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ABSTRACT 

An assessment of the technology of body- mounted antennas is presented 

that includes a survey of the radiators applicable to the Law Enforcement 

Assistance Administration (LEAA) police personal radio. A discussion of 

electrically small antennas provides an understanding of the limita-

tions in antenna efficiency, bandwidth, and of the near environment. The 

antenna technology is drawn from the open literature and from DOD and NASA 

experiences with their manpack antennas for the foot soldier and Apollo astro-
i 

nauts. The effect of the human body on the antenna radiation patterns is shown. 

Data are included for the antenna at waist level and in a, hand-held position. 

Other factors, such as biological effects from a transmitting antenna very near 

,to the human body, propagati,on losses, and RF noise in the VHF- UHF spectrum, 

are discussed briefly. 

A test plan for laboratory measurements of candidate antennas and body 

effects experiments is outlined. These tests will be performed by the Elec-

tronics Research Laboratory of The Aerospace Corporation. 
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PREFACE 

The Aerospace Corporation, under contract to the Law Enforcement 

Assistance Administration, is determining the feasibility of a body-mounted 

antenna for use with police transceivers. Experience with the construction, 

operation, and testing of electrically small antennas is being utilized by 

personnel of The Aerospace Corporation I s Electronics Re search Laboratory I 

which is also involved in U. S. Air Force Advanced Ballistic Reentry Systems 

(ABRES) and space system projects. The development work is being done in 

two phases. The first phase, accomplished during the period 11 September 

through 31 October. 1972, called for an assessment of technology that would 

be applicable to the development of a body-rnounted antenna; that work is 

documented in this report. 

The second phase of the development is now in progress. A set of 

candidate antennas will be built and tested, and the best of these will be given 

a mOl'e exhaustive performance evaluation. The project calls for a final 

development report documenting the work. and the construction of prototype 

units that may be used in developlnent tests. 

-vii- • 

Police communication systems may be affected by man-made noise. 

RF noise is prominent in the police frequency band, and ~ priori knOWledge 

of the sources, and its effect on the communication system may alleviate 

future problems. 

Transmitter and receiver locations should be selected for maximum 

height and line-of-sight coverage. In downtown city streets, coverage can 

be reduced by as much as 20 to 25 dB at 150 MHz as the result of shadow 

losses from high-rise buildings. Additional losses from irregular terrain 

can be as high as 20 to 40 dB over the free -space loss for distances of 6 mi 

in the VHF-UHF band. P;;:opagation losses through an eucalyptus grove is 

higher for vertical polari:z,ation than for horizontal polarization. 

The studies indicate that, where conditions permit, operation of 

personal equipment with 'A/4 whips held head high will provide the most 

effective communication. If it is required that the antenna be small and 

inconspicuous, antenna losses of 5 to 15 dB will result plus a further loss 

of another 10 to 30 dB from body effects. Mechanical convenience means a 

great sacrifice in electrical performance. Along with the losses associated 

with the antenna, receiver performance is limited by propagation effects 

and man-made noise. The potential RF hazard, heating or the effect on 

higher organisms, remains an open question • 
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CHAPTER 1. INTRODUCTION 

The user of a personal radio generally regards the antenna as a simple 

wire or teles coping rod that protudes from the apparatus; at fir st glance it 

appears that no particular engineering is involved in its design. However, 

even a simple antenna, and especially a body-mounted antenna, for a personal 

radio involves a number of tradeoffs with other factors. Some of the basic 

a.ntenna requirements are compactness, ruggednes s, inconspicuousnes s, loca-

Hon, convenience, and radiation efficiency. In addition, other facto rs, such 

as body effects on the antenna, biological effects from RF radiation, man-

made noise, and propagation phenomena in the city, wooded areas, and rough 

terrain, must all be considered in an integrated, well-designed communica-

.. Hon system. 

This report documents an assessment of the state of the art of radiator 

technology applicable to the body- mounted antenna. The problems as sociated 

with making compact or inconspicuous (hidden) antennas are outlined. Chapter 

II presents a discussion of electrically small antennas to provide the reader 

with an lmderstanding of the limitations in antenna efficiency, bandwidth, and 

the effects of the changing surrounding environment. The antenna technology 

is drawn primarily from DOD and NASA experiences with man pack antennas 

for tht~ foot soldier and Apollo astronauts; e. g., the problems associated with 

the body-mounted antenna for the police officer are similar to those of the foot 

soldier. Othe l' factors, such as body effects, biological effects from a trans-

mitting antenna very near to the human body, propagation losses, and RF noise 

1 

in the VHF- UHF spectrum, are b~defly d 
iscussed. A test plan for laboratory 

measurements of d'd ' 
can 1 ate antennas and body effects 

experiments is outlined 
in Chapter VI. This experimental effort is to be 

performed by the Electronics 
Research Laboratory of Th A 

e erospace Corporation. 

Throughout the report, losses attributed to the 
small antenna, the 

effects of the body on th t 
e an enna, and propagation are discussed. These 

losses must be factored 'into the systems 
. analysis to ensure proper communi_ 

cabon effectiveness; this report how d 
. ever, oes not suggest means of compen_ 

satIng for these losses Th 
. e reader should recognize that a 3-dB loss 

represents a reduction in ar 
ea coverage by a factor of 2; that is the c . 

t. . ommUl1l-
ca 10n dlstance is r,educed by a factor of '2' I' . 

