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1.0 INTRODUCTION

Contract DOT FA74WA-3353 was a multi-tasked contract. Three
mathematical analyses were performed under the contract, and
were reported in separate final reports. It was also required
to design, develop, and test a glide slope antenna system

capable of operating over severe terrain conditions.

1.1 MATHEMATICAL STUDIES
The Westinghouse approach to the problem of siting ILS

tlide slore antenna systems has been to develop a computer

modeling technique capable of determining; (1) the effects on
flyability of various antenna parameters leading to improved
antenna designs, and (2) the ability to predict how specific
antennas will perform in a given terrain environment. Under this
contract, the computer modeling was used to study potential im-
provements to existing image glide slope systems and to evaluate
the current grading and s8iting criteria with a view to upgrading

50.16A. A synopsis of these reports is included here:

Report No. FAA-RD-78-42, "Study of Rough Ground and Grading

Criteria For Instrument Landing System Glide Slope Site Prepar-
ation."

The scattering of electromagnetic radiation from rough surfaces

has been studied. The diffuse and specular components of the
scattered field are treated separately. Current grading of ILS
sites requires rather stringent preparation of the ground. The
application of this report is to develop grading criteria that
reflect the statistical nature of the disturbance in observed
signal rather than simply to consider the maximum allowable phase
di fferences as the basis for establishing a grading criteria.

The results of this work indicate that the current grading is too
stringent and that substantial cost savings can be effected through




a more systematic approach. In specifying the grading criteria,
the expressions developed allow for the treatment of several
statistically different surfaces with the requirement that the
solutions be self-consistent when the roughness of each adjacent
surface is equal.

Report No. FAA-RD-78-41, “Capture Effect Array Glide Slope
Guidance Study™.

The purpose of this study has been to examine the performance

3 > : b
of the Capture Effect Glide Slope Array as a function of the
quality and quantity of regquired ground plane. Methods of
improvement were also investigated; wherein either a smoothing
of the ide path structure or a reduction of the required
jround plane was considered an improvement. The study was
directed entirely to the structure on glide path. All Capture
Effect installations are operated with an additional clearance

i

signal which guarantees sufficient below path fly-up to provide
absolute safety. 1In the conclusions it was shown that some
modi fication of the standard antenna configuration results in a
reduction of the phase sensitivity of the glide path structure.
This would result in a reduction in the exactness of monitoring
presently used on all operational systems. The results of this
study have favorably compared to limited experimental data.

d J ¢
However, a complete and controlled experimental program would
be required to establish the useful range of application of this
analysis.

.
‘.
1
ks

Report No. FAA-RD-78-43, "Analysis Of The Performance Of Image
Glide Slope Antenna In The Presence Of Truncated Ground®.

Terrain modeling in electromagnetic scattering problems has
traditionally involved separating the terrain under consideration
into small enough segments s0 that a Huygens source approximation
to the treatment of the scattered field is possible. Use of this
technigque very often requires an exceedingly large number of
segments to properly represent the ground surface. Moreover,
numerical integration techniques are often used to calculate the
scattered fields from the Hugens sources. This approach can
lead to computer programs running times on the order of hours for
many applications. This paper is concerned with applying the
half-plane scattering solutions of Senior, Woods, and Bromwich
to the modeling of a wide variety of terrain conditions using
closed form analytic solutions. The use of such a technigue can
reduce computer running times for many common terrain situations
by orders of magnitude.

The motivation for the work presented here was a need to develop
more practical techniques (in terms of reduced computer running

times) for computing the performance characteristics of instrument

1-2
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landing systems (ILS) glide slope antennas over non-ideal terrain.
Practically all glideslope antennas in use today are of the
ground-image type which depend on ground reflections for the
formation of the guidance beam. The formation of an ideal glide
path in space requires a ground plane in front of the antenna
that is infinite, flat, and perfectly conducting. Such a case
1s readily calculated using simple image theory. However, this
1deal condition 1s never encountered in practice and rarely is
the flat ground in front of the antenna of such an extent that
image theory can provide an accurate model. Many times the
terrain 1s of such a nature that it can be accurately modeled

by half-planes and large (2 2-3 wavelengths) connected strips
that are infinite in length.

In order to properly characterize the performance of an ILS

1lide slope antenna on the glide path one needs to calculate the
total fields at a large number of points corresponding to an
aircraft's position as it is approaching the runway. In addition,
several more approaches above and below the glide path and either
side of the runway are needed to complete the glide slope
characterization. Thus the scattered fields at a very large
number of aircraft positions are needed. 1In order to have a
terrain model that can economically and accurately account for
scattering from large segments of terrain, a closed form expression
for scattering from these segments that is valid when the segments
are in the near field of the radiating antenna system is
necessary. Use of the half-plane scattering solution and com-
bining two half-planes to form strips provides the basis for

such a terrain model.

Redlich has computed the performance of glide slope antennas
over limited ground planes, however, his approach involved a
two~-dimensional terrain model and allowed evaluation of far
field performance characteristics only. The terrain model
developed in this paper is a fully three dimensional model and
allows for near and far field characterization of the glide
slope antenna.

Verification of the approach presented has been accomplished by

using experimental data obtained by Lucas. Good agreement
between theory and experiment has been achieved.

DIPOLE BROADSIDE GLIDE SLOPE ANTENNA DESIGN

This contract provides for the analysis and design, and the

fabrication and test of an improved glide slope antenna system.

The basic antenna requirements are:
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1. It must be capable of providing Category II
performance over level ground, rising ground,
and severe broken ground associated with problem

sites.

o

. It must be broad band such that it can operate
at any ILS glide slope frequency with no special

tuning.

- It must be consistent with FAA construction and
installation practices and compatible with

transmitters and monitor systems 1n current usage.

In order to satisfy item one (1) above, a non-image antenna
must be used. In this application, "broadside” refers to a class
of antennas in which the radiation pattern is entirely formed
within the physical extent of the aperture. This is opposed to
the "image™ systems, which depend on ground adjacent to the
antenna in support of the formation of the final radiation
pattern. The rough ground condition of item one requires that
energy be surpressed over a critical region which would produce
scattering into the glide path. This specialized tailoring of

the radiation pattern requires an array.

A number of different types of radiating elements were
considered. It was decided that, on the basis of manufacturing
ease and overall reliability, the dipole would be the most

practical radiating element.

The final configuration determined to satisfy the design
goals, is an array of dipole elements referred to as the Dipole
Broadside Glide Slope Array. The analysis to determine the
final desired radiation pattern, the element excitations, and a
physical description of the array are given in Section 2 of this
Report. As with other ILS arrays consisting of a large number
of radiators, monitoring is a difficult problem. A new approach

was developed on this program. It is a time shared technique,

1-4
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in which the monitor funccion is stepped through the array of
radiating elements, in a time short compared to aircraft move-

ment. This system is described in Section 3.

Section 4 describes the results of the antenna testing
program. This includes both antenna pattern range data and
flight check data taken at a field site. The antenna range
data indicates that the desired radiation pattern was almost
perfectly achieved. It also shows that the desired planar
guidance and broadband performance were achieved. The flight
check program was marred by repeated failure of SMA connectors.
These have been replaced with type TNC and should provide a
high level of reliability. There was, however, a sufficient
amount of flight check data taken in the field to demonstrate
CAT Il performance at a severe terrain site. It is felt that
the antenna not only meets all performance goals, but can provide
an exceptional gquality guidance at virtually any tough site.
Path roughness and the linearity of the level run transitions
were outstanding over this rough ground test site. They are
significantly better than the Compensated Waveguide, which had

been initially tested at the same site.

In Section 5 a mechanical modification is recommended. The
purpose is two fold: (1) to increase reliability, and (2) to
reduce construction costs. This is consistent with the design
goal of having an inexpensive antenna designed for mass

production.

1-5/6
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2.0 ANTENNA DESIGN

The statement of work for this contract provides for the
theoretical analysis and design of several versions of a re-
duced aperture array. Based on this theoretical analysis and
design, one version of a reduced aperture array will be fabricated
and tested. This effort shall include design, fabrication and
factory test of parts and of the assembled array which will pro-
vide Category 1II performance at level ground, rising ground
and broken ground types of problem sites. The factory tests
shall include pattern range and monitor tests to insure the
antenna array is operating as designed before field tests are
attempted. The work shall also provide for field tests of the
reduced length array at a site where rough ground tests can be
conducted such that the complete capabilities of the antenna are
tested, The antenna shall be broadband, capable of providing
AT TI nerformance, anywhere in the glide slope band, with no

special tuning.

