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I SUMMARY AND INTRODUCTION

This report summarizes the progress in the work performed by Ohio University
during 1971 under Contract FAGIWA2066. The purpose of the work is to provide
for improvements in contemporary instrument landing systems through the develop-
ment of new techniques, designs, and analyses. Some of the topics reported here
are centinuations of previous efforts or are initial investigations which are continu~
ing. This is the third in the series of progress reports, the previous ones carrying
the same title with SRDS report numbers RD' 70-9 and RD 71-30 respectively.

SR TR

More than 12 separate topics or tasks have been undertaken and each is
discussed in this report. Numerous special consultatations have been provided to
the FAA. Of particular note are the Travis AFB, Detroit, and Monterey, California,
sites. In each case following the investigation recommendations were made for
obtaining improved glide path performance, in the first two cases with respect to
Category i operations. Consultations have also been provided on reference theodolite
placement, integral monitoring of arrays, and snow effects on glide path performance.

Extensive analyses have been performed to provide predictions of effects of jumbo
aircraft on the glide path in space. From this work will come specific identification
of zones or critical areas where aircraft must not be allowed to exist during times
when instrument approaches are in progress.

Analyses have continued on predicting the effects of snow cover on the ground
plane of an image glide path. A worst case approach has been developed and
indications are that with less than two feet of snow the glide path should remain
in tolerance of the far-field. Aircraft measurements have been completed at over
15 sites to determine the effects of deep layers of snow. These results are also
encouraging by indicating that even though the monitor may be at alarm the far-
field is well within tolerances. Further, indications are that in ali cases the
deviations of the path are increases in path angle. A special snow monitoring
facility has Leen established in central Michigan to continuously monitor far-field
snow effects on the capture effect, null-reference, and sideband reference system.
Near-field effects are also being recorded.

Considerable effort has been expended on the development of integral monitors
for the localizer and glide path. Also, investigations of the behavior of image glide
paths in the presence of limited ground planes have been conducted.

An investigation aimed at reducing the coverage of the V-Ring localizer array
to + 35 degrees and improving ifs performance in such areas as mutual coupling and
monitoring was initiated.
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A speciai investigation to determine the tolerancas which should be applied to
the ILS modulators and bridges has been compieted. Refinements have been previded
for modifying existing specifications. From glide path site analysis, recommendctions
have been prepared which indicate the specifications and tolerances which should
be applied to grading of terrain in the vicinity of an image glide path system.

for the glide path has been investigated and found to perform well during a variety
of environmental conditions. Use in a capture effect system with integral monitoring
has been accomplished with encouraging results.

E Performance and stability of the newly-designed directional, collinear antenna

All conclusions and recommendations are presented immediately {ollowing the
technical discussion for the convenience of the reader. [Mlans for new investigations
are also presented and these are related directly to the overall objective of improved
ILS pe-formence.

: The reader is encouraged to pecome familiar with the previous reports in this
E series in order that he have a good background for that which is written in this report.
2 An effort has been made not to duplicate material contained in the previous reports.

; This is an annual documentation which has been preceded in most cases by the
E issuance of special technical memoranda treating specific problems and revealing
relevant results. Memoranda numbered 17 through 33 are summarized in this report.

In each of the investigations the objective has been to obiain resulls in a form
which can be translated efficiently by the FAA into a practical reclity. A specic!
effort has been made to avoid recommendations which place undue complications
in the process of bringing the results of this work to the LS user.
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A. The Glide Path Theodolite Reference

1. Purpose

First in this section some observations are made conceming the criteria of
acceptability used to commission Category 1l glide path facilities; and then, some
recommendations are given which would permit the criteria involving theodolite
references in particular to be more generally applicable. One objective is to
minimize the number of special cases which must be handled.

:
3
E

2. Discussion of References for Glide Path Measurements

In order for criteria to have meaning, a reference or standard must be estab-
lished and a kind of yardstick provided with which the observed devictions of the
variable of interest may be quantified. With the advent of the radio telemetering
theodolite (RTT) a few years ago a reference and yardstick became available for
assessing the performance of glide path systems.

Initially, it will be recalled that the theodolite was intuitively placed near
the runway to provide for the reference a straight line and angle from the point of
intended touchdown on the instrument runway. The geometric problem of having
involved in the measurements two different conical geometries, i. e., one of the
theodolite reference system and one of the electronic glide path become bothersome.
Angular quantities measured in one system with its coordinate center at the base of
the ontenna could not easily or directly be related to the cther system which hod
its reference displaced many feet to a point near the runway. Direct subtraction
of the measured angular quantities by an electronic differential amplifier onboard
the aircraft would give meaningless quantitative results.

Considering this it was logical to move the coordinate center of one of the
systems to be coincident with the other. Practicality dictated that the theodolite
reference coordinates be moved to coincide with the electronic system. Because
this coordinate center is near the earth's surface, a comoromise point in front of
the antenna system on the glide path cone was chosen for convenience of the
theodolite operator. Former FAA Order 8200.11A specified this stardard and
required the electronic path perform within 20 microamperes of the reference.

It was not long before a practical problem at Atlonta, Georgia, revealed
that this reference system provided perhaps a good means of checking the electronic
qualities of the path but it did not give a true picture of how acceptable the path
was for the pilot who hed to be using it to approach for landing on the runway.
SRDS Report RD 69-4 discusses the Atlanta case where nature fortunately was

providing a glide path above the runway centerline extended nearly that obtained -
-3- 3
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with an ideal, infinite, flat ground plane, but the FAA order was disqualifying the
Atlanta site becouse the reference system was to the base of the antenna located
several feet lower in elevation than the runway. In spite of the fact that a nearly
ideol hyperbolic path was formed referencing the runway, the theodolite being
lower than the runway raade the path appear high and out~of-tolerance.

To eliminate this inconsistent behavior between the path and the reference,
FAA Order 8200.11B was written which specified that the theodolite system be
referenced to the runwcy elevation while keepirg it ot the axis of the electronic
glide path cone to insure maximum consistency in the angular measurements from
the two systems.

With 8200.11B a sound theoretical basis for determining the location of the
reference system was established. The practical operating point in front of the
transmitting antenna for theodolite operator comfort introduced negligible error.
However, a practical problem soon became evident when San Francisco, which
had been considered ac.ceptable for Category i, no longer met the Category 11
requirements given by 3200.11B. All those concemed nevertheless agreed that
the San Francisco path was safe and was Category H quality as evidenced by the
safe operation over paci years.

A note conceming some logic concepts is appropriate here. Order 8200.11B
provided some sound, sufficient conditions for Category Il flyability. It said in
effect that if one meets the requirements of this order, then one has Category 1}
flyability. It did not say, that if one has Category Il flyability, then one meets
the conditions of £200.11B. In other words, the order specifies sufficient but
not necessary conditions for Category II.

It may be instructive to refer to the two circles A and B of Figure 2-1,

?

Figure 2-1. Venn Diagram.

The proposition can be stated: If A, then B, A being a suificient condition for B.
The converse of the groposition is not true. The inverse of the statement, viz.,
if not A, then not B ray or may not be true. A is not a necessary condition for B.

n
A

i a
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For most purposes it would be desirable to have both the statement and its converse,
if B, then A be true which would mean that the two circles could be superimposed
and A would be both a necessary and sufficient condition for B. With practical
regulations and rules, this desirable situation usually cannot be realized without
extreme complication and the best that can be hoped for is that the circle A be
made as large as possible. If one considers A o be "meets criteria of 8200.11B"
and B to be "Category 11 flyohility" the argument can readily be applied to the
glide path acceptability problem as was done in the preceding puragrapk.

Tl e dueeti

T

The circle A was not large enough to include the San Francisco case. No
fundomentol error existed. An enlargement of circle A was accomplished by
paying a penalty of complication in providing a sliding scale to insure proper
threshold crossing values. This was published as FAA Orde- 8240.20.

An investigation of existing terrain configurations at Travis Air Force Base,
and reported to exist at other U. S. Air Force bases, indicates that the circle
should be kroadened further to include more cases which produce Category 11
E flyable paths. The reluctance to do this naturally comes from the desire to
minimize the complexity of orders (specifications) which frequently present
e significant difficulties for those applying them in the field.

2 Accordingly a recommendation follows which increases the area of the

3 specification circle somewhat to include more cases where Category II flyability
can exist, some of which may be expected to be found at Air Force base sites.
The following recommendation is consistent with the theory and philosophy used
for previcvr  ders.

3. Recommendation

The recommendation is that the specification of the FAA Order 8240.20 be
changed to the following:  Placement of the theodolite eyepiece should be at
runway elevation above a point defined by the intersection of the straight line
joining the antenna and the threshold and the line perpendicular to the runway
centerline at the point of intersection with the straight line glide path (asymptote
of the Lyperbola). The straight line glide path is defined by a given elevation
angle and crossing the threshold at a specified height.

In the event calculations such as given in Table 2~1 invalving the
geometries and relative positions of the transmiiting antennas, theodolite
position, und threshold, indicate errors greater than 15 microamperes, then
an altemate position of the theodoiite at the base of the antennas may be
appropriate, provided calculations show errors are no greater than 6 micro-
amperes (0.03 degree) at the threshold. An example of the results of such
a calculation cre showr in Table 2-2.

-5-
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Disiance in feet from point

on runway opposite antenna
mast. For the Travis case,
distance = 1217 from threshold.

NIRRT o T T T 5

Difference in microamperes
between Path (3) and Path (4).
Reference Figure 2-2.

0.0 126.1
200.0 116.6
400.0 97.35
600.C 79.36
800.0 65.46
L 53,11
1200. 47.32
1400. 41.34
1600. 36.64
1800. 32.86
3000, 29.77
2200. 27.19
2400, 25.02
2600. 23.16
2800. 21.56
3000, ___ 20,16
3200. 18.93
3400. 17.84
3600. 16.86
3800. 15.99

. 4000, 1520
4200. 14.49
4400. 13.84
4600. 13.24
4800. 12.70
5000. 12.19
5200. .73
5400, 11.30
5600. 10.90
5800. 10.53
. . 6000, 0.8 .
6200. 9.851
6400. 9.545
5600, 9.257
6800, 8.986
- 7000, . ..8.730 _ e
7200, 8.489
7400, 8.261
760C. 8.044
7800, 7.839

._.8000, e 7.643 _
8200. 7.458
8400, 7.281
8600. 7.12
8800. 6.951
9000, 697 I
9200. 6.649
00, 6.508
9600. 6.373

. 9800. i 6.243 )
10000. 6.119

Table 2-1. Calculated Angular Differences (in microamperes) Between a Glide Path
Formed by a Flat Ground 5 Feet Lower than a Runway Existing on a Pedestal. These
are the Relevant Numbers Showing Why a Glide Path Could Not Meet Specifications

for Category Il Even if the Path Hod a Perfect Shape Leading Correctly to the
Threshold Window . -6
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Distance in feet from ideal Difference in microamperes between
Reference Touchdown 1125 Patk (1) and Path (3)
from Threshold Path (1) Reference Figure 2-2.
0.0 112.2
200.0 62.79
400.0 31.00
€00.0 15.71
8C0 9 8.587
— e e 3000, .02
1200, 3.202
1400, 2.135
1600, 1.488
180G0. 1.075
2000. . 0.8005
= 2200. 0.56112
2400. 9.4770
= 2690, 0.37% :
E 2800, 0.3061 I
e 3006, 0.2507 ) !
& 3200. 0.2078
- 400, 0.1741
3 3600. 0.1473
3 3800. 0.1259
4000 S e 0.3089
4200. 0.09400
4400, 0.06236
E 4600. 0.07214 -
E 4800. 0.06356 :
5000. o 0.0520
2 5200. 0.05027
A3 5400. 0.04516 2
5600. 0.04067 Z
5800 0.03678 g
. 6000, . 0.03311_ e
: 6200, 0.03004 A
o 6400, 0.02779 3
E 6600, 0.02534 2
E: 6800, 0.02309 2
3 700 e e 0.02684 S E
E- 7200. 0.01941 =
4 7400, 0.01819 3
4 7600, 0.01655 2
4 7800. 0.01553 3
e 8000, 0.01451 I -l
3 8200. 0.01328 3
E 8400, 0.01247 3
5 8600, 0.01185 E
- 8809, 0.01082 Z
3 900 _ . . ____..___. .. 0.0002 . 3
9200. 0.009605 o3
M00. 9.008592 P
, 9600. 0.008379 2 7
980, ... .. 0.008174 .
10000. 0.007357 i 3
3 Table 2-2. Calculated Ditterence Between ldea! Path and a Prectically Generated :

Curve with Proper Sersitivities for Direct Readout of Differential Amplifier. The
Case is for a Pedestal of 5 Feet and an Additional Displacement Down the Runway

of 108 Feet to Give a Total of 1233 Feet to the Point Where the Glide Path Transmitting
Antennas are Locoted. -7-
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fFor coses where these conditions cannc! be miet then a special data reduction
is necessory and theodolite should be pwitioned in the locotion prescribed first in
this recocmmendatiorn .

4. Comments on Reccmmer.dation

a. nilosophy. The philosophy used in formulating this recommendation
remcins the same as that used previously in theodolite placement. The reference
is established with respect to the ideal path the pilot uses as he approaches the
runway. This ideal glide path is defined as that formed with an infinite, flat
plane which contains the runway.

It iz important to be able to specify the reference without knowing the
location of the glide path transmitting site. The recommendation is wsitien,
however, using a line contdining the glide slope antenna mast. This wording
indicates an apparent contradiction but is really just a matter of convenience,
because most sites where this specification would be applied will have the mast
in place. However, if the sife is being established for the first time, an under-
standing of the geometries involved will suggest that the theodolite reference be
established 350 to 400 fe=t from centerline for sites where non-uniform greding
favors a pedestal case wi-h the runway elevated above the glide path reflecting
piane. This will place the transmitting antenna in the vicinity of 400 feet from
the centerline.

b. Optimization Considerations. Because of the more complicated
geometries involved with tnhe glide path, the measurement and standardization of
such systems are more difficult. There are two fundamental considerations which
must be recognized. The first is that a good reierence path shape must be estab-
lished. This should serve the user approaching for ianding on the runway and be
invariant from site to site. General agreement exists that this shape should be a
hyperbola whose asymptote has a given elevation angle for obstruction clearance
purposes and which crosses the threshold of the runway at approximately 55 feet.

The second consideration is that deviations from this reference be measured
in consistent units which implies that the coordinate system centers should be coin -
cident. Tthis consideration is one of incremental, angular measurement or path
sensitivity.

Siting criteria now being promulgated by the FAA wili provide for obtaining
optim.zation of both of these conciitions. However, ce-tain sites, which have not
been prepared according to the FAA specifications may not permit meeting both
conc'itions simultaneously. An optimization must then be made wi'h respect to
one and th2 error produced hecause of non-compliance with the other must be
calculated. An error bound must then be determined.

-8-
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For example, if the reflecting plone is perfectly flat but the runway is
elevated on a pedestal, the glide path transmitting antennas should be located
farther from the threshold than the antennas would be if the site were ideal* or
graded to current FAA specifications. Referring to Figure 2-2 one observes
the ideal path (1) leading to runway as if the site were ideal. Path (2) indicates
the path shape and location if the reflecting plane is lowered but the runway
remains the same. Obviously, the path does not serve the runway odequately.
To correct for this without regarding the site the transmitting antennas con be
moved back away from the threshold to produce curve (3).

Judicious placement of the antennas can produce a path shape outside the
threshold which coincides very closely with the ideal curve (1). Specifications
of FAA Order 8240.20 will provide curve (4) for the reference cusrve which for
this particular case is not the ideal. Path (3) when compared to (4) very likely
will produce unsatisfactory indications for Category 1l. Curve (1) should be
specified for the reference but there is a compromise on the sensitivities and this
must be ascertained through calculation of error bounds. An alternative method
is to obtain the optimum in incremental angular values (sensitivity) by placing the
optical tracking system to generate curve (3) and then calculate the error bound
hetween it and the ideal (1) for which it is substituting. It will be found in many
cases that curves (1) and (3) are close encugh when considering only the region
beyond the threshold that they may be regarded as identical. One sample case
for a specific site indicates that there is a moximum of 5 microamperes (0.023
degree) maximum difference. If this is mathematically demonstrated to be the case
for the site of interest, then the theodolite can be referenced to the base of the
transmitting antennas.

A major consideration when implementing this recommendation is the main-
tenance of the angular sensitivites between the electronic path and the reference
geometry. Lateral displacement of the axes of the two cones will introduce a
disparity between ongular deviations referenced to two different systems. This is
a disadvantage incurred in this approach and is precisely the same problem which
encouraged abondonment of the first FAA order specifying the theodolite place-
ment near the runway to form an approximate straight line path.

Without range information it is not possible to remove precisely the error that
is introduced; however, as second best, an error bound can be determined which
will specify the maximum error in microamperes that will be introduced as the point
of interest on the glide path moves closer to threshold. Realistically maximum
permissible aircraft deviations from the zero DDM line and the theodolite index

*|deal is defined to mean that the ground plane is perfectly flat and contains
the runway.
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angle must be specified. This is expected to be broad enough (estimated 45
microamperes) to permit all reasonable flight tracks fo be acceptable.

The location of the reference above the line joining the base of the antenna
mast and the runway threshold rather than a line paralle! to the runway centerline
is recommended to minimize the sensitivity error at the threshold.

Finally, theodolite placement for convenience of the operator will introduce
error. In the past this hos involved moving forward on the surface of the cone of

the ideal theodolite location. If this is planned, a quantitative assessment of the
errors shois!d be macde.

A very minor error will be introduced if the ideal cone and reference cone
have axes tilted a units apart ( a being the angle describing the longitudinal
slope of the runway). It would be impractical to adjust the theodolite base
parallel to the runway rather than with the gravitational level. The angles of
the conics are adjusted to provide equal approach angles.
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B, Glide Path Siting Problem

Because it is highly desirable to hove initial dirport design include grading
appropriate for forming a high quality glide path, specifications have been prepared
for inclusion in FAA manuals discussing site preparations. The specifications are
based on calculations for predicting glide path performance given specific terrain

contours.

Figure 2-3 summarizes the results of this siudy. It is possible to form a
good glide path while still providing for adequate drainage away from the runway.
Of great importance is that the terrain alongside the runway have uniform negative
slope with no discontinuities. The magnitude of the slope should be no greater

than 13%.

If rapid runoff shoulders of 12 to 18 inches in height at the edge of the run-
way are provided move than } of the allowable Category I tolerance can be expected

to be consumed.

Reversal in the slope of the tamrain is permitted once past a line making a
10 degree cut with the runway ond passing through the antenna mast. Maoximum
slope which shouvid be permitted is 15%.

All calculations ‘were based on maximum cllowable path disturbance of
+ 2} microaomperes.

-12-
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Figure 2-3. Recommended Maximum Allowable Slopes for Grading Terrain
in Front of Glide Path Transmitting Array.
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C. Special Glide Path Problems

1. Travis Air Force Base Considerations

a. Introduction. During initial flight measurements involving the
Texas Instrument Company glide path equipment procured in the summer of 1971,
it became apparent the Category 1l requirements os set forth in Change 17 (8/26/70)
of the FAA Flight Inspection Manual could not be met. The question legitimately
was asked, did Category Il flyability exist even though the specifications of Change
17 were not met. Since the specifications are only sufficient conditions for Category
Il flyability and do no! represent necessary conditions, the possibility did exist that
the flyability was adequate. A discussion of this logic is contained in section il A.

A visit was made to the Travis AFB site and data were collacted through the
cooperation of the Oakland FIDO team and several other FAA and Air Force per-
sonnel. Four sets of flight data were taken with the purpose of ascertaining the
precise location of the path in space for it is this location on which true accept-
ability must be judged. An analysis of terrain profiles was undertaken to correlate
observations with that predicted by knowing the earth's features. Contour data
provided prior to the site visit were grossly in error and this was obvious when the
site was first viewed. A request was made for an accurate plot and this subsequently
was received thus permitting completion of the analysis.

b. Statement of the Probl. .. Flight recordings indicate that the Travis
AFB glide path is well outside the tolerance limits for Category 1l operation when
the theodolite is positioned in accordance with the FAA Flight Inspection Manual.
Intuitive considerations indicate o observers that the path may very well lead
safely to the runway even thougk: the Category Il tolerances are not being met. A
solution to the problem will be to indicate a means of determining if Category 11
flyability does in fact exist and if it does not, to recommend the most inexpensive
means of obtaining it.

z. Analysis. Three principal criteria used in determining the accept-
ability of a glide path are: (1) the average ongle must be maintained with approx-
imately 0.1 degree; (2) no rates of change (d9/dy) in the on-course signal may
exist greater than 0.12 degree per 1000 feet; and (3) the average path ieoding to
the threshold must exist so as to penetrate a 47 to 60 foat lineal window ot the
threshold. There is no requirement on the path inside the threshold. (Table 2-1).

It is important to note that these criteria should relate to a path in space
referenced to an optimum landing point on an airport runway. They are independent
of a reference system which serves only as a device to facilitate a quantitative
determination of path parameters.
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The present specifications for theodolite placement for reference purposes
are designed to provide the maximum ease in making determination of path
characteristic by direct readout of analog recordings taken onboard the flight
check aircraft. Optimum path shape and one-one correspondence between
sensitivities or reference and electronic glide path have been provided for.

This means that because of the correspondence between the units of the reference
and glide path systems, one may use the direct readout of a differential amplifier
which subtracts the reference from the glide path signal to give indication of the
zero DDM line in space independent of the aircraft performing the measurement.

Full benefit from this reference system is available when grading for the
glide path site has been accomplished in accordance with current FAA specifi-
cations. If such grading has not been provided, it is possible to have a path which
will not be within specification given in the FAA Flight inspection Handbook,

yet it may be a perfectly safe path for Category Il operations. The necessary and
sufficient conditions discussed in section I1A 2 are applicable here.

An analysis of the Travis AFB 21 L glide poth site reveals that this is an
example of a case where non-standard grading combines with reference system
coordinates optimized for direct readout to give an apparently unacceptable path.
The explanation of this is relatively simple. To obtair « 52-foot threshold crossing
height with a 2.65° path angle at an ideal site one would locate the transmitting
antennas 1125 feet down the runway. Should the runway be located on an elevated,
pedestal-type surface the transmitting antennas would have to move farther down
the runway 21.6 feet for every foot the pedestal is elevated. The use of the term
pedestal implies that standard, uniform, transverse grading does not exist, rather
a discontinuity exists between the path forming terrain and the terrain on which
the aircraft londs. The problem whick is created can best be seen through the use
of a drawing and an example.

N idnd

Path (1) of Figure 2-2 is produced when the world is flat and the runway
and path forming surface are in the same plane. Path (2) indicates the path shape
and location if the reflecting plane and antenna are lowered but the runway remains
fixed. Obviously this path (2) does not serve the runway adequately because it
crosses the threshold at too low an elevation. If one is concemed about the path
enly in the region outside the threshold then the transmitting site may be moved
down the runway 21.6 feet for every foot of - .destal height. In the case of Travis
where the runway is elevated approximately 5 feet at the threshold, the artennas
would be located 108 feet further down the runway or approximately 1233 feet
from the threshold. Reportedly engineers used such a calculation in locating the
transmitting site location because the antennas are 1217 feet down the runway
from the threshold. Should the terrain be perfect except for the pedestal, path
(3) would be produced. Note that this coincides very closely with the ideal path
(1) if the region inside the threshold is excluded.
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Unfortunately for this terrain case the prescribed reference, optimized for
convenient readout, does not describe the ideal path for the Travis runway con-
figuration. Path (4) is the reference poth and is readily seen to have a high
threshold crossing height and a projected touchdown farther down the runway than
desired. Figure 2-19shows a computer printout of the angular difference between
Path (3) and the reference Path(4) presently specified by the FAA Handbook. The

values exceed Category 1l tolerances.

Practically Path (3) can be generated for a reference with proper sensitivities
and this path is shown to be very close in value to that of ideal Path (1). The
difference between (3) ard the ideal (1) has been calculated, and Table 2-1
shows a copy of a computer tabulation for this. The maximum error of interest, of
course, exists at the threshold and is found to be approximately 4 microamperes.
This is a minimal amount and indicates that a theodolite reference to the base of
the antenna mast can be used in this cose to provide an acceptable reference
provided no use is made of information inside the threshold.

d. Measurements. Measurements made with reference coordinate
centers at different locations including the one suggested in section Il G 2¢
by the FAA Ockland FIDO. In general, all indicated the path departed the
reference value of 2.65° between one and two miles from the runway and crossed
the threshold at approximately 52 feet elevation. The path angle depresses to
approximately 2.52° if referenced at the coordinate center for ideal Path (1.
This is 34 microamperes low and at the tolerance limit for Category Il acceptability.
Figures 2-4, 2-5, and 2-6 show four selected profiles taken from the topographic
information provided by the U. S. Air Force. The path is remarkably good
considering the grading provided at this site.

e. Measurement Tolerances. In this as in many studies some variations
in data become apparent. For example, reduction of flight data showed three sets
giving threshold cressings of 52.9, 52.7, and 52.0 feet. The fourth set gave 55.6
feet. Another example is that three sets of data show a far-field path angle of
2.65° whereas one indicates 2.59°. Calculations predict a 2.59° path angle.

An example is given below of height of zero DDM line obtained by two
different measurements.

900 FT. Overrun Threshold

Flight Record 101 ft. 53 fi.

Cherry Picker 93 ft. 5.

Rough air, theodolite operator, theodolite makeshift platform, and other factors are
known to contribute 1o these inconsistencies. Other factors not identified are also
undoubtedly involved.

-16-
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Figure 2-4. Selected Terrain Profiles at Travis Air Force Base.
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f. Considerations for Location of Reference System. If range infor-
mation is provided or assumed, as is currently dore from the time base of the
recordings, the reference coordinate system center usually in practice is taken to
be the location of the radio telemetering theodolite which if desired could be
located at any reasonable point on the airdrome. Once the center and orientation
of the coordinate system is known, the data collected with range information can
be used to determine the path in space. Then criteria of acceptability can be
applied.

Unfortunately the geometries of both the electronic path to be measured and
the theodolite reference involve conics and when these are combined complications
are introduced. Concemn for optimization is thus justified, and over the past years
the emphasis has been to provide for a direct readout of data on a recording which
will have specific relation to tolerances that can be placed directly on the records.
An ideal reference path shape turns out to be a straight line on the record and
angular units from the electronic glide path and the reference system are essentia.i -
identical. Therefore, these can be subtracted using a differential amplifier. As-
suming path linearity, the result is a direct recording of path position.

Among the penalties paid in doing this are that the human tracker must
manipulate the azimuth controls as he tracks vertically and thus requiring more
experience and skill. Any implementation of an automatic tracker would require
both elevation and azimuth capabilities unless a development of an anisogonic
lens is accomplished thus eliminating the need for azimuth tracking. Also, although
not usually a serious problem, the theodolite o, erator, and transmitting equipment
are all located in the area from which signal is reflected to form the path.

A location of the theodolite at the base of the antenna optimizes the con-
sistency of units between the electronic path and the RTT system; however, it may
provide a poor representation of what should be the reference path in space. Such
was the case at Atlanta (SRDS Technical Report RD 69-4) [ 2 1.

Consideration has been given to the possibility of locating the reference
at a point which would minimize azimuth tracking requirements and establish
a straight linc leading to the threshold window. The key to the success of
this reference focation would be the capability to process a conversion of
units in order that the location of the path in space may be ascertained. Con-
sistency of angular units would be lacking and would be inversely releated
to the lineal spacing between the theodolite and the transmitting antenna.
One would expect that with ease of the tracking operation greater consistency
could be obtained with minimum tracking error. Alternatively an error
bound could be established and direct readout accomplished knowing what
this error is. The following section treats a derivation of this error bound.

-20-
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g. Error Analysis of the Theodolite Tracking of Glide Path Due to
Theodolite Position.  Since the elevation angle of the optical
system chonges at a different rate than that of the electronically-detected path
angle vhen the theodolite is at any location other than the apex of the cone of
which the sideband rull is a section, it is desirable to know the correction to be
applied to the indicated difference. The following analysis presents a general
formulation and an erer correction curve for a special case of interest.

In the following it is ussumed that all readings are at a sufiicient distance

from the antenna to allow the 1/r term to be considered essentially identical for
antenna and image.

The theodolite is assumed to be set to zero DDM at the asymptote of the null
hyperbola. DDM indications are assumed proportional to angular deviation from the
asymptotic angle. Figure 2-7 shows the coordinate system.

Figure 2-7. Coordinate System.
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in which:

y is parallel to runway

x is horizontal

z is vertical

Antenna is at (0,0,h)
Theodolite at (x°, y°, 2°)

The equation of the sideband antenna null, with all distances measured in
wavelengtns, is

Vel reml) - v e =1 e
Adding the second radical to both sides and squaring

x2+y2 ‘*12 +h2+2hz = x2 +y2 *12 +h2-2hz +2 V(=) +1

Rearranging gives

22 (4h2 -1) =2 +y2 - 0.25

v
2 +y2 + 12 - 0.25) 2.2)

var2 1)

z=

(2.2) may be put in the standard hyperbolic form:

@z 2 /2

=1 @.3)
62 +he - 0.25) (2 +h2 - 0.25)

The asymptote s

V(4KZ 1)
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The half apex angle of the cone is atan ‘/(4h2 -n and

/.2 2
2 = O +h -0.25) wheny =0 @.4)

Va2 -1

Thus the apex of the cone is located at

4
z
X

0
0
V2 +12 -0.25) - x, @.5)

where x is the x coordinate of the runway centerline.