, V G In a Ine- of- SIght propagation 
envll'onment. The relative reduction in 

communication coverage for system 
" los s es is presented in Table 1. 

Table 1. Communication Coverage vs System Losses 

Loss Area Range (dB) Coverage (Distance) 

0 1.0 1.0 

3 0.5 0.707 

6 0.25 0.5 

10 O. 1 0.316 

20 0.01 O. 1 

30 0.001 0.0316 

-2 _ 
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CHAPTER II. ELECTRICALLY SMALL ANTENNAS 

It is preferable that the antenna for a police officer I s personal radio 

be invisible, noninterfering with tl,.e officer I s motions, rugged, convenient 

to use, unattainable by grabbing to an assailant, and yet be an efficient radi-

ator. All of the foregoing physical requirements indicate a need for a very 

small, compact antenna. However, one cannot have both an efficient radi-

ator and a small antenna; that is, there is a iundamentallimitation as to what 

can be expected from an electrically small antenna. 1 A compact antenna for 

a radio that has a reasonably good radiation efficiency has not been designed. 

In many cases, as a tradeoff, the system designer has made the decision to 

eroploy a relatively large, efficient antenna rather than to build a communi-

... cation system employing higher transmitter power. On the other hand, a 

great deal of effort is being devoted to improvement of the electrically small 

antenna. The problem, however, is a difficult one. It should not be expected 

that some radically new principle will soon be discovered through further 

research, but the solution to the problem will require careful analysis as the 

various systems have different mechanical and electrical requirements. 

An electrically small antenna is defined as one whose dimensions are 

small cOlnpared with the usual resonant length (A/2 long) antenna. Practi-

cally speaking, dipoles less than O. 2A long are considered short; e. g., at 

150 MHz, a resonant A /2 dipole is 39 in. long while a dipole 15.5 in. long 

(or a monopole 01' whip antenna of 7.8 in. ) may be considered a short 

antenna. 

-3 -

• Any small antenna in a free -space environment, whether it be a dipole 

will have identical radiation patterns, ' or a loop (magnetic dipole), 
d 1. e., a 

oughnut-shaped pattern being omnidirectional in the equatorial plane and the: 

elevation field pattern given by sin e. A resonant antenna will have a patt 
l' h ern 

s 19 tly more directional than the pattern of a short dipol"'. 
'" The beamwidth 

between half-power points of the A/2 t ' an enna lS 78 deg as compared with 

90 deg for the short dipole (s ee Figure 1) It' 't ' • 1S 1n erestlng to note 

that the directivity (gain of a lossless antenna) between the 
A/2 and short 

dipoles is only O. J! dB. In theory, it mean,,? that there is no adva t . , n age 1n 

usmg the longer dipole, but becaus e the radiation resistances . are very Inuch 

different the pract~cal situation must be considered The d' t' , . ra la lon reS1S-

tance of the A /2 dipole is 73 ohms. For the short dipole the rad' t' , , la lon reS1S-
tance is represented b R _ 20 (I 2 

Y l'ad - O.R. A) , where .R. indicates the total length 

of the short dipole (a s hort dipole of length O. 2 t.. will llave a radiation resis-
tance of 8 ohms). 

SHORT DIPOLE 

Figure 1. Comparison of radiation patterns 

for a resonant and a short dipole 

-4-
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Small antennas have intense electric and magnetic fields that extend 

into the near-field region of' the dipole. If the antenna is 10cCI,ted near objects, 

the user, and the ground, these strong fields may be dissipated in ohrr:tic 

resistance. Then antenna efficiency can be reduced because these small 

losses m.ay be large compared with the power radiated. Furthermore, 

losses in the tuning circuit to match the low radiation resistance to the 

transmitter provide an additional reduction in efficiency. 

A short antenna used in a small communications set strapped to a 

man's body can be a whip or monopole type. The antenna configur ation is 

basically a short, asymmetrical dipole with the whip forming one half of the 

dipole and the radio set case the other half. Major losses are the result of 

the man's body absorption, and insulator, dielectric, ground, and matching 

"circuit losses. The ohmic 10sse:3 in the inductive reactance required to 

match a short whip generally represent a significant portion of the total 

losses. 

, A small loop has an inductive impedance that requires a capacitor 

matching network. Capacitors can be ,made with very low loss, however, 

and loop antennas have been found to be more efficient than the whip type. 

For a given radiation efficiency, it is possible to tolerate a much higher 

conductivity dielectric in the near-field region of a small loop antenna thaTi 

with a whip. 2 In other words, the efficiency of a loop antenna is affected 

less by ground losses than that of a whip. Of course, some losses occur 

with all types of antennas operating close to a nonfree-space environment. 

-5-
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Small, low-efficiency antennas are frequently _ used for reception 

without performance degradation whenever cosmic and atmospheric no;se 

and man-made noise are greater than the internal receiver noise. In cities, 

the peak noise is oft hi h th h 3 
en g er an t e thermal noise. Under these high-

noise conditions, it is pos sible that a separate, hidden antenna could be used 

that would provide a continuous receiving capability A 1 t l' 
. comp e e ana YSIS 

and tradeoff should be made to determine the system effectiveness of using 

separate antennas for the transmit and receive modes. 