“any different antenna configurations were investigated. Only
the final design will be reported. It should be noted that the
expression "reduced aperture array"™ no longer applies. As the
analysis progressed and performance estimates based on aperture
length became available, more stringent requirements were defined
by the FAA Technical Offier, requiring larger apertures. It was
lecided that the new array could be any length, but not to exceed

the length of the compensated waveguide.

2.1 ANTENNA ELECTRICAL DESIGN
2.1.1 Preliminary Considerations

There are two basic types of glide slope antennas; (1)
image systems, and (2) non-image arrays. Image systems require
the energy reflected from a near perfect ground plane to complete

the guidance pattern. This ground must extend over several
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thousand feet and, not only be flat, but also, fixed in position.
Acceptable performance often requires extensive terrain modi-
fications. For the case of an over tidal water approach, this

is virtually impossible.

Broadside arrays are systems fromwhich the desired guidance
pattern is formed entirely within the physical extent of the
radiating aperture. The ideal site would be one in which there
was no ground in front of the antenna. The presence of ground
can only degrade performance, since it will scatter energy into

the glide path.

Neither of these two perfect situations can be achieved;
1.e., the perfect ground plane or no ground plane. For sites .
from which the existing ground is reasonably flat, the image
system 18 the most feasible. For sites with either rough
ground or tides, an adaptation of the broadside antenna is a
viable approach. The adaptation consists of suppressing any
energy which would scatter into the glide path in such a way

as would take the guidance out of specifications. It is to the

design of this type of antenna that the program was directed.

The ILS glide slope radiates two signals: (1) the carrier-
plus-sideband (CSB), and the sideband-only (SBO). The CSB signal
serves as a reference for demodulation and signal level measure-
ments. It has a maximum within the glide path course width
(glide path angle + 0.35%), and is slowly varying over the
course width. The direct CSB signal strength compared to any
reflected CSB is always very large, hence, the CSB is not
af fected by scattered energy, and therefore, no special shaping
of the CSB pattern is required. A sufficiently low sidelobe CSB
pattern can be achieved with the conventional cosine squared on

a pedestal aperture distribution.

The case for the SBO pattern is considerably more complex.
The SBO has a null on the glide path, known as the guidance null,
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and very rapidly increasing signal above and below the glide
path. Reflected energy can cause appreciable shifts in the
position of this null, which is equivalent to changes in the
glide path angle. The requirement of controlling this scattered
energy must be approached from two directions: (1) the lower
(below path) guidance lobe must be tailored to provide sufficient
guidance signal with a minimum illumination of the ground, and
(2) based on a typical siting location (antenna backset, offset,
and center height above level ground) a critical angular region
must be defined, which would scatter energy into the glide path,
and the sidelobes in this region must be suppressed. Each of
these considerations presents a particular set of problems.

The lower guidance lobe would ideally have a null on the horizon
in order to minimize illumination of objects near the horizon.

It should also have a peak amplitude which is considerably less
than the upper guidance lobe, to further reduce the scattering
from objects near the horizon. At the same time, there must be
sufficient energy available in the lower guidance lobe to provide
the required below path clearance (fly-up signal), and there can
be no angle of approach for which an aircraft can get under the
fly-up signal (no false course). I1f the lower guidance lobe is
to have a null on the horizon, and the normal glide path angle

O

is 37, then the width of the lower guidance lobe will be 3°.

This is a key parameter in determining over all array length.

The desire to suppress sidelobes over as large an angular
region as possible must also be carefully examined. Consider
the total energy radiated by an antenna to be a constant, and
lirectly proportional to the area under the antenna radiation
pattern curve. If particular sidelobes are suppressed, this
energy must go to an increase in other sidelobes, such that the
total area under the curve remains the same. These increased

sidelobes must occur at angles which do not interfere with

achieving quality guidance. For an array of N elements, only N
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points on the radiation pattern may be independently specified.
Hence, increasing the region of suppressed sidelobes would
require increasing the number a radiators and would also result
in very large sidelobes at other angles.

Another very important initial consideration is that the
radiated SBO field must be real. This means that the SBO must
be i1n phase with the CSB. An extensive analysis of the effects
of a quadrature component of SBO phase was performed and reported
in FAA-RD-72-139, "Analysis of Instrument Landing System Glide
Slope Broadside Antennas". This "real" requirement on the SBO
field places limitations on the technique used to synthesize the

aperture distribution.

2.1.2 Determination Of Key Radiation Parameters

In order to generate antenna patterns consistent with the
above goals, a synthesis technique was used. Several techniques
were investigated, including the popular Schelkunoff Polynominal
and a very precise discrete-continuous approach developed by
Westinghouse. The Schelkunoff Polynominal method is relatively
simple to implement but does not assure real SBO radiation
fields. Even an error as small as + 10° can produce distortion
in some receivers. As a result, its application in the design
of the Redlich Array required the use of a special feed system
in order to achieve broadside CSB and SBO fields in phase. The
approach used on this program, referred to as a continuous-
discrete synthesis, 1is based on the low sidelobe Taylor dis-
tribution. 1Its key feature is the development of an integral
method for translating the resulting continuous aperture dis-
tribution into a distribution of discrete radiators. This
technique is described in Appendix B of this report. The two
methods are compared in Table 2.1.




o Schekxulnoff Continuous
{ Quantity _J Polynomial Discrete
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Phase of SBO Deviates From o Zero Phase Deviation
Pattern Zero Up to + 10
B St - TESSL N
Placement of Rigidly Uniform Optimized Spacing
Radiators Spacing
- - - ——— L — ———— S— —_——_—— e - e —— e —
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}.:.5' t » !: 3 »\.. Sy (“ s lt
Patterns ssentially Equivalent Capability

- —_— e ———— -‘r— —— e — ——— - —— - - - —_— e — e e —— e —— |~ — e e
Mathematical Relatively Simple Very Sophisticated
Complexity
TABLE 2.1
Comparison of Schekulnoff and Continuous

Discrete Approaches to Aperture Synthesis

This technique was applied to apertures ranging from 13 to
22 wavelengths. The results are summarized in Tanle 2.2. which

includes a 6dB coned Compensated Waveguide for comparison.

TABLE 2.2

Array Length Angle Eflow The Horizon
Q0 }0 6O 2O lzO
Comp. W/G 8o 120 7 11 2 36
174 42" 218 £5 5 L5 21
19 A 60" 42 ¢5 <5 £S5 7
212 65" 2 ¢S5 <S5 ¢S5 L5
22 4 69" 8 <5 ¢S5 «5 <5

The signal strengths are given in equivalent microamperes. All
of these arrays are capable of being sited within 500' of runway

center line. The computer modeling technique was used to predict
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how each of the above would perform over a variety of terrain.
The FAA Technical Officer decided that in order to achieve CAT 1I
over a wide variety of terrains, the new array could be as long
as the Compensated Wavequide. Hence, the decision was to fab-
ricate a 21 A array. The final array design is 21.75 A long.

The number of elements is determined by three factors: (1)
minimum for cost, (2) as required to synthesize the pattern,

and (3) acceptable mutual coupling.

'he mutual coupling factor is somewhat nebulous since the
close-in coupling decreases with spacing, distant coupling
increases with spacing, and since it is only a factor to the
extent that it is not predictable. The pattern approximation

places more specific limits.

For an antenna with N elements, N points on the pattern may
be independently specified. The rest of the pattern automatically
follows. If the pattern has a mainlobe with nulls and is not
complex, the pattern can be entirely specified by the peak and
N-1 null locations. For length L, the pattern repeats when % ®

sin @ = A . Therefore, we have N points specified over a region

of sin 8 that xs!{A wide, averaging one every A /L. Thus, for

L
a given length array, there are a fixed number 2L of nulls in

real space, independent of the number of elements. This is

depicted in Figure 2-1.

Consider what limits the number of elements. Ordinarily,
1f one allows grating lobes the gain suddenly drops and the
impedance jumps. But with many lobes this is not the case.
Instead, one finds it harder to synthesize the pattern. As one
reduces the number of elements the cycle length reduces in
length at the same rate that the number of nulls decreases, soO
that the average density to work with stays the same. However,
the low sidelobe region requires a nearly fixed number of

closely spaced nulls so that the average density left to use
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outside of this region falls off. Referring to the figure, the

average null spacing is

ANS

The lobe peak level varies drastically with null spacing so that
increased spacing leads to a high level outside the region of
interest. The graph shows the approximate variation of level vs
N. If it is required that the sidelobes be at least 24 dB down
and the peaks to be no more than 40 dB above the sidelobes, the
net peak level is 16 dB. Figure 2-2 shows that at least 27

elements are required.

