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AIRBORNE ANTENNA POLARIZATION STUDY FOR
 

THE MICROWAVE LANDING SYSTEM
 

By Melvin C. Gilreath
 
Langley Research Center
 

SUMMARY
 

An experimental investigation was conducted to determine the feasibility
 
of satisfying the Microwave Landing System (MLS) airborne antenna pattern
 
coverage requirements for a large commercial aircraft with a single omni­
directional antenna. Omnidirectional antennas having vertical and horizontal
 
polarizations were evaluated at several different station locations on a
 
one-eleventh scale model Boeing 737 aircraft. The results obtained during
 
this experimental program are presented which include principal plane antenna
 
patterns and complete volumetric coverage plots. Typical calculated results
 
obtained from an Ohio State University analytical program are compared with
 
the experimental data.
 

INTRODUCTION
 

The airborne antenna system is critical in providing reliable tracking
 
during the operation of the Microwave Landing System (MLS). Factors that
 
must be considered in the airborne antenna design include required pattern
 
coverage, antenna polarization, and location on the aircraft. An investi­
gation has been conducted during which different antenna polarizations (i.e.,
 
horizontal and vertical) and locations were studied to determine the feasi­
bility of satisfying the pattern coverage requirements specified by the
 
Federal Aviation Administration (reference 1). This study was performed for
 
the Boeing 737 which is typical of the large aircraft used commercially and
 
is also the type of aircraft being used by NASA Langley's Terminal Configured
 
Vehicle Program. A scale model of the Boeing 737 was used for conducting the
 
experimental measurements. Omnidirectional antennas, as well as directional
 
antennas suitable for providing zone or sector coverage only, were investigated.
 
Antenna radiation patterns and complete volumetric coverage plots are presented
 
for most of the different cases investigated.
 

In addition to the experimental program conducted at NASA Langley,
 
analytical techniques (references 2 through 5) have been developed at the Ohio
 
State University that are capable of predicting radiation patterns of airborne
 
antennas in an accurate and efficient manner. The numerical solutions can
 
take into account the cockpit/radome section and the vertical stabilizer
 
which have previously been ignored in this work. Computer programs have been
 
delivered to NASA Langley with which complete volumetric patterns can be
 
calculated. In this report, typical calculated principal plane patterns
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and volumetric plots are compared with experimental data to demonstrate the
 
capability of the analytical techniques. Reference 5 describes in detail
 
the analytical techniques used and presents a comparison of experimental
 
and analytical results for several different cases not included in this report.
 

AIRBORNE ANTENNA COVERAGE REQUIREMENTS
 

Detailed specifications have not been established for the MLS airborne
 
antenna coverage requirements, however, the general coverage requirements
 
are for all-around (3600) coverage at angles near the horizon (heading) for
 
civilian aircraft; for military aircraft the requirement varies, sometimes
 
being similar to civil aircraft, and in other cases being that forward
 
coverage only is required near the horizon. In addition, for civilian
 
aircraft it is necessary that sufficient coverage be provided below and
 
behind the aircraft for reception during missed approaches. Since no
 
detailed specifications were available when this study began, NASA Langley
 
requested that typical antenna coverage requirements be supplied for use as
 
a guide. These requirements were supplied by the FAA's Microwave Landing '
 
System's Airborne Antenna Ad Hoc Committee (reference 1) and are presented in
 
figure 1 and table I. These were generated on an extremely tight time
 
schedule and were intended for use only as a guide for this investigation and
 
should not be considered as the final MLS requirements. The MLS requirements
 
may vary considerably for each different type of aircraft and should be
 
determined on an individual basis. Over specifying of the antenna coverage
 
requirements should not be done since this might needlessly increase the
 
complexity of the antenna design or eliminate antennas that might be
 
acceptable. Figure 1 shows a projection of the solid angle around the aircraft
 
and the areas where coverage is required are designated as zones. For each
 
zone, four characteristics are set forth. The first is a measure of gain
 
referred to isotropic and this is determined for an antenna by computing the
 
percentage of total solid angle in each zone through which the radiation is
 
more than the reference level given in table I.
 

The second characteristic pertains to pattern ripple and is determined
 
only for Zone A which is treated as a single region for this purpose. Two
 
measures are applied here. The first is ripple fineness which is determined
 
by an examination of the azimuth and elevation plane patterns within the
 
region (10' increments) and tabulating the smallest angular separation
 
between adjacent maximum and minimum differing by 8 dB or more. The second
 
is a measure of ripple depth and is determined for each of the pattern
 
segments by finding the largest dB difference between any adjacent maximum
 
and minimum which are separated by less than 50.
 

The third characteristic is a coarser measure of pattern variation
 
within a zone and is applied to Zones B, C, Dl, D2 , and D3. It is the
 
pattern "smoothness" characteristic and is measured as 100 percent minus the
 
percentage of the solid angle in each zone through which the radiation is
 
greater than 4 dB different from the average radiation in that zone.
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The fourth characteristic pertains to phase center deviation and is
 
determined only for Zone A, treated as a single unit, by calculating the
 
percentage of the solid angle in the zone through which the phase center of
 
radiation is more than 0.7 feet from the physical center of the antenna.
 
In addition, the antenna phase center should be at least 8 feet above the
 
ground at touchdown.
 

A quality measure for a specific antenna installation is given by the
 
average value of each of the characteristics for all of the applicable zones.
 
This measure is qualitative only and should be used only as a guide for
 
determining which antenna installation to evaluate in more detail.
 

In selecting antennas for investigation, it should be recognized that
 
there may be different MLS coverage requirements for different aircraft as
 
indicated previously. The actual acceptable limits may vary so drastically
 
from one class of aircraft to another that any one of the following might
 
represent usable coverage for some class of aircraft:
 

Coverage Class I - Zone "A" only
 
II - Zones "A" and "B" only 

ITI - Zones "A," "B," and "D" only 
IV - Zones "A," "B," "C," and "D" 

AIRCRAFT TYPE AND TEST CONFIGURATIONS
 

Antenna pattern data have been obtained for the Boeing 737 aircraft
 
which is a widely used large commercial air carrier and is also the type of
 
aircraft being used-in-NASA Langley's Terminal Configured Vehicle (TCV)
 
Program. Full-scale antenna pattern measurements are not practical for large
 
commercial aircraft, therefore, a one-eleventh scale model of the Boeing 737
 
was used and the measurements were conducted at a scaled-up frequency of
 
35 GHz. The model was obtained from the Boeing Commercial Airplane Company.
 
It was constructed of fiberglass material and coated at NASA Langley with a
 
silver conducting paint. The flaps were fixed in the retracted position,
 
however, the landing gear was removable to simulate both the stowed wheels
 
and gear-down conditions. Figures 2(a) and 2(b) show the model simulating
 
the gear-down condition in the antenna test chamber.
 

Measurements were made using both vertically and horizontal-ly-polarized
 
omnidirectional antennas at several locations on the model, with and without
 
landing gear in most cases.
 

Some aircraft will require coverage in the forward sector (Zone A) only,
 
therefore, antennas that might satisfy this requirement were evaluated in
 
top and bottom forward fuselage locations. Antennas having vertical,
 
horizontal, and circular polarizations were investigated. The actual radome
 
was not simulated on the scale model since all the antennas investigated were
 
not intended for use inside the radome and the radome would have a minimum
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influence on the results. Reference 6 presents data obtained by the Boeing
 
Commercial Airplane Company during a study of the MLS airborne antenna/radome
 
problem.
 

ANTENNA TYPES AND LOCATIONS
 

Two different classes of antennas were considered in this investigation
 
and they were omnidirectional and directional antennas. The omnidirectional
 
antennas were investigated to determine if a single antenna installation
 
could satisfy the MLS requirements on a large commercial jet aircraft. Both
 
vertically and horizontally-polarized antennas were studied. The vertically­
polarized antenna was a simple monopole as shown in figure 3, and the
 
horizontally-polarized antenna was an array of slots fed by a coaxial line
 
as shown in figures 4 and 5. The horizontally-polarized antenna design
 
(references 7 through 9) uses six axial slots equally spaced around the outer
 
conductor of the coaxial line. Each slot is excited by a 0.014-inch diameter
 
probe extending from the outer conductor into the inner conductor of the
 
coaxial line. A 0.016-inch diameter hole was drilled approximately 0.024
 
inches from the center of each slot and centered along the length of the slot
 
to fix the probes in place. These holes were drilled radially through the
 
outer conductor and approximately 0.010 inches into the center conductor.
 
The probes were then inserted into these alinement holes and soldered to the
 
outer conductor in the coaxial line for retaining them in their proper
 
positions. A shorting plug (figure 5) was used to minimize the input VSWR of
 
the antenna at the test frequency of 35 GHz. The six-slot design provided
 
omnidirectional (azimuth plane) coverage to within 1.5 dB when installed on
 
a large ground plane.
 

The directional type of antenna which is suitable for providing forward
 
sector or single zone coverage only was also investigated since for some
 
classes of aircraft this will be the only requirement. Flush-mounted
 
antennas such as axial and circumferential waveguides having horizontal and
 
vertical polarizations, respectfully, were measured. Other antennas included
 
in this class were a monopole with reflectors and an externally-fuselage­
mounted circular waveguide capable of radiating horizontal, vertical, or
 
circular polarizations in the forward sector. The circular waveguide was
 
loaded with boron nitride, which has a relatively high dielectric constant
 
(Er = 4), to reduce the antenna size and keep the protrusion of the antenna
 
above the fuselage quite small. Other types of airborne antennas that might
 
be used for MLS are discussed in reference 10.
 

