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EXECUTIVE SUMMARY

The FM and AM band performance characterisfics of windshield antennas
installed on a variety of automobi]es have been investigated experimentally.
The vehicles chosen were: one each of 1978nmode1s of Cougar and Mark V built
by Ford Motor Company, and one 1977 Chevrolet Monte'Car1o and two 1978 Grand
Prix's built by Genera] Motors Corporation. Six windshield antennas having
“variable parameters were used on the Cougar; the other cars had their own
windshield antehﬁas. A1l windshield antennas were supplied by the manufac-
turers of the cars used. |

The 1nvestigatibn mainly involved the measurement of horizontal plane
radiation patterns and impedances of test antennas in the FM band, the received
signal strengths and the effective C and Q of_the test antennas in the AM
band. In addition, the FM band polarization response and the effects of the
motion'of windshield wiperkon‘the.FM patterns were also measured for selected
antennas. At the FM bend tﬁe"pseudq—gain and VSWR of each test antenna were
ebtained from the_measured’results., Appropriate test antenna results were
compared withvcorresponding results obtained from a A/4-reference mondpo]e

antenna.

For each test antenna, some or all of the following results were obtained:
(1) horizontal plane radiation patterns~ét five selected frequencies within
the FM band (88, 93, 98, 103, and 108 MHz), (ii) FM band impedance at the
appropriate terminals, (iii) the field strengths received at three selected
frequencies in the AM‘Band (0.5; 1.1,‘].6’MH2), (iv)vre1ative pseudo-gain ét
FM frequencies, (v) VSWR vs frequency at FM frequencieé, and (Vj) antenna

system C and Q.



Chapter I describes the results of a'fiéld probing measurement carried
out to determine the disfribufion of incident field distribﬁtion in the test
area; Chapter III shows results indicating that the conditions of the ex-
perimént were such that the receiving and transmitting patterns of the wind-
shield antenna were identical, Chapter IV describes the FM band radiation
pattern and imped&nce characteristics of six windshield anténnas on 1978
Cougar; the AM band performénce of the same antennas are described in Chapter
V. Performance of windshield antennas;jnstalled on various cars is discussed
in Chapter VI. Chapter VII gives miscellaneous results with particular refer-
ence to the effect of windshield wiber mbtion:and the incident field po]ari-v
zation on the performance of test antennas.

Significant findings of the investigation are:

j) Typically, both the FM'and AM band gains of windshield antennas

are about 6 dB less than that of the reference antenna.

'ii)‘ Within the FM band, the horizontal p]ané pattérn of a windshield
antenna is such tﬁat it has maxima in the forward and backward
directions with respect to the car, the forward gain being slightly
larger; the VSWR's within the FM band range from about 3.5 to 6.5.

i11) Thé Cdugar results indicate that the pekformance of the antehna is
not significantly altered by varying the horizonfal element length.
The T-shaped antenna appears to have morekFM‘gain than others.
Antenna no. 6-2.has béen found to proVide better FM and AM perfor-
mance.

‘1v) The crash pad seems to have significant effects on the antenna per-
formance.

- v)  The FM‘band:antennafpatterns obtained with air signals are different

than‘those obtained with vertically polarized laboratory signals.
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Some recommendations are made for further study so that the performance
of windshield antenna may be optimized. This would be useful in making a

final evaluation of windshield antennas vis-a-vis other competitive antennas.
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I. INTRODUCTION

This report presénts the results of an experimental investigation of the
performance of windshield antennas mounted on automobiles, and operating in
the commercia] AM_(O.S to 1.6 MHz) and FM (88 to 108 MHz) bands of frequencies.
The automobiles chosen were 1978'Cougar.and 1978 Mark V built by Ford Motor
Co., and 1978 Pontiac Grand Prix and 1977 Mont;.Carlo built by General Motors
(GM). The Ford vehicles and'the test windshield antennas were supplied by
Fo%d Motor Co.; the GM cars were sup§11ed with their own windshield antennas.

The program mainly consisted of the measurement of the horizontal plane
radiation patterhs and impedahces (VSWR’S) of test antennas in the FM band

“of frequencies and the sensitivities of testkantennas in the AM band of fre-
quenCies:. In additiqn, however, the effective capacitance C and the quality
factor Q at the receiver end of the cable connecting the test antenna were
measured at the AM band of frequencies.

The goal of the investigation was to obtain sufficient experimental data
to evaluate and underétand better the performance of Ford-built windshield
anteﬁnas, "In particu]ar, data were collected to study the effects of the
following parameters on the performance of windshield antennas: (i) head
space, (11) number’of 1oops‘fn the antenna,’ and (i11) resistivity of the an-
tenna element. The genéra] performance of windshield antennas relative to

“other competitive-anténnas were discussed in our previous report [1] which

should be used as a background for thé present work.



II. OUTLINE OF THE MEASUREMENT AND
DATA REDUCTION PROCEDURES

Measurement techniques and équipment set-up used to obtain the desired
results have been described elsewhere [2] [3] and will not be repeated here.
The present section describes briefly the pertinent aspects of the procedure
followed in the present investigation and also discusses the method used to
reduce the measured results to the desired forms.

2.1 Radiation Pattern Measurement at FM Frequencies

Horizontal plane radiation patterns of test antennas were obtained by
recéiving standard.1aboratory generated signals at the FM band of fréquencies.
The RF signals originating in the Field Laboratory Facility (FLF) were cabled
through a 3 dB attenuator into a directional coupler which allowed constant
monitoring of the transmitted power level in a thermistor mount and a power
meter. With the help of a buried coaxial cable, the main signal from the
directional coupler was fed to a log-periodic antenna (50 to 500 MHz range)
placed in an antenna carriage mounted on a 30'-tall aluminum tower located
at the transmitting end of an outdoor antenna range. From inside the FLF
it was possible to remote control the antenna carriage so that the log-periodic
antenna could be moved vertically up and down, and also be rotated around its
axis. Thus, both the height of the antenna above ground and its po]arizatioﬁ
couid be changed, as desired, from the FLF.

During radiation pattern measurements it is desirable to place the test
antenna sufficiently far from the transmitting antenna so that the far field
criteria are satisfied. The required distance may be obtained from the follow-

ing relationship:



where,

R is the minimum distance between the test and the transmitting antenna,

D is the maximum 1fnear dimehsion of the test antenna, and

A is the operating wavelength.

Within the operating frequency range (88-108 MHz) an average wavelength

is taken to be A = 10' at 100 MHz. Since the body of the car (on which the

test antenna is mounted) plays a large role in_the reception of signals by

the test antenna, the appropriate value of D for the test antenna can be assumed
to be equal to the body length (approximately 20') of the car. Using these
values of D and A in Eq. (1) the required R is found to be about 80'. Since

the test site is located 150‘ away from the antenna tcwer, the far field cri-
teria were satisfied during the present measurement.

As mentioned ear]ier, patterns‘were’obtained by using the test antenna
mounted on the desired car as a recei?ing antenna. The car with the test
antenna was placed on car hoist tracks attached to.an azimuthal positioner at
the test site.‘ Azimuthal position of the car was controlled and monitored by
an operator in the FLF. The RF signals received by the test antenna were
carried through a coaxial cable, lying above ground, to the FLF where the
pattefn recording was carried out.

At the FLF the incoming signals were fed to the front input of a spectrum
analyzer which selected the-desiréd signal from the ambient RF signals, also
received by the test antenna, and converted it info a 21 MHz signal. From the
21 MHz output in the back of the spectrum analyzer, the desired signal was,
at first, fed into a wide range microwave receiver where it was amplified
further and amplitude moderated by a.1000 Hz signal, and then to a polar
pattefn recorder. Reference patterns were obtained similarly with the help

of é'monopole antenna, \/4 long at 98 MHz, mounted on a 5'-diameter circular



ground plane Tocated on the center of the car-hoist tracks.

