FINAL REPORT ON PRELIMINARY FIELD TESTS OF
K-BAND SCANNING-BEAM TECHNIQUE OF
ELEVATION ANGLE MEASUREMENT

REPORT NO, 8284-1
Contract FAA/BRD-172
December 1961

FEDERAL AVIATION AGENCY

Bureau of Research and Development

- ¥
PR PN 'i'?q
&
R SRR IV /¥



FINAL REPORT ON PRELIMINARY FIELD TESTS
OF K-BAND SCANNING-BEAM TECHNIQUE
OF ELEVATION ANGLE MEASUREMENT

by
F H Battle, Jr

REPORT NO B8284-1
Contract FAA/BRD-172
December 1961

"This report has been prepared by Airborne Instruments
Laboratroy for the Avistion Research and Development
Serviee (formerely Burean of Resesrch and )s
Federal Aviation Agency, under Comtract No. FwBRD-l.Ta.
The coubents of this report reflechs the views of the cone
tractor, vho is responsible for the fants znd the accur-

gy of %he daba preseuted hereln, and do not necessarily
reflect the cffleial views or policy of the FaA."

FEDERAL AVIATION AGENCY
Bureau of Research and Development

10



TABLE OF CONTENTS

Page

Abstracy ix

I Introduction 1

' II. Descriptlon of Angle-Measurement Technique 3
A. System Application 3

B. Implemented Technigue 7

c. Ground-Based Equipment 8

D Angle-Decoding Equipment 10

III. De.crlipllone and Reoults of Test. 13

A Beamshape and Propagatlon Effects 13

B Receiver Angle Readings 23

Iv. Conclusions 37

; AL Static Lobing 7
B. Dynamic Lobing 3

- C. Beamshape 38
D Recelver Readings 38

E General 3G

Appendices

A--Test Egqulipment A-1

B--Detailea Description of Equipment B-1

C--Proposed Official Tests c-1

D--Qriginal Data D-1



Figure

O o~ Oy =W

10
11
12
13
14

15
16

17
18
19
20

21
22
23
24
25

LIST OF ILLUSTRATIONS

Volumetric Coverage of Proposed Landing System
Using Three Scanning Beams

Proposed Transmlisslon Sequence for Three Scanning
Beams

Use of Proposed System During Inltial Glide '
Use of Angular Guidance During Flareout

Use of Angular Guidance for Touchdowh
Experimental Scanning Antenna

Experimental Ground-Based Electronlcs Package
Angle-Data Transmission and Receptilion
Locations of Teast Sites at MacArthur Alrport
Elevation Proflle of Main Test Radial
Elevatlon Profile of Test Radial to Site 1
Elevation Profile of Runway-Parallel Test Line
Field-Test Geometry

Statlc Lobing from Test Radlator 4 Feet Above
Average Ground Line

Static Lobing from Test Radiator 7 Feet Above
Average Ground Line

Static Lobing from Test Radiator 1 Foot Above
Average Ground Line

Static Lobing Patterns (Composite Data)
Effect of Moisture on Static Lobing Pattern
Effect of Grass on Static Lobing Pattern

Effect of Dynamic Lobing on Peak-of-Beam Amplltude
of' Intercepted Scanning Beam

Dynamic Lobing Patterns (Composite Data)
Dynamic Lobing at Various Distances
Statlec Beamshape Pattern (Test No. 11)
Statlc Beamshape Pattern (Test No. 12)
Static Beamshape Pattern (Test No. 13)

1ii



Flgure

26
27
28
29
30
31
32

33
34

35
36
37
38
39
40

41
42

43
4y
45

46
L7
48

Lo

50
51

iv

Static Beamshape Pattern (Test No. 14)

Dynamic Envelope of Scanning Beam (Test No. 32)
Dynamic Envelope of Scanning Beam (Test No. 31}
Dynamic Envelope of Scanning Beam {(Test No. 29)
Dynamic Envelope of Scanning Beam (Test No. 27)
Dynamic Envelope of Scanning Beam (Test No. 25}

Varlations in Dynamic Envelope of Scannlng Beam at
Low Angles

Half-Power Median Angle Errors {from Dynamlc Beam-
shape Tests

Theoretical and Measured Propagatlon Errors 1n
Elevation Angle

Azimuth Pattern of Scannling Antenna
Equipment Setup at Recelver Test Station
Receiver Readings at 1500 Feet (Test No. 226)
Recelver Readings at 2000 Feet (Test No 216)
Receiver Readings at 2500 Feet (Test No. 224)

Receliver Readings with Normal Scanner Height
(Test No. 229)

Receiver Readings wlth Elevated Scanner and Long
Grass (Test No. 231)

Recelver Readings with Elevated Scanner and Short
Grass (Test No 232)

Receiver Readings with Short Grass (Test No. 233)
Receiver Readings at 3580 Feet (Test No. 240)

Kecelver Readings wlth Obstructed Path (Test
No 241)

Elffects of Varying Lower Scan Limit (Test No. 218)
Effects of Varying Lower Scan Limit (Test No. 217)

Effects of Direction of Scan on Recelver Readings
(Test No 214}

Effects of Direction of Scan on Recelver Readings
(Test No. 214A)

Receiver Readings at 1250 Feet (Test No. 257)
Recelver Readings at 1000 Feet (Test No. 258)



Figure

52

53
54

55
56
57
58

59
60
61

62
63
n
65
66
67
68
69
70

71
72

73

B-1
B-2

Recelver Readings at 750 Feet (Test No. 259)
Recelver Readings at 500 Feet (Test No. 260)

Receiver Readings at 37-Degree Azimuth (Test
No. 2224)

Recelver Readings on Runway-Parallel (Test No. 261)
Receiver Readings on Runway-Parallel (Test No. 262)
Receiver Readings on Runway-Parallel (Test No. 263)
Receiver Readings on Runway-Parallel (Test No. 265)
Receiver Readings on Runway-Parallel (Test No. 264)
Model B Recelver Readings at 500 Feet (Test No. 294)

Model B Recelver Readings at 1500 Feet (Test
No. 279)

Model B Recelver Readings at 2000 Feet (Test
No. 280)

Model B Recelver Readlngs at 2500 Feet (Test
No. 281)

Model B Recelver Readings at 3000 Feet (Test
No. 282)

Model B Receiver Readings on Runway-Parallel (Tests
No 288 and 297)

Model B Receiver Readings on Runway-Parallel (Test
No 289)

Model B Receiver Readings on Runway-Parallel (Test
No. 290)

Model B Receiver Readings on Runway-Parallel (Test
No. 291)

Model B Receiver Readings on Runway-Parallel {Tes%t
No 292)

Model B Receiver Readings on Runway-Parallel (Test
No. 286)

Mean Error in Mcdel B Receliver Readlngs at Site &

Measured Propagation Errors and Receliver Readlng
Errorg at Site 5

Mean Error in A1l Model B Recelver Readlngs on
Main Test Radial

Block Diagram of Angle-Data Encoder
Block Diagram of Angle-Decoding Receiver



Figure

B-3 Angle-Decoding Waveforms
B-4 Center-of-Gravity Tracking Waveforms
B-5 Video Gating Waveforms

vi



-

Table

II

III

LIST OF TABLES

Elevation Angles Relatlve to Ground Parallel
Over Test Radlals from Scanner Mounted at
Normal Helght

Reduction of Azimuthal Pattern Data from
Test No 221

Reductlon of Dynamlc Leamshape Data to Obtaln
Errors in Half-Power Medlan Angles

Errers in Readlngs of Recelver Model B at
Site 5

Errors in Readings of Recelver Mcdel B at
Varlous Distances

Page

41

43
k5
48

50

vil



ABSTRACT

Several serles of tests have been made to evaluate
the statlic performance of a technique of elevation-angle meas-
urement based on alrborne decoding of a narrow, scanning,
Ku-band radio beam  The tests were made over airport terrain,
slnce the technigue 1s lntended for use in an all-weather
instrument landing system. Time-shared measurements using
three scanning beams and a single airborne recelver are pro-
posed as a full-scale landing guldance system, However, one
or two scanning beams, especlally for vertleal angle measure-
ments, can provide useful guldance for landings,

The feaslbility and accuracy of low-angle elevation
measurements were investigated by these baslic types of tests
(1} static and dynamlc lobing, showlng the magnitude of the
effects of ground reflectlions on propagation of the scanning
beam, (2) statlic and dynamic beamshape, showing the distor-
tion of the recelved signal envelope caused by reflections,
and (3) recelver angle readings, showing the overall statlc
accuracy of the experimental system, Each type of test was
made at various distances and azlmuths from the scanning
antenna, and under varying conditions of ground moisture,
vegetatlon, equlpment installation and adjJustments The
resulting data are plotted as functlons of elevation angle,

Oplluum condltlons were found to Include £all pgrans
and low Installatlon of ithe scamning antenna, Foctors of no
appreciable gpipgnificance lneclude dlrectlon of scan, distance,
relative azimuth, and ground molsture. It 1s concluded that
the technique 1s feasible, and seems accurate enough for the
intended appllcatlion. The overall system errcr, under sta-
tlonary condltions, tends to be about O 02 degree,
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1 INTRODUCTION

A technique cf angle measurement, using a narrow
scanning radic beam, has been aeveloped by Alrborne Instruments
Laboratory (AIL) for potential application in an advanced
all-weather landing system. Althcugh the cverall system
concept calls for the use of three scanning beams--for the
separate measurements of two elevation angles and cone azimuth
angle--a substantial part of the required capabllity of all-
weather landings would he provided by the two elevatlon meas-
urements alone. Furthermore, as one of the advantages clalmed
for the system, all cf the angles wculd be measured by tne
same baslc technique, a demonstration of satisfactory per-
formance 1in measuring one elevatlon angle (under critical
conditions) should therefore suffice to prove the feasibllity
of the system

A series of field tests has been conducted under
the sponsorship of the Feaeral Aviation Agency, Bureau of
Research and Development, to ascertain the preelslon with which
thls technigue can measurce clevatlon angles above typlical alr-
port terraln Experimental "breadboard" equipment previously
designed by AIL was installed and operated at MacArthur Airport,
Islip, Long Island, New York This equipment procduced a
single rapidly scanning, narrcw beam on K -band (16,000 Mc),
which was recelved and decoded at low elevation angles over
the alrport surface. Since the maln cause of errors was
expected to be partlal reflection of the beam from the ground,
and since this should be largely confined to very low angles,
all tests were made with the receiving equlpment ground-based,
no flight tests were included.

This report describes the tests that were conducted,
the equlpment used, and the results obtailned The operatlonal



slgnificance of the performance that has been demonstrated

is best Jjudged in relation to the intended application. In
the followlng section, therefore, the proposed application of
this angle-measurement technique in an all-weather landing
gystem 1s described.



1I1. DESCRIPTION OF ANGLE-MEASUREMENT TECHNIQUE

A SYSTEM APPLICATION

The full-scale system concept regulires cne vertically
scanning beam originating near the runway threshold, and
another orilginating about 3000 feet down the runway, the
necegsary antennas are to be placed a few hundred feet to one
side The two elevation angles relative to these sites will
define the aircraft's vertical position and distance-to-go.

A third beam may be scanned horizontally from a centerline
locatlon beyond the stop end of the runway to provide an
accurate measurement of horlzontal deviation Each beam 1is

0 5 degree wide in 1ts direction of scan, and is fan-shaped

to cover a 20-degree sector, alsc each beam i1s scanned through
20 degrees, sc that all three can be received in succession

wlthin a pyramidic volume of the approach alrspace, which 1=
20 degrees square (Figure 1)

The scan angle from each site is continuously
encoded on the beam i1tself, so that the angular position of
an alrcralft intercepting the beam 1s found by decoding the
beam signal The angle reference cata on the beam are thus
broadecast ground-to-alr, and any number of airborne eguip-
ments can recelve and interpret the signals directly In
this respect, the technigue 1s simllar to the standard ILS
and unlike GCA or any radar systems, furthermore, no DME or
cther airborne transmitter is necessary.

The equipment at each ground site will comprise an
§-foot pillbox antenna, driven at a speed of 10 scans per
second, and three racks of encoding, transmittlng, and auato-
matic monitoring equipment. The scanners will be synchronized
so that only one signal 18 broadcast at a time (Figure 2).