There are mechanical advantages to building the array in
sections, each of which contains the same number of radiating
elements. It was decided to build the array in seven sections
of four elements each for a total of 28 elements. Dipoles were
chosen on the basis of mutual coupling. A continuous-discrete

synthesis program was performed for this array to optimize the

far field radiation pattern and determine an initial element

-~

excitation. These results are given in Figure 2-3, in which a
comparison is given for the Compensated Wavequide. A comparison
of these patterns and their effect on glide slope performance

shows the following:

A.) The width of the lower main lobe of the Dipole Array is
considerably narrower than the 9 dB coned, compensated
wavequide, %“What this means in terms of glide slope
performance characteristics is that uneven terrain and
hilly terrain derogation effects will be considerably
reduced. Since the radiation in the region of 2° to
49 below broadside (+ 1° from the horizon) is down on
the average by 15 dB it seems reasonable to anticipate
an ideal reduction in derogation due to hilly terrain
and uneven terrain of 80% to 85% for the dipole array.
A more practical number, taking into account fabrication
tolerances of the dipole array, would be a 70% to 75%
reduction. Thus at a site where uneven terrain or
hilly terrain would cause bends of 30 A~ua with a 9 dB

2-8
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coned, compensated waveguide the Dipole Array
should have bends of less than 9 ~ua (70% reduction).

In the critical sidelobe region the sidelobe levels
of the dipole antenna are lower than the 9dB coned,
compensated waveguide. What this means in terms of
glide slope performance is that at tidal sites or snow
accumulation sites the derogation effects due to
varying ground height will be less with the dipole
array than with the 9dB coned, compensated waveguide.
The radiation in the region of sidelobe reduction is
lown by 7dB ideally and more practically would be at
least 4dB down with the dipole array. This means that
for a tidal variation of 9 feet (such as LaGuardia

RW 22) where the compensated waveguide antenna ex-
hibited an angle change of + .035° the dipole array
would have a maximum angle change of + .02%.

The sidelobe reduction region extends over a greater
range for the dipole array than for the compensated
waveguide. This means that the dipole array would

be less susceptible to derogation due to very rough
terrain (such as drainage ditches) close in to the
antenna. There has not been very much data on the
effect of rough terrain very close to the waveguide
although, at Lynchburg, the 6dB and 9dB coned,
compensated waveguide antenna performed within

CAT II limits except for the flare due to coning with
less than 100 feet of flat ground in front of it. It
18 expected that the dipole array would need about
200 feet of relatively smooth ground in front (or a
complete lack of ground) so that the high sidelobes
out past the critical region will not cause derogation.
It should be mentioned that the terrain need not be
flat or graded but rather severe discontinuities such
as drainage ditches or man made structures should be
avoided within this close-in region.

There is another significant advantage that is not
apparent by comparing the antenna patterns and that
18 the elimination of the flare due to coning. By
proper focusing of the dipole broadside array there
is virtually no flare that exists while for the
coned, compensated wavequide this flare can be
significant and many times would preclude CAT II
performance.
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2.1.3 Focusing For Improved Near Field Performance

The antenna has been computer modeled over an infinite flat
ground and fly-ins have been run for this case. Figure 2-4 shows
the results for a fly-in at an unfocused antenna. There are two
graphs on the figure, the one marked "red" includes the effect
of the ground while the other curve includes only the radiation
from the antenna itself neglecting the effect of the ground. 3
The difference between the two is due to energy re-radiated from '
the ground which has been illuminated by the sidelobes of the
antenna pattern. The close correspondence (AvS,JA) between the
two is a direct indication of the effectiveness of the low side-

lobes in reducing derogation.

As can be seen from this figure a significant amount of

fly-down signal occurs within 2000 feet of threshold. This is
due to null defocusing in the near field and is a common problem i
with arrays that have non-symmetrical SBO antenna patters (the
Thomson-CSF array described in a report entitled "Special Glide
Path Antenna” has a similar defocusing effect and the Redlich |

Aerial also had a defocusing problem).

There are two basic methods that could be used to correct
for near field defocusing of a linear array: (1) electronically,
by modifying the phase of the array elements, and (2) mechanically,

by curving or bowing the array structure.

In focusing electronically, typically the phase of the 4

elements from the center to both ends are incremented from their
; nominal values in such a fashion that the phase front in any

plane containing the array is an arc of a circle. The radius of
this circle is the focalization distance. The Thomson-CSF array
utilized electronic focusing at a distance of 1000 meters. There
is a major disadvantage to this kind of focusing: exact focusing
occurs at only one point along the approach path. This occurs

due to the fact that, with electronic focusing, the locus of

&=13
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points which are in focus is a circle with radius equal to the
focalization distance and center at the array center. Referring
to Figure 2-5, it can be seen that exact focusing will occur at
only one point along the array. As mentioned previously this
type of focusing is used on the Thomson-CSF array and it still

hadi a defocusing or loss of null close-in in spite of the

clectronic focusing.

Mechanical focusing is achieved by curving or bowing the
array structure in a circular arc. The locus of points which
are in focus i1s a straight line through the center of the circle,
perpendicular to the circle (see Figure 2-6). The focal dis-
tance is equal to the radius of the circle. For a linear array,
the structure could be curved sideways, forwards or some combin-
wtion of the two. Figure 2-7 shows the side forward focused
modes and their effect in an ILS glide slope application. As
can be seen from Figure 2-7, the only mode that allows for
focusina at all points along the approach would be the sideways

ised structure. The other modes of mechanical focusing allow
only a single point of focus along the approach path. Thus these
would suffer from the same deficiency that electronic focusing

1.¢., a loss of guidance null in the near field. Thus
s1deways mechanical focusing is being used for the Dipole

mrray.

The mechanical focusing will be accomplished by inserting
wedges between each section in the array. This is the same
technique that was successfully used to make far field measure-
ments of the modified waveguide antenna at the Westinghouse
antenna range. The nominal focal distance will be 500 feet

although it will be possible to alter this by changing the

wedges only. In addition, the antenna will be able to be side-

focused to either side by reversing the wedges in the structure

Figure 2-8 shows the results for a fly-in with wedges used




IN POCUS AT THIS
POINT OF APPROACH ONLY

Y
L 4 AIRCRAFT
3 APPROACH LINE

y (IN X-Y PLANE)
ANTENNA ARRAY P

V2.8

CIRCLE OF FOCUS
(IN X-Y PLANE)

Figure 2-5 Results Of Electronic Focusing
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to side-focus the antenna. The focal distance and antenna offset
are both 500 feet. Comparison with Figure 2-4 shows a complete
correction of the near-field defocusing or loss of null.

Figures 2-9, 2-10, and 2-11 give similar results but for antenna
offsets of 400 feet, 600 feet and 700 feet respectively. It
appears that in order to keep the defocusing flare due to offset
changes to under 25 wua, the antenna offset whould be within

+ 200 feet of the focal distance.

ro
-

.1.4 Mutual Coupling Analysis

The controlling factor in the dipole broadside array design
was the sidelobe level in the angqular region below the main
beam. The effects of tolerances, mechanical and electrical, will
be discussed elsewhere. To complete the design in a thorough
manner requires an accounting of the effects of mutual coupling.
Mutual coupling causes changes in the element impedance and
pattern that can bring about rather serious disturbances in the

array performance if not properly included in the array design.

Because of the nature of the changes caused by mutual
coupling, the effects must be found early in an array design
and factored with the pattern synthesis. The design procedure
used during the dipole array program did this in the following
manner:

1. An element was selected that exhibits minimum

mutual coupling effects - the dipole.
2. Mutual coupling analysis.

3. Measurements were made on an array of these
elements to:

a. Evaluate means of further reducing
intercoupling.

b. Measure the change in element pattern
shape for both center and edge elements.

€. Match the element to space.
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4. Factor the element patterns into the pattern
synthesis to evaluate changes necessary in the
illumination excitation.

>. Design a directive power divider network to
produce the required array excitation.

This program was organized to answer three questions:

4 What is the effect of mutual coupling?
. What can be done to minimize this effect?
» what should be done to the array design to

account for mutual coupling?