Several locations on the aircraft were investigated and these are
 
indicated in figure 6. Locations were selected that appeared to have the
 
greatest possibility of providing the required coverage with a single antenna.
 
Top and bottom fuselage locations as well as top of the vertical stabilizer
 
were used. A rear bottom fuselage location (i.e., station 950) was also
 
selected for providing coverage in the rear sector for missed approaches and
 
other situations requiring coverage in that region if it was determined that
 
antennas at the other locations could not provide this coverage.
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DATA RECORDING AND PROCESSING
 

The data obtained in this investigation consist of antenna pattern
 

measurements taken over the entire sphere of polar coordinate aspect angles
 
(4r steradians). The coordinate system used is defined in figure 7 and it
 
is assumed the antenna is located at the origin. The X-axis is parallel to
 
the fuselage centerline, with the positive direction toward the nose of the
 
aircraft. The Y-axis is parallel to a line connecting the aircraft wing tips
 
with positive values in the direction of the left wing. The Z-axis is normal
 
to the X-Y plane with the positive direction toward the top of the aircraft.
 
The angles 8 and 0 are defined as the elevation and azimuthal angles,
 
respectfully.
 

The antenna patterns were recorded in 2' increments in both 0 and 4. 
Theta varied from 0 to 1800 and phi from 0 to 360' with a total of 91 records 
or scans required for each case. A complete recording contains 16,380 data 
points representing the spherical radiation characteristics of an antenna for 
a specific set of test conditions (e.g., antenna location, with or without 
landing gear, etc.). To determine the directivity of the antenna, pattern 
integration using the measured data is performed over the sphere surrounding 
the test model. The measured data are scanned in the computer and the maximum 
amplitude is found and this maximum value is the value representing the 
calculated maximum directivity. All contour plots and radiation patterns are 
plotted relative to this maximum directivity value. 

Principal plane (i.e., elevation, azimuth, and roll) radiation patterns
 
for each different situation investigated are presented. The volumetric
 
patterns are presented in two forms. The antenna coverage requirements
 
presented earlier gave the required gain levels for the various zones where
 
coverage is necessary. These different gain values were used as the basis
 
for determining the best way to present the data in volumetric form. The
 
first type of presentation is where a single plot is used for displaying all
 
the directivity values that fall within a specified range and since there are 
six ranges (i.e., > 0 dB, > -3 dB, > -6 dB, > -10 dB, > -15 dB, > -20 dB), it 
is necessary to use six plots for presenting all the data. The second form of 
volumetric pattern utilizes a "false color" plot in which the directivity 
values that fall within the specified ranges are assigned a color and all the 
values are displayed on a large screen and photographed to provide a single 
volumetric pattern complete with all directivity ranges shown. The "false 
color" plot provides all the data on a single plot for a quick approximate 
determination of the type of volumetric coverage provided and if a more 
accurate determination is required, then the six individual plots may be used. 
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DATA ANALYSIS
 

Omnidirectional Antennas
 

The data obtained for the omnidirectional antennas at 35 GHz using the
 
one-eleventh scale Boeing 737 model are presented in figures 8 through 10 and
 
tables II through III. Figure 8 presents the volumetric directive gain plots
 
for vertically and horizontally-polarized antennas at different station
 
locations with and without the landing gear. Volumetric plots showing single
 
directivity levels for each case are included in the appendix for a more
 
accurate determination of the coverage provided if desired. Principal plane
 
radiation patterns are presented in figures 9 and 10.
 

Tables II and III present the data obtained when the radiation patterns
 
were evaluated according to the characteristics specified in the Antenna
 
Coverage Requirements section. Table II gives the percent coverage in each
 
zone, and table III prdsents the pattern ripple data for Zone A. The pattern

"smoothness" characteristic for Zones B, C, Dl, D2 , and D3 was not determined
 
because the percent coverage for some of the zones was low, making the
 
"smoothness" characteristic difficult to obtain, and if obtained, its value
 
was questionable. The fourth characteristic pertaining to phase center
 
deviation for Zone A was not measured since accurate phase measurements are
 
extremely difficult and time consuming to perform at 35 GHz, however, phase
 
data were calculated for some of the cases considered and these results are
 
presented in references 3 and 5.
 

The locations (figure 6) that were evaluated include stations 220, 250,
 
and 305 on the top fuselage, and stations 222 and 950 on the bottom fuselage,
 
as well as on top-of the vertical stabilizer. The top forward fuselage
 
locations satisfy the requirement that the antenna phase center must be at
 
least 8 feet above ground at touchdown and very good forward coverage is
 
provided that is least affected by the landing gear, engines, and wings.
 

Figures 8(a) and 8(b) are volumetric plots for a monopole located at
 
station 220 without and with landing gear, respectfully. The plots are
 
almost identical indicating only a small affect on the antenna performance
 
due to the presence of the landing gear. The corresponding principal plane
 
radiation patterns are presented in figures 9(a) and 9(b). These data
 
indicate that very good coverage is provided except in the rear underneath
 
the aircraft which is the area blocked by the aircraft fuselage. Results for
 
the horizontally-polarized antenna at station 220 are given in figures 8(c),
 
8(d), 9(c), and 9(d). These data again show very little difference between
 
the no landing gear and with landing gear conditions. The horizontally­
polarized antenna provides good forward coverage, however, it is not quite
 
equal to the coverage provided by the vertically-polarized antenna. The
 
horizontally-polarized fields are shorted out by the metallic fuselage surface
 
limiting the coverage to sectors above the antenna. The downward slope of
 
the top fuselage at station 220 makes it possible to obtain the good forward
 
down coverage with the horizontally-polarized antenna. As you move farther
 
back on the fuselage, the downward slope becomes smaller and the forward down
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coverage for the horizontally-polarized antenna decreases much more rapidly
 
than for the vertically-polarized antenna.
 

Volumetric plots are presented in figures 8(e), 8(f), 8(g), and 8(h)
 
for the vertically and horizontally-polarized antennas at station 250
 
slightly off centerline of the top fuselage. The actual aircraft was
 
investigated and due to internal structural interference problems, the
 
antenna could not be mounted exactly on centerline but had to be moved off
 
by 4 to 6 inches, therefore, the experimental scale model measurements were
 
done with the antennas moved off centerline approximately 0.5 inches (full
 
scale = 5.5 inches). This produces the asymmetry in the heading and roll
 
plane patterns as shown in figures 8(e), 8(f), and 8(g). The volumetric
 
plots also show the asymmetry about the nose of the aircraft and this is
 
displayed very well in figure 8(g) in which the color intensity is varied
 
within each directivity range providing a better indication of how the
 
directivity changes within the different ranges. The coverage is still good
 
at this station, however, the forward down coverage has decreased somewhat
 
due to the smaller forward fuselage slope.
 

Data obtained for station 305 are presented in figures 8(i), 8(j), 9(h),
 
and 9(i) which indicate somewhat better rear coverage, however, the forward
 
down coverage is reduced which is not desirable. Good forward zone coverage
 
is required during the critical final landing phase. This location does not
 
appear suitable for satisfying the MLS requirements.
 

Data obtained for a bottom forward fuselage location (i.e., station 222)
 
are presented in figures 8(k) through 8(n) and 9(j) through 9(m). Figure 8(k)
 
shows the volumetric plot for the vertically-polarized monopole at station 222
 
without the landing gear and very good coverage is obtained except in the
 
region above the tail. This is also shown in the principal plane patterns
 
(figure 9(j)) and the heading pattern also indicates the effects in the tail
 
region due to the engines. The landing gear effects are shown in figures 8(l)
 
and 9(k). Severe amplitude variations are produced by the presence of the
 
landing gear and considerable blockage in the rear direction reduces the
 
amount of coverage in the tail region. Data for the horizontally-polarized
 
antenna are presented in figures 8(m), 8(n), 9(1), and 9(m) and show somewhat
 
less coverage without the landing gear than the vertically-polarized antenna.
 
Less coverage along the fuselage for the horizontally-polarized antenna tends
 
to reduce the amount of amplitude variations when the landing gear is present.
 
This location,due to its proximity to the nose landing gear, does not appear to
 
be a suitable location for an omnidirectional antenna. For antennas radiating
 
in the forward direction, it might be an acceptable location since the nose
 
gear would be behind the antenna and would have minimum effect on the antenna
 
performance.
 

The last location on the fuselage investigated was station 950 on the
 
bottom rear fuselage and the data obtained are presented in figures 8(o)
 
through 8(s) and 9(n) through 9(q). This location was selected for providing
 
coverage in the rear of the aircraft if it was determined that a single
 
omnidirectional antenna could not meet the specified coverage requirements.
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Excellent rear coverage is provided as shown by the volumetric plots and
 
principal plane patterns. The landing gear has very little effect on the
 
antenna performance except in the forward nose region where the amplitude
 
is lowered somewhat and the ripple is increased. Figure 8(q) is a volumetric
 
plot for the vertically-polarized monopole in which the color intensity
 
varies within each directivity range to show in more detail how the amplitude
 
changes within each specified range. The data for the horizontally-polarized
 
antenna indicate good coverage is provided, however, coverage in each zone
 
is somewhat less than that provided by the vertically-polarized antenna.
 