A single recelver 1n the alrcraft receives all three beams

on a time-sharing basis, and provides three corresponding out-
puts Fach output can be used to actuate the pllot's Instru-
ments, path computer, and autopllot approach coupler The
ground sltes are so chosen on the alrport that the measured
angles are directly usable without coorainate conversion (though
height and distance can be computed, if desired). Cne elevation
angle deflnes the gllde path, a second elevation angle varies

in proportlon to height and sink rate durlng flareout, and the
azimuth angle defines deviatlon from the runway centerilne

The operatlonal use of the full system 18 1llustrated
in Figures 3, 4, and 5. As shown 1n Pigure 3, an alrcraft turn-
ing onto final approach at any polnt within 10 degrees of the
extended runway centerline, and up to 20 degrees elevation,
immediately receives all slgnals to be used for landing
guidance. The wide-sector lccalizer (azimuth) angle measure-
ment allows a smooth and accurate turn-on, preferably by
reference to computed steering commands from a flight director.
Simllarly, the deslired glide angle, once intercepted, can be
maintained within sultably close tolerances by simply "homing"
the aireraft towara the elevation scanner near the runway
threshold--that is, this measured angle 1s reguired to have
zero rate of change The use of angle rate as the primary
error signal enhances the stabllity of glide control, since
no fixed path need be sought and "bracketed" after a minor
disturbance In the event of an excessive aeviation from the
Intended glide angle, however, an error signal based on angle
displacement can be added autocmatically to avoid the need for
new power settings and trim

The elevation angle measured from the flareout
scanner, half a mlle beyond the runway threshecld, tepresents
stand-by information during the initial glide. This measure-
ment 1s visually and automatically monitored--first to confirm



1ts guality, and second to detcoet the need for flareout inl-
tiation. When flareout 1nitiation 1s scheduled for any
particular dlstance-to-go, the flareout trigger is provided

by a specific relationship of the two measured elevation angles;
most simply, a pitch-up signal 1s made to occur upon the
attalnment of a preselected flarecut elevation angle

Just before flareout, the true ground spesd can be
computed from a continuous adtomatic comparison of the two
elevaticn angles. 1In one form of flare controller, the speed
provlides a basls for accurate dead-reckoning of distance-fo-go
during the flarecut. In a simpler form of contrcller, any

deviation from an acceptable range of speeds would actuate a
wave-off alarm

During the flarecut maneuver, asg shown ain Figure 4,
allgnment with the runway is maintalned, and the rate of
descent is decreased to the low value required for touchdown
With the initial gllde accomplished and flareout initiated,
the forward elevation measurement 13 relinguished, and the
vertlcal maneuver 18 completsd by reference to the rear
elevation angle and to distance-to-go

Az 1mplied earlier, various means can be devised
to use these basic positional data fcor the control of landings.
In sophisticated azpplicatlons to high-performance aircraft,
or for landings on short runways, it would be desirable to
take advantage of the performance capabllities of the aircraft
g0 as t¢ land near the runwsay threshold. For tnis purpose,
a flareocut path computer in the aircraft coula provide a
reference trajJectory much shorter than the simple exponential
patn that is usually proposea, certainly the airecraft is
capable of more efficlent maneuvers. In cases where the added
complicatlon 1s warranted, any desired trajectory could be
computed, and appropriate signals coupled to the autopilot
and instruments, the attitude gyro signals could be used in



ceonJunction with helight and alstance, derlved by conversion

of the scannlng-beam angular measurements to rectangular
coordinates

Foriconservation of runway length, 1t 1s also desir-
able to establlsh the 1nitilal glide toward, or Just inside,
the runway threshold. One advantage of scanning-beam guldance
for the glide slope would be the abllity to slte the scanner
near the threshold at all locations, thereby allowing simple

homing on the signal source, and maximum utilizatlon of the
runway.

Although the scanning-beam data might be converted
fto rectangular coordlnates for the more stringent applications
of the technlque, some computer simulatlon work has 1ndlcated
that the angular form 1s directly usable. An attractive
possibllity 1is the addltion of a flareout and landing capabllity
to the present ILS system by 1lnstallation of a single scanner
for measurement of the rear elevation angle (as it is shown
in Filgures 3, 4, and 5) This method would not explolt the
full capabllities of scanning-beam guidance, such as runway
conservation, but would be immedlately useful

In this methed, & contrelled transitlon between the
flareout trigger value of the rear elevatlon angle and a
preselected touchdown value of this angle 1s enforced For
cexample, the measured angle and 1ts rate of change can be
decreased exponentlally, by proper pltch control of the
alrecraft, in response to signhals representing deviatlons
from a prescribed ratlo of the angle and 1ts rate The
simple exponential controller can be replaced by a terminal
controller that also operates on angle rate, according to a
slightly more complicated relatlonship As another azlternative,
control can be based on a prescrlbed program of helght and
distance-to-go, whlch are computed from the measured elevation



angle and, knowing the ground speed, from elapsea time after
flareout znitiation

However the flarecut is controlled, 1t will begin
soonh encugh 10 ensure reaching the terminal glide angle desired
for touchdown with several seconds yet to go. This status
depends on a ccnservative maneuver that 1s compatlble with
the control characteristics of each aircraft, for which the
point of flareout initiation must be appropriately chosen.
The terminal glide to runway contact can be maintained, as
shown in Figure 5, by holding a constant angle as measured
from the flareocut scanner. Since thls angular crigin 1s
only about 5 feet avove the runway level, touchdown will
inevitably occur in front of the scanner if the airborne
antenna for the scanning-beam receiver isg more than 5 feet
above the wheels (Even if the antenna is lower than thas,

a constant pitch attitude can be held until touchdown, after
bypassing cof the scarner site causes the guldance signal to
drop out ) The nominal (gust-free) toucndown point can be
precomputed for the chosen final glide angle ana the existing
antenna height, allowing for typical dispersion of touchaown,
the moment of contact 18 thus predictable within 1 ocr 2 zec-
onds of elapsea time from flareout initiation, and a decrao
maneuver can be scheduled on this basis After touchdouwn is
accomplished, the localizer scanning-beam slignal provides
steering information for contrel during the deceleraticon roll.

B IMPLEMENTED TECHNIQUE

The preliminary field tests at MacArthur Airport
were intended only to demonstrate tne capabllities of the
angle-measurement technique under static (ground-based) con-
ditions For this purpose, a single elevation-scanning antenna
was installed, and simplified receivers (not providing for
tlme-sharced receptlon of scveral beams) were operated at

surveyed locations above the alrport surface



The transmitiaing ard recolving electronac equipment,
togetner with suirtable test instruments, were installed iIn
trucks to facilitate changes 1n test locations and methods
Tests of beamshape and baslc propagation effects were usually
made 1th the scanning antenna (or a norn at the same loca-
tion) connected to a recelver, and with a transmitter at varilous
locations on the field, uncoded pulse transmlissions were used
for these tests Statlic tests of system performance, using
coded transmissions and angle-decoding and tracking recelvers,
were then made by transmitting from scanning antenna to
recelver in the normal manner.

More detalled descriptions of these test facilities
are 1included 1n Appendix A,

9 GROUND-BASED EQUIPMENT

The ground-based equipment used for the fleld tests
comprised an experimental implementation of only one of the
three ground slites reguired for a full-scale system, Detalled
descriptions of the components are included 1n Appendix B.

The scanning antenna is shoun in Figure 6, A4n
8-foot parabolic pillbox array is driven by a counterbalanced
linkage assembly so as to nod through a 40-degree sector at
an adjustable rate of 5 to 10 scans per second (using both
upward and downward scans). The central 20 degrees of this
sector, in which the speed 1s nearly constant, 1s used for
radio signal transmission The turn-around time between
successive scans 1is twice the active scan time, and would
allow similar transmisslons from two additional scanners
while the first is silent.

The lnstantaneous tilt ang.e of the scanning antenna
ls determined by photoelectrically reading an engraved scale
fixed to the side of the pilltox The scale 1s marked at
0.01-degree increments of sScan angle, ana 2000 marks are



tallied in a dlgital counter as tie 20-degree sector is
traversed, At every instant durlng the scan, therefore, the
stored count 1s proportional to the angle. During the antenna
furn-around after each scan, an autcomatlic check 1s made to

confirm that 2000 marks were counted, otherwlse, an alarm 1is
triggerea

Flgure 7 shows the experimental angle-data encoder
(as repackaged after the field tests). The encoder continu-
ously samples the instantaneous value cf the stored antenna
count, which 1t uses to control the elapsed time between the
transmission of successive pulses by the RF transmltter. The
pulse spacing 1s fthus varled so as to represent the scan
angle in accordance with the code illustrated in Figure 8.
A contilnuous stream of pulses is always produced, but during
each scan of the antenna through the 20-gegree sector, the
pulse spacing varies at a uniform rate of 4.00 usec per degree--
from 16 psec at zero degrees to 96 usec at 20 degrees The
guantity that varaies linearly with scan angle 1s the pulse
interval {which 1s directly measured oy the airborne receiver),
and the pulse rate therefore varies nonlinearly between limits
of 10.417 ke and 62.500 ke.

The pulse modulator used in the field tests was of
the hard-tube type The modulator and associated power supply
were designed wlth adequate bandwldth and regulation to pulse
a klystron transmlitter at high (and variable) PRF, maintaining
ampllitude and frequency variatlcons wlthin acceptable limlts
The modulator and klystron (or, lor some tests, the froni
bucllon of a recelver) were mounted In a small box attached
to the scanner assembly, and the output radioc signals were
conducted to the feed point on the scanning pillbox through
wavegulde An air-gap coupling between two flanges of the
wavegulde served the function of a rotary joint.



A more detalled descr'-tion of the ground-based
equipment 1s included 1n Appendix B

Figure 9 1s a plan drawing of a sectlon of MacArthur
Airport, showlng the sltes that were used for the tests. The
scanning antenna was lnstalled on a ccncrete slab at the
gcanner g8ite designated at the left edge of the drawing. For
a few of the early tests, the a.lmuthal centerline of the
antenna was aligned wiih site 1, for most tests, however, the
antenna centerliine colnclded with the test radlal through
gslites 5, 2, ete. An elevatlion profile of thils radial is given
in Flgure 10, and a profile of the radial through site 1 in
Plgure 11. Figure 12 is a profile of the test line parallel
to Runway 10, through sites 1, 11, 12, 13, and 14,

Except for the scanning antenna {(and the attached
data pilckoff and transmitter or receiver units), the equap-
ment was mounted in trucks The truck containing the ground-
based encoder was parked beside the scanner, and a second
truck pulled a traller-mounted tower to varlous test sites on
the airport.

D. ANGLE-DECODING EQUIPMENT

Two medels of the angle-decodlng and tracking
receiver were used during the test period Most of the tests
were made with receiver Model 4, a breadboard mocdel incorpo-
rating all of the essential circuit functicns except automatlic
calibration control Autocalibration was provided, together
with some circuit changes, in breadboard Model B. In Model A,
provisions were included for manual calibraticon of the angle-
decoding and tracking circults against an internally generated
pulse trailn with a crystal-controlled pulse spacing. The
recelver was manually callbrated before each test run, and
was rechecked upon completion of the run.

10



Each model of the receiver was split into two unilts,
exclusive of power supplies. The front end, containing the
RF mixer, klystreon local osclllator, and IF preamplifier, was
packaged separately, so that 1t could be raised to various
heights on the fest tower Its output was connhected by coaxial
cable to the main unlit, which contained the IF amplifier
proper and all other circult elements., The measured elevation
angle was represented by the DC output voltage of the recelver,
using a scale factor of 1.00 volt per degree.

The memory-reference (center-of-gravity, trackling
technlque 1nherently provides hold-over of the output voltage
from each scan to the next, so that the angular data are con-
tinuously present at the output The trackling c¢ircuit couild
be adJusted to provide any fraction of the full correction
increment, in response to an error detected upon the passage
of a scanning beam, an adJustment resulting 1n less than
full scan-to-scan corrections affords smoothing of the cutput,
at the expense of dynamic tracking capability Although only
static tracking tests were made, a high correction factor
(between 0.7 and unilty) was malntained. No external damplng
was applled when test results were chart-recorded; however,
an estimated average was taken of veltmeter output readings
that fluctuated 0.0l or 0.02 degree, as often happened

A mcore detailed description of the recelver func-
tions 1s included 1in Appendix B.
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III. DESCRIPTIONS AND RESJLTS OF TESTS

Al BEAMSHAPE AND PROPAGATION EFFECTS

Four types of measurements were made to i1nvestigate
beamshape and propagaticon effects cover the typical airport
surface at MacArthur Airport These were

1 ° Static Lobing--fleld Iintensity versus gec-
metric {optical) elevatlon angle from trans-
mitter to receiver, using broad-beam
(20-degree) horns at each site to virtually
eliminate effects of antenna directivily.