Mutual coupling affects the impedance of the array elements
and the element patterns. These effects differ depending on the
element environment, i.e., is it an edge element or a center
element? Both of these effects can be evaluated by measuring the
element pattern and element impedance in the presence of other

elements. To perform these measurements, an array several wave-

res

lengths ( >3 wavelengths) was built. Patterns of edge elements
and center elements were measured with all elements terminated
in a load except for the element under test. The measured
element patterns were then factored into the pattern synthesis
program. An analytical effort was performed in conjunction

with the element measurements to provide a gquide to the measure-
ments and to allow deeper insight into the intercoupling

mechanism.

Having obtained and verified the element patterns, this
information was then used in the array pattern synthesis. The
synthesis now reflects the true pattern shape, and the aperture
excitation can now be adjusted to achieve the desired array

patterns.

The key to this entire effort is the design of the power
divider network that distributes power to the radiating elements.
The analysis and the measurements were based on a matched element.

Or to put it another way, the energy coupled into an element

2-23
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from adjacent elements must be absorbed so that it cannot reflect
and reradiate. The power divides network uses directive couplers
as the means of dividing the power. Thus each element is isolated
within the power divider network and reflections or coupled

energy 1s absorbed in the directive coupler loads. None will be
reradiated nor will any reach the antenna input and appear as a

high VSWR.

The array that was used to measure the effects of mutual
coupling was also used to evaluate means of reducing these mutual
effects. Various configurations were considered. The most
promising were to place a metal divider between elements or to
place parasitic strips between the elements. The latter was
incorporated into this array.

2.1.5 Feed And Distribution Systems

This antenna system was required to operate, with no special
tuning, anywhere in the ILS glide slope band. This represents
a total operating bandwidth of 2%, relatively rarrow in terms of
broadband antennas, but difficult in this application due to the
very critical pattern requirements. Several approaches were
investigated, with the final choice being an equal line length

(or constant time delay) system.

Manufacturing tolerances and frequency characteristics
were investigated by perturbing the excitation and plotting
radiation patterns. Tolerances of 4° of phase and 0.6 dB were
found acceptable. Tests of several units showed that by using
conventional microstrip construction, these tolerances could be
held with Wilkinson hybrids and Schiffman phase shifters. As
discussed in Section 2.1.4, the amplitude distribution is
accomplished via directional couplers in order to surpress

mutual coupling.

There is a separate equal line length corporate feed for
the CSB and SBO. Schematics are given in Figure 2-12 for the

2-24




W)

DiPOLE REVERSAL
SAME AS I8N O NETWORK

O e
- v e
Se aa | v L
¢ < B . 3 ul"'"\ =
; e A
o TLE B wep &3 ) i
. K ! )
: i . A | SRS
s Y ,/-“} v . 4o CV
L“
| L . - - T
. i \. -
.8 S e el 1
Gaad)
i T &
€ o | S Y
~— Watae =t T —
¢ 2t ¥ te ' 1
N o - L] (- y
— Ll ey O
Y Y, T . AN ' ) ;
T Y " o=
2 o —— Y elun .
.. ". - “\ e i o \
I - bwrs’
. Aps O o
TRV o M1 s
: FE —
b AP = \.-r:‘\ io
8. 10 § - ,' i 4 \‘)“ i ; \i
g = S "ni -
X,_ ! tuis 3 COY 42 mQ0
. “in = W
- L e B TPV @D (1239, no- iy
s o W iravieg \-/
, ver () Ui e
—_ W (oess) ¢ ™7
AP e ¢ < )
2 b
() ) — - Y% [ \5, =
& Y ST W - = 760 Y0 C
V R e (o ey We II EW X TS\
A - - it s -\
M L 6_._J_.._4 .
~———_—-e % anran
" 2 / ey IR o “/V raa
3 AT '—i-.. ————— e e . * ¢y
. N — - o, b,
s "t Ld L. . - & .l —‘g.‘. g -‘( ’
———— SRS ' ’
- e SIS Vo &2 ), 1w
(W -~ [ o { -
64" . R T_’: _&ﬁ‘,‘v—-« 7..)
1y ! — e N\ 3
w AP g Piaa e o ([ S
3 I T s oy \few te R :
R R o e an  WNY - ‘e
x TN\ A e 2 A2
o e / 7 Vese w Cuy £ XN
' .q'“ v in s ( -
. —— T oA ———‘—“—J‘
» - - . W ‘
i ey 5 AL -"\‘L
o ——.-__~’:——‘.-‘——‘ a
~a - p A / ﬂ(n‘.
. o v 3 "N o f .'\
1 I . . ey Y'/
-~ y :
. o maxsQ | o)
2 PO . e Rl < ar
» - L i |88
i T g Yaa :(&1 2% ‘s
" \ » €3N [~ )

i T N R i Aackiine)
' i g N e Ao
P " Crla gt Ao . -
G s g gt = ed 5 e
P -___.‘ “ “‘ &
MR | i T | SRR, S ‘g™
{8 e W 2% “j <
S it
[P S ——
A il
» . > & .
¢ TN pom——tt " Lo WEN e
" —
T / ey Nasy L p— '
a s s - -4" : ‘-"__ii
L PP— . - § J

% 47 DR N Y

, Figure 2-12 CSB Distribution System Schematic

D f)

.




®

CSB and Figure 2-13 for the SBO. The electrical hook up is

shown in Figure 3-39. The system is fabricated in seven sections,
each of which feeds four dipoles and is mounted on that particular
antenna section. There are separate feeds for CSB and SBO, with
these signals being combined just prior to the dipole radiator.
Figure 2-14 shows one section of the distribution system opened

up . The final excitation, as optimized on the antenna range,

is given in Table 2-3 for both the CSB and SBO. Proper perform-
ance requires that the relative SBO to CSB input amplitude be
adjusted on the transmitter as determined by flight check
measurements of the course width, and that the CSB and SBO be

in phase at the antenna input.

Antenna Performance As A Function Of Terrain

The Dipole Broadside Array has been designed to be
relatively independent of terrain. However, severe ground
irregularities and sloping ground can affect it to some extent.
It is necessary to determine the allowed limits of these factors
in order to develop a criteria for judging the suitability of a
site and also to determine the extent of site preparation that

may be required.

In order to gain some insight into the area of the antenna
site which will be most sensitive to ground irregularities, the
jround currents arising from the SBO pattern were investigated.
Figure 2-15 shows ground currents as a function of distance from
the antenna for an antenna height of 50 feet. Figure 2-16 com-
pares the ground current due to antenna heights of 50 feet and
15 feet. Both figures indicate that the crucial area lies

within 400 feet of the antenna. Figure 2-17 is a sketch of a

typical antenna site with the antenna offset 500 feet and backset

100 feet. The antenna height is 50 feet which gives a TCH of
55 feet. A 400 foot radius circle is drawn about the antenna to

show the area of high ground current. The rectangles represent

2~ 26
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®

the 20th Fresnel Zones for five ranges.

It has been established that ground irregularities outside
the 20th Fresnel Zone for a given range will have virtually no
effect on the DDM at that range. This figure and the ground
current information should help predict the behavior of

specifically located ground irregularities.

A 30 foot square void or hole was the first surface
irregqularity to be investigated. Figure 2-18 shows three fly-
ins with the effect of a void located 100 feet, 200 feet and
300 feet in front of the antenna. This Figure compares favorably
with the ground current information which indicates that current
falls off between 200 and 300 feet and has reached a minimum at
listances greater than 400 feet. The DDM in Figure 2-18 for the
void at 300 feet is still very good which indicates the importance
of the low side lobes in reducing ground currents and thereby
minimizing the effects of unwanted reflections. The DDM due to
the void at 200 feet is greater than the DDM due to the void at
100 feet. This makes sense if one examines the ground current
in Figure 2-15 which shows that the ground currents near 200 feet
are greater than those at 100 feet. On all these curves in
Figure 2-18, the voids have very little effect on DDM near
threshold and this is because the voids lie outside the 20th
Fresnel Zones when the aircraft is close to threshold. The
curves in Figure 2-18 are perturbations about the fly-in due
only to direct radiation. No image radiation was included in
order to isolate the effect of the voids. Figure 2-19 shows
the direct only fly-in and the direct and image fly-in. The
direct fly-in is practically zero microamps at all points so
the DDM in Figure 2-18 is due almost entirely to the presence of

the voids. !