In addition to the fuselage locations, measurements were obtained for
 
a monopole mounted on top of the vertical stabilizer. Elevation plane
 
patterns were measured for different azimuth angles and some typical patterns
 
are shown in figure 10. Coverage below the aircraft directly off the nose
 
is reduced by blockage of the fuselage. As the angle off the nose increases,
 
the down coverage improves, however, considerable amplitude variations occur
 
especially above the nose of the aircraft due to reflections off the fuselage.
 
These rapid amplitude variations could cause serious problems for the MLS.
 
The vertical stabilizer location would require long cable runs from the
 
antenna to the onboard electronics which could produce unacceptable
 
transmission losses. This location could also pose a more difficult retrofit
 
problem than some of the other MLS locations investigated making it a less
 
desirable location.
 

The data presented in tables II and III give the percent coverage
 
(i.e., directivity values > specified value) in each zone and ripple fineness
 
and ripple depth for Zone A for the different test conditions. As indicated
 
in table II, neither the vertically-polarized monopole nor the horizontally­
polarized slot antenna completely satisfies the coverage requirements speci­
fied. The coverage provided by the monopole is considerably greater fo all
 
cases investigated. The top forward fuselage locations (i.e., stations 220
 
and 250) provide good forward coverage with limited coverage in Zones C, D,
 
E, and F. The coverage is improved at station 222 on the bottom forward
 
fuselage, however, this location does not satisfy the 8-foot minimum height
 
at touchdown requirement and considerable pattern perturbations are produced
 
by the landing gear and engines making this an undesirable location for an
 
omnidirectional antenna. The pattern ripple in Zone A is greatest for this
 
location as indicated in table III.
 

The data obtained during this investigation indicate that the specified
 
coverage requirements cannot be satisfied with a single omnidirectional
 
antenna either vertically or horizontally polarized. If the specified
 
coverage is to be obtained for large commercial aircraft, two antennas with
 
some type of switching between them would be necessary. The two locations
 
chosen for the antennas on the NASA TCV aircraft were stations 250 on the top
 
fuselage, and 950 on the bottom fuselage. Figure 11 shows the principal plane
 
patterns for two vertically-polarized monopoles at these station locations on
 
the one-eleventh scale model Boeing 737. The coverage provided is very good
 
as indicated in figure 11 and table II when the coverage for the two antennas
 
is combined. These locations were chosen based on coverage provided and
 
ease of installation.
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A comparison of experimental data obtained in this investigation and
 
analytical results from the Ohio State University program (reference 5)
 
is made in figures 12 and 13. Figure 12 shows the elevation, heading, and
 
roll patterns for a X/4 monopole mounted at station 220 on top of a
 
Boeing 737 aircraft. The measured volumetric plot is shown in figure 13(a),
 
and the comparable calculated plot is presented in figure 13(b). The results
 
show excellent agreement demonstrating the capability of the analytical
 
techniques. Reference 5 describes the analytical techniques used in
 
obtaining these results and presents an extensive comparison of experimental
 
and analytical results for many of the cases investigated in this study
 
plus data for several other cases not included in this report. With the
 
analytical results verified with experimental data, they can be used to do
 
a parametric antenna design study of other large commercial aircraft and in
 
a much more efficient way than the usual scale model approach.
 

Directional Antennas
 

Some aircraft will require antenna pattern coverage only for the
 
forward zone (i.e., Zone A), therefore, typical antennas that might satisfy
 
this requirement were investigated at stations 220 (top) and 222 (bottom)
 
on the Boeing 737 scale model. Antennas having vertical, horizontal, and
 
circular polarizations were evaluated. Flush-mounted axial and circumferential
 
Ka-band rectangular waveguides were evaluated and the principal plane results
 
for the top fuselage location are presented in figures 14 and 15. The
 
vertically-polarized circumferential waveguide provides very good forward
 
elevation plane coverage as shown in figure 14(a). Figure 14(b) shows the
 
corresponding heading pattern and again good coverage for Zone A is provided.
 
Principal plane patterns for the horizontally-polarized axial waveguide are
 
shown in figure 15. The-elevation plane pattern (figure 15(a)) shows poor
 
coverage in the forward direction with the value off the nose approximately
 
12 dB below the maximum gain of the antenna which occurs at approximately
 
600 above the nose. The elevation plane coverage for the horizontally­
polarized axial waveguide is determined primarily by the forward slope of
 
the fuselage. The heading pattern shown in figure 15(b) indicates good
 
coverage. The pattern amplitudes for the elevation and heading patterns
 
should be the same directly off the nose, however, the heading pattern levels
 
are a few dB higher than the corresponding elevation patterns. The patterns
 
are intended only to show the angular coverage provided for the different
 
antennas.
 

The vertically-polarized monopole with three reflectors for producing
 
a forward-looking radiation pattern was also evaluated and these results
 
are presented in figure 16. The elevation plane pattern shows very good
 
coverage with a 4 to 5 dB amplitude variation in the region above the nose.
 
Coverage in the heading plane is also good as shown in figure 16.
 

A circular waveguide with a polarizer for providing vertical, horizontal,
 
or circular polarization was evaluated and these results are given in
 
figure 17. The waveguide was loaded with boron nitride to reduce the size.
 

9 



It was mounted on the top fuselage surface at station 220 to produce maximum
 
radiation in the forward direction. The elevation and heading patterns for
 
the different polarizations are presented in figure 17. Figure 17(a) shows
 
large pattern variations in the region above the aircraft nose due to
 
reflections off the top of the forward fuselage. Figure 17(b) shows that very
 
good coverage is provided with horizontal polarization without the amplitude
 
variations present in the elevation plane for vertical polarization, however,
 
the down coverage is somewhat less for horizontal. The coverage provided with
 
circular polarization is shown in figure 17(c) and appears to be an average
 
of the horizontal and vertical components as one would expect.
 

Similar measurements were conducted for the same antennas at station
 
222 on the bottom fuselage and these results are presented in figures 18
 
through 21. Figure 18 shows the principal plane patterns for the vertically­
polarized circumferential waveguide and both the elevation and heading
 
patterns exhibit small amplitude variations due to reflections off the nose
 
gear. The coverage above the nose is limited due to the small upward slope
 
of the bottom fuselage.
 

Figure 19 gives the patterns for the horizontally-polarized axial
 
waveguide and as shown in the elevation plane, coverage directly off the nose
 
is approximately 20 dB below the maximum and very little coverage above the
 
nose is provided. Considerable amounts of amplitude variations produced by
 
reflections off the nose landing gear are present in the heading pattern.
 

The monopole with reflectors was also measured and the data obtained
 
are presented in figure 20. Good forward coverage is provided as indicated
 
in both the elevation and heading patterns and because the maximum energy is
 
directed forward away from the nose landing gear, its presence has very
 
little influence-on the antenna performance.
 

Data obtained for the forward-looking, surface-mounted circular
 
waveguide are presented in figure 21. Patterns were measured for vertical,
 
horizontal, and circular polarizations. Coverage above the nose was better
 
for vertical polarization as shown in the elevation pattern of figure 21(a).
 
The maximum directivity occurs at approximately 50 above the nose of the
 
aircraft. For horizontal polarization, the maximum directivity occurs at
 
approximately 200 below the nose and the level directly off the nose is down
 
approximately 5.5 dB, as shown in the elevation pattern of figure 21(b).
 
Figure 21(c) indicates good coverage is obtained with circular polarization,
 
however, the amplitude variations are somewhat greater than for the other
 
polarizations.
 

The results of an evaluation to determine the percent coverage, ripple
 
fineness, and depth for Zone A are presented in table IV for the monopole
 
with reflectors and circular waveguide antennas. The evaluation was not
 
done for the axial and circumferential waveguides due to insufficient pattern
 
data. For those cases evaluated, the horizontally-polarized circular
 
waveguide provided the lowest Zone A coverage for both top and bottom
 
locations. The circularly-polarized antenna provided the most coverage of
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Zone A at both locations. The vertically-polarized circular waveguide at
 
the top antenna location was the only antenna having large pattern variations
 
and these range from approximately 10 to 36 dB over a small region above the
 
aircraft nose. It appears from the measured data that good forward zone
 
coverage can be obtained by using antennas similar to those evaluated or
 
other directional antennas such as mitered waveguide or mitered half-height
 
horn antennas.
 

CONCLUDING REMARKS
 

Results have been presented of an experimental investigation to
 
determine the feasibility of satisfying the MLS airborne antenna pattern
 
coverage requirements with different antenna polarizations and locations for
 
the Boeing 737 aircraft.
 

The data presented indicate that the specified MLS airborne antenna
 
coveiage requirements for large commercial aircraft cannot be satisfied with
 
a single omnidirectional antenna, either vertically or horizontally polarized.
 
It appears that in order to provide coverage that might be acceptable would
 
require at least two antennas with the capability of switching between them.
 
Stations 250 on the top fuselage and 950 on the bottom fuselage were selected
 
for the antenna installations on the NASA TCV Boeing 737 aircraft.
 
Experimental data obtained for vertically-polarized monopoles at these
 
selected locations on the one-eleventh scale model of the Boeing 737 indicate
 
very good coverage can be provided with two antennas.
 

The data obtained during this investigation indicate that the
 
vertically-polarized monopole provides more coverage than the horizontally­
polarized coaxial slot-fed antenna measured at the same station location.
 

The directional antennas investigated provided better forward zone
 
coverage from the top forward fuselage location. This was primarily due to
 
the more downward slope of the fuselage over the cockpit area.
 