2. Dynamlc Loblng--field intensity versus instar-
taneous scanner elevation angle, the irtensity
being measured when the peak of the scanning
beam strikes a probe fixed at various helghts
in turn.

3. Static Beamshape--field 1ntensify versus neomet-
riec elevation angle, wlith tne directional beanm
stationary at a nominal elevation angle

4, Dynamac Beamshapo--the Intonsity envelope
recelved as the scanniny airecticnal beam
passes entirely over a prcbe at a fixed
height

1. Test Objectives and Procedures

In all cases, the scanner slte near tne southwest
corner of the airport (Figure 9) served as cne end of the
transmission path. Except for static loblng tests, the
directional antenna of the scanner was used for transmission
or reception at that saite, (Since reciprocity applies to all
prepagation measurements, the direction of fransmlission vas
chosen as most convenient for each type of test ) At the
fleld end of the path, a broad horn antenna was lnvarlably
used to probe the signal fiela, the 20-degree vertical half-
power beamwldth of this horn should be typical for airborne
installatlion, and 1s not helieved to have suppressed any

13



reflectlion effects (For Static Lobing tests, such horns were
used at both ends of the path )} At each fiela site, the

probe horn was ralsed on a pole to varlous heights, palnted
markings on the pole provlded 1-Toot callbratlon Intervals,
and cobimated Practlony off a Coot were sonollieag revorded,

e e oo, 10l [ ) PR R O B o | o

o |

attempted.

At the beginning of the field-test program, all
prospectlive test sltes and radials were included in an eleva-
tlon survey, using the top surface of the concrete slab
supporting the scanning antenna as a helght datum (Figures 10,
11, and 12). However, the helghts of the probe antenna on
the pole--as recorded durilng each tost run--are only indirectly
related to the same datum plane. Furthermore, for an evalua-
tlion of the low-angle performance of the scanning-beam tech-
nigque, the average ground plane of the alrport should determine
the zero reference for elevation angle measurements, Accord-
ingly, the angle of greatest interest cannot be computed

directly from the helghts and distances recorded on the data
sheets.

Table I (on page 41) allows direct conversion of
the recorded height, in feet, to elevatlion angle, in degrees.
The tabulated angle 15 the geometric angle between the pole-
mounted horn and a plane parallel to the average ground plane,
at the height of the center of the scannlng antenna This is
the "geometric angle" shown in Figure 13 The converslons in
Table I are based on. (1) the assumptlon of a "ground-parallel"
plane for each test radial, (2) the helght of the ground at
each test site relative to that plane, as indicated in Fig-
ures 10 and 11, and {3) allowance for the 18 inches by which
the foot of the pole was raised above tne ground onto its traller
mounting. As an exXxample, the tabulated angle corresponding

14



to a height on the pole of 38 feet at site 5 (1500 feet from
the base scanner) is 1.24 degrees, this was obtained by
deducting, from 38 feet, the 5 5 feet by which the zero mark
on the pole underlies ground parallel at site 5 (Figure 10),

then dividing by 1500 feet, and then convertlng radians to
degrees.

For a few tests, the scanning antenna (or horn) was
elevated above 1ts normal position, in such cases, the addi-
tional helpght should be subtracted from that of the pole-
mounted probe antenna before using Taple I.

In all tests of beamshape and propagation effects,
the relative signal strengths were measured with an AIL
Type 03060 plston attenuator in the 60-Mc IF channel of the
recelver. The geometric elevation angle to the pole-mounted
horn antenna could be computed as described above

The neominal scan angle, belng Lhe mechanlcal tilt
of the plllbox antenna airray, was read from the photoclectric
plckeff scale attached to the array This scale carries
engraved marks at 0.02-aegree intervals of antenna tilt, each
mark being nearly 0 0l aegree wlde. By slther visual or
photoelectric counting of both edges of fhe marks, the
relative tilt angle can be determined within 0 01 degree at
all times The absolute tllt angle was determrined by the
Initial adjustment of the plckolf aperfure relative to the

scale, using a sparlt level to malntain the pillbox antenna
plumb.

For dynamic tests, the 1nstantaneocus tilt angle of
the rapidly scanning antenna was correlated with the signal
strength variations (resulting from the changes in scan angle)
by reference to the Angle Increment Counter sectlon of the
Encoder (Appendix A) The Encoder includes a sensing matrilx
controlled by toggle swlitches in such a way that a trigger can
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be obtained from the counter as the scan angle passes through
any selected O Ol-degree increment. This trigger intensified
an gscllloscope trace, so0 that the signal amplltude beling
displayed on the scope at the instant the trigger occurred
was very accurately assoclated with the selected scan angle.
The attenuator normalized the amplitude of the intensifled
porticn of the displayed signal, for various selected angles
in turn, and the corresponding chahges in attenuatlon were

recorded to represent relatlve amplltude as a funhction of
scan angle.

Static Loblng tests were made with a horn antenna
subgtituted for and mcounted within a few feet of the scanner,
at the exact helght of the center of the pillbox aperture
(or at a measured devlation from this height, in some cases).
Relatlive signal strength was then recorded as the probe horn

antenna was moved to successlve callbrated heights on the
pole.

The Statlc Lobing measurements were 1ndependent of
the characteristics of the scanning-beam technique, except for
the Ku—band operating frequency, therefore, they cannoct pro-
vide direct criteria of performance. They do, however, pro-
vide indications of the isolated effects of the terrain
itself--in particular, the effective coefflcients of reflec-
tion for various stretches of intervening ground and various
conditicns of measurement

The tabulated data from 21 Statlc Lobing tests are
included in Appendix D. Plots of the data from speciflc
tests are alsoc lncluded and will be discussed.

Dynamic Loblng tests were made with the scanning
antenna operating. With the probe antenna held at varlous
helghts on the pcle, the relatlve slgnal strength was meas-
ured at the peak of the amplitude envelope that was recelved
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as the scannlng beam passed over the probes Since an entlire
test run of this type reguired ocnliy 1 or 2 minutes, 1t was
assumed that the transmlsslon power remained constant; the
variatlons in peak-of-beam slignal amplitude should therefore
be attributable to ground lobing, as modified by the variable
11luminaticn of the grouna during the scan.

The Dynamic Loblng tests were made with the energy
confined in the directlonal radiatlon pattern that character-
lzes the system, and should therefor> allow predictions of
the effects of reflections on system performance. However,
an absolute correlation of these lobe structures with per-
formance would be difficult, and a more direct measure of
their effect 1s afforded by other tests (Dynamic Beamshape),
the chief reason for Dynamlc Loblng measurements wag, therefore,
to obtaln a relative check on propagation conditions, from day
to day and from site to slte These tests ANere also more
convenlient than Statle Looing tests to intersperse with others,
because the same antennas and test setup could be used

Static Beamshape tests were mace by fixing tne
scanner tllt at a low angle, and proeing the vertical field
pattern wlth the pole-mounted horn Only & fea tests of this
type were made, because the static beamsnape, as distorted by
reflectlons resulting from consgtant 1llumination of the
ground, is nct at all similar to the apparent or "dynamic"
beamshape encountered in normal sysfem cperation A scanning
beam continucusly varies the distrituticn of energy i1liuminating
the ground, and reception normally occurs at a peoint that 1is
practically stationary during each complete scan. In contrast,
the Statlc Beamshape was measured with a fixed beam and a

moving probe, the resulting patterns are of academic interest
only.

The Dynamlc Beamshape tests were made wlth the probe
transmltting from various heights on the pole, using the angle-



selector switches on the Encoder, as deacribed earlier, to
iaentlfy angles within the received beam envelope and to
measure the corresponding normalized amplitudes By this
method, data describing the complefe beam envelope were
recorded wilthin 1 or 2 minutes, and the short-term stabllity
of the transmitted slgnal seemed adequate to ensure good
precislon of measurements. (In some of the early tests,
however, the preclsion suffered because of low signal-to-
noise ratio, this was later improved.)

The bulk of the lnvestigation of propagatlion effects
conslisted of Dynamlc Beamshape tests, of whilch nearly 200 were
made, the tabulated data are included in Appendlix D. The
scanning-beam receiver is deslgned to determine the center-
of-gravity angle within the amplitude envelope received during
each scan, these measurements of dynamic beamshape should
therefore allow predictlons of the errors 1n angle measurement
caused by ground reflections alcone--that 15, independent of
angle-decoding and tracking errors.

The azimuthal antenna pattern of the scanning array
was shaped by the addition cof "flaps" adjacent to the vertacal
edges of the plllbox aperture These flaps were arbltrarily
chosen to provide some conflnement of energy in the horizontal
plane, and thus %o reduce reflections from nearby structures
Although the azlmuthal pattern used for the test program was
not necessarily optimum (and coula easily by changed), an
approximate measurement of it was made For thils purpose,
the prope horn antenna was fixed near the top of the test pole,
which was kept near the scanner to malntain a high elevation
angle (clear of ground reflections). The pole was first
towed past the scanner along a short c¢ircular arc, wlth the
probe always facing inward. To obtain a greater range of
azimath angles, 1t was then towed past along a surveyed line,
and compensations for distance and attitude of the probe horn
were computed (Table II). 1In each case, the peak-of-beam
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amplltude of the scanning beam was measurea as the probe
arrived at previcusly surveled azimuth angles.

2, Test Resultis

A wide variely of Statrle Looing patterns his been
obtalned at tne various tltest gites, depending on the condi-
tions of measuremert Figure 14 ghows one of the more con-
ventlonal results, in comparison witn & curve computedq for
the geometrilic situatlon and coefficlents of reflectlon glving
the best match The comparison indicates that the coefficilent
of reflection during this particular test was about O 85 at
the angle of the flrst null, and that tne fixed horn was
about 5 5 feet aocove tne equivalent idealized ground plane
shown. in Figure 11, the fixed horn ain this case was at the
normal height cof the center of tne scanner. From Figure 11,
1t 1s apparent that our choice of an arbitrary ground-parallel
plane as an angular reference did not correspond very well with
propagational behavior under the conditions of this fest.
However, as the following discussion will show, slight changes
in test conditions can cause radical changes 1n tne lobing
structure, we therefore chose to retain our arvitrary refer-
ence, which was based on the actual ground contours

Figures 14, 15, and 16 show how the lobing pattern
changes for different heights of the faixed radiator The
changes in spacing between pesaks and nulls are as predicted
by theory However, the changes 1n amplitude were greater
than expected, the effective coefficient of reflection
evidently increases ag the position of the radiater (or
scanner) is raised Since horizontal polarization 1s used,
the reflection coefficient produced by an i1deal smooth plane
should decrease very slightly, rather than increase. The
surface of the airport 1tself did not seem rougn, and, in any
case, Rayleigh's criterion would lead one to expect a contrary
result, ILater tests indlicate that grass was responsible, as
discussed in the following paragraphs.

19



It was found ‘hat no consistent loblng pattern could
te obtalned at & given test site over a long period. Fig-
ure 17 shows the mean lobe structiure prevalling at one site,
as determined from eight 1:sts in a five-week period, it alsc
shows the test result least similar to this mean At certailn
times, also, the lobing was found to be practlcally nonexlstent.

At least when ine grass is long, the 1nfluence of
surface meoisture from rainfall con propagation effects scems
negligiblie (see the plots in Figure 18)., These measurements
were made Just before and after a heavy raln shower. Before
the shower, no raln had fallen for mcre than a week, and only
a light sprinkle had fallen when the first test was completed.
The second test was made a {ew hours later, after the ground
was thoroughly wet.

The effect of grass is confirmed by Flgure 19. It
is belleved that grass of the height ncermally found on alr-
ports Interposes a slgniflicant degree cof screening above the
actual surface Since cnly angles of near-grazing incldence
are invelved in the various tests (and in the system applica-
tion}, even a sparse stand of grass a few inches high has
considerable effect This hypcthesis 1s conslstent with the
previously noted effects of elevation, within the limlts of
our tests, the lower a radiation source 1s placed, the more
grass must be penetrated by energy reflected from the ground--
hence the more attenuation of reflections.

