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ABSTRACT

The development of a new body-mounted antenna for a police officer's
single-frequency, single-channel, personal radio set is described. The
multiturn loop antenna is small and compact, rugged, low profile, lightweight,
and measures 2.9 in. x 2,‘ 9 in. x 0.9 in. high. VSWR and radiation pattorhs
are presented for the antenna mounted on a man's shoulder and for the body
in a standing, stooping, and prone position, with various head and arm move-~
ments, and with light and heavy ‘clothing.. Radiation patterns are also pre-
sented to show the body absorption loss caused by the antenna being mounted
at waist level as compared with mc;untikng at shoulder level. The radié.tion
patterns are referenced to a 6. 6~in. helical whip 1;hat is commonly used by
polic'e officers. The instantaneous bandwidth'is 1.4 MHz for a VSWRS' 3:1.

A dual-frequency model for use in a two-frequencylsim‘plex push—to—’;alk mode

is also shown to be practical.
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SUMMARY

There is a present tendency among police departments to convert to
multichannel communication operations in both the VHF and UHF bands. In
multichannel service, the user has the option of switching to one of several
channels, depending upon traffic congestion or his requirements for specific
types of service; for example, dispatch coordination, file lookup information,
vehicle maintenance requests, etc. These various channels may be dispersed
in frequency over a large segment of the band assigned for law enforcement.
Consequently, antennas designed for this type of communication require rela-
tively broad-band characteristics. The input and output networks of the newer
radio transceivers ’have also been designed to operate properly over relatively
wide frequency ranges; Because electrically small antennas are necessarily
relatively narrow band, these small antennas are generally not suited for
multichannel operation.

kThe technology of electrically small antennas that have been

developed within the laboratories of The Aerospace Corporation and at other
laboratories is now at a level where it appears advisable to again recycle the
requirements. It is important to redetermine jus;c’ what the requirements are
for body-mounted antennas and see what specific need exists for narrow-band
antennas. One should also determine what the actual mechanics of operatioﬁ
entail; for example, is the transceiver also to be body mounted or is it hand
held? If the traneceiver, or a major part of it, is to be mounted inside a

helmet, would a helmet-mounted antenna also be suitable?

-1 -



In summary, the Aerospace body-mounted antenna feasibility program
has contributed important empirical performance and design data relating to
such small antennas and has defined the capability of the present technology.
A prelimipary examination of the cost factors indicate that the cost of the
hody-mounted antennas is substantially greater than the cost of the existing
simple whip antennas. In view of these considerations, it is the recommenda-
tion of The Aerospace Cofporation that this project be concluded and that a
re-examinati.cn of the requirements be made to determine if, in fact, a nee’d
exists for the presently developed body-mounted antenna (e.g., two-frequency
simplex applications) or if a need exists for a broad-band, multichannel,
body-mounted antenna.

For single-frequency, single~channel operation in the 150 to 170 MHz
band, the development of a new body-mounted antenna for a police officer's
personal radio set is described. The antenna, which measures 2.9 in.

x 2.9in., x 0.9 in. high and weighs less than 3 oz, is a smail, compact multi~
turn loop designed to be mounted on a man's shoulder, Laboratory measure-
ments demonstrated that the loop provides 3. 8 dB (azimuthal average over
360°) more gain than a shoulder-mounted, 6,6-in. helical whip.

The multiturn loop consists of a 3/8-in. copper strip wound on a styro-
foam form 2.7 in. x 2,7 in. x 0,7 in. high. The coaxial cable and capacitors
are assembled to a metallic ""ground" plate, aiter which the assembly is
foamed-in-place tb make an integral rugged unit. The loop has a bandwidth
of approximately‘ 1.4 MHz (VSWR = 3:1). For a two-frequency system where

the transmitter and receiver frequeriéy separation is greater than the

=0 -

bandwidth, a dual-frequency multiturn loop that uses a push-to-talk mode is
also demonstrated to be feasible. In contrast to the loop, the 6. 6-in. whip
has a bandwidth of 11 MHz. The same whip is often used in the UHF band
(450 to 470 MHz) as the A/4 mode; thus, for the record, VSWR measurements
were made showing that the whip is poorly matched to 50 ohms.

Experimentation was performed on a variety of multiturn loops before

finalization of the configuration, size, number of turns, and capacitor sizes.

Details for making radiation pattern measurements of a body-mounted antenna
are described. The effects of body positions on a shoulder-mounted loop
antenna are demonstrated with a series of measurements for a man standing
at attention, stooping, and kneeling on the ground with his face to the ground.
Measurements are given also for a man standing with his head bent and
rotated to the left, his left arm raised, his head rocked forward and then
backward, and with the man lying on his stomach and then on his back. In
each case, the patterns for the various body positions were compared with a
shoulder-mounted, 6.6-in helical whip.

Experiments indicate that the loop antenna must be tuned whep it is on
the man's shoulder. However, the VSWR characteristics do not change| from
person to person nor with the amount of clothing worn underneath the codnter—
poise. A heavy leather jacket worn over the multiturn loop causes some '
degradation in performance.

Radiation p’af’cerp measurements were made for both the loop and whip

antennas when they were mounted at waist level. A 10- to 20-dB loss in gain

“exists when the antennas are dropped from the shoulder to waist level, and -

-] .



there is more nonuniformity in the azimuthal directional characteristics,
The optimum counterpoise size for the shoulder-mounted multiturn loop was
established. When the counterpoise is made smaller than the selected size
of 4.5 in., x 6.5 in., a noticeable reduction in antenna gain occurs. Without
a counterpoise, the antenna gain was lower by several dB. The electrical
characteristics were also recorded during the various fabrication processes
to note the effects of foam, epoxy, and paint. Preliminary noise comparison
studies between the multiturn loop and a whip connected to a transceiver
revealed nonconclusive results, as the receiver itself was the outstanding
contributor of the measured noise.