High antenna efficiency is needed primarily for 'the transn:dt mode; 

otherwise, the transmitter power is dissipated in the various loss mecha­

nisms. A waste of the high-level RF pOwer also represents a bigger bat­

tery drain, especially when a given radiated power requirement must be met. 

An additional reduction in signal strength is caused by radiation pat­

tern distortion of a body-mounted antenna. Appreciable nulls exist in the 

antenna-man radiation pattern such that the direction the us . f .' . 
er IS aCIng WIth 

respect to the point of communication is important. As compensation for 

the null, it is neces sary to add another 10 to 30 dB in th b d 
e power u get of 

the communication svstem. , The pattern distortion exists for both small and 

large resonant antennas. Th b d 
e 0 y effects on the antenna are discussed 

further in Chapter IV -A. 

The general properties of small antennas can be summarized as 

follows: 

• Relative intense reactive fields exist in the near -field region 

of the antenna. Coupling of these fields to nearby objects and 

ground reduces the antenna efficiency. 

-6-
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• Q is large for a lossless antenna, which means narroW' 

bandwidth. The Q can be reduced, which results in lower 

efficiency and more bandwidth. 

The free-space radiation patterns of a small dipole or a loop 

have the same shape. 

The loop incorporates a capacitor tuning network that has 

lower losses as compared with the inductive matching net-

work of a dipole. 

The loop has less ground losses than a monopole and there-

fore is less affected by the changing environment. 

High antenna efficiency is primarily of concern in transmit-

Hng. 'While receiving, a lower efficiency antenna can be 

used without degradation if the local noise level is greater 

than the receiver noise. 

-7 -

CHAPTER III. ANTENNA TYPES 

A. General 

The personal police transceiver must be designed to satisfy, numerous 

law enforcement functions. It must be convenient and capable of operation 

in a "hands free" mode. The transceiver must be designed for us e by a t.mi-

for:rned officer, in a tropical or arctic environment, on a normal, routine 

assignment or when quelling a civil disturbance, with or without a protec-

tive helmet or gas mask. The transceiver antenna must satisfy all the trans-

ceiver requirements and must be compact, capable of concealment, able to 

radiate efficiently, and difficult to damage during a deliberate attack. In 

addition, it should not present a "grab handle" for an assailant. Although 

... the transceiver and antenna should meet all the operational requirements, 

a Single configuration may not satisfy the requirements of all the different 

law enforcen1.ent functions. Therefore, a comprOlnise must be made, or 

special antennas must be designed for operation in a routine mode and under 

stres s conditions. 

Many antenna configurations are candidates for application as a body-

mounted antenna. Although the various anter..nas look different, they are 

basically a loop or a dipole. The various configurations resulted from. the 

nov~l and effective Inethods the designers have employed to i:rnpedance 

match the antenna. Regardless of the antenna configuration, two small 

antennas with identical volumes will yield the same maximum radiation 

ff ' . 1 e lClency. However, because of the various cornrnunication system, 

-9-
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mechanical, and environmental requirements) the various configurations 

must be analyzed to determine the ones best suited for the proposed appli-

cation. A description of the various loop and dipole configurations applicable 

for body-mounted antennas is presented in Chapte.r III-B. In Chapter IV is a 

description of the body effects on antennas and the results of actual measure-

ments that ultimately are a major consideration in antenna selection. 

B. Antenna Configurations 

A review of the open literature was made for assessment of body-

mounted antenna technology. A substantial amount of information was 

derived from the documentation prepared at the Antenna Workshop, 4 which 

was held at the U. S. Army Electronics Command (ECOM), Ft. Monmouth, 

New Jersey, in February 1968, and was devoted solely to the packset 

antennas for the foot soldier. The NASA Apollo astronaut backpack antenna 

system was also reviewed. 5 

1. Whip antennas. The most common and probably the simplest 

antenna is the monopole or whip. The ECOM has devoted substantial tech­

nical effort toward development of this type antenna for the foot soldier. 4 

Although their work was devoted primarily to the 30- to 76-MHz range, the 

technology is applicable to police transceiver frequencies of 150 and 450 MHz. 

A monopole is generally excited by a signal source against a 

metal sheet (or ground plane) or with the ground plane replaced with a num-

bel' of radial wires orthogonal to the monopole. For the personal radio set, 

the radio case is considered the ground plane and is usually ineffective. A 

-10-
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counterpoise - additional wires or wire shields above ground and serving 

as a "ground"'terminal - would have to be added to acquire an effective 

ground system. A counterpoise differs from the ground plane in that it is 

essentially RF-isolated from ground (i. e., the counterpoise has a rela-

tively high impedance to ground). The counterpoise must be properly 

designed, e. g., by incorporation of RF chokes, to minimize additional 

power loss to the ground .. 'rhe ECOM has perfected the electrical design 

of these chokes, which consist of coax, e. g., RG-188, wound on a toroidal 

ferrite core, to provide effective isolation over a wide frequency 

6 (p. 50), 7 (p. 244). range. 