It is necessary to determine the effect of rough ground on i
antenna performance to establish a criteria for the severity of
the roughness. The allowed roughness will depend on position. '

2-32 i
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In other words, ground irregularities in certain areas will

deteriorate antenna performance more than the same ground
irregularities in another area. It is obvious that the ground
underneath the antenna will have to be smoother than the ground
one-thousand feet from the antenna. The problem is to find the
allowable degree of roughness for various sections of ground.
The rough ground can be modeled by assuming that the terrain is
made up of small rectangular plates whose height above or depth
below the zero ground level approximates the rough ground.
Figure 2-20 shows how this would be done for a typical cross-
wction of ground. The size of the plates has been chosen to
be five feet square. The degree of ground roughness can be de-
fined by assigning a limit to the deviations of height and depth
om zZero. These deviations from zero are assumed to occur

weording to a normal or Gaussian distribution with 95% of the

leviations lying between the limits. This is also illustrated

\ | d ) Y 7y
\n Figure 2-20.

The assignment of a particular deviation to a specific
late 1s done randomly. Ideally, the entire ground can be

led in this fashion and limits of ground deviations estab-

1

lished t

by running fly-ins for various ground deviation limits
ind making certain the fly-ins meet Category II1 specifications.
However, astronomical computer times are accumulated in modeling
such large areas clese to the antenna. 1In the past, fly-in curves
have been calculatetl using 53 data points. If a 200 foot by 200
foot section of ground were broken up into 1600 five foot square
plates, the approximate computer time would be about 12800 seconds.
Also, several of these runs would be necessary to give the required
nformation on ground sensitivity. By using only six points, the
‘o8t could be reduced by about 90% per run. Another possible
reduction in time could be realized by using an approximation
to the calculation on the radiation reflected from the plates.

This approximation would be valid if the plates were at large

2-35
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nces from the antenna. This approximation turned out to be

complicated and it did not work.

ice modeling of the entire area around the antenna
are the most sensitive to gr:

f large groun

viously bee: shed to lie within a

the antenn: rhis curres irops off to a

radius

radiator in
shows th ! 114 variati
from a square plate. Since
yn the antenna the path of
small angle w
iegrees above
as the receiv s moved
again reduced. This means
late is localized to a
le. Also, if the
reflected enerqy, then
egion of space wh ‘eflected energy varies
small changes in ang\ - position with respect to
the energy at ground
a small enough solid angle to ensure that at least
points is reasonably close to a peak in the

lactpnd

pattern. This is to make sure the maximum effect of

plate is calculated so that worst case conditions can be

stigated.

the antenna pattern were constant the most sensitive

area above the geometrical reflection

However, it is not constant so some method of probing

)

would be helpful in establishing the location of the
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most sensitive ground. Figure 2-22 shows the location of ten

30' x 30' voids whose effect on the infinite flat plane fly-in

were individually calculated. The results are shown on Figure

2-23 superimposed on a blowup of the infinite flat plane fly-in.
The data was taken for six range points: 0, 1,000, 2,000, 3,500
and 2,500 feet. The only probe points which had any noticeable
effect were numbers 5 and 7. Void 5 is in the reflection point
region (shaded area) and it also lies along a line from the

intenna to the 2,000 foot range point. So the maximum ef fect

of that void is felt at the 2,000 foot range point and it is

nly above one micro-amp. This indicates that low ground

current areas have little effect even if they lie in the reflection
point area. Void 7 also lies in the reflection point area but

it is only 220 feet from the antenna. This places it in a fairly
high ground current area and Void 7 will have its largest effect
at the 1,000 foot range. In this case, there is a significant
change in DDM so areas of high ground current are sensitive
whether or not they also lie in the reflection point area. Void
5 has virtually no effect at the 1,000 foot range and very little
effect at the 2,000 foot range. This indicates the localization
€ the effect of a void and will permit the effect of a small
area to be extrapolated to the effect of a large area, although

the computer cost may be prohibitive.

It has been established that the effect of the reflected
energy from a square plate is localized in a region of space
defined by a small solid angle. The size of this region can be
estimated by comparing Figure 2-18 and Figure 2-24. The curves
in Figure 2-18 are the fly-ins obtained with 30*' x 30' voids
placed 100 feet, 200 feet and 300 feet directly in front of the
antenna. The effect of these plates has diminished almost
entirely by the time the aircraft has reached the 2000 feet range

point. Figure 2-24 shows the angle swept by the line from the

plate to the aircraft as the aircraft approaches threshold.
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When the aircraft is 2000 feet from the threshold it has swept
through an angle of about 15 degrees. Figure 2-25 shows the
variation in the X-Y plane of the energy reflected from a plate
that is located directly in front of the antenna. A sweep of

15 degrees from the Y-axis corresponds to about a 30 dB reduction
of reflected power. This means that the major effect of a specific
plate on a fly-in will occur over an interval of range values
determined by this + 152 arc. This can be seen in Figure 2-26.
The size of this interval depends upon the position of the

mode led area. Areas directly in front of the antenna will have
the greatest cumulative effect upon the fly-in since the affected
fly-in interval will extend to infinity. Areas between the
approach path and the antenna will affect smaller intervals of

the fly-in.

At some sites, sloping ground over a large area may be
encountered. Both upslopes and downslopes were investigated and
Figure 2-27 illustrates the meaning of these terms. Figures
2-28 and 2-29 sh the effect of various upslopes. An upper
limit for Category II performance would be about 1.“0. Figures
2-30 and 2-31 show the effect of various downslopes. An upper
limit for Category Il performance would be between 2° ana 3°.

The antenna is more sensitive to upslope than downslope because

as the upslope increases, the ground at large ranges becomes
illuminated by the main lobe. However, as the downslope increases,
the DDM will not deteriorate until the high side lobes begin to

be reflected into the path of the aircraft. As downslope in-
creases, derogation of the DDM should occur first at short range.
This i1s borne out by the 3¢ lownshope curve in Figure 2-31. It
should be mentioned that the sloping ground as modeled begins

at the antenna position and as such would represent a worst case.
Much greater ground tilts could be tolerated if the sloping

ground occurred past 300 or 400 feet from the antenna site.

For many problem sites, the primary terrain feature is an

2-43
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abruptly terminated ground plane. This could arise if the runway

1s situated upon a plateau or large embankment or in mountainous
regions. In the case investigated, the edge of an infinite half-
plane was perpendicular to tne runway centerline and placed at
in front of the antenna. Por the first series
antenna was offset 500 feet and backset 100 feet.
of the antenna was 49.76 feet above the ground and
rablished a threshold crossing height of 55 feet. Figure

fly-ins for fou ge distances. It has been
the ground currents for an antenna
to diminish until one has reached
the antenna and become negligible
the antenna. One would expect an
front of the antenna to have a
antenna performance and Figure 2-32 does
unacceptable to acceptable antenna
for an edge located between 200 and 300 feet
the antenna. If the edge is placed directly under
antenna there will be no image contributions and no edge
contributions. A8 one can see, the curve does show
is practically zero over the whole range. Figure 2-33
expanded scale version of Figure 2-32 with range values

om threshold to 3000 feet

Figqure 2~34 is a more detailed investigation of edges
located between 200 and 300 feet in front of the antenna. It
pears that the edge will have to be at least 300 feet in front
the antenna to insure acceptable results. Figure 2-35 is an

version of Figure 2-134.

offs .H. are maintained and the antenna is
moved back from threshold the antenna height will decrease.

If 1t is moved back 310 feet from threshold the antenna center

will be 38.75 feet above the ground and the bottom radiator will

be about 8 feet above the ground. This gives sufficient clearance
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for snow accumulation and is about the minimum usable antenna

height, The next set of graphs are for this antenna position.
Shorter half-planes should be possible since a smaller area of
ground is illuminated by the high sidelobes of the pattern.
Figure 2-36 shows a fly-in with an edge at threshold and an edge
directly beneath the antenna. Since the threshold is 310 feet
from the antenna, the edge will not be heavily illuminated so
antenna performance should be good. Also, an edge beneath the
antenna should give an ideal fly-in. Figure 2-37 shows fly-ins .
for edges located 200, 225, 250, 275 and 300 feet in front of the
antenna. Since the antenna is lower, these curves should be

slightly better than similar curves shown in Figure 2-34.

Figure 2-38 is an expanded version of Figure 2-37. This
demonstrates that the Dipole Broadside Array can operate

success fully at sites with very short truncated ground planes

where

conventional LS will not work.

