisting of the program and results for the
frequencies 65,75,100,125,300 and 425 MHz are enclosed in Appendix 16.2.4..

FIGURE 63
Body model FZYL and antenna A}

with its center at PI.

\\\\\\\\  PS Antenna polarization py:
P7 p1 = vertical : P4, P1, P5
\ p1 = radial : P2, P1, P3
/ p1 = horizontal: P6, P1, P7
P3

Pe | Antenna length 2h=2A=0.1m
il [he P4 Antenna height hg=1m
i N ) Ant.body dist.d3t=0.1m
TN * Body diameter Dg=0.25m

Body length Lg=1.8m
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There is only one punched card data reéad concerning the actual frequency:

READ (1,10) F PANC 45
10 FORMAT (2X, F5.1) PANC 46

The other parameters as used in PANB for the field computations are de-
fined by statements:

DA=1.8$ DI(1)=0.1 $DU=0.25 $ HO=1.0 $ X1=280.8 PANC 47

NNPHI = 37 $ NST=185
DA is the body length, DI(1) the dat of the center of the antenna, DU the
body diameter, HO the relative antenna height hg, X1 the irradiationangle
6> NNPHI the number of azimuthal ¢-steps and NST the number NTEST x NNPHI
of stored data for each pj at p2 = vertical (POL=1) and horizontal (POL
= 2). In order to compute the missing field data at P6 and P7 the arc
length CS between P1(J) and P1(J+1) is determined by

CS = (DU/2.+DI(1))*P1/(NNPHI-1) PANC 50

In FIGURE 61 the approximation method is shown for the computation of the

field data at P6 and P7:
FIGURE 64 Approximation method

IEW tv/m] oot PL5  for the E-field data at PG and P7
(§| era(®) _ (p1 = horizontal, amplitude [E|
7 oz | and phase @) from the data at
Pjﬁ?/" Slal  P1(8-2). P1(9) and PI(J42).
-~ ! 212 Correction factor FAC : 2h/4CS
N 2 | where CS is the arc length be-
peZ P16 ; tween P1(J) and P1(J+1)
, U Jer |E| at P6 :|E[atPI(J) - FAC*D]
_hﬁ-h 2CS + PIS I .hlml |E| at P7 :]E| at P1{J) - FAC*D2

8¢ : FAC*§o'
The correction factor is computed by (here 2h = dat = 0.1 m)
FAC = DI(1)/(4.*CS) ~ PANC 51

In the first run POL =1 (PANC 58) the p2 = vertical- data are read from
the collect file by:

READ (6) (SYV(I), I=1,NST) PANC 59
READ (6) (SYH(I), I=1,NST) PANC 60
READ (6) (SYS(I), I=1,NST) PANC 61

After the statements describing the output the field data are rearranged.
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In the DO loop 700 the J-dependent variables ITE1 for P1, ITEZ for P2,..
ITES for P5 are computed by the statements PANC 97 to 101. For each azi-
muthal angle 0 < ¢ < 1800 (J=1,NNPHI) the amounts of the fields at
P1,P5,P4 (vertical components) and at P1,P3,P2 (radial components) are

computed according to

AMV1 = CABS(SYV(ITE1)) $ AMR1 = CABS(SYS(ITE1)) PANC 114
AMV5 " ITE5 $ AMR3 " ITE3 PANC 115
AMvV4 " ITE4 $ AMR2 " ITE2 PANC 116

The phases of the fields at these points are computed due to

PV] = ATAN2(REAL(SYV(ITE))),AIMAG(SYV(ITE1))) * PR PANC 117

The phase differences &¢ along the py-vertical/radial axes is computed by:
DPV1 = ABS(PV5~PV4) § DPV2 = 360.-DPV1 PANC 123
IF(ABS(DPV2).LT.ABS(DPV1)) DPVY = DPV2 § DPV = ABS(DPV1) PANC 125

Then the dB-values of the fields are computed according to

AVl = 20.*ALOG10(AMV1) $ AR] = 20.*ALOGI1O{AMR1) PANC 133

/

The numerical integration of the E-field along the antenna axis is simply
the sum of (AMV5+AMV1)+h/2 + (AMV4+AMV1)<h/2 and corresponds to the actual
induced voltaged Ujnqd (see section 5.2.2.). The mean induced voltage Uind
is AMV1-2h. The logarithmic difference AU in dB is 20 Tog (Uind/Uind) :

EAV = 20.*ALOGIO((4.*AMV1)/ (AMV5+AMVA+2, *AMV1)) PANC 136
EAR " "R R3 R2 R1 PANC 137

The amplitude variation SE is computed according to
DAV = ABS(AV5-AV4) . $ DAR = ABS(AR3-AR2) PANC 138

After the checking of the size of AVl and AR1 (PANC 139 and 142) the re-~
sults ¢, E(dB) center, & center, AU, SE and &% are printed for py = verti-
cal and radial at p2=horizontal due to the statement PANC 145.

In the second run POL=2 (PANC 58) the pp=horizontal data are read from
the collect file by the same statements PANC 59,60 and 61. After the out-
put statements the field data are rearranged as follows in DO loop 700:

IHl = J-2 $ IH2 = J+2 § NC = NNPHI-] PANC 94
IF(J.EQ.1) IH1 = J+#2 § IF(J.EQ.2) IHI = PANC 95
IF(J.EQ.NC) THZ = J  § IF(J.EQ.NNPHI) IH2 = J-2 PANC 96
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At POL=2 the vertical components SYV(J) are not used. In order to apply
the same procedure as for POL=1 the horizontal components around the
center point P1 (¢ = + 100, see FIGURE 64) P1(J-2), P1(J) and P1(J+2) are
transferred into the vertical component arrays of P1, P5 and P4:

IF(POL.EQ.1) GOTO 4 PANC 103
SYV(ITE1) = SYH(ITET) PANC 104
SYV(ITES) = SYH(IH1) PANC 105
SYV(ITE4) = SYH{IH2) PANC 106
4 CONTINUE PANC 107

Now the amplitude difference D1 and D2 (FIGURE 64) is computed and the ap-
proximated amounts at P6 {now called P5) and P7 (now called P4) are deter-
mined, and the phase difference §¢ is obtained by §%'<FAC :

IF(POL.EQ.1}) GOTO 5 PANC 127 -
D1 = AMVI-AMV5 §$ D2 = AMVI-AMV4 PANC 128
AMV5 = AMV1-DI*FAC $ AMV4 = AMV1-D2*FAC PANC 129
IF(AMV5.LT.QQ) AMV5 = QQ $ IF(AMV4.LT.QQ) AMV4 = QQ PANC 130
DPV = DPV*FAC PANC 131

5 CONTINUE PANC 132

The rest of the procedure is analogous to the computation of the field
parameters at Py = vertical.

The output consists of two tables. The first table contains the field
data py = vertical/radial at p2 = vertical , and the second table contains
the field data py = horizontal/radial at pz = horizontal. The model body
and the antenna positions are explained in the table head. The data are
ranging from 0 < ¢ < 1809. The output parameters are:

GAIN CENTER DB = amount of the field at P1 in [dB]
PHASE CENTER DEG phase of the field at P1 in [9}
MEAN ERROR DB logarithmic difference AU in [dB]
MAXIMUM GAINVAR DB logarithmic difference 6E in [dB]
MAXIMUM PHASEVAR DEG= phase variation §¢ in [°1

The results of PANC are discussed in section 10.3.5.1.
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10.3. INVESTIGATION OF PROGRAM LIMITATIONS AND COMPUTATIONAL ACCURACY

10.3.1. PROGRAM LIMITATIONS

The timitations of the program HARRA and PANB are defined by BEVENSEE [10]
and HARRINGTON and MAUTZ [40] and are interpreted as follows:

- The programs are written for perfectly conducting bodies of revolu-
tion in free space.

- The wave-number k =21/x should be such that the peaks of the triangle
functions are not more than A/2% apart. For a given A this condition
determines the number NP (number of points describing the generation
curve). The arc length along the generation curve tiy¢ (see FIGURE 32)
is divided in HARRA by (NP-1)/2 = N tangential unit elements t of
equal Tengths., This length should not be larger than /2% in order to
prevent field oscillation between two peaks of the triangle functions.
If we assume the standard NP of 41 and an arc length of the human bo-
dy of tyoy = 2m, we obtain the maximum permissible frequency fyips5:

NP-1)/2 - ¢ - 500 MHz (243)

flims = Trot * 27

- The number of subdivisions of the ¢-axis, NPHI, should be large enough
so that ﬂ(nmax)/NPHI < 1 rad, Dnax being the number of the last azi-
muthal mode employed. In addition, (29/A) (7/NPHI} . Prax < 1 rad ,
Prmax being the maximum radial cylindrical coordinate of the body con-
tour. These conditions are interpreted as follows:

- We assume a plane wave at 8. = 90°, Ellx-axis. The ¢-axis is subdivid-
ed in ﬂ-nmaX/NPHI sectors with the arc length w and the angle ¢,. The
phase along w should not vary more than /2% in order to prevent field
osc111at1ons within a sector. For small ¢ the projection of w to the
k-axis amounts to wesin ¢. The maximum perm1ss1b1e Nmax for a givenf=
300 MHz, pmax=0.125m and NPHI =20 for all sectors amounts to:

- AeNPHI . 1
max 2990 Pmax SN ¢

§
Ll
[oo]

n (244)
Equation (244) is valid for all ¢. If we consider the interesting
special case ¢= 0°(or 1800) and dat<0‘2 m, the sectors with ¢ near 09
(or 1809) are of greater influence than those with ¢ near /2. Thus,

Nnax MY be as large as 10 for 500 MHz without large accuracy loss.
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- The convergence of the computed current densities to their correct
values along the surface increases with NP and NPHI and should be rap-~
id if both circumferences (2+tigt and ppax+2%) remain < x. In our
case with 85 ~ 900 the body radius sets the limit. With a pyax=0.125
m the convergence may worsen at frequencies above 380 MHz.

Near-field computations of a point field with a test segment tend to
be inaccurate unless both these conditions are fulfilled:

a.) minimum distance of the test segment center to the body sur-
face > A
b.) test segment length < A/4.

When the test segment is very near to the body surface it usually does
not measure the point field accurately. But if it has a length equal
to one of the triangle functions it measures, at the position of that
triangle function, the integral of electric field according to the
network equation obtained with that function. The Tength ofa'triangle
element is about 0.09 m (actual) and the length of a test segment is
4-DTEST = 0.08 and 0.20m (actual) which is smaller than A/4 at fre~
quencies below 375 MHz. The distance of the test segment to the body
surface, however, is generally much smaller than A (djt from 0.05 m
to about 1 m). Thus, computations have to be performed with different
test segment lengths, at test frequencies around the wanted frequency
and the influence of each mode has to be monitored.

The program PANC is limited on dat = 0.1m but is valid for all frequen-
cies. For other d,¢'s see the program description in 10.2.5..

10.3.2. COMPUTATIONAL TIME LIMITATIONS

With the standard NP of 41 and the standard NPHI of 20 one obtains for
each mode 4 matrices of the size 19x 19 (complex elements).The computation-
al time depends on the matrix inversion time and thus on the matrix size
and on the number of modes. As an example program HARRA requires for the
computation of 9 modes at the computational frequency 16.4 MHz 325 sec on
a CDC 6500. The execution of program PANB at the same frequency for7 test
points with the modes 0 to 7 requires 320 sec. The execution of program
PANC needs only about 5 sec. Thus, one should limit ny,, on the absolute-
1y needed number (increases with dat and frequency,see 10.3.4.1.),and one
should 1imit the number of test segments, especially those with large dat.
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10.3.3. STORAGE CAPACITY LIMITATIONS

The original program by BEVENSEE [10] requires a total storage of 662,513
octal which exceeds the permissible limit of 160,000 octal of the ETH com-~
puter by a factor of 4. With the assistance of BEVENSEE and the special-

ists at the computer center the storage requirement could be reduced. The

main steps of reduction were:

- 'Separate computation of the Y-matrices in HARRA

Reduction of the ZM-matrix from (2x 10,000) to (2x76)

Reduction of NT to 2, KK to 13 and NTEST to 9

Reduction of the VVR from (2x 14,400) to (2x760), Y from (10,000)
to (1,444), and G from (30,603) to (4764)

- Extensive use of the COMMON BLANK and COMMON/A

The reduction of the array sizes and the COMMON operations is critical
with respect to writing over the reserved array lengths. Several debug-
ging procedures are needed which cannot be discussed here.

The final storage requirements of the programs in Appendix 16.2. are:

- Program HARRA: 61,200 octal (specified 70,000)
- Program PANB : 121,600 octal (specified 130,000)
- Program PANC : <10,000 octal (specified 70,000)

10.3.4. INVESTIGATION OF THE COMPUTATIONAL ACCURACY

10.3.4.7. MINIMUM MODE NUMBER KK

The preliminary study in section 7.2.3. has shown that up to 25 modes con-
tribute to the total field at f<1000 MHz and dat<2 m. It is not poss-
ible to compute so many modes due to the limitations mentioned above. With
the following method the absolutely needed minimum KK is evaluated:

Program PANB offers for pj=vertical and horizontal a table denoted as
"Einfluss der Anzahl der beriicksichtigten Modi auf gtoty (see Appendix
16.2.3.) For each test segment the values for ERTOT,EPTOT and ETTOT are
listed for the azimuthal angles ¢ = 0, 90 and 1809 as the summation from
the modes 0 to M, where 0<M< (KK-1). In each column one checks first if
the (KK-1) result is >10"%and if the (KK-2) result differs not more than
+1%. Then one chooses that result in the column which is not more than 5%
different from the (KK-1) result and notes the corresponding minimum M.
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TABLE 65 shows the evaluation of the minimum mode number from the data in
Appendix 16.2.3. for the actual frequency 164 MHz and for 5 Zrelative accuracy.

TEST SEGMENT | ERTOT-comp.at EPTOT-comp.at | ETTOT-comp.at | Recom-
00 900 1800 00 90°0180° 00 909 180° mended
No. dat [m] M M M M M M M M M KK (M+1)
1 0.08 3 1 3 0 3 (3) 1 2 3 >4
2 0.13 2 2 3 0 3 (3) 2 2 2 >4
3 0.18 3 4 3 0 3 (4) 2 2 3 >4
4 0.28 3 4 4 0 3 (4) 3 3 3 >5
5 0.38 3 2 4 0 3 (4) 4 3 4 >5
6 0.53 4 4 4 0 3 (4) 4 4 4 >5
7 0.68 4 4 5 0 5 (5) 4 4 6 >7
8 0.83 6 5 6 0 5 (6) 5 4 6 > 7
9 1.03 7 6 6 0o 7 (7) 6 6 7 >8

TABLE 65 Determination of the minimum mode number KK for 5% relative ac-
curacy at 9 da¢'s at the actual frequency 164 MHz and model MANMOD 2.

In general it is sufficient to monitor the results at ¢=180°, In the ex-
ample in TABLE 65 (164 MHz, py=vertical, 6;=280.8%) the horizontal com-
ponent EPTOT is very small (10-7) so thatthose differences are of Tittle
meaning. Very roughly the minimum KK increases linarly with djt and fre-
quency. The computational data in section 10.4. at dat from 0.1 to 0.4 m
were computed with the NN and KK listed in TABLE 66, checked according to
TABLE 65 at a 2% level below 300 MHz and 5% level above 300 MHz.

FREQUENCY RANGE MAXIMUM NN in HARRA SELECTED KK in PANB
1 to 30 MHz 4 ok 5 ok

50 to 100 MHz 5 ok 6 ok

101 to 200 MHz 7 ok 8 ok

250 to 300 MHz 9 ok 10 ok

350 to 500 MHz 10  ~ok 11 ok

600 to 800 MHz 12 (?) 13 (?)

TABLE 66 Mode number NN and KK versus frequency at dat+ from 0.1to 0.4m.
At frequencies below 500 MHz the relative accuracy is better than 5 % ,
the absolute accuracy (FSL=100%) is better than 0.2%.
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10.3.4.2. DIFFERENCE BETWEEN THE TWO AZIMUTHAL FIELD COMPONENTS

Program PANB computed the azimuthal field components EPH twice (for ginc,
gscat and Etot, for ¢=00), first for IT=1 (test segment oriented along
the gr-vector) and then for IT=2 (test segment oriented along the 3¢-
vector) for both incident polarizations ETHETA INC (pp= vertical) and
EPHI INC (p2=horizontal). The results are listed after the output of the
body contour (see Appendix 16.2.3.) as follows:

o SIG 06 MAG S66 SIG ¢¢ MAG S¢¢ MODE NN = 0

RTEST = 1.7500 ZTEST = 10.0000  DTEST = 0.2000

EINC ETHETA INC
ERAD(xsx), EPH (x,x), ETH(x,x), EPH (x,X)
ESCAT ETHETA INC
ERAD(x,x), EPH (x,x), ETH(x,x), EPH (X,x)
ETOT ETHETA INC

ERAD(x,x), EPH (x,x), ETH(x,x), EPH (X,X)

etc. for EPHI INC

RTEST = 2.2500 ZTEST = 10.0000 DTEST = 0.2000
etc. for all RTEST up to
RTEST = 11.2500  ZTEST = 10.0000 DTEST = 0.2000

and the same output is now repeated for all modes up to MODE NN = 7

The data in Appendix 16.2.3. were used as an indicator for the computa-
tional accuracy. The results, obtained with the following method, are

listed in TABLE 67 :

EPH1 = first EPH (IT=1), EPH2 = second EPH (IT=2), (245)
Data from ETOT and ETHETA INC (Etot and py = vertical)

Error in O/0o =||EPH1| - |EPH2|| - 1000 E, (246)

The results in TABLE 67 are therefore related to the free-space level =
1000 /0o = 0 dB. Generally, the error increases with decreasing dat, and
the first modes determine the final accuracy. Below 500 MHz an increase
of the error could not be noticed depending on the frequency . In normal
conditions (see next section) the total error is well below 1 %.
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TEST SEGMENT Difference between the two EPH in /oo at 164 MHz. Mode:
No. dat [ml NN=0 NN=1 NN=2 NN=3 NN=4 NN=5 NN=6 NN=7
1 0.08 0 1.926 0.257 0.029 0.016 <0.03 ~0O ~Q
2 0.13 0 0.273 0.103 0.045 0.021 ~O ) ]

3 0.18 0 0.011 0.065 0.041 0.024 ~O ~0 v
4 0.28 0 0.061 0.060 0.024 <0.03 ~0 nO n 0
5 0.38 0 0.053 0.047 0.012 ~O ~v0 ~0 N
6 0.53 0 0.034 0.036 <0.03 ~O ~0 NnO- o a0
7 0.68 0 0.029 0.017 ~O v 0 ~ O ) ~O
8 0.83 0 0.026 <0.03 ~0 nQ ~0 nv0 nO
9 1.03 0 <0.03 ~O ~ 0 ~0 ~0 0 ~0

TABLE 67 Computational error in 9/00 versus mode number NN and versus
dat at the actual frequency 164 MHz and model MANMOD?2 .

Considering the results in TABLE 67 one could conclude that the comput-
ational accuracy is satisfactory for all applications, but this is not
absolutely true. The exceptions are mentioned in 10.3.4.3..

10.3.4.3. DIFFERENCE BETWEEN RESULTS AT DIFFERENT TEST SEGMENT LENGTHS

Due to the approximation method by BEVENSEE [10] (see description in 6.4.
5.1. and program limitations in 10.3.1.) problems may occur at some few
frequencies at small dat. Without checking carefully the result according
to the method in 10.3.4.2. the computational error had to be specified to
about 10 %. With the following method inaccurate resultscan be detected
easily:

A11 computations are performed twice, first with a test segment length of
0.08 m (DTEST=0.2) and second with 0.2 m (DTEST=0.5). The resultsof the
test points are plotted versus the frequency (all results in section10.4.
contain the computational data from both test segments). At some arbi-
trary frequencies discrepancies occur between the two results (see FIGURE
80,82). If the difference exceeds 1dB, the results are checked according
to 10.3.4.2.. Up to now the inaccuracy was always manifested by a large
EPH difference, in all of the 11 problematic cases of about 100 complete
near-field computations. The computations are repeated at a new frequency,
differing from the "disturbed" frequency by about 2 %. There is no strict
rule to prevent "disturbed" frequencies, but dat's below 0.2m, frequen-
cies above 300 MHz and complicated body shapes are risk factors.
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10.3.5. FIELD HOMOGENEITY AROUND A NEAR FIELD POINT

10.3.5.1. SIGNIFICANCE OF THE FIELD HOMOGENEITY AND COMPUTATIONAL DATA

The body-mounted antenna Ay is not infinitesimally small. Thus, the in-

duced voltage at the anntenna terminals (receiving case) depends gener-
ally not only on the field at the (computed) antenna center, but also on

the field along the antenna axis. The study in section 5.2.2. concluded

in the statements:

If the amount of the E-field can be described by a polynome of second de-
gree and if the phase of the E-field changes monotonously along the an-
tenna axis, the logarithmic difference AU (i.e., the ratio induced volt-
age from center field / induced voltage from actual field , see 5.2.2.)
is less than 1 dB, if the following conditions are fulfilled:

6E = variation of the amount of the E-field along <10 dB (37)
the antenna axis in direction of the regarded P

phase variation of the E-field along the an- <71 ° (38)
tenna axis in direction of the regarded pl

In section 10.2.5. the near-field data along the pj-axis vertical, radi-
al and horizontal were computed at the center and at the ends of a dipole
antenna of the length 2h=0.1 m, with test segment lengths of 0.08 m. The
test segments at +h and -h are separated by a gap of 0.02 m, so that os-

cillations (if existing) can be detected without computational artifacts

which may occur at smaller test segments (10.3.1.). The quantities AU, SE

and &% were computed for dat = 0.1 m, hg = 1.0 m, 64 = 80.8% and for the
body model FZYL at several frequencies (see TABLE 68, 69 and the results
in Appendix 16.2.4.).