? (atan = )

x2 +y2 +h2 -0.25

A
\
\
\
N
}
AT RN T R A Y R

Figure 2-8. Elevation Angle Re: Coordirate System.
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From Figure 2-8 it can be seen that the elevation angle of an observer above
the horizontal at the cone apex is given by

z
atan

ol + 2 +h - 0.25) 2.6)

Substituting the value of z on the null from (2.107) gives
1

V4Kt @.7)

atan

The difference in these is very nearly proportional to the DDM,

1
DDME = K (atan z - atan )
ViZ 442 + 12 - 0.25) " (an2 1)

2.8)

Figure 2-9. Optical Angle Re: Coordinate System.
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Reference to Figure 2~ 9 shows the optical angle given by

z-z°
afan
V(xR + (yyP) 2.9)
Thus
DDM, =K (atan z-z° - atan )
Vix-x)? + (y-y°)?2 ) V @r? - 1) 2.10)

A correction factor can be derived. Using the formula for the tangent of
the difference of two angles and setting DDM; = KE and DDM; = KT gives:

Fo _d(T-8)
dT

where F is the correcrion factor oy which T is multiplied to find the system error.

Thzn Ef
£ = atan (z/A) - (1/B) @.1n) é
1 + (z/AB) %
T = aton ((z-2°)/C) - (1/B) 3
1+ ((z-z°)/ CB) 2.12)
where 2
A= \/(x2 + y2 + h2 - 0.25) 3
% B="(4n2- 1) '
€=V (6exR * gy )
And

3 dE dE dz
E F=1-——" =1-2 =
; di dz d7 2.13)
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AB+2)2  CB2+C ) ;

wheve atan § =6 for small 5. (& being <.5°)
3 but, on the null, z=A/B =
¢ F=1-C (%) qe_A o1
3 A (1+8)2 Cp? CB @.15) :
Consider a special case where :

82 = 485 (2.6° reference angle) %
5 y° = 8.5844

E x = 133 (400 ft.) 3
2°= 1.33 (4 ft.) (Theodolite on Runway ¢ ) ;

Results are plotied on Figure 2-10.
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Figure 2-10, Example of Cormrection Chart Showing Calculation Introduced by

5 Aircraft Departing from Zero DDM Line of the Glide Path for

.1 the Case When the Theodolite Coordinate Center is Not Collocated
with the Electronic Glide Fath Origin.
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h. Conclusions Relating to the Travis AFB Glide Path Site. The

following conclusions are reached following the investigaiion of the RTT problem
at Travis AFB.

M

2)

@)

@)

(5)

The sufficiency condition given in FAA Flight Inspection
Manual Change 17 for Category !l path conditions is not
broad enough to toke into account the non-standard
terrain grading which exists at Travis.

Indications <re that with the present nominal path angle
of 2.65°, the recorded path angle decrease of cpprox-
imately 0.10° during the last mile of flight is undesirable
from threshold crossing height considerations. Improved

oerformance would be obtained by raising the nominal
path to 2.75°,

Inconsistencies in available data make precise determination
of lineal quantities such as threshold crossing height difficult,
but improvements would be undoubtedly available if less work
load was placed on the theodolite operator during tracking.
This could be accomplished by relieving him of azimuth
tracking.

The path in space with reference to path angle as seen
from the runway, rate of change of this path with respect
to distance, and final penetration of ihe threshold window
should be the overriding considerations as to the accept-
ability of any single glide path. Central processing with
use of a computer to account for coordinate electronic
system disparities would be useful in providing the most
scientific method of resolving special cases such as Travis.

Present FAA standards given in the FAA Flight Inspection
Handbook are correct but must be recognized as sufficient
not necessary, conditions for Category I flyability. The
capability to provide direct readout must be traded against
the necessity to examine special cases such as Travis.
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i. Recommendations. The following suggestions are made for the
purpose of providing a valid and correct RTT reference for Travis AFB glide path
measurements.

(1)  For the Travis site the theodolite should be located
1 referenced to the base of the transmitting antennas.
3 This will provide the maximum in compatibility of
: units between the electronic glide poth and the
theodolite reference system. It will optimize on

- providing a satisfactory reference path assuming
no measurements are taken inside the threshold.
Practically this recommendation can be interpreted
to place the eyepiece on the cone of path angle
at a convenient height for the aperator. This will
mean moving in front of the antenna slightly over
100 feet in a direction towards the threshold.

7 This is the placement formerly specified in FAA
Order 8200.11A and can be used here because

3 the calculated error when using a correct ideal
path is shown not to exceed 4 microomperes

3 ond this will occur at the threshold.

ARt ks s L e Bl VB s R AR A i b

3 (2) Subtract 4 microamperes from the error bound
specified in the Flight Inspection Hondbook and
apply directly to the differential amplifier recording
to determine acceptability in the usual manner.

f Sl s
(LR s i e

(3) Raise the nominal path angle to 2.75° by reducing

the antenna heights above ground. This will provide
3 for a threshold crossing height well within Category
Il tolerance.

(4) Investigate the possibility and feasibility of establishing
a central processing capability within the FAA so that

3 glide paths may be evaluated consistently from site

3 to site and permit processing of data without constraint
E on theodolite placement. From such a facility a true

E path in space could be calculated and its accept-

abi lity determined independenr of local reference
croblems. Because of the complicated geometries
involved the availability of a computer is needed

E together with the development of scme special software.
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(5) Emphasis on proper site preparation should be continued
by the FAA. As can oe seen from the Travis cose poor
site preparation cannot only affect the electronic path
but the reference system applicability as well.
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2.  Detroit Glide Path Special Problem

A request was received to investigate the anomalous condition which appears
in the glide parh structure for Runway 3L Detroit Metropolitan Airport. The re-
corded path showed a flare-down below allowable tolerances and thus the facility
was not ccceptable for Category Il.

The glide path site ot Detroit had been recently graded ond appeared nearly
perfect. Tolerances on the grading were extremely good and all indications were
that the path shape could not be attributed to deformations of the ground plane.
Static measurements with a cherry picker were made which indicated that the path
and the null position formed by the middle antenna were from 0.1 to 0.15 degree
lower than those that would be calculated for the ideal ground plane case. From
flight measurements the path is low and out-of- tolerance at the runway threshold
and is below the ideal hyperbola and even the straight line extension {(asymptote).
The cause of this anomalous condition is not fully understood at this time, however,
it appears that more than one factor is contributing to the low path.

The simplest, least expensive and most expeditious means for producing a
satisfactory Category Il glide poth was to raise the path from 2.5 to 2.6 degrees.
This recommendation was followed and a path meeting Category Il criteria was
obtained and commissioned. However the basic problem was not solved, thatof
determining and correcting the anomalous depressed path angle near the threshold.

a. Analysis. As background, flight recordings had been obtained that
showed the path to be approximately 40 microamperes low at the threshold. These
records showed the path to begin at an angle of 2.50° near the middle marker and
descend to 2.31° at the threshold. These were referenced to a thecdolite positioned
as specified in Order 8240.20.

An analysis of the contour map of the site indicated that recent grading was
provided o superb ground plane with a minimum of longitudinal slope (less than %)
and approximately 1% transverse slope. The deviations from uniform slope were
minimal. A recheck of the contours was accoraplished by the Wayne County Engi-
neers. A measured profile is shown in Figure 2-11,

Antenna heights were reported to be 50'6", 33'9", and 16'10". Using these
heights with the ground plane data indicated that the path should be at 2,.50° which
would place the zero DDM line 55.2 feet above the threshold. This must oe compared
with the 49.3 feet indicated from the flight measurements.

An unfortunate circumstance is that the tolerances being used for Category I}
acceptability are being determined incorrectly because the threshold crossing height
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used to enter the sliding scale in Order 8240.20 is being calculated incorrectly.
The formula formerly in the TERPS manual which has been deleted by FAA letter
F$-4060:8260.3A, dated December 18, 1970, is being used. This calculation
involves the base of the antenna which is not correct for determining the threshold
crossing height for tolerance purposes. Numerous discussions have been held with
OP—4 and FS personne! in FAA have encouraged the dissemination of information
to provide a uniform, consistent, and correct calculation for all flight inspection
offices in the United States. The present calculations at Detroit are penalizing the
facility there by requiring an unusually tight tolerance below path. Using the
correct calculation will provide a greater margin but this alone would not be
sufficient to insure Category |l operaticnal requirements being met with a2.5°
path angle.

b. Measuremenis. In cooperation with the FAA the following measured
data was obtained prior to raising the angle. Obviously a considerable discrepancy
existed between the measured path and that indicated from calculations. A visit
was made to the DTW site where the following measurements were accomplished
through the cooperation of the local facility sector office, the Wayne County
airport crew, and two Battle Creek FIDO personnel.

Tape line height of zero DDM fine abcve thres!.n*4 with cherry picker
-=50'3" +1 inch.

Elevation angle of zero DDM line above threshold with theodolite ot
theoretically correct location at antenna mast at the elevation
of the runway opposite the mast -~ 2.36° +0.005°.

Elevation angle of zero DDM lire above threshold with theodolite at
location specified in Order 8240.20--2.27 ©,

Tape line height of null above threshold produced by middle antenna
only--52.0¢.

Slevation angle of null with theodolite at point specified in order
8240.20--2.35°.

Elevation angle of zero DDM in far~field measured by Ohio University
flight =-2.50° + .01° on localizer.

Elevation angle of zero DDM in near threshold measured by Ohio
University flight --2.44° + 0.05° Turbulence reduced the

accuracy of this measurement.

Average elevation angle of zero DDM at an angle arctan 400/1200
south of the localizer --2.32°
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Measured height of point on runway opposite mast and threshold

referenced to base of antenna-- +32" and + 35" respectively,

+3 inches.

Measured distance between point opposite mast and threshold--

1194 feet il foot.

Measured distance between mast and threshold--1255 feet, + 1 foot.

With reference to Figure 2-12 profiles of field strength from the upper and
middle antenna individually were obtained ot point C. A profile of the tield
strength generated by the upper antenna was obtained at point D and the first
null generated by the middle antenna was obtained. Also, the elevation of the
zero L. DM line was measured at point D both with the clearance transmitter on and

off. The field strength readings were obtained from a PFCD augmented by a

preamplifier for determining the nulls. Elevation was determined by a tape line
and positions of the nulls and maxima were confirmed by using a theodolite located
at the antenna mast at the elevation of the runway.

In Summary:

CONDITIQK_}I_ CALCULATED
Upper Antenra Only
Minimum 1.64°
Maximum 2.50°
Minimum 3.33°
Middle Antenna Only
Minimum 2.50°
Zero DDM, No Clearance
Signal 2.50°
Zero DDM, With Clearance
Signal 2.50°

Table 2-3. Results of Field Measurements Made at the Detroit Site.
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POINT A

POINT C

POINT D

Measured

S/2V/7T

Measured

2.40°

2.36°

Measured

1.62°
2.41°
3.22°

2.35°

2.31°

2.38°

3
a
2
-4
-§
%




RUNWAY 3 L
—
.~

Glide Slope
\ /\/ Antennas
i ¥

SCALE 1" =200

Figure 2-12. Definition of Data Collection Points at Detroit,
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Measurements indicated that the field patterns are representative of a ground
plane lower in elevation than that given on the topo charts.

The ground plane was very wet which helped make a more level surface.

Some checks were made for parasitic radiation and spurious radiation from
the transmitter building. There was no evidence that any significant amount exists.

Impedance measuring equipment and a vector voltmeter wetz used to make
measurements on antennas, lines, and signal conditions. SWR's wzre 1.2:1 or
better and phases within 3° of the desired phase at the terminals of the antennas
with the exception of the lower antenna feed which had a 30° delay. Apparently
the antenna was defective producing a 30° shift in the radiated signal which was

compensated by the 30° measured as existing in the line.

c. Conclusions. From this reported information some conclusions can

be given:

(1) The path at the threshold is approximately 0.15
degree lower than the angle measured for the path
in the region beyond the middle marker.

(2) The difference in elevation of the zero DDM line
and the null of the second antenna would indicate
that a power or phase anomaly exists in the system.

3) The elevation angle of the null (and the path)
cannot be predicted simply from the known
antenna height and the measured terrain pro-
file. Measured path is approximately 0.12 degree
lower than that predicted.

“) The far-field path angle calculation ogrees with
those measured to within 0.01 degree.

Although the recommendation was followed and an acceptable path was ob-
tained the investigation continued because the need existed for leaming what was
causing the path to perform in the unpredictable manner. Application of this
information could be useful at other sites. The changes in the system made by the
Great Lokes region produced ¢ commissioned path and thus elimirated it from being

used as a test facility.
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In order to circumvent this limitation Ohio University moved another glide
E path system to the Deiroit site and established it alongside the commissioned system.
This permitted both systems to use essentially the same ground plene. Flight measure-

ments were made by Ohio University and FAA Battle Creek FIDO. See Figure

3 2-13. Preliminary results of the analysis showed approximately 50% less down-
3 ward flare to exist with the experimenta! system. Ground-based and airbome-~
collected data did not point to any obvious cause of the Detroit path problem.

3 A very careful and detailed analysis of all data is underway to attempt to uncover
E subtleties which could be the key factors. This analysis is not yei complete.
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3. Monterey, Cclifomnia

a. Introducticn. Several recommendations arz presenied in this section
conceming reported problems associated with the operation of the glide slope at
Monterey, Califomia. These recommendations are based on (1) severa! analyses
performed at Ohio University dealing with effects of imperfect ground planes, (2)
measurements made at a Charleston, West Virginia, glide-slope site which has a
limited ground plane, /3) an analysis of flight recordings of two glide slope systems
which have been installed at Monterey, and (4) a visit to the Monterey site
involving discussions with technical people who have worked with the Monterey
systems.

AW )R SR A SR

B S L N LN i i i

The problem at Monterey was articulated in a request made by the FAA
Western Region. Evidence exists that the problem ot Monterey is not peculiar to
that airport but represents a category of problems which have been described
generally as those produced by inadequate or truncated ground planes.

QRS R e, PR

3 b. Observations. The ground plane at Monterey is adequately smooth,
e slightly sloped (one percent) in both longitudinal and tronsverse directions, but it

is quite limited in extent, viz., 900 feet at 0°, 530 feet at 10°, and 200 feet ot

e 20° from runway centerline. The theory presented in section {| G 1 and measurement
data to be presented show the effect of a limited ground to soften and lower an

: image path.

Evidence of the significant effect of the truncated ground plane at Monterey
is that to provide a 3.0 degree glide path in space with a null-refererice system the
k- antenna heights had to be those for a 3.6 degree path. The theory which predicts
3 a 0.2 degree lowering of the null with a 900 fooi ground plane, reference Figure 2-87.

E In an attempt to obtain some data conceming the effects of limited ground
planes on capture effect sysiems some flight measurements were made using «..e

3 commissione capture effect system at Cherleston, West Virginia. By making

3 approaches at differenr angles with respect to the runway centerline different
amounts of yround plane were exposed to the anay. A plot of the results is shown
E in Figure 2-14. No changes in phasing or antenna offsets were made for these tests.
g Future plans call for mere extensive measurements involving use of an experimental
system installed especially for this purpose. Control of this system will permi}

3 chenges that cannot be accomplished with the commissioned facility. Investigation
: of meons of correcting the problem of depressed, soft path structures will also be
made with this facility.

-38-
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A consultation visit was made to the Monterey, Califomia,glide path facility
(Reference Figure 2-15). A major purpose of this visit was to determine the feasibility
and practicality of improving the glide-path structure which exists there.

The Monterey history has invclved a null-reference, capture effect and now
sideband reference facilities have been installed there. Data shown in Figures
2-16, 2-17, and 2-18 exemplify the better glide path structures produced at Monterey .
Unsatisfactory reports have related principally to vertical path structures when flying
an azumith angle 5 to 10° north of centerline, e. g, one inspector said that there

was a fly down signal below the path.

From theoretical and practical evidence there appears to be no justification
for expecting an inverted oath with a limited ground, however, when flying af an
elevation below a normal path angle, with truncoted ground effects one may still
be on top of a depressed path angle. This would give the appearance during a spot
check that there was fly down signal below path. A check made by Ohio University
flight did confirm that the sideband reference system is providing good clearance

below path well north of the centerline.

The presently commissioned sideband reference system is better than envisioned
from the verbal descriptions available. Flight recordings obtained from the Oakland
FIDO, example: of which are shown in Figures 2-17 and 2-18, would indicate that
the path is within Category | tolerances and in general is quite smooth. The excep-
tion is the region between 4 and 5 miles where the reflections from the hills at 2.7
2 miles are producing some irregularities. Quite probably this is a site where the
33 path conditions are very much a function of the lateral track on the localiz-. (see

i pages 186-190 of report RD 68-60). The three-dimensional picture of the glide

path structure should be corefully measured of Monterey. |3 |

3
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2 Comments from the FIDO-2 inspectors who have worked extensively with the
! Monterey glide path are that the sideband reference system is o difficult glide path
E - to fly in part because of prevailing tailwinds and turbulence ond that course aber-
: rations appear to be getting worse with time. They encourage action that will
provide for G smoother path, e. g. , establishment of a capture effect system.

L By it

3 c. Recommendationc. Assuming that an improved path is needed at é
3 Monterey, severai steps can be taken. A capture effect system is needed to provide g
- the improved flyability and to insure proper path structures the following sugges- §
tions a1e made. i
I %
E A pessible site on the opposite side of the runway appears to be avoilable ond
if avaiioble this would eliminate the problem of a dropoff occuring in reflecting j
. terrain as one moved off the centerline. A grouna glane of at least 1000 feet 3
extending uniformly perpendicular to runway centerline would be available. The E
E recording of Figure 2-16 gives evidence that with a 900-foot ground plane a good i
k- structure can be generated. Details of the topography of the reflecting area are i
§ -40- ]
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Figure 2-15. LS Approach Plate for Monterey, California.
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needed before a final conclusion can be reached. Figure 2-19 illustrates the
areas of interest.

Results of calculations based on theory developed for an imoge glide path
operafing with a limited extent of grourd plane suggest a simple and rather elegant
means of correcting for the adverse effects of the ground plane. Calculations show
that with limited ground there is increased signal ot low elevations from the higher
antennas in particular but at the same time DDM is reduced. Indications are that
phase lag is introduced and this causes iow DDM. An approach to obtaining
improvement would be to insert a phase lead into the main sideband feeder with
approximately 30 electrical degrees being required. Because at Monterey the
problem of low clearance occurs on the side opposite the direction of antenna
offset the problem is compounded. To alleviate this, calculations indicate that
a phase advance should be provided for the upper antenna of the array. Experi-
ments needed to validate this approach are plarned in the Charleston tests.

The drop-off area bending from 900 feet in front of the array to 200 feet
aside the array has typically a 20% slope with small bushes growing in the sandy
soil. Inasmuch as this does not represent a severe physical problem for extending
a ground plane, consideration has been given to an approach providing an
extended ground plane. Although earth fill would be possible, less expensive
means would be to build a grid of wires parallel to the electric field incident on
the area and suspend this grid from a utility pole-type structure. Cost of conductors
to cover the approximate 121,000 square foot area (Figure 2-20 would be close
to 2500 plus the supporting structures. To this must be added the installation costs.

Another alternative would be to consider a broadside type of array located
on an elevated platform on the south side of the parking area shown in Figure 2-101.

The following data is needed for the sideband reference system as it presently
exists at Monterey Peninsula Airport to ascertain the three-dimensional structure
of the glide path. Use of the RRT is essential.

(1) Leve! passes cn centerline at 500, 1000, ard 1500 feet.
(3 runs)

@) Level passes at 1000 feet ot the following angles
referenced to centerline--10°S, §°S, 21°N, 5°N,
8°N, 10°N, 15°N, 20°N. (8 runs)

) Normal approoches centerline, 1°N and S, 23°N ard S.
(5 runs)
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@4) Centerline tracks at 2.30, 2.65, 3.35, and 3.70
degrees elevation. {4 runs)

This is a total of 20 runs which should clearly indicate the anomalies which exist

at Monterey.

One should note that flaws become apparent from data collected. As suggested
above continued operation with the present sideband reference system presents no
major problems. This system is appropriate for the present Monterey site for several

reasons.

(1) 1t oppeors to be producing on acceptable
Category | path.

(2) The low antennas require less ground plane
to form a satisfactory path.

(3)  There is no snow problem at Monterey.

(4) Finally there can be an obstruction at the
present site if the higher capture effect

towers or poles are used.

Minimum obstruction heights are desirable because the tower is located only 200
feet from the edge of the runway and only 50 feet from the edge of the taxiway.
Earlier the glide path wes removed from service when an aircraft moved the monitor
pole. The sideband reference system, as is well known, requires a tower only
approximately one-third of the height for the cupture effect system.
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4.  Pittsbusgh Category Il Problem

The preceding report in this series, RD 71-30 discussed the problem of ob-
taining a Category Il glide path on runway 10Lat Greater Pittsburgh Airport and
made certain recommendations.

NN T e A o il vin

QR

As of this writing Category |l certification has not been provided Pittsburgh
and a review of the circumstances has been made.

el

L Vi S PR

The recommendations made one year ago were that the threshold crossing
height calculation be made using only heights referred to the runway and that
; the path angle be raised approximately one-tenth of one degree (0.1°). Even
: though these corrections were made, a recent investigation to determine Category
f Il acceptability revealed there is stili arother factor to be considered. On the
! last set of recordings only, there is indicuted a path reversal which does not
§ permit the flight inspection first derivative criteria to be met. During this
§ investigation it was found that there were no recent recordings of this glide path
z and a request was made to obtain some recent theodolite recordings so that a
; current evaluation of this could be accomplished. Reported settling in the ground
i plane encouraged taking another look. New flight recordings were obtained by
: FAA Columbus FIDO and these showed the path to be within Category Il tolerances
f and action is now being token by the FAA to certify the facility for Category Il
operations.

There still remains the problems of calculating threshold crossing height
and discrepancies in reported elevation differences between threshold and the
point on the runway opposite the glide path antennas. Fortunately the path is
of sufficiently high auality to be indevendent of these discrepancies.
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D. Glide Path Critical Areas

1. Disturbance of Glide Path by Reflections fzom Aircroft (Boeing 747)
Fuselage and Tail Fin

a. Introduction. With the advent of larger transport aircraft operating
or. the suiface of airfields and the simultaneous lowering of landing minima it becomes
increasingly important that some accurate estimate be made of the effect of reflections
from these large oircraft on the navigational signals supplying the guidance to touch-
down.

The problem of the operation of large aircraft in the vicinity of the localizer
has been reported i RD 709 and further results have been reported in RD 71-30. This
previously reported work is here extended to cnver the effect of reflections from large
aircraft on the glide path portioa of the instrument landing system.

The fuselcse of the alrcraft is approximoted by a cylinder and the tangential
component of the electric field incident on the fuselage is matched by a series of TE
and TM cylindrical waves. The incident tangential magnetic field is then added to
the tangential magnetic field of the cylindricul waves in order to determine the
surface currents on the fuselage.

In ali that follows the time factor e I9! which occurs in each term has been
suppressed. A single antenna, the sideband antenna for a null-reference glide poth,
at a height of 30 feet is considered as the source of radiation. The carrier antenna
is ignored since it produces second order effects.

b. Incident Fields. Taking into account the image antenna, the
electric tield incident at any point on the conducting cylinder or verticai wai! may
be expressed as Figure 2-21, and Figure 2-22:

-iBR, -iB &

== e -e
Einc - UE° F(e) ( R R, ) 2.16)
° f
where
0] = a unit vector normal to the plane of Figure 2-23,
E, = the value of the electric field strength at a uvnit distance from

the transmitting antenna which will be set equal to unity for
computationai ease.
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Figure 2-21. Plan View, Geometry of the Problem.
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FUSCLAGE
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POSITIVE Z DIRECTION IS
INTO THE PLANE OF THE

PAPER. THE Z AXIS PASSES
THROUGH THE ORIGIN 0.

Figure 2-23. Geometry of the Cylindrical Fuselage and lts image.
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f) =
R, =
R

1

ﬁ =

on expression defining the horizontal pattem of the particular
onteana being used.

length of a line drawn from the transmitting antenna to o
point on the fuselage.

length of a line drawn from the image antenna to a point on
the fuselage.

2n/wavelength.

The incident H-field in the radiation zone is giver by:

Expressing the cross products in terms of U

- ' SipR -iBR;
H = E‘; ) (2 lR‘i - (5,xv ) - -E—':R;—' (5, xT ) @.17)
where
n = 20 7 ohms
vy = u unit vector in the direction of R,
Yim = a unit vector in the direction of Ri

ond u gives

L x
. 2 2
- ch(g) e 'I?Ro _ (x<h) \/R: - {h-x)
H = ( (o X3 ( ))
inc n R, L R, x Ro
-i BR. \/R 2 e 2
_eTTHR (5. () o - ) ))
R. R, > 5
(2.18)
where v = aunit vector in the vertical plane AA parallel to the ground
L plane.
;x = a umt vector normal to the ground plane.
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Expressing the incident fields in fuselage coordinates (Figure 2-23) with the cid of
the identity uy =u, cos o + v, sina

- -ipRo -ipR
E. = E,f(0) (U cosa-0_sina) (—-—) - e 1)
imnc Y z Ro Ri
2.19)
E f(0) -iBR, \/Roz- h- )2
H = ° { £ ( (x-h) [0 cosatT sinal =T .—-——-(-—-)-(- )
inc n R, Ro z y X R,
iR R e
_e ' - +3 sin al htx) _ V2 T ]
2 ([T_cos a b sinal g -0 R ) 2.20)
i i i

To convert the fuselage coordinates to circular cylindrical coordinates, the
following identities are employed:

x =x -psin®

y = pcos®

T = ~-(0 sin®+T_cos P)

x o] ¢

U =3 cosP-uy, sin® 2.21)
Y P ®

Substituting these identities in Equations (2.19) and (2.20 for the incident fields
yields the following expressions for the components of the incident fields.

Incident E Field

"iﬂRo 'iﬁRi
=E°f(0)cos¢cosc(e - £ )
[ Re Ri
PR -iBR
E¢=-E°f(9)sin¢cosa( = - = )

o .
)
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E =-E°f(9)sinu( ° - ) (2.22)
z R R

Incident H Field

R<,2"(h--x)2 iR,

(i e ooty b

E. f (0O -
=_£__)[(—(—%—h—)— cos P sin a ) °
P n o R, R,
1' TRYA s
. (h+x) | . R (o) e T1BR
- ( cos P sin a +sin @ ) ]
y R R
i i i
-E_ () xh) \]Roz - (hx)? TiER
H¢=——————~[(sin¢sina X~ -cosd )e
n Ro Ro RO
. \JR,,Z—(h-x)2 -iRR
- (sin®sina (htx)_ .0 ) & ! ]
R R R
1 1 ]
-1R&R -
H = E°f(o)[cosa (x-h) e i &R cos o (h+x) e iER
z : Y R R
1 H
where Ro = \[(h-x)2 +A2 + 82
R. = q (h+x)2 +A2 + 82
!
A = xf+pcos ® - xp - offset
B =yf+z (z is as shown in Figure 2-21)
m m
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The standard glide-path antenna currently in use is a horizontal dipole over a
ground plane. The following assumptions will be made in the work that follows.

(1) The horizontal pattem of this antenna will be approximated
by @ cosine variation with 0, where

6 = f(z) = tan-]_'f‘__
B

(2)  Any radiation by this antenna to the rear will be
considered negligible.

Sl L e

(3)  The ground will be considered perfectly flat and acting
] as a perfect mirror to the incident energy, so that image
E theory is applicable.

c. Tangential H Fields on Cylindrical Fuselage with Axis Parallel

to Runway Centerline. If the fuselage is taken to be perfectly conducting the
incident plus scattered tangential electric fields must sum to zero at its surface
(p = a) ( Figure 2-23). A good approximation to the scattered field at the
fuselage can be found by regarding the fuseiage as part of an infinite cylinder
on whose surface the boundary conditions of zero tangentia! elechical field

is satisfied everywhere. The surface currents found from this viewpoint will
then be regarded as “frozen in" the finite length fuselage and used to calcuiate

directly a scattered field.

1) Approximation by Use of Local Wavenumber. A reasonable
approximation to make for computing the tangential components of the H fields on
the fuselage is to subdivide the fuselage into relatively short lengths and compute
the local wavenumber for the center of the short length. Appendix D contains
further justification for this technique. The length must be short enough so that
the plane wa re aporoximation for the incident field accurately describes the phase
variation of the ircident field over the interval. The scattered field (TM)
cylindrical wave: expansion can be determined from the condition E, =0 at p = a.

A4 ey ], TS TR IVD epil PN o gl ek 2 b Aoy, o 1 ayye 3 N AT
nﬁMﬂM&vh-nilumnuuhawl%mMﬂum&zmsﬂ,whx,.M.m.a'.‘&mmmmmmmmzxtﬂwmmmwmmw.w.m,m/.“..uw.cm.bmczmmﬁ.ss.wnuuwa.«r»m.mwam»_m:w,l.m\v.uu oA RN o i

Using this approximation the TM cylindrical wave expansion representing
outgoing waves at o and with propagation factor e~ 1E,% for the subdivided
lengths are [5 ]:
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H =0 "
3 -1R z
] @) o Wz
: Ez(¢>,z)n =Hn (ﬂyo)(ancosn¢+u sinn®)e ’
ig,n @ TR,z
g E¢ (@, z)n = —p—r Hn (Bya) (an sinn@-bncosnd’)e p
3 a
£ Y
E
3 . y - Bz
g H, ©®,2) =~ _ig .. @ B o)(a cosn®+b sinn®le -
3 n n B n y n n
5 Y (2.24)

The wave expansion coefficients are found by equating E_, in Equation (2.24 ) with
the incident E_ in Equation (2.22) modified by the proper phase factor fer plane
wave incidence which results in the following expression:

'iBRO 'iﬁR;

E‘,f(@)s,;m,(eRo .eKl ) iBzemas=
-)_ My (@a)lacosn@thysinn®)e (2.25)
n=0

The expressions for the TM wave expansion coefficients reduce to

360

@) =-3 E (&2 )/(3%0H ‘”(pya))

r4 o =1 inc

m

360 (@)

@)= -3  E (@2 )cosn®/180H" (§ a))
n Z. n y

Zm ¢=] mc

AT D AL L4 7 SR PN o ST S T T AT B ANt 3 2 B N ST SR At M S O
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360

A Y . - (2)

= - E D, ) 0 )
i ; 7 ( zm) sinn ¥/ (18 Hn (ﬁy a) (2.26)

m
-i BRo 'iﬁR;
where E (@, 2z )=E_f(9)sina(2 - .2 )
z, m R R
inc

i

A series of TM waves with these coefficients (2.26) will cancel £ of the
incident field, but wili generate an E,, which adds to the E.. of the incident
field. The resulting £ must be concelled by a series of TE modes.