The report points out that an optimum communication system should be
designed with an integrated transceiver antenna. In order to provide maxi-

mum power transfer, minimize the battery size, or to prolong the life of the

battery, both the transmitter and antenna must be properly impedance matched.

A mismatch loss in either the transceiver or antenna means a reduction in
transmission efficiency, with a corresponding shorter communication range

and area coverage.

-xii-

CHAPTER I. INTRODUCTION

m this report, the results of an investigaticn to determine the feasibility
of a body-mounted antenna for use with police transceivers in the 150 to 170
MHz band are described, A survey of the radiators applicable to the Law
Enforcement Assistance Administration (LEAA) police personal radio was
made prior to this feasibility program for the body-mounted anteina. 1

The antenna is a small, compact, multiturn loop designed to be mounted
on a man's shoulder. 2,3 It is preferable that the antenna for a police officer's
personal radio be invisible, noninterfering with the officer's motions, rugged,
convenient to use, inaccessible to an assailant through grabbing, and yet be
an efficient radiator. All of the foregoing physical requirements indicate an
electrically small a.nteﬁna. However, one cannot have both an efficient radi-
ator and a small antenna; that is, there is a fundamental limitation as to what
can be expected from an electrically small antenna.

Shepherd and Chaney investigated personal radio antennas and described
a series of tests under laboratory conditions. Following this, a coverage
study was made under service conditions in city streets to evaluate the rela-
tive performallde of small antennas and to accumqlate propagation data for
system design. > The laboratory measurements inc.:luded a study of the
properties of ferrite-loop antennas, coils, whips, and short-wire antennas.
It was concluded that A/4 wh‘i‘ps, even when Wcrking against the radio set

chassis as a poor ground plane, offered the best performance. Where



conditions permitted operation of the radio with h}"l whips held head high,
radio performance was found to be comparable to vehicular coverage except
for the antenna loss. Whe're the antenna is required to be inconspicuous,
another 5- to 15-dB-average system loss may result, With operation at
150 MHz, the whip length is approximately 17 in., which is too long as a
body-mounted antenna. However, a flexible~helical antenna* that is
approximately 6-in. long is considered tb be a reasonable substitute for the
A/4 whip. The 6~in. helical whip is considered to be an a’ccepta.ble antenna
as’it is reasonably short, mechanically flexible, has wideband VSWR
characteristics, and is relatively efficient and convenient to use. Beca.u:se
of the whip's attractive features, it was used as a reference antenna for gain
and pattern measurements of the multiturn loop.

One objective of this developmerﬁ: program is‘ an improved antenna
c_].esign for portable transceivers. It would have the potential benefits of
allowing operation of the personal radios with free hands, having aﬁ all-body
posi’cion operation, being less awkward, and léss easily grabbed by an
assailant. Selection of the ca.ndiciate antenna "for develoﬁiﬁent‘was' based on
many factors that included the use of recent advancement in 160p anteﬁna

2, 3

' i sk . B
technology developed for aircraft and missile  applications. Other technical

,*Such aé that manufactured by Antenna Specialists, Inc., Model P-4 series.

at,

qg*Har‘ry Dié.mdnd: Laboratory (HDL) developed a rmultiturn 100p in cogpera.tion

with Ohio State University (OSU) for a missile that will withstand the impact

of striking the ground.

factors that led to the selection of the multiturn loop were: relatively high
efficiency for its size, small and compact, low silhouette, elliptical polariza-
tion, simple to tqne, rugged, less sensitive to nearby objects than a whip,
use of low—loss tuning capacitors, and sufficient bandwidth for single-channel

operation. After demonstrating that the shoulder -mounted loop antenna pro-
vided gain performance characteristics comparable to a shoulder~-mounted
helical whip, a dual-frequency antenna was also developed for push-to-talk

mode operation.



CHAPTER II. DESCRIPTION OF ANTENNA

The loop antenna is shown schematically in Fig. 2-1. Capacitor C,
i3 uged to set the impedance level, and CZ tunes the loop to the resonant fre-
qu-‘:ncy.xﬁ Capacitor Cz can be adjusted to tune over the 150-t0170-MHz band
without any adjustment of Gl' Loops with 3, 3.5, and 4 turns were con-
structed with both 1/4-in, diam copper tubing and flat copper tape. The loop

was attached to a metallic plate that was used as the '"ground for the capaci-

tor 62 and the coaxial cable,

b G T / PLANE
NPT Cp = 0.8TO 10pF

FOR TUNING TO
OPERATING FREQUENCY

Cy = 03570 3.5pF
TO ESTABLISH CORRECT
IMPEDANCE LEVEL

Fig, 2-1. Maultiturn Loop Schematiq,

* o, 2 ‘ , : ) : ‘
The capacitors are air dielectric, tubular construction manufactured by the

JFD Electronics Co. or the Johanson Manufacturing Corp.

RSN NN S I b A e

In Fig. 2-2, photos of three breadboard multiturn locp antennas are
presented. A 3-turn loop constructed with 1/4-in, diam copper tubing and
identified as Antenna No. 4 is shown in Fig. 2-2a. The loop dimensions are
3.45in, x 2.2 in. x 1,06 in. high. A 3-1/2 turn loop constructed from
1/4-in. diam copper tubing and 3/8-in. wide copper foil and identified as
Antennas No. 5 and 55, respectively, is shown in Figs. 2-2b and c. The
centerline dimensions of No. 5 are 2.63 x 0. 75 in. and an overall loop length
of 2.5 in. The dimensions of the copper foil model No. 5S are identical to
those of the No. 5 model.