A comparison of the experimental data obtained in this investigation
 
with analytical results from the Ohio State University program showed very
 
good agreement. This experimental verification demonstrated the capability,
 
of the analytical techniques and provides a tool for performing a parametric
 
antenna design study of other large commercial aircraft in an efficient
 
manner.
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TABLE I
 

AIRBORNE ANTENNA GAIN REQUIREMENTS
 

ZONES 
GAIN (RELATIVE TO ISOTROPIC) 

CIVIL MILITARY 
HIGH PERF* LOW PERF 

A1 , A2, A3, A4 0 dB 0 61B 0 dB 

B -3 dB -3 dB -3 dB 

C -6 dB -6 dB -6 dB 

Di , D2 ' D3 -10 dB -6 dB 

E -15 dB 

F 
 - 15 dB
 

*SUPERSONIC; LOW PERF IS SUBSONIC
 



TABLE II
 

ANTENNA PATTERN COVERAGE
 

ANTENNA TYPE AND LOCATION 


I. Station 220 


aI
 
Monopole 

Monopoleb 

HP Antennaa 

HP Antennab 


I. Station 250 (off Centerline)
 

Monopolea 

Monopoleb 

HP Antennab 


III. Station 305
 

Monopolea 

HP Antennab 


IV. Station 222
 

Monopolea 

Monopoleb 

HP Antennaa 

HP Antennab 


V. Station 950
 

Monopolea 

Monopoleb 

HP Antennaa 

HP Antennab 


a - without landing gear
 
b - with landing gear
 

ZONES (PERCENT COVERAGE) 

A B C D E F 

99.5 92.2 60 40 16.7 0 
99.3 92.8 60 40 16.7 0 
80 64.4 20 4 6.67 0 
80 64.4 20 4 6.67 0 

90 84 74 46 10 0 
90 84 60 40 10 0 
59 72.7 30 12 0 0 

72 82.2 70 52 31.7 0 
46 53.7 36 24 0 0 

99.5 96.9 94.6 76 80 100 
98.6 97.5 55.8 60 88.3 100 
77 69.5 58 42 76.7 100 
74 67.7 38 36 85 100 

58 67.7 100 100 100 83.3 
36 62.4 100 100 100 83.3 
24 45.4 79 88 100 56.7 
20 61.8 80 88 100 56.7 



TABLE III
 

PATTERN RIPPLE FINENESS AND RIPPLE DEPTH FOR ZONE A
 

ANTENNA TYPE AND LOCATION RIPPLE FINENESSa RIPPLE DEPTHa
 

I. Station 220
 

Monopole < 8 dB 4 dB - 40 Separation
 
HP Antenna < 8 dB < 2 dB
 

II. Station 250 (Off Centerline)
 

Monopole < 8 dB 2.5 dB - 2' Separation
 
HP Antenna < 8 dB < 1 dB
 

III. Station 305
 

Monopoleb < 8 dB 2 dB - 3' Separation
 
HP Antenna < 8 dB < 1 dB
 

IV. Station 222
 

Monopole 60 - 10 dB 8 dB - 40 Separation
 
HP Antenna < 8 dB 4 dB - 20 Separation
 

V. Station 950
 

Zone A evaluation not performed for rear sector location
 

a - Ripple fineness and ripple depth values given for those values that satisfy minimum coverage
 
requirements (i.e., > 0 dB) in Zone A
 

b - Without landing gear
 



TABLE IV 

DIRECTIONAL ANTENNA PATTERN COVERAGE AND PATTERN RIPPLE FOR ZONE A 

ANTENNA TYPE AND LOCATION POLARIZATION % COVERAGE RIPPLE FINENESS RIPPLE DEPTH 

I. Station 220 

Monopole with Vertical 94 < 8 dB 
Reflectors 

Circular Waveguide Vertical 96 10 - 36 dB 30 Separation 
upper elevation 

Circular Waveguide Horizontal 80 < 8 dB 
Circular Waveguide Circular 99 < 8 dB 

II. Station 222 

Monopole with Vertical 92 < 8 dB 
Reflectorsa 

Monopole with Vertical 92 < 8 dB 
Reflectors 

Circular Waveguide Vertical 93 < 8 dB 
Circular Waveguide Horizontal 70 < 8 dB 
Circular Waveguide Circular 95 < 8 dB 

a - Without landing gear 



17 

aueld leuozJoq w
ojj al6uV 

0 

'a quoz 

0 
(D

 

00 

0D
 0 0 

CD° 

C
D

o
 

o
c 

0 0~ 

I> 
S

­

7U
 

ee'J 

II 

r4 

0 T
 



18 

4 t-R
(onU

C
3ILLr W

 1 

S0 

0 0 T
I4 

cna) 
!4Z

w
 

-W
f 

I
t'll I

t 
1 

it
1 



19 

RIO- Antenna location 

Nose landing gear and or
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(b) Bottom view
 

Figure 2.- Concluded.
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S0.240 

Pin OD 0.014, 0.200
 
extend 0.015 into
 
center conductor -0.014 Slot width, 0.180 slot length
 

six slots 600 apart
 

'-0. 024 

-[n-0.087 diameter of center conductor
 
I- Movable shorting plug
 

0.500 	 0.180 

to16o 

0.900 	 lw I80tra 
0.200 %U L Drill/tap for 0-80 thread 

0 0.162 OD of dielectric0.200 


-Solder to base of antenna
 

-Type OSM 204 CC connector
 

with flange removed
 

All dimensions are In inches
 

Figure 5.-	 Drawing of horizontally polarized coaxial fed
 
slot antenna.
 



O - STATION 220
 

) - STATION 250
 

(©)- STATION 305
 

STATION 222
 

o@ - STATION 950
 

() - VERTICAL STABILIZER
 

Figure 6.- Antenna locations investigated for the Boeing 737.
 



24
 

z
 

PHI = 180 
THETA 900 

PHI =2700 
THETA = 90 

,I_PHI . 

_THETA 

79THETA-: 
PH I = 900 

90' 

PHI = 00 
THETA = 90 

Figure 7.- Coordinate system used for experimental measurements. 
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. M..-u­~~ 
(a) Monopole at station 220 on top fuselage.
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Figure 9.- Principal plane patterns of omnidirectional
(a) Honpole a statin 220 o top fselage
 

.... antennas on one-eleventh scale model
 
~of Boeing 737.
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(b) 	Monopole at station 220 on top fuselage "
 
with landing gear.
 

Figure 9.- Continued.
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(c) 	Horizontally polarized coaxial fed slot antenna
 
at station 220.
 

Figure 9.- Continued.
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(d) 	Horizontally polarized coaxial fed slot antenna
 
at station 220 with landing gear.
 

Figure 9.- Continued.
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(e) 	Monopole at station 250 on top fuselage (off
 

centerline).
 

Figure 9.- Continued.
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(f) 	Monopole at station 250 on top fuselage (off
 
centerline with landing gear.
 

Figure 9.- Continued.
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(g) Horizontally polarized coaxial fed slot antenna
 

at station 250 on top fuselage (off centerline)
 
with landing gear.
 

Figure 9.- Continued.
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(h) Monopole at station 305 on top fuselage.
 

Figure 9.- Continued.
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(i) 	Horizontally polarized coaxial fed slot antenna
 
at station 305 on top fuselage with landing gear.
 

Figure 9.- Continued.
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(j) Monopole at station 222 on bottom fuselage.
 

Figure 9.- Continued.
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(k) 	Monopole at station 
222 on bottom fuselage
 

with landing gear.
 

Continued.
Figure 9.-
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(1) 	Horizontally polarized coaxial fed slot antenna
 
at station 222 on bottom fuselage.
 

Figure 9.- Continued.
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(m) Horizontally polarized coaxial fed slot antenna
 

at station 222 on bottom fuselage with landing
 

gear.
 

Figure 9.- Continued.
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(n) Monopole at station 950 on bottom fuselage.
 

Figure 9.- Continued.
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(o) 	Monopole at station 950 on bottom fuselage
 
with landing gear.
 

Figure 9.- Continued.
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(p) 	Horizontally polarized coaxial fed slot antenna
 
at station 950 on bottom fuselage.
 

Figure 9.- Continued.
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(q) Horizontally polarized coaxial fed slot antenna
 
at station 950 on bottom fuselage with landing
 
gear.
 

Figure 9.- Concluded.
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Figure 12.-	 Antenna patterns of a quarter wavelength monopole
 
at station 220 on top fuselage of a Boeing 737.
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Figure 12.- Continued.
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Figure 12.- Concluded
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(b) Heading

(a) Elevation 


Figure 14.-	 Principal plane patterns for vertically polarized
 

circumferential waveguide at station 220 on top
 
fuselage of a one-eleventh scale model of a Boeing
 
737.
 