Using the aforementioned approximations the TE cylindrical waves
representing outgoing waves at ® and with propagation factor e 'lﬁ-,; Z are

E =0
z -
, (2) -lﬁzz
H (®,z2) =H Ra)A cosn®+ B sinn®)e
z n n y n n
iB,n  m -id, 2
Ho@,2) = —2_ Q@& B a)(A sinn®-B corn®e -
o n 032 n y n n
y

E ®,z) = .L'.'LQH(Z) (Ba)(A cosn®+B sinn¢)e-'ﬂzz
¢ n 8 n y n n

4 2.27)

We solve for this set of coefficients by setting E,, in (2.27) equal to the sum
of Eq. in (2.24) and (2.22) which results in the following expression

Gk sociman

T

-IT;LE— Hna)‘(ay a) (An cosnd+ Bn sinn®) = - _12-2& H'fz) (Bya) (an sin n¢-bn cos n®)
a

Lo ke

Y Y
'i.BRo .
+E, f(9)sin® cos af ° - e ifR; ) {2.28)
Re Ri
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where e common to all terms has been cunceliled.

The expressions for the TE wiive expansion coefficients reduce to

360
P D ea@an =+ 2o 2 )30
y  ° o=1 @ m
Y m tnc
360
inp @
—H @A) = ) € @z )-E (©:z)) cosn®/180
B, " Y N S % ™ w0
y m
- - 360
t
——h“ Ba)B ) = +y (€, @z )-E, @z )sinn®/180
L 55 e ™ Opy o moh
2.29)
~iBR, ~iBR,
where B (®,2z )=, f(0)sin®cosal S— - 2 )
inc R, R

After completing the computation of tne TM wave coefficients (2.26) and TE
wave coefficients (2.29) they are substituted in 2.24) ond (2.27) to check the
cancellation of the incident fields. Provided the cancellation is satisfactory, the
tangential components of the H-field cre computed in (2.24) cnd (2.27).
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2) Comparison of Results. Table 2-4 shows the incident fields as
the scattered fields at the fuselage surface for the z component of the electric
field ot z_ = 1500 feet. The excellent cancellation of the incident fields confirms
that enoug‘) cylindrical wave coefficients for the TM expansion were inciuded and
that they are correct. Table 2-5 shows the incident fields as well as the scattered
fields af the fuselage surface for the @ component of the electrical field af
z_ = 1500 feet. Again the excellent cancellation of the incident field confirms
that enough cylindrical wave coefficients for the TE expansion were included and
they are correct.

These coefficients are now used to determine the tangential components of
the scattered H-field at the fuselage surface. Table 2~6 and Table 2-7 show the
tangential components of the Scatitered Hy, (®, 1500) fields, respectively.

Examination of the tables shows that the total H-fields (incident + scattered) are
approximately doubled on the side of the fuselage exposed to the antenna {® =90
to ® =270) and the total H-field has very small values on the shadow side of the
fuselage. This introduces the interesting possibility of merely doubling the
incident H-field on the side of the fuselage exposed to the anterna when making
a computation of fuselage surface currents and ignoring the small surface curvents
on the shadow side. This would rapidly yield approximate solution to the problem
of scattering off the aircraft fuselage.

In the limit \/a ——» 0, doubling the tangential H-field on the exposed
side becomes exactly true. If A\ becomes extremely small the diffraction around
the fuselage becomes extremely small. If the radius a o the fuselage becomes
extiemely large the fuselage approaches a large flat wall.

d. Sccttered Electric Field from Cylindrical Fuselage. Knowing
the incident plus scottered tangential magnetic field at the fuselage surface, the
surface currents on the fuselage are given by

J = nxH

Total @.30)

where n = a unit vector normal to the fuselage.

The electric field at a point on the aircraft flight path due to the surface
currents on the fuselage and its image is given by (Ramo and Whinnery, pp. 506,

507
) -ipR _

T - _"iBne ° (N-g5 (N -5 )) 2.31)
4w R




B 1 Y T D Ay Y RSV S TR

e

e L
s |
s A

=,

- poyiayy uoisundxy oapp syt Aq Pg paseypog ayy 940
y pun g suwnjod (0051 ‘) P3 pasespss puo (gt ‘¢) P3 suspiouy jo uespwduoy *g-Z Bqe)

R R T T P IR PRI A

80~-32v2081°0~

o9t L0-34LLv01°0~ _ 80-306EF32°0 §0-3026021°0
0S€ ©#0-3TRYLE6°0— £0-3£2v2¥1°0 $¥0-3860866 *0 CO-3TBELHT "0~
\ ove £0-3L06187 °0~ £0-355802£°0 E0-3256181°0 £0-361802E°0—
, 0EE ____£0~3119%61°0~ £0-3152225°0 _ED-309L8461°0 E0-3252225°0—
oze v0-3945ip8° 0~ £0-288V1¥2°0 YO~IEEH61HE°0 £0-3925192 °0~
o1lg £0-3016821°0 £0-3625£68°0 E0-36206L1°0~ £0~359¢£68% 0~
, oo¢ £0-3514S9S°0 = £0-3169288°C _ E0-30¥2995°0~ €0-33E52R8°0-
Fé 062 £0-3LL9£96°0 £0-3925629°0 €0-3200¥96° 0~ £0-3296829 °0~—
b o8z 20-3€£090: 1°0 €0-3725461 °0 20-3155021°0~ EC-3ZTIEO®T*0--
; 02¢_ . 20-3¥8SSIN*C E0-H4LPV6EN°O- __ 20~-308SST1°0-  FO-3WGLEEY*0
W 09e £0-316286L °0 £0-365T216°0~ £0-383TR6L°0- £0-3121216°0
. ose £0-34S0E¥92°0 20-5692211°0- £0-333T992°0- 20-3z222211°0
A ove £0-3594%2v2°0~ _ _ 20-3S2E£201°0~- £0-328922¥2°0 20-3SEE201°0
I oge £0-3216 195 °0~ £0-3756122 °0— £0-350619G°0 £0-3£66122°0
m, oee CO0-3IVSELYI® 0~ £0-340¥R.LE * 0~ £0-389ELEI 0 £0-3CLEHLE®O
I ot1e £0-3v182%5°0—______£0-3»58911°0-  €£0-32G22S5°0_ £O0~3E%29TT1°0 1
w oz £0-3L9L0LE*0~ »0-30R88/.51 *0 E0-4E?90L2°0 »0-3GHEBS1*0- S
i 05t FO-19v6H21° 0~ v0-3612H8E° 0 £0-38S60L1°0 »0-33L2G3E °0 ~ '
i oul 90~38E1G15°0~ 20-H6L596T°0 80-3%v2Lb1°0~ 60-300529%°0
w oLy £0~31.%641°0 $0-36GUGRH°0— £O-3THYLYT 0~ v0-305958#°0
3 0ol £o-3orzaszev %0-302v499° 0~ £0-3221922°0~ $0-3€65499°0
w 061 £0-3EFO0EBE®0 __ H0=3089922°0— £0-3c2628€° 0~ v¥0-3¥9€922°0
: ovt £0~dLTLSY%* 0 v0-30EYRGL® O FO-3953GH1y°0~ $0~-30592452°0~
] o£ 1 £0-36ELBEV *0 £0-32vE82Z2* 0 £0-3299RE L O— £0-3E2v822°0—
1 ozt £0-3S6 204£°0 £0-32GE6RE 0 E0-3v2T10bE *0— EO-3JESZ6HE® O~
031l £0-408SEGL® 0 £0-3690405° 0 £0-J2YSES1 0~ £0-3063E06G°0~
601 v0-3L29¢98 *u— £0-3E3I225°0 v0-3150598°0 £0-3816225° 0~
06 £0-36.1961F° 0~ _ £0-32F2£2%*0___ £0-333961£°0___ EO0-3LHL22v°0-
0g £0-3R0G06H*0~ £0-3990222°0 £0-316018v°0 £0-3£0£222°0~
04 £0-3v86425°0~ ¥0-3E12E22 *0- £0-3526425°0 v0-3022€22°0
09 E0-369£8yY° 0- E£0-352.0%52° 0~ £0—32L083%9°0 £0~-3320652°0
0s £0-3C2B8HB2 0~ £0-319386E°0~ £0-31,8882°0 £0-31¥Z86E°0
ov £0-3£56601°0~ E0-IEHI9ER *0~ £0-3320011 0 £0-318E9EV*0
o€ ¥0-3IEEL082°0 C0~39%80RE" 0 v0-3ISRETIBS°C— £0-3S1018€°0

oc Y0-diges0s °0 E0-3TE5692%*0— Y0-3B6E£906° 0~ £0-316£692°0
ot %0-3E01S%L°0 €0-31€3LET*0~ Y0~ B6GVL *0— £0~-36€22ET1°0
THd (WL+31 }IHJ3 (Wi+31)1HdI ONI THJZ ON1 IHd3 %
139d OVWI 14vd vy 1¥vd OVNWI 1¥vd w3y m.”
i
a4
SR Gt 8 0 P e i SO e s i A VN LR P Sl el sl gl b destiaiia m Sl e LR R e Lt 0 I




09
04¢E
ove
oge
oct
o1lf
00€
ooc
Ote
oL
09¢
0% ¢
ove
ogl
oe¢e
vie
0o&e
061
Oul
[¢FA
0ol
041
Cel
ogC 1
oel
ctl1
001
o6

od

0L

049

0s

oy

OE

oe

o1

fHd

S0-3€20921* O~
SO=-3L15EHT1°0~
SO0-JESTIvI®0~

S0-3ISG502T1°0~ _

Q90=-Jdv1EL0EB *0~
0~3L9HR2€ * 0~
9O =3 6EHR OO0
GO0=-dGHOQ0 10
S0-d4H688GKT* 0
SO-ALIver w0
G0-36BBBLC 0
GO-3¢IEIRT*C
P0-30£9IRI*0
90~-3HLLE69° 0~
S0-35STLRTI*0-
S0—-dECF9a 0~
S0-30LGLFZ® O-
SO =308rEHS* 0~
$0=-3160LL2°0~
S0-3G50952° 0-
S0—-3809%9<2* 0~
S0=3dv99 161 °0—
G0=-360¢Ge1* O~
9 —465G01.8°0 ~
Q0O-4926622*0~
D0-323LHv9E£* 0
90-3EEEVUHL 0
90-3F62966°0
90-I53LE096°*0
Q0~-d42b6LE9L °0
QQ0-3dlfEadns* 0
90 -d8L2Hhe *0
60=-39€9966°0~
90-3L55892° 0~
YO0~IILH06G 0~
QO~JELLOHE® O

(13e471LiVIS 1HAH

LledVd OVANI

ghonlad ot A s T AT i i

*poyjapy uoisundxy aAp ays Aq AvI padejypag ayy oo
y puo g suwnoy *(00s1 ‘o) PH pasewos pud (0051 ‘@) PH suspiou] jo uospoduoy +g-z 9jqpy

S0-3GL19E2°6G
S0-3029152°0
GO-HPEGLGZ °0
S0-36L62G2° 0
SO-ANOS5ZYES*0
GO—UGGLIFZ 0
S0-36H1612%0
S0 -4ACp 686190
SO=-J0OREHLT O
90-3092916°0
90-393290L *0~
S0-3267681° 0-
S0-3E6RG92°0-
GO-JoHRLLZ 0~
50-35HB1FZ® 0=
GO-JL6495L %0—
90=1<2 2692 ° 0-
QO0-AGEZ961" O
L0-32T1G5YA°0
210-38¢S06L°0
90-32295ST1° 0~
90 -3920€23°0~
9N=-32. AF16°0-
SO-3ERBGATI® 0=
50-35736431°0—
SO-H1SG60T° O-
90 —JEEINEI*0 -
90-32200R1°0~
90-3E€3102E°0
90 -4552602 °0
0-ALS9096% 0
GO-4GIT2T1°0
SLEEURE BEARY
GO~dE6G671° 0
SO-401GL4L1°0
S0-3p52202°0

UIHILLVIS TAcdH

LHVd v 3

S0-809€91°0
S0-3€€51SL*0
50-3cvdtEl 0
F0-3250806°0
20-3vL8992°0
IV-IIFLGON 0~
90~-351018¢ * 0~
P0~3090296°0~
PO0—49L9LLG 0=
HO=-3»16012° 0~
30 ~3E30€L*Q
QO-3I19ZRG T
YO~ CF0LE® O~
SO0-SHS2T1*0~
G0=-312L507°0~
WO =94LAGKG2° 0~
GO~:A5¢8022 30~
GO-132L2 1697 °0~
50-.00€ELNH 0~
S0-4v337221°0-
50=-:KUF VL2 0O~
SO-3BlelLt® (=
S0- 92 1 *0~
VO=-41200KO* 0~
90-43001e£5°0~
P0-399350G51°0--
L0-35G60EL°0
30-1652RAG*0~
F0-d92E 620~
B0 -3LEN605° 0~
90— A0BGLAN*0--
QO-JatLevac D~
I0~3LS5HGQYUT* 0~
0-3GL90 10
F0-391F 6990
20-3300F11°0
IONT THAH
L23Vd OVW]

AN (T 1 PP

S50-3282Hh712°0~
S0~-3v06€£22°0~
G0-3C HSYIFI* VO~
20~A5L39H2°0~
S0-32%02¢°2%0~
50-3712102°0~
SQ=ANT¥IRF 1°0 ~
QO=1FHOSI* O~
LO=~389%2E99°%°0 ~
§0-324093G5°0

90~-336F9CH°* O~
59 =H580H0T *°0 ~
GO~-a80ELGTI*C~
G0=3202191°0~
SO0=-392L6021°0 -
QO=32L920G° 0~
J0-3310011 °Q

90-3v5rea5*0

QO=-50¢ S YRL® O

30-3BLVQEL*O

WO=-3Ih o060 °0

90-3:,0Y1¢€1°0

¢ -JedrLz?0~-
GO=-AGL2ROG O~
QO-AdTAVLES® O
0-~3055689°0~
QO0~LBIAGI®* O~
F30~3EVUH65°0~
LC-300C6876°0

2O-36G2GH9¢°0~
30-301ERST 0~
90=-3JRCEBOHR®O—
S0-3NE26E1° 0~
S0=-352-9L1°0~
GC-3R/LI6L6T1° 0~
§0-3592802°*0~

INT THdH
lyva 1o

g A R

—64-

$=1

g

PR

|




P AN AT T e LT PR R A

SR R A T T A E L i AL L A T L R DL TS e RN AL ] T LR IR o

L B T T

O & ALl & LLL X2

E 09 L0-3T18£625°0 £0-3520139°0 L0-I2EH6RT "0~ 2L0-321G2E€G° 0~ ;
X osE £L0-3061504°0 20-3P95599° 0 L0-3019G21°0- L0-30P3555°0~ mm
i owy 20-38$2562°0 L0-312169G°0 LO~-386¢601° = L0-389669G°0~ ‘o
¥ oL 20-3896961°0 20-3908 19€ *0 L0-373290% °C~ L0-39F20LG°0~ !
i ozf A0-3900F2¢°0 L0-3FE9691°0 L0-3212652°0- L0=-396020G650 -
w otg HO —4EBUUGE® U~ RO=39FE¥n2* 0 L0=-2LGRLLE® O~ L0-A6FH11G*0 -
i cog #0-3E9180Z 0~ BO-3P16LL2°0— LO-308ILES® 0= L0-304L6L¥°0-
one R0--129v1HG° O 60-A 164 L9G® O L0=- 350 10690 - LO=-d5n6451 *0—
Do d 01-329E69°0- R0-3252629°0 L0-46 4699 O LO-HCILEET*0
0s2 HO=AEZLOEGE 0 LO-3WREEC T 0 LO-HITEFTH*C— LO-3HELYZH* O
02 L0-d5€LT6T1°0 L0-3591£01°0 L0-3556F92°0- L0-378IG20°0
, 0s¢ 20-4EE208e°0 L0-46351€1°0 30-35€21EL°0 L0-992€999°0
! one 10-351062F°0 RO-A10628E * 0 LO-12L5LLE°0 LO-HHHG6AE G O
{ oge LO~31H01EE"0 HO-32001€6° 0~ LO—HHF LRYG* O 20=42 20520
/ oze LO=30292R2°0 L0- 0251C2°0~- LO=Ar26RT1A® 0 #O=-3AGILETT®0
i otz L0-40621412°0 10-317115€ 0 LO=320F 6650 LO-1013622°0~
; 0oe L0~4990EET1°0 LC—HAENILEY * 0= L0=4196929% 0 L0-3H2296C 0~
¥ ool WO~3EGL 7£9°0 LU-3T2506H°0— 13-3176F62°0 L0-399026H0°0-
. 0al RO-3ICOVEHI®O LO0-37R901G® O J0=Hb0 19RT 0 L0-35L3285°0 -
i 0Lt 60-HIE5YAB 0 L0-2020025°0~ LO=IBLEFZ1*0 L0=3100265°0~
i oat $0-16892GE°0 L0=-3912216°0~ Lo-45124.1°0 LO=-I ¥39UuG* 0—
> 051 %0-33590126°0 LO=3%EL06Y° 0- 20-364£191°0 L0=360960G 0~
4 ovl L0-3L 1LY 10 L0-35Z16EL°0- LO=-1Leer920 LO=3!HEEYG® 0=
i ot 1 L0 -3FETHIT®O 20-396GLEF* O- L0-AGRALSE 0 LO=35632295°0 -
3 vet LO=H09TGEE®D 20-3602202° 0~ / 0-4992EEG 0 L0=3LL001F 0~
1 ot L0-3922GEE°0 80-3661R0G *0~ LO=3100029°0 RO-331220€°0-
B 001 L0-3028252°0 HO-3CEHAOL® O L0~31F0L55°0 L0-492L 38510
i} 0k L0=-3359021 %0 L0-3132911°0 LO=456010%°0 LO=IEAYBLH®O
: 0% RO-3£GAL LY *O~ 80-H6LHUYHEG*0 L0=-4p59EL1°0 LO~IL6EHE0®C
0L HO-I509HSR® O~ B0-3163012LL°0- LO=-J1APGET 0~ L0-317=809°0
09 R0-392 lub2*0- L0-36£091Z°0~ L0-391110%°0- L0=0 - iwuayen
# 0% L0-3066GE1°0 L0-3G2E 1220~ LO-H9R 109G °0 - LO-L.LIYEZ 0
] on LO-HDZLGES®0 20-3982161°0- LO-ART6EHG® O~ RO-3212017°0~
o¢ £0-38G2RYG°0 80— ILFF1°0 L0-3021EES* 0O~ LO-361T0Wz*0~
oe L0-3562159°0 20-315G¢H2°0 L0=-39hGL 19°0- LO-295796€°0 -
o1 L0-3525199°0 20-392£26°0 L0-750526¢° 0- L0-356658H°C-
1HY Q3¥3LLIVIS ZH Q3UALLVIS ZH INI 7H INI 7H
L0vVd OVNWI 1Hvd Wy 14V OVAL LUVE TV A

e~

E PO b T ) ®ih

*poyjapy uoisundxy aAop ays Aq N_._ paiajipog ay} .o
y D € SUWN|OD *(00GL ‘@) “H POIBHPOS PUD (00SL ‘¢) H 4Uapiou] 4o uosLiedwos */-Z 3qe)

| e b




MR L a2 54 I R = At

— -F iB(p- 0 -1 {B(5 °U )
N= ff Felf®e 0y o gy 3l 18075 dS, (.32
fuselage image
where Ur = a unit vector directed along the line from poini "0" to
the aircraft point,
P = a position vector from "0" to any point on the fuselage
with subscript identifying fuselage and image,
N = Schelkunoff's radiation vector, and
1 = vect., surface current on the fuselage with superscript

identifying the fuselage and image.
’_5F ’ El, and T are given by: (Figure2-23).
! r

=T (k,-asin®)+T (acos® +T_ (z-z )
x y z m

P, = U (-x, —asin®)+u (acos®)+7T (z-z )
1 z m

X
T =T (_'.4‘_)=B' (-sing)+U (coso) 2.33)
r x R y z
3F andjl are related as follows by the conditions for imaging in a perfectly con-
ducting plane
1 F
J @ =5 (-9)
x x
F
J @ =J -9
b4 y
I F
L@ =J (-9

(2.34)

Using (2.30) ard relating the rectangular components of H to its cylindrical
components gives:

-66-




A AT s i - i dh MR S S

J = H cos®

b z

F

J =H sin®

Y z

J} = f (2.35)
z 0 .

where the components of H represents the sum of the incident plus the wave
expansion fields.

Substituting {2.33) through (2.35) into (2.32) gives the following expressions
for the components of the radiation vectos:

= + Az
Zm 7 2 . R
N =q S J cos @[ H &,2z)+H (¢,z))elf3xo /!
X = Az ©=0 Zinc Zicat
m 5
. . H, . .
+(H (®,2)+H  (-9,z2)) e’} BxoH/R  -iB( ER— )sin P+asing cos
z. Z ]e
inc scat
-(z-z_)cos o)
m dddz 2.36)
zqm+ gz ox . -
N =a [ S sin®] (Hz. (®,z) +H (‘D,z))e'ﬁx° /!
Y 7=z Bz ®=0 inc Zscat
"2 aH
+(H (-®,z)+H (—Q’,z))e_' ?,on/R] . -1 5(—R~ sin®P+asing cos ®
Zinc Zscat
- (Z-Zm) cos g)
dddz

(2.37)
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5 z=2 +8z
"2 on
= N = . -
: , =a S a.)l;osm d | (H¢‘ ©,2) +Hy @,2)e i Bxo H/R
9 2= - B2 tne scat
2 5 .
-iBxo H/R  -jB( °R—Hsin¢+asinocos¢
- (Hq, (-¢lz) + H¢ (.¢Iz)) e ]e
inc scat

- (z-z )cosg)
dddz (2.38)

where the limits on z represent the edges of the short length of fuselage being
considered.

All the incident and scattered magnetic field components appearing in (2.36).
(2.37) ond (2.38) include the propagation factor -iB (Z‘Zm) cosa.

The integral over z is identical in 2.36),(2.37), and (2.38). It con be
.gnated 5 | and is given by

z=z +A8%
m 2
[ = f eiB(z-zm)(cosa-coso)
dz @.39)
_ Az
z=z -—=_
m 2

Carrying out the integration gives

sin EAz (cos g ~ cos a)
1= Az 2

_Egi (cos o - cos a) (2.40)
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We shall see later that the N_ component will not contribute to the scattered field

and the computation of this component will not be continued. Recalling that the
incident H field was computed for one degree increments on @ and combining the
incident and scattered terms in the integrand the integrals become

360 aH . . 3
( b, ) -pH ‘B &5—sin @ +a sine cos P) 2
Ny =l 3gp 10 }__,sm@l(H ©2)el® : : J é
® =1 Zinc Zinc §
o !
2n -6 H ?
+f sin ¢[ZH (ﬁ a) (A cos n®+ B sin n ¢>)e +(A cos(-n¢)+B sin (-n®)) e )1 §
®=0 n=0 3
3
oI B (=——sin ®+asing cos ©) o) @.41) 2
360 oM g
_ < ioH -i6H (3( sin® + asing cos P) E
N=al g L (Mo ©@21ePH, (0,206t ]
¢=«| inc mnic _g
2n 3
+ f wz ‘oo ’ (2) i5 H

5 (» nH (Ba)((A sinnd-B cosnd))el
= n b4 n n ;
0 a By n=0" §

3 ... al .
~(A_sin (-n®) - B cos (-n®) e BT TBITR sin®tosing cos ®) )
n

21r
- ')f ZHQ) (Bo)((u cosn¢>+b smnm)e'8H

0

- -iB ( sin® + asing cos P)
- (a_cos (-n®) +b_sin (-n®)) e BH, 4o

where & = Bx, /R (2.42)
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Applying the following relationships simplifies the summation on the
incident fields

Hd) (®,2) =H¢

inc inc

(-(360 - @), 2)

H @,2) = H, (-(360- @), z) 2 .43)

inc inc

Combining some terms in the integrals results in the following relationships
for the components of the radiction vector

360
b ’ e
N =all ‘;%' i 2__ H ~ (@,z)sin®sin (s H -‘%‘sin d)e iBasing cos @
y ®=1 inc

2n 0o
+2 [ sin® [Z Hn(z) (ﬁyd (Ancos (8H)cos n®+ iBn sin ® H)sin n ®)

0 n=0
.q;al .
e'IB\ sin ® + a sing cos )
do| (2.44)
360
T H _3 .
Nz=‘;g I ) ‘ H¢ (‘D,z)sin(SH-%—sin@elﬁﬂsmocos‘b
=1 inc
2
+2la f (jsinsH C cosn® +coss H D sinn®)
0 n=0 n=0
g (e o ras ¢ (2 .45)
o | —R—sm +asing cos )d¢
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where y
. @) i @
C =- | H (B a)nB - ! H B a)a
n . n 'y " psing N / n
B asin atan a
- 4 2
D = : H(2)(ﬁo)nA . H()(ﬁu)b
n y N psina y n

B asin atan a

The integrations (2.44) and (2.45) can be carried out with the aid of
identities and definitions as follows

2t jccos (P -y) n
e cosn®d~=2mj coan:Jn(c)

N eiccos(d’"q;) sinn¢d=2ninsinn¢Jn(C)

\/ g @ )
C] = BO (—R‘)‘*‘Sin 4
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“he resulting expression for the two componenis of N are
360

Ny=2mr | -%6- X‘ Hz (©,z)sin®sin(8 H -~ E-;—}:*-S;n(b)e’iﬁcsinocos @
o= inc

+ 2j cos( & H)Hcf”(ﬁya)/\o sin ¢, (C)) +
@D

r=1

+R H lrodln ~i 5 1) .
Pn sin 5 Hkog{n l)qJ])Jn_](C])’l"co ((n ])"J'I)Jn‘ﬂ (C]))) ] 2.47)

360 cn e
i - Bat ~iBasinocos @
Nz=201r| { 186 H¢. (®,z)sin(6 H-Tsin(b)e +
o] inC
©

Zjsin(8 H)C_J_(C )+ Z i (isia@H)cos(n 9;)C  *cos(®H)sin(ng, 30 )4 (C, )]

=1
" 2.48)
The scattered E - field can be computed from (2.44, », and (2.31).
Onlv the horizontal componenis of E are of interest . These are
-ifn
E = o—0 . e-' BR[N c0520+N .ﬁ— si “N sing COSO'\ (2.49)
Y 4aR y * R z
E = "ifn e-'BR[N sinzo-N cosg + N sin g cos ¢ | (2.50)
Z  4aR z X y

The receiving antenna is assumed omni-directional ond the voltage induced
at its tarminals by the scattered field may be expressed cs
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V ~ [E cosg+E sing] (2.5Y)
s y z

Inserting (2.46) and (2.47) in (2.48) justifies our previous neglect of Nx and yields

v, ~ ;_;%QRH_ o iBR [N cosq+N,sino 2.52)

The term in parenthesis represents a complex quantity and we may write (2.52) in
the foliowing form

. . .y
v ~ I Bn e iBR N elp ©2.53)
*  4xR
where N] = the magnitude of the radiation vector

|

p* the phase angle of the radiation vector

e. Scattered Electric Field from Sweptback Vertical Tail Fin in

“lose Proximity tc Antenna. Reference is made to Figures2-21 and 2-22 and

the vertical tail fin lies in the x-z plane. The incident H-field is given by
Equatior (2.54) and is repeated here for ready reference. Ignoring the component
of Hinc in the y direction gives the tangential components of the incident H

field ot any point on the tail fin.

E, £{0) . -iBR, (x<h) QZ__ (h-x)2
Hl’= - [ R (’Gzcosa R -Ux )

-iER. ) RZ ()

-_eK : (GZCOSO-R.._'U R )] (2.54)
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Assuming the currents induced in the wall are the same as would exist if the wall
occupied the whole of the x-z plane, the tangential components of the H-field
would be doubled. Introducing this factor of two in the tanjential component of
the H-field the induced wall currents ut any point are given by (J =n x H)

alo 2
_ i8R, by VRE (e
J=K] [ R U_cosa R, Y Ro—_)
-iBR. 2 2
- h + - Re ~ (h~x)
+eRi 1 (chosa(_ki_&-i-uz “ﬁf—x_}] (2.55)
where | _ 2B, f(0)
1 n

- 0Z - e R 1 Ground Plane

figure 2-24. Geometry of Vertical Tail Fin.
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The tail fin is divided up into strips of height Ax parallel to the ground plar.e
and further subdivided into rectangular areas of length A z where the z~coordinate
of the center of any rectangle is z and the x-coordinate of any rectangle is X, -

The height of the increment Ax may be made small enough so that the vertical

variation in phase across the increment may be described by (Figure 2-24)

+ ﬁ (x'xn) (h"'xn) / Ro (xnl zm)

e for the real anter.na and

s _ + .
i B (x xn) (h xn) / Ri (xn, zm) for the image antenna.
Similarly the lateral incremﬁ‘nts A z may be made small enough so that the laterul
variation in phase within m " increment may be described by (Figure 2-24)
-iB (z-zm) cos a

e

Including these phase terms the sheet currer:ts in the neighborhood of any point
(%, » Z ) on the tail fin can be closely approximated by the fzllowing expression

-ieR, - (x-xn) (h—xn)/ R,) ) f\lgo-?_ (h-xn)z
xn)

Y - e - n -
J(X,Z)— K] [ _Ro— (ux cosa Ro Uz Ro )

where R and Ri correspond to the point (xn, zm).