2.2 MECHANICAL CONFIGURATION

AND ASSEMBLY

The antenna assembly is made up of 7 separate sections
each of which is 110.48 inches long, 34 inches wide, and 9

inches deep. Each section weighs approximately 200 lbs. The
assemb led antenna length is 64'~- S 1/2". The antenna walls are
fabricated .062

from inch aluminum. Each section is terminated

in extruded structural aluminum angle for connecting the sections

together. The antenna elements, four of which are located in
each antenna section, are inbedded in foam in order to give the
unit rigidity and to eliminate air in the cavity which could
become moisture laden. There are no wall spacing adjustments
necessary since the antenna is designed to operate throughout

the glide slope frequency band.

Access into each of the antenna sections is provided by

aluminum cover panels which are removable even with the antenna

t assemb led and erected. The following paragraphs briefly describe
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the antenna assembly and erection procedure.

2.2.1 Antenna Siting And Site Preparation

The dipole broadside antenna may be sited on either side
of the designated ILS runway with primary consideration given
to parallel taxiways and aircraft movement in front of the glide
slope location. The lateral placement of the antenna from the
runway centerline must comply with the lateral offset criteria
described in FAA Order 6750.16A. This distance 1s a function
of antenna height but may not be less than 250 feet from the
runway centerline. The antenna in its present configuration
is mechanically sideways focused with the focal distance (array

center to R/W centerline) set at 500 feet; however, placement

within + 200 feet of this offset distance has been proven to be

acceptable. When determining the longitudinal backset distance
from the runway threshold the major criteria is to locate the
physical midpoint of the antenna (center of Section No. 4) at a
point which places it on a line with the desired glide path.

The factors which must be considered when siting the antenna are:

1. Desired Glide Angle.
Threshold Crossing Height.

Elevation of runway threshold and elevation
of ground at antenna.

Elevation of R/W centerline opposite antenna
location.
Although the antenna may be located directly abeam of
the runway threshold it may not be sited forward of the runway
threshold. As the antenna is sited further downfield from
the runway threshold the height of the center of the antenna
above ground level is reduced and consideration should be
jiven to maintaining the bottom of the antenna at a reasonable
distance above the ground (6 feet is a practical minimum

distance) .




®

Site preparation for installation of the dipole broadside
antenna should include maintaining level ground with no severe
terrain discontinuities directly in front of the main antenna
foundation for a distance of approximately 200 feet. This will
serve to simplify the antenna erection procedure and to minimize

signal derogation.

Antenna Tower Assembly

The support structure for this antenna is designed to
mount the antenna to a steel tower made up of Rohn No. 65G
triangular tower sections. The number of tower sections re-
quired 1s a function of antenna placement. During the site
testing of the antenna system at Lynchburg, Virginia, a total
of 7 65G tower sections were employed. Each of the Rohn 65G

sections is 10' - 1" in length and weighs 178 lbs.

Attachment of Antenna to Main Tower Assembly

The seven antenna sections are attached to the main tower
assembly. All assembly work is done directly on the tower since
1t 1s an integral part of the antenna structure. Each of the
seven dipole broadside array sections are coded with Section
No. 1 loc: d at the bottom and Section No. 7 being located at
the top < tower. The antenna sections are fastened to the
tower by use of brackets as shown on Figure 2-41. These
brackets are fabricated from extruded structural aluminum
angle. The bracket layout on the tower is shown in Figure 2-40.
The antenna sections are joined to the brackets and to each
other by 3/8 inch and 1/4 inch bolts going through the antenna
flanges. Each of the eight brackets are also identified with a

code number (Fl through F6) and installation must be made with

the proper sequence as shown in Figure 2-40. Although there are

eight brackets employed two sets of the brackets are identical.

Each antenna section remains rectangular with curvature obtained




by inserting tapered shims at each joint. Antenna section

No. 4 remains vertical with respect to the tower with the other
sections angled as shown in Figure 2-40. It is to be noted that
the antenna is installed such that the antenna curvature is
focused towards the runway which is being instrumented. The
antenna can be installed on either side of a runway by inter-
changing the mounting brackets with the top to the bottom and
with the bracket overhang on the opposite side. Six choke
splice plates are provided to cover the side of the antenna
section where the thick end of the shim is installed. A parts

list for the antenna assembly is given in Figure 2-39.
2.2.4 Antenna Base Assembly

The antenna base assembly is designed to allow movement
of the antenna in both a longitudinal and lateral direction.
The backtilt of the tower is set to the desired glide slope
angle. Generally no side tilt is incorporated into the antenna
system; however, it provides erection clearances during
antenna installation. A sketch of the base assembly is shown
in Figure 2-43.

2.2.5 Antenna Erection Procedure

An antenna installation requires that first the three
concrete foundations be poured, two for the main braces and one
for the main base assembly. A typical antenna foundation layout

is shown in Figure 2-44.

The main braces are assembled by building up two members
consisting of seven (typical) Rohn type 55 tower sections
terminated on the bottom by anchor hinges and on the top by the
brace top plate. These two brace members are tied together by
the tower hinge which, in turn, attaches to the tower hinge
bracket located on one of the type 65G tower sections. If a

large enough crane is available, all tower and antenna assembly

2=-62
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is done on the ground with the entire structure being raised
upon completion. This antenna erection procedure was
validated at the Lynchburg, Virginia, test site. The bottom of
the tower is not permanently secured to the base assembly until

after flight check in order to allow for minor changes in the
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MONITOR S 'STF;M

As a preliminary to the design of a monitor system capable

(o]

f monitoring the excitation of a multi element array,

an

extensive analysis was performed. The purpose was to determine:

(1) which elements have a significant effect in the

pattern and what is the nature of their effect, and

far field

(2) how

tightly must each element be monitored (i.e. detectable phase

ind amplitude variation). The analysis included introducing

faults i1into the antenna and measuring on the antenna range the

effect on the SBO pattern, and using the flyability

computer

model to predict the effective DDM variations as seen by an

Sraft.

Due to the complexity and expense associated w

patterns for an array of this size, patte

ol g

rs were

for certain catastrophic cases. These are presented

1.1 through 3.34, and are summarized in

Antenna Condi

pattern for normal
pattern element %1
pattern element #2
pattern element #4
pattern element #5
pattern element $#10
pattern element #11
pattern element #13

pattern element #14

the following

tion

(no £
open
open
open
open
open
open
open

open

ault)
circuit
circult
circuit
clircult
circuit
circuit
circuit

circuit

& SBO patterns for normal(no fault)

pattern element #1
pattern element #1

pattern element #$2

short
short

short

circuit
circuit

circuit
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Antenna Condition

SBO pattern element #2 short circuit
CSB pattern element #4 short circuit
SBO pattern element #4 short circuit
CSB pattern element #5 short circuit
SBO pattern element #5 short circuit
CSB pattern element #10 short circuit
SBO pattern element #10 short circuit
CSB pattern element #1l1 short circuit
SBO pattern element #11 short circuit
CSB pattern element #13 short circuit
SBO pattern element #13 short circuit
CSB pattern element $#14 short circuit
SBO pattern element #14 short circuit
pattern 3dB error in board #1
pattern 3dB error in board #1
pattern 38  phase >r in board #1
pattern phase error in board #1
pattern error in board &7
pattern 3dB error i d ¢7
pattern phase error in board

g
pattern 38  phase error in board

The effects of various faults can best be understood by making
reference to the relative amplitude distribution across the
array. Figure 2-40 shows both the CSB and SBO amplitudes.

SB has a maximum at the array center (elements 12 through 17),
and is very nearly a cosine on a pedestal. As one would expect,
perturbation of these elements will produce the greatest effect

n the CSB pattern. The SBO pattern has heavily driven elements
near the ends (elements 1-4 and 25-28). These elements primarily
letermine the SBO guidance lobes and the dept! f the guidance

null. The center elements for SBO LS 3 do critically
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effect the sidelobe level in the surpressed region. Hence,
an error in these elements will only effect the flyability
based on how the pattern interacts with the particular site
terrain. The same considerations apply to the analysis of
faults in particular distribution boards. Based on these
measurements, it was decided to monitor critical SBO phase
and amplitude from outboard elements, and CSB phase and

amplitude from central elements.

As a test of the effect of small, random errors to the
lightly driven elements (5 —» 10 and 19 — 24), a computer
simulation of the effect on the flyability was performed.