The basic whip antenna should be >"'/4 long for optimum per-

formance; however, physical limitations often prevent using a long antenna 

,(e.g., >"'/4 = 17.5 in. at 150 MHz). Loading techniques (see Figure 2, page 12), 

which generally lead to lower efficiency antennas with narrower bandwidths, 

are used to reduce the antenna length. The physical appearance is different, 

but it is basically a whip antenna. This efficiency loss is important for the 

police radio, but the bandwidth is generally sufficient for the application. 

It has been demonstrated by ECOM that a more optimum loading configura", 

tion for whip antennas can be obtained by locating the inductor on the antenna 

element, either in a lurnped or distributed manner. The principle has been 

demonstrated theoretically, and its practical implications have already been 

used to definite advantage. 8 Shepherd and Chaney have also suggested that 

a body-mounted antenna be exposed above the shoulder for maximum efficiency. 9 

-11-



UNLOADED INDUCTIVE 
LOAD 

CAPACITY COMBINATION 
LOAD 

Figure 2. Loading techniques for whip antenna 

In addition to the' 'inductive loading of whips, capacity loading 

can also be used (see Figure 2). Capacitive top loading increases the 

effective height of the monopole and reduces the tuning losses. However, 

there is a point of diminishing return in terms of effective height when the 

top-loading capaci~y become s appreciable to the capacitance of the vertical 

antenna portion..... Inductive and capacitive loading are frequently combined. 

Extra-thin whip antennas that are not easily detected by the 

unaided eye have been developed by', ECOM. 10 Although their interest is in 

the 30- to 76-MHz range, the techniques should be applicable to the police 

transceiver frequencies. If a good conductor is used, a wire of a few mils 

in diameter suffice s for good efficiency; thus, the primary limitations are 

mechanical. Carpenter, et al. , lO proposed that the antenna consist of a 

matrix of boron filaments and a single conducting wire bonded together by 

plastic. However, Mr. E. Berman of ECOM stated in a recent conversa-

tion that a boron strand surrounded by stainless steel filaments embedded 

in magnesium (see Figure 3» page 13) was found to be strong and, flexible. 

The magnesium is the electrical condu.ctor. 

-12-
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Figure 2. Loading techniques for whip antenna 

In addition to the inductive loading of whips, capacity loading 

can also be used (see Figur~ 2). Capacitive top loading increases the 

effective height of the monopole and reduces the tuning losses. However, 

there is a point of diminishing return in terms of effective height when the 

top-loading capacity becomes appreciable to the capacitance of the vertical 

antenna portion. Inductive and capacitive loading are frequently combined. 

Extra-thin whip antennas that are not easily detected by the 

unaided eye have been developed by ECOM. 10 Although their interest is in 

the 30- to 76-MHz range, the techniques should be applicable to the police 

transceiver frequencies. If a good conductor is used, a wire of a few mils 

in dialneter suffices for good efficiency; thus, the primary limitations are 

mechanical. Carpenter, et al., 10 proposed that the antenna consist of a 

matrix of boron filaments and a single conducting wire bonded together by 

plastic. However, Mr. E. Berman of ECOM stated in a recent conversa-

tion that a boron strand surrounded by stainless steel filaments embedded 

in magnesium (see Figure 3, page 13) was found to be strong and .. ;flexible. 

The magnesium is the electrical condu.ctor. 
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STAINLESS STEEL 

Figure' 3. Thin antenna construction 

The principle of inductive loading on the antenna element has 

been demonstrated in practice as a means of shortening the whip antenna and 

yet maintaining a suitable efficient operation. Because of the added weight 

and increased visibility of external loading inductors, it may be advantage-

ous to keep the tuning adjustment inside the radio set itself. By the adop-

tion of a sleeve monopole type of whip configuration, the inductive loading 

on the antenna element itself can be introduced. This type of antenna has been 

in existence for many years. 11, 12 A sketch of an electrically short ver sion 

of such a sleeve monopole is shown in Figure 4. 7 Research has been conducted 

by ECOM on the short- sleeve monopole to tune over the frequency range of 30 

to 76 MHzl3 and the VHF range, as discussed with Mr. Robert Whitman of ECOM. 

A folded monopole is another commonly used antenna (see 

Figure Sa, page 14). The two conductors make the antenna more visible but 

the second conductor, which is attached mechanically to ground, makes 

-13-

Figure 4. 

(a) 

Figure S. 
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(b) 
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Folded monopole configurations 
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the monopole less susceptible to destruction. A monopole less than approxi-
" 

mately O. l2~ high can be tuned by a low-loss 'capacitor tuning net\vork as 

shown in Figure 5b, page 14. A resonance occurs at O. l2~, which simplifies 

impedance lnatching. The geometry of the short, multiple-loaded, folded 

monopole is indicated in Figure 5c, page 14. For a loaded height of O. lA, 

it has been shown theoretically that the input resistance is equivalept to the 

15 (p.230) resistance of a O. 25~ monopole. 

2. Loop antennas. Loops, which consist of a radiating condudor 

coiled into one or more turns, are used successfully as miniaturized antennas 

for rockets and radio receivers. The relationship between loop dimensions 

and the theoretical radiation efficiency is discussed by G. S. Smith. 16 The 

loop is advantageous' because it is relatively insensitive to external capacity 

changes and it utilizes low-los s capacitor tuning networks. In contrast, the 

whip is very sensitive to external capacity changes, such as body and earth 

proximity changes, because it ~s by nature a very low-capacity, high 

impedance antenna. The effiC'iency of a loop antenna is affected less by 

ground losses than that of a whip. 2 In addition, loops can be externally 

loaded with capacitors and fed either ih a balanced or an unbalanced con-

. Jition. A balanced loop has a high immunity to local el~ctrical interference 

pickup. 