, TTB® Tl Mb o )/R)

+ — v cOos
Ri (Ux a

u, B — Ne

(2.56)

Examining this expressio= reveals that the amplitude of the sheet current is
independent of x and y over the small rectongular area. The reradioted E-field
is given by

§R=J4_L((ﬁxﬁ)x5) 2.57)
“

-75=~

e TN N e e v e

2 2
(h+ xn) Y- \/Ro - (h-xn) -i B(z-zm) cos a

|
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where N is the Schelkunoff radiation vector given by (Figure 2-21)

o X

3
)
-
e
i
X
-
b
7
2

L
3
s
%
3

R
. . . R -ipR
N=SST" x2)e! B (z_zm) cose | P (x-xn) (h-hn)/ RR e R dxdz
WO“ R R
R
- . . R . R 4
+ S S Il (x, 2) e l B(Z_Zm> cose e.l F (x-xn) (H+h")/R; e-l ﬁRj_d xdz !
i R
mage RR
(2.58)

R R
where H = the height of the aircraft and Ri , R are defined in Figure 2-25)

R
Examination of the equation for N shows that N has the same vector direction
as the sheet current. Examining the cross product terms in the equation for the
reradiated eleciric field shows that it is no longer necessary to carry through the
x-component of the sheet current since it will generate a vertically polarized E-
field ct the horizontally polarized omni-directional circraft receiving antenna.

JV¥ and 3 for imaging in a perfectly conducting ground plane are related
by.
— =i —-w
J ( -X,Z) S - J (xlz)
z z

Substituting in the equation for N resuits in the following integral

7=z +82Z = +8x

(g (RGN s MR D e A SO e Bt o i s RO E 8o e B0 B b it

_ m 72 "2 _w Bkex) (Hx /R [iB R
N = S [ S J_ (x,2)(e e
‘ z=2z Az x=x & ‘ —-R_R_
m 2 n 2 R
-iB(x-xn) (H+xn)/ RER -iBRiR iB (z—zm) cos g 3
-e e )dxle dz  (2.59) ;
5 :
R,
!
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To Observation
Point. Height H.

~ D

Tail Fin

Ground Plane

NV A4

/S 7SS 7

Rg and Rl: do not necessarily

lie in plane of paper.

-xX

Image

RR = Length of a line from the center of
Tail Fin

a small rectangular area on the tail fin
to the observation point.
R .
R. = Length of a line from the center of a
] - -
small rectangular area on the image tail
fin to the obsen ation point.

Figure 2-25. Geometry of the Tail Fin and Its Image.
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The integration on the variable z is straightforward, since the z dependence of

JW (x, z) is quite simple. Designating this integral S] we have

z=z + Az
M 2 jpz-z_) (cos g~ cos a)
s = f e m dz 2.60)

1 z=z - Az

m
2
z=2z + bz
m 2
S] - i B (z-zp) (cos ¢ = cos a) 2.61)
iB(coso=-cosqa)
ip o a s=2 - Az

Azsin B '%‘E' (coso - cos a)

S, = ;
! B—-A—z—(coso-cosa)

(2.62)

Substituting this result and the expression for the tail fin sheet currents in
Fquation (2.59) gives

_ 2
N, =K, J E—g— 3
Ax R, R,

x=x-2 \

Ax .
o, t o BRI OXIR i Re-teex ) (b )/Ro)

2.63)

_ V 2 2
where K2 -S‘ K‘ R, - (h-xn)
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To evaluate the integral on x, four separate but similar integrations must be
carried out. Integrating the product of the first and third term in the integrand
and calling the result 52 we have

R A x
-. _—x  e—— R
e | ﬁ(R{"RR ) h x=x 2 e-iﬁ(x-an(h*Xn)/ R,- -(H-xn)/ RR )dx

<IBR FRSY < B ) (e )/ R, -,/ Ry nt3

: -1 B (i )/ R, ~tHox )/ ReY o, o

: S
. 2 2
i R Rg

AN Rl A AL et A S S B kR AN T S e S ATt 2 S0 MR b 5 T 4 A Kbt e v L TR,

3 R
-ipR.+R,) Axsin(A)
5, = Sz R %2 (2.66)

: . 2
E R; Re Ay

= R
- where A2 =g A2x (h +xn) / Ri '(H‘Xn)/ RR )

% Similarly R

e TBRFRD  Axiin (g

; - R°2 R.R ~ (2.67)

V ]
3: here A =B A% (hex )/ Ro - (H+ x )/R R)

where A g =f n? 0 n
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CTBRARY  Axsin(a
' (2.68)
R? g R @) ‘

5

A

where A =8 LX- ((h+x )/ R + (H+x )/ R ¥)

and R
S e-iﬂ(Ro'*-RR ) Axsin(AS)
5 T 2, K (2.69)

Ax . R
= Ly + %
where As = B 5— ((h xn)/ R, + (H-x n)'/ Ra) :
g 2
The radiation vector has been evaluated for a small rectangule. area on the wall %
3 and is given below: g
- N =K s 3 ; 3
j z 2 T uz (2.70' §
3 where S =S +S . S -8§ 3
B T 2 3 4 5 2
3 E
E vhe result must be substituted in the expression for the reradiated field Equation %
@2.57). Substituting for the cross products §
3 =R ng - - t— R, ip %
E E = . - i i} = =
. « v KZ ST sin o}x G)=[E e 2.71) :ﬁg
- where p = phase ungle of § 3
& T £
3 g
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1 sino K, Is1| (2.72)

The total reradicted E field from the tail fin is found by summirg the complex
contribution from each small rectangular area af each of the points on the aircraft
flight path.

The receiving ontenna is assumed omni-directional and the voltage induced
at its terminal by the total scattered field may be expressed as

V$ NZZ Z -i'ElR e ip (2.73)
X
m

n

f. Computation of Microampere Course Deviation Indicator
Deflection from Scattered Electric Fields. The direct sideband voltage VD

induced at the aircraft receiving antenna terminals when the antenna is at
an elevation angle ® and slant range R4 (Figure 2-26)

-iBR
e'p4

R

QSR E A . e Rtk TR Ll [ il

vD (®)ev2jE,_ fo), sin ( B hsin @) @2.74)

where f(8)p = the amplitude of the horizontal radiation pattern of the transmitting
antenna at the aircraft receiving point.

Vp @) will normally be adjusted to be in phase with the carrier sideband signal.
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Figure 2-26. Vertical Plane Containing Transmitting Antenna Pole
and Aircraft Receiving Point.

4 The sideband voltage induced at the receiving antenna by the total scattered field
{fuselage + tail fin) is given by

: R . - i p R io!
3 ) ip p e IP
3 V-l el e'" + A Ne" 1 @75
3 x z
n m
where Equations (2.53 and (2,73) have been added together.

Vs will cause the path to be displaced for enough from the desired glide path
position so thot the component of Vs in the phase with VD (®) sums to zero.

T LA S

Assuming a linear variation in deflection of the cockpit indicator with
elevation angle in the neighborhood of the desired path angle the following ratio
will hold

D (microamps) _ VD@) - sin{Bhsin®) .76)

150 V. @®) sin(Bhsin® )
D' p P

€ i M ol

bt

= deflection of cockpit indicator at angle ®
P) = sideband voitage amplitude at ¢P

where
D(

D
\'2
®_ = an angle for which the sideband power has be2n adjusted
P to correspond to 150 microamgperes

-‘.1‘- . "
Tl s

VD (®) = the ampiitude of sideband voltage necessary to cancel
7 in phase component of the field scattered by the fuseloge
i ond tail fin

-82-
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Equating the sum of Vp (®) and the in phase component of V to zero and
substituting for Ko gives

2E, £ (@) 2E,£(8)

3 * - [ S -
> sin (B hsin ®) 43-} » Z sin ¢
4 X X
n m .
2 cos (B (R, -R) +p')

2 14
s, S| cos (BRy P} Ro - (hex J° + = N}=0

n

@.77)

Recailing that E_ has been set equal to unity we determine sin (B h sin ®)

and substituting in Equation (2.76) which gives the deflectinn of the cockpit
indicator in microamperes

R

75 4 .
D = [ E ; ing f(9)
(mi croamps) A f(O)D sin (E hsin ¢p) X~ % e m

m

cos (B(R 4" R) +p*

1’ 2 2 .
S] 'STl cos (pt+ B R4) R, -(h-xn) +n —— INY cosg t Nz sin o|.

2R

(2.78)

g. Resvits and Conclusions.

1) Results. In section 11 D 1 it was noted that the total fuselage
tangential H-fields were approximately double the incident field on the side exposed
to the transmitting antennas and the total tangential H-field was very small on the
shadow side. When the tangential H-fields are converted to surface sheet currents
the principal contributor to the Schelkunoff radiation vector is the side exposed to
the transmitting antennas.

For the results displayed in this section only the first term in Equations (2.47)
and (2.48) were computed and the summation was then doubled to get a rapid
opproximate solution. The fuselage was subdivided into four foot lengths and the
vertical tail fin was subdivided into tw.%3 foot squares. All these results represent




the filtered output of the aircraft receiver.

Figure 2-26 shows the geometry of the problem and Figures 2-27 through2-33
show. the results corresponding to various values of the parameier D shown in
Figure 2-26, In Figures 2-27 through2-33 the 747 is assumed to be taxiing to
the approach end of the runway so that the vertical tail fin is positioned on the
end of the cylinder closest to the transmitting antennas. In Figures 2-31throug»
2-33 the aircraft is positioned so that the tail is at the coordinates specified and the
the nose is approximately 220 feet closer to centerline.

2) Conclusions.

a) For the geometry shown in Figure 2-26 the results show
in Figures 2-27 through 2-29 thut with the radiation
pattem of the transmitting antennas currently in use
(app-oximately a cos 6 pattem) the 747 should be
positioned so that D does not exceed 200 feet while
other aircraft are on final approach.

1§ s

b)  Under no circumstances should the 747 be parked
perpendicular to centerline directly in front of the
glide slope array. The results in Figures 2-32 and
2-33 show that the shape of the measured path can
change drastically with small changes in distance
D forward of the array.

Sl AR Vb i e R Sl i

c) A transmitting ontennc with a more directive
hurizontal pattem should be employed where large
aircraft wil! be moving about in the vicinity of the
glide path. Figure 2-30 shows that a 747 parked
on the opposite side of the runway can cause an
appreciable level of glide path roughness, which
may be reduced and possibly eliminated by the use
of a directional glide path antenna.

Stk
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2. Glide Path Derogation Due to Reflections from Aircraft
in Selected Location.

This section presents the computed glide path roughness for a number of
different positions of a 747 aircraft in the neighborhood of the glide path
transmitting antennas. The aircraft positions and the orientation of the fuselage
axis with respect to runway centerline were chosen by FAA personnel. The
mathematical model used is described in the preceding section.

All the results presented heie represent the filtered output of the gircraft
receiver for an approach speed of 120 MPH. The 747 is assumed to be taxiing
to the approach end of the runway when the fuselage is paralle! to runway center-
line and toward runway centerline when the fuselage is perpendicular to center-
line. The row and column numbers on the plots correspond to the rows and
columns designated on Table 2-8. The glide path array positioned 525 feet
from centerline is a null reference installation and the sideband antenna is
30 feet above ground plane.

The results show that the largest course bends occur when the 747 is positioned
perpendicular to centerline directly in front of the transmitting array. The results
marked directional antenna were computed assuming a three-element transmitting
antenna is used and the results marked standard antenna are for the bent dipole
whose radiation pattem is approximated by a cos 9 pattem.

It is seen that the use of the direcrional antennas provide an improved glide
puth.

Table 2-8 lists the figures which present these calculations graphicelly,
indicating the 747 locations and orientations used in modeling the situation explored
in each computer run, as well as a key to the location as shown in the plan view of

Figure 2-35.

Final work during the report period has been to obtain results which are
applicable to defining critical areas for use in FAA manuals. The first step in this
process has been to compare the available results from the physical scale models
reported by J. G. Lucas of the Air Navigation Group at the University of Sydney,
Sydney, Australia, with those predicted using the mathematical model reported
in preceding pages. Unfortunately only 10 of the points are common to both sets
of prediction and a 2.5° angle was used with the physical model ond 2,83° with
the mathematical model; however, comparison of the results is encouraging.

Presently work is underway to change the path angle with the mathematicol
model and rerun several points at 2.50° te get a direct comparison. A program is
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being prepared which will usc a specuiar point method and will be run on sample b
points using 2.5° glide path angle for comparison of the results with the analog E
physical model. §
Once these results heve been obtained and the degree of correlation between §

the mathematical and physical model obtained, then predictions will be made for 3
use in the FAA manuals. If o close correlation is obtained a high degree of §
confidence in the mathematical model will, of course, be justified. Further 3
predictions then can be made for various other locations of the aircraft on the z
airdrome. £
One word should be added conceming the computer running time of the 3
mathematical mode!. The complete mathemctical model requires approximately E
four hours of computer time tc describe the pasition on the 0 DDM line in space 3
for o given location of a reflecting aircraft on the ground. The new specular §
point model should permit the identification of critical areas with running times =
on the order of a few minutes. The obvious economic saving in computer time %
makes it worthwhile to investigafe the capabilities of the specular point method 3
as compared with the complere mathematica! model and the physical scale model. 3
4

2
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eitaiiersaroiiosips o B S
2. I e
X
2 Coordinates on
E Orientation - Chart
"" - c o
Ty o2& 2 5e §3 2
(& gp & 2g 3% 25 .g
3 £ g & T 2 - T s 23 v § Row Column Comments
s 5 :E 5 ZE 5§ e2i3
£ &% 886 & &8 &e xS
¥ ! . !
5 2- {36 ' 4000 300! st0 - X 1! , 6
_§ M7z 750 , STD . X 2. 2 o2
3 38 : 2700 600 \ STD X 3| 2 | 3
39 2700 525 . SID | x 41 2 | 4
M 40 2709 450 . STD | D ¢ 5{ 2 ! 5 Figs.37-50
1 N 2700 300 SO | PoX 6. 2 | e 1 747
42 1800 750 1 smD X 70z 2 Taxiing
g 43 . 1809 600  STD X 8 ;i 3 3 | Toward
44 . 1800 525! STD tX 9 3 4 Ruriwoy
45 1800 450 ;. STD PX 10 3 5 :
Y73 1800 300 { ST | x i3 6 E
7 1500 600 | STD boX 12 F )
48 1500 : 525! ST X 13 : 4 3
49 1500 45 ' STD foxo 7 4 5 4
50 1500 300 s i X | lisi_ 4 L6 | . _. .| E
51 7900 . 900 STD X+ R K A R 4
52 . 90 900 . DR b S 17 ' I N g
53 1500 900 i STD X 18 4 1 Figs. 51-63 2
54 1500 200 DR X . 15 4 1 Toward Z
55 1800 900 STD X 20 3 ] Approacn ;
56 1800 900 DR . X | 2t 3 | 1_1 Endof e
57 2700 + 900 SO X 22 2 o Runwoy
58 900 ., -400 ST X 23 6 12 i :
: 59 ; _1200  -400 STD X 24 5 12 :
60_ _ 1500 :  -400 STD X 25 4 . »
61,1500 , ~-400 DR X 2, 4 ' 1 ; 3
62 71800 ©  -400 ST X 27! 3 12 i 3
L 63 . 1800 -400___ DR ___ . ) S 8. 3 2 £
6471800 _ 400 ST Ta0%] 297 3 127 [ 20°wClmy | g
2- |65 1200 _ 0, S , X 75 8 ;| Toke-oH ! 3
3 L—— ! i ! i ' position l 3
* Negative distances opposite side of runway from orray. %
- Table 2-8. l()eﬁnition of Points of Interest for Boeing 747 Calcuiation Reference 3
E Figure 2-35). g
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3. Comparison of Mathematicai and Physical Models for
Glide Path Performance in the Presence of Reflections

from Aircraft.

The emphasis of this work during the report period has been to obtain resuits
as requested by the COR which are applicable to be included in the FAA manucls
defining areas. The physical-model measurement assistance provided by the Air
Navigation Group in Sydney, Australia ( see page 93) is being utilized fully in
determining the credibility of the predictions obtained using the mathematizal
models. This work has just begun and no conclusions can be stated at this time.
Eventually a complete comparison will be available for predictions based on the
physical optics, geometrical optics, and physical optics models. As a final
check all will be compared with results of field measurements using an actual
Boeing 747 aircraft.
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E. Snow Cover Effects on Glide Paths

1. A Worst Case Approach to Glide Path Errors Caused by Snow Cover

a. Introduction. In studying the probable effects of a ho'izontally
uniform snow ground cover on ILS glide slope performance, two mathematical
mode.. have been used. One the ray optic method [6 ], and two, transmission
line analogy to plane reflection and transmission by dielectric layers [7]. Both
methods give similar, but not identical results which can be expected since both
methods are admittedly approximations and cannot be expected to give exact
quantitative answers. Field experience has pointed to the difficulties involved
in obtaining the data necessary for implementation of an exact onalysis, and the
extreme comglexity of that onalysis in itself weighs against the use of any such
rigorous methods.

The purpose of this section is to report a number of findings using a ./i¥ erent
model and to suggest an approach to a solution of the monitoring probler Lywnuis.ng
the necessity for determination of the elusive and enigmatic snow parame‘s’ .

This discussion will be concerned solely with the null-reference, image,
glide-path system.

b. Geometric Analysis. Figure2-66 indicates the geometry involved.
It is assumed that the ground is a perfect reflector and effectively an infinite,
horizontal, plane surface. In the following, unless otherwise noted, all distances
will be in corrier wavelengths. This will generalize and simplify the equations. It
is further assumed that all distances of interest between transmitter and its images
and the receiver are so nearly equal that the 1/R term may be neglected without
seriously altering the relative field strengths. One may then write:

= E e"lq’ (2.79)

where E_ is the phasor field component at the receiver, E_ is a relative magnitude

a
term to account for each anterna excitation, and ¢ is the delay caused by the

distance between antenna and receiver.

Since the DDM is the difference between the sideband components at 150
and 90 projected on the carrier component and taken relative to the carrier magni-
tude, one can write:
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it

smu(q;4-qa )

1

sin® (4’3- ‘P2

DDM = 2 Am ) cos (((p] +¢4)-(¢2+¢3)) (2 .80)

where m is the modulation factor of the sidebands on the carrier antenna and A is
the ratio of the sidebands on the sideband antenna to the sidebands on the carrier
antenna

o =Ux-ef +y’ +-nf)? 2.81)
0, =+ +(z-n?) 2.82)
N R L ik (2.83)
4 = (x-a?+ e +n? (2.84)

Here ¢ is the offset of the upper (sideband) antenna toward the runway. Hand h
are the heights above the surface of the upper and lower antenncs respectively.

This formulation can be used for the totally reflecting snow surface by sub-
tracting the snow depth {(assumed uniform horizontally) from z, H, and h, and then
adding it to any z determined in using the equation which references that altitude
to the site elevation level.

Under the current asiumgtion (total reflection, infinite horizontal surfaces,
etc.) it is evident that the gli' (.cth is represented by:

sinW(¢4 —q;]) = 0 (2.85)

or

I (2.86)
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thus

(x~e?+y2 +(z+HZF = (x-e) +y2 + - HZ B +1
(2.87)

square both sides

(RN b 4,1 4 11 PN BT POT AL KGR LY Gt

(- e +y2 + @+ HP = (xee)? +y2 + (2 -H)Z +2((x-e)2 + 42 + z-H)2 )¥ 41
(2.88)

which reduces ‘o

jj 4zH - 1 =2 (fx-e)? +y2 + (2= H)? )’1’ 2.89)

o
ey
e B S AR 2 el S o oan 0 i L s e

square both sides

‘?.“itﬁ 2 Sl oz

' 1622H2 -8z +1 =4 ((x-e)2 +y2 +(z - H)2) 2.90)
> or 3
1
] 22 (16H - 4) =4 ((x-e)2 +y2 + HD) 1 @.91) ]
and §
z=(((x - ) +y2 +H -0.25)/ 42 - )% 2.92) g
Note that this gives the height of the glide path 0s 2=0.5 forx =e¢,
y =0and (z/y) =1/ (399)’1f or approximately 0.05 foi large y, or a far-field glide
slope of 2.87°, when h=5aond H=10.
The cosine term goes to -1, indicating an inverted glide path ai :
- + = §
v (g, o - (o, +o ) =x @.93) 3
-131-




more specifically
yo<llyy ) - R N<3 @.94)

but the value, 1, is of special irterest since it givas the so-called 180° point
monitor location.

(- +y? e @+ W2} +((x- e +y2 + (2 - HZP (2.95)

1
=+ e 2 e+ @4y rz-n? )T @.76)

A simple calculation based on the first three terms of the Taylor series expansion
of the radicals gives

yiH2 - 6y - (0.75 be'y) (H/y) - th/y)?) +0.25 (At - by =1

@.97)

where x and € have been takea as negligible. For b =10, h =5 and (7./)')2 =
1/399 this yields y = 74 .44

As a test of the validity of the cssumption of total reflection from snow
surfuces, angles of incidence versus snow depth are given for this 180€ location and
for the far-field at y = 1000 and y = 5000. In Table2-9 below 810 and 85 and

indicate respeciivcly the incidence angles of rays from antennas at 10 and 5
wavelergths above the ground.
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3now 180° Point 1000
Depth ™9 0 8 0 0 0

10 5 10 5 10 5
0.0 | 7953 | 83.29 | 86.57 | 86.85 | 87.02 | e7.08
0.1 79.63 | 83.44 | 86.58 | 86.86
0.2 | 79.82 | 83.59 | 86.59 | 85.87
0.3 | 79.97 | 83.7¢ | 86.60 | 86.89
0.4 | 80.12 | 83.90 | 86.61 | 86.90
0.5 | 80.27 | 84.05 | 86.62 | 26,9
1.0 | 81.02 | 84.88 | 86.68 | 86.97 | 87.05 | 87.19
2.0 | 82.53 | 26.34 | 86.79 | 97.08 | 87.07 | 87.13
3.0 | 84.05 | 87.88 | 86.91 | 87.19 | 87.09

Table2-9. Ray Incidence Angles for Various Snow Depths
(Lirear dimensions in wavelengths).

Table 2-0 gives reflection coefficient megnitudes for snow dielectric constants
from 1.1 to 10.0 for incidence angles 75° to 89.9°.

It can be seen that in the far-fieid even with dielectric constants of snow as
fow as 1.1, the total reflection assumption is very good. The near-field picture,
however, is not clear. The dielectric constant may be faizly high ard still allow
consideroble energy tu enter the snew, be delayed, refiected from the ground and
return to mix with the first surface reflection ot almost any electricol angle.

Since there must, howaver, be soine urique value of total field from eack
antennc af the point of reception, a possible approuch is to assume on effective snow
surface and affective reflection coefficient =nd delay which will give the same
results as the actual more complex situation. One moy then write the direct and
reflected signals at the receiver as
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E =-pke (2.99;

wheie y is the direct path length in wavelengths, and y_is the equivaleat path
length for the reflected signol including the delaying effect of the snow and of
the possible complex reflection coefficient at the ground, and p is the magnitude
of the etfective reflection coefficient.

Writing these equations for both antennas and combining the fields ot the
receiver gives {neglecting the small 1/R variation as before)

C
_ ]4 ] . -‘ '] "l "‘
DDM = 2 AM cos 3(C+Gin p S _-sin S)-(Gin p,S, -sin S,))
23 373 3 A "4 4
(2.100)
where
C =(1+p.2 2p cos2t(p -y )2 2.101)
4 4 4 4 N
C =(1+ 2-—29 cos 2 (p - ))% (2.102)
23 Ps 3 Co Ty m 9, .
S; = Gin2r (g3 -y, )/ Crs 2.133)
s4 = (sin 27 (qz4-tp] ))/C]4 (z.104)
C =2 + - + .
C w [(w] ~p4) (4»2 4»3)1 (2.105)

Py and p, are the magnitudes of the reflection coeificients

at the intersections of {3 and ¥4 with the effect surface of
of the snow.

This equation could ke programmed and solved for DDM as a function of
position and snow depth for various assuined values of p; and p, and g, and gy

and would give rise to such a confusing plethora of results os io render the gume
unworthy of the candle.
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A rather simple alternative approach is to sketch phasor diagrams of the
direct und r=fiected signals and to make a worst case onalysis in terms of reasonable

cssumptions.

The firsi of these assuinptions is that since the angle of incidence for the
signal reflected to the far-field from the surface of the snow is greator than 86.6
degrees, for which a dielectric constart of os lirtle as 1.4 relative wil! give o
reflection coefficient of at least 0.8, a phasor gisgram can be constructed fre
unaltered direct phasors and corresponding surface reflected phasors of 80% the
length of the direct phasors. For this, as yet, incomplete diagram, lengths and
angles are perfectly definite calculeble functions of geometry.

To complete the diagram, o second assumption is made. Since the analysis
has assumed infinite plane surfcces, it does not seem likely that the phasor repre-
senting the total reflected signal should be larger thon that which would be delivered
by 100% reflection. It is therefore assumed that the focus of the tip of the reflected
phasor must lie on or within a circle of radius { 1 - p) whose center is the point of
the first surface refiected phasor of length p.

The phasor dicgram constructed on these assumptions gives rise to o range of
carrier phose angles ond magnitudes ond a multiplicity of sideband phases and

mognitudes.

Consider Figure 2-67 where, for simplicity, the direct carrier phasor it
shown at -9 and the surface reflected carrier af -45, The resultant may range from
-13° to 26 .8° with magnitude from §.4065 to 1.665.

Figure 2--68 chowe the sideband phasors with the direct signa! taken as 0°
(diagram referenca angle) and the first surfece raflected phesor of -30°. The
carrler vhasors are shown as lines of direction only tince only the carrier phase is
of interest to this part of the construction. The extreme valves of the projections
cf the sidebord phasor on the carrier phasor are A and B. These are the worst case

values,

Figure 2-49 illustrotes the method of determining the DDM from these points

and the carrier phasers.

The iength O-C in Figure 2~59 may be chosen so o te provide a convenient
scale. From rhe triangles OCCy ond OAD, it con be seen that OD: OA::0C:G
and sincy OC, ond OA are respectively the carrier and projecied sndebond mag-
nitudes, OUg wou!d meosure one~haif the DDM directly if both mognitudes wera
o the same smle The suppression of the modulation index, m, and the relative
sideband facior, A, (for converience in drafring) however, mckes the iength O-C
represent a DDM of ZrA or about 0.24. Thus, in Figure 2-69 the DDUM ranges from
0.0026 to 8.062 or from 2 .2 to 33 micniuggtperes flydown.
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Phasors

Direct Sideband Phasor

Figure 2-68. Phasor Construct Showing Range of Sideband Phasors due to
80% Surface Reflection.




AT Sy ST o o AN SR T 87 v P " £
Eﬁ;ﬁ B T e A o e Rl Rt T Tl s vyl B cw
\ 0 3 3 Pl B e e e ety £ oy § i e et} Rl i
{

Fare "
E:

N
N
-

N
N
N
AN
parallel to C

qa

Line BDb is parallel to ch'
Figure 2-69. Construct for Showing Range of DDM for 80% Surface Reflection.
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Figures 2-70 and 2-71 show the worst case phasor construction for the far-
field (2000)) at elevations of 100\ and 110\ respectively. Figures 2-72 and 2-73
present the corresponding total reflection cases.

By a slight simplification of the phasor geometry, one arrives at a manage-
able formulation based on the fact that, in the region of interest (from about 1.4°
to 4.2°) in the far-field, the carrier phasors are ‘einforcing and thus the circle
of uncertainty produces a reasonably small range of carrier phasor angles. In the
region of the far-field the resultant of the carrier phasors and the resuitant of the
sideband phasors are necrly coincident in direction except at the glide path (DOM
3 nul') where the sideband phasors must either cancel or reverse direction (thereby
2 cancelling their projection by passing through the normal to the carrier resultant).

In either case the following approximations are valid.

i uR e

Figure 2-74 indicates the geometry involved. Figure 2-744 is drawn for
the case of total reflection ot the snow surface. This simply projects the resuitant
of the sideband phasors on its own di action which is nearly that of the carrier,
since in the far-field, the argument of the cosine term in Equation (2.106) is nearly

’ zero. Figure 2.74b shows that the term 2 sin w ( Y4~ ¥ ) must be modified to
5 (1+p)sinw (4 - ¢7) £ (1 - p). For the worst cases the carrier phasors are

3 similarly modified and lengthered or shortened by ( 1 - p}. Thus the worst cases
9 DDM's become

s

SR )

i

et 8
Al

(‘+P)sin1r(4'4'¢I)-(1-P)

2mA 2.106)
3 (]+p)sintr(¢3—q;2)+(]-p)
- and (V+p)sinw(y -y )+(i-p)
£ | 2mA 4 1
2.107)

(1 +p)sinn (¢4-¢‘)- (-0}

ARt 2

Figures2~-7, to 2-80 are plots of the resuits obtained with Equations (2.106)
and (2.107}in which the binomial approximation of g s~ ond Y3 ¥, have

been inserted to facilitate computation. p has been computed in each case using
the usual formula and toking advaniage of the small ongle approximation, sin az a.