2.2 Procedure for Pattern Measurement at FM Frequencies
g The procedure used in obtaining the radiation patterns of test an-
tennas may be best described in a stepwise fashion as follows:

'1) calibrate the spectrum analyzer to 0 Hz and -30 dBm using its
internal signal sources,

ii) set band width to 100 KHz,

ii1) set frequency span/division to 100 KHz/division,

iv) set sweep to manual mode,

v) with sweep in center of display, seékch the vicinity of the de-
sired frequency (88, 93, 98, 103,‘or 108 MHz) for a region free of
ambient RF signals, |

vi) adjust unit oscillator to obfain maximum signal, peaked at the
specific frequency, received by the test antenna,

vii) adjust power supply to provide 0.3 mw reading on the power meter,
viii) adjuSt receiver to the 1F (20 MHz) of the spectrum analyzer,

ix) attenuate signal, using the spectrum analyzer or receiver attenuators
to obtain maximum pattern recorder levels withbut occurrence of
saturation,

x) ‘record pattern of the test antenna (windshield antenna mounted on
car or reference antenna mounted on ground plane) by actuating the

recorder and rotating azimuthal positioner.

2.3 FM Pattern Data Reduction

A measure of the FM band gain of a test (windshield) antenna mounted on a

car relative to that of a A/4-monopole can be obtained from their horizontal



plane radiation patterns measured at FM frequehcies. The gain of the wind-

shield antenna relative to the monopole antenna is defined as:

=

6=t (2)
R

where,

WT is the total power received (transmittéd) by the test windshield

antenna, and

Wp is the total power received (transmitted) by the A/4-monopole (or

reference) antenna.
To determine the total power received (transmitted) by an antenna, it is necessary

to know its complete three dimensional radiation pattern. In the present study

only horizontal plane patterns were measured. On the basis of these measured

patterns a parameter called the "pseudo-gain" G” can be defined which will be

proportional to the actual gain be defined by Eq. (2). Assuming that the

vertical plane patterns of the windshield and monopole antennas are similar,

WT and WR can be approximated as:
iy o Ar (3)
WR a AR

where,

AT'is the total area of the measured horizontal plane pattern of the

‘windshield, and

AR is the total area of the measured horizontal plane pattern of the

- monopole antenna.



Thus, the pseudo-gain is defined as:

;>

T
G' = . (4)
AR |
It is evident from Egs. (2) - (4) that G~ is proportional to G.

A. and A, are obtained numerically from the measured horizontal plane

T R
pattern. The pseudo-gain characteristics of each of the windshield antennas
were determined in this manner and will be presénted in. the following chapters,
as needed.

2.4 Impedance Measurement at FM FreqUencies

Preliminary measurements indicated7that fhe FM impedance of the wind-

shié]d antenna remained the same when the car was inside the FLF or outside
on the range. Therefore, fqr convenience, all impedance measurements were
taken with the test car inside the FLF. Generally, the impedance of each test
antenna mounﬁed on the desired car was taken at five frequencies in the FM
band: 88, 93, 98, 103, and 108 MHz.

| Standard equipment set-up was used during the measurement. Using a variable
voltage power supp]y driving a unit oscillator, an RF signal of desired fre-
quency was generated and cabled to a 3 dB attendator into a duél directional
coupler ihput. Two vector voltmeter (VV) probes were attached to the coupler --
the reference probe (Channel A)‘ohto the incident port and the test probe
(Channel B) onto the ref]ectedgpdrt. A 50 ohm termination was used between
each probe'and the appropriate_coup]er port. The desired load (short, 100 @
and test antenna) was connected to the output of the coupler. A spectrum an-
alyzer was used to select the desired frequency while the desired bower Tevel
was obtained by monitoring.the~channe1iA of the vector voltmeter probe.

‘-*Thé'SYStematfc procedure used during each impedance measurement is as

follows:



i) attach a short to the output of the directional coupler,

ii) set spectrum analyzer at 88 MHz and attach a length of coaxial
cable to its input (this acts as a receiving antenna while in the
vicinity of unit osci]]ator),

ii1) adjust unit oscillator so that an 88 MHz signal is observed on the
spectrum analyzer,

iv) adjust variable voltage power supply sB that the vector voltmeter
amplitude scale reads 100 mV on Channel A,

v) switch vector voltmeter to Channel B, read and record the ampli-
tude and phase angle,

vi) repeat steps (i) - (v) for 100 @ load and the test antenna, and

vii) repeat steps (i) - (vi) for 98, 98, 103, and 108 MHz.

The above procedure yielded the following quantities: Channel A ampli-

tude = A, Channel B amb]itude = B, and the phase angle = ¢. The desired VSWR

and the complex impedance values were determined from the above values by
entering them into a set of data reduction equations which were programmed
into a portable calculator. Impedance values for the test antennas were then
plotted on Carter charts.

2.5 .MeaSurement of AM Sensitivity

AM sensitivity measurements were performed while the car was located
at'the test site and facing the tower. A spectrum analyzer placed inside the
car (AC power was supplied by an inverter placed in the car and ruﬁning off
the car battery) was used to receive the desired signals from the commercial
radio stations (AM). Before coupling the s%ecfrum analyzer to the test an-

~tenna it was calibrated with thevhelp of its internal signal sources of

0 MHz and -30 dBm. Each of the three AM radio stations (0.76, 1.1, and

1.6 MHz) were then tuned in, and their respective amplitudes (in dBm) were



read and recorded. A set of similar AM field strength measurements were also
taken using a A/4 (at 98 MHz) monopole mounted at the center of the roof of
the car. Using the same calibration settings, reference amplitudes were

read and recorded at the same frequencies.

Since all the test antennas were electrically short at AM frequencies,
their horizontal plane patterns can be expected to be omnidirectfona1. This
was demonstrated conclusively in our previous ;tudy of automobile antennas
[2]. Therefore, instead of measuring the actual AM band patterns of the wind-
shield antennas, we measured the field strengths received by each antenna using
the Tocal AM broadcast transmitters (i.e., a{r signals) as sources. The field
strength receivéd by each (stationary) antenna may be considered to be a

measure of its sensitivity.

2.6 Measurement of C and Q at AM Frequencies

Measurements of AM band C and Q of the test antenna may be performed with
the car at any location but, for convenience, they were performed at the test
site located outside in the antenna range. Measurements were carried out with
a Q-meter placed in the car (AC power was supplied by an inverter placed in the
car and running of the car battery). Three inductor canisters of different
frequency ranges, referred to as inductor 1, 2, and 3 (of ranges 0.5 - 1.4,
0.8 - 2.0, and 1.5 - 4.5 MHz, respectively), were used along with the Q-meter.
C and Q values were obtained at each of the three selected frequencies in the
AM band. The following procedure was used during the measurement:

4) plug inductor 1 into Q-meter,

ii) select appropriate frequency range, and tune to 0.5 MHz,

ii1) set + scale to 0,
jv)  set power level to 1,

v) with C-scale tuned off-resonance, set Q to 0,



vi) turn C-scale until Q-needle peaks, then turn C-scale to nearest
value,
vii) turn + scale to obtain maximum value under Q-needle,
viii) read and record C value, + value and Q value (these values
are designated as "meter"),

’ ix) if cable is needed to reach from Q-meter to the test antenna lead,

»

then attach this cable to Q-meter and repeat steps (iii) - (viii);
these values are designated as "meter and cable",

X) attach the test antenna lead to cable, or if.step (ix) was omitted,
then directly to the meter; repeat éteps (iii) - (viii) and desig-
nate obtained values as "meter and cable and antenna" in former
case or “meter and antenna" in the latter case,

xi) replace inductor 1 with inductor 2, select the appropriate frequency
range and tune to 1.0 MHz,
xii) repeat steps (iii) - (x),
xiii) repeat step (xi) for inductor 3 and 1.5 MHz, and

xiv) repeat steps (iii) - (x).

With the help of a pocket calculator and a specific data reduction pro-
gram, the desired values of C and Q for the test antenna were determined
from the measured values of C, + C and Q obtained for each of the three cate-

gories meter, meter and cable, and meter and cable and antenna.



[II. FIELD PROBING AT THE TEST SITE

For the purpose of proper interpretation of the radiation pattern data
obtained at the test site, it is desirable to know the distribution of the in-
cident signal level within a desired space above the test site. To this end,
an investigation was carried out by probing (receiving) a given RF signal of
constant power and frequency at certain specific locations immediately above
the test site.