The computational results confirm the validity of equation (37) and (38).
At py = vertical and radial the SE and &% are below the critical level
and thus AU remains smaller than 1 dB. With py, pz = horizontal the an-
tenna A is oriented perpendicular to the EOt wavefront at about ¢ =

80 to 1000, resulting in large phase changes and thus large AU. The sig-
nificant data of the homogeneity investigation are summarized in TABLE
70 for the frequencies 65, 75, 100,. 125, 150, 300 and 425 MHz.
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AZIMUTHAL RADIATION PATTERN FREQUENCY150MHZ

HOMOGENEITY CHECK OF THE FIELD ALONG A 0.1 METER DIPOLE ANTENNA

TESTBODY: ROT,SYM.CYLINDER FIELD POINT INCIDENT WAVE
AXTAL LENGTH = 1.80 M DAT = .10 M POLAR. = VERTICAL
DIAMETER = .25M HB =1.00 M THETA = 80.8 DEG
VERTICAL POLARIZED ANTENNA RADIAL POLARIZED ANTENNA
PHI | GAIN  PHASE MEAN MAXIMUM MAXIMM GAIN  PHASE MEAN MAXIMWM MAXIMWM
CENTER CENTER ERROR GAINVAR PHASEVAR | CENTER CENTER ERROR GAINVAR PHASEVAR
DEG | DB LEG DB DB DEG DB LEG DB DB DEG
0| -3.6 151.9 .00 .4 2.8 1.4  40.8 -.26 4.1 .2
5| -3.6 152.0 .00 R 2.8 1.4 40,8 -.25 4,1 .2
101 -3.7 152.4 .00 LU 2.7 1.4 40.9 -.25 4.1 .1
151 =3.7 153.2 .00 A2.7 1.4 WM.1 =25 4.1 .0
20| -3.9 154.2 .00 .4 2.6 1.3 4.3 -.25 4.1 .2
25| 4.0 155.4 .00 L4 2.5 1.3 41.6 -.25 4.1 AU
30| 4.1 157.0 .00 LU 2.3 1.2 41,9 -.25 4.1 .7
35| -4.3 158.8 .00 4 2.1 1.2 42,3 -24 4.0 .9
40| 4.6 160.8 .00 4 1.9 1.1 82,7 -.24 4,0 1.2
451 4.8 163.1 .00 LA 1.7 1.1 43.0 -.23 4,0 1.5
50 <5.1 165.7 .00 L4 1.5 1.0 43.4 -23 4,0 1.8
55| -5.4 168.5 .00 .3 1.2 .9 43,8 -.23 4.0 2.1
601 5.8 171.5 .00 .3 .9 .8 441 -2 3.9 2.4
65| -6.2 174.8 .00 .3 .7 T 444 22 3.9 2.6
70| -6.6 178.3 .00 .3 4 6 w7 22 4.0 2.8
75| 7.1 -178.0 .00 .3 .0 5 W48 -.21 40 3.0
80 -7.6 -174.0 .00 .2 .3 4 a9 21 4,0 3.0
85| -8.2 -169.8 .00 .2 .6 .3 44,8 -.21 4,0 3.0
90} -8.8 -165.3 .00 .1 .9 1T <21 4,0 2.9
951 -9.5 -160.5 .00 .1 1.2 L0 445 .21 4,0 2.8
100 | «10.2 ~155.3 .00 .0 1.4 -1 44,2 =21 4.1 2.5
105 | -10.9 -149.8 -.00 .1 1.7 -2 H3,7 -.21 u.1 2.2
110 ~11.6 -143,9 -.00 .2 1.8 -3 432 -.21 4.1 1.7
1151 -12.4 -137.4  -,00 .3 1.9 -3 4.6 -.21 4.1 1.3
120 | =13.2 -130.4 -.00 .4 1.9 -4 42,0 -21 4.1 .8
125 -13.9 -122,9 -, .5 1.7 =4 e .21 40 .3
130 | ~14.6 -114.9 -,01 .6 1.3 -5 40.7 -.21 4.1 .2
1351 -15.2 -106.6 -.01 .7 .8 -5 40.0 -.22 4.1 .7
140 | -15.6 -98.1 -.01 .8 .1 -5 39.4 -2 4,0 1.2
145 -15.9 -89.9 -.01 .8 .6 -5 38.8 -.22 4,0 1.6
150 | -16.1 -82.3 -.01 .9 1.3 -5 383 -.22 40 1.9
155 | «16.2 -75.5 ~.01 .9 2.0 -5 37.8 -.23 3.9 2.2
160 [ -16.2 -69.8 .01 .8 2.5 -5 37.4 =23 3.9 2.4
165 | <16.2 -65.4 .01 .8 2.8 -5 37.1 -.23 3.9 2.6
170 [ <16.1 -62.2 =.01 .8 3.1 -5 36.9 -.23 3.9 2.7
1751 -16.1 -60.3 -.01 .8 3.2 -5 36.8 -.23 3.9 2.8
180 | -16.1 -59.7 -.01 .8 3.3 -5 36.7 =-.23 3.9 2.8

TABLE 68 Field homogeneity at 150 MHz at dy+=0.1 m and pp = vertical.
Left: py=vertical, right: py=radial; dB-values related to 0dB = FSL.
Gain center: Gaing [dB], Phase center: phase ¢[%], Mean error: AU [dB],

Maximum gainvar: SE [dB], Maximum phasevar: &% [©],
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AZIMUTHAL RADIATION PATTERN FREQUENCY150MHZ

HOMOGENEITY CHECK OF THE FIELD ALONG A 0.1 METER DIPOLE ANTENNA

TESTBODY: ROT.SYM.CYLINDER FIELD POINT INCIDENT WAVE
AXIAL LENGTH = 1.80 M DAT = .10 M POLAR. = HORIZONTAL
DIAMETER = .25M HB =1.00M THETA = 80.8 DEG
HORIZONTAL POLARIZED ANTENNA RADIAL POLARIZED ANTENNA
PHI | GAIN PHASE MEAN MAXIMUM MAXIMUM GAIN PHASE MEAN MAXIMUM MAXIMUM
CENTER CENTER ERROR GAINVAR PHASEVAR | CENTER CENTER ERROR GAINVAR PHASEVAR

DEG | DB DEG DB DB DEG DB DEG DB DB DEG

ol 4.7 16.8 .10. 0.0 0.0 EERERE RERIEN  BNERR RHNNE NRNKER

51 4.7 17.1 .10 .4 2.6 -19.4 36,2 -.18 2.7 17.1
10| 4.8 17.9 .10 .8 5.2 -13.4 36.6 -.18 2.7 16.8
15| -5.0 19.1 09 1.2 7.9 -9.9 37.2 -.18 2.6 16.5
20| 5.3 20.9 .09 1.6 10.5 -7.4 38,1 -.18 2.6 16.0
25| -5.7 23.3 .08 2.0 13.2 5.5 39.3 -.18 2.6 15.4
30| -6.1 26.1 .08 2.5 15.9 4,0 40.7 -.18 2.6 14.6
3B 6.6 29.5 07 3.0 18.8 -2.8 42,3 -.18 2.5 13.8
40| -7.2 33.5 07 3.5 217 -1.8 44,1 -7 2.5 12.8
451 -8.0 38.0 .06 4.1 24.8 -9 46.1 =17 2.5 11.8
50| -8.8 43,2 .05 4.8 28.4 -1 48,3 -.17 2.4 10.7
551 -9.8 49.0 o4 5.6 32.6 .6 50.6 -.17 2.4 9.5
60} -11.0 55.8 .03 6.6 38.1 1.1 53.0 =17 2.3 8.2
65| -12.3 63.6 .00 7.9 46.2 1.6 55.6 =17 2.3 6.9
70| -13.9 T73.1 -.07 9.4 59.5 2,0 58.2 =17 2.3 5.5
75| -15.9 85.3 -.28 10.5 82.8 2.3 60.9 -.17 2.2 4.2
80| -18.1 102.5 -.89 8.9 116.6 2.5 63.7 =17 2.2 2.8
85| -20.3 128.7 -1.96 4.1 142.9 2.7 66.5 =17 2.2 1.4
90| -21.0 164.7 -2.44 1.6 149.0 2.8 69.3 -.17 2.1 .0
95| -19.3 -162.4 -1.61 7.2 134.2 2.8 72.1 =17 2.1 1.4
100 | -16.8 -140.5 -.69 11.1 101.8 2,7 T8 -7 2.1 2.7
105 | -14.4 -125.9 -.26 11.3 70.4 2.6 77.5 =17 2.1 4.0
110 -12.4 -115.4 -.10 9.8 51.2 2.4 80.1 -.17 2.1 5.3
115| -10.8 -107.1 -.03 8.2 40.1 2.2 8&.6 -7 2.1 6.6
120 | -9.3 =100.3 .01 7.0 33.0 1.8 85.0 =17 2.1 T.7
125 -8.1 -94.5 .03 5.9 28.1 .3 87.3 =17 2.1 8.8
130 -7.1 -89.4 .05 5.1 24,2 .8 89.5 -.17 2.1 9.9
135 -6.2 -85.1 .06 4.4 21.0 1 9.4 -7 2.1 10.9
140 5.4 -81.2 07 3.7 18.2 -7 93.3 =-.17 2.1 11.8
ws | 4.7 =77.9 .08 3.1 15.6 -1.7 9%%.9 -.17 2.1 12.5
150 4.2 =75.1 .08 2.6 13.2 2.9 96.3 -.17 2.1 13.3
155 | -3.7 -72.8 .09 2.1 10.9 4.3 97.5 =17 2.1 13.9
160 | -3.4 -=70.9 09 1.7 8.7 6.1 98.6 =-.17 2.1 144
65| -3.1 -69.4 .10 1.2 6.5 -8.6 99.4 -.17 2.1 14.8
170 -2.9 -68.3 .10 .8 4.3 -12,0 99.9 -.17 2.1 15.0
175 2.8 -67.7 .10 R 2.1 -18.0 100.3 -.18 2.1 15.2
180| -2.7 -67.5 .10 0.0 0.0 FRERE RREREE  AEERE NENEE REKENE

TABLE 69 Field homogeneity at 150 MHz at dat=0.1 m and p2 =horizontal.
Left: py=horizontal, right: py=radiai; dB-values related to 0 dB = FSL.
Gain center : Gaing [dB]. Phase center: phase ¢ [0], Mean error: AU [dBI,
Maximum gainvar: SE [dB], Maximum phasevar: 6@ [°].
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The maximum ratings of the computed field homogeneity parametersare 1ist-
ed in TABLE 70 :

FRE- | Maximum ratings p2 = VERTICAL | Maximum ratings pp=HORIZONTAL
QUEN-| p1 = VERTICAL] p1 = RADIAL p1 = HORIZONTAL | p1 = RADIAL

cy | au o so1) au SE 6o AU SE &b | AU SE 60
[MHz]| [dB] [dB1 [0 1] [dB] [dB] [01| [dB1 [dB] [0 1] [dB] [dB] [0O]

8.7 29.9 200 | 0.2 2.1 7
7.6 25.0 194 | 0.2 2.1 8
5.4 18.1 180 (0.2 2.3 11

65 0.1 1.0 10 0.3 4.5
75 0.2 3.8 18 0.3 4.3
100 0.0 1.3 3 10.3 4.5
125 0.0 1.9 5 10.4 4.5 3.7 13.5165 0.2 2.5 14
150 0.0 0.8 3 0.3 4.1 2.4 11.3 149 0.2 2.7 17
300 0.0 1.2 8 10.5 5.1 31 >10 >20 222 0.3 2.2 45
425 0.1 1.7 19 [1.0 5.9 65 3.1 13.3100 |0.3 2.3 50

w W NN S

TABLE 70 Maximum ratings from the field homogeneity computations.
The data concern the model FZYL with the antenna position dat=90.1 m and
hg = 1.0 m, related to a 2h=0.1 m dipole antenna Ajy. '

The field homogeneity is satisfactory except for p] = p2 = horizontal
which is not suited for omnidirectional transmission. From the data in
TABLE 70 one can conclude that all further computations have only to be
performed for the center test point which is representative for the field
around the test point, if dyt is larger than 0.1 m and if the frequency
is below 500 MHz.

10.3.5.2. COMPUTATIONAL DATA FOR ANTENNA DESIGN

With the knowledge of the amplitude- and especially the phase conditions
along a certain antenna axis the design of radiation systems become poss-
ible which perform better than an usual antenna in the proximity to a
body. If we look at TABLE 68 at py = radial we notice a field amplifica-
tion effect produced by the body. There is strong radial field around the
body, differing only from +1.4 to -0.5 dB at 0 < ¢ < 180°. The &E and the
8¢ are within reasonable limits (4 dB and 39), so that an excellent an-
tenna with omnidirectional radiation characteristics could be designed.
In the following study the near-field data are discussed andcompared with
experimental data; a special radial antenna will be shown in 13.3.3..
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10.4. RESULTS FROM THREE-DIMENSIONAL COMPUTATIONS ON ANTENNA-BODY MODELS

10.4.1. OVERVIEW OF INVESTIGATED PARAMETERS AND EXPLANATIONS

In the following sections the influence of certain parameters on the near-
field will be demonstrated by computer plots. Unless otherwise specified,
the regarded body model is the finite conducting cylinder (FZYL), the ir-
radiation angle ¢ amounts to 80.89, pp is vertical (Egﬁc) and the rela-
tive antenna height hg is 1.0 m. The field data are related to the free-
space level FSL = 0 dB and specify the E-field in dB in direction of the
investigated polarization axis py = vertical, radial or horizontal.

The computations were performed according to section 10.2. and 10.3., and
the results were checked according to 10.3.4..The accuracyof the following
data is better than +1 %, corresponding to +£1dB at signal levels above

- 21 dB, at frequencies from 10 to 500 MHz. A1l data have been computed
with two different test segment lengths (0.08 m and 0.2 m, actual scale)
and generally both results are plotted, as can be noticed by the thicker
or double lines in the plots. The accuracy of the frequencies above 500
MHz is in the region of 5%F.S. and was not further investigated, because
the previous computational model presented in section 7. covers the fre-
quency range from 200 to 1000 MHz,and because the interesting effects oc-
cur below 500 MHz. In addition, more accurate computations above 500 MHz
are prohibitive due to storage and computational time limitations (see
limitations in section 10.3.2. and 10.3.3.).

The following sections treat the specific effects:

- 10.4.2. Effect of the frequency on vertical and radial field

- 10.4.3. Effect of the antenna-body distance

- 10.4.4. Effect of the azimuthal angle

- 10.4.5. Effect of the irradiation angle

- 10.4.6. Effect of the relative antenna height

- 10.4.7. Effect of the frequency on the azimuthal radiation patterns
- 10.4.8. Effect of the frequency on the directive radiation patterns
- 10.4.9. Effect of differentbody shapeson the fields in the shadow zone
- 10.4.10. Effect of differentbody shapeson azimuthal radiation patterns

10.4.2. EFFECT OF THE FREQUENCY ON VERTICAL AND RADIAL FIELD

FIGURE 71 provides a first impression. The Gaing data are shown for 4 dyt's
of 0.1, 0.2, 0.3 and 0.4 m in the shadow zone ¢=180° at py,pp = vertical.
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FIGURE 71 Vertical field component E, versus frequency, parameter dat.
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FIGURE 72 Comparison between IZYL and FZYL computation (same parameters).
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Unless otherwise specified one always considers the E-field components Ey,
Ep and Ep, in the shadow region ¢= 180°. In FIGURE 71 one distinguishes 5

frequency regions similar to those noticedin the experiments in section9.

- < A/2 below resonance at frequencies below 50 MHz
- A2 first resonance at about 65 MHz

- 3 A/4 anti-resonance at about 80 to 110 MHz

- A second resonance at about 140 MHz

-> A off-resonance at frequencies above 200 MHz

If we compare the FZYL results with the previous IZYL results in FIGURE
72 one observes an oscillation of the FZYL data around the IZYL data with
an amplitude of maximum 2.5 dB at frequencies above 200 MHz. This means
that both computational methods agree at higher frequencies. From the
practical point of view this agreement is disappointing for two reasons:
first, there is no theoretical chance to operate with vertical polarized
antennas above 75 MHz due to the high transmission losses, second,the ex-
perimental data do not agree with the computational data below 150 MHz.

Fortunately, an astonishing radial field effect occurs in the resonance

region which provides new hope for both application and experiment :

=]

¢ =180°

o4

GAIN DB Rl PBL RADIAL

T T T v 1 1T 1171 T T T 1 1 1 171

1,E+01 T.Ee02 TaE+03
FREQ MHZ A2 EINC VERT 80.8 DEG DAT=01/22/23/4 M

FZYL

FIGURE 73 Radial field component Ey versus frequency f, parameter dat.
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As can be seen in FIGURE 73 a radial field component E, is developed at

frequencies from about 40 to 300 MHz, caused by a vertical polarized in-

cident wave and the body. In the proximity to the body this E, is very

strong (-4 to 0 dB at d3+=0.1 m) and decreases with increasing dat. Be-
Tow 30 MHz the E, is small (< -12 dB at dat>0.3m ) and above 500 MHz the
E. is extremely small (<-16 dB at dat > 0.3m ). The significance of the

strong E,. is demonstrated in the next section.

10.4.3. EFFECT OF THE ANTENNA-BODY DISTANCE

Let us consider first the vertical (Ey) and radial (E.) field component
within the resonance region at 150 MHz and at ¢=0° (irradiated zone) and
at ¢=1809 (shadow zone). FIGURE 74 shows the dependence of the field com-
ponents from the antenna-body distance dat :

a Eyv
oo
€ ]
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£ | Ev
>
o ?
—
«
o) Eir
a [Er
Z o
=
)
dat 04 o\)o 04 dat
| o A — ]
m 8 $=180 [m] [m] $:0
W 1.0 0.5 0.0 0.5 .0

150 MHZ DART-AXIS PHI 0/180 BEG A2 EINC VERT 80.8 D

FIGURE 74 Vertical (E,) and radial (E,) field component versus dat.
Parameter: E, and E, at A} at ¢=1800 (left) and 00 (right)
Constant : frequency = 150 MHz, py = vertical, 67 = 80.80, hg = 1.0 m

At ¢=00 the E, becomes larger than Ey at d;+<0.15m and at dyt=0.05 m
Er is about 12 dB larger than E,. The situation is even more extreme at
$=1809; the E, becomes larger than Ey at dat<0.42m and at dy+=0.05m
Ep is about 22 dB larger than Ey: This effect explains the discrepancy of
the experimental results at small dat, because the transverse sensitivity
of a probe antenna Al is rarely below -15 dB. It is not possible to meas-
ure an Ey of only -20 dB, if there is also an E, of about 0 dB.
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10.4.4. FFFECT OF THE AZIMUTHAL ANGLE
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FIGURE 75 Vertical (Ey),radial (E,) and horizontal (Eh) field components
versus azimuthal angle ¢. Parameter: Ey,E,,Ep and dat = 0.1,0.2,0.3,0.4m.
Constant: frequency = 150 MHz, pp = vertical, 64 = 80.8%, hg = 1.0 m.

The .E,. component is almost constant throughout the full ¢ = 0-1800 range. .
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10.4.5. EFFECT OF THE IRRADIATION ANGLE
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10.4.6. EFFECT OF THE RELATIVE ANTENNA HEIGHT
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10.4.7. LFFECT OF THE FREQUENCY ON THE AZIMUTHAL RADIATION PATTERN
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FIGURES 77a and 77b show the azimuthal radiation pattern with constantdyt
of 0.1m in the full frequency range 11 to 800 MHz, FIGURE 77c in the re-
sonance frequency range 60 to 100 MHz.

Vertical E-field component Ey

- Below resonance: at frequencies below 50 MHz Ey depends not on ¢. Al-
though the far-field scattering (RCS, see section 5.3.2.) is small,the
attenuation of the near-field is considerable (-11 dB). However,omni-
directional transmission is possible witha reasonable transmission loss.

- Above first resonance: at frequencies above 60 MHz Ey depends much on
¢. Generally Ey decreases with increasing ¢ and the maximum difference
amounts to 12 dB at 125 MHz up to 23 dB at 800 MHz from 0< ¢ < 180°.
Thus, omnidirectional transmission is difficult due to the large Ey
variation and due to the small E, (minimum: - 19 dB/800 MHz). Compared
with the I1ZYL data the FZYL data vary not more than 2.5 dB above 125 MHz.

Radial E-field component Ey,

- Below resonance: at frequencies below 50 MHz Er- depends much on ¢. Gen-
erally E. is very small at ¢=0° (-30dB at 11 MHz, but increases with f
up to -10dB at 50 MHz) and is relatively high at ¢ = 180° (-7dBat 11 Miz
and -3dBat 50MHz). E, increases with ¢, and the maximum difference
within 00 < ¢ < 180° amounts to 23dB at 11 Miz and 7 dB at 50 Miz. E,. be-
comes permanently larger than Ev above 50 MHz and is therefore suited
for omnidirectional transmission above 50 MHz.

- Rbove first resonance: at frequencies from (60)-200MHz E,. depends not
much on ¢ and is always larger than -4 dB. These properties of Er' are
ideal for omnidirectional transmission. Above 250 Miz E,. depends on ¢,
first decreases E, at ¢=O°, becomes small at 0<¢< 180° and above 500
MHz (Appendix 16.2.5.) the minimum Er becomes very small (-30dB).

Horizontal E-field component Ep

- At all frequencies the Ej depends much on ¢ and is smaller then -14 dB.

Resonance region 60 to 100 MHz

- Vertical Ev component: with increasing frequency the minimum shifts from
$=00 to ¢=1800. The minimum occurs at about 73MHz (at about q>=90°) and
is smaller than =-30dB. The maximum Ev amounts to -7dBat 100 MHz, ¢=0°.

- Radial Er component: Er depends 1ittle on ¢ and is always >4.5dB.
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10.4.8. EFFECT OF THE FREQUENCY ON THE DIRECTIVE RADIATION PATTERN
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FIGURES 78a and 78b show the directive radiation pattern at ¢=0°and 1800
at variable datin the full frequency range from 11 to 800 MHz,FIGURE 78c

in the resonance frequency range 60 to 100 MHz.

Vertical E-field component Ey

Below resonance : Below 30 Miz the Ey's at ¢=0 and 1800are symmetrical,
are largest with large dat (-3 dB at dyt=0.4m) and decrease with de-
creasing dat (~11dB at dat=0.1m). Above 50 MHz the two E,'s become a-
symmetric  but still decrease with decreasing dy¢. Thus, the body shows
no directive characteristics, and the body has little influence on Ev
as long as dat is larger than 0.4 m.

Above first resonance: At frequencies above 125 MHz Ey isalways smaller
at ¢=1809 than at ¢=00, At ¢=1800 E, decreases constantly with de-

creasing dyt, with an amplitude of about -11dB at dat=0.4mand of a-

bout ~18dBat dat=0.1m. At ¢=00 Ey oscillates around 0dB according to
the results in section 7.3.1.: maxima occur at dat ~ n-A/4, n=1,3,5,..
and minima at dat ~ n*3/2, n=0,1,2,... The body acts like an efficient
reflector if dat amounts to n+A/4 and is a good absorber ifdat<0.2m.
As an example the forward/backward ratio is 17 dB at dat=0.2m /350MHz.

Radial E-field component Ep

Below resonance: at 11 MHz E, is very small at ¢=0° but increases with
increasing frequency. Above 50 MHz both Ep's increase with decreasing
dat and become Tlarger than Ey at about dat<0.15m. Above 60 MHz both
Ep's are about symmetrical with about -2dB at dat=0.1 and -9dBat dy¢
= 0.4m. At very small dy¢ the body acts like a director (11 MHz) and
as a director/reflector (> 60 MHz).

Above first resonance: from (60) to 200 MHz both En's at ¢=0 and 180°
are about symmetrical with high values at small djt. -Generally the Ep's
are larger than the Ey's at dat < 0.1m( < 0.3 at ¢=1800),and the body
acts like a director/reflector for small dat's. Above 250 MHz E, de-
creases first at ¢=0° and above 350 MHz also at ¢= 180°. Above 450 MHz
and dat>0.3}n the Ey's become very small, smaller than the Ey's.