Ay

It seems cpparent from these plots that the major and expected effect of
snow cover is to cause the probabie average path angle to rise. The possibility
of a lowered parh angle in the case ot very little snow deptk: arises from the

~140-

annt il iy el

A

tﬁ.ﬁm&l{&m}ﬂﬁﬂ&mwﬂm&iﬁhuﬂm.lfis'ui.m!:f.'ill.xIMMZL'ﬂ&MMJ&&I;m&HKﬁﬁﬁwMh:m.-m.ieh}w‘m 2




e

i s i G RS B e i S AR A e A A A G o i A ARG A s o it

lan,

335518

TR

IR o

FSps
T

27

B

ey

*(4iDg 3PHO UO) 3PNIl|Y X001 PUP

(P1914-1P4) X 000Z 40 YidaQq Moug X Z yiim saBupy WQQ Buimoyg §oniysuc) Jostyd *0L-Z ainBiyg

L B A e AR

2

o 22

£

Josoyd 1e1DD)
pedpjeq jo smo

N

£60°0 =20

680°0 =V0

8iLl’0=80
u01§o0 494

92p44ns 9,08 10} sBuns WQa 99-20
yidep mous yz wol

uoyyda|3ad |pjo} 103 WQQ VO

e T

7; .

e

e,

- s

-141-

e S

g

oS0} PUBIOPLS
pesnjaq) jo 120

SRR

‘m&, ~ ~ N

s ~ SO\ )

! ,//, ~: N //M/

ﬂ /,/ // /,, ,////ﬂ,,

w,,w, / // // /

3 N ~ N ;
ﬁ 105044 PUDGSP!S $9031Q 0 _

A |

- >

TN DA N A g 30 g B8 G0 P e X G4 ) e




*({ivg APYD PAOGD L€°) PMHLY XOLL PUP (P3id-4Rd)
X000Z 40 Yidag moug X7 yiim sabuoy waga Buimoyg §oNnisuoy) 10sbyg ‘ 1£~Z unfy

~»

N £10°0=20

/ §l10°0=Vv0

N £80°0 = 90

~ N UO}O8}}94
// / 9304408 5508 4oy aBuns WAQ §0-D0

* / ..zmon mous yz woi

/, X\ uenoeyes 3104 3 WAQ VO
N

I

i AL B

i

TR LA AR LAY

-142-

STz o

T

D e

Ly,



3
H

AL

LLs

v
SR

o

ot moe—
ARG AR (L fhr £

Al
WA

Anijniy

AN
Solid Lines -~ No Snow ~No N\
Dashked Lines ~ 2X Snow ANy
Dot-Dash Lines - Cunstruction SN

DDM No Snow = 0
DDM Sncw 0A = 0.089

vt
y3

Figure 2-72, Phasor Construct for 2000\ (Far-Field) and 100\ Aititude
(no Glide Path) with no Snow ard with 2\ Snow Depth,
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Figure 2-73. Phaser Canstruct for 2000A (Far-Field) and 110\ Altitude
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mathematical assumption of complete disregard of the ground reflection coefficient
under the snow as contrasted to the assumption of perfect reflection in the absence
of snow. Actual measurements of ground conduciances show quite low values, on
the order of 10~4 10100, that for copper. From the transmission line analogy
viewpoint this is still nec  + a short circuit since the characteristic impedance of
the air part of the line *- ..o quite high, being proportional to the secant of the
incidence angle. The plots should be considered of only academic interest in the
zero depth limit.

It is evident that the probable effect is much worse at 720-foot range than
at 7220-foot range. Because the approximations used were not sufficiently close
for calculations at the 180° point they were not carried out for the monitor
location, however, other calculations [4, see pp. 21-25] have shown the path
angle changes to be more violent at the monitor than in the far-field.

The idea that the snow might act as a quarter wave transmission line,
reflecting the short circuit impedance of the conducting ground as an open circuit
at the snow surface, has been considered. Probable values of ground impedance
(termination of the quarter wave line) are, however, considerably greater than
zero and may be quite comparable to the characteristic impedance of the snow.
This coupled with the extremely high impedance of the air line ( n sec 8) would
lead one to discount the possibility of resonant effects, except perhaps with snow
overlying salt water. This is clearly an impractical case.

c. Recommendations. Even though calculations and measurements
suggest that moderately deep snow of reasonabie dielectric constant will not lower
the path angle i~ e far-field, simply disregarding the near-field monitor under such
conditions is ne: .r a satisfactory nor a satisfying solution. A different system of
monitoring more closely related to the far-field condition is needed.
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2. Measurements of Far-Field Glide Path Angles ot Sites with Heavy
Snow Cover

a. Introduction and Background. Acquisition of accurate, meaningful
data on ground-plane, snow-cover effects on the glide-path angle in the far field
is admittedly expensive and time consuming. Nevertheless the dearth of such data
and the critical need for it dictated that an effort be made to acquire some to

document quantitatively what effecis may be taking place during times when snow
covers the ground.

Two approaches have been considered feasible for collecting the needed
information. One is through the use of probes mounted on a high tower simulating
an aircraft in space. This provides a continuous record of changes which may take
place during periods when snow conditions are changing. The second is through
the use of an aircraft for makingspot checks of path angle.

Although a far-field, high-tower monitoring system has been in operation
for five years at Ohio University the limited amounts of snow which accumulate in
Athens have provided oniy one good opportunity to obtain significant data. This
was reported in Technical Report EER 5-7. During this reporting period no
significant snows fell. In an attempt to collect some data a special series of
flights were made into Michigan, Wisconsin, and Minnesota and northern Ohio.
A report of these resulls follows. Plans were also made for installing a far-fizld
tower monitor site in the Michigan snow belt next season.

Results of the measurements indicated that snow effects were negligible
at the sites visited. Maximum dispersion from previously recorded FAA data was
0.06 degree and this was an increase in angle. In mony cases near-field monitors

were approaching or had just returned inside alarm limits. The following Table 2-11.
summarizes the data.
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On the basis of data obtained from a compilation of glide path monitor data
given in Ohio University report EED 1-5, "Glide Path Summary", September 1968, (8 ]
224 glide path sites in the United States, were placed in one of four groups according

to the following criteria:

| Continuous Deep Layers of Snow
i Intermittent Deep Layers of Snow
1| Occasional Significant Layers of Snow

v No Significant Snow Effects

AR R P T ST Mg 501 P ML SRR VAT HTH T IR S AR TN O Ve e e N

Sites belonging to the above four groups are given in Appendix B.

TR

ey

The basis for assignment to a specific group were the comments made on the
monitor data report generated by the facilities personnel and subjective evaluation
by the Ohio University and FAA ILS staffs. The groupings are certainly not
indicputable for there were many sites which seemed to be borderline cases.

FEF TR T

During the month of January 1971 data wera obtcined concerning existing
official snow depths of numerous stations. On the basis of this information ten sites
were selected for making measurements of the effect of snow on the glide path angle.

These sites were:

Battle Creek, Michigan
Lansing, Michigan
Grand Rapids, Michigan
Muskegon, Michigan
Green Ray, Wisconsin
Duluth, Minnesota
Minneapolis, Minnesota
Rochester, Minnesota
Madison, Wisconsin
Milwackee, Wisconsin

NV B WON -

wend
e

Battle Creek and Lansing were overflown because of the minimal snow depths
that existed on the days the measurements were to be made. Muskegon wos omitted
because weather conditions were below {FR minimums and forecast to remain for some
time. Minneapolis cnd Milwaukee each had two glide slope sites all of which were

measured.

Immediately following completion of the first data collection trip a second
was made because of a sudden deep snow fall in the Ohio orea which alarmed monitors
at Mansfield and Akron-Canton. Three glide paths were measured, viz., Mansfield,
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Ohio, Akron-Canton, Ohio, and Youngstown, Ohio.

! Approximately one week later measurements were made at Columbus, Ohio,
after notification was received that the path was at alarm due to slush covering the
) ground.

/o
n
3
[+

A total of eight days was required to collect all of the data on the 14
facilities. This included mecsurement and travel time. At least one measurement
was made each day and on one day in Ohio three measurements were made thus
showing the potential efficiency of this type of data collection.

R AT

P

I Paiial

b. Measurement Technique. A Beechcraft Bonanza 35 was selected
for use in carrying the airborne probe because of its instrument capability, relatively
3 low cost, maneuverability, personnel and equipment carrying capability, speed and
E availability. The one-man crew requirement provided further economics during the
: travel. The stability of *he DC-3 flying laboratory which was not critical for the
3 measurements glanned was sacrificed.

TTIeRy Ry

The measurements were made as follows. Through prior arrangements,
personnel from the FAA Airways Facilities Office met the aircraft when it arrived
A at the respective airports. Through their cooperation transportation of the necessary
equipment and the person who operated the theodolite to the glide path site was
3 accomplished where the theodolite and radio equipment were prepared for tracking.
Snow samples and depth measurements were obtained.

,
ASEE v e

Simultaneously the aircraft was prepared for measurements. An additional
glide path receiver, Narco UGR-2A, was installed temporarily using a separate
Aircraft Radio Corporation A-13B antenna and readouts. Course deviation indi-
cations (CD!) were presented on a wide-view Model 1329, 41 inch, 25-0-25
microammeter converted to read 150-0-150 microamperes while presenting a 1000
3 ohm load to the circuit.

A s st s b AL iy

A meter to read flag current was also installed. These meters werz mounted
on a swivel and pivot to permit positioning to eliminate paralax error. A Wilcox
800A glide poth ruceiver operating with a conventional CDI display was used for
cross checking.

Calibration of the glide path receivers was accomplished prior to departure
3 using a Boonton 232A signal generator equating 2db to 78 microamperes. The zero
E db value was checked using an oscilloscope.

4 et

Scale divisions approximately 5/32 inch wide permitted resolving ot least
two microamperes which under standard conditions represents 0.005° of glide path
angle.

St g
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A standard {LS approach was flown and when the circraft was located pre-
cisely on course (zero DDM), a tone was transmitted to the theodoiite operoto:.

The theodolite was positioned in accordance with FAA Order 8240.20.
This insured compatibility with previous FAA readings and allowed use of a pre-
pared pad at many sites. A Warren-Knight Model WE-83 theodolite commonly
used in the FAA radio telemetering thecdolite systam was used for tracking,
Resolution with this instrument is 0.02° with interpolation allowing ut least 0.01°
to be read. It is fortuitous that the resolving capability of the airborne and
ground-based equipment is compatible and that these are very adequate for
ascertaining the glide path values.

A Bayside Model 990 portable VHF receiver was used to receive the tones
transmitted from the aircraft. When o tone was received the reading of the the-
odolite positinn on the aircraft was recorded. The numbers obtained from fwo to
three runs were averaged. Typical dispersions of readings were 0.(2°,

Between flight runs the statior. monitor values were recorded. At some
time during the visit to the facility, snow depth measuremer:s were made of the
area affecting the far-field. These were taken for the purpose of preparing a map
of the snow conditions. Experience hos clearly shown that in meny instances there
are great variations in conditions frem one point to another in the reflecting areas.
Snow density measurements were made by taking a sample of snow and obtaining a
specific volume reading.

Mumerical valuas obfained from these readings are presented next.
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c. Discussion of Data . In Table2-11 a summary of the data obtained
from the measuremen's ot the 14 {LS locations is given. The following are
discussions of the special cases.

It is important to note the consistency between the Ohio University measured
glic : path angle and the FAA meosured glide path angle. Additionally, ot Appleton,
Wisconsin; Rochester, Minnesota; Milwaukee, Wisconsin, and Mansfield, Youngstown,
and Columbus, Ohio, the following was observed:

Appleton, Wisconsin 18" snow depth in monitor area

Monitor indicating 80% toward alarm--
path high

Measured path angle--2.52°

3 Published path angle--2.,50°

3 FAA measured path angle--2.54°

]
E|
3
%
ES
!
§
2
%g
2
3
3
3
b
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The facility was out of service for path alarm. As indicated by the above data
2 the path angle is normal and a classic case of monitor sensitivity to snow cover.

Rochester, Minnesota 8" snow depth in monitor area

Monitor indicating 64% toward alarm--
path high

Measured path angle--2.78°

Published poth angle--2.75°

FAA measured path angle--2.81°

b

23
e
.

Monitor indicated excessive path high condition.

Milwaukee, Wisconsin

3 (GMF) 8" snow depth

Monitor indicating 66%. .oward alarm--
¥ path high

Measured path angle-2.99°

E Published path angle--2.93°

FAA measured path angle~-2.94°

Y s 1% Yot b BT o g T P
PRI el Bt s cin b S R R e

Monitor indicated excessive path high cendition.

= Mansfieid, Ohio 18" snow depth

. Monitor indicating edge of alarm path
width narrow

Measured path angle--2.78°

Measured low 75 pa angle--2.43°

Measured high 75 pa angle--3.15°

-158-




3 Focility out of service for an excessively narrow path. Measured data indicates
E path width normal. Excessive monitor response to snow.
g Youngstown, Ohio 9" snow in monitur area

8-12" snow in Far-Field--level

Monitor indicating 35% toward
alarm--path high

Measuied path angle--3.08°

Published Path angle--2.98°

Monitor reading 35% high, path 50% high over published angle.

Columbus, Ohio 1" ice and water mixture

Monitor indicoting 75% toward alarm--
path high

Measured path angle--3.125°

Publiished path angle--3.00°

; RTT angle--3.07°

‘ Monitor indicating excessive path high condition.

A graph shown in Figure 2-81 illustrates the great inconsistencies in simply
= relating path angle with snow depth. The knowledge of the dielectric character
g and the detailed lateral variations of snow over the refiecting surface is essential
e for accurate predictions.

%

The detailed snow data from the sites visited are presented in Apprendix C.

e | d. Conclusions and Recommendations. Several conclusicns on snow
1 effects can be drawn from the measurements made at the 13 ILS glide path sites.

"
SR . .
BRI R SN B Bl A S R ai S

All measured far--field glide path angles were well within tolerance. Monitors
are indicating excessive sensitivity to existing snow conditions and in the cases of
Appleton, Wisconsin, Mansfield, Ohio and Columbus, Ohio, undoubtedly caused
unnecessary facility shut down.

The measurement technique employed for this work proved to be an extremely
efficient and accurate method of determining far-field glide path angle. General
tolerances can be expected to be 0.02° and under some conditions as small as 0.01°.

The recommendation is that the FAA continue to collect data on far-field
poth positions. Although a variety of conditions have been measured, caution must
be exercised in generalizing from the small amount of data now on hand.
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3.  Snow Site Implementation with Far-Field Monitoring

In order to collect glide path angle and width data or a continuing basis and
with reasonable certainty of existence of significant snow on the ground plane
implementation of a special glide path site in Michigan was undertaken. Criteria for
site selection were high probability of deep snows, eycling cf snow conditions, site
to subtend 3.0° angle with tower, flat ground plane, high tower availability,
reasonable physical uccess, and available power. Other factors affecting glide
path performance were considered.

A search was ade and an excellent location found 20 miles east of Muskegon
and 40 miles north of Grand Rapids near Ravenna. A €:3.-foot tower belonging to
WZZM-TV Television Company provided the focus for ::1t+ selection. WZZM-TV
officials graciously offered their tower and buiiding fa.iiities at no charge for use
in this project. A further benefii was obtain 'd when a site ~as selected and the
owner of the farm, Mr. Robert Stream, offered the use of it at no charge together
with the use of his private air strip. In combination these contributions provided
the base for establishing three excellent glide path facilities, viz., capture effect,
sideband reference, and capture effect, sideband reference, and capture effect
glide path systems.

A wel!~instrumented van obtained from FAA NAFEC was moved onto the
Stream farm which provided 2000 feet of flat groun. = front of the array towards
the WZZM-TV tower 3 miles distant. Two specially fabricated eight-element yagi
cntennas, one of which is shown in Figure 2-82, were mounted at 614 feet and 829
feet elevations on the tower to subtend angles from the site of 2.3° and 3.0°
respectively. These are to represent the cleararce and path angles.

The capability to radiate three different type glide path system signals is
provided through the use of two towers spaced approximately 50 feet apart. See
Figure 2-83. The capture effect and null reference systems made use of two cor.inon
antennas and share the same mast. Change over from system to system is accomplished
with relays switching the correct transmission lines and antennas into the transmitting
system. Two TU-7 transmitters are availotle, onz being on a standby basis.

Each of the syste. as fiight checked to set parameters and determine if
proper path performance we: being obtained. The best path performance was obtained
from the capture etfect system with + 12 microompere roughness. Difference in
path angles mecsured with the tower and aircraft was found to ke 0.03°.

Minimum flight checking was raquired because the high tower was invaluable in
setting puth width and phasing.

Near-field monitoring is the most involved aspect of the system. The

capture effect system has integra!, analog monitoring which gives o quantitative
-i61-
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Figure 2-82. Caopture Effect Glide
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prediction of path angle and width. In addition, the conventional course monitor
302 feet in front of the array was installed. The null-reference system is monitored
by a conventional 180~degree monitor, and the sideband-reference system has the
usual near-field monitoring. A total of seven channels of near-field monitor data

is availoble. A photograph of the near-field detectors is shown in Figure 2-84.

All near-field monitors togther with two channels of far-field dota are
recorded on Honeywell Eiectronik 17 dual pen machines at the rate of six inches of
chart paper per hour. Backup recorders are in place in case of failures. All
equipment was either GFE, uxcess property from GSA or that belonging to Ohio
University.

Calibration of the systems is by use of a Boonton 232A referencing 2 db to
78 microamperes.

Receiving equipment used in monitoring is the standardized ARN18/R-322
except where detectors are available in the standard monitor systems.

Monitoring is in progress and during this reporting period the maximum
snow depths has been seven inches and ne siginificont effects on far-field path
angle and widths have been observed.
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: F. Glide Slope Integral Analog Monitor

pALA VA kA

Continuous measurements of the glide slope integral analog monitor
performance are being made at the Grand Rapids, Michigan, snow site. Recordings
are being made of the analogs of 3.0° and 2.3° angles and are compored with the

TR AT g

uaralics

Ul o

Fault # 1 Open Middle Antenna.
: Fault ¥ 2 Open Upper Antenna.
2 Fault * 3 Open Lower Antenna. :
rault * 4 Open Middle Antenna and Short APCU Port. f
Fault * 5 Open Upper Antenna and Short APCU Port.
3 Fault ¥ 6 Open Lower Antenna and Short APCU Port. 3
E: Fault ¥ 7 Continuously Vary Pha. *~ Middle Antenna. Record Far-Field and E
. Integral Monitor Response every 1° with Airborne Verification 3
3 every 15° to 45°. Take Far-Field and Integral data to 90°. 3
Fault ¥ 8 Continuously Vary Phase to Upper Antenna. Record Far-Field and g
1 I tegral Monitcr Response every 1° with Airborne Verification Y
3 every 15° to 45°. Take Far-Field and integral dota to 90°. 3
. Fault * 9 Continuously Vary Phase to Lower Antenna. Record Far-Field and 3
Integral Monitor Response every 1° with Airborne Verification 3
E ) every 15° to 45°. Take Far-Field and Integral data to 90°. ?3
3 Fault ©10 Vary Attenuation to Middle Antenna in one DB steps to 5 DB. E
Fault ¥11 Vary Attenuation te Upper Antenna in one DB steps to 5 DB. %
Fau t %12 Vary Attenuaticn to Lower Antenna in one DB steps to 5 DB. 3
Fault #_13 Remove Clearance Transmitter from APCU Port. E
Fault 714 Short Clearance Transmitter APCU Port. 3
- Fault “15 Reduce Sideband Power 3 DB. 3
3 Fault #16 E
%
§

recorded path in space. The effect of snow and other weather conditions will be
identified using these continuous recordings of monitors. The combining circuits

for the integral monitoring are shown in Figure 2-85. All coaxial cables feeding
the combining hybrids are of equal electrical length within x 2°.

The frr-field monitors give an excellent opportunity for observing the
characteristics of this integral monitor and soon specific faults will be introduced
in the system and a comparison made between the high tower readings and the

integral monitor response. Ultimately the complete list of faults suggested by the
FAA (listed below) will be checked.

T e T R R P ey

T

Foult List for Integral Monitor--Glide Path~-Capture Etfect

Repeat Faults * 1 through 12 with Clearance Transmitter Removex
and APCU Port Terminated
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All indications at this time are that the integral monitor is performing in a
faithful and reliable manner. Initially some problems were encountered with some

spurious phase shifts in some faulty connectors but these have been corrected and
proper performanice is now being obtained.

A good indication c* the integrity of the integral monitor has been obtained
by varying transmitter parameters and observing ihe simultaneous responses of the
far-field and integral monitors. To summarize these results the curves in Figure
2-86 have been plotted and these show the error between the far-field (used as a
reference) and the integral monitor and the stardard near-field monitor. The
errors are given in microamperes and the evidence is clear that the integral - itor

is responding in a much more representative manner than is the conventional near~
field detector.
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G. Effects of Truncated Ground on Image Glide Paths

1. Performance of Glide-Slope Arrays on Sites with Limited Ground Planes

a. Introduction. An ILS glide-slope array is inevitably sited over some
sort of terrain, reflections from which must be accounted for since they enter the
approach region. Although special arrays {9 ] can be designed :u suppress ground
illumination, the most widely used designs [10] , [11] , assume image theory, i. e.,
the ground plane is idealized as infinite, flut, and perfectly conducting. Many
actual and prospective sites consist of ¢ ~z2latively short, flat ground plane terminated
in a precipitous dro o in rough terrain which might be expected to reflect so diffusely
that, as far as the gli i :lope region is concerned, it can be considered to supply

negligible specular re.._cted signal.

The performance of glide slope arrays on such sites is of considerable prac-
tical interest. It can reasonably be approximated by considering the ground plane
as a one-dimensional,, perfectly conducting strip in free space [12] . In the
following discussions the null-reference array, capture effect array, and a side-
band referen . glide-slope array, are treated by using the approximation. Details
of the thec y are presented in reference [12) . Equations used in the cumputation
of radiation patterns are given in Appendix A.

b. Resuits of the Analysis.

1) Null Reference. Sideband and DDM patterns for various truncated
ground plane lengths have been calculated for a null reference array with the side-
band and carrier antenna heights 10 A and 5\ respectively. Results are stown in
Figures2-87 and 2-88. Examination of these figures show the general effects of re-
ducing the size of ground plane are: increase in sideband signal near the horizon,
lowering of the path angle, and reduction of DDM slope on path (path softening).
The computations indicate that a path can be formed with as little as 79 feet of
ground plane, but such a path would probably be very rough. This is because of
strong signals near the horizon, which in the presence of low hills or other fore-
ground obstacles, will be scattered into the approach region.

2) Capture Effect. Figure52-89,2-90,2-9] , and 2-92 contain computed
sideband, carrier, clearance, and DDM curves for various values of ground plane
length L in front of a capture effect array with antennas at 5\, 10X and 15\,

Figure 2-89clearly shows how the performance of a capture efi_:t system will be
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deg-aded by reduction in ground plane size, which has the effect of increasing signal
strength near the horizon and consequently increasing roughness. Also evident from
Figure 2-89is a lowering of elevation angle at minimum sideband signal which
suggests that the glide slope angle will be lowered as L is reduced. Figure 2-92
verifies this, and also shows that a path will be formed with L as small as 450 feet,
and that the path softens with reduced L.

<. Sideband-Reference, Glide-Slope Array. Figures 2-93 and
2-94 show computed sideband and carrier patterns for various lengths of ground plane
with a sidebanc—reference system. Figure 2-95 shows computed DDM vs.elevation
angle also for several lengths of ground plane. Again sideband signal near the
horizon increases as ground plane length is reduced.

d. Figure of Merit. As a measure of path roughness likely to be generated
by scattering from low hills or other foreground obstacles, a " figure of merit", F,
was computed from

£ sidebend signal at 0.5 (2.108)

sideband signal 0.5° below path

The numerator of the above equation (2.108) measures the illumination of low argle
scatterers, while the denominator measures the sideband signal derivative with respect
to elevation angle, near the path angle. For a particular L, comparison of F for
various arrays will indicate how much roughness a given scatterer will generate.
Figure 2-96 shows computed curves of F versus L, for the three arrays considered.

The capture effect deteriorates as L is reduced, but is superior to the null-reference
for all L. Sideband-reference glide-slope array is better than the null reference
system, but not as good as copture effect.

An unexpected result of the sideband-reference, glide-slope array was a low
value of computed fly-up clearance signal near the horizon for quite long ground
planes ( 1800' and 1200'). Clearance bzlow about 1.2° with finite ground planes
of all lengths treoied is considerably less than would exist with an infinite ground
plane.
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2. Addirional Study of Capture-Effect Glide Slope

a. h.reduction. The results of the preceding section have shown that
a limited ground . .2 lowers and softens a capture-effect glide slope. This section
extends the anclysis to include antenna offset. Results are th ~* the harmful effects
of limited ground plane are aggravated, when approaching off-localizer on the glide
path tower side. The radiation patterns of the individual capture effect an.ennas
have bren computed and are presented as are graphs of SB-CSB phase with limited
ground plane. The computed resu!ts suggest three ways to improve capture effect
perfonaance on sites vith limited ground plane. Capture effect systems incorporating
e inuicotid! changes nave been cnalyzed and the results are presented.

v. 2% to CSB Phase Difference with Limited Ground Plane. Figures
289 27 e 7 show computed SB amplitude, CSB amplitude, and DDM for
vi. fous gre -4 tiune lengths. These figures show high SB amplitude below path,
but low DL..i, rhus suggesting large phase anomalies kelow path. This hypothesis
wus verified by computations, the resu'ts of which are shown in Figure2-97. The
general effect of limited ground plone is to cause SB signal to lag CSB signal. This
effeci .ncreases as ground-plane size is reduced and as elevation angle is decreased.

The computed phase anomaly suggests that perfarmance below path can be
improved by introducing a deliberate leading phase shift in the main sideband feeder
to compensate for the anomalous lag due to limited ground plane. To check this, a
30° SB lead was inserted in the computations, yielding computed DDM curves of
Fiqure2-98 which show considerable increase in below path DDM as a result of
deliberate SB lead. Above path, where site induced dephasing is less, deliberate
lead reduces DDM. For longer ground planes, site induced dephasing is reduced
and computations (not illustrated) indicate little improvement from deliberate SB
dephasing.

¢. Radiation from individual Antennas of Capture-Effect . -rray. The
amplitude pattern of the center untenna was shown in Figure 2-8/{SB pattern of null
reference). Results of additional computation »f amplitude radiated by the top ele-
ment is shown in Figure2-99 and of phase of radiation from each antenna in Figures
2-100, 2-10 and 2-102. Figures 2-99 and2-102 indicate that for short ground planes,
radiation from the top element is severelydisturbeu in amplitude and phase. If the
ground plane is less than about 600" in length, o free space (no ground plane)
approximation is more realistic for the top element than an infinite ground plane
approximation.

Figure 2-102 suggests another way of increasing below path DDM and of
increasing DDM slope on path. The figure shows that the iop element signal leads

just above path, lags from 2/3 of path ?Iesvuﬁcn to the path, and leads from 1/3
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to 2/3 (roughly) of path angle, with reference to on infinite ground piane signal.
One may note that the nominal SB signal from the fop ontenna augments the nominc!
SB resultant sideband from 2/3 of path elevction to the path, detracts from nominal
resultant SB from the horizon to 2/3 of path angle, and detracts from nominal S8

just above the path. Consequently with a limited ground plane, a deliberate lead

in the top element feeder should augment DDM, except from the horizon to 1/3 of
path angle. This supposition was checked by inserting a 30° top element lead in the
computation parameters. Results shown in Figure 2-103 indicate a significant increase
in below path clearance except from the horizon te about 0.6°.

d. Effects of Antenna Offset. Antenna offs:t introduces a phase lag
when approaching off localizer on the glide path tower side, and thus may be
expected to exaggerate the effects ¢ insufficient ground plane, in view of the
two preceding sections. To check this supposition, phase lags appiopricte to an
approach 8° off localizer and a tower offset of 400" from runway centerline were
introduced in the computation parameters. The results of the computations shown
in Figures2-104 and2-105 point to a complete loss of clearance DDM as a result
of offset for a 450' ground plane, and o less dramatic but significant reduction

of clearance for a 600! ground plane.

The following can be conciuded from the foregoing study:

1) Onsites with limited ground plane, DDM below poth
will be red::ced by dephasing of SB relative to CSR,
even though SB signal is higher thar: would exist over

an infinite ground plane.

2) For off-localizer approaches on the glide slope tower
side, antenna offset acts to exaggerate the effects of
site induced dephasing, ihus further reducing below-

path clecrance.

3) Radiation from the top antenna is severely disturbed
in amplitude and phase by limitation of greund plane.

Future plans are being made for establishing an experimental site involving
a truncated ground plane, where practical measurements can be made. A thorough
investigation will be made including a complete set ot flight measurements.
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Extension of Ground Plane of an ILS Glide Slope by orizontal,
Paralle! Wires

a. Introduction. It is possible to extend the ground plane of an ILS
Glide Slope by means of a number of horizontal parallel wires. The maximum wire
spacing and minimum wire diameter that will suitably reflect waves at angles near
grazing are of practical interest. In this section, = expression for the reflection
coefficiert (in terms of wire diameter, wire spacing, and incident angle) is derived
and computed results are presented.

b. Theory. The sketch in Figure 2-106 shows the assumed configuration.

~-iKxcos 8 [Kysin@
Incident E Field = Ez(incidenf)e e

A N A

v H & T

< 5

Radius = a

Figure 2-105. Assumed Configuration.

The parallel wire ground plane is assumed to extendat x = + oo .

The wires are taken as perfect conductors, hence the tangential electric field
at their curface is zero. The z-directed electric field generated by the wire currents
must cancel the incident z-directed electric field. It will be assumed that the wire
diameter is sufficiently small that the surtace curreni in the wire is constent around

tne periphery of the wire. Let the total current ccrried by the wire located a
x =0 be l.




Then the z-directed electric field generated by the wire located at x =C
at its own surface is [ 13]:

- Ik 2)
4 H, ™ (ko) 2.109)

where n =377 ohms, k =2n/ A, and H 0(2) is a zero order Hankel function of
the second kind.