3.1 Test Set-Up and Procedure

- A method was developed to probe the incident field in a 7'-square p]anér

region oriented vertically above the turntable located at the test site.
The test site was located 150' away from the transmitting antenna fed by RF
signals originating from the FLF. ‘The plane of probing, oriented normal
to the incident field direction may be visualized as divided into 49 grids,
each 1' square. By recording the incident signal strengths at each of these
49 grid points the distribution of the incident field in this plane was
determined. Provisions were also made so that the transmitting antenna height
-above ground and its polarization could be adjusted and that their effects
on the field distribution could be measured.

Fig. 1 shows the schematic arrangement of the experimental set-up used
during the field probing. The transmitting antenna was a Tog-periodic antenna

operating in the range of 50-500 MHz and mounted on a 30'-tall aluminum tower

as described in Section 2.1.
At the test site (Fig. 1) a set of car hoist tracks were mounted on an

azimuthal positioner such that they can rotate at ground level. A structure

10



T —1  On-axis rotator and
carriage assembly

q Dipole support
//// Log periodic 50-500 MHz ‘ structure

A/
- Dipole with
/7” " T 1 ft. elements--i"} h l

lo Car-hoist tracks \

AV N\
/ : : , (@Y
. N\

| | "=/
= ‘ 150 ft. ' -

Figure 1. Schematic arrangement used during field probing.

consisting of two vertica]]yvoriented‘l 3/4"-diameter fiberglas fubes,

drilled at 1'-increments, were attached to the tracks. Supported hori-
zontally betweeﬁ the two tubes was a wooden bar measuring 1" x 4" x 7 1/2'

and containing slots at 1'-increments to accommodate a receiving antenna

(this choice of the structural materials was made so as to give no RF feturn).
The receiving antenna used was a dipo]é utilizing 1'-Tong elements -- this

was chosen to best optimize both resolution and signal level réception simul-
taneously with respect to the other parameters used, such as grid size, signal
frequency and strength, etc. The schematic arrangement of the receiving
antenna position control is shown in Fig. 2. Thus, by pdSitioning the hori-
zontal bar at the desired vertica] position and the receiving antenna at the
desired horizonta]ipositibns, the 49 positions for field probing were obtained

(Fig. 2).
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Figure 2. Receiving antenna position control mechanism
(view from tower).

The entire experimental set-up used for field probing is shown in Fig. 3.
The experiment was controlled from the FLF excluding the changing of the physi-
cal Tlocations of the dipole which was done manually. The generation of RF
signal and its transmission were done in a manner described in Section 2.1.
The signal received by the dipole was run through a length of unburied cable
to the FLF. This signal was attenuated 23 dB before being fed to a wide-range
microwave receiver; further attenuation of 7 dB was.introduced by engaging a series
of built-in step attenuators in the receiver. The signal was then fed into a
combination polar-rectangular plot recorder for each desired transmitting-
receiving antenna configuration.

For,data presentation, the transmitting antenna position is designated

as a function of Tts height above ground; the four positions used are 6, 12, 18,

12
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Log periodic

RF ~—®1 Dipole
. _—_

Unit
oscillator

Directional

coupler Power supply

L“.

' Polar-rectangular Microwave 23
recorder Receiver dB
: Pad

Figure 3. Block diagram of the experimental equipment.

and 24 feet. The polarization is designated as vertical or horizontal (which
describes the orientation of the E-field with respect to ground), the trans-
mitting and receiving antennas being oriented to the same polarization. The
receiving antenna position in épace is described by a number and a letter (Fig.
2). Numbers 1 through 7 correspond to seven vertical positions, 1 being closest
to the ground and 7 being the farthest. Letters A through G correspond to
seven horizontal positions (as viewed from the tower), A being the extreme
left position and G being the extreme right position (Fig. 2).
" The procedure used for taking field probing méasurement may be described
in stepwise fashion as fo]]owé:
i) locate dipole in position 1-A and the transmitting antenna at 6' position,
i1) make short-trace recording of signal Tevel,
ii1) raise transmitting antenna to 12', 18', and then to 20' while making
short-trace recording at each of these heights,
iv) repeat steps (i) - (iii) for dipole positions T-B'through 1-G, and

v) repeat steps (i) - (iv) for vertical positions 2-7.



Four maps were obtained from the above procedure. By switching to the other
polarization, four additional maps were obtained. The probing of the field waé
carried out at 98 MHz with the transmitting antenna radiating 2.25 mw of power.
3.2 Results

Tables 1 (a-d) and 2 (a-d) show the field plot-maps obtained for vertically
and horizontally polarized incident signals, respectively. It can be seen
from plot-maps that there exists a notable asymmetry in the signal Tlevel dis-
tributfon, horizontally from position A thfough position G, regardless of the
transmitting antenna height, but only when using vertical polarizatiqn. With
horizontal poTarization the pTots exhibit a general pattern of horizontal
symmetry.

A second observation can be made by comparing the field-plots shown in
Tables 1(b) and 2(b), taken with the transmitting antenna located 12' above
ground. With this height of the transmitting antenna, the field strength
values obtained at each grid point with both polarizations are found to be
comparable; this is especially apparent for values obtained with the dipole
at vertica] positions 4', 5', and 6'. This is a desirable characteristic and
since the car-mounted antennas are generally between 4 and 6' above the tracks,
it was dgcided to use 12' as a standard height for the transmitting antenna

while performing sUbsequent pattern measurements.

14



TABLE 1

— NN W B O Oy

8.6 | -8.6 | -6.8 | -6.5 | 6.4 | -6.2 | -6.1
-8.8| -8.4|-791|-7.3| -7.2| -6.8 | -6.8
-8.71-861-78-761]-711-6.91|-6.0
-9.0{ -8.6 | -7.8|-7.11]-679 | -6.7 | -6.6
-8.6 | -7.81-7.3]-6.9|-6.9] -6.6 | -6.9
-7.9 | -7.6 | -7.1 | -6.1 | -5.9 | -6.2 | -6.5
-7.1 | -6.4 | -6.3 | -5.9 | -5.7 | -4.8 | -5.8
A B C D E F G
1(a) H = 6
7] 6.4 -6.4-541]-511]-52]-511]-5.1
6 | -7.0|-6.9-6.51]-6.21-5.91-5.81-5.7
5 | -6.7|-6.7]-6.1]-6.4]-6.2{-5.7|-5.6.
4 7.2 {-73]|-6.7|-6.11-5.6|-5.4|-5.1
3| -7.2|-6.6|-6.1]-5.9]-55]-5.4]-5.2
2 | -6.5|-6.5|-6.11-4.9|-4.5|-4.7 | -4.9
1| -6.2 | -5.6|-53|-4.8|-4.4|-3.2|-5.6
A B C D E F G
1b) H = 12°

" Table 1.. Measured electric field distribution along a verti-
cal plane in-the test area. Frequency = 98 MHz,
vertical polarization. Values shown are relative to
-10 dB. | ' .

Note: H is the height of the transmitting antenna above ground
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TABLE 1 (Cont.)

Note: H is the height of the transmitting antenna above ground.

—

cal plane in the test area.

vertical polarization.

-10 dB.