Gain and VSWR measurements indicated that comparable results can be
achieved with either the 1/4-in. tubing or the flat-strip conductors. Thus,
the flat-strip loop was e rentually choseﬁ‘because of the simplicity in con-
struction, lighter weight, and smaller volume. The 3/8-in. coppei strip is
wound on a styrofoam form 2.7 in. x 2.7 in. x 0,7 in. high. The coaxial
cable and capacitors are assembled to the loop and metallic ground plate.
The assgmblv is then foamed-in-place* to make an integral rugged un.it. An
epoxy resin compound coats the foam surface. In Fig‘, 2-3, thg 3-1/2-turn

loop is shown before and after being foamed-in-place. This antenna is identi-

fied as 8F, which is considered the enginéering model. It was used fokr many

. of the measurements and as a baseline for comparative measurements. Addi-

tional models of 8F were identified with a suffix number (e.g., 8F-4), and

their dimensions are shown in Fig. 2-3.

"Emerson and Cumming, Inc. , Type FPH
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a. Antenna No. 4

b,  Antenna No. 5 | c. Antenna No, 5S

Fig. 242, Breadboard Multiturn Loop Antennas. : Fig. 2-3. Engineering Model of Multiturn Loop, Antenna No. 8F,



a. Shoulder~-Mounted Breadboafd
Model

b. Engineering Model

Fig. 2-4. Multiturn Loop With 4,5-in,
x 6,5-in, Metal Counterpoise.



The antenna dimensions were determined by ‘what was considered té be
a reasonable size for a shoulder-mounted configuration and the number of
turns dictated by the tuning range of the capacitors. The 3- to 4-turn loops
yielded almost identical VSWR characteristics and gain.

As a body-mounted antenna, the loop must be mounted on a shoulder
counterpoise (i.e., a metallic surface in the area of the shoulder) as depicted
in Fig., 2-4a. AlSo, the axis of the loop must be aligned in the fore and aft
direction (i.e., the axis is not directed toward the head). An engineering
model of the antenna is shown in Fig, 2-4b.

Prior to the concerted effort on the body-rmounted antenna, a multiturn
loop was installed on a 36-in. diam ground plane and the patterns in the three
principal planes were measured, as shown in Fig. 2-5. These patterns
provide a qﬂualitative demonstration of the radiation and polarization character-
istics of the multiturn loop. For reference, the pattern of a A/4 monopole
mounted on the same ground plane is shown. | These patterns were not intended
to provide a measure of the loop efficiency, but to indicate that the loop does
radiate effectively and with'elliptica.l polarization, which is a feature desired

for the body-mounted antenna.
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GHAPTER III. MEASURED ELECTRICAL CHARACTERISTICS

A, Reference Antenna, 6-Inch Whip

A relative reference level for the multiturn loop gain and pattern
measurements was provided by a helical wound monopole (nominally 6 in.
long). This monopole was selected because the whip is widely used for the
present personal fransceivers. Thus, it appears to be a reasonable choice
to compare the loop pattern levels with that rof the 6-in. whip.

An indication of the efficiency of the 6-in. whip was deterrained by mounting
the whip on a 36~in. diam ground plane and comparing its measured pattern
level with that of a \/4 monopole mounted on the 36-in. ground plane, as illus~
trated in Fig. 3-1., From three such pattern measurements, the average dif-
ference in level between the two monopoles was 5+ 0.5 dB. The N/4 whip
(17.75 in. from the ground plane to the monopole tip at 164 MHz) has a VSWR
of 1.65:1. The helical monopole length is 6.7 in., and its VSWR = 4,2:1
(12-ohms resistance).

As a shoulder-mounted reference antenna, the whip was mounted on a
metal counterpoise as shown in Fig. 3-2. A solid metal counterpoise was
selected over a flexible one to provide constant and repeatable mechanical
conditions. The VSWRs of the shoulder-mounted whip at the VHF and UHF
frequencies are shown in Fig., 3-3. The UHF data were recorded, as the
6-in. whip is often simultaneously used for both the VHEF (150 to 170 MHz) .
and UHF (450 to 470 MHz) bands. The whip is approximately A/ 4 long in the

UHF band., The VSWR curves indicate that several lengths of whips may be

11
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Fig. 3-2. Shoulder-Mounted 6. 6~in, Length Whip with Metal Counterpoise. | LY
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Fig. 3-3. VSWR Characteristics of a 6. 6-in.,Shouldex-Mounted Whip. Fig. 3-1. Measured Radiation Patterns of a 6. &-in. Length Whip and
‘ : . , A/4 Monopole Mounted on a 36-in. Diam Ground Plane.
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Fig. 3-4. Vawvious Forms of Multiturn Loops.
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required for optimum performance in the VHF band. Simultaneous use of

the whip in the UHF band will cause considerable reduction in communication
range because of the high VSWR that results in a large mismatch loss. In the
remainder of Chapter IiI, patterns of the shoulder-mounted whip will be shown
with the pattern measurements f the loop.

B. Characteristics of Body-Mounted Antennas

1. Effects of body positions on shoulder-mounted multiturn loop.

Experimentation was performed on a variety of multiturn loops (Fig. 3-4)
before finalization of the configuration, size, number of turns, and capacitor
sizes. Because of the police requirements for a small and compact antenna,
the loop was made, in so far as possible, with a low profile and small in size
commensurate with efficient radiation characteristics. It was found that

3 to 4 turns were required, with the input capacitor (Cl) and frequency-tuning
capacitor (CZ) having values of 0.35 to 3.5 pf‘ and 0.8 to 10 pF, respectively.
Generally, the VSWR and pattern characteristics did not change significantly
for the 3-, 3.5-, and 4~turn loops. The antenna heights were chosen to be
approximately 3/4 in., and, for mechanical convenience, the 3.5-turn loop
was chosen because of the location of the input cable at the front of a man's
body and the convenient side location of the frequency-tuning capacitor. Thus,

configuration No. 5 (3,5 turns, with 1/4-in. diam copper tubing) and its

corresponding flat copper strip version with the same centerline dimensions,

No. 5S, was selected for more detailed development.
The VSWR characteriétics.of the two shoulder-mounted, 3-1/2-

turn loops (No. 5 and SS) afe shown in’Fig. 3-5. Each of the curves required
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Fig. 3-5. VSWR Characteristics of a Shoulder-Mounted,
3-1/2-Turn Multiturn Loop

retuning of capacitor Cz, but with C1 fixed. The curves indicate that the

loop can be tuned over the 150~ to 170-MHz frequency band with a single
capacitor Cz. For a VSWR =35:1, the instantaneous bandwidth is 520 to
720 kHz and 780 to 950 kHz for the flat strip and round conduct§r loops,
:res,pa&ively.