Resonance region 60 to 200 MHz

Vertical E, components: if dyy<A/4, the E,'s decrease with decreasing
dat and are smallest at about 85 MHz at ¢ =1800( -22dB at dat=0.1m).
Radial E, components: Both E,'s are larger (>-5dB)at dat<0.15m.
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10.4.9. EFFECT OF DIFFERENT BODY SHAPES ON THE FIELDS IN THE SHADOW ZONE

The former computations with the simple body model FZYL revealed the sys-
tematic relations between antenna location and field quantities.The most
important results are summarized in FIGURE 80 for ¢=1800:

- Ev/f diagram: sharp anti-resonance at about 75-105 MHz, recovery of Ey
at frequencies above 125 MHz and oscillation around - 16 dB (dat=0.1m)

- E,/f diagram: two peaks, one around 70 MHz (+0.5dB) and a second of
similar amplitude around 150 MHz (+0dB) at dat=0.1m.

- Ey-Ep/f diagram at dat=0.1m: E. is up to 16 dB larger than Ey at fre-
quencies below 550 MHz

- Ey-Ey/f diagram at dat=0.4m: Ep is usually smaller than Ey

The corresponding data has been computed for the man-models in FIGURE 79:
O FIGURE 79 Computational body models

- FZYL : finite rotational symmetric
cylinder with round end caps
lg=1.8m, Dg=0.25m.

- MANMOD 1 :rotational symmetric human
body, front view = contour curve
Lg=1.68m, Dg=0.296m at dat=1.0m.

- MANMOD 2 :rotational symmetric human
\—/ body, side view = contour curve
Lg=1.68m, DB=O.196m at dat=1.0m.

FzvL MANMOD1  MANMOD2 (dimensions listed in Appendix 16.2.4.)

Comparing FIGURE 81 (MANMOD 1) with FIGURE 80 (FZYL) we find:

- Ey/f diagram: there is still an anti-resonance at about 80-125 MHz but
less sharp and without recovery. Ey drops with increasing frequency.

- Ep/f diagram: only the first peak is well developed, amounts to +3 dB at
dat=0.1m and occurs at 75 MHz.

- Ep-Ey diagram at dat=0.1m:Ep>Ey (max.16 dB) above 600 MHz

Comparing FIGURE 82 (MANMOD2) with FIGURE 80 (FZYL) we find:

- Ey/f diagram: very similar to FZYL (but shifted in frequency)
- Ep/f diagram: very similar to FZYL but larger amplitude variations.
First peak around 80 MHz(+ 4 dB) and second peak around 160 MHz(+2.5 dB).
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Constant: ¢ = 180°, pp = vertical, 6; = 80.8%, hg = 1.0 m.
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FIGURE 82 Summarized computational results from body model MANMOD2
Ey versus f, parameter dj¢ E, versus f, parameter dat
Ey and Ep at dat = 0.1 m Ev and E,. at dat = 0.4 m

Constant: ¢=180°, py = vertical, 64 = 80.8%, hg = 1.0 m.
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10.4.10. EFFECT OF DIFFERENT BODY SHAPES ON AZIMUTHAL RADIATION PATTERNS

If we look at the azimuthal radiation patterns in 10.4.7.,we notice the .
following frequency dependent changes of the field components:

- Ey changes drastically between 60 and 100 MHz
- Ep changes rapidly at about 50 MHz and above 250 MHz
- E, shows the same pattern up to 350 MHz

Changes of the field components occur only if the body dimensions are in
a special relation to thewavelength. If the vertical circumference (v2Lg,
see also FIGURE 18) is about A, the Ey and Ep are affected. If the hori;
zontal circumference D% is about A, E, and Er are affected.

Considering these facts it is easy to understand the changes in the azi-
muthal radiation patterns due to body shape alterations. Small changes of
Lp and D provokes similar effects Tike small changes of the frequency.

Significant azimuthal radiation patterns are shown for the three bodies
FZYL, MANMOD1 and MANMOD2 in FIGURES 83 a,b,c at 65 MHz and in FIGURES
84 a,b,c at 150 MHz. Additional samples for 11, 50, 75, 85, 200 and 800
MHz are presented in FIGURES 100 to 105 in Appendix 16.2.5..
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FIGURE 83a Azimuthal radiation patterns FZYL at 65 MHz. Ey, Ep and Epcom-
ponents at dat=0.1, 0.2, 0.3 and 0.4 m . See also FIGURE 75.
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Comparing FIGURES 83a,b,c.at 65 MHz we observe an Lp-effect:

- Ey changes drastically from FZYL to MANMOD1 (Lg=1.8 and 1.68 m), but

there are only small differences between MANMOD1 and2 (Lg=1.68m). As

can be seen in Appendix 16.2.5.,FIGURE 102, the MANMOD's resonate at

about 75 MHz in contrast to FZYL at 65 MHz due to the 6.7% shorter Lp,
- Ep varies only within 2 dB.

- Ep varies only within 2 dB.

Comparing FIGURES 84a,b,c at 150 MHz we observe an Lg and Dg-effect:

- Ey varies within 5 dB at ¢=1800. The second (A) resonance is best de-
veloped at MANMOD 2 which has the largest Lpg/Dg-ratio. The weakest A
resonance occurs at MANMOD 1 with the smallest Lp/Dp-ratio.

- Ep varies within 3 dB,and the values of FZYL are between those of MAN-

MOD1 and 2, corresponding to the Dg ratio of the three bodies.

Ep varies within 3 dB. The theoretical horizontal resonant frequencies
are 301 MHz (MANMOD1), 380 MHz (FZYL) and 487 MHz (MANMOD2).The asym-
metry of En of MANMOD1 is caused by a subresonance, because 150 MHz
is close to 301 MHz, the Ej of FZYL is already better and the Ep of
MANMODZ2 is very symmetrical because 150 MHz is well below 487 MHz.
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11, ExTenpep MeEAasuriNG METHOD FoR FIELD COMPONENTS SEPARATION

11.1. PURPOSE OF THE EXTENDED EXPERIMENTS

The experimental data in section 9. were obtained with the measuring
method described in section 8. The computational dataagreed with the ex-
perimental data within £ 3dB for all three test bodies, but only at fre-
quencies above 200 MHz and antenna-body distances above 0.1m.

A poor agreement between experimental data and computation was noticed

at frequencies below 200 MHz if dat was smaller than 0.2 m. The reasons
for this discrepancy can now be explained by the computational data found

in section 10.:

- In the extreme proximity of the body the radial field exceeds the
vertical polarized field, especially at A/2 resonance (v 65 MHz) and
at X resonance (v 150 MHz)

- Electrically small monopole antennas with insufficient counterpoise
exhibit a considerable transverse sensitivity (receiving case) or ra-
diate a not wholly pure vertical polarized field (transmitting case).
The antenna tests in TABLE 51 tell us that the horizontal (or radial)
sensitivity is only about 0-12 dB below the vertical sensitivity at
75 MHz, 19 dB at 125 MHz and 16-18 dB at 205 MHz. The antenna data
at 101 MHz (25 dB) and 158 MHz (21 dB) are satisfactory, resulting
in a better agreement as can be seen in FIGURES 56 and 57.

- Remotely fed test antennas disturb the fields in the proximity of
the body, and especially at low signal levels a part of the signal
is picked up by the feeding cable, even when surface waves are at-
tenuated according to FIGURE 44.

Another problem was the fixed relative (hB) and absolute (h]) antenna
height and the missing data concerning the field homogeneity.

The purpose of the éxtended experiments are therefore defined as:

- Separate measurement or generation of radial and vertical field
components in the frequency region 50 to 200 MHz without disturbing
the fields around the test body.

- Measurement of the hy and hg-dependence of the field components
with and without test bodies for field homogeneity studies.
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In section 9.1.5. the reciprocity theorem has been verified, so that the
test antenna could be a receiving or a transmitting antenna for our ex-
tended experiments. Both methods have their advantages for special ap-
plications:

Probe receiving antenna Ay . A common probe antenna consists of a small

dipole (whip, helical or conical for broadband) equipped with a rectifier
attached to highly resistive, twisted cables. A remote precision DC ampli-

fier measures the signal without range switching from about 1 my to 1V
(see e.g. BELSHER [9]) almost linearly. The problem is the very Tow sig-
nal at A} (e.g. Ey at 100 MHz and da¢ < 0.1m) and the relative high field
around the connecting cables. A better method would be to build the DC-
amplifier and a fiber-optic transmitter close to Ay, but then problems
have to be solved concerning power consumption (LED's!) and amplifier
stability. This method would be best if broadband characteristic 1is ur-
gently required and if the signal to be measured is much larger than the
ather RF-signals in the air. Selective built-in receivers cannot be re-
commended due to limited amplitude range, tuning problems and stability.

Probe transmitting antenna A] . Free-oscillating miniature transmitters
cannot be recommended due to amplitude and especially frequency stability
problems, because the antenna load is not stable. Quartz-stabilized fre-

quency synthesizers are not suited due to power consumption and space re-
guirements. Thus separate, quartz-stabilized fixed-frequency transmi tters
offer the best solution concerning volume, power consumption, stability
and costs. The main problem is the preset frequency, but on the other
hand each probe transmitter can be matched properly to the suited anten-
na with best Tong-time stability. Such probe transmitters will be shown
in section 11.3. and were used in the following experiments.

11.2. ANTENNA MANIPULATOR

A special antenna manipulator (FIGURE 85 and 86) has been developed with

the following features:

- Translation of a complete transmitter along the vertical axis from
0.1<hg <1.7 m. Continuous remote translation with permanent hg
recording (rubber band goniometry, accuracy better than 5 cm)

- Rotation of A7 around the antenna center for py vertical to radial

- Accurate and stable positioning of dat at 0.1, 0.2, 0.3 and 0.4m.
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FIGURE 85 Antenna manipulator

1 : test body MET

2 : dat-spacers, 15 mm 2 PVC tubes
screwed perpendicular to the
surface of the test body

3 : vertical trackway, three 15 mm
% plexiglass tubes

4 : anchoring strings and deflection
pully for strings (6)

5 : basement with deflection pully
(screwed on revolving stage)

6 : thin plastic strings for remote
manual up/down pulling of the
wagon carrying the antenna

7 : wagon, PVC plate with four PVC
wheels shaped Tike cotton reels

8 : small revolving disk with Tock

for antenna rotation around the

antenna center (details:FIG.86)

The main parts of the antenna manipulator are shown in FIGURE 85. In ad-
dition a rubber band goniometer (similar to FIGURE 45) in the horizontal
plane on the basement (5) measures the antenna height. For outdoor ex-

periments the top (4) of the trackway is fixed to the revolving stage by

stretched strings to prevent mechanical oscillations.

For the experiments with standard body-earth spacing s (s=0.2m) the test
body is standing directly on the supporting revolving stage (FIGURE 45)

for experiments with s=0.7mon wooden precision spacers.

11.3. ELECTRICALLY SMALL DIPOLE ANTENNAS WITH BUILT-IN OSCILLATORS

A test transmitter consists of an electrically small dipole antenna and of
an autonomous RF-generator (FIGURE 86). The test transmitters have been
developed in order to obtain very stable, independent and miniature field
sources and are denoted as AO1 (65 MHz), AO2 (74 MHz), A0 3 (101 MHz) and
A0 4 (164 MHz). The helical dipole antenna of 2h<0.1mand Dh=11mm have
been tuned to resonance (TABLE 88) and the RF-generators are mounted per-
pendicular to the center of the antennas in the neutral antenna plane.
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FIGURE 86 Test antenna Ay with built-in oscillator on antenna manipulator

1 : dyt-spacer (see also FIGURE 85) 6
2 : plexiglass vertical trackway 7
3 : quick-fixing device for djt 8 :
4 : antenna wagon with pulling strings 9 :
5 : small revolving disk carrying A1 10

for p1=vertical to radial 11

lock of the revolving disk

: helical dipole antenna A]

RF-generator with:
9V alkaline battery 540 mAh

: quartz (3th harmonic mode)

: RF-antenna coupler
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The construction of miniature, unshielded RF-generators of high amplitude
stability is quite difficult at frequencies above 50 MHz. A solution was
found in the modification of available high-standard RF-suboscillators of
professional walkie-talkies (65,74 and 164 MHz) and in a special construc-
tion for 101 MHz. The main specifications of the final RF-oscillators are
listed in TABLE 87, the output power amounts to 1- 10 mW.

FREQ | SUBOSCILLATOR | ADDITIONAL ELEMENTS| INPUT| AMPLITUDE| DIMENSIONS
manufacturer | (RF-coupling etc.) | CURR.| STABILITY| withoutbat.
[MHz1| type [mA] | (*) [dB] [mm3}
65 | AUTOPHON ferrit 50 to 50 Q 7 0.5 27 x 27 x 30
(special) balun,mod.TV balun
74 | MOTOROLA external 5 V reg., 8 0.1 19x9x28
KXNT067A antenna center coil
used as oscil. coil
101 | WAFFEN FABRIK| inductive coupling 6 1.0 50x 40x 10
THUN (spec.) | 3 turns around osc. (few elem)
164 | MOTOROLA 5 V reg.,RF-amplif.| 40 0.5 19x9x28
KXNT041A freq. multiplier (*): dur- +
54.667 MHz antenna center coil ing 2 hours 25x17x 15
used as 164 MHz coil 9

TABLE 87 Specifications of the built-in quartz RF oscillators

The helical dipole antennas were computed according to Appendix 16.1. and
tuned with the help of a network analyser. The application of lossy con-
ductors (PVC insulation) increases the bandwidth (damping effect in a re-
sonante RLC network) but decreases the (non important) efficiency.The data
of the antennas are Tisted in TABLE 88.

FREQ | TOTAL | CENTER | TOTAL | CENTER | CONDUCTOR MATERIAL | -3 dB BANDWIDTH
TURNS | TURNS | LENGTH| LENGTH | DIAMETER, INSULAT. | (analyserdata)
[MHz] | No. No. [mm] [mm] [mm] [MHz]

65 121 7 90 8 0.4 PVC center sec. 64 to 66
0.2 enamelledwire
for 2x22 end turns

74 97 7 94 9 0.5 enamelled wire 72 to 75
101 72 6 82 9 0.8 enamelled wire 99 to 102
164 45 5 95 9 0.8 PVC 159 to 167

TABLE 88 Specifications of the helical dipole antennas Aj
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During the network analyser measurements the center turns of the dipole
antenna were coupled to the 50 coaxial measuring cable with a miniature
50 to 500 ferrit balun (Appendix 16.1.1.). The obtained -3 dB bandwidth
may be different when coupled to the actual RF-oscillator and is gene-
rally larger at imperfect matching (reduced efficiency).

From the test transmitters AO1 to AO4 one cannot expect a totally omni-
directional radiation pattern with strict linear polarization. The trans-
mitter's tests, however, revealed a very stable (0.5 dB) azimuthal radi-
ation pattern at py=vertical (see TABLE 90),and the actual experiments
revealed that the transverse polarization (polarization perpendicular to
the antenna axis) is about 10 to 15 dB smaller than the main polarization.

11.4. TEST PROGRAM AND SOME EXPERIMENTAL RESULTS OBTAINED WITH AO1TO A04

1. PREPARATIONS

1.1. Mounting of the hi-goniometer and calibrations

1.2. Warming-up of the RF-equipment and recorder,initial calibrations

1.3. Measuring of the FSL at pj=vertical and radial versus ¢ at hy=
1.2m and pp = vertical. (see results in TABLE 90)

1.4. Field homogeneity measurements at 0.7<hj<2.0m at ¢=00

1.5. Calibration of FSL to 0dBat py=vertical, hy=1.2m, $=00

2. TRANSMISSION EXPERIMENTS WITH VARIABLE ANTENNA HEIGHTS ng

2.1. MET at ¢=09, dat=0.1m,s=0.2m, p1= vertical/radial,0.7<hi<1.5
2 2' n " dat=0.2m N n n n u

2.3, " $=1809, dat=0.1m, " " " "

2‘.4. n i N dat=0'2m . n n n n

2,5. " $=09,d3¢=0.1m,s=0.7m, p1 = vertical/radial,1.2<h1<2.0
2 6. " " H n

2.7.

2.8

N dat=0.2m N "
[ ¢=-| 800, dat= 0.1m, " n " "

L " [} "

.o " ,dat=0.2m,

3. TRANSMISSION EXPERIMENTS WITH VARIABLE AZIMUTHAL ANGLE ¢

3.1. MET at dat=0.1m, s=0.2m, hy=1.2m, p1= vertical/radial,0< ¢ <360°
3.2. n dat=0-2 m’ " [} " " n
3.3. n dat=0.3m, n n " n "
3.4' n dat=0.4m, " n n " u
3.5. " dat=0.1m, 5=0.7m, h]=1.7m,p1=vertical/radia],0<¢<360°
3'6' " dat=002m’ " " " n "
3.7. SUB at dat=0.1m, s=0.2m, hy=1.2m, p1= vertical/radial,0< ¢ <360°
3.8. " dat=o-2 m’ " " n " "
3.9. " dat=0.1m, s=0.7m, hy=1.7m, p1 = vertical/radial,0<¢ <3600
3.]0. n dat= 0.2 m’ n n n n "

TABLE 89 Summarized experimentswith test transmitters AO 1,A02,A03,A04
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The test set-up consists of a revolving stage, carrying the test body and
the antenna manipulator, and the remote receiving antenna A2 at d = 31 m
and hp=6.2m as shown in the similar test set-up in FIGURE 44. The per-
formance of the LPD-antenna Az is only specified for 100 - 1000 MHz . Be-
Tow 100 MHz Ay is suited for relative field measurements of vertical po- -
larized field components (p2=vertical) but will also pick-up field com-
ponents of other polarizations. The performance of the test transmitters
AOT to A0 4 was measured by recording the azimuthal radiation pattern at
p1=-vertical/radial without TS. If both Ay and A2 would be strictly 1i-
near polarized, and if there would be no ground reflections, the follow-
ing data had to be obtained: 1.) py=vertical:E, stable at 0 dB from 0
<¢ < 3609. 2.) py=radial : A-maximum of - 16 dB (E, cos8;) should occur
at ¢=0, 180 and 3609, and the signal should drop to -=dB at ¢=90 and
270°, The actual experimental data are listed in TABLE 90 :

FREQ. | VERTICAL POL RADIAL POLARIZATION

Amp1itude Maximum Signal Minimum Signal
Amplitude Angle ¢ Amp1itude Angle ¢

[MHz] [dB] [dB] [0] [dB] (01
65 + 0.5 -1, -3 80, 260 -9, -10 165, 350
74 £ 0.25 -10, -7 45, 220 -15, =32 115, 320
101 * 0.5 ~6,-9,-6 0,185,360 -16, -13 105, 260
164 + 0.25 -6,-8,-6 0,190,360 -14, -12 110, 270

TABLE 90 Experimental data of the performance of the test transmitters
AD1 to A04 at hy=1.2m, pp=vertical, 6j=280.8% in proximity to ground.

The test transmitters A0 3and A0 4 perform best because the azimuthal ra-
diation patterns are symmetrical and follow the predicted pattern. The
test transmitters AO1 (65 MHz) and A02 (74 MHz) have a disturbed azimuthal
radiation pattern at py=radial, caused primarily by ground reflections
and by the elliptical polarization of the helical A1 antennas. However,
measurements of the dominant field components in the proximity of the TS
should be possible with a reduced accuracy.

The next test is concerned with the field homogeneity at pj=vertical and
radial at variable antenna heights without TS. The results are. shown in
TABLE 91 for both polarizations at 0.8 < hy <1.8m,
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VERTICALLY POLARIZED FIELD AMPLITUDE VARIATION AT VARIABLE ANTENNA HEIGHTS Hi

FREQUENCY RELATIVE FREE-SPACE FIELD STRENGTH Eo(h]) IN DECIBELS AT HEIGHT

[MHz] hy=0.8m h1=1.0m hy=1.2nm h]=1.4m h1=’|.6m h1=1.8m
65 + 0.5 +0.0 + 0.0 -0.0 - 0.5 - 0.5
74 + 1.0 + 0.5 + 0.0 - 0.5 - 1.0 -1.0
101 + 1.5 + 0.5 + 0.0 + 0.0 + 0.0 + 0.5
164 - 1.5 -1.0 + 0.0 +0.5 + 1.5 + 2.0

TOTAL FIELD AMPLITUDE AT P1=RADIAL/P2=VERTICAL AT VARIABLE ANTENNA HEIGHTS

FREQUENCY RELATIVE FREE-SPACE FIELD STRENGTH RELATED TO Ev AT Hi=1.2m,¢= 0°

[MHz] np=0.8m hy=1.0m hy=12m hy=14m h =1.6m hy =1.8m
65 ~10.5 -10.2 -10.0 - 9.5 - 9.0 - 8.2
74 -14.5 -13.5 -13.0 -12.5 -12.0 -11.0

101 -7.0 -6.6 - 6.0 - 5.0 - 4.5 - 4.5

164 - 6.0 - 5.5 - 6.0 -7.0 - 8.0 - 9.0

TABLE 91 Field homogeneities of the field components at pj = vertical
{above) and py=radial (below), measured along the theoretical vertical
axis of the TS (without TS) at ¢ =00 and pp = vertical. The reference field
strength is the FSL (0dB) , measured with py=vertical at hy=1.2m.

The upper data in TABLE 91 show that the field homogeneity at py=p2=
vertical is within 1.5 dB at antenna heights hy from 0.8 to 1.6m.

The data below in TABLE 91 are a measure for the transversal Gainy of the
antenna Ay, if Ay is assumed to be strictly linear polarized. The measur-
ed E¢gy is the superposition of:

Etgt = Eg cOS 87 + Eq sin 6§ +cosAp e« Gaint (245)

Ap is the unknown argument of the transversal Gainy. With (245), Egot and
Ay =00 one obtains a GainT*, which is the minimum of the actual GainT(Ap):

Measured Eyqt at pj=radial,pp = vert. Minimum transversal Gaint
<-6.8dB > - 10.5 dB
< -9.9d8B > - 14,0 dB
< -11.8 dB > -20.0 dB

Thus, one may assume that the transverse polarization is about -9 to -20
dB (mean valuesof TABLE 91, which are depending on the ground reflection)
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12, CompARISON OF IMPROVED EXPERIMENTAL DATA WITH THREe-Di-
.MENSIONAL CoMPUTATIONAL DATA

12.1. INVESTIGATED PARAMETERS

12.1.1. EFFECT OF THE FREQUENCY ON THE FIELD COMPONENTS AT FZYL AND MET

Let us first compare the previous experimental data of section 9. with
the new FZYL computational data of section 10.4.:

Gaing dat =0.1m
[dB]| Computed Data FZYL ¢ =180°

E, —— hg =10m
+5 B

° o~
Cd
2N /7N
AN
-10 S {
[ — \ I I \\
I 2

Experimental Data MET ‘ I// - -7 ‘/I I

-20 vaemcav 75 - 897 MHz \/ .
with AT1-AT8
-30- T T T T T T T T T T T T T T f
10 100 1000 [MHZ

FIGURE 92 Gainpg versus f at dat=0.1m and ¢= 1800. Comparison between
experimental MET data (9.1.1.) and computational FZYL data Ey and Ep.