TAIL
 

(a) Elevation 	 (b) Heading
 

Figure 15.-	 Principal plane patterns for a horizontally
 
polarized axial waveguide at station 220 on
 
top fuselage of a one-eleventh scale model of
 
a Boeing 737.
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Figure 16.- Principal plane patterns for monopole 
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of a Boeing 737. 
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(a) Vertical polarization
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(b) Horizontal polarization
 

Figure 17.-	 Principal plane patterns for a circular
 

waveguide at station 220 on top fuselage
 
of a one-eleventh scale model of a Boeing
 
737.
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Figure 17.- Concluded.
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Figure 18.-	 Principal plane patterns for vertically polarized
 

circumferential waveguide at station 222 on
 

bottom fuselage of a one-eleventh scale model of
 

a Boeing 737.
SOIIZ 

' 	 "TAt 

(a) Elevation() 	 edn
 

Figure 19.-	 Principal plane patterns for horizontally polarized
 
axial waveguide at station 222 on bottom fuselage
 

of a one-eleventh scale model of a Boeing 737.
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Figure 20.-	 Principal plane patterns for a monopole with
 
reflectors at station 222 on bottom fuselage
 
of a one-eleventh scale model of a Boeing 737.
 



74 

NOSE
TOP 

•7 

.. .f 	 -. z 

V 2 ' ,(OPTAI 	 L WING 

~~~~ ' 	 . .i..~~~......~4
NOSE __~ -I ''! I 

TTAIL 
BOTTOM
 

Elevation Heading
"I"1 
(a) Vertical polarization
 

NOSE 
TOP 

- 1'2/' /', 'I;r\~ 

. BoeingI737NOSE 	 mode of a 

o cicua wavegide a
Fiur 21-Picpatl.aten 


stto32 nbotmfslg ofaon-leet
 

TAIL 
BOTTOM 

Heading
Elevation 


(b) Horizontal polarization
 

Figure 	21.- Principal plane patterns for a circular waveguide at
 
station 222 on bottom fuselage of a one-eleventh
 
scale model of a Boeing 737.
 

-	 ]N 

.- ,3 ",, 

~ . 



75 

TOP NOSE 

-4 

NOSE _ , . 

" -

TAIL 

LEt . 

W INGW 

r-~ 

ING 

7 N 

/ l lE 

BOTrOM 

Elevation 

o 
A . 

(c) Circular polarization 

TAIL 

Heading 

Figure 21.- Concluded. 



APPENDIX 

VOLUMETRIC GAIN PLOTS
 

76 



F 
77 

",( ' " 111i ..., ,11 liildliliii illliiiIIliiilili'idI 

p.I
diliilo__DI 'l I lii l .l t iii!I_;1 DL'Ho 


a pHLII'.OII ji''i' 

O LI 

VAUil 0 (60C0 R 

DIRECTIVITY- 8 063M 

WING AIL RIGHT ING NOSE 

MRt-O ATOl- TwiTAOS. P$IzO 

VHi 

! 

-

ioo 

* I 

V1i 

* 
I 

l 

I 

, 

I 

1 

Ii 

A I 

2 

I 

II 

Ii 

' 

LEFTWING 

DIRECTIVIly3 8 0000 

YRya. = 0 122 

Fill - DLG*ERTAIL TRIGHTWIND NOR 

VRLC T$ Y 0W.3 

I i 

io4 

of BoinNOSE LEFTWINOG 

HA~lS 2-H 000 61 

0I'ILCI IVITy = H06333 

(a) lMonopole at 

737p~tH- OLGR[LLS
TAIL 

station 220 on 

RIGHT WING NOSE 

top fuselage 

/ 

Figure A-i.- Volumetric plots for omnidirectional 
antennas on one-eleventh scale model 
of Boeing 737. . l .L.,]["' /i 



78 
I , I IDIVi 

* . 

*I I 
I ii 

* 

I 

I 

I , I 
HUE pl 

I 

Ii 

* 
, Iil 

JlI 

NOE 

VALUESa-In (W DU0 

OISLLlIVIlY - 0 061H) 

10XVIL = 1 122 

IlWINO TAIL RIOTl WING E 

I I in 

* 

, 

I I 

: 

,In 

I 

0 I , I., 

IF 

EOS IN* 
U 

I 
l WiNG 

I ' 
TAIL 

I I 

NIW-INO NOSE 

V00JES a20i 

IN* 

(OW 

i ,0 

M~ M10 In12 

I 

0 

l Ii 1 , 

0tOoi I 

1 I 

*aOrOi 

, i ei 

i 
r 

I 

~I 

I i 

II 

I 

l 

; 

i i Il 

I I 

2 Vt= I 32 -

(a) Concluded. 

Figure A-i.- Continued. 



79 

Ir IT-I 
. Iiltlrl~z
 

L I 

PI -- ~b~t 

WWI PHI4 RIGH T W G NOR 
HTAIL
 

VI 4 0001 ON 
 * 
HOt LOCAION- ITA=9V PHI=O 

OH"trMl]y = 7 jbfDL 

KVXVa., 	 871 

Ii 

o i~ 0 4 . T 4 r i *0~ O 4 240 2 ~, i 0 7 

,R L WING TAIL I1', WING WK 

VALUES1-3 m41 GO
 

DIRELlIV17TY 7 $70M
 

MI L-I 8a71
 

T * I * OGRE . I 

1 . .1 N 

II I 

MINEUS ' 	 00 GO 
. .	 //


DRIVIY :
1/75110 

m . VL= 	 "I7 

wit 	 ladn gear.
 

F A- . I
 
NOSE LIIWING P"I - DLO t* 411!WIGHS

TAIL RGTWH Og 

'21.6(5 o-S 000 

OIIOECIIVIY r-I "5L 

IaPxva. = i7 

(bi) 	 Monopole at station 220 on top fuselage
 

with landing gear.
 

Figure A-i.- Continued.
 



, I
8 

I.i.'n I , 

I L
I *.. I I .
 

DIREC = . .
 

I I 
I 

o=i o I . i 

TAI 
VTLHUES0-10O DE 

QIRECIVII, = 7 7,7,
 

qX Vr¢_= 671
 

. I l. ihH..... IHll, Ih 'lH 


ROSE *
1 

T I H p mIIIOI .. . . SELl 

.,~~l i.,I.1 Il, I 

01.. :21,', " H H, I,*,"' , nI I! : l 

POSELU1 INGTAIL RIGCKWING 
I '' ,,, J 

VAttLLIEkl. OX)ION , H,, HIHI1 L'HMd IH ;I. . I, lI'H,,I H nH 

OIRLLT1IVIITY= 7 25000 
IH t.= 07. 

VERTICALLYPQLARZEflINGRAMLLOCATEDAT STATION 270 ONI WIlHLANDING10P FUSELAGE GRAR 

V~i 

(I hLIIVIIy =I JHMI'J 

8(111Ba-tr 'il L''1' WIto- +mill ' 

NO1E . G i T I 

H 

lt! 

1. 

P1I 

I 

Ill 
II'I' 

,lH 
IiMGWl 

J [ I H :l.l 
, 14II 

012, 
hIL 

~- 1.~II1 j hH1 II, HIII0I 
RItH 

" 
WING Ih(H, 

(b) Concluded.
 

0R04 
Figure A-i.- Continued.
 



11111 III u81 

T 	 I 

N! [ 11' Iii '	 ! I, 

"Cr 

in,[ WINO PIfl- (LGRLLS PI fT WING QIPUE±4OS4VLCAT4 4-W4=90., N1i.0'TAIL
 

OIR(CTIVITY7 S'0
 

il102*Vh 51 

o I PlIPI !J,:Il l Ii i, I~i iI I!Il ! hI I , 1, I 

iiPill 

MR U WING PH AI-LGEb RIGCWINo NOSE 
TAIL 

MOSS 

00IGG
O IFETVIIy= 7 amv, 

II" 

I l
 

i *
 

: II 

AL1 'I j . I - I I - - I I- I 

TAI 

NOSE WE WING - va/is IGHWINs MR 

Ol rrIvlTY z 7 81500 

(c) 	Horizontally polarized coaxial fed slot
 
antenna at station 220.
 

Figure A-i.- Continued.
 



82 

M m N i It 

HI 'MIN OM , , IHWN OPI 

I,
 

TAIL 
vI, ,-I 000 [Imw
 

DILCIVIIY = 7 07001
 