The wire at x =0 is also in the field of the remaining wires. A wire at
x = nS carries total current

le-;nka

where kx = k cos 8. Hence it generates a field at the center of the wire located

at x =0 that is given by

'—'—AU-E- kS W @ s 2.119)

A Equation 2,110 will henceforth be used to approximate the field generated at the
surface of the wire al x = O by the wire at x = nS. The approximation will be
accurate provided ka is small and S >>a. Summing the incident field at the field
of the wires, and setting the resul* equal to zero, gives

E 4 Ez (incident)

L —
3

@) 2.111)

2 oo
nk(Ho()(ka)‘PZX cos (nk S) H, (kS))
n=1 X

Equation(2.111) willnow be used to determine the reradiation from the wires. Con-
sidering the current distribution in the y = O plane as a succession of current
filaments separated by S and carrying current of magnitude | and phase -kxx leads
to the following expansion in terms of current waves:

AT P WA 7 Dy
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In Equation (2.112) the bracketed series is the Fourier expansion of a train of impulses
separated by S. With the notation kS = 2%, the spatial frequency spectrum of
S

Equation (2.112) is

_k
X
"kx * kS
k
k o+ 2 S
efc

For incident angles close to grazing, kx ~k. Therefore, ifk, >2k, the
amplitude of all spatiai frequency components other than k, exceeds k. These other

components are then slow waves and do not radiate. Hence, for angles n2ar grozing,
reradiation from the wire ground plane will be observed only in the direction that
would be expected if the wire grid was a solid sheet, if S < \/2. The current wave

that excites this reradiation is
} -ik
S e 2.113)

The plane wave excited by the current wave (Equation 2.113) in theregion y> 0 has
field components

25

H = -1 e-ik (x cos @ +y sin 6) 2.114)

K

H +ox_
Y S
2ky

e-jk(x cos O +ysin @) (2.115)

£ - -l e-]k(x cos @ +y sin ) 2.116)
z 25sin 0

Substitution of (2.111) ir (2.116) gives the following for the reflection coefficient p:

2

p: -

@) oo @)
kSsin@(H, (ka)+271I cos(nk S) H,~ (nkS))
n=1 x 2.117)
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The validity of (2.117) and an estimute of the departure of p from -1 may be es-
tablished by the use of the following identity [14]:

TV TG T TR

SH, P ) cosbxdx= Lo @2.118)
V1 - 12

AL

With the identifications

TR AT T T

X ——3 k x

b—— cos 0

—
£y

Equation (2.118) becomes

. ®. @
smOof Ho k x) cos (kxx)d(kx)=l 2.119)
Examining (2.117) shows its denominator to be a rectangular approximation to thy left
E side of 2.119). Therefore, as 5 and a approach zero, p as given by (2.117) approaches
-1 as it should. For finite S and o, the largest difference between the summation
in(2.117) and unit wiil be due to the rectangular approximation of the integral

fromx =0tox =S by

el LA

kzs H, @ (ka) 2.120)

A3 8

o r

c If k ais small, H°(2) — ~j in (k a), thue leading to an excessively large, positive,
; imaginary component of x, the denominator of (2.117). Therefore, one may expec!
that, for very small wire diameters, or large spacings, the reflection coefficient will
have lagging phase and be considerably less than unity. As  decreases, the magni-
tude of the difference between the rectangular approximation between x = 0 and

E x =S and the exact integral decreases because of the sin (@) term; hence, it is to be
E expected that the reflection coefficient will increase in magnitude and approach

zero phase as 6 —— 0.

c. Computations. Equation (2.117) was programmed for machine
computation for a set of wire diameters ranging from 1/16" to 1/4", a range of
wire spacings from .1\ to .4\, and for 8 =5°, A program listing and printout is
.- given in Figures 2-107, 2-108, and 2-109. Generally, results were as expected. Re-
flection coefficient was found to decrease in magnitude and lag in phase as spacing
was increased for a given wire diameter. For a given spacing, reflection coefficient
increased and phase lag decreased as wire size increased. An anomalous result was

~196-~
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the indication of reflection coefficients slightly exceeding unity for the smaller
spacings. This result is unquestionably due to the approvimsiions mentioned in the
theory section, which become poorer for small spucings. For relotively large
spacings and small wire diameters, which are of practicai interest, the approxi-
mations are good and the results given in the printout arc believed accurate.

o rmansn

In summary, this study has revealed the following:

1) hesults indicate that a wire diameter of 1/16"
with spacing .4\ will give a reflection
coefficient of .94 /_16.5° for an incidence
angle of 5°. For smu:ler incidence angles,
smaller spacings or thicker wire, the

3 reflection coefficient is closer to unity.

2) If wire spacing exceeds one~half wave-
length, spurious reflections will appear
ct angles other than the optical angle.
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Diameter Spacing Reflection Coefficient
in Inches in Inches Magnitude Phase
0.063 0.100 1.042 ~4,274
0.063 0.200 1.043 5.824
0.043 0.300 0.994 110.270
0.063 0.400 0.936 16.516
0.125 0.100 1.042 3.572
0.125 0.200 1.046 4.39N
0.125 0.300 1.000 8.228
0.125 0.400 0.948 14.000
0.188 0.100 1.043 3.162
0.188 0.200 1.047 3.559
0.188 0.300 1.002 7.024
0.188 0.4C0 0.954 12.50%
0.250 0.100 1.043 2.871
0.250 0.200 1.047 2.967

Figure 2-109. Reflection Coefficients for Various Wire Sizes and Spacings.
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H. L-Band Glide Path Investigation

TR R T TS P R T P o g B G i,
¢ %

W)

b

Consideration is being given to techniques for mixing in the airborne signals
which can be transmitted from the glide path array when operating at L-Band.
In addition to the pure glide path signal the anticipation is that a local oscillator
signal may also be radiated so that a difference frequency would be obtained
which would be in the present glide path frequency band.

DESR Sk vt

A method that can be used to derive a standard 330 MHz glide path signal
from an L-Band glide path is shown in Figure 2-110.

L-band L-band
Transmitter Horn

4

IN23 A Normal

GP Signal (1550 MHz) [ L-band (1) _' Mixer | ]330 MHz
+ CW Signal (1220 MHz) Pre-Amp Diode Receiver

AT

Igless

(1) HP 35005A--Cost 91,507

FRTMEAIIE I 7V TP I T b o NG ST PSRBT AR S BT

P
"
"
i

%’f (2) IN23 A Diode--Cust 33
%}‘" Figure 2-110. Suggested Laboratory Implementation of L-Band Glide Path.

Note that this scheme requires a continuous wave signal ot 1220 MHz to be
transmitted in addition to the normal L~Band information. The 1220 MHZ signal
is amplified along with the 1550 MHz signal and ‘he two specira are mixed by a
diode to provide the glide path receiver with a difference signal in the 330 MHz

T

=

iy

- ;% band.
§§ This aitbome add-on device can be used to make a standard glide path
E receiver compatible with an L-Band facility. The items shown in the figure are
= standard off-the-shelf hardware. Typical prices are given in the figure. Plans
. 2 include purchase of these items and flight measurements to demonstrate feasibility
= B of the L-Band compatibility pending availability of ground-based equipment

it

presently at NAFEC. Ground-based equipment presently being shipped by the FAA
to Chio will be used in the experimen%sm
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i1t 1S LOCALIZER

A, Design of a Localizer Array

1.  Design and Flight Testing of a Localizer Array That Provides
Clearance Signal Only Within £ 35° of Center Line.

a. Introduction. If operations require localizer clearance only within
+ 35° from centerline, any sideband signal outside of the + 35° sector is of no value
and is a potential source of path roughness if reflecting obstacles exist outside the
required clearance sector. This section describes the design and testing of a 15-
element localizer array which generates sufficient sideband signal within + 35° to
produce clearance, and low sideband signal outside + 35°. The aperture of the
prototype is 88 feet, and the elements employed are Scanwell V-Ring loops. The
choice of element was dictated by availability of the Scanwell antennas, see
Figure 3-1, but dipoles or omnidirectional loops could have been used with no
essential change in design or performance.  The array described is not claimed to be
broad-band in that precise adjustment of feeder line length is required. Also, it is
clear that numerous other combinations as to number of elements and element spacing
are possible.

b. Array Design. A uniformly spaced array is unsuitable for the
application at hand, since the element-to-element spacing would have to exceed
180° in order to keep the number of elements reasonably low, and to avoid large
mutual coupling between elements. Therefore, at some azimuth angle 8, the
element-to~element phase shift would become 180°, and the sideband pattern P ()
for angles exceeding 8, cculd not be independently specified but would be
determined from

P,(Oo-!-q;):-Ps(O—qx) @3.1)
Similarly, the carrier pattem PC(O) for angles exceeding 8, would be determined by
Pe (8, + ¢)=P. (0, -¢) (3.2)

Hence a non-uniformly spaced array was necessary, and such an array was synthesized
by icast squares maiching to a specified sideband pattem P . Designating the distance
between the center of the array and ihe Nih element by S , and the sidebard drive to
the Nth element by A, the integrated squared di ference between the generated
pattern and the cpecified pattern is given by

-202-
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Figure 3-1. V-Ring Array at Ohio University Test Site Used for Testing the
Specia! Configuration to Provide Localizer Coverage only Within
+ 35°. Careful Inspection of the Picture Will Reveal o White
Radome on Top of Each Pedestal. These Radomes House the Integral
Monitor Coupling Probes.

-203-




PR Y T ST R B S PO & i B AT TR L AT A S IS S e e &

E=f1(P -IA sin(S a))zda (3.3)
0o n n :

: where a =sin @

~ If Sn are specified, E can be minimized by setiing

3 dA

: n

Applying 3.4 to 3.3 leads to the following set of linear equations in which A
E are the unknowns:

3 i

I AS sin(S a)sin(S a)da=S P sin(Sa),p=1, N (3.5
n n P s p

] n 0 0

Using (3.5) and assumed values for N and Sn , An , were computed and the
A resulting fit between P and the generated pattern noted. Trials showed that N <7
was incapable of producing an acceptable fit, and that with N =7, a good fit was
5 generated by the following spocings {in radians) and amplitudes.

1 Sy © 4.0 Ay = 1.00

\ S, = 8.4 Ay = .700

q S3 = 13.0 Ay = .665

54 = 17.2 Ay = .570
3 S = 22,0 Ag = 449
5, = 30.5 A, = .105 3.6)
=204~
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In the foregoing, Pss was specified as

it (it e U i i g

p =1 -cos(6a g <o° 3.7a)
58 18.7 a
Po= 24 0114 90 ¢ g < 32° (3.7b)
a- .123
-56.5 (a- .53)

sk ohis kol i e b R A U LR

YR Y

P .2189 , 32° <0 <90° (3.7¢)

Considerations dictcting the ch~ice (3.7) were: (a) sideband signal between
9° and 35° specified as minimum value required to maintain coverage. SB in this
range exceeds .20 of peak SB; (b) negligible sideband signal between about 38°
: and 90°; (c) continuity in amplitude and approximate continuity in slope; (dj peak
- sideband value of 1.0 for convenient normalization; and (e) "natural” shape of
E central peak, i. e., higher slope on centerline side of peak than on the other side.

q: Figure 3-2 shows the sideband pattem generated by an array of V-Rings with
'3 spacings and amplitudes given in Equation 3.6). The pattern would be substantially
identical fe- dipole elements. If omnidirectional elements were used, an amplitude
rise to 0.09 of peak would occur between 70° and 90°.

T e o
i Y TG
. ‘u b ke

The required carrier pattern is determined from the generated sideband pattemn
by the required DDM, which is vroportional to (sidebands/carrier). Designating the
sideband pattern generated by an array with spacings and amplitudes 3.6) by Pgs'
the required carrier pattem Pc was token as

Pc = .0610(Pgs/a) 0 <9 < 4.2° (3.8q)
= . .2° <9 < 40° .

Pc (Pgs/l 2) 4,2° <@ <40 (3.8b)

P, =0 0 >40° (3.8¢)
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Equation (3.8a) specifies linear DDM between 0° and 4.2°, the constant .0610
being chosen to give equality of P_ and Pgs at 3.5°. Inspection of (3.8b) shows

that, if (3.8a) is fulfilled, 180 microamps of clearance at a course width of +2.5°
(7° total width) is specified by (3.8b).

Synthesis of the carrier array was canied out by least squares matcliing to
(3.8). Since the spacings S, had already been determined from the synthe<is of
the sideband array, they were not available as parameters in the carrier synthesis.
The carrier amplitudes B | obtained by least squares are

Bo = 1.0 (center element)

B, = .478

B, = 292

B3 = 195

8 5 = .031

B 6 Negligible

B7 Negligible 3.9

The carrier pattern generated by an array of V-Rings having the amplitudes
(3.9) and the spacings (3.6) is shown in Figure 3-3. DDM generated by the array
specified by (3.9) ond (3.6), ot a course width of 7°, is shown in Figure 3-4.
Although the fit between the generated and specified carrier pattems is not os
good os for the sideband pattem (due to non-availability of Sn as pcrameters),
it was accepted, as clearance DDM was adequate, and the presence of carrier
signal outside 35° could have only a second order effect on scalloping.

c. Distributor and Suppression of Parasitics. Suppression of
parasitics is essential to the operation of the array described here, as relatively
small amplitude and phase errors caused by parasitics ¢ .1 lead to low clearances
in the 10°- 35° region, wheie design signals are low. The type of distributor
employed makes possible suppression of parasitics to a degree limited only by
losses in the feeder cable (20 db suppression for 60 foot RG-8 feeders). The
distributor consists of 50 ohm shorted stubs, \/4 long, topped at points computed
to give the desired division ratios and connected to th: feeder through 50 ohm lines
whose lengths compensate for the phase shift through the divider. A divider section
is illustrated in Figure 3-5.
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Vour

_1(sin20
(——L=X-tan]( 2 )

o
VIN . /
]
p——0— Vq
po———— A /4 ]

Figure 3-5. Divider Section.

It can be shown that, if a matched load is connected across the output terminals

VT cos O

VIN

T Y4 sin2 0
i —— (3.10)

. . -1 .
Thus, 0 < lV.l /VINI <1. Phase shift between VT and VIN is -tan ((sin 2 0)/2),

and is compensated for by using the line of length L in the diagram. The properties
of the distributor which make possible parasitic suppression are: (a) input admittance
looking into the output terminal, with the input terminal shorted, is reactive and
independent of the position of the tap point; and (b) if a number of dividers are
conrected to a common input node, the mutual admittance between any two output
nodes is zero.

Property (a) can be verified by the use of elementary transmission line theory,
or can be deduced from general network theory as follows. Suppose a two port re-
active network containing an adjustable parameter has the property that, when a
resistive load is connrected across its output port, thc phase of the voltage appearing
across the load is independent of the adjustable parameter. Numbering the input
port 1 and the output 2 and applying general network theory gives

ly = Yi2Vy + Ygy R
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12 _ Y12 (R = load resistance)

] 1- Yy R @3.11)

Since Y]2 is reactive and the phase of (I2 / V] ) is independent of parameter

change, Y22 must be independent of parcmeter change.

Property (b) follows immediately from the definition of mutual admittance.
The mutual admittance between two output nodes is defined as the radio of the
current in one to the voltage in the other with all other nodes, including the input
node, shorted. But, with the input node shorted, all output nodes are completely
decoupled and Ymn =0, m#n.

From property (b), the distributor can be described by an abbreviated set of
admittance parameters, as follows:

(0th node = input)

1 10 0 n
Il =Y V +Y V
2 20 0 22 2
etc., N equations 3.12)

The system of N antennas to which the distributor characterized by (3.12)is
connected can be described by a set of impedance parameters as follows:

n
v =31 Z i nogl,2...N (3.13)
n nm m

m=1

Solving (3.12) and (3.13) for | gives

| = Yno\lo + Ynni an lm (3‘]4)
" -y z 1-Y Z
nn o nn nn nn
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If the distributor is designed on the basis of isolated loads of magnitude Znn

then the current in a mutually coupled antenna system will differ from the design
currents by the second term in (3.14). If Ynn can be made zero for all n, then

mutual coupling disturbances can be suppressed. Ynn is the input admittance

looking into the nth feeder, with the inputnode shorted. For a distributor as
described in the foregoing, it is equal for all n and reactive, by virtue of property
(b). Hence, by adjusiment of feeder length, Ynn can be made zero for all n, since

a reactive load can always be transformed to an open circuit by tronsformation
through a length of transmission line.

Feeder length for maximum parasitic suppression was determined experimentally
by the following procedure: (a) short the carrier input node of the distributor;
(b) excite the center element of the array with CW; (c) connect elements 1 left and
1 right to the distributor through equal length feeder cables, each in series with a
line stretcher; (d) mount a current measuring pickup on 1 left {or 1 right) and
connect it to an RF voltmeter; ond (e) adjust the line stretchers symmetrically for
minimum parasitic current in the no. 1 elements.

Table 3-1 shows experimental antenna current distribution, with feeders
cut as above, in comparison with design currents and currents generated by the
distributor working into dummy loads.

d. Flight Testing. CW sideband and carrier pattems were measured
in orbital flight through + 90° from centerline. A 51R-3 receiver with AGC disabled
and a diode detector added to the last IF was used to amplify and detect the receiver
signal. The orbit was flown ot an elevation of 15° to minimize site effects. Results
are shown in Figures 3-6 and 3-7, which may be compared with Figures 3-2 and 3-3.
It will be noted that the signal strength scale of Figures 3-6 and 3-7 is non-linear.

Following CW measurements, the array was connected as a localizer and
orbital DDM measurements were made through + 90°, at measured widths of 4.68°
and 7.0° successively. Results are shown in Figures 3-8, and 3-9. Figure 3-9 may
be compared with Figure 3-4.
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Element
Number

Design

Disiribulor Into

Dummy Loads

Anicnna with Feeders Cut
to Suppress Parasitics

Left

Right

1.0/0°

1.0 /2°

1.04/0°

1.04 / 0°

.70/ C°

.70 / 10

.70 / -5°

.67 [ ~9°

.67 / 0°

.65 / +1°

67 /-3°

.67 [ 43°

.57/ 0°

.55 / 0°

.56 / -4°

56 / -8°

45 / 0°

A4/ 0°

.46 / +2°

.45/ -3°

29 /0

.29[+l°

27 /41°

.30 / -2°

/00

12/ -10

A1 /450

12 / -5°

CALRIER

Center

1.0/0°

1.0/0°

.92 / -5°

.92 / -5°

.48 / 0°

.48 / 0°

A48 [ +4°

.48 / 42°

.29 / 0°

.29/ +1°

29 /-2°

.28 / -6°

.20 / 0°

.20 / 6°

20 /-1°

.20 / +4°

a1 /00

a1/00

A1 /-10

i/ -5

.03 / 0°

.04 / 0°

.04 / 43°

.04/ -3°

6and 7

Negligible

s 0t et e e 00 o

Table 3-1. 35° localizer SB and CSB Currents at 110.5 MHz.
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. Computed Comparison of Scalloping Generated by 35° Localizer

and Other Localizer Arrays. The scalloping caused by reflection
from a single obstacle can be expreszed as

PR

K x _SBSignal incident on Obstacle

d (SB)
do on centerline (3.15)

where K is a ccinplex constant characteristic of the scattering properties of the
obstacle. When the ratio of scalloping produced by a particular obstacle illuminated
by the 35° localizer to the scaitering produced by the same obstacle when illumi-
nated by another type of localizer is taken, K cancels and the ratio is a function
only of the sideband patterns of the two arrays.

The ratio R is given by (3.16)
= 35° Localizer SB at Azimuth 0 x d@

Other localizer SB at Azimuth 0 ( d {SB) )
do

0 =0, other loc.

R(9)

20k AN i s AL AN A e N e, AL S B S b S

=0, 35° loc.

R is plotted in Figure3-10 foron 8-loop and for a 105-foot aperture Type 3 Scanwell
Localizer.

f. Conclusions. The foilowing can be concluded from this investigation:

The 35° localizer is capable of praducing substontial
reductions in scalloping caused by obstacles in the range
35° to 90°.

G2 D S DAL iAoy o i, ARG RE

Precise aontenna currents, hence precise rodiation patterns
(exclusive of site effects), can be achieved by adjustment
of feeder iength according to a straight-forward procedure.
This results in an array that is not broad-band.

Theoretical minimum clearance at 7.0° width is 149
microamps at + 24°, Flight checks at 7.0° width showed
minimums of 148 microamps at - 24°, * 32 microamps at
+ 24°,

-218-
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Theoretical minimum clearance ot 7.0° width is 149 microamps
at + 24°, Flight checks at 7.0° width showed minimums of 148
microamps at - 24°, 132 microamps at + 24°. Lower than design
ciearance at +24° was almost certainly a site effect ( See
Figure 3-6 which shows low SB amplitude at +24°) hence no
attempt at correction was made, ever though means weie
available to reduce CSB drive to the center element and thus
increase clearance signal.

This task points to the need for further in~depth engineering
effort to arrive at the optimum rmeans of modifying V-Ring
arrays in the field. (Examples of unresolved areas are described
under 2. Data for Implementation, Page 225).
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B. Localizer Monitors

I T SN

1. Results of Flight Tests of Integral and Seven-Element Near~Field

Localizer Monitors

a. Summory. The attached data summarizes the results of tests per~
formed concurrently on an integral localizer monitor and on a seven-element near-
field localizer monitor, while both were monitoring the performance of a V-Ring

localizer redesigned to give coverage in a + 35 sector as reported in the preceding
section.

"

PRRTCURCRN
R N ey

e

The general procedure was to introduce a fault in the localizer, read the
DDM indicated by the centerline and width channels of each monitor, and measure,
with an airbome receiver, the far-field DDM on geometric centerline and 2.34°

right of geometric centerline. The position of the test aircraft wos referenced
using a theodolite.

bt

4 asdl ttisnt kb i

I

Two different classes of faults were introduced, one which should in principle
have been correctly monitored by both monitors (in the sense that both monitors
E - should correctly predict far-field DDM). The other class of faults was such that a

correct prediction could only have been expected from the seven-element monitor.

R

Excellent agreement exists between the integral monitor and the far-field
agircraft measuremenis. A total of 15 fault checks were conducted and the average
difference between aircraft and integral monitor readings were 3 ua course and

6 pa width. This represents excellent correlation with the airbome monitor and is
within the expected accuracy of the experiment.

b. Test Arrangement and Fault Descripticn. A modified V-Ring
localizer array, described in section Il A1, is located 1500 feet from the south-
west end of the Ohio University Airport runway at Albany, Ohio. The localizer
has been modified to provide clearances in a 70° sector centered on the centerline.
As previously reported, this modification increased the spacing between clements
and the distribution of current among the elements. Clearly the modification
should decrease mutual coupling between elements with the result of increased
accuracy for an integral type monitor using loop~type coupling probes, an example
of which is shown in Figure 3-11. Previous tests of an integral monitor {1]

} resulted in average differences between monitor readings and aircraft readings
of 11.38 pa for course and 8 pa for width. The rather large difference in course
readings was considered to be due to mutual coupling between antenna elements.
The results of these experiments substantiate that assumption.

For the measuremen? program a repeat of portions of the tests conducted in
1969 were made to ascertain the effects of decreased mutuai coupling on the accuracy

~221-
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Close-up View of Coupling Probe Used to Sample the Current in
a V-Ring localizer Element. Fifteen such Loops are Used in the

Integral Monitoring Scheme.
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of the integral monitor.

Fault List for Integral Monitor Flight Tests

Disconnect feeder to 1L.

Disconnect feeders to 1L and 2L.

Disconnect feeders to 11, 2L ond 3L.

. With 1L, 2L, ond 3L feeders disconnected, short

the 1L, 2L and 3L ports of the divider.

. Insert a 180° line in 1L.

Disconnect feeders to 5R, 6R and 7R.

With 5R, 6R and 7R disconnected, short the

5R, 6R and 7R ports of the divider.

8. Insert o 180° line in 2R.

9. Unbalance tones at transmitter.

10. Misphase sidebands at transmitter by 60°.

11. With 2 L remaining disconnected, connect a dummy
load to the 2 L distributor terminal.

12. Disconnect feeder to 5L and connect a dummy load
to 5L distributor terminal.

13. Disconnect 7L and connect dummy load to 7L distributor
terminal.

14. Parasitic elemenrs on 1L and 2L.

15. Parasitic elements on 1R and 2 R,

W N~

NO~ b

Rae T
AT Repe
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of the integral monitor.

Fault List for Integral Monitor Flight Tests

Disconnect feeder fo 1L.

Disconnect feeders to 1L and 2L.

Disconnect feeders to 1L, 2L ond 3L.

With 1L, 2L, and 3L feeders disconnected, short

the 1L, 2L and 3L ports of the divider.

. lnsert 0 180° iie in 1L.

Disconnect feeders to 5R, 6R and 7R.

. With 5R, 6R and 7R disconnected, short the

5R, 6R and 7R ports of the divider.

8. Insert a 180° line in 2R.

9. Unbalance tcnes at transmitter.

10. Misphase sidebands at transmitter by 60°,

11. With 2 L remaining disconnected, connect a dummy
load to the 2 L distributor terminal.

12. Disconnect feeder to 5L ond connect a dumn:y load
to 5L distributor terminal.

13. Disconnect 7L and connect dummy load to 7L distributor
terminal.

14. Parasitic elements on 1L and 2L.

15. Parasitic elements on 1R and 2 R.

P WO N

N O O
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c. Test Resuirs,

CAuLT CENTERLINE MONITOR WIDTH MONITOR |
3 " -
No. fSevercflement | imegol | SECGCL | SevemBlemant | bvegal 0SS
DDM (uo) H M Righl of § DEM woj

3 No Fault 4 +3 3 -150 -147 -150
i i 426 425 128 -140 -145 -135 :
3 2 +46 +50 +51 -140 -130 -128 i
b +52 +54 +57 -125 -102 -114

: 4 425 +26 +26 -170 -130 -124
5 * -5 12 -13 215 -210 192 .
Los i -7 -6 -12 -125 -125 -123 ‘

7 i +12 +14 +14 -105 -100 -96

8 f -18 -18 -9 72 -165 167

9 -39 -34 - -32 -175 -165 -170

10 K 7 ; +15 -0 -25 27

s n 412 124 415 -150 125 -136

- 12 412 124 +15 -140 -125 124

3 13 3 +9 +4 -150 -135 135

14* +24 +6 +25 -148 -145 -129

A 15 * -50 -6 -4) -247 -1%0 -226

E *  Nature of fault such that it should be correctly monitored by 7-element
monitor, but not necessarily by integral monitor. See fault list for
description of faults. Date not included in averages.

Table 3-2. Summary of Monitor Test Results.

Excluding conditions of the environment affecting the localizer
performance it is clear that this analog, integral monitor provides representative
monitoring superior io that presently in the field.
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2. Data for Imglementation

In general, three areas are currently being pursued in this study which are
intended to supply specific pieces of information to the FAA for decision making
regarding the applicability of the integral monitor and associated 35° localizer
array. First, the broadband characteristics of both the array and the monitoring
system are being ascertained. The plan is to provide quantitative data concerning
the capability to operate over the band without major adjustments in the lines or
associated components. |t must be kept in mind that the original design of the
integral monitor for the 35° array was such as to minimize component costs and as
a result special inexpensive transmission section lines were fabricated in lieu of
purchasing the more expensive, broadband, ferrite, hybrid units.

Another aspect to be determined will be the amount of decoupling that
can be obtained using various techniques such as the screens for selected trans-
mission line lengths. Also, the possibility of using a different element for the
center antenna is being considered. For example, a dipole would provide for
less coupling. Finally, design data is being prepared in order that evaluation of
the design procedures and the selection of the particular array spacing and currents
for the + 35° localizer design may be made by the FAA, This will reveal the need
for the number of elements that are being used and the particular spacing which
has been applied. Also the requirements for the use of a center or odd-numbered
element will be identified.

Preliminary results of measurements of the effectiveness of variable height
ground-plane screens for decoupling the V-Ring antennas have been obtained. For
reference, in the preceding section Il A1 on the + 35° V-Ring array redesign
the voltage induced in the pickup loop was 110 mv. After the line stretchers were
adjusted for a minimum parasitic current in the No. 1 element, the voltage
measured was 6 mv. This indicated a suppression of greater than 18:1.

The present modification consisted of readjusting the line structures identified
in section 1B 2 and setting them for a maximum parasitic current as noted in the
No. 1 element. The 3-foot by 20-foot copper screens were placed directly below
the center element in the localizer array. The elevation of these screens was varied
until a minimum induced voltage in the prclup loop was noted. A minimum of 45.5
mv was measured. This is a suppression tuiis of 2.3:1. Further experiments are
planned.
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A Method for Minimizing the Effects of Overflights on the localizer
Monitors

TRy
W
.

R R T Ve

A methcd to provide for the relief of the false alarms due to aircrait over-
flights of the I1LS localizer is described in this section. A block diagram of the
overflight system is shown in Figure 3-12.

TR TR

g FAA O.u. FAA 0. U
Transmitting  Overflight Monitor Y. .
: Array Antenna Array ag

AU 77 7777 777N, S
Overflight Blanking

Detector Circuit

e

FAA O.uU.
Monitor | Monitor
‘ ) Strip
Chart

Figure 3-12. Block Diagram of Overflight System.

The proposed monitor uses a narrow beam width Yagi antenna mounted one-half
wavelength above the ground connected to a standard FAA monitor receiver.
(Figure 3-12). Receiver modifications are made, as necessary, in the low-pass
filter circuitry following the 90 Hz and 150 Hz eavelope detectors. In oddition

a directional overflight antenna is used as a sensor in front of the transmitting
antenna and oriented in the vertical direction. This sensor antenna consists of two
half-wave length dipoles mounted on a vertical mast one quarter and one-half
wave-length above the ground. The signals from the dipoles will be combined in
the ratio of one to one-half by a transmission line summing network.