FIGURE 92 shows the experimental MET data measured with the previous mono-
pole antennas AT1 to AT8 (8.3.1.) at 74,101,125, 158, 205, 250, 400, 562,
700 and 897 MHz. Theoretically these measuring data should be close to
the computes Ey curve. In fact, a good agreement is achieved at higher
frequéncies 250, 400, 562, 700 and 897 MHz. At lower frequencies, however,
the agreement is poor; the experimental data are generally much higher
than the computed Ey's. It seems to be evident that the monopole antennas
with their insufficient counterpoise do not only respond to the weak ver-
tical field component but also to the very strong radial field component.
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The experiments with the new test transmitters AO1 to AO4 prove the exis-
tence of the strong radial field components. The experiments are based on
the verified reciprocity theorem (9.1.5.) and in order to quantify the
effect of the proximity to the ground the experiments havebeen performed
twice: first experiment with s=0.2m, hy=1.2m (hg=1.0m) and second
experiment with s=0.7m, hy=1.7m (hg=1.0m). The results of the experi-
ments are shown in FIGURE 93 :
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FIGURE 93 Gaing versus f at dat=0.1m and ¢=1800. Comparison between
experimental MET data (obtained with the test transmitters AO1 to AO4)
and computational FZYL data at vertical and radial polarizations.
Standard experiments : full symbols, hy=1.2m, hg=1.0m, s=0.2m.
Experiments with reduced ground effects: empty symbols, hy=1.7m, hg=
1.0m, s=0.7m. (Test body separated by wooden spacers from the stage)

Vertical field components Ey : The experimental data agree within 3 dB
with the computational data, except at 75 MHz where the difference amounts
to 5 dB. If one would shift the computed FZYL-data by 5 % to the left the
agreement would be 2 dB. Thus, it could be that the actual resonant fre-
quency is about 5 % lower than computed. The effect of the proximity to
the ground is not very important, the differences are smaller than 3 dB.
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Radial field components E,. : FIGURE 93 proves the existence of the theo-

retical predicted radial field components. The E, are more than 10 dB

larger than Ey at dat=0.1. The experimental data agree within 2.5dBwith
the computational data, except at 164 MHz where the difference amounts to
4 dB. Similar to the Ev-components, a better agreement could be achieved
(but only for 65, 74 and 101 MHz) by shifting the FZYL-data by about 5 %
to the left. The proximity to the ground results in a 2 dB difference at
65 and 74 MHz and a 4 dB difference at 101 and 164 MHz (s : 0.7/0.2m).

12.1.2. EFFECT OF ANTENNA HEIGHT AND PROXIMITY TO THE GROUND

The computational data are valid for a body in free space, for a standard
relative antenna height hB==0.1 m and for a standard irradiation angle ei
of 80.80. The experimental data are obtained from a test body in proximi-
ty to the ground due to the reasons explained in section 5.3.1.. The an-
tenna-body system is a resonant circuit as we can see from FIGURE 93. Any
resonant system is very sensitive to external influences so that in our
case the antenna-body system may change its function (e.g., resonant fre-
quency) in proximity to the ground. In order to check if hB is an excep-
tional relative antenna height (i.e., not a representantive height) and
in order to quantify the effect of the proximity to the ground both hB
(relative antennaheight) and h] (absolute antenna height) were varied and.
compared with the computational data in FIGURES 94 a,b,c,d.

Effect of the proximity to the ground : The FSL vary only by A<2 dB from
1.2<hy<1.7m. The computed data are calibrated to FSL (s =0.2m) and to
'FSL' (s =0.7m). A strong influence of the proximity of the ground is on-
1y noticed at Ey (65 MHz) and E, (74 MHz) due to the different Ey(hg) pat-
tern. At a fixed hg of 1.0mthe differences due to ground proximity are
well below 3 dB for all E, and E.

Effect of the relative antenna height : Generally, the E, components in-

crease with increasing hg (except at 164MHz, where Ey is almost constant)
and vary up to +5dB in the range 0.8<hg<1.2m. The E, components are
much lower than E,. and vary up to £5dB in the same range. An hg of 1.0 m
is not an extraordinary antenna height: only at 74 MHz the Ey of the iso-
lated body (s=0.7m) is close to a point of inflexion.
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12.1.3. EFFECT OF THE ANTENNA-BODY DISTANCE

FIGURE 92 and 93 revealed very low Ey's above 100 MHz and large Ep's at
frequencies between 50 to 300 MHz at dat=0.1m and ¢=180°. FIGURES 95a,
b and ¢ show the corresponding data for d3+=0.2, 0.3, and 0.4m. Similar
to FIGURE 92 the experimental E, data above 250 MHz agree best with the
computational data, the typical error is less than 2 dB. At Tower fre-
quencies the experimental E, and Ey follow the computed patterns and the
agreement between experiment and computations is generally better than 4
dB. The comparison of the experimental and computational pattern leads to
the assumption that the MET body resonates about 5% lower than the FZYL.
This effect could be explained by the larger circumference of MET (sharp
cylinder ends) compared with FZYL (round end caps). FIGURES 95 a,b,c show
clearly the increase of Ey with increasing dat and the decrease of Ep with
increasing dyt. FIGURE 95c¢ demonstrates the equilibrium of Ey and E, at
dat = 0.4m 1in the frequency region 75 to 170 MHz experimentally and the-
oretically. At smaller dyt the radial component E, is dominant and can be
observed from minimum 40 MHz to maximum 500 MHz.
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FIGURE 95a Gaing versus f at ¢= 180° and dat=10.2m. Comparison between
experimental MET data and computational FZYL data. Standard experiments
with 6;=80.8%, hy=1.2m, s=0.2m, hg=1.0m with AO1-4 and AT 3-8.
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12.1.4. EFFECT OF THE FREQUENCY ON THE FIELD COMPONENTS AT A HUMAN BODY

The experimental data in section 9.1.2. revealed only small differences
between the test bodies MET, PHA and SUB at larger dat's. Thus, the ex-
perimental SUB data and the two computational data MANMOD 1 and2 are pre-
sented in FIGURE 96 for the most critical antenna-body distance dat=0.1
in the shadow zone ¢=180°:

Gaing dat=0.1m
[dB]] Computed Data ¢ =180°
—_—— hg =1.0
+s FEr MANMOD 1 B m
Ey —— —
E, ————— PA =
ol & MANMOD 2 / AN
Ey ——m S T <~ )
- ,________—_-_—:f// j ! I T \\'7<\
] . | 1 i h\
v | \\
_._A_._,___'____._—__;. e ! A\ ,/
oy T §\'\\ _! N 7

Experimental Data SUB ‘-"\ i N7

i N \ \ 1
4 radlel  hi=t2m | ~—. N 2
| vertical / -.
AO1-4 v/ \/'\ /.
1 & radial -1 \ . w _\
—20 C ;:rtlcal hy=17m ~ - "\l--\
] e vertical hy=1.2m AT 3-8
] f
—30 T T T T LI B L | T T T T LR |
10 100 1000 [MHZ]

FIGURE 96 Gaing versus f at dat=0.1 and ¢= 180°. Comparison between ex-
perimental SUB data and computational MANMOD 1 &2 data for E, and Eyat two
different absolute antenna heights. Full symbols : hj=1.2m, hg=1.0m,s =
0.2m 3 empty symbols : hy=1.7m, hg=1.0m, s=0.7m.

Vertical field components Ey: 9 of the 11 experimental data agree with the
the MANMOD 1or 2- data within 3 dB. The experimental 400 MHz Ey is 4.5 dB
higher than computed and the experimental 101 MHz Ey is 6.5 dB larger.

Radial field components Ey : Al1 investigated frequencies prove the exis-

tence of the very large radial field components. The maximum difference
between experiment and theory amounts to 3 dB (s=0.7) and 5 dB (s=0.2m).
The radial field component at a human body is up to 10 dB larger than the
vertical component. Much higher radial fields were recorded with decreas-
ed dyt , but are not presented here due to insufficient accuracy.
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12.1.5. AZIMUTHAL RADIATION PATTERNS OF MET, SUB, FZYL AND MANMOD 1 & 2

The azimuthal radiation patterns at frequencies above 200 MHZ (above re-
sonance) have been treated in section 9.1.2. (TABLE 60) and 9.1.3. (FIG-
URE 59) since they could be explained with the simple two-dimensional

computations on the IZYL model.

The following FIGURES 97a,b,c,d show the experimental and the computa-
tional azimuthal radiation patterns at 65, 74, 101 and 164 MHz at dat =
0.1m of MET and FZYL, and FIGURES 98a,b,c,d that of SUB and MANMOD1 &2.
The experimental data have been recorded with the test transmitters AO1
to AD4 (11.3.) in proximity to the ground (s=0.2m, hy=1.2m) and repre-

sent realistic azimuthal radiation patterns for practical applications.

Because complete 0-180-360° revolutions have always been recorded, two
0-180° recordings may appear for the vertical component Ey and the ra-
dial component E, due to the asymmetry of the test set-up (antenna mani-
pulator, radial antenna not perfectly adjusted in the horizontal plane).
For the following discussion of the comparison between experimental data
(MET and SUB) and computational data (FZYL and MANMOD1 & 2) the mean value
of the experimental data at the distinct angle ¢ will be regarded.

65 MHz : The MET E, agree with FZYL Ey at ¢>100° within 3 dB, but at 0°
the MET Ey are up to 14.5 dB higher than computed. Comparing MET with the
FZYL data at 50 and 60 MHz one may assume that the discrepancy is caused
by a Tower resonant frequency of MET. The MET E, agree, however, with FZYL
E. for all ¢'s within 3 dB.

The SUB E, agree with MANMOD1 &2 at ¢>90° within 4 dB, but at 0° the SUB
E, are up to 10 dB -higher than computed. The SUB E, agree, however, with
MANMOD 1 E, for all ¢'s within 3 dB.

The minimum radial component is always stronger than the maximum vertical
component. Using the radial component for omnidirectional transmission an
improvement of 7 to 13 dB (MET) and of 0 to 4 dB (SUB) can be achieved in
realistic conditions.

74 MHz : The MET E, agree with FZYL E, at ¢>140° within 3 dB, but do not
show the extreme loss at 1109, caused perhaps by a cross talk of the hor-
izontal component of the elliptical polarized Ay antenna. The SUBE, agree
with the FZYL E. for all ¢'s within 4.5 dB.
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74 MHz : (continued) The SUB E, agree with MANMODZ2E, at ¢>90° within 3
dB, but at 0-900 the SUB Ey are up to 13 dB higher than computed. The SUB
E, agree with MANMOD 1 Ey for all ¢'s within 6 dB.

Generally the minimum radial component is always stronger than the maxi-
mum vertical component (except SUB: ¢=0°). Using the radial component,
the omnidirectional transmission can be improved by 12 to 14 dB (MET) and
5.5 to 8 dB (SUB) in realistic conditions.

101 MHz : The MET Ey agree with FZYL Ey at all ¢'s within 5 dB. A much
better agreement could be achieved by comparing MET E, with FZYL Ey at 85
to 95 MHz (see FIGURE 77 c). One may assume that MET resonates 10 % lower
than computed (MET : sharp cylinder ends, FZYL: round end caps). The MET
Ey agree with FZYL E,. at all ¢'s within 5 dB, compared with FZYL Ey at 95
MHz within 3 dB.

The SUB E, agree with MANMOD 1 Ey at ¢ <900 within 3 dB, but at 90 to 1800
the SUB E, are up to 8 dB higher than computed. The SUB E,. agree with
MANMOD 1 E, at all ¢'s within 5 dB.

The minimum radial component is always stronger than the maximum vertical
component. Using the radial component, the omnidirectional transmission
can be improved by 15 to 17 dB (MET) and 5 to 8 dB (SUB) in realistic
conditions.

164 MHz : The MET Ey agree with FZYL E(150 MHz) at all ¢'s within 5 dB,
and with FZYL Ey (162 MHz) within 3 dB. The MET E,. agree with FZYL Ey
(162 MHz) at all ¢'s within 5 dB.

The SUB Ey agree with MANMOD2 Ey at all ¢'s within 4 dB. The SUB E, agree
with MANMOD1E, at all ¢'s within 3.5 dB. (Only MANMOD1 &2 data at 150 MHz
are available)

Generally the minimum radial component is a]ways stronger than the maxi-
‘mum vertical component (except SUB: ¢=0°). Using the radial component,
the omnidirectional transmission can be improved by 14 to 21 dB (MET)
and 9 to 11 dB (SUB) in realistic conditions.

12.2. DISCUSSION OF THE LIMITATIONS OF EXPERIMENT AND COMPUTATION

Generally, the experimental data agree with the computational data within
+ 3 dB at all frequencies and antenna-body-distances as small as 0.1 m.
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Some experimental data in the resonance region differ more than 3 dB from
the computational data, especially Ey at ¢=00 in proximity to the ground
is larger than computed. However, the important data from the shadow zone
and the big difference between Ey and E, are of satisfactory agreement.
Taking into account the large signal range from -24 to + 6 dB the agree-
ment between experiment and theory is satisfactory. A difference of + 3
dB corresponds to a power variation of only 1% F.S., related to 0 dB =
FSL = 100 %.

The experimental errors are caused mainly by five reasons:

- Capacitive coupling of the body with the ground. The resonant frequency
depends on the proximity to the ground, as demonstrated by GANDHI et al.
[24] in FIGURES 4 and 6. In our experiments with s=0.2 and 0.7m the
difference amounts to maximum 3 dB at ¢ = 1800.

- Transverse polarization of the test antenna Ay. The applied helical
monopole and dipole antennas are elliptically polarized, so that theo-
retical signals below -10 dB can be superimposed by stronger transver-
sally polarized field components which determine the recorded data.

- Transverse polarization of the remote antenna Ap. The LPD antenna is
only specified for the 100-1000 MHz range. A cross-talk of transver-
sally polarized field components (see TABLE 91) is very probable.

- Symmetry of fields in the proximity of the test body. The antenna-mani-
pulator contains no metallic parts, but the dielectric material may
cause field disturbances. The test transmitters are not infinitesimally
small and the orientation of the antenna A1 may vary from the ideal
value by about 59, causing phase errors and thus amplitude errors.

- Position and shape of the test bodies. The metallic cylinder with its
sharp ends (vessel without top and bottom plates) does not correspond
completely to the computational cylinder FZYL with its round end caps.
The human test subject is not rotationally symmetric and during the
measurements a change of the position (vertical axis inclined by a few
degrees) and a change of the shape (breathing, etc.) cannot be excluded.
The shape of the human body is a very important factor in the resonance
region, and the computational differences between MANMOD1 and MANMOD 2
are in the same order of magnitude as the difference between the experi-
mental SUB and computational MANMOD data.
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The Timitatinns and the accuracy of the computational model have been
discussed in section 10.3.4.. Principally, the accurate computation is
limited to frequencies below 500 MHz with the standard parameter set and
each computational result needs to be carefully checked. The computation
of a test point is not accurate a priori: only if the frequency, the po-
sition of the test point and the test segment length have been varied,
without large changes of the result, are the computational data reliable.

The computational errors are caused mainly by three reasons:

- At small dat one can only compute the averaged field components in the
environment of the selected test point.

- The computational field data depend very much on the shape of the body.
If the body model is of complicated shape (MANMOD1&2) the standard
number of contour points is at the lower limit and the field data vary
greatly at small variations of dy¢, hg and f. The experiments in 9.1.1.
have lead to the conclusion that the body material is of little signi-
ficance at dyt above 0.05 m and f above 200 MHz. Thus, the computation-
al model for a human body should be first adapted to the asymmetric bo-
dy shape and for frequencies below 200 MHz later on to the body materi-
al. However, an improvement of the body model is of secondary signifi-
cance with respect to the practical applications of the obtained data,
because the agreement between experimental and computational data is
already satisfactory for the fields outside the human body.

- Computational effort. The present state of art allows the computation
of 4 test points with a computational time of about 700 seconds on a
CDC 6500 computer. More accurate computations are only possible with
considerably improved computers with higher speed and more storage ca-
pacity.
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13, CoNcLUSIONS AND PERSPECTIVES

13.1. IMPORTANT INVESTIGATED PARAMETERS OF THE ANTENNA-BODY SYSTEM

13.1.1. OVERVIEW OF THE INVESTIGATED ANTENNA-BODY SYSTEM

The purpose of the antenna-body study has been defined in section 2.. A
standard test situation according to FIGURE 11 has been selected which
represents the actual operational conditions on one hand and which could
be computed on the other hand. Different antenna-body models have been
computed and the results have been compared with corresponding experi-
mental data obtained with representative body models. Arelatively simple,
analytically treatable, computational model was found which explains the
effects of the human body on the EM field at frequencies above 200 MHz.

A more complicated, numerically treatable, computational model was found
which explains the effects in the entire investigated frequency range from
10 to 1000 MHz. Reliable experiments could be performed in the frequency
range from 65 to 900 MHz. The agreement between theory and experiment was
generally better than 3 dB (corresponding to a 1 % F.S. accuracy at power
levels ranging from -25 to + 6 dB) with some few exceptions at extremely
small antenna-body distances (see section 9. and 12.).

Interesting systematic computable correlations were found among frequency,
body geometry, relative position of the antenna and transmission loss.
The main question concerned the worst-case transmission loss in the azi-
muthal radiation pattern 0<4$<180%. The parameters determining the per-
formance may be listed in the order of their importance as follows:

- frequency (f) and size (length) of the test subject (L)
antenna-body distance (d¢)

polarization of the body-mounted antenna (p)
relative antenna height of the body-mounted antenna (hB)
lateral and sagittal diameter of the test subject {Dg)

- body material

The most interesting feature of the human body is the field polarization
transformation effect which will lead to a new class of electrically

small antennas for extremely close mounting on the human body. As found
by computations and experiments, omnidirectional transmissions with less
than 6 dB transmission loss are practically possible with antennas of less
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6x6x6cm dimensions mounted directly on the surface of the body. These
antennas can be used for transmitters and receivers in the frequency
range from about 60 to 160 MHz if the remote antenna Ay is vertical po-
larized, without biological problems at power levels up to about 2 W.

13.1.2. THE EFFECT OF THE FREQUENCY ON THE FIELD DISTRIBUTION

In the following discussions we regard only the p2=vertical polarization
at py=vertical, radial and horizontal. The pp=horizontal polarization
is of little practical interest with respect on omnidirectional trans-
mission, as can be seen from the data in section 10.3.5..

At pp =vertical the wavelength of frequencies between 10 and 1000 MHz are
of comparable magnitude 1ike the circumference (from head to feet) of the
human body. Thus one distinguishes three principal frequency regions:

- below 50 MHz : Rayleigh region (below first resonance)

- 50 to 200 MHz : Mie- or resonance region (including first resonance
at about 65 MHz, second resonance at about 140 MHz,
and first anti-resonance at about 100 MHz)

- above 200 MHz : Optical region (above second resonance)

Vertical polarized E-field components (pj= vertical) : Considering FIGURE

77 one notices the largest transmission Lossg above 85 MHz at ¢ ~ 180°.
Comparing the d,{ dependences in FIGURE 78 one notices the largest Lossg
at minimum dy¢. Thus, we have to Took at only the Gaing versus f diagrams
at ¢=1800 at dy¢=0.1m for maximum Lossg considerations, e.g., FIGURES 92,
93 and 96. At a given (small) day the Lossp is relatively small (10 dB)
and almost constant from 10 to 50 MHz. Below the first resonance a body
is not transparent for EM-waves as could be assumed from the well-known
radar cross section (RCS) pattern in FIGURE 17, if we regard small dat's.
From 50 to 65 MHz Lossp decreases a few, but less than could be assumed
by the RCS pattern. At 65 to 120 MHz Lossg increases drastically (especi-
ally at ¢~ 909, see FIGURE 77c), amounting to 15-20 dB at d ¢ =0.1m. From
about 150 to 1000 MHz Lossg remains large as demonstrated best by FIGURE
72. The best agreement between theory and experiment is obtained at fre-
quencies above 200 MHz, due to the small radial Ep's above 200 MHz.

Radial polarized E-field components (pj=radial) : The radial Lossp ver-
sus f pattern is completely different from the vertical Lossp pattern.




- 213 -

The radial field is maximum at minimum dat and is almost independent f'
¢ in the frequency range from 60 to 250 MHz. At frequencies below 30 M
the radial component is small and the minimum is located at ¢=00 (FIG|
77 ) The radial component becomes interesting above 50 MHz, and its pre
perties are best demonstrated in the Gaing versus f diagrams at ¢=18(
(FIGURES 92,93 and 96). Lossg decreases considerably from 50 to 65 MHz
and at dy=0.1m an actual gain of some dB can be observed. A first Los
maximum of about 5 dB occurs at about 100 MHz, but not so accentuated :
in the vertical polarization. A second Lossg minimum is at about 150 Mt
with about 1 to 3 dB. With increasing frequency Lossp increases, too. f
frequencies above 250 MHz Lossp is higher than 6 dB (¢= 0%, FIGURE 77b
and above 350 MHz the maximum radial Lossg is larger than the maximum
vertical Lossg. However, at ¢=1800 the radial Lossg remains small up t
about 400 MHz (FIGURES 93 and 96).

The experimental and computational azimuthal radiation patterns in FIG-
URES 97 and 98 reveal excellent omnidirectional characteristics with up
to 11 dB (human test subject) and 21 dB (metallic cylinder) better per-
formance than compared with the vertical component. For practical appli
cations the radial component is limited to frequencies between first and

second resonance, that is about 50 to 200 MHz.

Horizontal polarized E-field components (pj=horizontal): The transmis-

sion Lossp at horizontal polarization is of little practical significanc
as demonstrated with FIGURE 77. At ¢=0 and 1800 Lossg is very high, onl
at ¢=900 a Lossg of less than 20 dB is noticed. Small losses, but only
for ¢ around O and 1809, are only obtained at p2 = horizontal which we

do not discuss here. Some data for that case are to be found in TABLES
69 and 70 and in the Appendix 16.2.4. for the frequencies 65 to 425 MHz.

13.1.3. THE EFFECT OF THE ANTENNA-BODY DISTANCE

In the following discussion we regard again only the pp = vertical polar-
jzation. From the practical point of view the small dat's are of main
jnterest, but only the knowledge of the Gaing-dat dependence lead to an
understanding of the shape of the azimuthal radiation patters.