MXV. = 9"7 

L Ii I I I 

itiI ii, 
 ' *I II 
l 

l I l * 

,....I ' , . 'I 0 

I. -I I
 
fi 1. 14:I ;1
 

U 11ij , , I , lit,1 1110 

II , ,f ,1 
5NO L-FIT/X I'M, 

, 
II'WINO 1COOI0PI 


Fi ll l1 I 

xVfIt.= 9/7 

t + I.' .", ".. . '(c)I C oncluded'. .t, , ,,,.,,,_'l ',,',,. ,, 


-- + ,+ J.,,i- REPiRODU, Q1F '1T,12i tIIAU.iY 
al,+t + Figure,A-i. t Inued.I l il Con, OIGO lPG 

http:tIIAU.iY


83 

WT W INO NIN 

ITAI 

I l i 

o 0t l ' ,IV=I1 
IWIvm WNGIPill i ll-

,,in"Ol -,S,+,t"l 

W9 LrTWINO 

i 

" 

I III It 

- OL OL 

PU - ollO 

I i i Il 

'II I 
o..W ING 

I 

RIGhTWING 

i 

t,+lt 

mm 

L 1 

UAU 

ODINFUIV[ITY. 80IDM 

MX M-t = i 017 

I• 
TAIL 

I I 

VXIZS1 -3mCID 

(d) 	Horizontally polarized coaxial fed slot
 
antenna at station 220 with landing gear.
 

Figure A-i.- Continued.
 



84 

Wil 

Li 

DIRECIIVIIY 8 MEIN01 

, L. I I .. 

IIN 

.I .*. 

I 

_ _ I _ L / 

HO tWEWIN 

TAIL 

il - DG 

TIL 
RGHTWNG HOE[ 

I * o IN 

DECTIVIIY = 8 (COMl 

MPXVMLzI 017 

*I 

I I 

I 

I 

I 

i 

11, 

I 

* 

pil mm'l 

NME *E "I Til N I HIN I * 

VaRIES 20 mi U,
 
OIHELFIVIHY- OYAM
 
ll IEM= I
M17 

(d) Concluded.
 

Figure A-i.- Continued.
 



85 

ir4-

TAIp4 4 i4W 4 i ,yj0
 

II ' 

i 

' ' 

I­

mm'I LETIGPH E 

DIRECTIVITY7 13M0 

Hl108L 808 52 

TAIL 

OSE LETWING 

OVRUS6i 1,O [E 

0IECTIVItY = 7 13 00 

itof-

PIl ­ mE( EES, 
TAIL 

RIGHTWING OSE 

0 0 40_l__Llw t lI__ I LI I _Lw 4 O L* O '0 1O IL -*8 

180V 051 

V .LEk-3 0091 

011 CIVIY = 7I1WP0B 

114080.= 05' 

Figure A - Cti 

Ce)onopol at statio 25 
fuselae(offcentein) 

FigureA-i. Contnued 

nIo 



86 

SI I I, 

, * I I 

. I i I ' 

HostMI LE WNGTI(R RIGHTWING j Hs 

VFLUES WOO*-I0 
oIRrtIlvjry 7 13%9, ,.I I I . I , 

IM VkiS'I 5 I I , I 

I I I l1/_l _ 

I L 1 1__ I L 1 , 
HOst MT WING pTA-I{I' RIGH'TWING lOs 

TAIL 

ETWIOfl I .. 1 R IGH ,EA 

val-IES 15l M TO 

OlfCII VYIt = 7 I3OW
 

tX Va,a 00V
 

Pill 

U. I 

It
 

I

I t I I i 

I 

- hI 1 4.'"l'~, i . i~~'l~d 11 11111 I'I IIII%:. 

OS LEFTWINO TIL RIGhSWINTTot 

I - LEE$E 

OIFECII'VIITY7 1:EIl 
IMiX FI = 851 

Ie Concluded. 

Figure A-i.- Continued.
 



87 
OF2 

+JJr" ' 
1 "", I rr~+, - I " ._ _. ur %1-''" , . FI ,Lp,," %1%; '% ­

p+ h ,.,,,t I -,,'II -.1 iI, . 'f, " . "I. ' 't 
2

I_ , - , iJ Y',-, r_,,, i: , , .. . "" 


, -- I I - I ~--III I , I
 

m.UNW PHI CEGREES RIGITWIKG NOSE 

W LOCATIOTHETA=90r, FH= 0 " 
." 00 ES 

=DIRECTIVITY7 35608 

WXVRt: 

ath - . L : 2 2 fl N ,, 

-	 ,41 '-,I -. 	 -, =K . R--u-'- -- -'_ 0 

noI. Ii_LI I ' Ih 

NIOSFlts 	 I , RIOF 'WING 
TAIL 

DI6 CIYITV = 3OC 
I0RZVA -	 9-2 

GNP! 	 -Ri 1 -u 
= 	 . = " ±'"-'ii =.0.00. 	 =l[ = i=.. h. . 1 0'= = =: .,t 

H 1--- ... -' ,,,- I-_ -I 

r I' 

LMWING Phi LEL,C3 RIWr WING NOm 
TALL
 

V2 Ot. ON
 
DIRECTIVITY = 7 32600
 

r'o VOL.- .2 

(f) 	Monopole at station 250 on top fuselage
 

(off centerline) with landing gear.
 

Figure A-l.- Continued.
 



88 

A ,!A / ,L , 

TA 

,! / , Z / A / A 

DIRECTIVITYz 7 3MG 

o~~ ~ 1 ~-- ~%: ~~.1lI i i -----­ -- [ 

I ;I 

=' n 

iii 

"ll : lI., Pl= -II, I, 1 I I, v w! 

"14 

Il I - F ,­ , 
I 

,Lz ' ' : l'll: I 
i/ Il 

, 

V I CIYI 

,11, 1 

,-

INI 

01RECIIVITY- 7 33CM!I 
M'qVAL= 512 

MT1 - DEGREES 
e 

II 

Figure A-1.- Continued.
 



89 

TAIL 
I I II
 

. M EI 

TAI 

- Mt 

i PHI RIH WINO11E w[TWINO *G7 NODE 
TAIL 

- l10VAUES O 0 M FM LOCATIONh1A=99 

IXVL = 12 

I - ,D 

I 

E~iV 

4 

I I 

QlRRttIVIY -7 62222 

14 

NOS0 LE WINO Ptll - t KLI[ RICOTWINO NO)SE 

TAIL 
wit ladner
 

OIfl 122I122'7 6I 'I 

MNV ;t,2 

(g, oional poaie ltatnaa 
station 250 on toueae(g etrie 

wih anin gar
 

statio 25 Olh on' I0top fuelg 020 (off cetel0e
Figre -i. Cotined
 

Fiur A-.-Cntnud
 



S',90 

10I 
I i i 

TAI I 

~OD-

is 

NOSE LEF 

va1fisS'-00 00 r, 

OIRLCIIVIIy0 1 610 

WING Pill- DENELS 
TAIL 

Rclr WINOG IOSE 

I 

Is. ll, 

Ii , 

, 

ll I 
I 

is I 

111111P ]Is fli 

I.1111 
I 

14. 

I * 
I -P , I I I: s, 1,: 

iPill -Itl6W'7 

I 
i
I

LL1 - 7I 5D i 
I 

OLEFT MMo, TAIL. 01(47 Mw1TA 

,s 'S-0 h0W's 

(g) Concluded. 

Figure A-i.- Continued. 



91 

II 

OF 

I 

'Ii I I 

Ii 

iN i' 

VAi-ES OH no 

DIREcIEVITY= 8 408 

Pm0006- 2 7 

i1.11k7WINNil OonEOLR'L050I ~L RIM WING 

HOSELOCATION- TIrA=9O% 

ROSE 

PJ1=O 
' 

oF­

'0 
ME M INGPill - Ot 
NOE UWIGTAIL RIOHrWNG11 NOSR 

O II I I I 
I I 

PI L *d 

OllIEVIIy = q KO,)D 

iVI VAI- = 1 472 
I . . I . .LOT WING TAIL RIGH ING NOR 

NO m i. %% 

NE TWIGTAIL RNH iN ,OSE 

OIIUECIIVIIY 0 hS& 

IIOY 00L = I 000 

(h) Monopole at station 305 on top fuselage.
 

Figure A-1.- Continued.
 



92 
1 .4 79 

i ;IIiI . I 

, i I. 

ITI 

I IIT IW 1:I 

i i I i I * i . . ii 

, ° J, I I_ IT 
LT WING PII - LGuL 

TAIL RIGHTWIK W9 

OINECIIVIRV 0I 

111 
.14 I. 

Vatts 21s EM HIT 

MAXVA. S 

phl jl1, if 

r ,rI , 
-:,'i'' 

'!"
I 

'i' I 
h tit ,t 

P
tll 

IT 

o' i II:' t I h , ' , , , , . , ~~-.P,"Nip I,, 

~ ~~~o t 206 11Ith lt t tt ) 111 2 1 01111,t ,) I0 I0 F 

V PI 

t -.. o - - - i , ,ll, - I - 1I I 

NOSE LEFTWIRG 6lRIO NOSE 

V m E"t' ,2 2 - P IT 008 
PHI - OEIAEFS 

OIRLFCIVIIYz R 
lAX V ,t = I q73 

.IO 

(h) Concluded. R C B ~ 1 

Figure A-i.- Continued. ORIGNaL PASB02 " 



93 

N " I 

F 

ioo1 

L WINO Via - 0LGR I [CR .110 

OIm tIvirt a 

002YI. = 71 

ItI 

ouIi,, 

TAIL 

I - , , Wi 

91Ii 

Fiur -i-Cotnud 

* WINGNOSE LUTWING il . RIGHT ,OSETAL. 

DIRtIIVITY - a Mlo
 

MIX1VIM1 Oil
-

(i) 	Horizontally polarized coaxial fed slot antennia
 

at station 305 on top fuselage with landing gear.
 