-226~
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The combining ratio causes the blanking antenna pattern to be maximum in
the vertical direction and minimum in the horizontal direction. Because of this a
direct signal from the transmitting array will be minimized while any signals reflecied
from overhead will be maximized. This permits the identificction of the overflight
and allows bianking to be initiated.

e A S TR I N L L s R

C The electronics necessary for this has been completed. The localizer monitor
for use in the overflight experiments in Athens are peing obtained from the FAA,

After preiiminary tests in Aikens, the system will be taken to Port Columbus
Internarional Airport where frequent probleins of overflight exist and there recordings
taken to indicate the efficacy of the blanking technique. The plan is to completely
separate the test equipment from the operationol equipment installed at Columbus
in order not to disturb the present operational monitoring system,

RO

T

a. Past Investigations. The fellowing tutorial section discusses some
pasi Investigations of the monitor system and its relation to overflight alarms. A
brief explonation is given in Appendix F of the nature of the doppler shifted inter-
ferences encountered during overflights. From Appendix F it is clear that an ideal
monitor antenna would have a radiation pattern that is very narrow and directional.
No interfering reflections from overflying aircraft wouid be detected by this antenna
except during the rime the aircraft is very near the transmitting array. Monitor
arrays should be (and generally are) mounted one-half wavelength above ground in
order to generate null in the antenna pattern in the verticcl direction. Simple
dipoles are used in some installations are not direcfional and sense equally well in
the forward cnd reverse directions. Two element arrays (i. e., a dipole and a
parasitic element) are only slightly better for monitoring than the dipole. A monitor
array should have a front to back ratio of 20 db or more and a vertical antenna
pattern with a 3 db beam width of 20° to 30°. Consequently the monitor antenna
should consist of an array containing three or more elements.

P N

RO LTk st RN e S AR i e i S B S A i M X A B

The effects of the iocalize: signal reflected from the overflying aircraft on
the monitor rece:vcr is analyzed in Appendix G. A cemparison is made between a
coherent detecior and an envel-ne detecter for use as a letector involving the 90 Hz
and 150 Hz signals. The theore cal results shov that the two detectors produce
identical responses during overflight conditions. This derivation, however, was
based on an ossumed model for the coherent interference and some questions as to the
validity of the mode!l existed. For clarification the 20 Hz and 150 Hz coherent
detectors were constructed and an experimental comparison was made between them
and the normaily-used envelope detectors (see Figure 3-13). For this comparison
bandwidths of the low pass filters following the detectors were identical. e 90 Hz
and 150 Hz signals from the monitor recciver were tape recorded during the overflight
test for future laboratory use. Experimenial responses of two detectors (i. e.,
envelope and coherent) were identical. (see Appendix G). This is then verification
of the mathematical medel used.
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Come improvement could be expected if the firsi detector were coherent.
The magnitude of the improvement in the DC component of the 90 Hz ond 150 Hz
signals is at most 25 percent. This was not verified experimentally because it wos
felt that the expected improvement was too small to be detected.

Loboratory tests using the tape recorded overflight signals previously
mentioned show thai the low pass filters following the 90 Hz and 150 Hz envelope
detectors should have bendwidths of 3 Hz. This will allow the disturbance caused
by overflights to dissipate in the shortest time.

Experimental tests were made using a 7-element Yagi as a monitor antenna,
and an envelope detector with a bandwidth (simple RC filter) of 1.5 Hz. The
maximum out-of-tolerance time for any case with DC-3 type aircroft was 2 seconds.
This is well within the alls :ated time before shut-down for most moniter systems.
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IV 1S MODULATOR TOLERANCE STUDY

A. Summary

KEINATE ALt

Curreniiy there is some difficulty in maintaining modulator bridge tolerances
in certain localizer and glide slope iransmitters. A test and evaluation program
was conducted by Ohio Univessity to ascertain the effects of modulator output

L

3 waveform distortion on the signal in space and how typical ILS receivers would
g process the signal.
= Digitai computer programs were developed to model the localizer and glide

slope signals os a function of modu.ator bridge distortion. Laboratory tests were
conducted with a Collins 51R-3 receiver to measure its responses to harmonically
related signals, Fourier analysis of existing modulator bridge outputs were con-
ducted, and comparisons were made with orbital information to validate the
theoretical models.

3 Based on the work described above it is concluded that the mechanical
modulator tolerances remain essentially as before. The present tolerances can be
expected to consume 61.5 percent of the present clearance limit for a 7.2 degree
4 width localizer course and 35 percent of the glide path width tolerance.

The 270, 300 and 450 Hz tolerances can be relaxed from 5 percent to 10
percent, but the 90, 15CG and 180 Hz tolerances must remain the same.

B. Intro luction

3 Reports indicate that the FAA field personnel are having difficulty in main-
3 taining modulator bridge tolerances ¢n certain types of lccalizer and glide slope
3 transmitters. In addition, during the fault analysis program {15! conducted at
Chio University on the V~Ring localizer, it wos recognized thai medulator output
waveshape had o fundamental effect on array clearance signals.

A four-part test and evaivation program was initiated to ascertain the effect
3 of modulator output *aveform distortion on the signal in space and how typical

= localizer and glide slope receivers would process the signal. During the first part
K several computer programs were developed to provide a graphical as well as a

. tabueiar listing of the V-Ring signal in soace as a function of angle from the center-
g line for any harmonic desired.
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The secend part of the program zonsisted of laboratory tests of a Collins
S1R-3 VHF navigaiion receiver to determine its characteristic bandpass response
and its response to the harmonics listed in SM P 6750-2, Chg 8, dated 5/8/68.
Given the receiver response as determined by laboratory experiment and the
signal in »pace as computed by the digital programs the receiver response to an

arbitrary radiated signal can be predicted.

For the third phase of the program waveforms of the Ohio University operated
V-Ring modulator were recorded, the Fourier coefficients determined, and the
predicted localizer pattern compared to the actual poitem as determined by air-

borne measurements.

Part four of the program was the development of the appropriate computer
program to ascertain the effect of modulator output waveform distortion on the

glide path signal in space.

C. Digita! Modeling of Localizer Signals in Space

Several computer progrcms were written to provide the tools necessary to
compute the field of harmonics or signal at a desired point in space relative to
the center of the array and the inbound courseline. These programs are described

below.
1.  Program No. 113

This program is designed to compute and plot the iield of several pairs of
antenna elements and add them to give the field of the entire array. In particular
this program computes and plots the fieid of an 8-loop ILS localizer which is made
up of three pairs of elements that transmit the 90 end 150 sidebands.

Ute is made of the perpendicular bisector of the line of elements that make
up the array as the angular reference. The angular error is measured in the conven-
tional counter-clockwise direction. The program computes the relative far-field

strength along a concentric circle about the center of the array. The field is computed

for the desired number of points for each pair of elements making up the array; then,
the total field is summed for each pair's contribution at a particular point.

The computation of electric field is done by mechanizing the equation

E=2E sin{(D /2}sin0] @.n
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where

E, = electric field produced by each antenna
Dr = distance between antenna elements in electrical degrees
9 = angular deviation from reference line

2. Program No. 114

This program is designed to compute the field for each degree around a pair
of V-Ring element antennas. The V-Ring elements are directional and the total field
will deviate correspondingly from an isotropic pattern. The "E" variable is used to
store the relative field strength for each degree around a single V-Ring element.
These values were read from a polar-plot such as that shown in Figure 4-1 whichis
typical for a V-Ring element. The field strength for pairs of elements is computed
with the "E" factor cpolied to each point computed.

3.  Program No. 116

This program computes and plots a series of patterns, one for each set of
descriptive data added to the progrem. This program is used to determire the patterns
from the seven pairs of antennas making up the V-Ring array. This program can also
be used to determine the effects of varying the element spacing on the pattern shape
of an array.

4.  Program No. 117

After the configuration and cutrent feet parameters are decided this program
computes and plots the total field of the array. The "E" variable is used to store the
non-isotropic qualities of the V-Ring element.

L A TR P L KGN B, s wnct Pt NN DA

This is the working program for modeling of the transmitted signal. The various
harmonics under consideration can be introduced as data with appropriate relative
amplitudes and phase differences. The total effect on the array's pattern can then
be found by comparing these results with the ideal output.

5. Subroutine No. 113

This subroutine is used in all four of the programs described by this report
and is especially designed to plot on a broadly expanded scale a field pattern as

computed by the main program. [t uutomg;i cally scales the plot within the limits
-232-
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Figure 4-1. Radiation Pattern--Single V-Ring Antenna, Type FA-S545X.

0 .
i Yo St P KA NN St A i o e R b R A




el it

described at the beginning of the program. Its main feature is that the pattern can be
expanded to plot a point for each 0.1 degree or less. This would be desirable to see
visuolly and fairly accurately the steep slopes of the field pattern in the first few
degrees on either side of the on~course reference. The number and range of the points
tc be plotted can also be specified.

6. "E" Variable Data Deck

The relative field strength along a circle centered on a V-Ring antenna
element is described by Figure 4-1. This polar plot was the result of a previous
computation of the field expected from the V~Ring antenna. The "E" variable data
needed for all V-Ring antenna computations has been read from Figure 4-1 for each
degree from 0-360. These 361 values are punched on 37 cards in a 10F7.2 format.

D. Results of the Digital Modeling of the Signal in Space

The following is a list of the harmonics that were investigated. This list is
that published in SM P 6750.2 CHG 8 dated 5/8/68.
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Reference Initial Operating

Htem Paragraph Standard Tolerance Tolerances
MECHANICAL MODULATOR 143,109 —— —— ——
TOLERANCES
a. 9CHz in 150 Hz 0% 2% 3%
b. 300 Hz in 150 Hz 0% 5% 7.5%
c. 450 Hz in 150 Hz 0% 3% 5%
d. 150 Hz in 90 Hz 0% 2% 3%
e. 180 Hz in 90 Hz 0% 5% 7.5%
f. 270 Hz in 90 Hz 0% 3% 5%

i s in s AL At S I 0 i

(25U

s s S

Table 4~1. Present Allowable Modulator Tolerances.

The harmonics specified above were used in the programs to generate the
signals in space for each harmonic considered. The total signal in space is then the
sum of each harmonic as the propagation path, antennas and array antenna bridge are
considered linear. Results of these investigations are given as tabulations and digital
plots.
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Once the signal in space is known, the receiver response to this signal
must be ascertained. A laboratory test of a typical navigation receiver was
instituted to determine its response to the harmonics listed above.
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: E. S1R-3 VHF Navigation Receiver Tests E

: In order to ascertain the receivers response to the signal in space its response ,;?,;

: to the various harmonics present in the signal was measured. First the receivers 90 3

: and 150 Hz bandpass characteristics were determined and then the response to the

: various harmonics was measured. :

A 1. 51R-3 Bandpass Characteristics j
: %

- As shown in Figure 4-2, the modulated Rf output of a Boonton211-A signal 3

4

generator is fed to the receiver under test. Modulation is accomplished by a Wavetek
¥ I1i function generator connected to the external modulation port of the Boonton. The
o output of the receiver was measured by a center scale microammeter with a choice

; of two scales, £ 250 po and + 50 pa. The microammeter presents a standard load to
the receiver, i. e., a total input impedance of 333 ohms.

To initialize the set-up the Wavetek (1l was adjusted in frequency to a max- 3
e imum reading on the 150 Hz side of the microammeter. The amplitude of the mod- §
- F ulating signal was then adjusted for a reading of 125 pa for a low level test and 250

pu for a high level test. Two levels were used to insure that the test was conducted
in the linear operating range of the receiver and to ascertain what the effects of
receiver non-linearity might be on the receiver bandpass characteristics. The
frequency of the Wavetek was then varied over the range of 75 to 185 Hz taking care
that the modulation percentage remained constant throughout the test.

g
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The data obtained from the test is presented in Tables 4-2 and 4-3 and the
receivers normalized bandpass characteristics are shown in Figures 4-3 and 4-4,

Bandwidth of the filtcrs remained constant for the high and low level tests
and are 20 Hz for the 90 Hz filter and 30 Hz for the 150 Hz filter.
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2.  51R-3 Response to a Signal Containing Harmonics
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The 51R-3 receiver response to the harmonics listed in SM P 6750-2 CHG 8,
paragraph 124 was tested in the laboratory to ascertain if there were any anomalous
responses not predictable by the bandpass chasacteristics. Because the harmonics
generated by the mechanical modulator will have a unique phase relationship to the
fundamental frequency a method of generating harmonics with ¢ unique phase re-
lationship to the fundamental was required. The following procedure was evolved.
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Figure 4-7  Bandpass Characteristic Test Arrangement.
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a. Laboratory Test Arrangement. A mode! 116 Wavetek signal
generator has the capability of having its output phase~locked to a desired signal.
This signal generator was inserted in seriez with the fundamental modulating gen-
erator of a Boonton 211-A signal generator. The input for the phase lock circuitry
was taken directly across the modulation generator. Figure 4- is a simplified
schematic of the experiment {or generating harmonics of 90 Hz. The Wavetek is
tuned to the desired hormonic, the generator phase locked to the 90 Hz fundamental
frequency and its amplitude adjusted for the desired harmonic content. For harmonics
of the 150 Hz signal the Wavetek generator is connected in series with the 150 Hz
modulating generator and the process repeated.

The phase of the harmonic selected, for example, the second harmonic of
90 Hz or 180 Hz was varied to yield the maximum change in receiver output. The
amount of harmonic content was varied and the output of the receiver recorded.

oy racket A i H A be e B Bt

¥

)
e dape it AR




TR et e N TR ST S W T

1

U—— T T .

Frequency (Hz) Response (pa)

75 10
77 20
78 30
79 50
82 75
83 100
85 120
90 127
95 129
99 120
R 98 120
3 101 100
4 102 75
3 105 50
3 107 30
E 108 20
i 10
17z ~0
123 10
126 20
128 30
130 50
134 75
138 100
139 110
146 120
3 150 125
3 162 110
. . 164 100
2. 168 75
E 173 50
E 177 30
& 181 20
185 10
216 ~0
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Table 4-2. Low-Lavel Bandpass Response 51R-3 (125 pa).
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Frequency (Hz)

Response (pa)

74

76

78

79

80

81

82

83

85

95
101
102
103
104
105
106
107
109
11z
117
121
123
126
127
130
132
134
136
138
150
163
166
168
170
173
175
179
183
189
216

25
50
75
100
125
150
175
200
225
250
225
200
175
150
125
100
75
50
25
~0
25
50
75
100
125
150
175
200
225
250
225
200
175
150
125
100
75
50
25
~0

Table 4-3. High-Level Bandpass Response 51R-3 (250 pa).
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b.  Laboratory Test Results. The following data, Tables 4-4

through 4-9, was obtained frem the iaboratory tests.

TSR TR TSI TD, | RS SRR S AR T e

Boonton 211~A

Output Current pa

Attenuator Setting T 150 Hz

9C Hz

0DB -20
0.5 -2
2.9 -70
4. -110
7.5 -190

-20
-8
30

7

150

T.ole 4-4 . 150 Hz in 90 Hz - 10%.

Boonton 211-A

Output Current pa

Atrenuator Setting 150 Hz

90 Hz

0DB -6
0.5 -18
2.0 -52
4.0 -97
7.5 -174

-6
7
45
88
168

Table 4-5. 180 Hz in 90 - 25%,
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Boonton 211-A Output Current ua
Attenuator Setting 150 Hz | 90 Hz

0DB 0 0

: 0.5 -12 12

3 2.0 -50 50

4 4.0 -93 90

7.5 170 170

Table 4-6. 270 Hz in 90 - 33%,

Boonton 211-A Output Current pa
E Attenuator Setting 150 Hz [ 90 Hz
E obg 20 20
0.5 8 32
4 2.0 ~30 70
E 4.0 -70 110
7.5 ~-150 190

Table 4-7 . 90 Hz in 150 Hz - 10%

Boonton 211-A Output Current pa
94 Attenuator Setting 150 Hz | Y0 Hz

3 oD8 -5 -5

0.5 -17 7

3 2.0 -55 45
4.0 -97 90
7.5DB -175 168

Table 4-8. 300 Hz in 150 Hz - 33%.
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Boonton 211-A Output Current pa

Attenuator Setting 150 Hz | 90 Hz
0DB 0 0
0.5 -12 12
2.0 -50 50
4.0 -9 90
7.5 =170 170

Table 4-9. 450 Hz in 150 Hz - 45%,

As an analytical verification of the results, each table was checked as follows:

180 Hz in 90 Hz

25% harmonic distortion at 180 Hz
Fundamental 90 Hz modulction depth 20%
Passband amplitude fac*~r ¢« 180 Hz 0.16

Total 180 Hz modulation depth (0.20 x 0.25 = .050 =5%
Total effective signal in receiver 150 Hz passband

= ) =
MISO +180 0.2 +(0.16 x £.05) =0.2080

M.sos 180 Mg = 0-2080 - 0.2 =0.008 ~7ha

7 ua deflectior. toward the 150 Hz side expected
6 pa deflection measured.

In all cases the calculated and measured receiver responses to the harmonic
content of the signal generator correlated within the experimental accuracy of the
laboratory instrumentation.

c) The Effects of Distortion. The harmonic content of the signal
from the modulator bridge has a detrimental effect upoa course alignment ar.J
clearances. |f the course is aligned by unbalarcing the 90 and 150 Hz voltages
to compensate for the harmonic content the detsimentr! effects usually are man-
ifested by the presence of asymmetrical ciearances with respect to the on-course
line. That is, the side-frequency radiation fields to the right of the on-course
line will not be the mirror image of those to the left of this position.
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By making use of the computer simulation and laboratory tests described
before the following results are evident. The 150 and 90 Hz cross-talk components
are radiated from the array and processed by the receiver unattenuated. With the
assumption that the cross-talk is either in phase or 180° out-of-phase (worst case)
then the 3% tolerance indicated in SM P 6750--2 represents a 6 pa unbalance in
the course position. With the appropriate adjustment to make the course alignment
proper, the resultani asymmetry in the clearance pattem is such that the clearance
is reduced 8% for a 3.6° width beam and 40% for 7.2° width beam.

Gt

Htiat it et

IR Pt e ey

The 7.5% tolerance on the 180 Hz harmonic in the 90 Hz signal results in a
16.5% reduction in the 7.2° width beam.

piRvaR Y

The 270 Hz, 300 Hz and 450 Hz signals are greatly attenuated by the receiver
bandpass filters. However, due to the nonlinearities in the detection process beat
frequency betv.een the 90, 150, 270, 300 and 450 Hz signals fall within the pass-

3 band. The laboratory test shows ihat this response is enough to account for an
E additional 20% reduction in the clearance at a path width of 7.2°,

: Since it is expected that the occurrence of the relationships between amplitude
of the harmonics will be statistizally related to the root-sum-square cf the contribution
of each element to the total results in a total reduction of clearance of

1
(.16 + .16 +02 + ,04)° =0.615
‘_ 90 Hz 140 Hz 270 Hz 42)

That is, it is expected that 61.5% of the clearance limit that exists for Category I
operations with a 7.2° path width can be consumed by the modulator bridge tolerance

above.
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F. Fourier Analysis of Waveforms

To verify the results of the computer onalysis and laboratory tests described
above waveforms of the modulator bridge were photograpked and subjected to a
graghical Fourier analysis.

The harmonic content from the modulator bridge waveforms were then inserted
into the computer program, the change in clearance symmetry calculated and
compared to an actual orbit obtained in the V-Ring fault analysis program. The wave-
forms obtained are shown in Figures 4-6 and 4-7. The results of the Fourier analysis
are shown in Table 4-10.

Because of the phase relationships of the 150 Hz distortion in the 90 Hz
channel and the 90 Hz distortion in the 150 Hz charnel the effects nearly cancel.
The total result is that a 6 pa unsymmetry should appear in the clearance pattern
on the 150 Hz side. Figure 4-8 is an orbit for a 7.2° width localizer course. Super-

imposed is the calculated orbit with the harmonics obtained from the Fourier analysis.
Good agreement is evident.

G. Digital Modeling of Glide Slope Signals in Space.

A computer program was written to compute the field of the signal and any
harmonics at a desired point in space relative to the desired glide path angle. Use
is made of the radiation pattems of the glide slope array and in the worst case results
in the following formula.

M - __' - B) Sin (H/2 Sin X) + D (1-B) Sin ( H Sin X) 4.3)
150 {1 +B) Sin (H/2 Sin X)
M% =m _(1+C)Sin (H/2SinX) +D (1-C) Sin (H Sin X) 4.4)
(1 +C} Sin ( H/2 Sin X)
where MISO =  Total Modulation of Carrier ot 150 Hz.
M9O =  Total Modulation of Carrier ot 90 Hz.
m Modulation Index (%).

[+
W oh

Total Effective Distortion in the 150 Hz Pass Band
Receiver (%),
C = Total £ffective Distortion in the 90 Hz Pass Band
Receiver (%5).
D = Path Width Factor.
H = Height of Sideband Antenna.
H/2 = Height of Carrier Antenna.
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Figure 4-7. 150 hz Octput From Mechanical Modulator.
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90 Hz 150 Hz

Hz Amount Angle Hz Amount Angle
30 1.1% 89.55 75 [8.34% 176.87
60 2.38% 39.75 9 }5.2% 41.82
120 | 1.55% -10.° 2725 | 4.37% 5.15
150 | 7.09% 59.55 300 | 6.97% 15.39
180 | 5.43% 12.12 375 | 3.02% 16.97
210 | 1.23% 48.59 450 | 1.31% 33.2
240 | 1.98% 52.61 525 | 3.36% 1.51
27¢ | 3.01% 24,77 600 | 3.44% 178.75
300 1.21% 151.01
330 |} 0.86% 95.03
360 | 1.00% 21.65
390 | 0.57% 114.70
420 | 0.43% 62.45
450 | 1.02% 85.24

Table 4-10.  Harmonic Content of 90 and 150 Hz Outputs of

Mechaonical Modulator,
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Receiver characteristics used were those of the Collins 51V receiver. These
characteristics were abstracted from the rAA Instrument Landing System Glide Slope
Manual, No. FV-301. They are reproduced in Figure 4-9 for convenience.

I
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Figure 4-9. Filter Sensitivity, Collins 51V.

1. Effects of Distortion

The harmonic content of the signal from the glide path modulator bridge has
a detrimental effect vpon path width. By making use of the computer simulation and
receiver characteristics described obove the following results can be orrived at. The
150 and 90 Hz cross-talk components are radiated from the array and processed by
the receiver uncttenuated. With the asumption that the cross-talk is either in phase
or 180° out-of-phase (worst case) then the 8% tolerance indicated in SM P 6750.2
results in 40% of the width tolerance being consumed. The 7.5% tolerance on the
180 Hz harmonic in the 90 Hz signal results in @ 20% of the width toleronce being
consumed. The 270 Hz, 300 Hz and 450 Hz signals are attenucted by the receiver
bandpass filters. It is expected that th: occurrence of the relationships beiween the
amplitude of the harmonics will be statistically related therefore the roct-sum-square
of the individual contributions will be the expected total contribution.
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That is approximately 35% of the available width tolerance will be consumed by
the present modulator bridge tolerances.

H. Conclusions and Recommendations

Based on the analysis and leboratory tests described above it is concluded
that ihe mechanical modulator tolerances for both the localizer and glide path should
remain substantially as published in SM P 6750.2.

Because of the bandpass characteristics of the localizer and glide path
receivers the 270 Hz and 450 Hz tolerances can he relaxed to 10% from the present

5%.

With this new set of modulator tolerances for localizers operating with a
7.2° beam width, 61.5% of the clearance limit will be consumed by modulator

bridge harmonics.

Thirty-five percent of the glide path width toierance can be expected to
be consumed by the modulator bridge tolerance.

It is recommended that the mechanical modulatar tolerances published in
SM P 6750.2 be amended as follows:

Reference Initial Operating
ttem Paragraph Standard Tolerance Tzleronce
MECHANICAL MODULATOR | 143,109 ——— ——— ~——-
TOLERANCES
a. 90 Hz in 150 Hz 0% 2% 3%
b. 300 Hz in 150 Hz 0% 5% 10%
c. 450 Hz in 150Hz 0% 5% 10%
d. 150 Hz in 90 Hz 0% 2% 3%
e. 180 Hz in 90 Hz 0% 5% 7.5%
f. 270 Hz in 90 Hz 0% 5% 10%

Table 4-11. Recommended Mechanical Moduylator Tolerances,
-252~
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DDM
SB-CSB
APCU 28
TM Wave

Expansion

Asymptote
of the
Hyperbola

KRT
Reference
SWR
PFCD
Matched
toad

Ccw
Sideband
AGC
Truncated

Ground

Plane
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Vit GLOSSARY

Difference in Depth of Modulation.
Sideband Power Radiated on the Carrier.
Antenna Phase and Calibration Unit.

The Expansion of a Transverse Electromagnetic Wave
Expression in Series Form.

A Line Which Continually Approaches a Hyperbola, and Becomes
Tangent to it at an Infinite Distance.

Radio Referenced Theodolite.

Standing Wave Ratio.

Portable Field and Course Detector.

A Lload that Matches the Characteristic impedance of

the Connecting Transmission Line.

Continuous Wave Sideband.

Automatic Gain Control.

A Reflecting Plane for an Image Glide Slope Which is

Flat Only for a Short Distance in Direction of Intended
Glide Slope Use, After Which a Sharp Dropoff Occurs.
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APPENDIX A. Equations Used in the Computation of Radiation Patterns

Generally, the method consists of computing a radiation pattem in the
presence of a truncated ground plane of length L from the equation

! +] -1 sin(ﬁol.(cos 3-v))
P'(B) =Pple) * = -{ P (cos * (V) —o3) v Al

In Equation (A.1), P' 0 radiation pattemn, with truncated ground plane, at

elevation angle 0

PD (9) = direct radiation from array, excluding image

P, (0)

image pcttern with infinite grourd plane
€. = 2n/wavelength

A common origin of coordinates must be used for PD (0) ond P' . If this origin is

taken o= the base of the antenna mast,
PD(S) : —Pl( -0)
Equation (A.1) was applied to the following three arrays:

a) Null reference array, with sideband antenna ot height 10 X, carrier
antenna at height 5\ . The sidebard patterns Py und PI ure

(A.2)
PD = e 4 (20 w sin 8)
sideband
P (co:]v) = _e-i(20u _vz) (A-3)
j (cos

Carrier pattemns are obtained by replacing 20 by 10m in Equations (A.2),
(A.3).
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b) Capture effect array, with antennas at 5A, 10\, and 15A . Parterns
are

sideband <

4

Py * {i - cos (10 wsin e))e'(20 w sin 8)

carrier T

clearc wce <

. / 2
Pl (cos—]v) = (1 ~ cos(10 x V1 - v2)) e.'(20 TVl -v)

'P - ei(lOtsinG)

_i(20 = sin 8)
D <

)
-z

e-i(w LRVAI v2) + le-i(20 . \A - V2)
£

LPl (cos_]v) =-

’PD = cos (10 wsin 9) ei(20 w sin 6)

. 4 2
P!(v) = - cos (lOu\/; —v2) e~'(20" -v)
L
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¢) Modified sideband reference glide slope array with antenna heights
7.5A and 2.5 A, (Path angle is 2.86 for this case).

'PD = i (19msind) _ j(5wsin9)

_ (A.10)
() = oI5 143 REETERRV I

Sideband <

4 . .
PD = F:;(51rsm6)
Carrier 4

P'(V) = -e-;(STr V1 - Vz) (A.11)
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APPENDIX B. Glide Path Sites Classified as to Likelihood of Presence of Snow

on the Ground Planes

GROUP | CONTINUOUS DEEP LAYERS OF SNOW

1. Anchorage, Alaska
: 2. Annette, Alaska
g 3. Cold Bay, Alaska
E 4, Duluth, Minnesota
-
5. Fairbar ks, Alaska

6. Green Bay, Wisconsin z
, 7. Kincheloe, Michigan
8. King Salmon, Alaska :
9. Minneapolis-St. Paul, Mirnesota

3
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GROUP i

1. Allentown, Pennsylvania
2. Battle Creek, Michigan
3. Bottle Creek, Michigan
4. Bedford, Massachusetis
5. Binghamton, New York
6. Boston, Massachsetts
7. Buffalo, New York

8. Burlington, Vermont

9. Chicago, lllinois

10. Columbus, Ohio

1. Eau Claire, Michigan
12. Erie, Pennsylvania

13. Fargo, North Dakota
14. Flint, Michigan

15. Fort Wayne, Indiana
16. Grand Rapids, Michigan

17.

18.

19.

20.

21.

22.

23.

24,

27.

28.

29.

30.

31.

32.
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INTERMITTENT DEEP LAYERS OF SNOW

Klamath Falls, Oregon
Lansing, Michigan

Madison, Wisconsin

Menchester, New Hampshire

Milwaukee, Wisconsin
Muskegon, iichigan
Niagra Falls, New York
Portland, Maine
Portland, Oregon
Rochester, Minnesota
Rochester, New York
Spokane, Washington
South Bend, Indiana
Syracuse, New York
Worchester, Massachusetts

Yakiria, Washington

R r——
- TTEA]

PRt

ot 2 S A A




Gl RS ) e

10.
7 n.
2.
- 13.

14,
"f 15.

16.
17.
18.
19.

20.

GROUP lii

Akror-Canton, Ohio
Andrews AFB, Maryland
Albany, New York
Albequerque, New Mexico
Amarillo, Texas
Asheville, North Carolina
Atlantic City, New Jersey
Baltimore, Maryland
Bismarck, North Dakota
Calverton, New York
Casper, Wyoming

Cedar Rapids, lowa
Champaign, lllinois
Charleston, West Virginia
Chattanooga, Tennessee
Cheyenne, Wyoming
Chicago (ION), IHinois
Chicage, Illinois
Cincinnati, Ohio (Luken)

Cleveland, Ohio

21.

22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.

33.

35.

36.

37.

39.

40.
-264-

OCCASIONAL SIGNIFICANT LAYERS OF SNOW

Covington, Kentucky
Dayton, Ohio

Denver, Colorado

Des Moines, lowa

Detroit, Michigan

Dulles International
Eugene, Oregon
Fayetteville, North Carolina
Fort Worth, Texas

Great Fails, Montana
Greensboro, North Carolina
Huron, South Dakota
Hutchinson, Kansas
Indianapolis, Indiana
Joplin, Missouri

Kansas City, Missouri
Knoxville, Tennessee
laguardia, New York

« ngton, Kentucky

lincoln, Nebraska
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53.
54,

55.
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57.

59.
60.
61.
62.

63.

42.

43.

46.

47.

48.

49.

51,

2.