Vertical polarized E-field components (pj=vertical): As long as dat is
smaller than A\/4 the transmission Lossp increases with decreasing dat.
At larger dat's standing waves with highly varying Lossp are observed.
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The human body consists of a material which reflects an EM wave similar
to a perfect conductor (see details in section 5.2.4.). The reflection
factor for the E-component is thus -1, so that the superimposed signal
from scattered and incident field is maximum at da¢vA/4 at ¢=0 (see
FIGURES 56,57 and 68). A similar situation occurs at ¢=90°, where the
maximum is at dat~ A/2. At such extraordinary dat/¢ conditions the trans-
mission Lossg is very Tow or even a gain of some dB can be measured, so
that the human body can be regarded as a reflector similar to the reflec-
tor of a Yagi antenna. A quasi-parabolic antenna can be arranged with 3
persons (FIGURE 54), effecting a directive gain of more than 4 dB. Con-
sidering the fact that + 3 dB is the double power, this result is quite
interesting. This A/4 to A/2-effect (depending on ¢) is also observed in
daily 1ife, if one approaches a mobile receiver (e.g. FM, 80 to 120 MHz)
which is tuned to a weak radio station : at some distances the signal is
very clear and varying some centimeters distortions can be heard. Thus,
for frequencies above 300 MHz practical antenna-body distances may be
larger than A/4, effecting large Lossg variations in the azimuthal radi-
ation patterns (see e.g. FIGURE 59), which can now be understood and well
predicted.

Radial polarized E-field components (pj =radial): The radial field effect

occurs only in the proximity to the body, as can be seen in FIGURE 78. At
very small dat and frequencies between 50 to 250 MHz the Lossgis very low

or even a gain can be observed, independent on ¢. In this frequency range
Lossg decreases considerably with decreasing djt, e.g. from 11dB/dy¢ =
1.0m to -2dB/dat=0.05m at f = 150 MHz and ¢ =180°. At about dy¢=0.3m
the amplitude of the radial components are as large as the amplitude of
the vertical components, and above 250 MHz a similar, but inverted pat-
tern like the dy¢/Gaing versus X in the vertical component can be noticed.

Horizontal polarized E-field components (pj=horizontal): The horizontal
components depend 1ittle on dat, because they are essentially only the re-
sidual, little disturbed horizontal components of the incident field (see
effect of the irradiation angle in FIGURE 76).

13.1.4. THE DOMINANT RULE OF THE RADIAL E-FIELD COMPONENT

At frequencies from about 50 to 200 MHz (first to second resonance of the
human body) the human body acts 1ike a very efficient polarization con-
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verter. The only conditions are : dy¢ below 0.3m and pp = vertical. At
dat =0.1m the transmission loss amounts to + 5 dB which is much better
than the widely varying transmission Lossg of -4 dB to -20 dB obtained
with a vertical polarized antenna. The mechanism of the polarization
transformation effect can be briefly summarized as follows:

- Receiving case: We assume a standing human test subject, irradiat-
ed by a plane, mostly vertical polarized wave by a remote antenna
with an incident angle of 70 to 90°. At frequencies from about 50
to 200 MHz the relative and the specific absorption cross section
(FIGURES 3 and 4) 1is high. Thus, the body collects not only RF-en-
ergy corresponding to its shadow area, but also from outer regions
similar to a good receiving antenna with a Targe effective area.
The RF- currents are flowing mainly in the outer layers of the body
and surface charges are generated. Both currents and charges pro-
duce a scattered field around the body. Because the human body is
now the new RF-source, it is not astonishing that a certain field
component is largest very close to the surface, and because the
vertical and the horizontal components are weak, the radial compon-
ent must be large due to the total collected RF-energy (this expla-
nation is logical for a metallic body, but only partially accept-
able. for biological bodies). The source of the tremendous radial
field component must be the surface charges. The integral effect is
completely described by the Maxwell equations and is proven by ex-
periments. It explains the practically important transmission loss
or gain, but a further study on the detailed mechanism may be inter-

esting from the scientific point of view,

- Transmitting case: The reciprocity theorem (section 5.2.1.) says

that the transmission loss from Ay to Ay is the same as from Ay to
Ap. With this answer the explanation is given why a radial trans-
mitting antenna performs best, because the receiving case is math~
ematically clear. However, the detailed mechanism is not clear at
all, only in the integral sense is this explanation satisfactory

if we speak only of the transmission loss, which was the purpose

of this study. It might be that a radial antenna produces above

all large surface charges which evoke axial currents. These currents
are comparable to those in a thick mono- or dipole, producing a ver-
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tical polarized far field. As we shall see in section 13.3.2., an
applicable radial antenna will be equipped with a metallic plate on
the surface of subject, so that biological problems can be excluded
at reasonable RF-power (body shielded from the large reactive near-
field of the antenna). However, a future study on the detailed coup-
1ing mechanism might be of scientific interest. In this context it
should be mentioned that some unexplainable (parapsychological ?)
effects occured with the test transmitters described in section 11.
3. : Some test subjects complained to feel an irritating sensation
when the antenna was held radial to the head. Further, an irregular
signal could be heard on the monitor receiver if the transmitter
was positioned at two distinct points of the upper forehead and to
the wrist of the hands. It should be mentioned that the transmitters
were quartz stabilized (modulation only possible by selective RF-ab-
sorption) and that the CW power was much less than 10 mW.

Practical significance : The polarization transformation effect is

not only very important for specially designed radial antennas, but
also for most of the generally applied electrically small antennas,
such as the helical monopole antennas of walkie talkies : If self-
resonant, electrically small antennas are developed, it is very dif-
ficult to obtain a strictly linear polarization. There is always a
transverse polarization, e.g.,in the case of helical antennas with
its elliptical polarization (see Appendix 16.1.) the secondary polar-
ization axis increases with ﬂZDhZ/pA » where p is the pitch and Dy is
the helical diameter. Greatly simplified, the transverse polarization
is relatively large compared with the desired axial polarization, if
the helical antenna length h is small compared with A/4. In addition,
a helical monopole antenna would require a counterpoise of about /2
diameter in order to operated properly. Transmitting devices are,how-
ever, generally much smaller than A/4 (maximum housing dimension),
so that the electromagnetic counterpoise is not sufficient. As a con-
sequence, the antenna does not radiate the computed elliptical polar-
ized field, but also additional field components of arbitrary polar-
izations. For constant antenna and transmitter length the ratio of
radial to vertical polarization increases with decreasing frequency.
At frequencies of 100 MHz this ratio may amount to about -5dB, at
200 MHz to about -10dB and at 400 MHz to about -20 dB. Due to this
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inevitable transverse sensitivity (receiving case) and transverse ra-
diation (transmitting case) the transmission loss does not sharply
increase above 75 MHz (FIGURE 96) but increases slowly up to about
300 MHz (FIGURE 92). Above 250 MHz not only the investigated radial
effect is of smaller influence, but also the antenna and its counter-
poise approaches an ideal, strictly linear polarized radiation system.
In this case, the computed Gaing/f dependence for vertical polariza-
tion becomes accurate also for practically realizable mobile radio
sets. Thus, the unexpected good performance of practical body-mounted
antennas in the proximity of a human test subject at frequencies bet-
ween 50 and 200 MHz can be now explained by the polarization trans-
formation effect and the technically inevitable transverse polariza-
tion of electrically small antennas.

- Perspectives : The polarization transformation effect is of great
practical significance and could be proven theoretically and experi-
mentally. Only roughly has the dependence of the relative antenna
height been studied (FIGURES 94 a,b,c,d) and little is known about
this effect in extreme proximity to the human body. A future study of
the parameters d,; (0to0.1m), hg (0.8 to 1.8m), 8; (70 to 90°), body-
geometry and body material would be of great interest. Because the
computational cost would be very high (improved model of man with
more than 200 contour points required, investigation of the signifi-
cance of the body material, many dat and hg steps necessary), such a
future study should start with experiments. Test transmitters similar
to those described in section 11., but of reduced size, and an im-
proved antenna manipulator would be required.

13.2. INTERESTING ADDITIONAL FEATURES OF THE ANTENNA-BODY SYSTEM

13.2.1. THE BROAD-BAND CHARACTERISTICS OF THE HUMAN BODY

The presented study dealt with an antenna-body system where the antenna
Ay was separated from the body. In an other study the active radiation of
the human body was investigated (NEUKOMMM [631). Briefly summarized, the
main results of that study are:

- A thick monopole antenna was mounted on a large counterpoise and fed
properly by a continuously enlarge coaxial line according to HEILMANN
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[421, page 110. The radiation pattern of metallic rotational cylinder
of a diameter Dg=0.25m (diameter of a human body) and a monopole
Tength 1/2 Lg=0.9m (1/2 human size) was an omnidirectional pattern
in the azimuthal plane, with a gain of more than -3 dB at frequencies
between 60 to 200 MHz at an elevation angle of about 0 to 100. At
frequencies above 200 MHz a side lobe at an elevation angle of about
459 is developed, causing high losses at 0 to 109, The results agreed
partially with whose of KRAUS [51].

- The same experiment was repeated with a phantom (comparable with PHA
in section 5.4.1., but equipped with a similar feeding as mentioned
above). The astonishing result was, that the phantom showed almost
the same broad-band characteristics, with only little additional los-
ses: from 60 to 180 MHz an omdirectional radiation pattern was ob-
tained with a gain of more than -5 dB (reference: isotropic antenna).

- Actual experiments with human test subject could not be performed,
but there is no doubt that the human body would show a similar per-
formance. If an RF-current is flowing along the vertical axis of the
human body, it flows not only in the outer layers, but also in depths
of some centimeters (TABLE 1). Thus, the current carrying area is re-
latively large, resulting in a small resistance Rjgss. Due to the
shape of the human body ('thick cylinder') the radiation resistance
is relatively large compared.with the reactive impedance (general
theory of thick monopoles and dipoles). This means that the human bo-
dy is an efficient broad-band antenna for the frequency range 60 to
180 MHz, as proven with the phantom experiments.

Unfortunately, the practical feeding of the human body causes severe pro-
blems. Theoretical and experimental investigations by FISCHER and CASTEL-
LI [23] revealed the impossibility of the RF-coupling by means of a to-
roid. This idea looks very promising at first sight: A toroid coil gen-
erates a circular H-field in the horizontal plane and is theoretically
appropriated to induce an axial current in a body situated in the center
of the toroid. However, in the regarded frequency range 60 to 200 MHz the
circumference around the hip is larger than 0.12 X. Because of the heli-
cal construction of the toroid a phase difference of mimimum 90° occur
because the signal velocity along the toroid is reduced by a factor of

2 to 5 (see Appendix 16.1.), so that the induced axial currents are not
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in phase. Several improved feeding methods were suggested , including
segmental toroids and capacitive coupling, but up to now a practically
applicable solution is missing (FISCHER and CASTELLI [231).

The broad-band characteristics of the human body has its main signifi-
cance for personal radio sets with inefficient, poorly matched antennas,
as for instance wireless microphones in the frequency range 30 to 150 MHz.
Below 100 MHz the design of tuned, efficient and body-mounted antennas
for vertical polarization is very difficult. The main problems are the
detuning effect of the body proximity and the efficiency at small h/A
ratio. If a short monopole or dipole cable antenna is in the proximity
of the human body, the body acts like a lengthening of the antenna, as
can be noticed with any short-wave or ultra-short-wave receiver. If the
original antenna is relatively bad (general situation), the human body
is a considerable improvement. Since many transmitters operated with

such cable antennas (e.g. biotelemetry in the 37 MHz band), an investi-
gation of the active radiation pattern of the human body and a detailed
study on the coupling mechanism would be sensible. Principally, there are
two ways for a theoretica] analysis:

- Integration of the near-field data of section 10.4. along a multi-
dimensional antenna. By designing a special antenna with matched
amplitude- and phase- correlations along the selected polarization
axes the desired coupling might be obtained.

- Computing of aperture radiation according to HARRINGTON and MAUTZ
[401. In this case the RF-energy has to be coupled into the body
by means of surface electrodes or capacitive plates. This method
seems to be risky with respect to biological effects and encumbrance,
but perhaps an acceptable solution is possible.

13.2.2. BODY-MOUNTED ANTENNA ARRAYS

The presented study dealt essentially with body-mounted antennas of very
small dimensions, after having proved the field homogeneity around the
test points. The data computed in section 10.3.5. may be also used for
larger antennas, antenna arrays and antennas with more than one polariza-
tion axes. Such antennas would be of interest, if quasi-isotropic trans-
mission is required. For such applications the computer programs are al-
ready prepared to compute similar data for changing incident angles 0i.
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13.3. PROPOSALS FOR EFFICIENT, BODY-MOUNTED ANTENNAS

13.3.1. VERTICAL POLARIZED ANTENNAS

Most of the currently used antennas are vertical polarized. Construction-
al details can be found by GOUBAU and SCHWERING [321, KANDOIAN and SICHAK
[471, LI and BEAM [54], NEUKOMM [62,63], OEHEN and BALZARINI [67], TONG
1801 and WHEELER [85]. It is not possible to discuss these antennas here,
but the main limitations should be mentioned:

- Transmission loss of the vertical polarized E-field component. As
studied in this report, the transmission loss increases with increas-
jng frequency and with decreasing antenna-body distance. Above 100
MHz and djt below 0.1 m it is not possible to obtain a worst-case
transmission loss of less than 10 dB. Usually the transmission Toss
is physically limited on 10 to 30 dB at higher frequencies and smaller
dat's, and the largest loss occurs usually in the shadow zone.

- Bandwidth. If an electrically small antenna occupies only a small
fraction of the radiansphere (WHEELER [851), the bandwidth decreases
with decreasing volume (at constant frequency), if no additional
resistive elements are involved. If a body is near to the near-field
zone of ‘the antenna, severe detuning effects are most probable.

- Efficiency. Usually, the radiation resistance is small, decreasing
with decreasing volume of the antenna (at constant frequency).Each
additional loss (ohmic losses in the conductor, earth losses,matching
losses, etc.) decreases the efficiency. At frequencies below 200 MHz
an important loss is caused by the insufficient counterpoise of mono-
pole antennas.

A comparison of some helical antennas is given in Appendix 16.1.2. A spe-
cial group of non-resonant antennas are the cable antennas for frequen-
cies below 100 MHz: in contrast to the resonant antenna they may perform
better in proximity to the body as in free-space, but also here the over-
all loss, compared with an ideal dipole in free-space,is in the region of
5 to 20 dB.

13.3.2. RADIAL POLARIZED ANTENNAS

These antennas are up to now little explored. The test transmitters of
section 11.3. are notdeveloped for optimal efficiency and are not intend-
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ed for practical applications. FISCHER and CASTELLI [23] tried to design
some radial polarized antennas for practical applications and performed
some experiments with metallic and lossy body models (1/3 scale of MET
and PHA, see also section 5.4.1.). In principle, these antennas are short
helical monopoles with a top capacitor, mounted on a limited counterpoise
and feed from a 502 coaxial cable (FIGURE 99).

Top C-Helix mounted on Phantom FIGURE 99

Radial polarized antenna (Top
C-Helix) mounted on a Phantom.

Antenna dimensions:
h : 34 mm (monopole length)
Dp : 12 mm (helical diameter)
n : 1/2 to feeding point
592 to top C
(number of turns)

Counterpoise

Feeding

Helix
1 Dc : 47 mm (top C diameter)

. X Top-C . .
Coanial o Lc : 100 x 100 mm (dimensions of

Cable the counterpoise)
Body dimensions: (1/3 scale PHA)

Lg : 0.6 m (length)
- ~~o Dg : 0.084 m (diameter)

(Source: FISCHER and CASTELLI

\_/ el

The experimental data are of limited accuracy, because the measurements

have been performed in a very small anechoic chamber:

Bandwidth on metallic cylinder (1/3 MET) : 311 to 319 MHz
Bandwidth on model phantom (1/3) PHA) : 313 to 321 MHz
Minimum/maximum azimuthal gain on 1/3 MET : -12 dB / -5dB
Minimum/maximum azimuthal gain on 1/3 PHA : -16 dB / -9 dB
Bandwidth when mounted on a large c-poise : 309 to 317 MHz
Gain at vertical polarization " " : -0.5dB

A1l gain data are related to the ideal, isotropic radiator (0 dB), and
not to the FSL as usually used in this study. The comparison of the data
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with those studied in section 12.1ead to the following conclusions:

- The experiments of FISCHER and CASTELLI [23] are comparable to the
experiments in section 12. performed at 101 MHz (1/3 of the model
size = 1/3 of the nominal frequency). At this frequency the radiat
Gaing is minimum and amounts to -5 dB. The new measured data are
about 7 to 11 dB lower in the worst case.

- The efficiency of the presented radial antenna could be improved
by a larger counterpoise. The increase of the center frequency from
313 to 315 to 317 MHz from mounting on a large counterpoise to 1/3
MET to 1/3 PHA points to a too small counterpoise andefficiency loss.

The presented radial antenna is a promising solution, albeit the predict-
ed high gain could not be achieved completely. However, comparing the ra-
dial antenna with a standard vertical polarized antenna of similar volume
and mounting, the radial antenna prototype is already better in many re-
spects:

- High absolute gain when mounted very close to the body, little
variation of the field amplitude from 0 < ¢ < 360°

- Human body well shielded from the near-fields of the antenna (Safety)

- Simple mounting, small volume and 1ittle encumbrance

- little or no detuning of the resonant frequency when counterpoise
is sufficiently large

- Constant VSWR, direct matching to a 50Q coaxial line

- Little difference in gain when separated from the body (however,
axis of the antenna must be vertical when separated from the body).

The physically given disadvantage of all electrically small antennas, the
limited bandwidth, is of minor importance , because there are only very
small detuning effects from the body. The reduced efficieny (in context
with the extremely small length/A ratio) is balanced by abetter matching
but is still a subject for improvement.

The improvement of the radial antenna and the optimization of hg and djt
for frequencies between 50 and 200 MHz would be an interesting field of
research. The literature on electrically small antennas and the experi-
mental and theoretical data in this study may lead to practical body-
mounted antenna with better performance and less biological risks.
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13.4. THE OPTIMAL FREQUENCY RANGE FOR BODY-MOUNTED ANTENNAS

13.4.1. CONCLUSIONS FROM THE OBTAINED DATA

As a result of this study the optimal frequency range for omni-direction-
al transmission with body-mounted antennas can be defined as follows:

OPTIMAL FREQUENCY RANGE : 35 TO 180 MHz

Some remarks are needed with respect to the practical use of personal ra-
dio sets. The antenna type, the antenna efficiency, the dimension of the
radio set, the matching of the antenna to the RF-terminal and some other
factors may lead to a slightly different choice. Thus, we may define
four categories of optimal frequencies:

- 35 to 65 MHz : Strictly vertical polarized, well-matched, efficient,
electrically small antennas (very theoretical, exist very seldom in
practice).The transmission Toss is minimum at 65 MHz and increases
slightly with decreasing frequency. The Tower the frequency, the more
difficulties occur with bandwidth, detuning and efficiency.

- 50 to 200 MHz : Strictly radial polarized antennas. Good (experiment-
ally proved) and excellent (predicted theoretically) performance can
be obtained at small antenna-body distances in this range.

- 60 to 150 MHz : Technically realizable antennas with dominant verti-
cal polarization but additional transverse (radial) polarization,such
as helical monopoles on small transmitting and receiving devices, es-
pecially small walkie-talkies. The unexpectedly good performance in
moderate proximity to the human body is mainly caused by a cross-talk
of the radial component. Usually the transverse polarization was con-
sidered as an unavoidable lack of electrically small antennas. Above
150 MHz the design of more vertically polarized antennas becomes pos-
sible. As a consequence, the performance becomes better in free space,
but worse in the proximity to the body, because both transverse polar-
ization and radial component decreases with increasing frequency.

- 20 to 100 MHz : Cable antennas, inefficient, usually not matched an-
tennas of less than A/4 length (wireless microphones, biotelemetry
transmitters in the 37 MHz band). The human becomes a part of the an-
tenna due to different effects with resulting better performance.
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13.4.2. FUTURE FREQUENCIES FOR BIQTELEMETRY

As a member of the working group TC 62 of the IEC the author took part in
the preparation of the IEC document 62(Secretariat) 38 . This document
recommends new biotelemetry frequencies to be proposed at the ITU world
conference of frequency allocation. The official proposal concludes with:

8.1. A frequency band, ranging from 36.7 to 37.9 MHz, power 50 mW ERP,
should be reserved and allocated for biotelemetry.

8.2. Two frequency bands between 70 to 200 MHz, each of 1 MHz width and
with a power of 50 mW ERP, should be reserved and allocated for

biotelemetry.

The IEC document explains the special needs of biotelemetry, especially
the urgently requested international standardization of frequencies which
allow omnidirectional transmission with body-mounted antennas. It points
to the potential risks of frequencies above 300 MHz at power densities
above 10 pW/cm? and recommends therefore lower frequencies with only 50
mW effective radiated power (ERP). If the IEC recommendations became ac-
cepted at the ITU conference, at Teast 110 small band channels (37 MHz)
40 medium band channels (70 - 200 MHz) and 9 broad band channels (37, 70-
200 MHz) would be internationallyusable during the next 20 years.
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14, SUMMARIES

14. SUMMARY

The influence of the human body on the radiation pattern of body-mounted
antennas has been investigated in the frequency range 10 to 1000 MHz (be-
low,up to above main resonances of the human body). An analytically for-
mulated, computable antenna-body-model has been developed which explains
the correlations between the electrical field (amplitude and phase) and
antenna location (antenna-body distance dt and azimuthal rotation angle
¢) at frequeﬁcies above 200 MHz (above resonance region) at vertical po-
larization (E-field parallel to the largest axis of the body). With the
method of moments a computational antenna-body model has been investigated
which explains the correlations among electrical field, antenna location
(dat,¢, and relative antenna height hg)} and irradiation angle 6i, at all
polarization axes and frequencies, especially within the resonance region.
Experimental data with human test subjects and body models have been col-
lected with special measuring antennas and field generators at frequen-
cies between 25 to 900 MHz, whereby dat.¢ and hg have been varied continu-
ously (or in small steps) within large limits. The agreement between the-
oretical and experimental data amounted to 3 dB, except at extreme con-
ditions (measuring range: -20 to +5 dB). The main conclusions from the
complete study are: 1. There is a mathematical correlation between trans-
mission Toss (from a body-mounted to a remote antenna) and frequency, an-
tenna location, body geometry, and polarization. 2. Within 50 to 200 MHz
(just below first,up to just above second resonance) the human body (and
other, in material and geoemetry comparable bodies) acts Tike an efficient
polarization transformer. At dat below 0.3m a radial polarized , small
antenna allows omnidirectional (i.e. little depending on ¢} transmission,
where the transmission loss decreases with decreasing dyt. Even a gain
compared with an ideal isotropic radiator in free space can be achieved.
3. The antenna-body distance dat is the parameter of greatest influence
in antennas close to a body. Especially at frequencies above 200 MHz and
vertical polarization the dyt determines the different reflections of the
E-field at the body and determines the azimuthal radiation pattern of the
antenna-body system. 4. The shape of a (lossy) body is much more import-
ant than the (biological) material. 5. The reciprocity theorem is appli-
cable on body-mounted antennas, as experimentally proven at low power,
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at frequencies between 65 and 900 MHz, and at dyt ranging from 0.05-4m.
6. The optimal frequency range for omnidirectional transmission with bo-
dy-mounted, electricai]y small antennas is between 35 to 180 MHz, as re-
sulting from both theoretical and experimental data.