16

7 -5.1| -5.0] -4.0 3.7 3.5 3.5 3.4
6 5.4 5.2 5.0 4.7 4,2 4.4 4.1
5 5.2 5.0 4.6 5.0 4.6 4.2 4.5
4 5.7 5.6 4.9 4.5 4.0 4.0 3.9
3 5.2 4.7 4.4 4.4 4,31 4.1 4.0
2 4.5 4.6 4.2 3.6 3.5 3.7 3.7
1 3.9 3.5 3.6 3.2 3.2 3.2 3.7
A B C D E F G
1(c) H =18
7 5.2 5.0 3.8 5.4 5.1 2.9 2.5
6 5.3 5.1 5.0 4.7 4.2 4.4 4.1
5 4.5 4.5 3.8 3.8 3.5 3.2 3.1
4 4,7 4.5 3.8 3.0 2.9 2.6 2.8
3 4,2 3.5| 3.0 2.8 2.8 2.6 2.7
2 3.2 3.1 2.7 1.9 1.5 1.9 2.2
1 2.4 1.9 1.8 1.4 1.4 0.4 1.0
A B c D E F G
1(d) H=24
Table 1. Measured electric field distribution along a verti-

Frequency = 98 MHz,
Values shown are relative to




TABLE 2

7 -8.3| -85 -7.9| -7.9| -8.1| -8.4| -8.4
6 9.2 | -9.1| -9.1| -9.2| -9 -9.1| -8.9
5 | -10 -9.7 { -10.2 | -10.2 | -10.2 | -10.2 | -10.3
4 | -10.4 | -10.5] -10.4] -10.6 | -10.7 | -11.1 | -10
3] -121 -1 -1n.a ) -11.3 | 1.4 | 1.7 | 1213
2 | -15 -14.5 | -14,3 | -13.9 | -12.7 | -13.2 | -13.5
11 -18 -16.8 | -16.3 | -16.1 | -16.6 | “17.4 | -19

A B C D E F G

| 2(a) H = 6'

7| -4.1|-20 |-3.81-36 |-3.5 |-3.51|-3.6
6 24,8 | -4.7 | -4.5 | -4.7 | -4.4 | -4.7 | -4.7
5 55| -5.4| -55| -5.4| -5.6 | -5.4| -5.7
4 6.3 | -6.1| -5.8| -6.0| -6.0] -6.0| -6.5
3 71 =71 -6.8) -7.0| -7.0| -7.2| -7.4
2 | -10.3]-101] -9.7| -9.6 | -83 | -9.5| -8.8
1 | -13.2 [ -12.8 | -11.9 | -11.8 | -12.1 | <13 | -13.9

A B C D E F G

2(b) H =12

Table 2. Measured electric field distribution along a vertical

plane in the test area. Frequency = 98 MHz, Horizontal
Polarization. Values shown are relative to -10 dB.

Note: H is the height of the transmitting antenna above ground.
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TABLE 2 (Cont.)

7 1.2 | 1.1 | -1.0 | -0.6 | -0.6 | -0.7 | -1.0
6 1.8 | <17 | <19 | -1.8 | 1.8 | -1.9 | -2.1
5 | -2.4 | -2.3 | -2.6 | -2.5 | -2.6 | -2.8 | -2.9
4 | -2.9 | -2.7 | -2.8 | -2.8 | -3.0 | -3.2.| -3.7
3| -4.2 | <41 | -3.9 | -4.1 | -4.2 | -4.3 | -4.6
2 -7.3 | -7.0 | -6.6 | -6.5 | -5.4 | -5.6 | -5.8
1 |-10.2 ] -9.5 | -8.8 | -8.8 | -9.0 | -9.9 [-10.7
A B c D E F G
2(c) H =18
7 { +0.2 | +0.4 | +0.3 | +0.8 | +0.8 | +0.6 | +0.4
6 -0.3 | -0.2 | -0.3 | -0.2 | -0.0 | -0.5 | -0.5
5 | -0.8 ] -0.5 | -0.9 | -0.9 | -0.8 | -0.9 | -1.3
4 14 -2 | -1 | -1 | -2 | -T2 | =200
3 2.4 | -2.2 | 2.2 | -2.2 | -2.3 | -2.5 | -2.8
2 5.3 | -5.2 | -5.0 | -4.7 | -3.5 | -3.8 | -4.2
1 -8.4 | -7.6 | -6.7 | -6.6 | -6.9 | -7.9 | -9.0
A B C D F G
2(d) H = 12

Table 2. Measured electric field distribution along a vertical
~plane in the test area. Frequency = 98 MHz, Horizontal
~ Polarization. Values shown are relative to -10 dB.

. Note: H is the height of the‘transmitting antenna above ground.
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IV. RECEIVING AND TRANSMITTING
PATTERNS OF AN ANTENNA

| A1l the test antennas used in the present investigation were passive and
contained no non-reciprocal elements. Under these conditions, and in the ab-
sence of any non-reciprocél medium at}the test site, the receiving and trans-
mitting patterns of éuch antennas must be identical. This fo]lows'from the
well-known reciprocity theorem which may be stated as [4] "If an emf is applied
to the terminals of an antenna A and the current measured at the terminals of
another antenna B, then an equal current (botﬁ'in amplitude and phase) will be
obtained at the terminals of antenna A if the same emf is applied to the
terminals of B." It is assumed that the emfs are of the same frequency and
that the medium is linear, passive, and also isotropic. Although the validity
of this theorem is an established fact, we present in Figs. 4 and 5, the trans-
mitting and receiving horizontal plane patterns of a typical windshield an-
tenna measured at 108 MHz. Iniboth cases the windshieid antenna was mounted
on a'test car placed on the rotating platform. Fig. 4 Showé the transmitting
pétterns of the windshield antenna measured with a fixed receiving antenna |
yloéated at four selectéd heights above ground. The receiving pattern of the
same windshield antenna measured wfth a fixed transmifting antenna located at
the same selected heights above ground are shown in Fig. 5. It is evident
-from Figs. 4 and 5 that the'corresponding’transmitting and receiving pattern

of the windshield antenna are similar, as predicted by the reciprocity theorem.
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Figure 4. Transmitting patterns of a windshield antenna on 1978 Grand
Prix (blue). Transmitted power = 2.15 mW, Frequency = 108 MHz.
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Figure 5.

Réceiving patterns'of a windshield antenna on 1978 Grand
Prix (blue). Transmitted power = 2.15 mi, Frequency = 108 MHz.
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V. FM BAND PERFORMANCE OF WINDSHIELD
ANTENNAS ON 1978 COUGAR

The results of an investigation of the FM band perfOrmanée of a number of
windshield antennas mounted on a 1978 Cougar (with sunroof) are presented in
this chapter.

5.1 Test Antennas

Six windshield antennas, printed by Ford ﬁotor Co. on the windshields
of 1978 Cougars were investigated. The types of basic configurations used
in the antennas are as shown in Figs. 6 and 7; four of the antennas consisted
of four horizontal elements, as shown in Fig.z6, and two antennas had five hori-
zontal elements
is characterized by the following physical parametrics: head, side, loop, and
center spacing. Meésured values of these four parameters for each antenna
are shown in Table 3. The head and side spacing, shown in Table 3, are measured
with respect to the windshield trim moulding.

A pictorial representation of a four-element windshield antenna along with
some reference points are shown in Fig. 8, where 0 is referred to as the
input. For each windshie]d antenna the resistance between its input 0 and

various reference points were measured, and the results are shown in Table 4.

Figure 6. Sketch of a four element windshield antenna.
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Figure 7. Sketch of a five element windshield antenna.

'Figure 8. Five element windshield antenna printed on the windshield.
Various physical parameters of the antenna and reference
points are also shown.
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Antenna Model Number

Antenna X | XF XF XF XF XF
Parameter 243253 | 243254 | 243255 | 243256 | 243257 |243258

Head - '
Spa%i?g 172" 1 3/8" 2" 15/16" 1" 2"
h , :

Side
Sp?c;ng 19/16" 2 1/8" | 2 1/4" | 2 3/4" | 111/16"| 2 1/8"
S ’ B

Loop
Spacing - - 3/8" 3/8" 3/8" 3/8“ 3/8" 3/8"

(1)

Center ,
Spacing(d) 2.1/2"| 2 9/16"| 2 9/16™ | 2 9/16" | 2 9/16" | 2 1/2"

Number of ‘ :

Elements 1 3| 3 3 5 3 5
Element : '

Resistance 70 67.5 59.5 87.5 69.5 | 87.5
(average) - ohms | ohms ohms - ohms ohms - ohms

Table 3. Physical parameters of six windshield antennas on 1978 Cougar.
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Resistance RS
"~ measured Antenna Model Number
between
reference . .
point 0 : XF XF XF XF ~ XF XF
and + 243253 | 243254 | 243255 | 243256 | 243257 | 243258
| Resistance in ohms
A ' 16 16 12 13 17 10
B 35 33 28 28 | 34 26
B” ‘ 34 34 29 29 33 27
C 50 46 43 41 46 39
C" .55 51 45 46 50 45
D 66 66 56 54 | 6 52
o | 69 63 | 62 68 62
E 68 ' 65
E” ,_ 80 79
P &0 | 79
Fooo SRR | 95 " 96

Table 4. Measured element resistance between various reference points (see
Figure 8) for six windshield antennas 1978 Cougar. '
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For convenience, each windshield antenna will be identified later by the last
number appearing in.its model number as shown underlined in Tables 3 and 4
(e.g., 3, 7, 4, 5, etc.)