The dimensions of antenna No. 8F, the engineering model, are

based on antenna No, 5S5. The loop dim_ensions are approximately the same,

except that antenna 8F does not have the extra 1.2-in. lead length at the input

cable (Fig. 2-2). Subsequent models of antenna 8F were made slightly

smaller in height, as shown in Fig, 2-3.
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Orientation of the loop axis was found to be important, as shown
in the measured radiation patterns (164 MHz, vertical polarization) of
Fig. 3-6. The patterns indicate thit a loop with the axis fore and aft pro-
vides substantially more gain than a loop with a sideways axis. With the loop
axis at 45 deg, it was found that the pattern was in between those of Fig. 3-6.
Thus, all future data were taken witn the 1Qop axis along the forward directiqn.
‘i‘h/e VSWR and radiation patte“.’rns* for a shoulder-mounted No, 8F
antenna with the man standing erect are lglotted in Fig. 3-7. The loop radia-
tion pattern is compared with that of a shoulder-mounted whip antenna
(Fig. 3-2)'. Tile top of the polar chart represents the front of the man, and
the left side of the chart represents the man's left side. Integration of the
pattern over 360 deg shows that, as an average, the multiturn loop is 3,8 dB
better than the whip antenna. For a VSWR = 3:1, the bandwidth is 1.4 MHz,
VSWR and pattern data were recorded for many conditions to allow"
for the head, arm, and body positions of the policé officer during operation:
Not all of the ‘data. are presented herein, however, as the results were not
unusual cpmpared with what has alrgady been presented. Various body posi-
ﬁions with the corresponding figure number for VSWR and pattern data are

given in Table '3-1. Measurements were made for such positions as the head

b

“The majority of the radiation patterns were taken at 160.15 MHz, which is
the transmit frequency of the Motorola transceiver, Model HT 200/H23DCN-
1100AW. The frecei,ving antenna is a vertically polarized corner reflector with

a Hewlett-,Pa.cka.rd Vector Voltmeter, Model 8405A, as a detector.

17
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Table 3~1. VSWR and Pattern Data for Body at Different Positions.

Figure
Condition
VSWR Pattern

Head forward and bent to right - 3-8 -
Head rotated to left half way 3-8 -
and rotated to right
Head bent to left 3-9 3-9
Head rotated to left, extreme - 3-9
position
Lieft arm raised 3-10 3-10
Stooping (crouched) and on 3-11 3-11
knees with face to ground
Leying on back and on stomach 3-12 3-12

tilted back, the head rotated to the right, and the right arm raised; however,
the results wer'e essentially the same as those for the man standing at
attention.

Changes in the characteristics of the shoulder -mounted antenna for

different body positions as compared with the VSWR and radiation patterns of a

“man standing at attention (Fig. 3-7) are shown in Figs. 3-8 through 3-12.

The antenna was not retuned for the data of Figs. 3-7 through 3-12; i.e., it
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was tuned for resonance at 160.15 MHz. All of the radiation patterns were FR EQUENCY, MHzZ

measured relative to a vertically polarized wave. The scales for the patterns

b. Head rotated to the left, 1/2 way,

of ¥ :Lgﬁi* 3-7 through 3-12 are all relative to each other; thus, one can make a and rotated extremely to the right

~direct comparison of the antenna gain for different positions. The multiturn Fig. 3-8. VSWR of a Shoulder-Mounted Antenna with the Man Standing

‘ , and his Head in Various Positions.
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loop measurements were compared with a shoulder-mounted whip for the
corresponding body positions. For example, when the man is lying down, the
whip is e¢ssentially horizontal.

The VSWR dafa for the multiturn loop with the head rotated to the
éxtrema left position was not included. It wasfound that, when the man's chin
touched the loop, the VSWR would have severe fluctuations, as high as 20:1,
depending upon how much pressure was applied to the antenna.

2. Body and clothing effects on a shoulder-mounted multiturn loop.

Antenna tuning is susceptible to the presence of the body; however, the VSWR
réﬁ;{mnae doas not change as the antenna is transferred from one person to
another. That is, the antenna must be uned in the presence of the bodyx.‘ The
VEWR of the antenna mounted on a shoulder counterpoise and placed on a
laboratory bench is shown in Fig. 3-13. The figure also shows the antenna-
counterpoige agsembly placed on the shoulder and with clothing underneath the
| counterpoise. The effect of clothing (shirt or a jacket) on the VSWR character-
igtics are also shown in Fig. 3-13. The curves, which pertain to a laboratory"
model of a 3~turn loop {identified as No. 4 in Fig. 2-2a), were recorded

sequentially and likewise identified in the following order:

* The loop and shoulder counterpoise assembly on a laboratory
bench (free space).

. The same antenna, without retuning, mounted on the shoulder of
a person wearing a light shirt.

. Shoulder~-mounted antenna and with the antenna retuned from

above.
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® Same as above except the person is wearing a heavy jacket. The

antenna was not retuned.

The curves of Fig, 3-13 indicate that the body causes the VSWR
bandwidth to widen, which indicates some body absorption. With the heavy
jacket, the VSWR bandwidth was slightly less as compared with the case with
the shirt.

The radiation pattern changes of a multiturn loop when the man is
wearing a heavy leather motorcycle jacket over the antenna is shown in
Fig, 3~14. It was noted that the VSWR fluctuated, depending upon how much
preassure was applied to the antenna by the weight of the jacket. Less VSWR
fluctuations were noted with a man wearing a lightweight laboratory coat.