Unfortunately, this cause of the variable results
of our several types of tests was confirmed rather late in
the measurement program, and no exact record had been kept of
the ailrport's grass-cufting schedule. Furthermore, 1t 1s
difficult to conduct controlled experiments to determine the
exact effects of grass--partly bhecause 1t grows slowly, and
partly because its guantitative measurement I1s not readily
achleved.
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The Dynamlc Loblng tests, as mentloned before,
should afford better indications of the effects of reflections
on system performance than Statlec Loblng tests provide.
However, no exact correlation with overall system performance
has been discovered, but rather a qualitatlve dependence of
system errors on the strength of loblng 1s apparent,

A typlcal Dynamle Loblng pattern is shown in Fig-
ure 20. The amplitude varlation 1s much less than that of
the static lobing pattern in Figure 14, though the two meas-
urements were made one day apart over the same test range.

Variatzons in Dynamic Lobling from day to day are
1llustrated by Figure 21, which 1s a composite plot of three
individual patterns and their mean, taken over a one-month
period. (Test Nc 218 was made with short grass ) Althougn
there 1s conslderable variation among the results, a definite
lobing structure is evident in the mean plot.

The Dynamic Loblng measurements plotted in Fig-
ure 22 were obtalned in a three-day perlod along a single test
radlal, but at different distances from the scanner site. The
amplitude of variations 1n signal intensity increases with
distance, however, an alrcraft following the mcre distant por-
tion of a normal approach path would be high encugh in eleva-
tion angle to avold the worst fluctuations--those shown in
the plots for 3900 feet and 3000 feet.

When the directional bteam 15 held stationary at
various low angles, its shape 1s distorted by reflections,
as illustrated by the Statlc Beamshape plcots in Flgures 23
through 26. This form of distortion, however, 1s not directly
detectable 1in the system application Instead of fixed
illumination of the ground and a varying geometric angle, an
airbtorne receiver sees varylng illumination of the ground

from a fixed gecmetric point--which is evidently a more stable
situation.
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Figures 27 through 31 are plots of the dynamic beam-
shape detected by the receiver as the beam scans past, Flg-
ure 32 ls a set of similar plots for a different test slte.
The angle-decoding and tracking clrcults of the recelver are
designed to find the center of gravity--that is, the centrold
of energy distributicn--within the portion of such an envelope
that contains a specifled amount of energy and that has maxl-
mum amplitude, In other words, tne receiver dlscards the low-
level skirts of the beam envelope~-say below the 3-db polnts--
but integrates the central portion (at full received amplitude)

in a differentlal circult that determines the center of gravity
of that central portion.

By graphilcal analysis of typlcal Dynamlc Beamshape
plots, 1t was found that the center-of-gravity angle defined
above was nearly the same as the medlan angle between 3-db
polints--which 1s easily determined by inspection of each plot.
The difference between this median angle of the recelved beam
envelope and the geometric angle to the test probe can be
interpreted as the probabtle system error due to ground reflec-
tions (though this is not well confirmed by later tests using
the receiver) Accordingly, the 3-db median angle errors were
determined graphically from several serles of plots such as

Figure 32 The results are shown in Figure 33 (based on
Table III).

Comparlson of Figure 33 with the Dynamic Lobing
patterns 1n Flgure 22 proves disappointing, insofar as any
exact correlation is concerned. At varlous distances, the
average magnitude of angular shift in the beam center 1is
roughly proportional to the strength of lobing, as would be
expected. Consldering the different spans of time required
for the two types of measurements, i1t 1ls perhaps too much to
expect a point-for-point correlation.
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Figure 34 represents a2 further attempt to inferpret
the results of cur propagation measurements more guantltatively.
The lower plot from Figure 33 1s reproduced, together with
receiver errors theoretically predicted for the same test range.
An electronic computer was programmed to calculate the shift
in center of gravity of the beam as a function of receiver
height, using assumptions as noted in Figure 34 The dashed
line shows the regult for z point source at the center of the
scanning array, whereas the solid line represents a comblnation
of sources better simulating the actual distributed source
Again, no convlncing correlation is apparent, however, this
comparison indicates that the recelver errors will theoretically
be less than might be predicted from Figure 33--a possibility

that 1s further supported by the results of subseguent receiver
tests

The approximate azimuth pattern of the scanning beam

18 plotted ain Figure 35 (Table II) As stated earlier, no
attempt was made to optimlize this pattern, 1ts exact shape 1s
not congidered critical for ground-based testing. The half-
power beamwidth is between 20 and 25 degrees, and provides
adequate long-range coverage. The pattern of a. operational
scanner should be asymmetrical (such as cosecant-squared),

sc that the signal intensity throughout the tcocuchdown zone
over the runway is sufficient ana reasonably cconstant.

B. RECEIVER ANGLE READINGS

The field measurements of recelver angle readings
were actually tests of overall system performance--though
only in the lowest (and most critical) range of elevatlon
angles, and only with the receiver statlonary The recelver
tests depended on reception of the scanning beam at dlstances
and angles typical of the proposed landing-system application.
Under these conditions, the measured error is the net effect
of errors from various sources, such as angle pickoff at the
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scanner, encoding, grouna lobling, nolse, and recelver calibra-
tion

As stated earlier, two breadbcard models of the
AIL angle-decoding receiver were used in the test program,
Tne Model A recelver, lacking automatic calibration control,
was useful 1In testing the cconsistency of system performance
in all respects except stability of the receiver calibratlon.
The Model B receiver was electrically identical with the pro-
pecsed flyable model, and the absolute accuracy of 1its angle
readlngs was therefore of interest

1 Test Procedures

Most of the recelver tests were made at the same
surveyed test sites that were ugsed fcr the beamshape and
propagation measurements. Figure 36 is a block diagram of
the equipment setup used at each site

The platform on which the recelver antenna and front
end were raised on the test pole was equlpped with & switch,
so positioned that 1t was actuated by studs placed at 1l-foot
intervals of height In addation, the pole was painted in
1-foot bands, alternately orange and white, to allow accurate
determination of receiver height and subseguent calculatlon of
the actual elevatlon angle

Before eacn tesgt, about 15 minutes was allowed {for
recelver warmup, and various recelver waveforms and voltages
were checked. For tests with the Model A receiver, calibra-
tion adjustments were made before each serles of tests. One
part of the calibration procedure was to substitute DC voltages,
representing exactly zero and 4 degrees in turn, for the output
signal from the pulse-spacing decocder, and to adjJust the track-
ing circuit sc that the identical voltages were obtalned from
the angle memory. The procedure was completed by irtroducing a
simulated beam signal at the second detector, and adjusting
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the decoder to obtain correct angle readings at the receiver
output. The simulated slgnal was & periodie burst of pulses
with a crystal-controlled spaclng of either 16 or 32 usec
(for zero or 4 degrees), as selected, each burst was ampli-
tude modulated to resemble a received beam signal Using the
16-usec pulse spacing, the reference voltage of the deccder
was adJusted to produce a zero angle reading Using the
32-psec spacing, the decoder scale factor (sawtooth slope)
was then adjusted to produce a 4-degree reading. Several
repetitions of these adjustments were necessary because their
effects were Interactive The accuracy of the resulting
initlal callbration was held within O ¢l degree, and any larger

errors found during s series of tests were reccoraed on the data
sheets.

The Mocdel B breadboard receiver, which had automatic
calibration control, was not generally recalibrated before
individual test serles, though frequent checks were made of
its callbration. (Separate laboratory power-supply units pro-
vided positive and negative voltages to the receiver, and
minor adjustments were made whenever necessary to maintain
balance between these voltages., In the multiple power supply
desligned especlally for the receiver, such adjustments are
obvliatced by the use of a common reference for voltage rogula-
ticn ) Some tests were made wilh thls model before a proper
adJustment of the autccalibration circuits was achleved, and
in these cases the calibration errocrs were recorded In the
final two weeks of testing, however, the automatic calibra-
tion control was usually effectlve and accurate.

Approximate measurements of signal-to-noise ratio
were occasionally made. The receiving antenna was ralsed 1o
the top of the pole, and the receiver IF gain wvas set to
produce a 2-cm oscillescope deflection on noise alone. The
attenuation then requlred to reduce the peak-signal deflec-
tion to 2 c¢m was measured with the 60-Mc attenuator (Figure 36),
and was recorded as signal-to-nolse ratio.
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Recelver angle rea: ngs at each site were determined
at l-foot lncrements of hei,ht on the pole, generally starting
at the maximum height of 33 “eet, The manually recorded data
were read from the Fluke volimeter, after a voltage null was
obtained In each case Som times the angle readings were
simultanecusly recorded by the Brush pen recorder.

2, Test Results

The original data obtained in all receiver tests
are listed, separately for the two models of the receilver, in
Appendix D Plots of individual test results are presented
in cases that are considered significant--either as typifying
a set of results, or as showing the effects of somg special
test condition These pleots show receiver angle readlng
(original data) versus angle above ground parallel, since
one-to-one correspondence of these angles is lacking, they
must be correlated by means of the "heading'" data for each

test, using Figure 13 and Table I. (Figure 13 and Table I
are discussed on page 14 )

As indicated in Figure 13, the geometric angle
(angle above ground parallel) did not, in general, correspond
wlth the angle encoded on the scanning beam At some field
locations the test receiver could be lowered below the ground-
parallel plane, to allow measurements at such depressed eleva-
tions, the zero-degree limit of the transmitied data sector
was set at an arbitrary "sub-zero' angle. Ideally, therefore,

the recelver angle reading should be the sum of the geometric
elevation and the sub-zero angle.

Results obtalined with the Model A breadboard
recelver are shown in Figures 37 through 59. The sub-zero
angle 1s 1ndlcated by a dot on the zero-degree ordinate of
each graph, a 45-degree line thrcugh this point would represent
the ideal recelver readling as a function of actual elevatlon.
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Two shortcomings of the Model A recelver are apparent
in many of the test results (1) a considerable "bias" error
was frequently present throughout an individual run, causing
a Tixed deviation of the angle reaaings from the expected
absolute values, and (2) a slow drift in receiver calibration
tended to occur during the several minutes required to complete
a run Althcugh most of the arift error was deflnltely
attributed tc temperature variations, the cause of the bias
error was never established with certainty, 1t was intermittently
present, and appeared as a discrepancy between the effect aof
actual bpeam recepticn and the effect of operation with the
synthetilc signhals used for receiver calibration.