5.2 Radiation Patterns and Pseudo-Gain

The horizontal plane radiation patterns of six windshield antenna confi-
gurations, heasured at five selected frequencils in the FM band (88, 93, 98,
103, and 108 MHz), are shown in Figs. 9 - 13; for comparison, the éorrespond-
ing pattern obtained with the referenéé_monopole antenna is also shown in each
figure. Figure 14 shows in one plot the patterns of antenna no. 6 obtained at
five different frequencies; this can be used fo study the detailed variation
of the antenna pattern as a function of frequency.

Pseudo-gain of the six antennas has been determined from the measured
patte}ns by using the method‘discuSSea in Section 2,3. The results are shown
in Table 5 which indicates that basically the six antennés have similar per-
formance. It is found that all the antennas, except the antenna no. 7, tend
‘to have the largest pseudo-gain at 98 MHz. From the viewpoint df maximum pseudo-
gain'and its variation}within thevfrequenCy'band, the antenna no. 8_appears to
- be the bést. During the investigation, it has been found that the pseudo-gain
(also the.pattern)~of}the windshield antenna is strongly inf1uénced by
the positioning of the crash pad (e.g.;ré 10 dB variation was observed) and
less sensitive to the coaxial céble termination of the frame.

5.3 Impedance Characteristics

The measured impedance charaCteristics.of the six windshield antennas
are shown ﬁn Figs. 15 (a) - (f). The corresponding VSWR's (relative to 50
ohms) “of the same antehnas are showh in Table 6. A review of Table 6 suggests that

the six antennas (with the exception of the results for antenna no. 5 at 98,
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‘Figure 9. Radiation patterns of reference and six windshield antennas
) on 1978 Cougar measured at 88 MHz. .... antenna 3, @8®®
_antenna 4, ---- antenna-5, AAAA antenna 6, xxxx antenna 7,

ocoo antenna 8.
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Figure 10. Radiation patterns of reference and six windshield
~ antennas on 1978 Cougar measured at 93 MHz. ~-..-
“~antenna 3, goao antenna 4, ---- antenna 5, AAAA antenna
6, xxxx antenna 7, cooco antenna 8.
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Figure 14. -

= 180

Radiationipatterns of antenna 6 on 1978 Cougar as a

function of frequency. ---- 88 MHz, ---- 93 MHz,
aaea 98 MHz, xxxx 103 MHz, ococc 108 Mz. '
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~ Antenna Identification Number

Aver, |
Freq. 3 Over
MHz Antennas
m

- Pseudo-gain in dB

88 -9.76 | -9.94 -9.55 | -9.22 | -9.81 -7.45 | -9.50

93 -5.78 -6.22 -5.30 -7.22 | -7.10 -5.70 -6.32

98 | -4.81 -5.36 -4.53 -6.79 -7.21 | -4.84 -5.75

103 -6.10 -5.26 -4.61 -7.00 | -6.04 -5.36 -5.79

108 | -5.64 | -6.26 | -5.15 | -7.69 | -6.16 | -7.99 | -6.63

Aver. ’ _
Over -6.42 f6.61 -5.83 | -7.58 -7.28 -6.26

Freq.

- Table 5.  Pseudo-gain (relative to a A/4-monopolevahtenna) versus frequency for
six windshield antennas on 1978 Cougar.
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(a) antenna 3 - (b) antenna 4
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(c) antenna 5 (d) antenna 6

Figure 15. Measured impedance characteristics of six windshield
antennas on 1978 Cougar.
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(e) antenna 7 ~ (f) antenna 8

Figure 15. Measured impedance characteristics of six windshield
antennas on 1978 Cougar.
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Antenna Identification Number

Freq. Average
MHz 3 4 5 6 ' 7 8 Over
Antennas
-
VSWR

88 3.65 3.88 3.76 6.14 3.35 5.06 4.31

93 4.56 4.56 3.55 5.45 4.56 4.71 4.57

98 |as6 | 4.8 | 7.00 | 4.26 | 5.06 | 4.7 5.08

103 4.41 5.06 9.00 3.00 6.41 4.56 5.41

108 3.76 4.41 10.11 3.26 7.00 6.14 5.78

Aver,
Over 4.19 4,56 6.66 4,42 5.28 5.04

Freq.

Table 6. VSWR versus frequency for six windshield antennas on 1978 Cougar.
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103, and 108 MHz) exhibit similar VSWR characteristics over the entire FM

band of frequencies. The cause for this exception is presently unknown and was
not investigated because of the lack of time and funds. Ignoring this excep-
tion, it is reasoned that neither the physical variations nor the small varia-
tions in the resistance of the elements built into the six antennas contributed
significantly to‘their impedance behavior.

5.4 Effect of the Linear Segments

As shown in Fig. 6, 7, or 8, the windshield antenna may contain a variable
number of horizontal linear segments. An investigation was conducted to deter-
mine how the RF characteristics of a windshieid antenna depend on the number
of horizontal linear segments in the antenna. For this purpose, the radiation
patterns and impedance of the windshield antenna no. 6 were measured as func-
tions of its number of hofizonta] Tinear segments.

The desired Tinear segments (starting with EF and E“F* in Fig. 8) of the
antenna were systematically removed by soaking them with nitric acid. To mini-
mize handling of the windshield so that the ahtenna set-up did not change
significantly for each configuration, each linear segment was removed with the
windshield in the vehicle. However, this procedure took several days to
correct the required set of data and it was necessary to rearrange some of the
instrumentation in the car during this time. For identification purposes, the
test antenna (i.e., antenna no. 6) after systematic removal of its horizontal

elements will be designated (with reference to Fig. 8) as follows:

Designation of Test Antenna Lengths of Linear Segments
6-5 AF, AF-
6-4 AE, AE~
6-3 AD, AD*
6-2 AC, AC-
6-1 - AB, AB~
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Note that with the above notation, 6-5 denotes the five element windshield
antenna (no. 6) and 6-1 denotes the basic T-version (i.e., oneé element) of the
same antehna.

Figs. 16-20 show how the measured horizontal plane patterns of the test
antenna change at each selected frequency as a function of the number of its
horizontal linear segments. The corresponding.pseudo-gain of the antenna as
a function of the number of its horizontal linear segments are shown in Table
7. THe results indicate that the number of horizontal linear segments of the
antenna does not significantly affect its radiation pattern and pseudo-gain.
It is believed that the variations in the patterns shown in Figs. 14-19-were
related to the changes in the equ1pment placement that might have taken place
within the vehicle rather thaw to the fact that the number of elements were
changed.

The iﬁpedance of antenna no. 6 was also measured to determine if the re-
moval o% the horizontal linear segments had any appreciable effect. However,
the results did not change significantly with the number of elements. There-
fore, impedance data were collected for only 6-4 and 6-1 configurations,
and are shown in Figs. 21 (a) - (b). These results should be compared with the

results for the configuration 6-5 shown in Fig. 15(e).

5.5 T-Shaped Antenna .

| The results discussed in Section 5.5 indicated that the T-shaped version
(i.éﬂ, no. 6-1) of the windshield antenna was similar and Comparab]e to_that
of the antenna no. 6-5. The former being simpler to'fabricate, it was decided
to investigate further the properties of a T-shaped windshield antenna. For
this purpose, three T-shaped antennas were obtained by removing tHe horizdnta]

linear segments of antenna no. 6. Referring to Fig. 8, the three T-shaped
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10

Figure 16.