The VSWR responses of an antenna that was measured on seven
different persong of varying sizes, both male and female, are shown in Fig,
3~15, The reference curve is shown, and the shaded area indicates the range
of VEWR for the seven people. This curve indicates that the antenna can be
tuned on any person, and it should stay tuned for use by others.

A counterpoise is necessary for optimum gain, as illustrated in the
data of Fig, 3-16. Various counterpoise sizes (ground screen) ranging from
roro to 7 x 20 in, were used in a series of measurements. A counterpoise
4,8 x 0.5 in, was selected because it yielded almost identical gain as com-
pared with the large counterpoise. Furthermore, minimal retuning of the
antenna was required for the large counterpoises down to the 4.5 x 6.5-in.
glze. With no counterpoise, a drop in gain of 2 to 3 dB occurred and retun-

ing of the antenna was necessary. The amount of detuning was not recorded. ‘
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Fig. 3-14. Radiation Patterns of Shoulder-Mounted Antenna (8F)
With and Without Heavy Leather Jacket.
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Without the counterpoise, the bandwidth is 2 MHz (VSWR = 3:1) as compared :

with 1.45 MHz for the 4.5 x 6-in. counterpoise. The selected counterpoise

ir shown in the photograph of Fig. 2-3. | : 8F \(%}
Head and arm movement effects on the electrical characteristics | —
|

of shoulder-mounted antennas have been described previously. Preliminary TRANSCEIVER
b, e

measurements were also made to show how the proximity of nearby objects

affect the VSWR characteristics., Proximity of a metal wall within 5 in. of
the loop has no effect on the VSWR; but, within 3 in., spacing the VSWR
detunes to approximately 3:1. It should be noted, however, that the shoulder-

mounted 6-in. helical whip antenna is more sensitive to the proximity of nearby

-AXIS HORIZONTAL

objects as compared with the loop antenna, The whip will show a change in

VESWR when a metal wall is within 9 in. of the antenna, and it detunes to .

approximately 19:1 when the whip is within 3 in. of a metal wall.

AXIS VERTICAL

3. Other body~mounted antenna locations. With the multiturn loop

ingtalled tlirectly on ﬁr,ap of the Motorola transceiver and with the transceiver 4 - 20 0 ‘
, ‘ o 3 s &Y A _ .
RZCRELATIVE POWER, dB -

| | ‘ N 7] /
The patterns are for the loop axis either in the horizontal or vertical direction. a , ~

The pa‘ttm;n scale is relative to the patterns of Figs. 3-7 through 3-12; thus, a \ ‘ ‘
~ direct comparison of the gain levels can be acquired. The waist-level, multi- o ‘ ,

turnloop shows 3 significantdrop inantenna gainas compared with the shoulder - -

mounted at waist level, two patterns were recorded, as shown in Fig. 3-17.

A124~RUN 25

160 MHz 6—25—73

mounted antenna.
Pattern measurements for the 6-in. helical whip mounted at waist,

stomach, chest, and shoulder levels are shown in Fig. 3-18. When the antenna

Fig. 3-17. Radiation Patterns of Waist-Mounted Transceiver

- i8 ralsed higher, there is a distinct enhancement in signal level. For the , . with Attached Multiturn Loop.
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Fig. 3-18. Measured Radiation Patterns of Whip Located at Waist,
' Stomach, Chest, and Shoulder Levels, - ,

€

shoulder-level antenna, the whip was connected to the transceiver (moﬁnted
at the waist) with a coaxial cable, while the whip was attached directly to the
tyans(:eiver for the other three positions.
C. Dual Frequency Antenna

With the completion of the single-frequency antenna described thus far,
a dual-frequency loop antenna was constructed and tested. The schematic is
shown in Fig. 3-19. Capacitor C3 is adjusted for the receive frequency for
the normally closed switch position. CZ is tuned to the transmit frequency,
and the switch would be activated with the push-to-talk button of the transceiver.
Two models were constructed, one with PIN diodes and the second with a relay

switch.

e SWITCH

{remote controlied)

-

c‘3: ADJUSTED FOR v
- RECEIVE FREQUENCY

Gy ADJUSTED FOR TRANSMIT
FREQUENCY.
PUSH-TO-TALK: MODE.

Fig. 3-19. Dual-Frequency Multiturn Loop Schematic.
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& sketch of the multiturn loop, plus a schematic, and a photograph of
a dual-frequency antenna with a relay switch are shown in Fig. 3-20. The
VSWR characteristics are shown in Fig. 3-21. Capacitors C, and C, are
able to tune over the 150~ to 170-MHz band without readjustment of Cl‘ Addi-

tional VEWR curves indicate that the antenna can also be tuned over the mid-

‘band region without noticeable interaction between the two capacitors. The

bandwidth (VSWR = 3:1) varies from 1.45 to 2.50 MHz,

The pattern of the dual-frequency antenna recorded at 160 MHz is shown
in Fig. 3-22, andit is compared with the pattern ofa single-frequency antenna
(BX¥), Less gain exists in the dual-frequency antenna as compared with the
single~{requency unit; however, for all practical purposes, the dual-frequency
loop is usable. |

J.ower antenna gain was achieved by the use> of a PIN diode as a switch,
as shown in Fig. 3-23. The f:wo dua.l-ffequency patterns represent the cases
where either C2 or 63 were funed to the transceiver frequency 160. 15 MHz.
The lower gain is expected, as the PIN diodes have a forward resistance of
0.8 éhm. which is probably a;ipreciable to the radiation resistance. The
VEWR curves are shown in Fig. 3-23, and the physical layout of the capacitors
nnd diodes is presented in Fig., 3-24. The capacitor arrangement shown in
Pig. 3-24 was alsd tried for the relay switch with results very similar to that

shown in Fig. 3-22.
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2.