The ECOM has found that a half-loop on a small mounting 

plate, which is the back of the communication set, is suitable for a back-

17 pack radio fot' the 30- to 76-MHz band. 

The diameter of the loops must be small in terms of wave­

length to be attractive for use in a personal radio; thus, the efficiency is 
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lo'wand several turns are added to enhance the performance. The Ohio State 

University (OSU) antenna laboratory has found that a multiturn loop, where 

the total wire length approaches 'A/2, can be designed to radiate with good 

efficiency, 18 and they have performed theoretical and experimental analys es 
. 19 20 . 

on thlS type of loop.' OSU proposed that, for a man-pack loop antenna 

system, the mu1titurn loop be configured around the torso in a vest or a 

jacket and attached to the radio pack in a piggyback mode. The ECOM work-

shop discussion group indicated that a loop placed around a man's body will 

not work well because an electromagnetic field inside the loop will cause a 

21 large loss due to the associated currents in the man's body. 

The Harry Diamond Laboratory (HDL) and OSU have built 

several multiturn loops for high- impact use. The 17 0- MHz antenna is 3 in. 

" in diameter by 1.5 in. in height, and the three-turn loop is foamed (54 1blcu 

ft density, Er = 2.4) for ruggedness. The bandwidth is 1 MHz, but the loop 
... 

can be tuned over a 20- MHz band. ". For the police transceiver antenna, 

the HDL loop can be made much smaller th~n the present HDL design, which 

has a large volume that was dictated by the need for high- impact (1000 g) use. 

The actua1100p dimensions are approximately 0.5 in. high by 1.5 in. long; the 

loop circuit is shown in Figure 6, page 17. Such a loop can be readily mounted 

on the transceiver or on a shoulder mount, and possibly on top of a helmet. 

For 450- and 920-MHz operation, the multiturn loop would be fairly small in 

size. 

.... 

"'Frank Reggia of the Harry Diamond Laboratory is preparing a technicaJ 
report on multiturn loop antennas. 
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Another 11 d "halo l! or Ilhula-hoop,l! form of loop antenna, ca e a 

has been used in the past (see Figure 7). The vertical height h 

represents . 't 's similar to . t' f the antenna; 1. e., 1 1 the major radiating por "wn 0 

" a top -loaded monopole. done by the capacitor, and impedance Tuning is 

selection of the distance b or by matching can be accomplished by propel' 

TUNING fl 
CAPACITOR -: 

I ! I 
I I I 
I I I 
I I I 
I 11 

GROUND PLANE 

___ ih«A 1 

Figure 7. Halo or hula-hoop antenna concept 

ar"ranging some means of capacitor matching. Mr. Whitman of ECOM has 

indicated that this antenna is very critical to tuning and requires four to six 

reiterations in the tuning process. He is presently developing a dual-winding 

"electric stove hot burner l! loop configuration. 'The loop is 2.75 in. above 

the ground plane for 30- to 80-MHz operation. With a 3. 5-ft-diam ground 

plane, the loop's performance is -2 dB with respect to a 'A./4 monopole. 

A ferrite-loading loop antenna is commonly used for receiving, 

but it is not extensively used for transmitting. Enhancement of radiatioll has 

been found in ferrite antennas; however, large losses are also found in the 

ferrite, which would result in a change of impedance. The discussion group 

concluded that ve:ry little is known about ferrite antennas as a transmitting 
22 

element. Therefore, additional analytical and e)"'-perimental studies should 

'be done on ferrite antennas to determine radiation efficiency, Q, bandwidth, 

tuning capability, and temperature dependence. The concept of uSing a 

ferrite-loaded loop as a separate receiving antenna for a police personal 

radio set should be evaluated in seeking an optimum communication system. 

3. Helmet antennas. For the officer who must wear a protective 

helm,et, consideration should be given to placing the antenna on the helmet. 

The ECOM investigated helm.et antennas (see 'Figure 8, page 19) for the 30-

to 76-MHz frequency band, but did not continue development because of insuf-

23 ficient communication range and interference with the operatol'IS head gear. 

However, the VHF-UHF band helmet antenna, either the whip or loop type, 

may be a likely candidate for the police. At 150 MHz, for example, a multi­

turn loop may be a round knob "'1.5 in. in diameter by 0.6 in. in height. 
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Figure 8. Experimental helmet antennas 

WHIP 

At 450 MHz, a multiturn loop is much smaller in size and a 2- or 3-in. 

loaded whip could be mounted on the helmet. At 950 MHz, a >"/4 whip would 

be less than 3 in. long. For the best electrical performance, the antenna 

should be elevated and placed in an unobstructed position that is not affected 

by the user's body. 