Radiation patterns of five windshield antenna
configurations on 1978 Cougar measured at 88 MHz.
oooo antenna 6-1, xxxx antenna 6-2, AsAA antenna
6-3, oose antenna 6-4, -... antenna 6-5.
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Figure 20, Radiation patterns of five windshield antenna con-
: figurations on 1978 Cougar measured at 108 MHz.
so0o antenna 6-1, xxxx antenna 6-2, AAAA antenna 6-3,

@aco antenna 6-4, -+ antenna 6-5.
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Antenna Identification Number

Average
Over
Antennas

Freq. _
MHz 6-5 6-4

, Pseudo-gain in dB
88 -9.22 -9.98 -8.43 -8.50 | -8.66 -8.95
93 -7.22 -8.65 -6.45 | -6.53 | -7.25 -7.22
98 | -6.79 | -5.93 | -6.53 | -5.94 | -6.08 | -6.25
1103 -7.00 -5.34 -6.53 -5.33 -6.50 -6.14
108 -7.69 -6.20 -8.67 -7 -8.81 -7.70
Aver.
over | -7.58 -7.22 -7.32 | -6.68 -7.46
Freq.

Table 7. Pseudo-gain (relative to x/4-monopole antenna) versus frequency for
variable element antenna No. 6 on 1978 Cougar.
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(a) antenna no. 6-% (b) antenna no 6-1

\

Figure 21. Impedance characteristics of antennas 6-4 and 6-1 on
1978 Cougar.
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configurations consisted of the vertical element OA and the full horizontal
segment BB~ (designated 6-1), 1/2 of BB” (designated 6-1-1/2) and 1/4 of BB~

(desfgnated‘6-1-1/4). The three antennas are sketched in Fig. 22.

o o——1F=

o

|

Figdre 22. Sketches of three T-shaped antennas. CD = 1/2 AB,
EF = 1/4 AB, OA = 0C = OE = 23", AB = 23.75".

Figs. 23-27 show the measured patterns of the three T-shaped antennas at
selected frequencies in the FM band. The results indicate that the shortening
of the horiiontal element does not appfeciably affect the pattern shape of the
ante;na;' Table 8Vsh6ws the pseudo-gain of the three antennaé as determined

from the patterns éhown in Figs. 23-27. It should be noted that the‘pseudo—gain‘

46-



b
-

\
\
ac}]

4‘. -V ‘r l

\
143
OWE

|

e

LARE
N

Figure 23.

=

Radiation patterns of T-shaped antennas
measured at 88 MHz, —— antenna 6-1,
cooo antenna 6-1-1/4.
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Antenna Identification Number
Freq. g Average
MHz 6-1 6-1-1/2 6-1-1/4 Over
: ' ' " Antennas
. Pseudo-gain in 8 ,

88 -8.84 -8.21 -7.94 -8.33
93 708 | 8.3 | <5.94 -7.19
98 -6.04 | -5.59 -3.90 -5.18
103 6.29 | -5.07 | -4.43 -5.26
108 -7.43 -6.04 -5.79 -6.42
Aver. : p

Over -7.18 -6.65 5.60

Freq.

Table 8. Pseudo-gain (relative to A/4-monopole antenna) versus
frequency for T-shaped antennas on 1978 Cougar.

data for antenna 6-1 of Table 8 differs slightly from those presented in Table
7. Thié variation is attributed to the physica1»changes made in the instrumen-
tation set-up inside the vehicle. . The results of Table 8 suggest that the FM
band pseudo-gain of the Cougar Qindshie]d antenna'can be increased by using

a T-shaped antenna having a‘re1ative1y'short horizonfa1 element., However, we

did not co]1ect'sufficient data_to'optimize'the FM performance of such an antenna.
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Although the antenna 6-1-1/4 appears to havé larger pseudo-gain than the corres-
ponding multi-element windshfe]d antenna (éompare Tables 8 and 5), further
testing should be performed to provide higher cfedibi1ity for the results

shown in Table 8.

The impedance chqracteristics of the antennas 6-1 and 6-1-1/4 are shown in
Figs. 28 (a) and (b), respectively. It is found that for the amount of element
shortening used, the impedance characteristics did not change éppreciably.
Moreover, a gomparison of Figs. 14(e) and 28(b) indicates that the overall FM
impedance characteristics of the two antennas 6-5 and46-1-1/4,are approximately
the same. |

5.6 Effect of the Crash Pad

The radiation patterns of windshield antenna no. 7 were measured both wfth»‘
and without the crash pad of the 1978 Cougar installed. The results are shown in
in‘Figs. 29-33. The corresponding pseudo-gains are shown in Table 9. From these
results it is apparent that the crash pad has an appreciable influence on the
electrical performance of the windshield antenna. In addition to the results
shown here, test peréonnel observed as much as a 10 dB variation in the pseudo-
gain (or fhé average level of the measured pattern) ofvthe windshield antenna
as the pdsitfon of the crash pad relative to the windshield was varied by frac-
tions of an inch. Time aﬁd funds did not allow us to perform a carefully con-
tr611ed investigation to determine any correlation between the crash pad loca-
tion and windshield pefformance. Any future.windshie]d study should be addressed
to this problem. |
5.7 Discussion

On/ﬁhe‘basi$ of the results presented in this chapter, the following comments
can be made with regard to the FM band‘performance of windshield antennas in-

stalled on 1978 Cougar:
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(a) antenna no. 6-1 - (b) antenna no. 6-1-1/4

Figure 28. Impedance characteristics of T-shaped antennas on 1978
Cougar.
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Figure 29.

Rad1at1on patterns of reference and windshield antennas

on 1978 Cougar (with and without crash pad) measured
at 88 MHz. —— reference, ——-- w1th crash pad, ocooco
without crash pad.
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Radiation patterns. of reference and windshield antennas
on 1978 Cougar (with and without crash pad) measured

‘at 92.8 MHz. —— reference, ---- with crash pad, oooo

without crash pad.
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Radiation patterns bf_reference and windshield antennas
on 1978 Cougar (with and without crash pad) measured
at 97.7 MHz. —— reference, =--- with crash pad, °c°°

without crash pad.
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Figure 32.

Radiation patterns of reference and windshield antennas
on 1978 Cougar (with and without crash pad) measured
at 102.6 MHz. —— reference, ---- with crash pad, °°°°

without crash pad.
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Figure 33.

‘Radiation patterns of reference and windshield antennas
on 1978 Cougar (with and without crash pad) measured
‘at 108 MHz. —— reference, ----with crash pad, occoo
without crash pad. :
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Frequency Pseudo-gain in dB
MHz :
with . without
crash pad crash pad
8 | -9.81 -12.63
93 | -7.10 -9.41
98 | o -7.27 1 -7.91
103 -6.04 - -8.53
108 , -6.16 -9.59

Table 9. Pséudorgain (relative to A/4-monopole antenna)
versus frequency for windshield antenna No. 7 on
1978 Cougar (with and without crash pad).
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)

i1)

i)

iv)

- the parameters used.

The six test antennas with variable parameters (element length,

element resistance, head space, etc.) have basically similar per-
formance; the radiation pattern and impedance characteristics of the

antennas are not appreciably affected by the range of variation of

/

IS

A1l antennas have maximum gain in the forward and backward directions
with respect tovthe car; relative to a A/4-reference antenna maximum
pseudo-gain of about -6 dB océdrs at 98 MHz. The VSWR's generally
stay withfn 3.5 to 6.5 fér all antennas with the exceptionlof one

for which a VSWR of 10 has been,obsérved. |

The chahge of the horizontal element length (or the number of Toops)
does not significantly affect the performance of multi-element
antennas, a]fhough the configuration 6-2 appears to have the larger
gain. | |

T-shaped antenna (one e]ement) configurafions have more gain than the
multi-element configurations. |
The 1ocation'of'the crash pad with respect to the antenha signifi-

cantly affects its performance.
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VI.. AM BAND PERFORMANCE OF WINDSHIELD
ANTENNAS ON 1978 COUGAR

The AM band performance data obtained with the windshield antennas,
mounted on the 1978 Cougar, are described and discussed in the present chapter.
Sihce the antennas used are the same as in Chapter V, similar designations will
be used here to represent the test antennas. ‘ﬁhe sensitivity, effectiVe C and
Q of each test antenna, given in the following sections, were obtained in a

manner described in sections 2.5 and 2}6.