Eifects of Materials Used in Fabrication

Conntruction of the flat copper strip, multiturn loop is shown in Fig. 2-3.
The eopper is wound on a styrofoam block, and the cables and capacitors are
attached, In order to make a rugged, strong antenna, the foam block is foamed-
in=place to the metal ground plate, * This ie followed by an epoxy coating** to
provide a hard surface, which is th - painted., VSWR and pattern measure-
ments were made during the fabrication procedure to determine the effects of
the foam, epoxy, and paint, Except for the final painted surface, noticeable
changes are observed in each of the fabrication steps, as seen in the VSWR
and patterns of Fig. 3-25. The after-painting pattern was not plotted, as it
wag almost identical to the previous step.
5. Noige and Operational Measurements

Preliminary noise measurements were made with the multiturn loop and
the 6. G=in, whip connected to the Motorola transceiver to determine if there
wan & difference in noise levels between the two antehnas. The test set up is
shown in Fig, 3-26. It was found that, in an open area or directly adjacent to
heavy alr-conditioning machinery, the output noise level was the same whether

the whip, loop. or no antenna was connected to the Motorola unit.

Emergon and Cumming, Inc., Type FPH

eRic )
“"furane Plastics Inc., Hardener No. 9816, Epoxy EPOCAST 202.
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WHIP
LOOP
SIGNAL
GENERATOR
RMS
VOLTMETER
MOT OROLA

CONCLUSIONS;  TRANSCEIVER

{, OUTPUT NOISE LEVEL SAME WITH WHIP,
LOOP OR NO ANTENNA CONNECTION
o IN OPEN AREA |
o ADJACENT TO AIR-CONDITIONING MACHINERY

Fig., 3-26. Nuise Comparison Studies for the Multiturn
' Lioop and Whip.
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In order to obtain preliminary user's reports and semiquantitative data
on the shoulder-mounted loop antenna, tests were carried out by the security
force of The Aerospace Gorporation in El Segundo, California. The tests,
which were performed over a period of several days, included comparative
performance of transceivers with body-mounted antennas and those with exist-
ing whip antennas. These tests were carried out both inside and outside build-
ihgs, by officers on foot, in automobiles, and on patrol scooters. During his
regular rounds, each Aerospace security officer in the test carried two inde-
pendent transceivers: one unit with a whip and the other with a shoulder-
mounted loop antenna. At various locations, the officer would use each trans-
ceiver to make ;mmber-count, verbal transmissions to the dispatcher. In
turn, the dispatcher would return a number count for each trans ceiver. Both
the security officer and the dispatcher evaluated the quality of their trans-
mission and reception by use of a scale of 1 through 5 for loudness and a |

similar scale for clarity. Comparable performance was achieved even with

- this limited testing.
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, v AR ) ‘ ANTENNA
APTER 1V, SIGNIFICANCE OF BODY-MOUNTED 2
CHAPTER IV & APPLICABLE TO POLICE OPERATIONS

tne of the goals of thisg feasibility program was to design an effective

i i i ’ it loo
ared psuproved antenna for a policy officer's personal radio. A multitarn loop

: ed | - its tive
was selected as the antenna to be developed because of its many attrac

ive i jeien i Lze, 1 and com-
featares, sach ag the relatively high efficiency for its size, smal d

sng it ' j ‘ ared
paet, low silbouette, rugped, less sensitive to nearby objects as comp

i it it i or a
veith i whip, use of low-loss tuning capacitors, and with the requirement f

ginple -l requency operation. Detailed electrical characteristics of body-

pomited antennas (whip and the multiturn loop) have been pres ented in

i it ineer
¢hapter I, which provides the antenna and communication systems eng x

with factnal data to optimize a system.
N - . dv-
In nrder to provide conformity in antenna 'measure.ments, the body

[ ~ i s of
mounted antennag were matched to a 50-ohm generator with VSWR

5
X

1,41 and 1, 8:1 for the loop and whip,‘ respectively, One might wonder why

' squirec it is that the
the pinsinking matehing effort was required when it 1s known thz

' into a b-i ip wi ratch or when a
sanoerivers operate into a b-in, whip with an unknown ma

/!
’ 1 N L4 1 ¢ 3 - . - * . . d nce.
inlpocoping whip is used that has an almost infinite variation in 1mpeda

' course, i . this progr vas a scientific developrnent for
The answer, of course, is that this program was

the purpose of optimizing an antenna system that required systematic

i gurenienta.

“Phe Tength of the whip is the only means for matching.

46

4

Present-day transceivers are made to operate into almost any type of
antenna load impedance (e.g., a telescoping whip antenna of arbitrary length)
without damaging the power amplifier circuit. Furthermore, it appears that
a radio will operate satisfactorily for any length of whip antenna. From basic
circuit theory, it is known that the transmitter (or receiver) must be conju-
gate matched to the antenna to obtain maximum power transfer to the antenna.
Thus, when the radios are operated with variable whip lengths, there must be
a significant loss in efficiency. If propagation losses are accounted for in
the @etropolitan area (shad’ow losses of 20 to 25 dB) and in the suburban
areas (20 to 40 dB over the free space loss for distances of 6 mi. caused by
irregular terrain and 20 to 30 dB in wooded areas), ! the police communication
system must be designed for a very high signal-to-noise ratio ‘region. There-
fore, when operating in a signal-rich environment, a loss of a few dBs in the
antenna and transceiver will probably not cause a noticeable loss in communi-
catiéns effectiveness.

In a fringe area communication system, a loss of a few dBs could make or
break the link. Under this environment, optimization of the‘antenna-
transceiver inte’rface is important. That is, in order to havé an efficient
system, the transceiver output and antenna impedances should be matched to
50 ohms and to the antenna.‘f In Table 4-1, note that a 6-dB loss would mean
a 50-percent reduction in ;:ommunica,iiibn range and a 25-percent reduction in
area coverage as com?ared with a ﬁo-loss, system. Thus, a loss of a fe.w dBs
could -be. a very significant factor f’or the communication systems engineér'. :

One should also recognize that a 3-dB saving in efficierzycy would mean a

s
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Table 4.1, Communication Coverage vs System Losses

LMB " | Area ‘R,ange
{(d1) Coverage (Distance)
0 ; 1.0 1.0
3 0.5 0.707
6 o 0.25 0.5
10 0.1 : 0.316
20 0,01 ol
30 0.001 0.0316

s;smimggs of 2:1 in the transmitter power, which in turn cbuld reduce the battery
wittght and power by the same factor, For example, a 2-Watt transmitter
vould bhe used Instead of a 4-Watt unit with a corresponding lighter weight
battery or a longer-life battery.