In all cases a 3° glide path over an infinite ground plane was
assumed. Figure 3-35 compares the normal performance with
randomly applied errors to elements 5 through 10 and 19 through
24 of 100, 150, and 25° in phase. These do not result in a
loss of CAT II performance. Figure 3-36 is the same type of
computation for errors of 30° and 35° in phase. Each curve
represents the worst case of a number of random applications.
Figure 3-37 shows the results of a 10° uni formly distributed
phase error over elements 5 through 10 and 19 through 24.

The same type of computation is shown in Figure 3-38 for 15°

phase error.

The following section describes the design and development
of a monitor system capable of detecting all faults which

would produce an unacceptable antenna performance.

3.1 INTRODUCTION

The Dipole Broadside Glide Slope Array consists of twenty

eight dipole elements stacked in a vertical array. Two indepen-

dent distribution systems are used to generate the particular
illumination functions for the CSB and SBO. These systems are

mounted on common distribution boards with a single cable
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delivering both CSB and SBO to each radiator. The phase
relationship between the CSB and SBO varies from element to
element. This greatly complicates the problem of monitoring
the array. Since an effective integral monitor system requires
sampling the radiated energy beyond any point where a failure
could occur, this will require a pick up probe in the immediate
vicinity of the dipole and beyond any connectors and cables.
The probe will couple both CSB and SBO, with the same phase
relationship as established for that element, and different
than every other element. Since this phase relationship is

not a cardinal value, such as 90° or 1800, the circuitry
necessary to separate the CSB and SBO for each radiator would
be very complex and more costly than the antenna's distribution
system. Hence, a new concept in monitor combining was developed
for this array. This system has not been tested in conjunction

with the antenna.

3.2 THEORY OF THE DIPOLE ARRAY MONITOR NETWORK

The development of an effective monitor system is absolutely
predicated on the design of the antenna to be monitored. A
wiring diagram of the antenna is shown in Figure 3.39. The
antenna is mechanically divided into seven sections, each of
which contains four radiating elements and the required CSB and
5BO distribution for those elements. The CSB and SBO signals
from the transmitter are fed to the center section, number four,
and are distributed up and down the array by series connections
between adjacent sections. Hence, elements at the top and the
bottom of the array have no common cable paths except the
connection between the transmitter and the antenna. This lack
of a common path is the essence of the monitor technique to
letect cable faults on the antenna. Since a common fault cannot
occur for the upper and lower halves of the array, one can
develop a cable fault monitor which compares the excitation of
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elements in the upper half array to those in the bottom half
array. It is desirable in any monitor combining network to
limit the number of outputs to the minimum number necessary

to monitor all fault conditions. In view of the large number of
Wilcox Mark 1-D's in use, the ideal number would be three channels
compatible with the Wilcox system. Since "width" and "angle"
account for two channels,'ic is desirable to limit cable fault
detection to a single channel. Figure 3-40 shows the relative
amplitude distribution of both the CSB and SBO for the array.
Note that both patterns are symetric about the center of the
array. (This is not the case for the phase distributions).

This indicates that if signals from symetric elements are
combined, the signal strengths will be equal with equal monitor
sensitivity. However, if inputs from all twenty eight elements
were manifolded into a single output, there would be a corres-
ponding decrease in sensitivity for any single element. These
considerations gave rise to the idea of detecting cable faults
by comparing the excitation of symetric elements and time
sharing this information into a single output channel. This is
accomplished by an array of diode switches coupled radially

to a common output line.

The "width" and "angle" measurements are performed in a
more customary fashion. Examination of Figure 3-40 indicates
that elements at the array center are heavily driven with CSB
while extreme elements are heavily driven with SBO. The "width"
channel is established by combining a signal derived from
element ¢#14 (large CSB) with a signal from element #1 (large SBO)
such that the resultant CSB and SBO are in phase. This channel 1

will be tuned to detect broad and sharp alarm. The "angle"
channel will have element #14 and element #1 combined to give
the resultant CSB and SBO in guadrature. This channel will be
tuned to detect variation in the relative SBO to CSB phase.
These two channels will detect any variation in CSB to SBO
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phase and amplitude either originating in the transmitter or

cables from the transmitter to the antenna.

A conceptional drawing of the above described monitor
combining network is given in Figure 3-41. The inputs to the
combining network are derived from probes near each dipole
radiator. One must bear in mind that each of these probes
picks up both the CSB and SBO of the particular dipole. This
simple combining network has no way to separate these signals.
For example, a phase shifter in a given line will vary equally
the CSB and SBO in that line, resulting in no change to the DDM.
To determine if a network of this type was capable of producing
responses for which meaningful alarm limits could be established

required a computer analysis.

3.3 COMPUTER MODEL OF THE MONITOR NETWORK RESPONSE

The monitor concept for the Dipole Broadside Array consists
of three distinct functions each having a unique and separately
generated output. The SBO to CSB phase and amplitude are
monitored through two channels called "width" and "angle".
Complete monitoring of the path angle will also require a tower
tilt monitor since path angle varies directly with tower back
tilt. A third channel monitors all cable connections and
assures that, given the correct SBO to CSB phase and amplitude,
this is properly distributed to all 28 radiators. A mathematical
model has been generated to predict the performance of these

three monitor channels to antenna faults.

3:3:1 Antenna Interconnection Monitor

All monitor input signals are derived from 20 dB couplers
implanted near the dipole radiators. Cable faults are detected
by comparing signals from symetric elements. Hence, one is
comparing element pairs defined by 1-28, 2-27, 3-26, etc. The

signals from each element of the pair are combined and then
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sequentially coupled to the output terminal. Each pick up
probe samples a signal with a format as shown in Figure 3-42(a).

The amplitudes of the CSBi and SBOi and the relative phase angle

O,, are determined by the required excitation for the i th element.

Since Oi varies across the array, there is no convenient method
to change ei within the monitor combining network. Since all
combined pairs feed into the same output channel, they must all
have the same initial DDM and identical alarm limits. 1In order
to allow the initial DDM's to be made equal, a phase shifter is
provided in one arm of each pair. An analysis was performed to
determine: (1) that the initial DDM's can be made equal, and
(2) that reasonable faults will produce a measurable DDM

variation.

Figure 3.42(b) represents the signals from two elements as
they arrive at the combiner. There is no loss in generality in
assuming that the CSB from one element defines the principal
axis. In this case the angle § between the CSB of elements i
and n corresponds exactly to the phase shifter in the circuit.
The output of the combiner is a CSB (total) and an SBO (total)

given by,

- A
Cp = (Cy +C, Cosg) 1 +C_ Sindy (3.1)

-
:

A |
+5 cosen)1+(sismei+snsmen)3 (3.2) ,-f

'5;-(51 cos 8 b

The resultant DDM is given by, b s

Dmak%?g 's;‘_' 7 (3.3) |
| Cp




S 2

CSE&;

(o)

(b)

Figqure 3-42 Signal Format At Combining Network Input
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Re ference to Figure 3-40 shows that the amplitudes of both

the CSB and SBO are equal for symetric elements,

- C =C (3.4)

Solving equation (3) under this condition yields,

DI o p 2 13 N A
DDM « 4 \{; +.3Lm.’ (3.6)
with
A = cos Qi + co8 8_ {3.7)
= S3in 8, - Sin @ (3.8)
i Y
In equation 3-6 when P 180" the DDM is not defined. This is

iue to the assumption that the CSB amplitudes are exactly equal

and,

never be the case in real life due to slight variation in loss L

&) @ 2
hence, cancel when combined 180  out of phase. This will

through the cable and small variations in the coupling co-
efficients of the pick up probes. Note also that since the
CSB and SBO from a given element are always phase displaced by
the angle §, there is no way of using a phase shifter to only
change the SBO vector. Therefore one can never establish a

juadrature relationship between the CSB (total) and the SBO

(total) in this portion of the combiner. A zero DDM is achieved

only by tuning a ¢ such that the two SBO signals cancel.

Equation 3-6 has been solved for all fourteen element
pairs using the ratio of §/C and the phase angles # as defined
by the antenna illumination function. This data is presented

for three of the element pairs in Figures 3-43 through 3-45.