6.1 'Resu1t$‘f0r Six Windshfe1d Aqtennas (No.'s 3-8)

Sensitivity: The sensitivitiés of six W1ndshie1d.antennas measured at 3
selected air signal freqﬁencies (f.e., commer;ia] broadcast signal frequencies)
iﬁ the AM band are shown in Table 10. The measured sensitivities at the same
frequencies of the reference /4 antenna (»/4 long at 98 MHz) are also shown

“in Table 10. The sensitivity data for the reference antehna were taken con-
~currently with each of the six test antenna data sets. These reference values
were found to repeat, at each of three frequencies used, within an acceptably
small range (within a dB). Therefore, an average of the reference values were
calculated at each frequency, and are used to represent reference sensitivity
in Table 10.

C and Q: The effective C and Q values for the six antennas, measured
at three selected frequencies are shown in Téble 11. It is believed that the

C and Q values are primarily determined by the cabling used in the antennas.

6.2 Effect of the Linear Segments

| Sensitivity, C and'Q of the antenna no. 6 were measured after successive

~ removal of the horiéonta] linear e]emenfé,in a manner described in Section 5.4.
ThéAmeasured sensitivities of the antenna configurations 6-5 through 6-1 are
shown in Table 12 for thrée selected’frequencies. Note that at each frequency

the antenna 6-5 through«6-2 have approximately equal sensitivity. The antenna



Frequency in MHz .
Antenna | 0.76 1.1 1.6
H====== =
Sensitivity in dBm
Ref. © | -61.3 | -69.0 | -76.0
~No. 3 -68.0 -75.0 -82.0
No. 4 | -68.0 78,0 | -83.0
No. 5 -67.0 -74.0 -82.0
No. 6 | -67.0 | -75.0 -82.0
No. 7 -68.0 2740 -82.0
No. 8 -66.0 -72 -80
Aver, i
QOver -67.3 -74.0 -81.8
3-8 |

Table 10. AM-band sensitivities of reference
' (x/4-monopole antenna) and six
windshield antennas on 1978 Cougar.
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Frequency in MHz

Antenna
No. 0.5 1.0 1.5

C pF Q C pF Q C pF Q

3 199.90 138.36 |-104.30 | 103.70 | 99.70 81;49

4 185.60 193.32 89.60 121.64 | 83.00 | 109.22

5 81.10| 163.33 85.70 100.00 | 139.31

6 {84.10 | 163.25 | 99.40 130.60 | 93.20 | 110.64

7 {88.80 | 116.75 | 96.40 | 124.18 | 92.40 | 99.00

-8 [s84.50 | 89.20 | 171.54 | 83.70 | 137.17

~ Aver. [87.33 | 155.00 | 94.10 | 130.33 | 92.0 | 112.81

~ Table 11. AM-band C and Q for six windshield antennas on 1978 Cougar.
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Frequency in MHz

Antenna | 0.76 1.1 1.6
Sensitivity in dBm
Ref. -61 -69 -76
65 67 75 -82
6-4 -67 -74 -82
- 6=3 =68 -74 -383
6-2 -68 -73 -83
6-1 =77 - =81 -89
AvEr; |
Over
6-5 .
to -70 -75 -84
6-1
- Table 12. AM band sensitivities of reference

(A/4-monopole antenna) and five:
configurations of antenna No. 6
on 1978 Cougar.
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6-1 shows a hoticeab1e'deterioration of fhe sensitivity which is attributed
to the fact that for this configuratfon the effective element length becomes too
short. | |

Measurements of C and Q were performed only for the original configuration
- (6-5) of anfenna no. 6 (see Table 11). This is because C and Q are essehtia11y
determined by the given lead cable of the anténne, and not by the antenna itself.
Since all the antennas, 6;5 through 6-1, were fed using the same lead cable,
this C and Q remained constent and further measurements were unnecessary.

6.3. T-Shaped Antenna

As discussed in Seetion 5.5, the T-shaped antenna was the fiha] configura-
tion,vdesignated-as 6-1, obtaihed ffom antenna no. 6; two modified versions of
antenna 6-1, designated as 6-1-1/2 and 6-1-1/4, were also obtained by successively
reducing the 1ength.of the horizontal element to half of its length. Table 13
shows the sensitivity values obtained for ‘the three antenna configurations. |
It is found that the sensitivity of the T-shaped antenha is not appreciab?y
affected by the range of element length reduction used. The effective C and Q
of the antenna were hot measufed}for reasons stated in Section 6.2.

6.4 Discussion | | |

On the basis of the results presented above, the following comments can
‘be made with regard to the AM band‘performance of windshie]d»antennas on 1978
Cougar: |

i)l’The six antennas with variable parameters have essentially the same
sensitivity which is about 6 dB less than that of the 1/4-reference
‘antenna.' A]though the?measured C and Q were found to depehd on the
specific antenna used, the observed variations are believed to be
caused by the antenna cabling and net by the‘antenna configuration
itself, | |

66



" Frequency in MHz

Antenna 0.76 1.1 1.6
Sensitivity in dBm
Ref. -61 -69 -76
6-1 -77 -81 -89
6-1-1/2 ~777 ~=81 ~-89
6-1-1/4 -76 -82 -89
Table 13. AM-band sensitivities of reference

(A/4-monopole antenna) and three con-
figurations of T-shaped antennas on
1978 Cougar.
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ii) Antennas 6-5 through 6-2 have almost equal sensitivity (within 1
dB) which varied from -4 to -6 dB (relative to the A/4-reference
antenna) within the AM band. Maximum reduction of sensitivity
occurs with antenna 6-1 whose relative sensitivity varies from -11
to -16 dB within the AM band. ;

iii) Within the range of values used, the reductibn of element length

does not significantly affect the sensitivity of the T-shaped antenna.
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VII. WINDSHIELD ANTENNAS VERSUS CAR LINE

The performance of windshield antennas mounted on 1978 Cougar has been
discussed in Chapters V and VI. In order to evaluate the effects.of the vehicle,
appropriate FM and AM radiation and impedance data were collected with wind-
shield antennas insta]]ed on a 1978 Mark V (withesunroof and bench seat), two
1978 Grand Prix's (one, with sunroof and bench seat; the other, without sun-
roof and with buéket seats), and a 1977”Chevr61et Monte Carlo (without sunroof
and with bench seat). For the purpose of completeness, data for windshield
antenna 6-2 (which provides optimum AM and FM.performanée) on 1978 Cougar
(with sunroof and.bench seat) are also presented in this chapter.

During the course of the investigation, discussed in the present chapter,
it was observed that the FM radiation patterns and AM sensitivities of windshield
antennas were quite sensifive to car line changes. However, FM impedance and
AM C and Q resulfs for different car lines were very similar to the Cougar -
data discussed'in earlier chapters;‘therefore these results will not be dis-
cussed here.

7.1 Test Results

Measured FM band horizontal radiation patterns of windshield antennas
on five car‘1ines are shown in Figs. 34'-38. The results indicate that the
windshield antenna tends to provide best covefage fn the forward region of
the car. The corresponding pséudo-gains-df the antennas obtained from the
measured patterné are shown in Table 14. The AM sensitivity results for
the windshield antennas on the same car lines are shown in Table 15.
. Results shown in Tables 14 indicate that the FM pseudo-gain of the wind-

shield antenna on 1978 Cougar is typically 2-3 dB more than that obtained with
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Radiation patterns of windshield antennas on.various
cars measured at 88 MHz. —— 1978 Cougar, ---- 1978
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Figure 34.
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Figure 36.

Radiation patterns of windshield antennas on various
- cars measured at 97.8 MHz.