- The bandwidth of the multiturn loop has been chosen at the point where
the VEWR = 3:] or that iformspdnd’s toa 1.3 dB loss (74 parce;nf efficiency).
The n’sixz}xxaa‘tczh logs as a function of VSWR is plotted in Fig. 4-1. It kshould be
mwim:xifaéci ;(:h;:xt‘ this mismatch loss is only one of the many factor's‘that con-

tributes to the loss of a communication system, For -r‘eference, <‘Ta5’le 41
lists the communication mvemgé vs system losses. A VSWR. = 10:1 corre-
-aponds toa miamateh loss of 4.8 dB (33 percent efficiency), which is a VSWR
*t}miﬁ_ is vonsidered unaceeptable to antenna engineers. Should this criteria be
aeeopted, then a x;{idex* h&nﬁwmyth is available for rhultiple,channel or duplex

use, If this is the eriteria, there is no need for a sophisticated antenna such

48

POWER LOSS, %

RN A RO AU RS MU AU N N N

!

|

{80

]
o
o

|
o
o

!
N
=3

6 7 8 9 10 11 12 13 14 15 16
a VSWR

Fig. 4-1. Mismatch Loss vs VSWR.
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sy the multiturn loop, and the commonly accepted whip antenna should be
ated. The ahrﬁuifmr~mmm£éd multiturn loop, which is a small and compact
anteans for ningles or dual«frequency operation, can outperform a shoulder-
taounted, f=in, whip antenna.

An optinmum communication system should be designed with an integrated
trandopiversanienna,  That is, thc‘ .tran.sc,eiver and antenna should be com-
patible to provide maximum power transfer. This approach would increase
the eifectiveness of the communications or conserve or use fewer batteries
for o given transmitter power., During this feasibility program, the VSWR of
the antepnas wan measured and retuned to & VSWR s 1, 3:1 at 160,15 MHz,
whie boat the {requency of the Motorola transceiver. It is necessary that the
antennd be tuned for maximum power transfer if it is assumed that the trans-
vepver ontpat impedance is also 50 ohms,

To illastrate the loss in effective radiated power (ERP) of the Motorola
and shonlder s imounted loop, the antenna was purposely retuned to another
resomnt Frequency such that it had & VSWR of 6:1 and 19:1 at 160.15 MHz,
shich wonld normally represent a maismateh loss of 3 dB and 7.2 dB,
recpeotively.  In Fig, 4«2, the radiation patterns are shown with the antenna's
resonant freguencies above and below 160, 15 MHz, but the patterns were
socorded at 160, 15 Mz, The patterns are also compared with the matched
antenna,  For ;ﬁatmrzxs with resonant frequencies above 160 MHz, the reduoc-
tion in BRP appears to be reasonable with the increased VSWR of the antenna.
However, for patterns with resenant frequencies below 160 MHz, Fig. 4-2b

dnehivates that, with a mismaich of a VSWR = 6:1, the maximum ERP is
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b. Patterns with resonant frequency below 160.15 MHz
Fig. 4-2. Relative ERP of Transceiver and Shoulder-Mounted

Multiturn Loop (Antenna No, 8F) Combination at
160. 15 MHz with Antenna Purposely Detuned.
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Shtained, This would gea

et

emt

r{}n P . . .
Weghry autpaug immg transrmtter does not have ; CHAPTER V, CONCLUSIONS
a !

HOb necegnn iy, » C¢8igning an

Vewn Values we

re aloo mes Patterns With othey "~ A shoulder-mounted multiturn loop for the 150- to 170-MHz band has

wore ""’I’i"(*zﬂ:mtativa of the results Curves of Fig. 4., been demonstrated to provide 3.8 dB (average over 360 deg) more gain than

\' a shoulder-mounted, 6.6-in. helical whip. Comparison of the antenna radia-
z tion patterns between the loop and whip are also presented for other head,
arm, and body positions, including stooped and prone positions. The loop's
instantaneous bandwidth is approximately 1.4 MHz for a VSWR = 3:1. The
loop can also operate over a wider bandwidth in a push-to-talk mode by

; switching in a second capacitor that tunes the antenna to the transmit fre-

quency. The loop is a small, compact, rugged, lightweight unit with dimen-

et

sions of 2.9 in. x 2.9 in. x 0.9 in. high and weighs 3 oz.

Measurements show the deleterious effects of body absorption with
waist-level antenna locations for both the loop and the whip. The shoulder—
mounted, 6. 6-in, whip has a bandwidth of 11 MHz (VSWR = 3:1) in the VHEF band

and a high VSWR for the 450- to 470-MHz (UHF) police communication band.
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APPENDIX A.

COST ANALYSIS OF DUAL-FREQUENCY ANTENNA

 “This appendix summarizes the principal cost factors relating to the

“dual-frequency body mounted antenna which The Aerospace Corporation has

developed under Law Enforcement Assistance Administration Task

‘{*z”i A“?g"GOM-O 10

of this antenna in quantities of 100 and 1, 000 pieces.

Detailed below are cost estimates for initial production

The cost includes the

detailed engincering and production drawings, specifications, initial tooling,

fabrication and testing of the antenna.

1,0

2,0

One Time Start Up Charpges (Non-recurring)

1'1

ingineering and design, preparation of production
drawings, specifications, bill of material accept-

ance tests procedures, instruction sheets, and

procurement of parts,
Tooling charge (plastic case)

Production set-up charge for jigs, pro-
duction aids, and nonstandard tools.