The order of magnitude of electric and magnetic field strengths of the
near-fields of electrically small antennas have been approximatively de-
termined and compared with the maximum permissible limits of internation-
al safety standards. At higher transmitter power (above approximately 100
mW, very much depending on antenna type and location) these limits may

be exceeded, especially by walkie-talkies with vertical polarized helical
antennas. Based on the recent results on the biological significance of
non-ionizing radiation, RF-induced biological effects are possible, above
all at frequencies above the first resonance. These effects may lead to
artifacts (Biotelemetry transmitter) and perhaps to health hazards (trans-
mitters of walkie-talkies). Comparing a standard antenna (e.g. vertical
polarized helical antenna) with a radial antenna at the same extreme an-
tenna-body distance (below 0.1 m) and at the same input power, the radial
antenna does not only decrease the risk, but also offers a smaller trans-

mission loss.
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14.2. ZUSAMMENFASSUNG

Der Einfluss des menschlichen Kdorpers auf das Strahlungsmuster von korper-
nahen Antennen wurde im Frequenzbereich 10 bis 1000 MHz (unterhalb bis
oberhalb der Hauptresonanzen.des menschlichen Korpers) untersucht. Es
wurde ein analytisch beschreibbares, berechenbares Antennen-Kérper-Modell
entwickelt, das die Zusammenhdnge zwischen elektrischem Feld (Amplitude
und Phase) und Antennenposition (Antennen-Korperabstand dat und azimutalem
Drehwinkel ¢) bei Frequenzen oberhalb der Hauptresonanz ab 200 MHz bei
vertikaler Polarisation (E-Feld parallel zu Korperldngsachse) erkldrt. Mit
der 'Method of Moments' wurde ein numerischberechenbares Antennen-Korper-
Mode11 untersucht, das die wichtigen Zusammenhdnge zwischen elektrischem
Feld, Antennenposition (dat, ¢ und relativer Antennenhdhe hg) und Ein-
strahlungswinkel 65 bei allen Polarisationsrichtungen und Frequenzen,ins-
besondere im Resonanzbereich, erkldrt. Experimentelle Daten mit Versuchs-
personen und Kdrpermodellen wurden im Frequenzbereich 25 bis 900 MHz mit
Hilfe von speziell entwickelten Messantennen und Feldgeneratoren gesammelt,
wobei dat,¢ und hg kontinuierlich (oder in feinen Abstufungen) in weiten
Grenzen variiert wurden. Mit Ausnahme bei extremen Bedingungen wurde eine
Uebereinstimmung von 3 dB (Messbereich -20 bis +5 dB) zwischen den ex-
perimentellen und berechneten Daten erzielt. Die wichtigsten Folgerungen
aus der gesamten Untersuchung lauten: 1. Es besteht ein mathematischer Zu-
sammenhang zwischen Uebertragungsverlust (von kdrpernaher Antenne zu ent-
fernter Antenne), der Frequenz, der Antennenposition, der Korpergeometrie
und den Polarisationsrichtungen. 2. Innerhalb 50 bis 200 MHz (knapp unter-
halb erster bis knapp oberhalb zweiter Resonanz) wirkt der menschliche
Kérper (und andere, geometrisch und materiell vergleichbare Kdrper) als
effizienter Polarisations-Transformator: Bei dat unterhalb 0.3 m erlaubt
eine radial polarisierte (d.h. E-Feld radial zur Korper-Lingsachse) klei-
ne Antenne eine omnidirektionale (d.h. wenigvon ¢ abhdngige) Uebertragung,
wobei der Uebertragungsverlust mit abnehmendem dat abnimmt und sogar ein
Gewinn gegeniiber einer idealen, isotropen Antenne im freien Raum mdglich
ist. 3. Der Antennen-Korperabstand dat ist der wichtigste Parameter bei
kdrpernahen Antennen. Speziell bei Frequenzen oberhalb 200 MHz und verti-
kaler Polarisation bestimmt dat die unterschiedlichen Reflexionen des
E-Feldes am Korper und damit die Azimutal-Strahlungsdiagramme des Anten-
nen-Korper-Systems. 4. Die Form des (verlustbehafteten) Korpers ist von
weitaus grosserer Bedeutung als das (biologische) Kérpermaterial.
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5. Experimente im Frequenzbereich 65 bis 900 MHz bei kleinen Leistungen
(1-10 mW) und dat von 0.05 bis 4mhaben gezeigt, dass das Reziprozitdts-
gesetz auch firelektrisch kleine, kdrpernahe Antennen gilt. 6. Aus Theo-
rie und Experiment geht hervor, dass der optimale Frequenzbereich fiir
omnidirektionale Uebertragung mit kleinen, kdrpernahen Antennen zwischen
35 und 180 MHz liegt.

Die Grossenordnung der elektrischen und magnetischen Feldstdrken im Nah-
feld elektrisch kleiner Antennen wurde abgeschdtzt und mit den entsprech-
enden zuldssigen Grenzwerten internationaler Sicherheitsvorschriften ver-
glichen. Bei hoherer Sendeleistung (ab ca. 100 mW, Grenze sehr stark von
Antennentyp und Position zu Korper abhdngig) werden diese Grenzwerte
iiberschritten, besonders von Funksprechgerdten mit vertikal polarisierten
Helix-Antennen. Auf Grund der neuesten Erkenntnisse sind, vor allem bei
Frequenzen oberhalb der ersten Resonanz, HF-induzierte biologische Effek-
te moglich, die zu Artefakten (Biotelemetrie-Sender) und Gesundheits-
schiden (Funksprech-Sender) fiihren konnen. Vergleicht man eine Standard-
antenne (z.B. vertikal polarisierte Helix-Antenne) mit einer Radial-An-
tenne bei extrem kleinen Antennen-Korperabstinden (dat kleiner als 0.1 m)
so kann mit der Radial-Antenne bei gleicher Eingangsleistung nicht nur
das Sicherheitsrisiko, sondern auch der Uebertragungsverlust verringert

werden.
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16.1. HELICAL ANTENNAS

16.1.1. PROPERTIES, DESIGN, EFFICIENCY MEASUREMENT AND MATCHING

A helical antenna is a typical electrically small antenna. Its maximum

dimension is a small fraction of the wavelength. The "normal mode" heli-
cal antenna (FIGURE 106) consists of a helical conductor in the shape of
a long cylinder with the diameter D (Dp<<A) and with the axial (mono-

pole) length K (h<2A/4). The polarization of the radiated E-field is el-
Tiptical, with a dominant axis parallel to the helical cylinder axis (see
FIGURE 106, bottom). The radiation pattern is very similar to that of an
ordinary whip antenna. i.e. maximum radiation radial to the helical axis.

Helical Normal Mode Antenna

o

Antenna

h =201\
+——>
°

Vertical Ey far-field
generated from the

L o g
@
= {E FIGURE 106
O Helical Normal Mode

vertical flowing an-

On tenna currents,
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Elliptical Polarization . .
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E,
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Ey p R
E g 2 p = pitch

The helix is a slow-wave structure. When used as a waveguide, the axial
phase velocity of the wave guided by the helix is less than the velocity

N
>

E]

»

of Tight in free space. Accordingly, the resonant length of a helix is
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shorter than the corresponding resonant length of a linear wire antenna.
Thus, one may reduce the axial length h by a factor of 3 to 8 without
adding external tuning elements. Compared with the short (non-resonant)
whip antenna one obtains a better current distribution (see FIGURE 107),
resulting in a higher radiation resistance:

FIGURE 106
Current distribution

Current Distribution on the Helix

on the helical antenna

z: vertical antenna
‘axis

I: current in the

conductor

h= A/10

The radiation resistance of a half-wave helical dipole can be evaluated
by integrating the far-field Poynting vector over a large spherical sur-
face. For a thin half-wave helical dipole of length 2h, an approximate
expression for the radiation resistance is : (LI and BEAM [54])

Rrad Helix = 1280 (h/A)2 [Ohm] (246)
As a comparison, the radiation resistance of a small linear dipole of
the length 2h and with linear (triangular) current distribution is

Read Whip = 790 (h/A)? [Ohm] (247)

Hence the radiation resistance of a small-diameter half-wave helical di-
pole is approximately 62 percent greater than that of a small linear di-
pole of the same length. If the antennas are operated above a perfect
ground, the radiation resistances are reduced by a factor of 2 and one
obtains the values of KANDOIAN and SICHAK [47]

Rpaq Helix above ground = (25.3 h/A)" [Ohm] (248)
Rrad Whip above ground = (20 h/x)? [Ohm] (249)
Principally, there are four methods to design a helical antenna:

1. Computat{on with the method of moments: OEHEN and BALZARINI [67] adapt-
ed an existing antenna modelling program (BURKE and SELDEN, Microfiches
AD - 767 420, 1973) to the helical dipole problem. This method is very
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accurate, if the number of subsegments is large enough (~ 200) and of-
fers many results : impedance, gain, bandwidth, effect of near-by con-
ducting surfaces, etc. The ROUND HELICAL DIPOLE (RHD) in FIGURE 107
has been computed with this method, and the experimental dat.a (16.1.2.)
agree quite well with the computed data. However, this method is very
expensive and should only be applied for antenna optimization.

Analytical approach. LI and BEAM [54] investigated the characteristic
equation for helical waveguide and presented the results in nomograms.
This method offers an insight in the complicated correlations between
antenna geometry, bandwidth and general performance.

Approximative computation. KANDOIAN and SICHAK [47] evaluated approxi-
mative computational methods, which were adapted by TONG [80] for com-
putation on pocket calculators. For a given antenna length (h), dia-
meter (Dp) and wavelength (A) the number of turns (Nj) respectively
the number np=Np/h can be approximatively computed for long helices:

lognp = 0.4 (log(%-- 4) + log (%-+ 4) + 0.5 Tog A - 3 Tog Dh]-l (250)

This method offers data for design with an accuracy of about 20 %, if
h/x is not smaller than 1/10 and if Dy is smaller than 0.3 h.

. Experimental approach. If a network analyser anda small anechoic cham-

ber is available, a well performing helical antenna can be designed as
follows: For a monopole helical antenna a wire of a length of A/2 is
wrapped in a shape of a helix with the desired Dy and h. The ‘'hot end'
is contacted on a large counterpoise, and the feeding coaxial cable
(inner conductor) is contacted at the mth turn (m¥N/10) from the now
grounded 'hot end'. The Smith Chart (see FIGURE 109) shows the reso-
nance frequency, the bandwidth and the input impedance (transformed
Rrad * Rigss @t fpes). Varying the feeding point (changing m) one ob-
tains a match to 50 Ohm (with a resulting relative bandwidth) and by
cutting the upper antenna ends one obtains the wanted resonance fre-
quency, because the initial f., is usually ~ 30% too small.

The problems of all helical antennas are : 1.) small bandwidth , 2.) re-
duced efficiency, 3.) low radiation resistance,4.) sensitivity to detun-
ing effects from proximity to obstacles, 5.) transverse polarization.

Because the helical is an electrically small antenna the fundamental laws
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HELICAL DIPOLE ANTENNA RHD

Specifications:

GEOMETRY :
LENGTH ho: 2w
DIAMETER D, : 2cn
WIRE DIAMETER Dv : 2w
NUMBER OF TURNS M, ;18
T COMPUTER DATA
Rama— EFFICIENCY ErF @ 94 %
GAIN VERT, POLARIZATION Gyggr: +14 DB
GAIN HOR, POLARIZATION Guop ¢ - 17 DB
50 Owm RADIATION RESISTANCE Ry ¢ 9.2 Onm
COAXTAL
NETWORK ANALYSER DATA
RESONANT FREQUENCY Fres ¢ 236 MHz
BANDWIDTH (-3 oB) Bv : 17 Miz
INPUT RESISTANCE Re 24 O

[P
Dh

Azimuthal Radiation Pattern of the Helical RHD
Dipole Antenna

——— ANTENNA FREE SPACE
= ANTENNA ON THE CHEST.dat= 5 cm

Evertical
4 (e8] — - == ANTENNA DORSAL.dat= 5 c#
0 - ~. o
Pt \\\ e —
s N Ve
-10 "/ .‘\. \‘:\
4 N
__ 7 ¥ AN
-0 ¥ i
1 HEART
HEART
-30
¢
-180 o aso 9]
E horizontal
r 3 E‘Eﬂ
0
™~ ~. - -
-10 N .
~ —
-20 .
\. !.
v/
=30 1 v

180 . o <80  [9]

FIGURE 107 (above)
FIGURE 108 (left)

Round helical dipole
(RHD)

mechanical details,
computer predictions
(antenna modelling pro-
gram, see [671)

network analyser data
and (left)

performance of the
antenna mounted on

the human test subject
(0 dB : isotropic ra-
diator)
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NAE Neukomm  |™¢ RHD HELICAL ANTENNA DWe. vo. |
Form TSEN | GENERAL RADIO COMPANY. _ CAMBRIDGE, MASSACHUSENTS OATE 15 April 1976

SMITH CHART

IMPEDANCE OR ADMITTANCE COORDINATES .
* Distance fromthe

chest 6cm
(t* fnominal = 231,5

Ant. free space

FIGURE 109 Smith Chart of the round helical dipole antenna RHD. Solid
line : antenna in free space (anechoic chamber), dashed line : antenna
mounted on human test subject at dat = 6 cm . Due to the losses effected
by the body the resistance increases with decreasing djt and the resonant
frequency lowers with decreasing dat.-

found by WHEELER [83,85] must be considered. The bandwidth is determined
by the h/X ratio (see equations 9 to 13 in section 4.5) but can be con-
trolled within small 1imits with matching (good match = smaller bandwidth
and perhaps a better efficiency) and increasing the radiation resistance
(higher radiation resistance = smaller bandwidth). The efficiency is main-
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1y determined by ground losses, by losses in the matching network and, in
complicated helical structures (double helix, etc.), by resistive losses
in the antenna conductor. An example may illustrate the importance of the
ground losses:

The standard helical monaopole antenna of 173 MHz walkie-talkie
(MOTOROLA HT 220) is specified as:

he = 114 mm (total length)

h = 106 mm (1ength of the helix)

Np = 42 (total number of turns)
Dy = 1.2 mm (wire diameter)

Dh = 9.6-6.7 mm (tapered helical diameter)

The computation according to equation 250 and 246 result in an Ny of
~40 and a radiation resistance of 5.5 Ohm. The housing of the walkie
talkie is maximum 180 mm 2 A/10. The VSWR of the complete antenna-
transmitter system is close to 1:1, so that the ground losses amount
to about 44.50. The efficiency in radiation is thus 5.5 / 44.5+5.5 =
11 % , so that the complete system radiates about -9.5 dB less than
an ideal dipole. A helical dipole according to FIGURE 107 has an ef-
ficiency of about 94 (theoretical) and 89 % (measured) and a gain of
- 0.75 dB (theoretical ) and - 2 dB (measured) compared with an ideal
full-length dipole.

The low radiation resistance is a potential source of bad efficiency, if
the match to the feeding line is poor , if there are losses in the anten-
na conductor or in the matching network and if (in the case of monopole
antennas) the counterpoise is not large enough. According to LI and BEAM
[54] special helical antennas with multi-conductors were designed. As can
be seen in the comparison FIGURE 110, 16.1.2., a higher gain can be ob-
tained, but paying the price of a very small bandwidth.Thus, a maximum
radiation resistance or a perfect matching is not very sensible with re-
spect to detuning sensitivity: the more the antenna is "improved" for
free-space operation, the more delicate it responds to external influen-
cies. One further problem could be the transverse polarization. If the
height is about 0.9 times the diameter, the antenna becomes circular po-
Tarized. However, as discussed in section 13.1.4., a transverse polar-
jzation at frequencies between 50 to 200 MHz may be even an advantage
at small antenna-body d1stances, also when the radiation is reduced at
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axial polarization. The transverse polarization could be computed by the
formulas indicated in FIGURE 106,[54] and [74], but the agreement with
the experimental data is so poor, that one should trust only the actually
measured data. The same situation happens with the actual bandwidth: it
is better not to cite the formulas here. If the bandwidth becomes really
very important, one should use the accurate method of moments or one
should perform representative experiments.

An important point is the matching of a dipole antenna on a50 Q coaxial
cable and the determination of the efficiency. Below 1 Watt power and be-
Tow 300 MHz a ferrit 1:1 balun (manufactured from a 0.5 cm® standard 1:4
balun for TV-application) leads to very good results. The additional loss
is below 10 % , the volume of the network is very small and is not criti-
cal with respect to bandwidth. The parallel A/4 bazooka in FIGURE 106

is only a few percent better, but &umbersome and of limited bandwidth.
However, an investigation by the author has shown, that the total band-
width of dipole antenna plus bazooka is slightly larger than that of the
antenna alone, because the reactance of the antenna is partially compen-
sated by the reactance of the bazooka at changing input frequencies. The
best method to determine the efficiency follows from the application of the
equations by WHEELER [85]: The Smith Chart of the antenna in free-space
is recorded, and one reads the real part of the impedance R at resonant
frequency fres. The antenna is then located in a conducting vessel with
the dimension of the radiansphere (see section 4.5.). The Smith Chart is
again recorded, and the highest ohmic resistance near f.og represents the
total loss resistance Ryggs. The efficiency Eff can be calculated with

R - Rloss (251)
R

Efficiency =

The absolute accuracy is in the region of 25 %, but the relative accuracy
is much better than 5 %, e.g.,if only the feeding point of an antenna is
varied . If one combines the efficiency measurement with transmission
tests (network analyser, second input channel), the actual performance

of a helical antenna can be reliably quantified.

" 16.1.2. COMPARISON OF SOME ANTENNA TYPES

Five antennas have been selected for a discussion of the performance: The
GROUNDPLANE ANTENNA GA is a vertical A/4 whip on 4 ground rods, each A/4
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of length and at an angle of 1350 to the radiating whip. The HELMET ANTEN-
NA HGA is a vertical A/4 whip (32.6cm) on a plastic helmet, coated with

a copper mesh. The ROUND HELICAL DIPOLE RHD 1is the antenna shown in FIG-
URE 107. The FLAT HELICAL DIPOLE FHD is a flat helix with 2N,= 10.5 tarns,
2h = 20 cm, Dp1 = 0.5 cmy Dy = 5.3 cm. In the center section the antenna
conductor is parallel to the antenna axis at a total length of 6 cm ,
representing the feeded antenna segment (A-match with bazooka, similar to
the feeding in FIGURE 107). The FLAT FOLDED HELICAL DIPOLE FFHD consists
of a 2400 parallel line with the shape of a helix, with single conduct-
ors at the antenna ends (see LI and BEAM [541).The size of the FFHD is
the same as that of the FHD, but 2Np is 13.5.

COMPARISON OF SOME BODY-MOUNTED ANTENNNAS USED IN BIOTELEMETRY

ANT. | ANTENNA DATA IN FREE SPACE VERTICAL ANTENNA MOUNTED DORSALLY
TYPE| WITHOUT TEST SUBJECT ON THE TEST SUBJECT WITH
dat=57mn, hg=1.4m, ¢=1809/0°

RES. BAND- GAIN EFFI- VSWR RES. BAND- GAIN GAIN FREQ.

FREQ. WIDTH CIEN- FREQ. WIDTH at ¢ at ¢ SHIFT
cy 1800 0°

[MHz] [MHz]l [dB1 [%]1 [1] [MHz] [MHz] ([dB] [dB] [MHz]
GA 220 65 2,15 - 1:1.4 - - - - -
HGA 237 47 40.5 - 1:1.3 - - - - -
RHD 236.3 18 +0.2 89 1:2.5 229.2 23 =20 -7.7 7.1
FHD 237.5 25 40.8 79 1:4.0 231.8 24 -21 -6.1 5.7
FFHD| 242.1 88 +1.0 78 1:1.3 236.8 9.6 -20 -4.0 5.3

TABLE 110 'Comparison of some body-mounted antennas.

TABLE 110 shows the performance of these antennas. The helical antennas
were mounted on the phantom PHA, the antenna center was spaced 57 mm from
the surface of the phantom. These results hold true within 2 dB when
mounted dorsally on a human test subject SUB. The performance of the GA
was measured at an absolute antenna height of 1.4 m, and the helmet an-
tenna HGA was mounted at the head of the SUB, with the head at the same
absolute antenna height. This comparison shows clearly that a good an-
tenna in free space may perform poorly in extreme proximity to a body. The
interesting FFHD with its high gain and its excellent VSWR cannot be ap-
plied in practice, because varying antenna-body distances may detune the
antenna in excess of its bandwidth. A good compromise seems to be the
flat helical dipole FHD.
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16.2. COMPUTER PROGRAMS AND ADDITIONAL RESULTS

General remarks

In the following sections the 1istings of the used computer programs are
presented with all necessary comments. The source programs are those of
HARRINGTON and MAUTZ [40] (program A is essentially the here presented
program HARRA) and of BEVENSEE [10] (program HARRDF is a part of the here
presented program PANB). Program PANA and PANC are new programs.

The programs are written in FORTRAN IV for a CDC computer. Card decks are
available from HARRINGTON, BEVENSEE or from the author. Depending on your
computer system, some of the characters need to be changed or the punched
characters do not agree with the listing obtained from the punched cards.
Please check above all the following characters:

C : for comment

= : might be printed (and read) as a >
* . might be printed (and raad) as a 4
+ : might be printed (and read) as a {

If you notice some differences between your listing (from the card deck)
and the presented 1isting, use a subroutine DECODE for character replace-
ment. Such subroutines should be available at your computer center.

Depending on your computer system, the organisation of the main programs
and the subroutines may be different. Problems may occur with the COMMON
statements. Check the listings and ask the specialists of the computer
center. Before actual computing the punched cards beginning with a C,R or
'E must be replaced by the corresponding control cards :

C : This card is only a comment card and has no influence on the
computation

R : Replace that card by an appropriate control card

E : Take this punched card out of the program

Except program PANA, the execution of the programs is quite expensive.
The minimum computational time on a CDC 6500 for a series of 4 test points
at one single frequency is in the order of 1000 seconds.