4. Clothing antennas. During the 1940s, the first known attempt 

was made to conceal ~n antenna within the user's clothing. The antenna con-

sis ted of a center-fed, inductively loaded dipole that was surrounded by 

layers of plastic tubing. The antenna was to be placed in a vertical position 

under the outer clothing of the operator. The plastic tubing insulated the 

antenna conductor and prevented direct contact with the operato,r. With the 

operator in an upright position, field tests at 50 MHz showed that the com-

munication range of this antenna was only 100 yd as compared with 3 mi for 

a free-space dipole. With the operator in a prone position, the communica­

tion range was virtually nonexistent.
23 

Sefton suggested the use of flexible 

braid:1

24 
which could be sewn into the standard combat :uniform, but provided 

:no eXperimental data. 
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Another approach to a d' 1 IpO e concealed in the operator's 
clothing was proposed by F. Triolo of ECOM -nd 't ,ex. 1 was given the name oli. 
the Portable or Coverall Antenna. 23 The 

operator' s clothing~ either outer 

or inner, was to be metallized from shoulder to ankles. 
In effect, the body 

was to be completely enclosed in a rough approximation of a metallized 

cylinder. F' d' ff m lng an e icient method of coupling to the 
antenna proved to 

be a stu.mbling block. 

priority projects; 

The investigation was Cl1t h sort because of higher 

therefore, no conclusive results were obtained. 
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CHAPTER IV. ANTENNA AND THE BODY 

" , , .;. ; .. ~ .-

A. Body Effects on the Antenna 

A large number of pos sible antenna configurations for potential 

police use were discussed in Chapter III. For selection, it is important 

to determine the effects of the human body on the antenna. The human body 

can 'be repre1sented by a c~mplex dielectric constant; therefore, the body 

behaves as an absorber and as a director or reflector of RF energy. 

Several experimental investigations of the degradation of the antenna per­

forma,nce in the presence of the human body have been made. In these 

studies however, only a vertical whip antenna was consJdered. , , 

Shepherd and Chaney investigated personal radio antennas and 

" described a seri.es 01 tests made under laJ;loratory conditions followed by a 

coverage study made under service conditions in city streets to evaluate 

the relative performance of small antennas and to accumulate propagation 

data fOr system design. 9 The laboratory measurements included a study 

of the properties of ferrite -loop antennas, coils, whips, and short-wire 

antennas. It was concluded that 'f../4 whips, even when working against the 

radio set chassis as a poor ground plane, offered the hest performance. 

With operation at 150 MHz, which is a frequency of interest to the police, 

a, 20- to 25-dB shadow loss was found in city streets plu"s a i 0- to is-dB 

antenna los s. Where condition.s permitted operation of the radio with 'f../4 

whips held head high, radio performance was found to be comparable to 
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ve'hicular coverage except for the antenna loss. Where the antenna needs to 

be inc?nspicuous, another 5- to i5-dB average system loss may result. 

Krupka determined the effect of the human body on the radiation 

properties of portable and small hand-held transceivers .25 Impedance, 

gain, and pattern data from 35 to 152 MHz are shown in his paper. The 

portable set is 8 X 8 X 2 in. and is strapped to the waist with the antenna 

either in front or at the side of the body. The pocket- size radio with the 

whip is held at arms length in fro.nt of the body. Pertinent 152 -MHz radia-

tion pattern data applicable for police use are presented in Figure 9, 

with peak gain values shown for the various whip lengths, £. • When 
a 

used with the pocket-sized radio, the peak gain is -2 dB for a whip length 

of O. 27'f... Degradation of the pattern behind the user is unknown, since 

Krupka did not specify the units. Nevertheless, the patterns do indicate 

the severity of body effects on the free -space omnidirectional whip pattern. 

-12.363 

--- SIDE POSITION 

----_ FRONTAL POSITION 

/fAOIAT/ON PATTERNS OF PORTABLE SYSTENS ,linlHz 

to .;: WHIP LENGTH 

--la- 0,1). 

0.27.l 
0.5 ;\. 

PEAK GAIN 

- 5.2 dB 
-2 dB 
+0.4 dB 

. RADIA TION PATTE/(NS OF POCKET-SIZED SYSTEMS 
i5211Hl 

Figure 9.. Radiation patterns of the body-antenna system26 
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Id d smaller gain value s . 
the shorter whip lengths yie e 

As one would expect, 

h · length is shown in Figure 10. 
A plot o{ gain vs w lp 

-20 

-15 

fJ, dB -10 

-5 

15J MHz 

I PORTABLE SYSTEM AT THE SlOE OF THE BOOY 

PORTABLE SYSTEM IN FRONT OF THE BOOY 

0.2 0.3 

1.o./~ 

POCKET-SIlEO SYSTEM 

0.5 

Figure lO. k t gal' n vs electrical Pea an enna 

. 25 
whip length 

P
erformance characteristics of the Apollo 

Lin?sey describes the 
5 f operation is 250 to 300 MHz, 

astronaut backpack antenna. The frequency 0 

h
. 1 th (}../4 at 285 MHz) at shoulder height. With the 

with the 10. 5-in. w 1p eng 

astronaut in a standing position, the 
azimuth pattern is omnidirectional 

the gain varied 
W1·th the astronaut in a bending position, 

within ±2. 5 dB. 
t the power budget 

d B. As a result of these measuremen s, 
from -28 dB to +1 

had to be revised to account for the low gain values. 
1 . of nearly 5000 port­

The Detroit police Department made an ana YS1S 

1 d' 26 The intent 
h · officers using a persona ra 10. 