1978 Cougar, ----.1978
Mark V, ---- 1977 Monte Carlo, ccoo 1978 Grand Prix
(black) naon 1978 Grand Prix (blue).
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Figure 37.
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Radiation patterns of windshield antennas on various
cars measured at 102.9 MHz. 1978 Cougar, ---- 1978
Mark V, =--- 1977 Monte Carlo, oocoo 1978 Grand Prix

~ (black) aoga 1978 Grand Prix (blue).
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Figure 38. Radiation patterns of windshield antennas on various
<~ cars measured at 108 MHz. —— 1978 Cougar, ---- 1978
Mark V, ---- 1977 Monte Carlo, ocoo 1978 Grand Prix
(blue) oooo 1978 Grand Prix (blue).
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Car Line
_ 78 Cougar | 78 Mark V | 78 Grand Prix |{ 78 Grand Prix | 77 Monte
Frequency with with with without Carlo with-
MHz sunroof sunroof sunroof sunroof out sunroof -
Pseudo-gain in dB
‘ : e
88 -8.50 -13.18 -10.41 -15.04 -9.59
93 -6.53 -11.31 -8.19 - =12.52 -10.91
98 5,94 | -10.18 -9.10 -11.16 -9.79
103 -5.93 -12.67 -8.68 -7.26 -8.30
108 -7.11 -10.97 - -8.54 -7.59 -6.54

Table 14. Pseudo-gain (relative to A/4-monopole antenna) versus frequency
for windshield antennas on various cars.
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Frequency 78 Cougar | 78 Mark V | 78 Grand Prix | 78 Grand Prix | A/4-
MHz with with with - without monopole
sunroof |  sunroof sunroof sunroof
0.76 -68 .68 N 70 61
1.1 -73 -77 -29 -29 1 -69
1.6 -83 -84 =87 -86 -76
Tab]e‘15. AM field strengths measured from standard broadcast stations

with windshield antennas on various cars. Results for the refer-
ence antenna are also shown. ‘
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other car lines, Ford or competitivé cars. The Cougar windshield antenna
also provides the'besf AM performance as can be seen from Table 15. It is
speculated that the poor FM performaﬁte associated with the 1978 Mark V
(Table 14) is re]ated to its crash pad installation.
7.2 Discussion

Both FM and AM sensitivity of windshielq'antennas have been found to
depend on the car line used. The impedance, C and Q of the antennas do not
vary appreciably with car 1ines. Our investigation of the effects of car Tlines
oﬁ the performance of windshield antennas is not conclusive. However, results
obtained in the AM band proyide‘sufffcient evidence to recommend the use of an
antenna with two horizontal elements (one 100@). It would be advisab1e to
continue the AM investigation-to correlate AM windshield antenna performance

with both the height and width of the windshield.
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VIII. MISCELLANEOUS DATA

To assist in further evaluation of the windshield antenna concept three
additional sets of resu]ts are,described in the present chapter. These results
pertain to the reception of arbitrari1y polarized signals, the reception of air
signals from commercial FM radio stations and tbe effect of windshield wipers.

8.1 Varijable Polarization

Since the signals from commercial FM radio stations are generally ellip- '
tically polarized, it was reasoned that it would be desirable to measure the
response of the windshield antenna with a rotating 1inearly polarized 1hcident‘
signa] . A laboratory controi]ed variable liﬁearly polarized signal was obtained
by rotating the transmitting antenna (log-periodic dipole mounted so that its
boom was horizontal to the ground) about its boom axis. With the transmitting
antenna rotating, the pattern of the windshield antenna was taken by rotating
the vehicle in the horizontal (azimutha]) plane as noted in Chapter 2. The
rotétiona] rate of the vehicle was chosen sufficiently less than that of the
transmitting antenha so that all senses of 1inear polarization were received
by the test antenna during each 10 degrees of horizontal rotation of the
vehicle. The transmitting antenna being located at a height of 12" above
ground, it can be seeﬁ from Tables 1(b) and 2(b) (given in Chapter 3) that
the windshield antenna was immersed in an E-field 6f approximately equal in-
“tensity for both vertical and hor1zonta1 polarizations. |

F1g 39 shows a typical polar1zat1on response for a w1ndsh1e1d antenna
: 6n a 1978 Cougar (with dash.out) measured at 98 MHz under laboratory conditions.
The maximum and minimum. levels of Fig. 39are associated with the vertically
and hor1zonta11y polarized E-fields, respect1ve1y It is evident from Fig. 39

that the polarization response of the Cougar windshield antenna varies as a

sig:
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Figure 39. Po]arizatioh response of a windshield antenna on 1978
Cougar (dash out) measured at 98 MHz.
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function of the azfmuthé] position of the vehicle relative to the kF snurce.
For example, it can be seen from Fig. 3 9that the vertical and horizontal
po1ar1zat1on responses of the antenna in the forward and rear directions of the
car differ by approx1mate1y,15 dB; similar responses in the 1_120 directions
relative to the front of the car differ by about dB.

8.2 w1ndsh1e1thntenna.Patterns with A1r»S1gnals

Horizontal radiation patterns of windshield antennas on 1978 Cougar and
1977 Chevrolet Monte Carlo'were‘measured using the air signals from a'1nca1 M
radio station. The resu]ts are shown in Fig.;40. Comparison of these results
with the appropriate resu]ts‘shown in Fig. 35 for the same car lines using a
vertically polarized RF source, exemplifies the pattern variations that may

exist in the case of elliptically polarized signals.

8.3 Effect of W1ndsh1e1d W1per

F1gs 41 and 42 111ustrate the effect of windshield operat1on on the per-
formance of ‘the Cougar and compet1tor w1ndsh1e1d antennas, respectively.
During this study no attempt was made to reduce the stronger wiper interference
associated with the Ford vehicle. However, this problem was addressed as a
- part of a nrevious“study [
8.4 Discuséibn . h
Thejresults presented in this chapter lead to the following comments with
regard»to the FM band.performance of windshield antennas on 1978 Cougar:
i) The response of the antenna to the verticé]]y polarized signals can be
15 dB larger than that to the horizontally polarized signals. The

polar1zat1on response of the antenna is directional.
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Windshield antenna radiation patterns, when receiving -
air signals at 98 MHz. —— 1978 Cougar (dash out),
---- 1977 Monte Carlo (plastic dash).
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Figure 41. Radiation pattern of windshield antenna on 1978 Cougar
(dash fastened) with windshield wipers running. Freqg-
uency = 97.8 MHz. '
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Figure 42. Radiation pattern of windshield antenna mounted on
; 1978 Grand Prix. (black) with windshield wipers running.

Frequency = 98 MHz.
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ii) The patterns obtained with elliptically polarized air signals can be
: significaﬁtly different than those obtained with vertically polar-
ized signals.
i11) Motion of the windéhie]d wiper introduces significant variation in

the antenna patterns.
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IX. CONCLUSIONS

Based on the results presented.in earlier chapters, the following

observations are made with regard to the performance of windshield antennas:

i)

ii)

iid)

In the FM band the directional characteristics of the windshield an-
tenna are such that tﬁe pattern has maxima along the longitudinal
directiphs'of the car, the maximum in the forward direction being
larger. | |

The six windshield antennas (with variable parameters) on 1978 Cougar
provide similar FM and AM performance. Generally, with most of the
antennas, a‘maximum relative pseudo-gain of -6 dB occurs at about 98
MHz; all antennas, with the exception of one, maintain a VSWR within
3.5 to 6.5 in the FM band. Typically, AM sénsitivity~of each antenna'
is about 6 dB less thah that of the reference antenna.

The performance of a multi-element antenna is not significantly affected

by the change'of total element length, although it has been found

that the antenna no. 6-2 provides optimum FM and AM performance. The
T-shaped antenna appears to have more FM band gain than the multi-

element antennas.



'X.  RECOMMENDATIONS

To'optimize the performance of windshield antehnés, it is recommended

that further research bevaddressed to the fo11owing problems:

.i) Relatevthe‘FM performance of the antenna to the need for a metal
crash pad and‘fts groundihg, and to the size and location of the
crash pad with respect to the windshield.

| ii)" Study the effects of car size-and car interior on the performance
of the wihdshie]d anténna. - |
iii) Study in more detail the effects of the height and width of the

windshield on the AM performance of the antenna.
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