Louisville, Kentucky
Lubbock, Texas
Lynchburg, Virginia
Mansfield, Ohio
Meachem Field, Oregon
Medford, Oregon
Memphis, Tennessee
Middletown, Pennsylvania
Midland, Te; o<
M:iwaukee, Wisconsin
Nantuckett, Massachusetts
New Castle, Delaware
New Bedford, Massachusetts
New York (JFK), New York
Norfolk, Virginia

Omaha, Nebraska
Oshkosh, Wisconsin
Pendleton, Oiegon

Peoria, lllinois
Philadelphia, Pennsylvania
Pittsburgh, Pennsylvania
Pocatello, Idaho

Portland, Oregon

65.

67.

69.
70.

71.

73.
74.
75.
76.
77.
78.
79.
80.
81.
82.

83.

85.

86.
-265~

Providence, Rhode lsland
Pueblo, Colorado
Quincy, lllinois
Reading, Pennsylvania
Reno, Nevada
Richmond, Indiana
Rockford, Illinois

Rock Spiings, Wyoming
St. Joseph, Missouri
St. louis, Missouri
Salem, Oregon

Salt lake City, Utah
Seattle, Washington
Sioux City, lowa

Sioux Falls, South Dakota
Springfield, lllincis:
Springfie!ld, Missouri
Teterboro, New Jersey
Terra Haute, Indiona
Toledo, Ohio
Topeka, Kansas
Tienton, New Jersey

Tri-City, Tenn~-cee
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‘ 87. Tulsa, Oklahoma
h 88. Utica, New York §
89. Waco, Texas %
3 90. Woterloo, lowa —;i
91. Washington, D. C. E
r 92. Wheeling, West Virginia ’
k 93. White Plains, New York ;
? 94. Wichita, Kansas :
95. Wilkes~Barre, Pennsylvania H
96. Williamsport, Pennsylvania
4 97. Willow Run, Michigan
98. Wilmington, North Carolina ﬁ
99. Windsor Locks, Connecticut é
15 3
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GROUP IV

01. Abilene, Texas

02. Andrews (OIL), Maryland
03. Arcata, California

04. Atlanta, Georgia

05. Augusta, Georgia

06. Austin, Texas

07. Bokersfield, California
08. Baton Rouge, Louisiana
09. Beaumont, Texas

10. Billings, Montana

11. Birmingham, Alabamo

12. Boise, ldaho

13. Brownsville, Texas

14. Burbank, California

15. Charleston, South Carolina
16. Charlotte, North Carolina
17. Columbia, South Carolina
18. Columbus, Georgia

19.  Corpus Christi, Texas

20. Covington, Kentucky

21.

22,
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.

33.

37.
38.
39.

40.
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NO S!GNIFICANT SNOW EFFECTS

Dallas, Texas

Daytona Beach, Florida
El Paso, Texas

Evansville, Inidana

Fort Smith, Arkansas
Freeland, Missouri

Fresno, California

Grand Junction, Colorado
Grant County, Washington
Green, South Carolina
Greenville, South Carolina
Gregg County, Texas
Honolulu, Hawaii
Houston, Texas
Huntsv'lle, Alobama
Jackson, Mississippi
Jacksonville, Florida
Kahulvi, Maui, Hawaii
Lafayette, Louvisiana

Lake Charles, louisiona
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Little Rock, Arkansas

43.

45,

46,

49.
50.
51.
52.

83.

55,

57.

59.
60.
61.
62.

63.

Long Beach, Californio
Los Angeles, Califomia
Macon, Georgia
Mericdian, Mississippi
Miami, Florida

:, Alabama
Moline, nois
Monroe, Louisiana
Monterey, California
Mor’romery, Alabama
Nashville, Tennessee
New Orleans, lovisiana
Newport MNews, Virginia

QOakland, California

Oklahoma City, Oklohoma

Ontario, Califomia
Orlando, Florida

Peterson Field, Colorado

Raleigh-Durh~m, North Carolina

Roswell, New Mexico
Sacramento, Californic

St. Petersburg, Florida

63.

65

66.
67.
68.
69.
70.

71.

73.
74.
75.
76.

77.

San Angelo, Texas

San Antonio, Texas

San Diego, California
San Francisco, Califormnia
San Jose, Californio
Santa Barbara, California
Savannch. Georgia
Shreveport, Lovisianc
Stockton, California
Tallahassee, Flc ida
Tampa, Florida

Tyler, Texas

Wake Island

West Palm Beach, Florida

Wichita Falls, Texas
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APPENDIX C. Giide Path Data Relating to §

peed Measurements Made on Snow
Effects in February, 1571,

Grand Rapids, Michigan
Kent County Airport

Glide Slope Frequency 333.2 MHz
Published Glide Slope Angle 2,50°

IFR weather at time of tracking. Visibility approximateiy 1 mile

3 runs accomplished with aircraft sighted just outside middle marker

Run 1 Run 2 Run 3
2,78 2.5 2,52
2,62 2.49 2.48
2,78 2.49 2.52
2.49 2.52

Run 1 readings taken with wide angle lens to facilita
not precise and should be ignored

te optical acquisition-tracking
Average glide slope angle runs 2 and 3 2.51°
Monitor Readings:

Path Width
90 ~ 102%, 150~ 100% 90 ~103%, 150 ~95%

Monitor Alarm Readings:

TR RS IEATE FUER LIRS

Path Width

90 Hz Dial cw 107% meter 166w 127% meter
95% meter 77% meter

150 Hz Dial  105% meter 127% meter

18 ccw 95% meter
-16%

16 cew 78% meter

~26%-
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24" Snow rrom
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150¢

20" snow and
1" ice below

RUNWAY 26

Figure C-1. ?
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Green Bay Wisconsin
Austin-Straubel Airport

Glide Slope Frequency 332.6 MHz
Published Glide Slope Ancle 2.65°

)
M&’MM%..‘.‘démumwmmmiumwﬂﬁ

Two runs in clear weatter, sunset - temp. -20°F

Run 1 Run 2
2.69 2.69 2.68 2.69
2.69 2.69 2.68 2
2.68 2.69

2.69 2.70
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Average Glide Slope Angle Runs 1and 2 2.689

Monitcr Readings
Path
90~100% 150~94%
Monitor Aiarm Reading

Rath
90 Hz Dial 18 cw
18 cw
Nominal

110% meter
89% meter

150 Hz Dicl 15cw  105% meter
2lccw 86% meter
16% to alarm high

10% to alarm narrow

Width

90~ 101% 150~ 100%

Width
9J Hz Dial 16 cw 112% Meter
20 ccw ?21% Meter
150 Hz Dial 18 cw 113% Mefer
18 cew $2% Meter
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Monitor Readings

I

e e s S b i AL L ot e b Akt i b gttt bt e Lo e b ey (o DALY

Path 26  Width 36

Monitor Limits Path

Rath 20 & 80% of Alarm Limit
Width 20 88

Width
47% of Alarm Limit

=

-

%
3
:§
g
Figure C-3. &
Area Between Antenna and Monitor Broken with 3' Furrows Due to Unsuccessful
Snow Remova! Effort. .
~275-

Srow Density




Duluth, Minnesota

Duiuth International Airport

Glide Slope Frequency 33.50 MHz - Capture Effect
Published Glide Slope Angle 2.62°

Run 1 Run 2
2.65 2.64
2,65 2.65
2.64 2.65
2.64 .66
2.64 .
2,67 .
2.65 .

NNNN!\,NNNN
COOOONO0NONO
QOounhhhnn

L

Average Angle 2.65°
Monitor Readings

Path
90~ 102% 105 ~102%

Monitor Alarm Readings

90 Hz 107% Meter
96% Meter

150Hz 107% Meter
98% Meter

0% Toword Alarm

Width
90 ~100% 150 ~-100%

114%
92%
114%
92%
0% Toward Alarm
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Figure C-4.
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Minneapolis, Minnesota
World-Chamberlain Field

Runway 29L Cat. Il.
Glide Siope Frequency 335.0
Published Glide Slope Angle 2.50°

Run 1
2,55°
2.54
2.54
2.55
2.55
2.55
La5h
2.5
2.55
2.55
2.55
3 2.55
2.55
2.55
7 2.56

Run 2
2.55
2.55

. . . [ e

i O v n wm O o Cn

Average Glide Slope Angle 2.55°

E Monitor Readings
; Path

90 ~100% 150 ~ 100%

0% Toward Alarm

T B A N e e PRY . .
=irk AT et L P T . 7

Width
90 ~100% 150 ~ 100%

0% Toward Alarm
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Average Glide Slope Angle - 2.50°
Monitor Reading

Path Width
90 ~100% 150 ~ 1C0% 90 ~107% 150 ~ 107%

0% Toward Alarm 0% Toward Alarm

-~ Monitor
8"

/ ,
P s 10" / 10"
/// ’

.
Ve

< 306" 12",/ o~
: /7

20"

) ]0“ L1}
16" e

-’i‘;' 14 Antenna

L

RUNWAY 29L

Figure C-5,
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Rochester, Minnesota
Rochester Muni

Glide Slope Frequency 329.9
Published Glid~ Slope Angle 2.75°

Blowing Snow - 30 k Wind Gusts to 45

Run 1 Run2 Run3
2.76 2.78 2.78
2.77
2,77
2.77

NN!\’NN
N SN
coo\o'oooo

.
4
(¢ <]

Vv

A\ 4 2,78

2.78

Average Glide Slope Angle 2.78°
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3
1

Monitor Alarms

920 ~ 93% 104%
150 ~ 104% 93%

Path 64% Toward Alarm
150 ~ High

: H
=

<

-

H

4

=
E

3

Antenna

Screen

29n

Snow
Below
Screen

Tapering

to

Bare

1 e Monitor

E;;‘
11" Snow Bank

ANONONON NSNS SOOI

RUNWAY

Snow very dry. lce crystals for most part.
3 d g Figure C~7.
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Madison, Wisconsin
Truax Field

Glide Slope Frequency 333.8 MHz
Published Glide Slope Angle 2.50°

un Run 2 Run 3
.56 2.59 2.59
.58 2.58 2.59
.58 2.59 2.585
2,395 2,59
2,595 2.585
2,595
2,59
2.595
2,59

~
-—

.58
58

NNNNDNDNN
oo

.58

h NNNNN
(S, 388,

L
BBV BLBLI

0

NN 1 N
n
%9

(%)

*

Average Glide Slope Angle 2.589
Monitor Readings

Path
90 ~ 100% 150 ~ 100 %

Alarm Limits
90 ~ 95 - 105
150 ~ 105 -95

Monit v 0% Toward Alarm
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Glide Slope Frequency 330.2 MHz
Run 1

Published Glide Slope Angle 2.93°
Average Glide Slope Angle 2.99

General Mitchell Field. Runway 7R

Milwaukee, Wisconsin
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Monitor Readings

Path
9D~92% 150~ 96 %

Y
fp ol

Alarm Readings 3
90~ 98% 91% 3
150~ 0% 97% 3
Monitor 66% Toward Alorm
e :
3
>
:

o | E:
m ‘A
lce Cover - - Very Derse
Figure C-9.
MKE Cat. Il Runway 1 3
Rublished Glide Slope Angle 2.75° E
Run | Run 2 3
2,75 2.7&  2.76 277 2,77 2,76 2.77 -
2,76  2.76 276 2.77 277 276 2.77 3
2.76 2,76  2.76 2,76 2,77 2,75 2.76 Z
2.77 2.78 2.7¢6 2,76 2,77 275 2,76 v
2,77 277 275 2,76 2.7 2.76 2.77 3
2,77  2.77 2,76 2.76 2,77 2,76
2.76 2,77 2.78 2,76 2,77 2.77 E

2,76  2.77 2.78  2.7%-  2.77 2,77

2.76 2,75 2,76 2,75

2.75
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Average Glide Slope Angle 2.76°
Monitor Readings

Path
90 ~ 90% 150~ 100%

Monitor Alarm Pcints
90 ~ 95% 105%
150 ~ 95% 105~

Monitor 40% to Alarm

1" lce

v
PAE

Monitor

=%
' )

RUNWAY

Antenna ) ))

Figure C=10.
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Mansfield, Ohio
Published Glide Slope Angle 2.73°

Width Width
_ Run 1 Run 2 Run 3 Run 4
2.75 2.78 2.43 3.11
3 2.78 2.79 2.4 3.12
2.78 2.78 2.42 3.125
3 2.78 2.79 2.41 3.125
£ 2.76 2.79 2,41 3.125
3 2.76 2.79 2.43 3.125
E 2.77 2.78 2.43 3.13
2 2.78 2.77 2.44 3.125
3 2.79 2.79 2.43 3.12
2.78 2.79 2.44
E 2.78 2.69 2.43
2.78 2.79 2.43
2.77 2.43
2.78 2.44
2.78 2.43
2.79 2.4
’ 2.79 2.45
2.79 2.42
2.78 2.43
3 Width Width 0uA
Run 5 Run 6 Run 7
3 3.15 3.32 3.30
4 3.10 3.32 3
: 3.18 3.36 3.29
3.175 3.34 3.27
4 3.09 3.26 3.28
3.26 3.24 3.39
3.22 3.28 3.37
3 3,22 3.32 3.37
3 3.12 3.28 3.37
3 3,19 3.32 3.35
E 3.16 3.34 3.33
3.39
3.24
3 3.34
g 3.33
4 3.40
3 3.38
: -288-
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Average Glide Siope Angle 2.87°

Average Bottom Width 2,43°
Average Top Width 3.15 Runs 4 and 5

Monitor Readings
Path Clearance

9~ 9% 150~ 100% 90~ 93% 150 ~ 108%

Alarm Limits
90 ~ 15 Dial 93% 108%
150 ~ 18 Diai 93% 108%

3 Dial 91% 108%
31 Dial 93% 90%

17% Toward Alarm Edge of Too Narrow Alarm

/

16-18" Snow /

 pad— Monitor

/’ /
. /

| , | 2-10"
: ) )
i I 195' vndulating

ﬂ?}en drift

\(Anfenno 15"

RUNWAY

Drift

NONUONUNUONONNUN N NNNNN,

Snow Density--0,20
Figure C-11.
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Course Width
90 ~ 100% 150 ~98% 90 ~ 102% 150 ~102%

Alarm Limits

10 cw 90 ~94% 105% 150 ~ 8-1/2 90 ~ 9%, 150 ~ 108%
7 cew 105% 93% 8-1,/2 ccw 108% 95%
17% Toward Alarm 0% Toward Alarm

Bare
z 18"
5 t t"‘ . 5!
S . 24"
= S u
Bare

Figure C-12.
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Monitor Readings

150 ~87%
Alarm limits

8-1/2 ccw 90 ~88, 150 ~83 6-1/2 cew 90 ~110% 150 ~98%
4 cw 90 ~81 150 ~89 8 cw 90 ~ 101% 150 ~ 108%

35% into Alarm

-

RUNWAY

ANNANNNON N NNNANNNEN

£
%

Width
90 ~105% 150 ~ 105%

10% into Alarm

4* Snow Plow Drift

s

8-122Dry Snow™
, -~ /

/ d Monitor !
g-13"

N

\.
whun A e KRR LA VAR Ao Bt £t OB ST RS 47 S B s I L 2 Bt St by Vb AIN Cha oA BN S b o e Tt ot el AR

/ 243! \ 1

Antenna

Bare Bare

Figure C-13.
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- Columbus, Ohio
E Port Columbus Airport

Published Glide Slope Angle - 3.0°
Average FAA Rtty Angles 3.13° 8200.11A No. 1 Equip.
3.07° 8240.20 No. 1 Equip.

Call received from Columbus that glide slope path was on edge of alarm. \
Run 1 and 2 made at 11:00 AM with monitor reading. ;:

Monitor
Width Course
150~ 9~ 150~ 90~
100 112 105 113

Alarm Test 2.5 DDM into 0
Width Course

cw ccw cw ccw
23 6 13 3

S b b B € A Lo el L by, YOS

62.5% to Alarm

PR3 PV D L R YPETR VO FRAPE ISR

Run 1 Run 2

3.12 3.1 3.2 3.0 3.2 3,183 3.1 3.n

3.1 3.09 3.12 3.13  3.13 .31 3.1
3.1 3.12 3.2 .13 3.13 .12 3.
3.12 3.1 3.12  3.13 3.12 3.1 !‘
.01 3. 3.13  3.12 3.11  3n :
3.10 3.1 3.13 3,12 3.12  3.105
3.08 3.12 3.12  3.12 312 3.n
3.10 3.1 3.12 3.13 3.12 3.1
3.10 3.1 3.12  3.12 3.1 .n

e Peiton LTIt ool a8 mindelond Tt

:
2
®
3
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g by SR

Average Measured Glide Slope 3.114° 11:00 AM

12 Noon  Monitcer Readings

Width Course
150 ~ 90 150 90
102 112 106 116

Bt X b KA LU SRt B s N st

w1 e Dt e £

Alarr: Test 2,75 DDM into 90 ~ Path

Width Course

2 8 14 2

s

IR AT TR RN FIE TRT

M g e

75% to Alarm

12 Noon Run  Run No. 3

BRI L Pl L A S b

3.14
3.13
| 3.14
4 3.13
3.13

3.13
3.13
3 3.13
3.i3
3.13

L] L] .
4t f N ot

WWwwww
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B D 8 ey o Al

WWwwwww
[ ]
vk sumt et ol ) eaed
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Average Glide Slope Angie 3.126°

2:30 PM Monitor Readings

E Width Path R
3 150 ~ 90 ~ 150 ~ 90~ l:m;. 108
102 104 106 110 2.3.114

3.3.126

3 4,
‘ 5. . 125

Wit 8 IR 1SR 1 B AL Al 0 0 R 20

Mt b L ) 0
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APPENDIX D. Calculation of H-Fields on Fuselage

Antenna

| 3

l ‘ Fuselage

Figure D-1. Assume Antenna and Fuselage in Plane of Paper.

Incident

Ez' =(2,9) = A (z,9) e;’(z,¢) (Exact Solution )
where

EzI (z,P) iseven in®

E¢' (z,®P) is negligible

Fourier transform of incident E
z

@
. ' ip _z*
o6 0= [ Aw,0) el WD T g
-

Scattered

s _ i _
Ez -Ez at p=a

and

= (a2 23
8,=(6"-8,9°

2
2 L1 D @ o)A 6) cosn e = o(5,,0)
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A, T

by

Lt ¥ WA R—e S Do mase Ay b n mh 8 0 e v w

Y. ]
A(B) =

(B -®) cos n® do
2'2 Hn(2y ( Byc) of a\p,

Exact H¢(z,¢) at p = a

' -iBz
Hy (z,®) = 1= ‘5 [ (& Hn(z) (B2 A (B,) cos n®) e “ dp,

zv“

Substituting for An(ﬁz) and g(Bz,d>) and interchanging the integration on ﬁz and

the summation on n

(2f
. H (B a)
H (z,®) = if L cosnd
(] 2“2‘_) n [ff BH(ZT(BQ)

' oY) eiaz(z ~z)

A(Z' ¢l) eiW(Z s cos ﬁ‘b' d@' dZ' dBZ

rearrange to separate the infegration on ®* and the integration on z' and Bz

2y
. H (5 a)
H¢(z,¢) = :l—az-— L cosrd f cosnd)‘] n
2 " ¢! 5 H (3),“)

A(zllwl) ei IP(Z‘,Q') ei B(Z"'Z) dZ' dpz dwl

Note f Pz~ dﬁ cannot be se: equal to & (z'-z) in the integral on B
(2)'

because of the term ‘3 a)
(2)
ay H (B o)
iB,(z' -2)
( [f(ﬁ Ye Z dﬁz # 5(z'-z) in general.)
pz
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Main contribution to double integral on ﬂz and z' comes from neighborhood of

"svationary phase”, that is, where

Or lv@,o) +B, ("2 =0 )
%ilﬂfﬂw'*&(fqn =0 (2

If ' and Bz are far removed from stationary phase point, then integrand is
rapidly oscillatory and adjacent positive and negative half cycles cancel closely.
Let ﬂzs(z,d)') value of B at stationary phase point and note that (2) is satisfied

z

if z' =z. Also, let
H @' o)

£(p,z',@") = _"_H_ml_ A", )
n

B, (ﬁya)

If f (ﬁz,z' ,®') is essentially constant in neighborhood of stationary phase point,

then the double integral on ﬂz and z" can be approximated by

l) eipz(z'z.)

f(ﬁzs'z'¢|) f[eiq’(z',q, dﬁzdll
B, 2

and since
iB (=-2")
e dp , = 2x5(z-z2')
P

r4

a further approximation is

. 1
7uf (stlz'¢l) elq’(zl‘b )

3
Z
<
H
3
3

]
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H @ (g %)
or Hy(z,0)= I T corno [cosnd® ¥ A@,0') ol #2®)
n J s, (2),s do*
' B, H, (B o)

where in (3) A(z,?') eiq(z'q)‘) = Ez(inc)

B o) = 10 -p,° 2 0D
Netfermination of pzs(z,G’ )

From (1) and (2)

9y

170

[ B0 +(
1
where  w(z',0% = B[ (L +a cos ©)° + 2 + (a sin ©)2] 2
s w = Bz
P2 &%) = o,
- . NPT .
where D =[(L+acos®")" +z" +(asin® |
further approximation, take Bvs for all ® as value for fuselage center, i.e.
s z2.2.3
ﬁy = B - (5) )° and A(z,9") as value for fuselage center.

A H @ '(By’a)

= _ _i_E z
Hd,(z,@) s cos nd . -
8 19

[ ei P(z,®') cos nd' do'
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APPENDIX E. Radiation Field of an Antenna Placed Over lrregular Terrain

The radiation field at evaluation angle 8, of an antenna at height h placed
over irregular terrain con be expressed as

. . 2 . .
i Bhsin 8_ f'/ f(‘p,B)e-'phsmq’ dy (E.1)
$=0

F(@) =e

where f( ¢, © ) is thereradiation into elevation 0 of a plane wave directed toward
depression angle ¢ , and B =2u/\. If the terrain is flat, infinite, and perfectly
conducting, f( %, 0) = & (¥ - ), where the right side is a delta function, and (1)
becomes the ordinary expression for radiation from an antenna and its image.

If the antenna is placed over smooth, but not flat terrain, with slope angles

not exceeding about 0.5%, then f(¥ , 8) will consist of a narrow central peak
near # =0. Thus, approximately,

cnt s oL s 2
F(e)=e'ah""9 -e-lﬁhsme f'/ e, 3 dy (E.2)

For flat infinite perfectly conducting terrain the integral on the right side would
equal unity. For slightly rolling terrain, it can be written

(E.3)
I+uR(9) + ial(&)
where
a, <<1

a <<1]
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The functions a R and a | represent anomalous reflection. They will manifest them-

selves in a glide path system through the sideband patterr., by generation of a spurious
in-phase compenent of sidebands which will affect the measured DDM. From E,2

and E.3, the spurious in-phase sideband component in the vicinity of the first side-
band null is, to the first order, simply

al(g)

Spurious sideband signal is then, to the first order, a function of elevation angie
which depends only on terrain and not on antenna height. Changes of antenna
height will not alter the shape of DDM disturbances or the angle at which they

occur.

»,
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APPENDIX F. Nature of the Doppler-Shifted Interferences Encountered
During Over Flights

o b e sl M L

TR

Consider the localizer~menitor system shown in Fiugre F-1. Here, the plane
is approaching the two arrays (a) and (c) from the far-field. A doppler shifted
localizer signal (reflected from the plane) arrives at the monitor antenna (c) in
addition to the direct signal, The doppler shift f, is expressed below as a function
of the rates of change of the length Lab and "bc (i.e.,veos ¢ andvcos ).

i

3
L,
2

3 Transmitter x=0  Monitor

Figure F-1. Overflight Geometry.
- v = velocity of aircraft = dx/dt

f, = transmitted frequency = 110 MHz

E fr = received doppler frequency

f 4 - doppler shift

‘: ¢ = speed of light

3 fd - fo v (cos +*cos )

3 c
The doppler shift can be sketched roughly as a function of x as shown in Figure F-2.

The absolute doppler shift is asymptotic to fd =2 f, v/c in the far-field. In

3 | order for the reflected doppler shifted 90 Hz sideband to interfere with the direct
- 3 150 Hz sidebond, fd =60 Hz, hence: v = ¢ fd /2 f, =175 mph. This velocity

will then cause perturbations in the monitor system,
-303-
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sideband, f, = 60 Hz, hence: v = = f, /2 f°= 175 mph. This velocity will
then cause perfurbations in the monitor system.

f

d 4
Pt
a c
+ + —ts X
-e1 p=2fotv/c‘

Figure F-2. Doppler Shift.

The doppler shift f (x) is plotted in Figure F-2 for a constant velocity aircraft
approach at low altitude. The transmitter is located at x = a and the monitor at
x =c. Note that the doppler shift is zero as the plane approaches x =0 (halfway
between the two antennas ).
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APPENDIX G. Mathematical Model of a Monitor Receiver

A mathematical model of a monitor receiver is developed in this section.

The basic configuration to be considered is shown in Figure G-1. The voltages
at various points are ideniified in the following text.

The input to the second detector is ussumed to be of the form

E] = Es cosucf+a Es cos | uct+¢(t) ]

S = 1+ m, cos at tm, cosu,t (normal modulation)
v, = localizer carrier translated to the IF frequency
o) = doppler shift translated to the IF frequency (less than

10 Hz)

a = reflection loss coefficient (0 < a < 1)
) = 180n m, = 90 Hz modulation index
W = 300w m, = 150 Hz modulation index

An envelope detector as a second detector would produce an output equal to the
magnitude (envelope) of E] . E] can be written as (13 ].

E,= Es { cos ot +a cos (t) cos o t-a sin (1) sin ot ]

1

E= Es\/l'*'2a cos <!>(t‘)‘h:z2 cos [ uct*S(f) ]

where, 8 ()= - fan-] {asind)/[ 1+tacosd(t) ]}

and for simplicity let @(t)= wyte

=Es\/l+20 cos W H'cz

Therefore, E d

2
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The Fourier series representing the radical is [ 13 ]

7 ©
+2c:cosudf+a-}: A (@) cosnow t
d

n=0

with, A (o) = 1+ (/2 /2% +...
A (o) =all- 2(0/2) -z(/2) - es

Aja) == @/ 1-(0/2% - ... ]

A (@) (o/2)"

This radical will be approximated by consnden? only the first three terms in the
cosine series neglecting the terms containing a” and higher.

\/l +2a cos udt+ 02 ~[1 +(a/2)2]+acosudf-(a/2)2c05205t

Using this approximation, the expression for the components of E, very near the 90 Hz
sideband can be expressed as (E' 9 is the component of E near 98 Hz)

E'2 =m, {Q +02/4) cos u, +(a/2) [ cos (u] - ud)t +cos (0, * ud)t }
-(02/8) [ cos (ul - 20d)t+ cos (t.)I +2udf 1}

This component will pass through the 90 Hz band pass filter (BPF) with minimal
amplitude change. The BPF is assumed to have a linear (with frequency) phase
shift over its useuble range. lts output will then be, (E'5 is the component of E.

near 90 Hz)

!l=m {-(02/8)cos[(u -2u )t -2al+(a/2) cos{ (w, -w ) t-aq]
B ™ 1729y 17 %

+(1 +02/4) cos u]t+(c|/2) cos | (u] +ud)t +aj -(02/8) cosl 9y +2ud)t+ 2al}

Here a is the phase shift due to the BPF.
~307~-




? T QT e T N TP N T S S e e Ty R T el U S R g N Y KN s e M P T W T v g - .
R A P B A P R R R T PG M PAAERAT e T T e raey R N ORI AN TR A T N g 4y e S gy TR T s e
) W’
b
u“ -

v
v

v
b

ST

* | UolBINBIUDD) 1GA10TY JOJIUOW *Z-O BunE:4

s T s

si0}0849(] oIpny

P Sy

P e Jd71 je—— J0433i3Q
‘ adojaAul lo40940Qg puz

-308-

4 1040838Q
: EL 4 Juaseyos

C1 I

m 40429949
1 44 juaiayod

u |

CTEIIE Y

9ou0I9}9Y

—
o

%&;ﬂé;{%lil{i .x!,..g,:.zi.‘.;..,f_ . .. ,,
o i
O £ 1 . - bt b ke it o \ . . AN b R b et B g 4 . Kl

RO LK b ] et 1 0 : " PRYTI m skt i coelns g S BRI A b s ot VR R o M SRR N e

,.,,.u m " " o bl b ) i




L A e P SR R A B S S R DA G R R S R S S L

el

TRy

X
§
The following shows thar the output E5 due to the coherent {(at 90 Hz) detector
is identical to E_ due to the envelope detector. E'3 can be written as ;
7 ) ;
Eé =m, l (1+ a"/4)+q cos (udf +a) - (02/4) c052 (‘"dﬂ. e)} cos ot ;
Assuming the low pass filter cuts off at some frequency higher than the second :
3 harmonic of the doppler we can write, E
E.=E,=m, {(1+a2/4) + 2
: 5 F7° M a™/4) OCOS(Udf"”G)-(a/4)c052(udt+cr) }. E
3
Note that the dc value of E 5 is a function of the reflection coefficient a regardless
]
of the cutoff frequency chosen for the low pass filter. The low pass filter affects
only the terms slowly varying at the doppler frequency and its harmonics. 3
Consider the receiver performonce (see Figure G-2) if the second detector “fi
is a coherent detecior. This can be approximated in practice as a phase lock :
arrangement with a long time con:iznt. The second detector output in accordance
with Figure G-2 is i
C, = E, {cosuct+a cos(w tuw )t ] cos w ::
Since the low pass filter removes the higher frequency terms
= +
o ES{I acosudt}.
1 The 90 Hz components of C3 will now be considered as done previously,

t } cos u]t

CJ'S =m] [ 14a cos

§
)
E
“
)
&
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It can be seen that if C., is detected by an envelope detector or a coherent detecior
that the results will be

= + +
C4 mlll ocosudt al.

The dc component of this term is not corrupted by the inferfering signal
ifw, 70, The fina! low pass filter can be adjusted in this case to remove a lorge
portion of the disturbance caused by the doppler shift.
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