able transmissions, with t en 

of the study was to evaluate the 
changes that could contribute to~ard modifi­

The 450-MHz study 
t · of future equipment. 

cation or improved opera 10n 
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indicated that the difference between the antenna at face and belt level was 

3 dB. They also reported that tests by.Motorola Corporation of the 450-MHz 

}"/4 portable antenna systems showed a cardioid radiation pattern at face level 

that was -2 dB in the forward direction and -'12 dB in the reverse direction. 

when related to the EIA }"/4 mobile antenna standard. Belt-level transmis-

sions when related to the face-level transmissions are about -4 to -5 dB in 

the forward direction or 6 to 7 dB below a A/4 EIA mobile standard. The 

cardioid radiation pattern produced from body shielding has a direct effect 

on the portable transmission reliability. Depending on the direction and 

mode of operation (face or belt level). the portable signal level will be from 

2 to 17 dB below the A/4 reference signal. According to the Detroit police, 

operational tests with the antenna at shoulder level did not cause any inter-

ference in the officers' activity. 

B. Biological Effects of RF 

A substantial amount of research has been done and is continuing on 

the biological effects of microwaves. There are numerous papers and 

reports written on this subject; e. g., the February 1971 issue of the IEEE 

Transactions on Microwave Theory and Tt:lchnigues is devoted to the biologi-

cal effects of microwaves. For the body-mounted antenna, RF heating may 

or may not be a factor. The adopted safe free-space power density of 

1 OmW / cm2 is measured in the absence of the biological subject for normal 

environmental conditions. 27 For conditions of moderate to .severe heat 

stress, the power level should be reduced appropriately. Mumford has 

-24-



',e 

• 

proposed the reduction of the radiation protection guide to 1 mW / cm
2 

for 

ev~ry temperature-humidity .. index (THI) point above 70, until 1 mW / cm 
2 

is 

reached. 28 The THI is one of the most commonly quoted indexes to express 

human comfort in terms of temperature, humidity, and air velocity. Most 

studies have been devoted to the power densities related to the human body 

in the presence of high-power radars or microwave ovens. Very little has 

been devoted to the RF radiated from a body-mounted antenna. At the 

frequencies of interest to the police, the RF heating penetrates deeply, 

whereas, at the higher n'licrowave frequencies, heating is produced near 

the surface. 

Diverging opinions concerning the RF heating effects have been 

expressed; e.g., Dr: H. P. Schwan of the University of Pennsylvania, Moore 

School of Electrical Engineering, who has been working in the field of bio-

medical electronic engineering for many year s, gave the informal opinion 

that RF heating is "no worry" with the LEAA 4 - W transmitter. However, 

E. Berman of the U. S. Army Elec:tronics Command, who has been working 

with backpack antennas for the foot soldier for many years, was somewhat 

more conservative, because of the lack of knowledge of RF effects with the 

antenna adjacent to the head and body. 

The effect of modulated low-power-density RF energy on biol.ogical 

functions is a controversial subject. Schwan has stated 'that it is not possi­

b~e to directly stimulate nerve membranes by microwave fields. 29 The field 

strengths applied by a microwave field to the human body are much smaller 

than the voltage required to stimulate the nerves; i. e., RF exposure would 

result in excessive heating before it could evoke stimulation. On the other 

hand, Frey has suggested several mechanisms whereby low-power RF can 
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-affect neural functions 30 H 
. e argues that, during the nervous system 

investigation, an X-band transmitter 
was used as a Source. S' lnce one can-

not penetrate the skin t "f' 
, 0 a slgm lcant extent with X- band 

energy, the best 
that could be done were marginal 

, studies on stimulation of peripheral nerve 

endlngs. Frey also points out several experiments 
by others that conclude 

that significant phYSiological effects 
_ result from lOw-level electrical fields. 

There is no doubt a lack in data relevant to 

te~ by low-power UHF energy 
the effects on the nervous sys­

that can penetrate the skin. S 
hould RF energy 

affect the nerves, it does not necessarily mean a hazard 
exists. Such a 

conclusion should be made after further investiga tions. 

by a 

Frey repor~s that perception in the auditory 
system can be induced 

1-GHz signal frequency that penetrates 
the head; however, higher sig-

nal frequencie s, such as 10 GHz 
, do not penetrate and hence do not induce 

auditory perception. AUditory t 
sys em perception cannot be produced unless 

the carrier is modulated. 
Brain stem responses have not been 

observed with 
an unmodulated carrier. 

Mr. Gary Nason of NASA M 
, anned Spacecraft Center, n'lentioned that 

the potential RF hazards with the A 11 
po 0 astronaut backpack transceiver were 

The antenna is located on top of the backpack 
not considered to be important. 

(shoulder level), and the Whip is 
'/.../4 long, which makes it an efficient radia­

approximately 0.5 Wand operates in the 
tor. The transmitter output is 

300-MHz region. 