IC
 



94 ,
 
, .,, I., I. 

, , , , , , 
Ii, * I , , ii , 

1 I ,I , 

I*Il. 'I

°!" "
 
NOSE lGPHI - wRFb RIGH{TWING NORTAIL
 

VXUF l,-10 WDODO
 

ovRErTlVIIY - 0 0410N
 

KCVAL =871/
 

TAIL 

*, ' I A ,HIM Ln' WING nl- U aRAIT WING NS 
II I II ii 

I ,- 1 *1 it 

I I I 

I !D 1 

j0I 1 

TAILi' 1* *11 1 * 0 I ll :
 
O2~~ViIO 02%11I060
 

NMI 

t + '
 rltl .. I ]] : I i,,i ItI'4 I:''i Ii, 

(IllfI II I i iI l iiii, ll I ' f.
 
J 


S1 i I ,) * '' + , I
 

VROWL. I'i amx,x h 

lll* I . ,* ,!:I': "'Ih, 'h I ,: ':IJi*iiiIHiI)IIIil' 

tI I I I ili h Jl i , i l 4 h 

HRXV~w U71 

r 


I i II .1 a f il! '''.'' * * 

Fiur A-1.- Continued 

222 -- RL, 

IO 200 OVt0. ' 0 220 00 20 2 %) 04
 

IiP, B13 - t*-


(i) Concluded. RE-PROtTCIBITyT OFTE 
OIotaL PAGE IS POQA 

Figure A-i.- Continued. 



I0'' ' II 
195 

'' 
, f I l 

ROSE 
VAUEO 

OIRICII'VIIY 
w'A 
8 67"if 

LEFTWING PIl fAI RIGHTWING 

MOS LCATION - THfl 9 

ROSE 

PHI=Y 

MAX 11111111 

I I AI 

TAIL 

I 

ROSE 

WtlMs 3 Ow Uo 

OIRE(FIvIY = 8 5 

HX IN. I l18 

EPTWIND Pll "TAI RIm WING ROS 

il 
o WING PHI", F ,X.. - O-

TA IL 

VALWS 1-G ODDDO 

z 8 67300
 

', . 1 M
 

.ItRtTITY 

(j) Monopole at station 222 on bottom fuselage. 

Figure A-i.- Continued.
 



96 

i 

LElRWING Fill WL RIH N mm,
MR 

I 
'll I , d 1

I 


I I I  !-J l IiiiIi 

I'IVp':.' I'I',ll ,
'"I'," 

-h.;[ jiT1, 1 P t1.0 

,+~~4 ,- I.,;,,',,'f" 


1 . 1 . -1. ., 1 
%G M R' L IGH WII M I T PHI . Ik T 

TAIL 
M,R 

DXTKCTIVII¥ z 8 71 

........
...
.
 

IIII
 

l , , el . 1.. ! ,'1 '1 i i:I: "d 2 l 1 ;t,-'1, 1, 11 1;d , 
p
 

NOWUlll K 
..... 1i 1 K. m. T I" 

WILVS l TAI 

DIII IVITV -6 6 1"
 

HAIXVI= 1 I-13
 

(j ocldd
 
II ...
Co t ied. ' ,
Figur A - .
 



-	 - -T.- .a,--, 11- -'AR 'l, 

IbbU*iI. IlaC IL- ag~ 
t a2Ik uOfln-

Ia' - 1 I A I'
 
-, 'I I I I-I
 + --- 1. _III- - . .I' - AI CHILL I'. I - L- 4A. 

.... 	 &4--±---..-.. 
NOSE MTWING PHI - ",K:E RIGHTWING NON

TAIL 
r~j~to to o& 38 - hI*T'O pilIlalOEELOCATION 

OIRFCIIVITY :S '608 

AAail WIO 	 e! 

o 

I CIL 

-- C- -' z 4aalI" 
1
,Il Calf l :i .++ r.. - : -­_ 	 aiDMAl l-l 	 l 1 e -M7 

It Il: . I­-' -e -IIII i . : it II jI I . . h 
q 
AILL
 

All-	 INlI 

-L ,~ 	 1 Ia 1a. , I a
1 

- I - - a 

AL& -u I I' -I a" a ­a1I1 I , I5C 

NOSE LEFTWINO P -.,4E ko RICM WING NOSETAIL 

VALJS~k 	 030lCo 

DIRECTIVITY = $ 94HOf
 

rAXVkt - ' ­

(kt) 	 Monopole at station 222 on bottom fuselage
 
with landing gear.
 

Figure A-i.- Continued.
 

RERODUVQW&TV
ORIGINAL PaQ!8 Ir 

I 
I 



98 

-- . - _- . l 21 ih ll j I _1I .
i 


r21122222I IF 
.... i ... .. . .3 it i, .FF F , 

INI 
112F-I.:i .. . .t. Fi l,I I ni I 

a - . - ii i3 33223 -ILi-;. 
::.I 


I 


-P" iIn" " =- " 

I 


i i t Ilt l I" h l l, lIt IF' "I llll' ll [
tsfr t tt2 t-I12L:l--=> iiiIIi t 2it .. i . I'jrt, i' - t *il . I -i ll. 

-- - I h ill~i lOn,. ,F,Ot EIr~.f~'S;I ' n , ] t 1 AII~ - lqT IF 

NOSE'Sr INGTAIL 

ypt..s:t-20 00 06 

DIRECTIVITY= 9 T4G60
 

rAXVAL , 0 47
 

*tl .. t. ' " -

N i , itz v2 t l 

I 
z I F2h IF 


, I 'T A - iI-' "I I IF ,p
 

2
3' 2 '.i. 222 ,It 2' j -ul{ I 22i i 1It
 

2 I I F I 

tljl~l _ . 1 . ,2 , 

iI- ~ * F,F-
ll. 31
 

pO - WNEL. RIGHTWING MRSE
OSE L.EFT TAILWINGO 

,
"-Es, .C , , " 
fl CIIMti.TY r 92 

ri IF, I I I2 I~,2.. I . *",I .3r7t I, 222 2.. . 2 : . ,, 
. .. , 2,,,
;'- ' .. . " ' , ,.l,. I122" 

I I i i 
223iiilI 2i, 2 . ..3i ii .' 3i'l *tt~ 1t3 


I 22I' ill*3.2Ii,I I :',l ' IF2, hii.!I.... ~ I't, f' 2 1

h i. , .. 22 " 2 2 

2, 'i!',' '"." l222" '"1 I ..2 .,, , 231....,ll" .. '",! ' I 21. 
I ~ill ~ ~ ~lf l~ II IFt,22,iill2,,,h,2,h : . Ii. ,I0,..., 22l !flll''lI. il 2C,,i!22 ,'ll2 l 3.,it. 

3,2 2;: I LEI', .11,1 2 2* :3:rill fI~Il2:..:!G *,I[I l Ii 1',.I;I22.1132222212311.21221212 2 IF IFj221 

* i:22212 I112322~ 1121 . . 1 .i l,,:' fl Ii
 
I~-,I ! , IF:2
 

N00 Lol wJit 

IN E LEI 1t A -W hIL NE I 

012(1±11001,011210 

107121 I 0217 

(k) Concluded.
 

Figure A-I.- Continued.
 

http:CIIMti.TY


ii~ll~WINO P". - 011r tI l OCOI WI 

I I I ,;M1 I I Iu Ii RijHjIj OSE' 

,liES 4ILl NOSELOCATION-ThA=l IO.r'," 

I i-1 111. I H. I I II 

DICI1f- 7hi: 
TAIL 

,
 
',A'LM5 -0 O1N1 GONS OAIO JiA=0 FI
 

LFT WING uTl- I RIOITWINT NOR 

OIMCTIVIIY = 7 54'IOM MX = 891 

r 's' -- I0MK. IlI I)1 I
0 

at station on TAIL 
fuseageb22 boto


VRITJ*S-S 00 l
 
TIItLEIIVIy =7 I'4ID
 

(1) Hrzaa ll oaizdcai l ltnen
 

POSE LETWIg A-1 -[Cnt InudTWIO 

at< stail.. 222. on bottom~ fuseage
1 !tio li 


igure Ai.- Cotinue ...
 



IrlIl. 

.lit ii WINO ROS 

VLUESa-Il OM08 

DIRECTIVITYz 7 O3tOW 

a-I'L'n N I i 

r t +. .t= 0 
I',IJilI ; + 

IMLEFT 

VALUES-5o ED1OB 

DIRECTIVITY- 7 54'1O 

WING - OTEl 
TAIL 

.JOn wL. " I'wi 

R1RIM WINOG 

,I"ll,Al II2 : I8 

Ni 

NO. ' ' '' I LEI .114f h1r 'All RI, N06 

Il 

fl VIZ. 8$. 
, . 

117 i Al.ll 

.I "I W]I, 

oN 0 

IIII ... .....'hl " 

t 

1R, 

I m ~ 
, 

w!~C 

J ,1: , 

2 (',11tI%11.., 
Pil- OEG1LU 

(1) Concluded.
 

Figure A-i.- Continued.
 



101 
In0
 

I I i
 

TAIL 
vailts tO 0(0 03NOSELOCATION -MPA'1 PNI-f 

MIX YX 	 I GS9 

- .	 i.Ii . 

NOSY WINO 	 ilWONS~TAIL 
l 	 -

S W I 	 Ih 

, _ . -! / I - I I 


OIRFCIViT =II 0DB
 
TOT 50 = 65
 

r', ,t - I 

, I I' lII~~ ±LIIIII 111' .I I... I I I
 

,"1 	 ., . "Il11. 10' ' v., I,
' 'lIi~jlli 	 i IjirJ0 
S I - I I 1
 

,i .j.ll	 ', 

14056LUTWINOGTlt 3!* RACHTYWINO MOR 
TAIL 

DI II I - II [1
 
IXVIII= I 659
 

(mn) 	 Horizontally polarized coaxial fed slot antenna 
at station 222 on bottom fuselage with 
landing gear. 