The provision for automatic calipration control in
the Model B breadboard was anticlpated, during the initial
system Jesign, as a requirement to guard specifically against
bias and drift errors. Since the autocalibration feature has
proven effective, adjustments of the test data obtalned with
the Model A breadboard so as to simulate the autocalibration
functlon would allow a more valid assessment of system capa-
bllitles,. The manual callbratlon chechs showed how cach set
of results should be adJusted, and such adJustments are implied
by ihe dashed reference ilines In Fipures 37 through 59.  (How-
ever, no adjustments have been applied to the plots themselves,
the actual receiver readings are shown in every case )} In each
case, the slope of tne reference line differs from 45 degrees
to compensate for tne measured callbration drift, which auto-
calibration would have prevented. The reference line 1s also
displaced to compensate for the bias error, which must be
ascribed to intermittent malfunctioning of the Model A receilver,
Deviations ¢f the actual readlngs from the dashed line are
therefore equivalent to the errors expected with autocalibra-
tion and a properly functioning receiver--at least insofar as
the variation of error as a function of elevation is concerned.
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Figures 37, 38, and 39 show examples of the results
cbtalned with the Model A recelver at various distances from
the scanner, as the RF section was lowered, 1in i-foot steps,
from a helght of about 38 feet  The effects of reflections
at angles below 1/2 aegreoe are apparent, In partleuwlar, Flp-
ure 38 shows a strong offccl of reflectlons at slte 2, even
at an elevation as high as 0.8 degree Although these results
are typical, the data were not generally repeatable from day
to day However, good agreement was obtalned between test
runs made con the same day at a gilven slte, errors of observa-
tion are therefore ruled ocut as a maJor source of Ilnconslstency.
As in the case of lobing ana other propagation measurements,
1t was concluded that the results were very sengltive to the
condition of the terrain,

Figure 40 shows another example of the receilver
readings obtalned at a dlstance of 1500 feet (site 5) under
typlcal test conditions The effect of raising the scanning
antenna only 16 inches above 1ts normal position 1s shown in
Figure 41, a slight but noticeable roughness in angular gradient
is 1introduced--presumably by the stronger ground loblng 1llus-
trated by Figure 15, as compared with Figure 14,

Wnile the scanner was stlll elevated as for Flg-
ure 41, the grass on the intervening ground was cut, and the
test at site 5 was then repeated, the results are shown in
Figure 42 The strongest ground reflections, which occur at
low angles, had evidently been subdued by the screening effect
of the grass (Flgure 41), but caused significant errors below
0 3 degree when the grass was shortened (Figure 42)

On the followlng day, the scanner was lowered to
its normal position, and the test at site 5 was agailn repeated
Figure 43 shows that the low-angle readings became less erratilc
when the center of radiation was lowered, however, wlth shorter
grass, the linearity of angle readings above 0 2 degree 1s
slightly worse than 1t was originally (Figure 40).
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Figure 44 shows low-angle readings obtained at an
extremely long range {3580 feet, site 10), with the scanner
elevated and the grass on part of the ground freshly mowed
{The test pole was not hagh encugh to reach the angular region
that will normally be of operational interest at this range.)
As a crude test of the abllity of artif.cial ground scres -
ing (or "fences") to reduce reflection errors, a single auto-
mobile was later parked where 1t would block part of the
scanner radiation from some of the intervening ground (on the
test radial Just beside the ILS Glide Slcpe--Figure 9). A
definite ftendency toward reduction of the errors 1s noticeaple
in Figure 45

Some control over the shape of the recelvea beam
enverope 18 afferded, at low anples snwere prouna refloctions
cauge distortlon, by varitation orf the arpular ‘woc af beau
LIdnsmission For example, 1if transwission ceased during the
downward scan (and resumed during the upward scan) Just as
the nose of the beam passed the aircraft, only nalf of the
normal beam envelope would be received 3everal series of
tests were made to ascertain what angular limit should be
imposed on the lower edge of the scan sector in order to
of'f'set the effects of reflecticns as much as possible Two
sets of the results are shown 1n Figures 46 and 47 I. can
be seen that setting the lower scan lim:t above the ground-
parallel plane introduces more distortion at low angles than
1t prevents, furthermore, the errors at slightly higher angles
tend to i1ncrease, out never decrease However, these tests
indicate that severe degradation of accuracy can be prevented
at very low angleg by limiting the scan at zbout 0 1 degree
below ground parallel

Figures 48 and 49 show the effects of alternate
dlrections of scan on the receiver readings. Theoretically,
center-of-gravity tracking (and similar methods that average
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the angular information received throughout each passage of
the scanning beam over the aircrafi) 1s equally accurate for
elther direction of the scan. In contrast, technigues that
conduct a sequential sampling of the received information in
gsearch of an 1instantanecously correct answer, such as beam-
skart or notch triggering technigques, are dependent on the
sequence 1n which ground reflections and side lobes occur
relative to the maln lobe of the beam, such technlques are
best limited to downward scans, so that the strongest ground-

lobe interference occurs after an answer has been obtalned
from the main lobe

The virtual Immunity of center-of-gravity tracking
from dependence on the directlon of scan, even 1ln the extreme
low-angle region, is well illustrated by Figures 48 and 49
During these tests, the scanning beam was transmitted during
alternate {and both) directions of scan, Just long enough in
each case to allow the receiver reading to be observed, thils
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general, the dependence cof the readings on direction of scan
amounts to less than +0,02 degree (Tests have shown thatl

thils small discrepancy was caused by slight unbalance in the
tracking circuits )

The angle readings obtained as the receiver was
brought i1nto the near field of the scanning antenna are shown

by the wavelength (ae/l) 1s about 1000 feet, in an operatlonal
situation, with the scanner several hundred feet off the run-
way, operation within this distance should rarely be required.
Nevertheless, exXceptlionally good results were obtained in
these tests, even at the 500-foot range (see also Figure 60).

Meazurements wilth the Model A receiver at the offset

sites on the runway-parallel line (Figures 9 and 12) are

plotted in Figures 54 through 59. Although the receiver was
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displaced up to 37 degrees from Lhe horizontal centerline of
the scanner, the results are not markedly aifferent from those
obtained at like distances cn the centerline. These readings
are plotted agalnst the offset geometric angle, which is the
elevatlion angle measured from the virtual origin shown in
Figure 9, relative to the elevation (at each offset site) of
an assumed ground-parallel plane. The ground-parallel plane
slopes downward from the center of the scanner toward all
slites--at a depresslon angle of 0.17 degree, except 0.18 degree
toward site l--and the average ground level along the runway-
parallel lane 18 tgken as 4.5 feet below the ground-parallel
plane These assumptions represent an arbltrary but approx-
imately correct ldealizatlon of the actual test area at
MacArthur Alrport. The scale factor used for the "offset
geometric angle' corresponds to the angular coding on the
scanning beam, the "sub-zero angie" indicated on each plot
represents, as before, the angle value that 1deally should
have been decoded at gero geometric angle.

Many of the tests that have been discussed were
repeated with the Model B receiver As expected, the results
were simllar except for a general improvement in absolute
accuracy of the angle readings For example, Figures 60
through 64 show the results of another serles of tests at
distances of 500 feet toc 3000 feet, on the main test radial
(Note that the origin and scale factor in Figure 60 differ
from those in the other plots ) 1In these cases, the scan
sector and encoding reference were adjusted so that zerc angle
should have been read at ground parallel, hence, there was no
sub-zero angle, and the dashed reference llnes on the plots

represent 1ldeal readings. The lower scan limit was dellberately

set well below ground level (C.32 degree below zero code), and
the lower extremes of these plots show the full effects of
reflections, these errors could be reduced by optimizing the
scan limit, as shown in Figures 46 and 47 The absolute
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accuracy of all angle readings ahcove 0.5 degree Iin these tests

was better than +0 02 degree, ex ept In the region below
1 degree at 500 feet

As stated previouslv, the Model B breadboard receiver
did not always perform petliotly Some operaticnal experience
was needed to d: <ronine L proper adjJustments of various time
constants :f&.ns, and otusr circuit parameters (whlch are sub-
Ject to further changes based on flight tests). Furthermore,
the ground-based equipment was known to produce some errors

in the ancnadod
in e enceaeld

of the encoder and the scanher (Several ground-based auto-
matic menitering devices are being developed for use in opera-
tional installations ) One such source of errors is tne
alignment of the mechanical axls of scan. If the scanning
axis l1s tilted silghtly off horizontal, no detecstable errors
are produced directly in front of the scanner, but appreclable
changes in the absolute angle readings can result at the e«

of the azimuthal pattern

Figure 65 shows a case in which the scanning axis
was tillted about O 17 degree (Test No. 288), as well as the
angle readings obtained after the tilt was corrected (Test
No 297) The tilt angle, reduced by the ratloc of the offset
distance (631 feet) to the projectea distance from the virtual

orlgin to each sife on

[ .

he runway-parallel, appears as a con-

[

stant error in the anglie readlngs, at site 1, the error due to
tilt was O 12 degree, as shown by the two plots in Flgure &5.
The remalniig constant error that is evident in the plot of

Test No 257 ls unexplalined--presumably arlsing within the
recelver.

Flgures 66 tnrough TO are plots of angle readings
obtalned at other positions on the runway-parallel before the
scanner tilt was corrected. In each case, the flxed error
attributable to scanner tilt 1s Indlcated by displacement of
tme dashed reference line above a 45-degree line througn the
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origin; therefore, the reference line represents ideal readings
under the knowh test conditlons

A possible operational situation was simulated by
these tests along the runway-parallel line, assuming that
this line might have been the centerline of a runway. Wilithin
the range of distances used for the tests, utllization of the
puldance signals would be [or [lareout contrel, If an alrcrafi
were executing o typlecal flareout {rom an lnitlal 3-depgree glide
toward a polnt 3000 feet in front of the scanner, 1t would be
expected to arrive ogver the test locatlons at about tne eleva-
tions indlcateda successively in Pigures 45 through 70. (Cal-
culation of these elevations was based on an exponential
decrease of the measured scanning-beam angle from 1 5 degrees,
at flare inltiation, toward 0 5 degree, as a terminal touch-
down condition, using a 10-second time constant ) Although
these test results do not represent optimlzed performance of
the measurement technique, 1t 1s apparent that the errors are
not large in the portion of each plot that 1s operatlonaliy
significant. It should be ncted that the angular rates to
be encountered by an approaching alrcraft cannot be derived
from these plots, whaich show the variations in angle readings
obtained along a vertical line over each site, rather than
along a line of flight across all sites

Comparisons of the plots of angle readings that
have been dlscussed indicate considerable variatigns 1in the
errors that were found at particular test locations. The
scope of this test prcgram did not allow encugh repetitions
of the various tests to obtain good statlstical samples
However, the largest number of receiver tests at any one
location oceccurred at site 5, 1500 feet in front of the scanner,
Figure 71 shows the mean, RMS, and extreme errors in all
recelver angle readings obtainea wlth the Model B receiver
at this location (excluding Tests No. 268 and 270, during
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which the receiver was known to be ~.scalibrated). No adjust-
ments were made to the data from - ilch these curves were
derived, the errors from the ind.vidual test runs are listed
1n Table IV {(The original and «wijusted data from Tests

No., 268 and 270 are also shown 1.. Table IV, but were not used
for Figure 71 )

As snown in Figure 71, the mean error in recelver
angle readings at site 5 barely exceeds 0 01 degree down to
an elevation angle of 0.5 degreec, and the largest errors
measured in the six tesis were 17 03 degree in the region
above O 5 degree

Fagure 72 allows a comparison of the mean errors
in receiver angle readings at site 5 with the errors due to
propagation effects alone, as measured four months eariier.
A definite correlation is evident below 0.5 degree, at higher
angles, any correlation might be hidden by the 0.0l-degree
precision of tne beamshape measurements--as indicated by the
vertical bar tnrough each plotted point. (The plot of half-
power medlan angle errors 1s based on single measurements,
each recorded to the nearest 0.01 degree whereas the recelver

error plot 1s based on six sets of readings recorded with
0 Ol-degree precision )

The errors in angle readings obtained in all 14 tests

wlth the Model B recelver on the main test radial at MacArthur
Arrport are represented statistically in Figure 73 These
data include the six tests used for Filgure (1, plus two tests
each at sites 2, 4, ana 10, plus Tests No 268 ang 270,
adjJusted for known calibraticon errors. Table V lists the

data not included in Table IV, as well as the mear and RMS
deviation as plotted.

The mean error derived from these 14 combined tests
12 less than O 01 degree at all angles above 0.2 degree. How-
ever, the significance of thls result may well be gquestloned,
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Since the mean of data taken at greatly different dilstances pro-
vides no measure of the perturbatlions thal would ovcour momenit

by moment durlng an approach mancuver, and sinec the RMS dis-
perslon, as plotted, is based on a limited sample. The dynamic
responses of the guidance receiver, the flight control system,
and the alrcraft can be satisfactorily established only by
filght tests
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IV, CONCLUSIONS

The following conclusions can be made from the
various types of tests that wer » made during thais progran.

A. STATIC LOBING

The results of the Stutlc Loblng tests, using
essentially nondirectional antennas over typlcal alrport
terrain, 1lndicate that

1. A distinct lobing structure caused by ground
reflections 1s nearly always present. The
pattern of amplitude versus elevation of the
resultant slgnal 1s a long-term (dally cr
weekly) variable

2. Grass of even moderate density causes sig-
nificant attenuation of the ground reflec-
tlons

3 The effects of surface moisture are negligible
when grass is present on most of the reflect-
ing terrain

4 The scanning antenna should be installed as
low as possible to reduce the lobing amplitude
It should be noted that nc tests were made with
snow or 1lce on the ground, the above conclusions might not
be supported by such tests.

B. DYNAMIC LOBING

The Dynamic Leoblng tests measured the variations
in the resultant peak-of-beam signal as a function of eleva-
tion angle, with most of the primary radlation vertically
confined in a narrow beam The results of these tests con-
firm that

1. The narrow beam reduces the amplitude of the
lobing pattern caused by ground reflections.
This pattern, aiso, 1s a long-ferm variable,.
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2. At a glven elevation anylve, the effect of
ground reflections tenas tv lncrease in pro-
portion to dlstance (at least up to 4C00 feet).