A free-space power density of 10 mW/cm2 l'S 
equivalent'to 195 Vim, 

whic, h is indeed a large signal from a dipole ~ntenna. 
If it is assumed that a 
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4~ W transmitter is exciting a A/2 dipole in free space, the maximum induced 

field a few inches away is 28 V 1m at 150 MHz. 1£ it is. assumed that the body 

does not affect the near-field electric intensities. a 4-W RF level appears 

to be safe. This strong reactive field normally does not represent a flow of 

energy away from the source but pulses back and forth in the near field of 

the antenna; however) the body absorbs some of this reactive energy~ which 

changes the antenna characteristics. One should remember that the antenna 

efficiency is optimistically 25%; thus, the actual power radiated is less than 

the transmitter power. 

Regardless of the arguments of whether or not a certain RF power 

level is safe, invest~gations should be made to assure the user that his eyes
l 

brains, nel:ves, and other organs will not be affected when transmitting 4 W 

, of RF power into a body-mounted antenna. The question of hazard and safety 

standards remains somewhat open. 

\ 
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CHAPTER V. PROPAGATION 

Propagation factors must also be accounted for in an integrated 

con'lmunication system. 1-fan-made noise may affect the receiver and 

antenna design, while losses in propagation caused by rough terrain, city 

buildings, and 10w- height antennas will alter the transmitter power require .. 
, 

ments and the communication range. This section summarizes the salient 

points that should be considered in a system design. 

A. Noise 

Man~made noise and spurious interferences from radars. and radio, 

communication~ control; and navigational equipment compose the artificial 

RFI of an urban area. The average noise power at VHF and above decreases 

with increasing frequency, and, according to Skomal; 3 appro,aches the 
• 

minimum detectable signal level of the most sensitive receivers at 500 MHz. 

Thus, the police communication systems may be affected by man-made noise. 

Skomal has reviewed the status of current experimental and theoretical 

understanding of the range and frequency variatio~ of incidental, surface, 

and man-made radio noise in metropolitan areas. Where possible, the 

known major sources contributing to the composite metropolitan area .noise 

are exarnined individually. A plot of the composite source noise is pret,ented 

in Figure 11, page 30. An ~ Eriori knowledge of noise may alleviate major 

problems after installation of permanent communication equipment. 
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B.' Propagation Losses 

Transmitter and receiver locations should be s elected for maximum 

height and line-of- sight coverage. In downtown city streets J coverage will 

be restricted because of heavy shadow losses and, thus, will severely 

restrict the communication range of personal transceivers. Transmission 

loss over irregular terrain and wooded areas is another factor to be 

considered. 

Shepherd and Chaney, 9 in iSO-MHz tests with small antennas that 

were installed in a personal radio, found that 20- to 2S-dB of shadow loss 

exist in city streets. The Detroit Police Departm,ent determined the 

transmission efficie~cy, under varying conditions within the metropolitan 

area, with 5000 data points. 26 The measurements relate to the total effec-

" tiveness of all portable transmissions and do not provide quantitative propa-

gation values. The mode of operation was two fold: The antenna was 

positioned at window or belt level while the officer was in the vehicle, and at 

face and belt level while he was out of the vehicle. The personal radio was 

a 4S0-MHz; Universal Handle-Talkie, which is manufactured by Motorola 

Communications and Electronics Inc. The O. 7- W power output wa~ radiated 

from a 'A/4 antenna that was mounted to the unit. The central receiving 

station, consisted of either a 10-dB gain omnidirectional or a 12. 3-dB direc-

tional antenna. In sumrnary, the test results indicated that 90% of the city 

area had a 92% transmission efficiency. The original target, 99% trans-

mission reliability in 90% of the city area, was not met in their measure-

ments; nevertheless, the personal radio syst~m is doing a fine job for the 
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police officers. These results do, however, indicate actual conditions 

experienced within high-rise and residential urban areas. 

Com.puter-obtained predictions of tropospheric transmission loss 

over irregular terrain are compared with measurements in a report by 

Longley and Reasoner. 31 Measurements of transmission loss with low 

antennas over irregular terrain have been made in several areas in the 

United States, including Colorado; Idaho, Ohio, Virginia, Washington, and 

Wyoming. These measurements cover a wide range of frequencies, with 

structural heights ranging from <1 m to >15 m, in areas where the terrain 

cha:racteristics range from smooth plains to rugged mountains. Frequencies 

ranged from 20 to 9200 MHz, and their data for 230, 410, and 910 MHz are 

directly applicable for police use. Losses of 20 to 40 dB over the free- space 

loss are not uncommon for distances of 6 mi. 

Propagation through wooded areas is also of concern in police com-

munications. Attenuation ITleaSUrernents were made in an eucalyptus grove 

for frequencies from 50 to 100 MHz by the Stanford Research Institute. 32 

For iOO MHz, the attenuation over a range of 2.25 to 4 mi varied from 19 to 

27 dB and 8 to 14 dB for vertical and horizontal polarizations, respectively. 

These results indicate that there are less lo's ses foOl' horizontal polarization 

when propagating through an eucalyptus grove. 
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CHAPTER VI. TEST PLAN 

During the remaining portion of this LEA A study on body-mounted 

antennas) it is proposed that VHF e:X:perimental measurements be made on 

the folloWing tasks: 

• Multiturn looE' A multiturn loop (OSU design) will be configured 

• 
for a body-mounted antenna. 

Body effects on antenna gain. The gain and patterns of body­

antenna combinations will be measured and determined. 
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