16.2.1. PROGRAM PANA AND IZYL RESULTS




WNYd .\.mH. $100W 40 HIAWNN# E_.EEE,_B WAS*I0d BLINIJNT :RGORISHLsf
WNVd X1 “0HL/* «M0T39 081 * 3009V 0 : IHd TNV 10Yx ‘X0 * WHBISKS XQ0B2
VNVJ-VNNIINV TYNOISNIWIG-OMLs‘XL oE\..N HR «'hI'sXON30D3 YA |
WYINUILIVd NOILVIAVYY JAILOIYI de'Xi LHL)IVHIOL 029
WNVd

YNVd ANNLINOD 2
¥NVd (‘1= (DLA) (725'E)ILTUM
VNVd (LYW L=II (TI)1IVD) “IHd (E2G°€)3LIUM
YNVd ANNIINOGD k
YNVd r+odI=(M) 1 d
¥NVd (S OE+D)XIJI=XN
VNVd ft OL0D (*02-"L1°D"H0"*0L *ID*D)dI
YNVd D=(1)1IYD
¥NVd 2 0109 (*66="11°9°80° 0L *19"9)AI
WNVd (9°A*0SZ3 ' T73 “HHd MY *JV ‘W) $SIA TIVD
YNVd A Y LIVE) =Y
YNVd LUN‘L=P i Od
VNV4 JE(DLa €
¥NVd Wi=1€ od
YNVd HEd X6 Q30VIIY SI (Id*THd) INIWNOUY 3FHL NOILVIGAWOO FHL ONI¥NG D
¥NVd (*Sa(1-1))-"084=HHd
¥NVd Su(L-1)=1Hd
YNVd R;“H 2 od
¥NVd (LEN“1=I° (T)L1VA) (225°€)ILTHM
VNV ((L=r)uNA)+INING =(PI)LIVA L
¥NVd LUR‘L=rr L 0
VNYd CL=LEH)/ (L NIWG-LXVHA) =N
YNVd LH=H
¥NVd (125'€)3LTym
Wvd NN (025 €)3LTHM
WNVd :.5;.§:=:==5m 025
¥NVd (a"#"¥6" »"#"X6% %" 2 X6" w" 4 ‘X80 L "LAG'ET'XL ' HL)LVHHOA £25
VNV (*/: 480 OL+s Xt ¥80 0 +2°Xy‘ w0 O1=¢'X"s2
NVJEQ 027w *X5* $(S)IVO (WIVD (E)IVD (2)I¥D (L)IVD IHds XI'OHL'/'E*LdGL

VNVd  ‘Xn‘ HLU'/'%(S)IVQ (R)LIVA (E)LVA (2)Ivd (L)Ivd  #'X1L‘OHL)IVWEOA 22§
VNVd(S3JUD3A NI 3NV NOLLVIOY TVINOZINOH : IHds‘XL* HL/#30VdS 332
VNVd4d = 60 O ‘60 NI IV VNNIINV 3HL IV HIONIFYLS QT3I3 ‘NIVD ¢ (DDIVDxl

YNVE“XL* HL/‘ySYALTW NI IONVISIA XQOS-YNNAINY ©  (I)IVs‘XL‘OHL)IVWNOI 12§
WNVd (#TVOTLYIA/TVOLLYAA :NOILVSINVIOdah
YNV ‘XLLC W #°2°hd' #tHILIWVIGS XLL® HL/'E1' wiIGOR 30 HIAWINGE

UNVd  “XL* QUIANITADWAS IOY ALINIJNI :XCOGLSALa'XL‘OHL/’ 1WIISXS XA0H2
VNVd-VNNIINV TUNOISNIWIG-OMLy‘XL'OHL/‘#Z H W »‘4I‘4X ON I QD I Y 4 |
WVINEILIVd NOILVIAGVY TVHLAKWIZVe'XL IH)IVWIOL 025

¥NVd Vadi=NY
VNVd WV/8LESS" 9=)
YNVd 4/°00€=HYT
VNVd Va'2=nd
YNVd 3NNLINOD £5
WNVd €625 ((1) 403)dI
YNV (EI°X2)IVHEOS LS
YNV 4 (16°1)avay 05
¥NVd (€£°L4) LvWHod 6h

—NMITNO~-O

¥NYd v (6h'1)avag

WNVd (12'2*9.42) I¥WH0S 8k
¥NVd 22U ZXVHI 2NING (8" 1)QV3Y

YNVd LH‘LUW LXVHO ' LNTHG (81°1)qvad

¥NVd THI'(19)EQ‘(16)2a’ (1h)1a°d HIDIAINT

¥NVd DN VAV HVI'NE TVEY

YNVd (S)1IVD* (02)21¥a‘ (S)LIVa TV

VNV 0S73°173 X3UWD

¥NVd i

VNVd EEERARERERRRRRER D
YNVd *SNOLLONNA "TDINVH ANV T3SS38 HL 30 NOILVINJWOO D

VNVd 3HL 404 90ED 3AGOOWIA GITSnUd AYVYEIT 3HL 40 AN SAIVL WYHOOHd STHL O
VNVd

VNVd “SIONVLSIA XGOE-VNNIINY (Z¥W) XINIML IV WALSAS UIINITAD O
VNVQ-VNNZINY 3HL 4O (930 081 = IHd) S3ITINIJOMd ONILOFYIA GNV (D3A 0 = IHd) D
VNVd  SIIIYAJO¥d ONILOATAIY A0 NOILVIAIWOD 3HL A0 SISISNOD 1u¥d QNODJ3S JHL O
VNVd "HdVHD V NI ONV O
VNVd F1GVL V NI QIINISIYd SAONVISIA XGOE-YNNIINV (LUW) JAId ¥Od N¥ILIVd O
VNVd NOIIVIQVY TTVHINWIZY JHL JO NOILVINJWOD JHL A0 SLSISNOD IYVd ISHIA 3HL O
YNVd

VNV4(3NTVA 30VdS 3384 = €d 0) ‘VNNIAINV JHL LV 60 NI HIONIWIS @414 =  IVD D
WNVd 30VAUNS YAANTTAD FHL WOYA VNNIINY FHL 0 AONVISIA = Ivd O
V4 S33Y031 NI TIONV NOILVION TVINOZINOH = 1IHd D
Wvd SSUIALIWVYVA ONIMOTIO FHL HLIM VNNIINV ONIAIZO3Y AILNNOW O
VNVd =X00d9 3HL LV HIONIYLS @73Id 3HL ST VNVd WY4O0dd SIHL J0 IndInG 3HL O
VNVd Z L¥Vd Y04 IGOW Q3qUVOIY 4O YIGWNN = IR D
VNVd 2 1¥Vd ¥0J SIONVISIQ XQOG-VNNAINV QALJHOD IO Y3IGHAN = 2UW O
VNVd 2 LHVd ¥0J JIONVISIA IOVJUNS RAOHU-VNNAINV WIWIXVW = SXVWI O
VNVd ¢ ldvd 404 FONVISIQ JOVAUNS XAOH-VANIINV WOWINIW = ZNIWI O
WNVd | L4Vd ¥0d IGOW Q3AYVOAY A0 UIAGWNN = iH D
WNVd | 14Vd ¥0J SIONVISIA XQOG-VNNIINV QALNdWOD 40 H3EWAN = 1¥H O
VNVd | 14Vd ¥0J AONVISIQ AOVAUNS XAOE-VNNIINV HOWIXVH = LXVWI O
VNVd L L§Vd ¥0d FONVISIQ 3OVAUNS XA0G-VNNIAINV WNWINIW = LNIWI O3
Wvd SYALIW NI YAANITKD 3HL A0 snIavy = vo
VNV ZHR WI KONINO3Yd = 49
VNVd *SYILIWVEV ONIMOTIOA 3FHL 30 SISISNOD 13S VIWQ INdNI 3Hi O

VNVd  (NOILVSIYVIO4 1¥3A) SIXV YIANITAD FHL OL TITIVHVd SININOIWOD dTAI43 O
VNVd JHL 34V QILNGWOD “HIONZT FLINIJNI 30 YAANIKO YVIROUID‘ONILONANOD D
VNV AULOENH3d V WOHd 3AVM ANV V 40 ONTY3LIVOS JHL SIINIWOO WVHOOHd STHL O

YNVd ERESNRRERRRERRE O
YNV (INdINO-EIJVL INANT=1 3 VL INAINO ININI) VNVd WYHOOHd

VNVd ERERERNRRER RS D
¥NVd QYYD qUOD3Y 30 ON3 3Y3H ¥
Wvd . 091
¥NVd *AIINLY/ETINYE=617 13507
WNVd *gI'INLd ¢ OX18nd
VNVd *g11Sn4a *oT1and
WNVd *NLd
YNVd *GL1900009KD * L LGE NV
YNVd SAYYO I0¥INGD 3
WNVd nuny a

“TA00W TYNOISNIWIQ-OML HL 4O NOLLVINAWOD *yVNVdy WVHDORd 3



WNVd
YNVd
VNVd
VNVd
YNVd
VNVd
VNVd
VNVd
VNVd
VNVd
VNVd
VYNVd
VNYd
VNVd
VNVd
VNVd
VNVd
WNvd

VNVd
VNVd
VNVd
VYNVd
VNVd
VNVd

QYYD NOTIVWHOJNI 40 GN3 3Y¥3H

ZHW 052

ZHW S02

ZHW 0SL

G2L*o

S2 02 00°% S0°0

2l S0 S0 S0°0

SQYVO VIVd

ayyd q¥003¥ 40 aN3 3¥aH

EEERERNRNURRDAY
aNd ¢ N¥nlay
(*02x(A)0LDOTV) =D
(IZ3/0S73+°1)SAVI=A

(AN) NV« ( NN)IINHeNG+OSZ3=0S 73

(NN) NCaNE*1Z3-173
(NG) dX30#(duN) S00% "2=NG

(2792651l "EaN* *0)X WWO-=NG

 LENEON
W't=N € oq
(LNr=173
(L) WINHR(LINV=0SZ2

(CI)NA=* (TINC)XTIRO=( T) HINH

((IINX-

§

1dWé1sI 2 od
NACNC LW N4-) NAS3E TTVD
(DNPXUKO/(IINP-=( TNV

4

O

¥NVd [FUES ]
¥NVd (NA/NC ' LR AV-)NAS3E TIVD
VNV L+ LA
¥NYd *081/HHds 926Gl *€=d
WNVd (00L)WINH* (0OLINVNE‘OSZ3 ‘123 XAUWOD
YNVd (0OL)NK' (OOL)NE* "TV3Y
WNVd (9*A*0SZ3 173 'HHd ‘YU MV ‘W)SSAE ANTINOYWENS
VNV ANLINOYANS 3
YNVd SHEREREEESEARERE O
YNVd and
WNvd dols 25
YNVd 05 0109
VNVd IONIINGD 001
VNVd ANIINGD 16
VNVd (161 1=T°(1)20) (h29*E)ALTHM
¥NVd . IHd‘0*1¥a (€29°'€)ILTHM
YNVd INIINGD 26
VNV sHL=(DN)2a
VNV (5° 0+ * 24 D) XT A=
YNV 26 0109 (°02-°I1D°0" *5°19°D)dI
VNV Hi=()2a €6
YNV 15°1=1 €6 0
¥NVd (9°A*0S73° 173 “HHd W4 WV 'W)SSad TIVD
YNV Na(V1Va)=3Y
¥NVd (r)2Lva=1va
¥NVd 2YW‘t=r 16 0 06
YNVd 06 0109 $ ((1=-)aWQ)+2NIK] =(r)2IVa 18
YNVd 24W‘1=r 18 0d 08
WNVd 001 0100 $ (15°'1=1'(NEQ) (S29*€)ALTUM
¥NVd ~HL=(DEA 1L
¥NVd 16151 1L 0d OL
YNV 06 0100 $ ((1~F)xWA)=2XVWA =(r)2LVa 19
VNVd 2YW'1=r 19 0d 09
¥HYd 03 010D (£°03°rI)dI
YNV oL 0109 (2°03°rI)d1
VNVd 09 0109 (1°03°rI)dl
YNV 06-06s LI=IHd
¥NVd *06+* 064 L I=HHd
WNVd €'4=r1 00l 0a
YNVd (1-24H)/(ZNING-2XVIWA) =hd
¥NVd 2N
¥NVd (129°€)3LTHM
¥NVd na‘2H‘a (029°€)3ILIYM
VNVd (CLV) 1S XE2* w00 O XL*' HL)IVWHO G29
¥NVd (CLY) 1S X62“+H1) IVWHOS ©29
YNVd (u' %61
VNVA' w u ‘X6 s w X6 w9 X6 w"u X6  u" # ‘X0 'ET‘XE 2 64 2 N XL ' HI)IVWYOd €29
VNV (‘7' wD30x"X52

UNVd  “aB0n X9‘wHa‘XE' HL/‘480 G +u‘Xn‘e80 0 +e'Xh'e8a S —u‘Xn 480 OI
YNVAL=s Xt 480 Sl-s‘Xn*e80 02-s'XS‘sIHd (I)IVD :En._x—.o::.—szm.._ 129
VYNVd (/‘uS
VNVATVOILYIA/TVOILHAA SNOILVSINVTIOLN X02  wH ‘2 hd' wi¥ILIAVIGs‘XLL* HLK



- 248 -

L : * : : : gL 8 00t
= . * : : : gL Ll S6°
n B i : . : ogL S8~ 06°
| : i : : : gL 10'e G
= : i : : : 08l 8L'S- 08"
= : ‘e : : : 0gL £ oL
N : K : : : gL 1S ol
. -, . . . ol e <
. . - . . . 8l oo oo
: : Dox : : : ogL  gEr9- &g
: : C ok : : : 08l 69°9- 05
. . S . . o8l %0'l- o
: : oo : : 08l #S'l-  On
. . . . . 8L 60'e- g
: : : * : : o0gL  Ll'g-  oE
. . . - . . ool e e
: : : .. : : 08L  Gl°0l- 02
: : : L : 8L HEel- Gl
: : : : i : gL 18hl- 0L
’ : : : : x 08l 096l °
00°0
. . . - . . o o6
. . . . . . o & o
. . . . . o e~ e
. i . . . . o oe
. . . . . . o 1oL e
Lt . . . . o ol o
<0 . . . . o Ge &
S . . . . o mwe o
-y . . . . o lof e
- . . . . o St ge
S . . . . o A g
Lo . . . . o %3
N . . . . o fv <o
- . . . . o s o
S . . . . o gt e
. i . . . . o ol o
. o . . . . o én P
. . . . . . b - %
. o, . . . . o - %
. S . . . 0 Ioe  w
e W
815+ €10+ €IG- 810~ €dG- #I0-| I (DIVD (DIvd
TYOLLYAN TVOLLYIA :NOLLYSIYYIOd W SZ* :HALIWVIQ
2 SIGO0W 0 ¥IAWN Y3ANTTKD*WAS'I0¥ ZLININT :RQOELSAL
MOTIE 08L‘FAOAY O : IR ITONV"ION WALSAS AQOE-VNNIINY TVNOTSNIWIQ-OML

ZHHSLAONINDIYS N¥ILIVd NOTILVIAQVY JAILOIYIC

* * e 2 4 9°6- €el= 8'nl- 9°61- |08l
* : ShE ¢ 4 96~ €°2l~ 8'fl- 9°6L~ [all
° ° she 2 [ 96~ €°2i= 8'nl- 9°61- (oLt
: N She ¢ [ 976~ €2l= 8'nl- 9°61- |99l
N ¢ ShE ¢ 4 G'6~ €2l= 8'nl- S°61- |09l
* N G'hE € L° S'6- 2:2Ll= Lhl= G°6L- [SSL
. N sheE e L° €°6- L*2l= 9'nl- h'6l- |0SL
* N shEe 1° 1°6= 6°LL~ fhhl= 2°61~ [Shl
‘ ° Gh €2 5 86 9°Li= L yl= 6°81~ [Ohl
. ° SHe 2 L ®°8- € 11= @°El- 9°gL- [CEL
N N Sn€E 2 [ 6L~ 8°0L- h'El- 2'8l- [OEL
N * GHE 2 [ hl= €°01- 6'2i- 8°'Ll- [sel
* ° sh€e [T 8'9 8°6- h'el= £°LL- [0zl
° : Sh €2 [T 29~ G°l- 2°6= 6°Ll= 8°9L- |SLL
‘ N Sh €2 L 9°6-  6°9- 9°8= E€°LlL- 2'9i- |0l
* " Sn € °¢ [ 0°6- €°9= 0°'8- L°0Ol- 9°G1- |S0L
N o6t 2 L N = L°6=  G°l=  L°0l= L°Sl- (001
N voGhE 2 L : 8¢~ LG 6'9- 9°6- G'ml- |G6
. cane T L : 2= 9 w'9- 0°6- 0°ni- (06
* S Ghe 2L i Lz L't 8°¢ G°8- G'€l- (98
N *GRE 2 L ° g€2- 9°¢- w'% 0°g 0°€l- |08
* tanE 2”1 * 8°l- L&~ 6'%r 9'l- g°2l- |&l
N GRE 2 "L N wTl= L2 &' etlm  1tel- (ol
: e e ol : L= €72 L= 8'9- L= |99
N shee L ° L= 0'g- 8°€- %'9- n°li- |09
¢ SHE 2 L ° fie= L= #'€= 19 0°LY- |SS
N SheE e L ° [l fol- L7€=  8'6-  L'Ol- [0S
N SheE e L ° L° L'l= 6°2= §°G  G'0L- (G
: anEe 4 : 1% 6 9°g- £ 2°0l- |oh
N ShE 2 3 : G L= h'e- LS 070l |G
* G'hE 2 L ° 9° 9= €°2- 6t 8°6- [0
: GheE 2 14 ‘ 8 ho- L= L'mm L'6- (2
° ShE ¢ 4 ° 6° £°= 0e- 9'm S°6~ (02
° sheE ¢ 1 : 6° [ 6°1= S h'6~ |SL
* St €2 L ) 0°L 2= g8t w'tm  f°6~ |[Ot
* St €2 L* ‘ 0°L [ 8'l= n'hm £°6- S
* shee [ * 0°L [d 8°l= f'hr= £°6~ 0
4a o1+ g0 0 + aqd oi- €q 02— (S)IVD (W IVD (E)IVD (2)IVD (1)IVD|IHd
06" 002' QGt*  00L°  0%0°
(G)IVa (1) 1Iva (£)Iva (2)Iva (1)1va
S$33¥93d NI ITONV NOILVIOH TVINOZIHOH : IHd

30VdS 33 = €0 0 “6a NI LV YNNIINV FHL LV HIONJULS Q1314 ‘NIVD : (I)IVD
SHALIN NI JONVISIQ XGOG-VNNILNY : (I)1vd

TYOTLYIA/TYOTLINAA :NOILYSIHVIOL W 62 tH3LIRYIQ
2l *IQOW J0 ¥3aWNN YIANITAD "WAS 10¥ JLINIJNI :XQOELSAL

WALSKS AQOH-VNNIINV TYNOISNAWIG-OML
ZHWGL XONINDIYI NYILLYVd NOILVIAVYE TVHINWIZYV




- 249 -

1ZYL 300 MHz

.

aq s+ aq 0 + 4a s -

: : : 08t Ol 00°l
N * N gL €8 4 6°
: . . 08l g6om-  06°
: : : gL he @
° N : 08l e [
: . . 0§l 056 oL
N : * 08l LL°G oL*
¢ : ° 08L 676 9°
. ‘ ° 08l 12°9- 09°
: : : ol 1§79~ <&
i ° N 08l S8°9- 0s*
: . : 08l @'l S
: . . gL el on
s M N 08l  82°g- =g
. : : o8t 6§~ O
i : : o3l g6 &
] : ¢ 08t 66°01- 02°
N * N ° 08L 192~ 6&L°
° # ) 08l £1°Gl- oL°
: : . o8l l66l- %0

00°0

. : : o 18- %0
N N * 0 gL oL*
‘ " N 0 08 e SL°
. . . o we o
. . . s 2 &
: . . 0o gz ot
N ¢ N 0 6L"t [
* ° * 0 L= on*
. . : o 65E- o
. . : S e =
N * N 0 [« 0t G5
: . . o & =
. . : s B &
i ° ° 0 1£°2 oL’
: . . o <z 6l
. . : 0o et o
: . : PR ®.
. . . A S« X
: . : 0. ene- 6"

‘ * " 0 2= 00°1
23 o W

€a ot= 44q S1- 4q 02— IHd (DIVD (I)Iva

N GnEe 3 8°6- 0°Ll= 9°2l- 1°S1- 0702 (08l
¢ ° ShEe 4 6°6~ 0'Ll- 9°2l- 2°Sl~ 0°02 (SLL
° N hEe * 6°6- Ltil= L-2l= g°Sl= 10z (oLl
¢ N Sht2 * 00l 2'Ll~ gzl= £°6l- Z2t02- |99t
° ° shEe N 0°0L= 2°tl= g°2l= &£°Sl~ 2g'02= |09
: ° sh€e ‘ 8°6= 0°Ll= 9°2l- g'Gl= 1°'02- |ssl
: N GnE 2 t €6- G'0l- £°21= 6°hl= 8°6L- oSt
: ° oh €2 L G'g= 86— 9°LL- E°nl= 2°6l- (|G
* * Sh€ 2 L 9°Ll- 6°8~ L'0l= G'El- S°8l- |omy
N * snege L §°9= 6°L- L6~ G°2l= GLll- |SEL
N N ShEe [T h'G=  8°9= L'8= S°Ll= G'9L~ |OEL
: oGRET l : €t L' 9°l~ w'0l- &Sl |s2L
N cante L ° g'e- L' 9°9= "6~  Shl- o2
* A t * €= L't~ 9°% '8~ S°El- S
: ‘ank o2zl ° g'l= g2 L'im §°L~ 9°2l- |0l
: ‘ShE 2 ot ¢ L= 0°e- 6°¢- Ll'g~ L1l- S0l
) sShE 2 L ° 0° €1 1°t=  6°G~  6°0l~ |0OL
: S'hE 2 4 * 9° 9°= w* 2°¢-  2'0L- |S6
: sh €2 t ° Lol [l 8°l= &1 S'6~ (06
) St 2 L N 9°L N 2= 6't- 6°8- |8
. Sh'g e [ 2 N 0°2 6° L= £t €g |og
° SnE 2 [ 2 * %2 L 2= 8'e- L'L- |SL
* sh €2 [ N 9°2 L [ g€2= 2°L~ |ol
° GhE* 2 [T ¢ 62 (34 9° 6°t-  L'9- |99
* She'e [ ° L€ 'z 0L ntl- E'9- (09
N SE2 [T N 2'€ 9'z  £°1 L= 679 |95
N GE "2 [T ¢ nE 8z 9°tL L= S 0S
¢ GE 2 i N * (3 0°€ gt G- 2°e  |ah
N Gt 2 i ‘ * St L€ 0°¢ e - 6t~ |on
‘ aneE g 3 : ° G'€ €€ 22 0 L= |se
‘ ez | N N 9°¢ n'g n'e 2 L% ol (11
‘ shoZ2 o1 " N 9°¢ 0t s'e [ [ i 14
) sz 1 ° * 9°¢ st 972 S° L' jo2
N [ A N N 9°€ St Le L [V ol 11
¢ s€e 1 N N 9°f 9°t 82 L 6°¢- [oL
¢ [ AN ° * 9°€ 9°t 8z 8° gt~ |S
° s€e 1 : * S°E 9°€ 8z 8 8t |o

4a ot+ aq 0 + €4d ot- €4a 0e- (S)IVD (MIVD (E)IVD (2)IVD (L)IVD|IHd
0S2* 002 OGL° DOL* 0%0°
(S)1va (mIva (£)1va (2)1va (L1va

TYIILYIA/TYOILYEA *NOILVSIHVIOL W &C° YILIWVIA
SC *IQOW 0 HITWIN YIANITAD "WAS 10 IALINIANI :AQ0ALS3L
MO139 081 ‘IN0GY 0 ¢ IHJ FTONV°IO¥ WALSAS AQO8-VNNAINV TYNOISNIWIG-OML