C BEAMSHAPE

The direct effects of ground reflectlions on the
scanning-beam env  wpe, as reczived at varicus elevation
angles, werre (bperved in the statlc and Dynamlc Beamshape
tests The results show that

1. The static field patfern of the direcficnal
beam, held at a low fixea ang.e, 1s distorted
by ground reflections. However, the perturba-
tions 1n the dynamic beam envelope, as received
at the same angle, are conslaerably less severe,

2. The center of gravity of thes dynamic beam
envelope--that is, the centroid of energy
distribution--oscillates about the free-space
angular pegition, as a range of low elevation
angles .35 traversed Good correlation of the
measured data with results predicted by simple
theoretical medels coula not pe obtained

3. The AIL center-of-gravity ftrackling method
minimizes the errcrs resulting from grouna
reflectlions (Errors in angle readings com-
putea for a thecoretical medel of the center-
of-gravlity tracclng technique are much smaller
than the errors impllied by the measurea varia-
ticns 1n half-power median angle of the ream

envelope--Figure 34  See also conclusion 6
under Recelver Readings )

D. RECEIVER READINGS

Tne overall static performance of the measurement
technique, as implementea with experimental equipment, was
indicated by the receiver angle readings, These tests at
low elevation angles showed that.

1 Reflections from the ground cause aetectable
errors in the angle readlngs up to at least
1.0 aegree of elevation, above 0.5 degree,
these errors rarely exceed 0.03 degree.
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2, Grass causes a signifilcant reduction of the
low-angle errors, anua ourface moisture (not

frozen) has little cr no effect with grass
present.

3 Errors caused by reflectlions can be minimized,
under normal c¢onaitiong, by (a) installation
of the scanner as low as possible, (b) use
of artificial fences or vegetation, and
(c) restraint of signal transmizsion at scan
angles below ground level.

4 The accuracy of center-of-gravity tracking
1s essentially independent of the directilon
of scan
5. Operation wlthin the near field of the scanner,

as close as 500 feet (a®/2)\), causes noc sig-
nificant degradation of aceuracy. As the
distance increases, the errors in angle
readings (at the low angles investigated) do
not increase greatly, but vary more rapidly
as the receaiver height 1is varied over a fixed
point on the ground

6. Errors in receiver angle readings at low
angles show a falr ccorrelation with propaga-
tional distortion of the scanning-beam
envelope, but are generally smaller than
the propagational errors (Figure T2k

7. Angle readings taken to one side of a properly
installed scanner are the same as though taken
cn the azimuthal centerline,

8. The automatic calibration control circultry
in the receiver substantially eliminates
errors due to calibration drift

9. The mean error in static angle readings cbtalned
with a properly adJusted receiver is about
C 01 degree. At the angles and ranges of
greatest operational interest, the peak errors
are generally less than C 03 degree

E GENERAL

The K-band scanning-beam technigque of elevation-
angle measurement that has been tested under this program
was specifically designed for application in an alrcraft
landing system. Several peculiaraities of that application
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affected the cholce of components and operating parameters.
Any conclusions regardlng the pote .tial merits of the tech-
nlgue should therefcre relate its demonstrated performance to
the intended conditions of use

The sorles of statle, g ind-based tests reported
here has confirme | basic feas 111ty of this fechnique
cf elevatlon ~ugle measurement, a has furnished a preliminary
indicaticn of the accuracy to be wapected The results are
promising enough to Justify a prorram of flight testing,
during which the dynamlc accuracy cof the measurement technigue
and its compatibility with flight-control and display instru-
mentatlion systems can be determined

Conclusions regarding thefcperational sultabllity
of the technique for landing-system application should be
based largely on future flight testing. However, the program
of ground-based tcsts has 1ndicated no incompatiblllity of
this technique with 1%s intended applicatlon.

v
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TABLE IT
REDUCTION OF AZIMUTHAL PATTERN DATA FROM TEST NO 221

Range Relative Signal in db Normalized Attitude Compensated

Azimuth in  Distance Ratic as Recorded in Each Run  Average Correction Pattern
Degrees* in Feet** in db 1% 2% 3% h* in db in b 7/ in db
50.0 403 35 40 20 k4 -18 2 1.5 -13.2
7.9 3% 30 20 2 19.5 18 7 14 S14.3
45 0 370 27 149 19 6 =20.1 -18 2 14 -1h 1
L2 5 356 2 3 170 195 -20 2 1.3 -16 6
Lo 0 344 20 11 6 172 17.1 -21 1 1.2 -17 9
37 5 333 18 16.4 16 3 -22.2 11 -19 3
3/ 0 323 15 269 1k 2 192 187 -18 & 11 -16 0
25 315 13 23.9 241 -1k 5 10 -12.2
30.0 307 11 31.8 197 250 256 -12 9 09 -10 9
27 5 301 09 26,4 26 L -12.1 08 -10.4
25 0 295 Q7 33.3 209 27k 270 -11 2 o8 -9.8
22.5 290 0.6 276 27 3 -111 0.7 - 9.8
20.0 286 oL 33.5 20.4 27.3 271 -11 3 0.6 -10 3
175 280 03 26.7 26.5 -11 9 0.5 -11.1
15.0 279 o2 329 2010 274 27k -11 2 0.5 -10 5
0.0 a72 e 4h.3 322 385 0 C 0
~15 0 28 oL 374 25.8 310 - 6.9 05 - 6.0
-30.0 325 15 328 199 2613 -12 © 0.9 -96
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TABLE II (cont)

Range Relative Signel in db  Normalized Attitude Compensated
Azimuth in Distance Ratio as Recorded 1n Each Run  Average Correction Pattern
Degrees* in Feet** 1n db 1* 2% 3% L in db in db 77 in db
-Lo 367 26 22 ¢ 8.6 161 -22 8 12 -19 0
-5 Lo2 35 22,7 16 2 -22 O 1.5 -17.0
-b5 koz 95 19.2

* Original data.

** HMeasurements were made at surveyed angles on a slightly skew line past the scanner, broadslde
and end-polnt distances were measured, other disiances were computed.

7 Probe horn facing scenner to find required attitude compensation

77 Assumed linear at O 03 db/degree, based on runs 3 and 4 at -45 degrees.
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TABLE ITI
REDUCTICK OF DYNAMIC BEAMSHAPE DATA TO OBTAIN ERRORS
IN HALF-POWER MEDIAN ANGLES

Probe 3-db Probe 3-db

Site Test Geometric Median Error in Site Test Geometric Median Error in

No. Ne Angle Angle Degrees Ne Ne Angle Angle Degrees

1 22 121 1.21 c 0 2 159 0 92 0 93 00l
23 110 110 00 160 0.8 0.87 0 03
2k 1.00 0 99 -0 01 161 072 o Th 0 02
25 0.90 0.90 00 62 061 0 60 -0.01
26 079 078 -0 01 163 0.hg 0.49 0.0
a7 0 69 0.69 0.0 164 0.38 0 ko 0.02
28 0 58 0 56 -0 02 165 0.35 0.27 0 02
29 0 48 ok " TTOM 166 032 035 0 03
30 0 37 0 40 Q0 03 167 0 29 Q.33 0.0k
31 027 0.24 -0 03 168 0 26 o 27 D 0l
32 ‘o 16 021 o005 169 015 012 -0.03
33 0.11 0 20 o o9 170 0.0k -0 03 -0 07
35 -0 05 -0 20 -0 15
36 -0 15 -0 21 -0 04
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TABLE III {cont)

Probe 3-db Probe 3-db
Site Test Geometric Median Error in Site Test Geometric Median Error in
No No Angle Angie Degrees Nb No Angle gﬂl_e_ Degrees
5 172 120 121 00l b 186 077 072 0.02
173 109 109 o 187 0 68 0 67 -0 01
17k 0 9L 0 ok 0 188 0 58 0.58 0
175 079 079 0 18 0 49 0.48 -0 01
176 0 63 O 64 001 190 0.40 0 39 -0 01
177 0 L8 0 k49 0 01 191 0 40 0.43 0 03
178 0 36 0 39 0.03 192 0.38 C L3 0 ¢
179 0 33 0 3 0 o1 193 0 36 0 39 0.03
180 0 29 0 28 -0.01 194 0 33 0 37 0.04
1861 G ay 0 26 0 0L 195 03 Q35 D Ok
1& 021 o 24 G 03 186 0.31 035 0.04
183 017 0 17 0 197 0.22 0 27 00
184 0.02 -0 212 -0 1k 198 013 o 08 -0 05
199 0 03 -0.10 -0 13
6 89 0.65 0 &9 0 ok 7 1ih 0 ko 0.4g 0
90 0 62 0 63 0 01 115 048 0.hg 0 oL
91 0 5B 0 52 -0 06 116 0.k& 0 Ly 00
g2 0 54 053 -0 0L 117 o 45 0.46 0 0L
g3 0 50 0 46 -0 Ok 118 0 43 0 45 0 02
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TABLE III {cont)

Probe 3-db Probe 3-db
Site Test Geometric Median Error in Site Test Geometric VMedian Error in
No No Angle Angle Degrees No. No Angle Angle Degrees
6 g4 048 048 0 7 119 0.42 0 L2 0

(cont) o 0 k6 0.47 0.01 (cont) 454 0 ko 0 43 0.03
96 0 kb o U5 0.01 121 0 19 0 ko 0.01
g7 0 L2 o U5 0 03 122 0.37 0.h42 005
98 0 4o 0.h7 0 07 123 0.3k 0 38 0.04
99 0.39 O L 0o 12k 0.31 035 0.04
100 03 0.34 -0.01 125 0.28 0.35 0 07
101 03 0 26 -0.05 126 o 27 0.33 o0
102 0 29 0 33 0 ok 127 0 26 0.28 0.02
103 o 27 0.31 0 Ok 128 0.23 0 20 -0.01
10k 0.25 0 29 0 Ok 129 0 20 0 17 -0 03
105 0 23 0 29 0 06 130 017 017 0
106 0z21 0.25 0 04 131 015 0 23 008
107 019 021 0.02 132 0 14 013 -0 01
108 0.15 0 12 -0 03 133 0 10 -0 13 -0.21
109 0 12 0 13 0 01 134 0 08 -0 12 -0.20
110 010 009 -0.01 135 0.05 -0 13 -0 18
111 0 08 0 -0 08 136 o ls~ -0.16 -0 18
112 O ok -0 14 -0.18 137 -0.01 -0.15 -0 1k
113 0 -0 17 -0.17
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TABLE IV

ERRORS IN READINGS OF RECEIVER MODEL B AT SITE 5
(Errors in Hundredths of a Degree)

Test No. 273 o7 277 278 279 295 (273 - 295) 268 270 268 270 (& Tests Adgusted)

RMS RM3
Elevation Devia- *  Devia-
in Degrees Mean tion (Adjusted) Mean tion

1.20 -1 2 1 2 o 0.0 07T 11 o2 2 -1 01 o3
117 -+ 2 0 1 o0 =05 0310 -5 -+ -3 ~1 -0.3 1.k
113 -1 2 1 1 ¢ 00 05 11 B T 0 01 12
109 -1 2 1 1 Q 05 06 0.9 - 0 G2 11
105 -1 2 1 1 1 10 08 0.9 B o] 04 1.2
101 -1 2 1 1 1 10 08 09 -3 <4 -1 0 05 1.0
0 98 -1 -1 0 0 o) 10 02 0T -k b -2 -2 04 10
o 9h 0 2 1 9) 1 10 08 o7 -3 b -2 -2 0 3
0 90 0 2 1 o O 10 0T 07 -3 =4 2 -1 03
0.86 3 1 o =1 15 08 11 -2 -3 0 0 06
g 82 2 2 0 20 12 09 - B 0 0 09 0.9
019 -2 2 1 -1 1.0 02 1.k -3 -k oA -1 01 1.3
075 -2 1 1 -1 -1 1.0 02 12 -3 =4 -1 -2 -0 5
0Tl -2 3 1 -1 -1 1.0 o2 1.7 -2 -k 0 -2 -0 1
o 67 -2 2 1 -1 1.0 0.2 114 -2 =4 0 -1 Q.0
0.63 -2 2 1 -1 05 01 13 -2 -5 0 -1 01
0 59 -1 2 1 -1 ¢ 00 02 11 -2 -5 0 0 01