Figure A-i.- Continued.
 



102 

Fl 

L i FIll '' . I . JII i h -I: i 

Fill Il t li lt'1 l i! Ii; I I I' 

1, FI I Iu tllt I b 

IK III t ,I, . :+ i i
 
WIING.NO., L wIr Pill RIGIHTWINO I NSE 

Yams$I-jo M~ ED
 

=I 1I"0 'I I I 


I ti lli iii I I tI'I I ll 
1,11 iiII1 . 

TAIL
 

w hjIFIiim1 ,I: I
,IIh t'..tililliill 
i,il 

, l i I' $I F I' EI it 

,] I ... ... . , , l I i~ 

IO L NIG PI MuDIll, RIGHFfWINM MRl 
TAIL 

I1 Il i~ ~ t i i I . ii 

!,+ ,M i~,,;! i",,, '+ I ' " i" t l' I ,",",DIN<EIIVIIY = I I qplIDD 

IF]IFX;I,1 I I 
OtRE ,I, ,Y It,,,%I.IiI,, I I , 1III 'llq'i I~ ,I .. 

'AX £'l" Vill IFN 

IFI 

LEN E, T FI N I I ''IN , ' l 

VXll0 OM 10, l,,,
 

D IRF I 114 14
I I -III 

Figure A-i.- Continued
 
Wi ConcIl uded.i+ llllll 

i,,ure:'
A-,. Contnued
 



n 
, n , ,~ . ,h 103
 

1. I%0 ,.I'Al: 

'0 00 00 I0 6 11 20 0 N as 111i0,,11h) l0 

NI1. , n. 
NOSE .T WING P -i. H.LL. RIGHTWING ROSE 

TALL 
VALUES.0 000 1$ ,

NOSELOCATION-THETA0'9 Pfl0O0 

O]RLTIVLIy = 8 CWtI 
t'52 N,'.= I 10 

MA MI In

,iIi
 
I NI I EG II 

IM .RI I I slt 

ROSE 
HOELF 

LEFTWINO 
IGPHi 

PHI - CGIC(
TAIL 

- E,4F 
RIGHTWING 
RIGHTWING I 

NOSE 
hS 

G ONI ii ,N 

01K .= 0 . n I h nT 
MAX =I 

(n)onooleat station 950 on bottom fuselage.
 

Figure A-i.- Continued.
 



I 

I .tttL~tIr.~O104 

a I ; I 

AI 

I II 
I1 1 II 

- I

MAX v t z 1- 122i
 

MAX I i
 .. I
 

I-i iV 


TAIlI 
vFuR$ I10 I0O IiI
 
OlRECI]VT¥( = 0 09408
 
II I 122 F"t 


DI I ,.II=1 8 OMA 

t.......l,',°',r o lh[l/rl f
 

'A -I 
I FI , II 


, ll*': '',A ' , I I ,i1:1,'J , F 'IF, l I
 

'2. .1.. W' IF I IFh 
hOSE LO PJi[l :t * RIGHTWINOT WING tJILUM NO'JE 

OINECTJlInY 8 03'400 

, ~ : I. - III III 

TAIL 

I U A ,I .I 

11IF IFL 

D. " ' .2' ', '2,_'20 ,A' 


IF 21* I T-1
 

*. *r [ , ' a ,,I. . . I' I"_ , Ii. .... 

' ; ,' 22 ,12 12=. . . . 2'I' .. ~.2a " . , ,'12,, 
,OE 11.0' ,i fk l', 101 

2 
M IAMIi I ,.Ii*l ,, ', ill 

Am' I 12* I
 

OlItIIVII? = B E I'112
 
II.X Sit t I 2 

(n) Concluded
 
REPRQDUCIBILVI 0? fliP 

ORIGMINAL PAGE I POOR 
Figure A-i.- Continued.
 



105 

~i
 

a I II 
I 

I l i il 

Vaf 

DR 

W go 

MIi 

I 

S I 

on 

866 
I 

, Oi' M TON M =0 

I 

NOS" LET WIO 

VPIWiS 0(0M EAD0. 

MEt tC, E 
TAIL 

RIGT WING 

NOSELOCATION 

NOM 

PIfl=O 

OIIEEIlIVIlY; 8YIED 

MAXVNL I 310 

4 . 1.* 414 I I6 - .. 

ai, , i,,I, 

* Ii 

.'.* I '. . 

I i 
,,, ,0 . l , _ ;0 a 

N0SE LIFTWING 

DIRLlIVITy = YAM 

h ~ 'l I__1 _ , 

PH .-CL [, 
TAIL 

20 N_. . .. ;n o I 

RIGHTWINO OSR 

II'.. 1
 

I I I I lz 

,I *- , , 

MAXVAL 	 I 318 ­

(a) 	l onopole at station 950 on bottom fuselage
 
with landing gear.
 

Figure A-i.- Continued.
 



106 ';f 


NI . LtbIlt 

LEFTrWING nil -
TAIL 

. RIGHTWING MR 

MIEuS 1-jo t]D
 
DIRECTIVITYL,6i , 


PAXVAL 1 318
 

ALI 

IT WN = RHT WINGNOM R 

.1 ' I I I1LL111 

* i .l 5:5 1: 

LI I :iiAD~: 
r'A 

I I MIblIIhII~ ~ ' II4ItIIII~D:L'Ii~ 

TAIL 

,,1 , , i:: , II I 
VWhIES lb LO It
 

OIRCI IVITYl= a $1614
 

WOXVOILL1 318
 

, NI :,,*', , , ,', ' ," ! , , ~ , , , l , t", ,,. I i 11 
I L 


,, . i, I , I ' ' I LI I I 1 ____ h I i' , , , " 


511151 Ii ?I = Ilk Ii id IO 

HOqtLt N I , lul WOII' NOSE 

NO J[ LE~t" r l - OEC, RGtTWINWING ' , I I, I :Iii iYI I rlil,i1'y, 0i 
II 

PHI - .. ii,
 

MR LI HIM TAIiNIGHTHIM!II
 

VALOR2-20 a43 04
 
OIRLCIIVIIY = 0 l6Jw
 
M VA. I
I 31, 

(o) Concluded.
 

Figure A-i.- Continued.
 



80107 

- I - I -i - I I[- I I 

, . 10 1 08 O Io , N al J. r 

IllI0(11Ily -0a~ 0 

,,,l ' 80 20.0i, h00 h0h2 l , ,j , , ,, ,h20 l',"0,'20,l[.l 	 2TAIL¢ 

. 'I
I V 1. I Ao.u I. I I " , I I'1111Hill 

....I.I.
 

NOELITWINO MIo TA L RICOTWINO O
 

0IRLlI)YIIY 0
8flMON 

bib~~" 
 1
 to-= 

0 

.,I. 

NOSE LETWIN Wii 'Awot RICNTWING NOSE 

V ,ILI ,llo.- , 	 NoIldj(IIl 

OIKLIIVIIO- ( fl 

MIX M = I Ol 

(p) 	Horizontally polarized coaxial fed slot antenna
 
at station 950 on bottom fuselage.
 

Figure A-i.- Continued.
 



108 

; 

I 

* FIW 

EE i4 

IINii 

I I 

it 

1 1.1Ir 

nilIplh 

0, 

II 

1: 2" 1 ,, . . 

I i l l 

IIW1iNG 

VHLICS 0 Oil0I* 

OIRELIIVIIY = 0 rMW0 
IX VM. I 071 

NP 

. , l, ,:, II'11
'i11, 

' " :' 
' 1 

.. 

,I ,,,,.... . . 

,,Yog I t/I, 

inl' I 

i 

, i, 

' 

I 

, 

DIIELIIVIS =am 
= I 

I 

" 

', 

i 

Fiur 

PHI 

(p) dI 

I I 

I' * 

C 

Poll - L 

a 
A-1 Cn ue 

(p~) Concluded. 

IRMUl 

l 

i 
I

I 

I 

* 

RfQ 

, 

cm s 

mt 

op 

Figure A-i.- Continued. 



109 

It 

t)SE LT WINO Pi - OGEELS RICKTWING NogETAIL 

vF.,jE'C 0 0I 	 NOS LOCATION - T1ETA'9!".PHI10" 
OIRECTIVITYv 0 711408 

LMTWING 

DI1RECTIVITY= 8 789DB 

rn VI,_= 377 

"LEI 

PHI]-5 G.REf$ 
TAIL 

l NOS"X E 

TAI 

Al 
DIRCIVITY M 8 70'lO 

%1V ..= 977 

aSE_ _.--

at 

NOSE 

s t 

LIFTWINO 

0 =-

Pit ­ ca.t-, 
TAIL 

";t-WENC. _ 

BIGHTPWING 

ii - it 

lOSE 

(q) 	Horizontally polarized Figur-A-1.-Contnuedcoaxial fed slot antenna
 

at station 950 on bottom fuselage with
 
landing gear.
 

Figure A-l.- Continued.
 



110 

I 

- . -= . 

: . t ;. r 

. 

J IT , 

u.,-I - ---_ = 1, 

ol=+k I L 

£2.3 

NOE LEFTWING 

IRECTIVhTY= a ,8eDa 
= 177 

3 -TAITAIL RIGHTWING NOSE 

IT %:71, L 

I T I S ' E 

LEFTWIND GILhi: RIGHT IIG NoHOSE TAIL 

Vp. VS 0 
DIRrTIVITY . 0 7a1 

-- III. 
< l II I + , ' i- [ 

", ,t
,"=, -

I = , : . I 
, 21I 2 l k .. h 4. .J 

0l o0) += tOI 

01 (02~ iN 110) 
 alll 10 Il' 

FurN -I.II wonlue. 

p. .1.... ....
 

3
' PH DrW tS3il0! L TRG Wil wPE 

Im~IIVIlY - 0 SNIOI 

(q) Concluded.
 

Figure A-i.- Concluded.
 

* U S GOVERNMENT PRINTING OFFICE 1976-735-513 