ZHWOEAONANDIY A

NY¥ILLlvd NOILVYIAYSE IAILOIYIC

S0 NI FTONV NOLLVIOH TVINOZIHOH @ IHd
30¥4S 3394 = 60 0 ‘6d NI LV YNNIINY 3HL LY HIONIULS 01314 ‘NIVD :- (I)IW
SYALIW NI FONVISIQ XQOG-YNNIINY @ (I)1vd

TYOLLYAA/TYOIIYIA *NOILVSIHVIOd R 62° UILANVIQ
¢l IGOR 0 HIGWIN Y3ANITAD*WAS 104 ALINIANI :XG0dISAL

WALSAS XQOE-VYNNIINY TYNOISNIWIG-OML

ZHWOOE RONZNDIYI NUILLVd NOILVIAYY TYHINHIZY




- 250 -

o ’ N . . . 08l €8t 00l
= . F . . : 0gL ' %6
o : & . . . gL el'S 06"
=] : % . . . 08L. 826~ 8"
- . i . . . 08l  9nG~  08°
> . ‘% : . . 08l 96 S
™ : Ca . . . 081 186 oL
. ‘o : . . 08l tL'9-  9°

. . -t . . . 8L G- 09°

. . Coa . . . 0gL 699~  S5°

. . < . . . 8l '~ os

. . SN . . oL mhl-  che

. . . . - . . g - on

. . . . - . . 09 ooe- g

. . . . . . o8l 026 ot

. . . ‘ . . 08l 600l G

. . . ' . . oL geli- oo

. . . : P . ogL  L62el- &G°

. : . : % . 081 Lh'Sl- OL°

. . . . . . o8l G0 %
00°0

. < N N . . 0 ®'l- %

- . . . . . 0 'z o
. . . . . . 0 08§ o
- . . . . . 0 £o°¢ 02

. . - . . . . 0 o'z ot

. . . . . . 0 86 o

. . . . . . 0 foo et

. . R . . . o are- o

. N . . : . 0 [ Sy

. . - . . . . o 0z oo
s . . . . 0 &5 &

. . - . . . . 0 20z %

. . . . . . 0 1z P

. . . . . . b P

. . . . . . 0 - -

. . . . . . 8 e &

. . . . . . 0 %" Pl

. . . . . . 0 10°2 06"

. y . . . . 0 02 %

. . . . . . 0 pol o'l
o™ aa W

gag+ €O+ €G- €d0- €dSl- €002 IHd (DI¥VD (DIvd

° Sh €2 ‘ 1°0L= €°Ll= 6°2l= &°Gl= %02~ [081
* SheE 2 L°0l= E°Ll=~ 0°El= §°Gl= n-02- |SLL
° sheE 2 €°01= S°LI= L°El= L°Gl= 9°02- {OLL
N SHE 2 w°0t= 9°Ll= E°El= 8°Sl= L'02= |91
M SHE 2 weol= 9'LL= E°El- 6°Gl= 8°02- [091
N sSheE e 0°0L= £°t1= 0°€l= 9°Gl= 9°02- |56L
° ShE 2 ‘ 2°6-  G°0l= €°2l- L°Gl= 1°02- [0Sl
* Sh'€ e L° 0°8= f'6~ E°Ll= L°hl= 2°6L- fGml
N shE 2 [T L9~ L8~ L°Ol= 6°2l= 0°81- (0hl
* ShE 2 t o €G- 8'9~ 88~ 9'Ll= 8°9L- [SEL
©oGrE 2 [ 0t 6'6~ S§°l- n'Ol- §°Gl- [OEL
cGhE 2 L i 6'2- £ £'9 g6~ hhl- [S2L
TenE 2° L ° g°t- 2'¢- 26 1'g-  27El= (02l
GhE 2 °1 * 6°- €2 2 0L~ 2'2l- Sk
sheE 2 L N 0°~ wol= €°6=  1°9=  2°LL= |OLY
ShE 2 t N L 9= n'e- 29 E°0L~ [%0L
ahEe 4 N €1 L° L'l= %'t  G°6~ [00L
e 2 % . 8L L 0'l= L€ 88~ |96
GhE 2 [ : €2 €l L 0°t- 0°¢ |06
sh €2 [ N 9'c L7y e w2 k'l |8
ShE*® 2 [ ¢ 6°2 %4 L 8'L= L9~ |08
R4 [ ° g€ R4 2L 2= 1t9- |aL
SE 2 [ * £°€ 82 9°L L= 9'e 0L
€2 l * * [% L€ 0°e €= L' |99
(294 L N N 7€ £°¢ €2 2 9 |09
AN * ¢ n°t §°€ 9°e S* [ ol 111
e L ° N €€ 9°¢ 6°2 6° Lg= [0S
"2 L : : 2t L'E 1€ 2L e s
L TAN N N L°€ L€ €t L LE=  |on
nee * L ° N 6°¢ LE [ L1 8'e- |
nee * L * * Le LE G°E 6°1 [3-ul (113
nee L : ) 9°2 L€ 9°¢ 0°e €2~ |s2
Gt N N f*e Lt L'E 2'e eg'e (o2
LT ! N N £°e L€ Lg €2 0= |st
ng 1L - : e e 9°t 8°t €°C 6° oL
G N . 984 9t 8°€ w°e 6°1- |5
LI-T ! * : L'z 9't 8¢ w°e 6°1= [0
4a oL+ gq 0 + €q oi~ €q oc- (S)IVD (MIVD (E)IVO (2)IVD (L)IVO|IHd
052" 002" 0SL°  0OL®  0%°
(9)1¥a (MIva (€)1va (2)I1va (L)L1va

TYOLLYIA/TVOLLHIA :NOILVSIHVIOd
G2 :IGOW A0 YAAWIN

MOT3E 081 “3A0CAY O * IHd IONV"I10Y

W G2° YALIWVIA
munzHA»u.z»m..SmththzHu»Qomhwwﬁ

WALSAS XQ0g-VNNIAINY TYNOISNIWIG-OML

ZHWOOR X ON3NDIYI N¥3ILLVd NOILVIAVY FIAIL10341IQ

$334930 NI ITONY NOILVIOHW TVINOZIHOH : Ixd
30¥dS 3344 = 9G 0 ‘6 NI LV VNNIINV 3HL LV HIONZULS Q1314 ‘NIVD (I)Iv
SYALIW NI FONVISIQ XGOE-VNNAINV : (I)IVQ

TYOLIY3A/TVOILYAA :NOILVSIHVIO W G2° HIALIWVIA
2L :IGOW 30 H3gWN YIANITAO"WKS 10§ ALINIANI :Xd0RIS3l

WILSXS AGOG-VYNNIINY TYNOISNIWIG-OML

ZHWOORXONANDIYA NY3ILIVd NOILVIAVYY TVHINWIZYV




- 251

N ° ‘ShE 2 ° 6°01= L°2l= 6°€l= 691~ 9°lZ- |08t
* N ‘ahE 2 0°Ll= E£'21= 0'nl~ L°9l- 8°le- {Gll
) h ‘SHE 2 7 S°Ll= L'2l= G'mi- 2°Ll= e-ge~ joll
) ° “GhE g-° 8Ll= L'€1= 6°hl= 9°Ll= Lvez- |91
: : ‘apte feLl- 8'el= Lohil- 6L~ L°z2- (09t
: : he 2 6°6= hTLl= G'El= 9l Lti2- {S6L
: * SHeE 2 N 6L~ S°6~ 9°Ll- L'wl= L°02- [0Sl
° N SneE e (3 6°  9°L- L6~ @2~ 2Z2'8l~ [l
N © GHwEce Lo 2°%=  8°G= 6°l- 0°Ll= H°9l- [onl
° cGhE 2 L ¢ L2- 2 £°9 n'6~ Bhl- [SEL
° ‘snE e | ¢ f'l= 62 0°G- 0°8 €l JOEL
¢ SnE 2 *1 ° €= 8't- @'t~ g°9- 2Zl- s
° SheE z oL N 9° L= l'z= L' 0O°Il- |02t
¢ aneE e 4 ¢ L g - L't= 9'r 0°0l- |SLY
N Sh'E 2 L ° |- 8- 9't- 678~ |ou
° ShE 2 [ * 92 L'l Lt L'z= 6°L~ |sov
N GhE® 2 [ * 0°E €e 6 g8'l- 0°L~ |oo:
° St 2 [T * 2t 82 9°l 6°= 0°9- |s6
° %4 L : ° et et ee 2= 2° |o6
¢ g2 1 : : 0t ne L2 9 £ |58
¢ g2 N * 4 St 53 2’ 9't- |08
N 6 L N - 6°L [y L343 8°L 6°2- |SL
¢ €n2G° L * N 6° 2°E 9°€ 2re ee- joL
N € S1 N : €= g2 8¢ L2 9°Ll- |49
: €2n 1S ¢ N L'l- te gt 0°t L= |09
* €2n °L & : : 2te- L't gE Ef 9 S5
: € nt S ° N S 6° Lt 9°L L= 0s
: £t S : ‘ £ 1 gt 8t € St
* cEL'w & ° ‘ 2’6 8- £t 6t 9° Ot
. [ A X} N ° [00 l  l L% 6° SE
N [+ 3 S ] * * 9°t= L'z 62 2 el o€
N 2t 1° Gh : ¢ L2- g't- 92 eh tel s2
N 2E G X * 02 2t h'2  £°n S'l 174
* 2E°S v ) - wel- 8 2tz €m Ll 18
N 2E°S 1 N * 0%l= 16~ 12 £°n 8°L oL
¢ 2ES n * N 8= ' 02 € 8°L S
° 2E'S * * L= h'e 02 E°n 8"t 0
4q o1+ gq 0 + 44 oi- 4q oe- (S)IVD (MIVD (£)IVD (2)IVD (L)IVD{IHd
0S2° 002" 0GL* 00L' 0%
(S9)1va (miva (E)1va (2)1va (1)iva

N . i . . . g £2'6-  00°L
£ . ‘e . . . gl €' %
= . . . . . o e &
S . % . . . T VAT 5
=~ . e . . . 08l 06°6~  0g°
= : ‘e . . . gL L'~ &l
S . ot . . . B e ob
. Cw . . . gl 19°0-  9°

. . S . . o a2

: . Loy . . g =2

. . S . . 0l el

. . Lo . . 0w e

. . . .- . . R S

. . . L. . . B ae X

. . . . . . oo e o

. . . b . . o - X

. . . o . gL el oer

. . . . . . gl WEL- Gi°

. : . . t e . 08l £5°91~ oOL*

. . . . . . oL soge o
000

A 3 3 . 5 o w1 o
“ . . . . . s WLy
S, . . . . PO

. . N . . . FARE S

. “ . . . . e or Z
. - . : . . s Bz &
S, . . . . e a5 %

. o, - : . . S e

. 0 . . . o - o
Lo : : : : 8 EE o
S0 . . . . o v o

. . . : . . S EE

. o, . . . S D

. Y- . . . . e @ oL
Lt . . . . o tez o

. . . . . . 5 e %

. . . . . o - =

. : . . . . s al X
oo, . . . . s a4 =

. .- . . . . PO

) ax 1 aa H
816+ ©I0+ @AS- €O~ €G- 8A0e| IH (DIVD (DIvq

TYOIL¥IA/TVOLINAA NOLLVSINVIO W G2* tHALIWVIA

G2 *IQOH J0 YIAGWNN YAANI'IAD “WAS “ 104 IALINIANI :XA0€1SAL
MOTIE 081 *3A0GY 0 ¢ IHd TIONV'ION WISKS KGOG-VNNAINY ‘TYNOISNIHIG-OML

ZHHOOLXON3ANDIYI NUILILYVLd NOILVIAVY FIAILOANIG

S$334037

30¥4S 3343 = €0 0 ‘80 NI LV VNNIINV 3HL LV HIONSYLIS Q1314 *NIWD

NI JIONV NOLLVIOH TYINOZIHOH ¢ ¢ vH_.E
DIV
SYILIW NI 3IDNVISIQ XQOE-VNNAINY (I)1va

TWOILYAA/IVOLLYIA :NOILVSINVIOL
2l *IQOW 0 YAGWN

H G2° HILIWVIQ
YAANITAD “WAS"1OY¥ ALINISNI :XAQELSIL

WALSAS AGOE-VNNZINY TYNOISNIHIG-OML

ZHHOLXONINDIYS NY3ILIVd NOILVIAYY TVHINHIZYV




- 252 -

N N ‘S HE T fTlt= 9°2l= h'hl= 2:L1- ho2e- 081
* N TShEe 9°tl= b'2l- L°ml= &°Li- 9°22~ |6lL
* * “GhE 2 €21~ 9°tl~ y°6l- 278l- n°te- oLt
° M © GhE 2 9'2l= 0°ml- 6°Gl= 8°8l~ 0°he- |S9L
‘ N TehE 2° G'LL- L°El= 2°Gl= 2°8l- g°te- (09l
: N s'ne 2 €6- 6°0l- L°El= E£°91- 8°le- [sGL
N N ShE 2 t 8°9- 9°g~ 8°0l= 0°hl- S°6l- [0S
° - Sh €2 [ 8~ 6°9- L8~ 6°Ll- mll- (Gnl
° cSpE 2 [ S 1°g= L't 6°9~  LT01- L°GL- jOhL
: terE 2 L N L*t-  2°¢= 'S~ 98- LThl- |SEL
* swhE 2 ° | N G- 0°2~ L' 2°l- 8Tel- |OEL
¢ SnE c "1 N 9° 6°- 6°2- 0°9- G°lI~ |52t
N shE 2 t i a1 2 g'1- 8= £°0L- (o2l
N L L N e'e (g% L= LE= 16— [sh
i e 2 L * 82 6°1 £ G'2= 0°g= |OLL
N S e [T ° 1€ 9z z2°tL §°l- 8'9— |sOi
¢ S€ 2 | S i %3 L€ 0'e S~ L' oo
. s 2 L N : 82 €€ 92 w* L= |96
N nee: L ° N t°e (382 L€ L°L g't- |06
: nest L ° ° [ L€ ®'E 871 6°2- |98
: Ene S L N ° §'= Lz 9¢ L4 L2~ |08
N € °1s ° ° 2= 0°2 Le 6c E€1- |aL
: £l s ¢ i € 6° 9t £t L= 0L
* [+ 1 - ° 0°g~ h°= (%3 9°€ L= <9
X 2 tng N N g°t- 671~ 0t 6°t ' 09
¢ cELan ° N 02~ L'€= G2 O°h O°L 7]
* SES 1w N * f*= e'e 671 L°h L 05
: 218" | B N 6° 6 2°L c'h 8L St
¢ 2G¢E fr ° ° 8l LAl S (3¢ Ot
N 2S€ & ° ° R € n- eh n'e 53
* 2% ‘th N N 8°c LE= Em Lth Lz 0t
: 2 "k ° N L°€ Q2= L' L'k 6°2 4
N 2 ‘nt * N 2t €1= 6'2 0'n 0°E (174
N 2 n € * * €€ L= §°t=  6°€ L€ 18
: e o € N ° €€ €= 0 6¢ AL N (14
: ¢ € ‘ ‘ €€ 0= €4 8¢ E€ |
- 2%t E * * €t 0° fk- 8t €€ |0
€q 0L+ gq 0+ €d ot= €a 02~ (S)IVD (MIVD (E)IVO (2)IVO (L)IVO|IHd
0S2* 002° 0Gl° O00L° 09°
(S)I¥a (W) 1va (£)1va (2)1va (1)1va

] . ) ‘ . - o8l  29'¢~ 00"l
= . ‘% : . . 08l €96~ %6°
~ . [ . . . 08l LG 06
S . . . . . ool %e- g
. . ‘s . . . 0gL  8L'9- 08"
5 . C . . . ogL om'9g- Gl
=~ . ‘. . . . 8L #9°9- oL
. c s . : . o8t 16°9-  &9°

: . ‘o a . ‘ : ogL L2l 09

. . <N . . o5l el ger

. . . . - . . o3 Gl 0o

. . . . - . . o8l ohe- S

. . . Y- . . o9 €6  on

. . . - . . ool o6 cer

: : : K : : 081 GEtOL-  CE:

. . . L, . . oo L~ g

. . . c et . 0gL  €9°2Ll- 02

. . . . * . ogL  En‘nl-  G1°

: . . : C o . 081 6L°Li- OL°

. . . . . . 08l oz %
00°0

C . . . . . o g€ ©°
a . . . . . 0 s o

. . . . . . 0 Eo- e

. : . . . . 0 o pel
o : . . . . o vees padt

. . . . . . o 09°- o

. K. . . . 0 o'z
. - . . . . 0 - on°

. . . . . . 0 z o

. . . - . . . 0 - o

. . " . . . . 0 @1 o

. . - . . . . 0 %°z 0o°

. - e . . . 0 6- G

. . . . . . o P13 oL’

. . - . . . . H %'z ol

. . . . . . 0 P 08

. R . . . . 0 8- @

. . " . . . . o Wit o

. . . . . . 0 rf) o
. T . . . 0 fe- 00l
om 8 H
616+ €0+ €G- €IO0l- €06~ €00 IHd (DIVD (I)va

TVOILYIA/TVOLL¥IA :NOLLVSINVIOd W S2* ‘M3LAMVIQ

62 :IGOW 30 ¥ISWIN YIHANITAD *WAS* 108 FLINTANI :Xd0EISIL
MOT3d 081 ‘FA0AV O : IHd ITONV°IOW WALSXS RQOS-VNNZLINY TTYNOISNIWIG-OML

ZHNLI8ADONINDIYL N¥ILLIVd NOILVIAVY IATLIOIYIA

STAYOIA NI TTONV NOLLVIOH TVINOZINOH : IHd
muﬁmwmx.._nmno.Bz:<<==u._.=<mﬁ._,<=bzuﬁmﬂm:.ﬁ<o"EHG

SYALIN NI FONVISIC XAOE-VNNAINY (Diva
TVOILYIA/TYOILYAA :NOILYSIHVIC W 62° HALARYIA
2L SIGOW 40 HIAGWN YIANITXO *WAS*LIO¥ ILINIANI :XCOEISIL

WELSAS XQOE-VNNAINY TYNOISNIWIG-OML

ZHWLBXONINODIYS NY¥ILILVId NOILVIAVY TVHIOWIZYV




- 253 -

16.2.2. PROGRAM HARRA AND OUTPUT SAMPLE
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6.2.3. PROGRAM PANB AND OUTPUT SAMPLE
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16.2.4. PROGRAM PANC, DATA CARDS FOR TEST BODIES FZYL, MANMOD 1 AND
MANMOD 2, FIELD HOMOGENEITY RESULTS WITH FZYL
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16.2.5. ADDITIONAL RESULTS FROM FIELD COMPUTATIONS WITH FZYL, MANMOD 1
AND MANMOD 2
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EFFECT OF THE FREQUENCY ON THE DIRECTIVE RADIATION PATTERN (EXTENSION)
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EFFECT OF THE FREQUENCY ON THE AZIMUTHAL RADIATION PATTERNS (EXTENSION)
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AZIMUTHAL RADIATION PATTERNS IN THE 11 MHz RANGE

- FZYL ¢ 11 MHz
- MANMOD1 : 15 MHz
- MANMOD 2 : 15 MHz

The three figures show the azimuthal radiation patterns of the field com-
ponents Ey. Ey and Ej at dat = 0.1, 0.2, 0.3 and 0.4 m.

Effect of the body shape:

- Ey varies only within 2 dB
- Ep varies extremely, especially at small d,¢
- Ep varies only within 2 dB
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AZIMUTHAL RADIATION PATTERNS IN THE 50 MHz RANGE

- FZYL : 50 MHz
- MANMOD 1 ¢ 50 MHz
- MANMOD 2 ¢ 50 MHz

The three figures show the azimuthal radiation patterns of the field com-
ponents Ey, E, and Ep at dat = 0.1, 0.2, 0.3 and 0.4m.

Effect of the body shape:

- Ey varies only within 2.5 dB
- Ep varies only within 2.5 dB
- E,, varies only within 2.0 dB
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FIGURE 10Ta Azimuthal radiation patterns FZYL at 50 MHz.
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AZIMUTHAL RADIATION PATTERNS IN THE 75 MHz RANGE

- FIVL : 75 MHz
- MANMOD 1 : 75 MHz
- MANMOD 2 1 80 MHz

The three figures show the azimuthal radiation patterns of the field com-
ponents Ey, Ep and Ep at dat = 0.1, 0.2, 0.3 and 0.4 m.

Effect of the body shape:

- Ey varies extremely between FZYL 75 MHz and MANMOD1 75 MHz, but Ey
varies less (about 10 dB) between FZYL 75 MHz and MANMOD2 80 MHz.

- E, is almost constant versus ¢ and the amplitude varies within 5dB
between the three bodies at constant dat.

- Ep varies only within 1 dB
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AZIMUTHAL RADIATION PATTERNS IN THE 85 MHz RANGE

- FZYL : 85 MHz
- MANMOD 1 : 90 MHz
- MANMOD 2 : 90 MHz

The three figures show the azimuthal radiation patterns of the field com-
ponents Ey, Ep and Eh at dat = 0.1, 0.2, 0.3 and 0.4 m.

Effect of the body shape:

- Ey varies very much between FZYL 85 MHz and MANMOD1 90 MHz (12 dB),
but E, varies less between FZYL 85 MHz and MANMOD2 90 MHz (3 dB)

- E, is almost independent on ¢ and differs in amplitude within 5 dB bet-
ween the three bodies

- Ep varies only within 2 dB
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FIGURE 103c Azimuthal radiation patterns MANMOD2 at 90 MHz.
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AZIMUTHAL RADIATION PATTERNS IN THE 200 MHz RANGE

- FZYL : 200 MHz
- MANMOD 1 : 200 MHz
- MANMOD 2 + 200 MHz

The three figures show the azimuthal radiation patterns of the field com-
ponents Ey, Ep and Ep at dat = 0.1, 0.2, 0.3 and 0.4 m.

Effect of the body shape:

- Ey varies within 5 dB

- Ep is almost independent on ¢ up to dat = 0.3m and varies only 3 dB
between the three bodies. At dj; = 0.4 E, becomes dependent on ¢ and
varies within 5 dB between the three bodies.

- Ep, varies within 10 dB and develops two peaks, especially with MANMOD 1
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AZIMUTHAL RADIATION PATTERNS IN THE 800 MHz RANGE

- FZYL : 800 MHz
- MANMOD 1 : 800 MHz
- MANMOD 2 : 800 MHz

The three figures show the azimuthal radiation patterns of the field com-
ponents E,, Ep and Ep at dat = 0.1, 0.2, 0.3 and 0.4 m.

The accuracy of the results are very doubtful,because the computer pro-
gram limitations have been exceeded at this high frequency (see section
10.3.4.).

Effect of the body shape:

- Ey varies within 6 dB
- Ep varies withinl6 dB
- Ep changes very much in wave form and amplitude
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