TABLE IV (cont)

P}

APkl

478
8

Fool
ot

Test No 273 274 277 278 279 295 (273 - 295) 268 270 268 270 (8 Tests Adjusted)
. RMS RMS

Elevation Devia- Devaia-
in Degrees Mean tion (Adjusted) Mesan tion

0 56 -1 1 0 -2 -1 -10 =07 09 -3 -6 -1 0 -0 6

0 52 -1 1 1 -2 -1 -2.0 -07 1.2 -3 -6 -1 -1 -0.8

0.48 -1 1 1 -2 -1 -3.5 =09 16 -2 -5 0 -1 -0 8

0 L4 0 1 1 -2 -2 -4s5 .11 20 -1 -4 1 -2 -0 9 1.9

0 k4o e 2 3 -1 -3 60 -0.5 32 1 -3 3 0 00 3.0

0 36 2 3 L 1 -5 -85 06 L4eé 1 -3 3 3 -0 3

0 33 0 3 3 o -7 -5 -19 50 0o -k 2 b -0 9

029 0 4 1 1 -7 -5 -19 51 G -2 2 ) -0 4

0.25 2 6 2 3 -5 -TO 0z L6 3 -1 5 5 14

0 21 3 7 6 4 .2 60 20 L6 L -2 6 b 2.8

017 2 5 L 2 -3 -TO 0.5 42 4 0 6 1 12

0 1h -2 -1 -2 -k 9 -n.0 -48 3.8 -1 -8 1 -2 -3 8

0 10 -7 -3 -5 -9 -1 -160 -8T7 43 -5 -10 -3 -6 -7 6

0 06 -10 -4 -5 10 -l2 -160 -7 -l2 -5 -6

002 -9 4 4K 10 -9 -180 -6 -9 L -6

-0 02 -6

6%

YN ¥ L SN S IV ]



Site
Test No

Elevation
1n Degrees

50

0 92
c 89
o 871
0 Bl
c 81
o 78
075
o 72
0 69
0 66
0 64
0 61
0 58
0 55
0 52
0.49
0 46
o 4k
0 41
o 38
0.35
0 32
0 25
0 26

1)

210
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TABLE V

ERRORS TN READINGS OF RECEIVER MODEL B

=10
10
10
0.0
-1 0
1.0
-1 0
2.0
-2 0
-2.0
0.0
-3 0
- o
~4.0
-2 0
-1¢C
-1 0
0.0

AT VARICUS DISTANCES
(BErrors* in Hundredths of & Degree)

PO SRS, RN TR — s M o 1o B WS 1 S R WU VI VA 2

L
281

ST R R S

] 1 [ 1 1 1
R T VN

-1

10
283

10
287

5, 2, b, 10
{14 Tests**)
RMS
Mear. Deviation
06 11
06 11
08 11
08 09
09 10
c 1l 12
01 13
03 13
0.3 13
0.3 11
c1l 12
03 1.1
ob 11
-0 2 15
-0 I 12
-0 5 21
-0 4 17
-0.8 18
-G 2 26
0.4 34
01 39
-0 3 b3
-0 2 L5
09 43



Site-

Test No.

Elevation
0.24
021
0 18
0 15
0.12
o 09
o 06
0 Ok
¢ ol

275

280

-2 0
-3.0
-T.0
-13.0
-13 5
-15.5
-1h.5
-13.0
-11.0

actually recorded.

*¥ Including all tests llsted in Table IV for Site 5

TABLE V (cont)}

4 L 10
276 o81 283

=

00 =14
3 -1 0 =15
-ll- -ll-O -lO

-7 -15.0
-8 -15 0
-6 -2 0
=k =12 5
-13 ©
-13 G

10
287

-1
-19

5, 2, 4, 10

(14 Tests¥*)
RMS

Meoa Deviation

01 53

-0 5 T3

-3.3

L8

-T 3

-85

Errors for Sites 5, 4, and 10 derived by interpolation between angles
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RECEIVER ANGLE READING IN DEGREES
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RECEIVER READINGS AT 2500 FEET (TEST NO 224)
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RECEIVER READINGS WITH NORMAL SCANNER HEIGHT
(TEST NO. 229)
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FIGURE 50.
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were used
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purposes
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TEST 2@ 1T WeAT

The following vypes of owme.otal tess ogquipment

P.ston atteraator, 00-Mc, AIL ' ype 03360,

Cscilloscope, Tekirer:x mouol S454 (Models 535
and 16 haye ineuffierond tr.;er Qelay},

Oso. lloscope vecording Camera ,Polaroid),

Dulont Model 297,

Counter, Hew.ell-Puckard Moasl S23B with
EPUT mowafocataon,

Pulse generato., CGeneral Applisa 5Science Labs
Model FP5G-1,

Voltmese =, 70 arifer-niia’, Fluke Mocel 8501,
FPen zeccovraer, Brusbh Marc 11,
Pen recorder, lexas Tnstrumentz Recti-Riter,

forn antenna, K -vand, FX3 Type Y6384

Thne following spaclial devices were used for test

Mixer local oscsllatur, ara IF preamplifier
of argle-decoding recezver,

1F ampll "ie s LEL Models IF60D-D ard IFL6.6-22,

Transri.trer, K -oZw klystron w121 Dulse
moalllator, )

Argle Seletor Pensl of oIl larding-system
Encouer

A

a
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APTENDIX 1
DETALLED DESCRIPTIC . On ¢ JUITMENT
Tne gernieral cnaract ris. o5 of tre ground-based anda
Alrborie eguipmeri were ciscussed i Sectlon IT Tne more
complicated of tne electronic wuntts are described in nore
detail bhelow

ANGLE-DATA ENCODER

Las FEAPN

T-1e2 Encoder generaces L i1ses Lo modulate the landing
system trarsmitter Tl accepin tne continuously changing
angular position information f.om tne antenna's angle data
pick-off, ana produces a tratn of pulses, the spacing between
any two of which defines th awtenna's angular position

The Lncoder diffe-s from many pulse-position modula-
tion systems in twu respects.

i Instead of prcoucing pairs cf pulses, tne
second of which 'slldes" relatlve to the
first, the Evcoder penerates a traln of
single pulses with a continuously varying
PRY, 1n which any inle~val defines tne
instantancous angle The latter type of
code regulres more soplusticatlea equliprent
for tts generation, twy 1t provides a higher
aala rate ang mer: peoclae infeormation,
egpecle Llly at oo lea (thcn correspond
to narrow spaclin: !

-

[

2 Tne input .rnforms® .o Trcem the antenna's
anple Jdta ol w-ot! o .n utpital form
Furtiernore, 1o, It fcoetien 1s continu-
ously and rapla.y ch n.oing Thus, cnanges

in angular posiizom 1 ..t conctinue to be
sensed ang accorntea for aquring the time Iin
which eacli pulse Interval ls hbe.ng generated

Tne Ercoder pars a hipgn resoutlon--one part in
2000-~and corrgspondingl, bigh accuracy The hlgh resolu-

tion is based in part on digital counting technigues, Just



as 1n most high-resolutlon pulse i1interval generating systems
However, the system is unlgue in incorporating a combinatlor
of digital and analog timing, witl, the analog-timing c¢lrcult
acting as an "interpolator " This greatly reduces the fre-
quency of the necessary algltal counting, giving a consider-
ably more rellable device

The Encaoder's input informaticn is derived from the
Angle Data Plck-coff unit mountea on tne antenna A steel
scale, ruled 1n one-hundredth-of-an-inch divisions, 1s mounted
cn the scannlng antenna, and moves wlth it A photocell
pickup scnses the differcnce botween ihe black marking and
the background color of the scale. Thus, as the scale moves,
1t produces a pulse each time a scale division passes unaer
the photocell The radius to tne scale 1s so chosen tnat a
movement of one-hundredth of an inch along the scale indicates
an antenna rotatlion of G 02 degree Leading and trailing
eages of the pulses are then used to give a count pulse for
every 0 0l degree of antenna mot.on

Tne interval petween Encoder ogutput pulses varies
from 16 to 96 usec as the antenna scans through 20 degrees,
wilth the pilck-off sensing each 0.0l-degree change. A simple
calcuiatlion shows that a unlt change in the antenna count

must cause & 0 COld-psec change in the irterval.

Figure B-1 1s a block diagram of the Angle-Data
Encoder.

The angle increment counter accepts and counts
antenna pick-off pulses to derive a number representing the
angular pesltion of the antenna. Since the antenna moves
in an cscillating manner, the angle value will oscillate,
and a bilalrectional counter s required The directicn of
counting l1s changed by a limit-switch signal for each reversal
cf antenna rotation



Genoration of the oL e irter ayr oaging at the initial
interval gencrator, which proauce: a [rxed ainterval correspond-
ing to the minimum pulse spacing regui~ed for encoding. This
Interval 1s generated oy counting & f.xca nurber of pulses
from a reference oscillailor A g1y ar preowcead at the ena of
the 1nitial interval tnen opens & logie circuit, gating pulses

from the reference osgscillator to the varzable Interval counter

By the sawre process of councling pulses from the
reference osc.llator, the variable —nterval counter generates
an imterval that ccorresponds oo the elegnt most saignificant
digrts of tue number 1In tne angle 1ncerement counter The
nurber from which tae varlable .mterval counter generates
1tg portion of tne lnterval Ls gated In.o this c¢ounter from
the angle increment counter at elther of twe anstants during
:

the .nit.al wnterval The guard pualse circuls ensures that

tne read-in will not take place at an instant when tne count
1s changin~

Since the reference cscillator 1s crystal-controlled
to a freguency of 3 125 Mc, the coarse interval (the sum of
the initial and variable intervals) ls aetermined as an
interral number cf _ncroements off O 32 .sec The end cof the
romplote timony "ntorval 1. ccached by add.onypg a smalii Inere-
ment onve tne ccarse Iteaval, this norement 1z onolated
by ¢he i1nterpolator, and 1= properbion=l ta ithe sum of *ne
three Lseast sign.ficant buipoe, U318 of the number 1n tne

anzle incremert counter

The outpul pulse of the interpolator signals the
end of the full inlerval This pulse ls reconstituted to a

stardard length and usea Lo moaulaze the transmitter

A timing diagram would show that the number swpplied
to The 1nterpolator must bhe aerivel by addirg the intervola-
tion vaiue for tne prevaicus interval to the tnree blts cur-

rently in the angle increment counter. A& three-hit pinary
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adder performs this addlilon continuously, ard once per cycle
the output of the adder . t:ansmitted to the Interpolation
counter This counter hc.is the results of the additlon
untill the time of generation of the interpolation interval,
and it provides storage fcor antenna plck-off pulses that are
recelved during the generation of the coarse interval. This
latter functicn updates the encoder on changes in angle that
occur during the generation of the ccarse interval,

The interpolation counter will recelve and correctly
store antenna pick-cff pulses up to the point where the
capaclty of the counter 1s exceeded and an overflow occurs.
This overflow represents & change required 1n the coarse
interval of one count* from the reference oscillator, and 1t
1s accounted for by changing the lengtn of the varilable
interval by one count. The Interval must be lncressed by
one count 1f the angle ilncrement counter l1s counting forward,
or decreased by cone count if i{ 18 countlng bacdiward. Logilce
clrculits are Iincorporated toc make these changes when the
interpolation-counter overflow line 13 energized.

A simllar overflow may occur when adding interpola-
tlon values together. 1In this case, an cverflow stilll
represents a change of a unlt count from tne reference oscil-
lator, but only 1n a positlve directicon. The change 1s
incorporated by stretching tne 1nitial interval by cne count
when the output of the adder indicates an coverflow.

ANGLE-DECCDING RECEIVER

The K-band Angle-Decoding Receiver has heen designed,

from its inception, with the ultimate system application in

* The timing of the system is such that an overflow of more

than one count can never occu: within the interval between
two output pulses.
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mind This apprcach has nad rTucn 10 flu~igs on tne (owce ar
techniques ana components ~Usdal-y »w ' e » ¢ 0 (ondeova-
tism--ana it affords convincing procd of 1ao feasioilaty of

cartaln proposed Leatures that woula be necessary 1rn an
oparationaily usefal systen

For example, a superhcl=rodyne rather than a
crystal~video front ena was saopted Jmmedicvely Although
thig cholce was helpf'ul 1n terms of receiver sensitivity and
rejection cf interference, 1t sabt not dictated by a deartn
of hign-power magnetrons (whicr are available), nor oy the
radio environment (whicn 15 relatively guiet at Ku—band). A
primary consliceration was the greatl likellnood of ifts eventual
requirement 1in the routine use of the proposed landing system,
for frequency channslization as well as reliability.