The phase angle ¢ has two physical meanings. 1In the first

case it represents the initial phase displacement between the
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two CSB components of the element pair. As such, it can be

adjusted by the phase shifter located in one of the element
lines and designated as ¢ in Figure 3-41. Once this setting

1s made, the second physical significance of g comes into play;
phase changes resulting from cable or connector variations
appear as changes in g. With this understanding, data of the
type shown in Figures 3-43 through 3-45 can be used to
initially tune and then predict the performance of the cable
fault channel. An initial value (no fault) of DDM must be
chosen such that it falls on a portion of the response curve
with sufficient slope to yield a reasonable alarm response. For
element pairs where either the CSB or SBO is very much greater
than the other this response curve will have a large slope.
This 1s shown in Figure 3-45 for element pair 2-27 where the
SBO is about 7 times larger than the CSB. This produces a
large response about any initial value of DDM. Therefore, the
determining factor for initial DDM are the slower response

element pairs like 4-25 shown in Figure 3-44.

Selection of the initial DDM immediately determines the
required settings of all phase shifters in this portion of the
combining network. Alarm limits are then determined based in
desired sensitivity. A given alarm limit will occur for a
smaller phase variation for element pairs with large slope
response curves. This is very desirable since the harder driven
elements require correspondingly tighter monitoring. As an
example of how performance is determined consider Figure 3-43.
This indicates the performance of element pair 3-26. If the
phasor in line #3 is adjusted so that the CSB in #3 and the
CSB in #26 are 287° out of phase, the resultant DDM will be
0.10 in the 150. This would be adjusted to zero in the
monitor alarm system. The alarm limits show are for a DDM
variation of 0.05. This corresponds to about 43»~a. An
increase in phase delay of 132 (300° - 287° will alarm in
the 90 Hz while a reduction in phase delay of 11° (287°-276°)
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will alarm in the 150Hz. Although the discussion has been
directed to phase, amplitude variations will produce similar
effects. Table 3-1 shows the response characteristics of all
fourteen element pairs for an initial setting of .10 in the
150 Hz and + .05 DDM alarm limit.

Width and Angle Monitor Channels

SBO to CSB amplitude and phase are continuously monitored

through the "width" and "angle" channels. Prior to the element
pair combination some energy is sampled from elements #1 and #14.
Element #1 is largely SBO and element #14 is largely CSB. A
phase shifter is in series with the input from element #1 in

order to provide a tuning capability. The remaining circuitry
is designed such that if ¢ is adjusted to give the CSB and SBO
in phase at the "width" channel, they are in gquadrature at the
"angle" channel. Again using the actual values from the
antenna i1llumination function, a calculation was performed for
the response of the "width" and "angle" channels. 1t was found
that 1f the phase shifter ¢ was adjusted to make the CSB element
¢1 be 191° advance compared to the CSB from element #14, the
'SB (total) and SBO (total) were in quadrature at the angle
channel and in phase at the width channel. This resulted in

an "angle™ channel normal output of ODDM and an 84Xa variation
for + 15° change in SBO phase. The width channel has a nominal
.3 DDM (150) output with a Slra (90) broad alarm and an 97/a
(150) sharp alarm.

3.3.3 Summarization of Analysis

The results of the preceeding analysis of the monitor
response for the configuration of Figure 3-41 indicates that:

1. It is possible to economically sample data from
all radiating elements using a sequencing
monitor combining network.
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The configuration presented in Figure 3-41
will monitor every cable and connector in
the antenna and provide a measurable response

prior to an alarm condition.

Course angle and width are monitored continuously
and provide an output which is a very close
approximation of what would be measured in

the air.

3.4 FUNCTIONAL DESIGN OF THE DIPOLE MONITOR COMBINING NETWORK

The Dipole Broadside G/S Array monitor combining network
was desianed, constructed, and oreliminary tested.
It consists of three basic sub-assemblies, mounted in a single
box which itself is mounted on the center section of the
antenna. The sub-assemblies consist of the logic and control
circuit (Al), the RF combining and switching circuit (A2), and
an array of phase shifters to provide the correct initial signals
to the RF board. Since final testing was not completed only

preliminary drawings are presented at this time.

The logic and control sub-assembly, shown in Figure 3-47,
provides power and control for the fourteen position diode
switch, CR1 to CR14. The diodes are normally back biased at
approximately 5 V when the switch is "off". When the driver
is "on", the selected diode is forward biased by the 5V supply
and current limited by R27 through R40. Visual indication that
the RF switching is sequencing properly is provided by an array

f LED's, CR15 through CR28. Clock pulses are generated by Ul

(52555) operating as a multivibrator in the "automatic" mode and as

a one-shot in the "manual" mode. The clock rate in "automatic"
is controlled by R4 and Cl6. Integrated circuit U2 (55452)
serves as a buffer and inverter between the clock and the binary

counter U3 (5493). The counter provides a four bit binary word

to the demultiplexer US (54154). The demultiplexer performs a
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decoding and commutating function so that each of its 16 outputs
changes state sequentially as the binary word value increases.
Output #1 of the demultiplexer switches the LED driver U4

(55451) to indicate "start sequency" on the front panel. Outputs
#2 and #15 of the demultiplexer are used to drive the switch
drivers via inverters U6 through U8. Output #16 is ignored.

The mechanical layout of the logic circuit and control is shown

in Figure 3-48.

The RF combining board is shown in Figure 3-49 with the
mechanical layout given in Figure 3-50. This differs slightly
from the conceptual layout of Figure 3-41 in that more flexability
for tuning is provided. This will insure the ability to match

the analysis of Section 3.3, Phase shifters Z1 through 714
provide the tuning required to set the initial DDM to the same
value for each of the element pairs. The switching diodes are
arranged in a radial combining network so that the same

impedance 1s seen in each of the fourteen switched positions.

The signals for the "width" and "angle"” channels are taken from
dividers 234 and 235. A 3 dB pad is included in elements 15 and

in order to maintain equal signals to the element pairs since

¢ was coupled out of 1 and 14. Two phase shifters, 236 and

insure that the proper signal formats can be achieved in

"width" and "angle" channels,.

The overall layout of the monitor combining network is
shown in Figure 3-51. This box is mounted on the back of the
antenna with cables connected to the pick-up probes through
J1-J28. The fault channel output is J31, the "width" is J32,
and the "angle"™ is J33. These will require RF cables to the
monitor system in the equipment shelter. An A.C. line cord

must be run up the antenna to the monitor combining network.
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4.0 TESTS OF THE DIPOLE BROADSIDE GLIDE SLOPE ARRAY

The Dipole Broadside Glide Slope Array has been tested both
on the Westinghouse antenna range, where radiation patterns
were measured, and in Lynchburg, Virginia, where flight checks

were conducted.

4.1 ANTENNA RANGE TESTS

The final tuning of the antenna was performed on the
antenna range. Figure 4-1 shows the antenna mounted on the
Pedestal. Notice that during pattern measurements the antenna
1s mounted horizontally, 80' in the air, rather than in the
normal vertical operating configuration. These tests were made
using the antenna in a receive mode. The source antenna was
located 1700' away near the ground. Since this range is not

1n the far field of the antenna under test, the source was

1itself a four element dipole array phased to provide plane wave
1llumination of the test array. Prior to making pattern
measurements, the range characteristics were measured. These

include measuring reflections from all fixed targets, to be

applied as a correction to the test data.

As with any large array designed to produce very low
sidelobes over a specific angular region, analysis can only
provide an initial excitation. The final tuning was computer
aided and performed with the antenna under test. The output
of the antenna is fed to a phase sensitive receiver, the output
of which is both plotted and inputed to a computer. The
computer compares the measured pattern to the theoretically
best pattern which was determined by analysis. A synthesis
program is run which generates a recommendation for a phase
and/or amplitude change to a specific radiating element which
will produce a pattern closer to the theoretical optimum.
Using this technique, the final pattern was a virtual overlay

of the theoretically predicted pattern.

4-1






A design goal was to produce an antenna which could operate

over the entire glide slope frequency band with no tuning ‘

adjustments. Due to F.C.C. restrictions, measurements were
confined to three frequencies spaced across the band:
(1) 329.6 MHZ, (2) 332.6 MHZ, and (3) 334.7 MHZ. Over this

range of frequencies, there is no variation of the CSB pattern.

SIS

This i1s expected since there are no critically tuned parameters
: o T . : :
associated with this pattern. A 360 CSB pattern is given in

Figure 4-2 for the center frequency of 332.6 MHZ. Since the

BO pattern is tailored to supress sidelobes over a critical

ingular region, it is slightly frequency dependent. The

design goals were achieved over the entire frequency range.
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