Punch and die for simple sheet parts
{¢.g., counterpoise, ground plane, etc,)

Total non-recurring

B3l of Material

Relay ‘
Capacitor (2), Cy and C3
Capacitor, Cy '

RF Cable

Counterpoise

Metal ground plane

Mounting /body attachment device
RF Connectox

Cable clamp

Strain relief tubing

Goil form (e. g., foam)

Packaging and Instructions
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$9, 000

1, 000

1,500

1, 000
)

$12, 500

Quantity

100 1000

6.00 4,20
4.90 4. 00
4,10 3. 30
.50 .35
.10 .08
[ ] 10 . 08
1. 00 . 80
1.20 1.6G0
.06 .04
.06 . 04
, 06 . 05
.20 .15
18,34 14.13

3.0

4.0

5.0

Dc 0 :
irect Labor Estimates Time per Piece (minutes)

vs. Quantity

100 1000
Coil winding 5 3
Mount and solder piece parts 10
Ié‘:;a;;cz.te cable and attach 20 15
ctor
f;;:;;ﬁaftl;al assembly and 15 10
Final check and adjustment 20 | 15 \
Atta.ch_ counterpoise and body 10
mounting means
Quality assurance inspection 10 8
Package and ship 6 4
Total direct time, minutes 96 68
Direct Labor Cost @ $3.00/hr. $4. 80 $3. 40
Cost Summary and Final Price Estimate First Production Quantity
100 1000
4.1  Tooling and start-up costs ($12,500) $125, 00 $12.50
4.2 Bill of Material 18.34 14,13
4.3 Direct Labor 4. 80 3. 40
4.4 (I)\;Ialrételfgcggmg Overhead 110% 5.28 3.74
4.5 Sales Expense (+25%), G&A : 6.24 4,42

Expense (+12%) and
Pre-Tax Profit (+25%)

Estimated Unit Price $159. 66
(amOFtized for the initial production ’ $38.19
drawings and tooling charges)

Field Installation and Test Cost

5.1 For transceivers with connector $ 5.00

5.2 F:or transceivers ‘without connector $30, 00
(i. e., modify and put in connector)
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APPENDIX B. RADIATION PATTERN AND VSWR
MEASUREMENT TECHNIQUES

To aid in the tuning of the multiturn loop and the VSWR measurements,
it Hewlett«Packard (HP) network analyzer was used. The shoulder-mounted
loop was connected directly to the network analyzer with a length of coaxial
vable, The ecable did not appear to be RF "hot." Because the cable to the
network analyzer and the analyzer itself is part of the radiating system, it
wonld have been difficult to separate the VSWR instrumentation from the
antenna ander test, In any event, fairly consistent VSWR measurements were
ahtivined with the man standing at different distances from the instrumentation,

'or pattern measurements, more consideration was devoted to the
eiieviy of the ingtramentation and the connecting cables, It was felt that,
vhen the multiturn loop was being tested as a receiving antenna, the cable to
the detector (or transceiver), the cable to the VSWR meter, and the meter
iteelf were all put’t of the radiating system. Thus, it was necessary to
soepsrate the effects of the instrumentation from the antenna to make the
pttern measurements, A carbon-wire system, as shown in Fig. B-1, was
used,  The detector and the 1000-Hz preamplifier would simulate a trans-
veiver, Reradiation from the high-resistance carbon wire is expected to be
#ero; thuas, the measurement system would be a true representation of the
l,mziy-—rrmuntéd antenna, the coaxial feed cable, and the transceiver.

A corner reflector, vertically polarized, was used as an illuminating
source, Measurements were made with the corner reflector at various dis-

tances and for several heights above the ground. It was found that the patterns
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RF DETECTOR AND
PRE-AMPLIFIER

DETECTED SIGNAL

REMOTE LOCATION

AVOID RERADIATION FROM
METALLIC CABLE BY
USING CARBONWIRE

Fig. B-1. Carbon-Wire Measuring System for Body-
Mounted Antenna Radiation Patterns.

were essentially identical when measured under these various circumstances.
Typical patterns are shown in Fig. B-2 for distances of 15 and 60 ft.
Patterns from the carbon-wire system measurements were compared
]

with those that used a transmit mode, i.e., those that use the transceiver

as a transmitter., These measurements compared favorably, as shown in

- Fig., B-2. The received signal was detected with a HP vector voltmeter,

Model No. 8405A.
As the antenna range facilities were on the roof of the laboratory

building (Building 125), a question was raised as to the accuracy of

*Motorola Model HT 200/H23DCN-1100AW.
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measurements made on the roof vs those that would be made in a clear open
field. It was found that measurements made on the roof, on the lawn in front
of The Aerospace Corporation Buildings (SAMSO), and in the open fields in
Palos Verdes (Malaga Cove) yielded the same results within the measurement
accuracy. The patterns of Fig. B-2 are those taken in the open fields.
Repeated body-mounted antenna radiation pattern measurements showed that
the repeatability was approximately £2 dB in the maximum portion o’f the
pattern and could be as bad as 7 to 10 dB in the minimum region. Factors

that contribute to the statistics of the measurements are: head and arm

‘'movements that disturb the patterns, coaxial feed cable and transceiver that

are not necessarily in the same position (which is a portion of the rédiating
system), the operator's reading error, and the state of the battery charge.
The conclusion of the measurement teéhnique evaluation indicates thaf
the carbon-wire system or the transmit mode, the roof or open fields, and
the range (distance) were not critical. Because of the simplicity, all sub-

sequent measurements were made using a Motorola transceiver as a trans-

-mit’cer and placing a corner reflector approximately 13 ft away from the sub-

ject., In this way, an absolute ERP (actually relative, as the transmitter power
output and gain are unknown) of the transceiver-antenna system can be obtained
for various é.ntenna types and body conditions., The frequency of the patiarn
measurements was 165 MHz during the evaluation stage (Fig. B-2) and su}-f-
se,qu‘.e,f_ltly changed t‘o 160. 15 MHz for the majority of the patterns presented in

this report.
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