Similarly, aulcmatic calloraticn control was
1mcorporatea In ar, carly vers.on (Model B) of the receiver,
Lthough snort-term sgtabllity tnat wa.d pracd enoigh for a test
progran could probably have ceen achlieved witnout ihis con-
pleication Again, a future operational requirement affectea
the choice An analcg format had been cnosen for angle-data
en2odi g, and analofg (1reulis Io. dewCuw. g and tracking, in
order to allow velatively simple {and ~once reliable) alrborne
equipment, however, .t ls douptful that i(he nreersiry bystem

oonuracy coald be paintained by th et camn Que2s, 1n oroutine

-

alrline or miiltary service, irThoue autecalibration

I

Ao a Fvoar rgample o tnls aes.gn philosophy, the
feasib.lLly of {he circults tu be used for switching tne
recciver funetions among two 01 thoee gcanaang-beam signals
111 gequence has c=c¢n coown by the sucecessful wse of similar
circults Tor switcur g Letween ancoralilratzon and rnormal
bheam signals

To ensare compatipiiity of the interim circulc
deslgn with the expanaeq funcllons of fulure models, the



Model A and Model B breadboard receivers were based on block
diagrams of the full-scale version, as snown in Figures B-2A
through B-2D ' Those functioens nct incorporated in the

Medel B are cross-hatched in the diagrams

A description cof the four maJor sectlcns of the
proposed full-scale recelver follows, thls descriptlion appliles

to corresponding elements of tne Model B recelver used in this
test program.

The front end 1s of conventicnal design The
decoder section recovers the angle reference data and pro-
duces a voltage propertional to the beam angle at the instant
each pulse 1s received, 1t also decodes beam ldentity, and
accordingly switches certaln circuits in the recelver The
tracker sectlon compares the decoded angle voltage during
each beam passage with the ocutput voltage representing the
alrcraft's anpgular positlicen, and adJusts the output voltage
as reguired. The callbrator secllion conllnually tests the
performance of the decoder and tracker, whenever nc beam 1s
actually being decoded and tracked.

Detalled descriptlons of various videoc circuit
functions will folleow a discussion of the general character-
1stlcs and design goals for thils recelver.

The majJor design goal 1s to obtain ang.lar measure-
ments that are consistent, from scan to scan, witnin
0 01 degree, and accurate 1in absolute value within 0.05 degree.
Obtaining performance of this quality in a relatively uncom-
plicated airborne equipment 1s facllitated by some pecullari-
ties of the application (l) performance can be permitted to
fall short of the goals except when the aircraft is actually
about to land--that ls, except at low elevatlion angles, near
the center of the azimuth sector anda at close range,
(2) optimum conditions will prevaill Just when best performance
1s reguired--nigh signal-noise ratlo and high pulse data



rale, (3] the critical ceircults a.0 ward only nvermateer Liy--
about 6 percent ai the time, auri T paseAges--and can be
automal.telly norioored ang 2civor, ae” ot inouse  aod

(4) the pul e rat.. are high enowsh to permit Integratlon of

many Induovidual measurcments ne cota., (he 2utgu* values

DECODFR-TRACKEX

The decodevr-ftrarker gectiun as three major func-
Lions (1) wecovesy of angle rof: once ut (2) discerimina-
tion azaleel wwantea sipgnetsd {(ra”lect iy, coelse, and inter-
fercnce), ard (3) recopv.otlen of toam ldentity {and right-
|
4
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The reader ls veferred trroughcut thls discussion
to the Tunctioral bloek diagram of the recelver (Figures B-2A
through 3-2D).

Since tne cesrult gate and searcn gate depend for

hl 4

., Let ws bypass these gates for
the momert and assane that aala puises [Put =wo identity pulses)
are emergling from fne v)deo gate

thelr operation on =1gnals generated during Lthe angle data
recovery and tracking process

DECODER

[n FFigure B-2, th> data pulses (which are a’l o
the same amplitwis, naving passed fhrourh the - a-~o quartizer)
trigper the simuwlbtanzows beglirn? °r ¢l L & retrace gate and
the read gate The carly pcr 1rp ol the retrace gate 2o
prevented from —each’'n;s the lineat sweep generztcer by the
preseace of tne reaw gate .n the retrace Inhibit logic.

However, as soon as hne read gato ends, Che retrace signail

ki
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and holding it there until the retrace gate ends.* The
linear sweep then begins at & rate of O 25 volt/usec When
the next pulse arrives, the reaa gate that 1t triggers stops
the rise of the sweep voltage and holds tne level tnat has
been attained for 4 psec. This voltage (which 1s an analcg
of pulse spacing, since the sweep voltage increases at a

constant, known rate) is used by the tracker auring the read
interval

ANGLE TRACKER

in the angle tracker sectlon, the pulse-spacing
analog voltages from all the pulses wlthin one passage
of 2 beam are compared, cre by one, wlth the angle data
established by previous passages of tnat particudalar beam An
error signal is thus developed that is used to update the
angle data stored in the angle mamory

The angie tracker uses a technique known as center-
of-gravity tracking, in which angle information 1s derived by
averaging all the spacings 1n an entire beam passage, rather
than by considering a small number of pulses at the nominal
center of the beam. The averaging process inherent in this
technlgue minimizes random errors and frees the output from
the granularlity of any dlgltal enccding scheme,

The tracking comparator 18 the necart of the center-
of-gravlity tracker To this circuit are fed the pulse-
spaclng analog voltages from the .inear sweep generator, the

* As the figure shows, the sweep 1ls actually retracea tc &
small voltage below zero Tris ensures operation on tne
linear portion of the sweep when zero voltage is reacheaq.
Note that zero voltage is eguiva.snt to 18 usec, tne
pulse spaclng used to represent zero degrees 1r the
encoding scheme (During the tests, and earlier in
this report, 16 usec was taken as zero degrees )
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ang..e memory voltage, and nor -, lal tiZea Vliaeo puisoa Th se
tnree signals are shown in Moguce 8-4 an LIIPNTLY laedlized

el §

Jorn £Or CLAT.L LY Y all dbi00MA Ly ee . . V. I IS Iopluachived

2

The compara.ot vuip.i 12 10> g. fererce betwaon
cach Lpacing-analoy, vel wroara oo 3 01 o oy valoage,
multiplied by the amplitude of t-¢ non-quentized video pulse
Tnis can be seen by examining ithe wavelorms at times tl’ tg,
ar~d 13 At t], the gllyevence netween ihe Fpacling-analog ang
memory vcltages 1s substsmtial, but tne viceo pulse is small,

5c that the output i small

At taime t., on tle ctner nana, tne voltage differ-
ence has aecreased fo about ralf of 1ts former value, but
gince the video pulses are now gLote large, tne output palse
18 large

At farme f Lhe viaro pu.se 15 bti1ll faixrly

22
ol
cal tne voltage diflerence has pocome nedrlly Zerc, reqguclng

L & output

Firally, i shoald ve notad Zaat as the voltage
d5 7 erence changes pelarzty, the outpui puises alss change
polariiy

These puls~s are red 1¢ Lhe U7 {erential corran

INLErT2Tor, wnlch 1ntegrates over T ZiLle Dod™ 2o, 1 0-
dces ar ocubput an s awn Tre w0 23y -5t r sLatiorn that
Lo frmaley regchod 2¢ 1 ! Lf AL u PerTod o8

an ulkiput valvaps L L o v o Freral vo the =rvor, ihe
safferepee botw>on - al, le mAlw 8Teoreo 11 tie memrory and
the angle 1ep 28:27Lon py Fhe [Lla=s apaclnd at the center of

cnergy of tne heam

* For insta oo, -~ Lo rrEresertaToern o e non-gudritized
133 Pulees, U0 aluonpl bhae ceeln face e g1104y the sTall

wa ' TOICHC T L BUTSE s wallny TOAT woll . wXlet o@Cuwen pulses

in the leaging and ‘' rdifiie adees o the beam envolaope.



That this 1s true i1s eas.ly seen 1f we visuallze
what would have happened had there been no errcr. In thnat
case, Figure B-4A would, of course, pe unchanged but, in
Figure B-4B, half of the spacing-analocg voltages would be
mere negative and half more positive than the angle memory
voltage This, in turn, would make the envelope of posltive
pulses at the comparator output the mirror image of the
envelope of negative pulses., Tne positive and negative areas
would then be equal, and the resldual charge at the end of
the integration prccess would be zZero

The error voltage developed at the ocutput of the
integrator drives a constant-current generator. During the
sample Interval, the current from thls generatcr flows
through the input matrix to the proper memcry, correcting it
to the new angle value.

At the ena of the sample 1nterval, the constant-
current generator 1s disconnected from the memory, which
retalns the new angle value, and a discharge pulse returns
the differentlal error integrator output to zerc, preparatory
to the next determination of angle.

DISCRIMINATOR GATES

In discussing the sear.: and defrult gates, we
assume as arn initial condition that the search gate 1s open,
and that the value In the angle memory 1s greatly different
from the angle of the beam about to be received This 1s
the cenditicon that could prevall if no oeams had been
recelvea for a long time.

With the search gate open, all the data pulses plus
some extranecus pulses (noise, interference, ana reflections)

pass to the video gate and thence to the decoaer and thresh-
old circultry
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Most of {hic calrancdue | .ot v L 9of pass 1arc.yn
the threshola g.te (anich wjec.. o2 Llses velow & glven
lovel), but sor= wile=-along 4LL1 fae aild pulses FRANS
dzeodling ana trackirg) ¢lrowlts wall crelore coryect tne
angle remos, to & &G.we 1o I 1.2 .., 1' <ordr because of
the eitraneouws p.l-¢s (Lomztat. o v L error depends on

tne much hlgher pulse rale, at lea.t "J we, Irom tne scanning

beam 5. na. Shar £ _ntericr.a- 5.5 .5 norfally encowntered )

(O, tne next pass of Ln.t wavs fea-, the firat pulse
willl dagazrn pass torough the searcn gate, triggering a retrace
sate ana stalione o linear sacep Sne outputs of tne llinear
aueep generator and tne angle memory are connected to the
defrull discriminator Th.p aiscraimi-ator opens the cefruat
gate when une sweep veoliage comes widvhin, say, 1 volt of the
angle meror; voliage Since the linear sweep rilses at
@25 woln usee, tne giscrirl lator wall oper the gate 4 asec
h:lgre trc pnls=> 18 eapected 18 the next pulse arrives with
sbout tne same spacing &b detected .n tae Jast bveam (as
cppraximatel represented ©y Ln2 rmemory voltage) it, ara the
SUrsegJaent puiseg, will pass throagh the defruit gate as well
as the searcer gate

Wacon the merory 1. tracking courrzotly, all of the

dulta pilsce 4.2_ thus be pascing t oooun Lhe we1rra.. b,

and weoloe oo to Tt trackea~-beamn defect vear "Y1 L™
ctatted-beam Jelegtor Iega vy . « 1L runber g pulses

(waten, having pas~ea nrou, e aefru.t gate, ndicate tnat
Lile pate .o Lrackr "g, .t clzses tue search gate, effectively
Dlocding all but $he very few exXtiaiegud pulses that nearly

coine de with beso Lo o3 Tre reailant irerease 1n accuracy

2

at the Jdata in tae a0 ome o0y tenas —o furtner reinforce
e tracwlng congilt.on
s ose W12 owe other cundltiions wnde v hach the

Sed.h pate 18 ¢loeca The retrace gste {(nom.nally 17 Ksec
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—
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long) 18 fed back from 1ts genera . to close the search gate
for the first 17 usec after each , dse, tnis blocks all
ldentity pulses (which occur 10, 12, or 14 psec after each
data pulse) from reaching the decoder. Furthermore, the
autocallbrate gate signal clcses the search gate durlng the
calibration c¢cycle, this prevents stray pulses from interfer-
ing with the callibratlion process

IDENTITY CODING

The gllide-path beam ana the locallzer beam are
distingulshed from the flareout beam and from each other by
the presence of identlty pulses 10, 12, or 14 usec after
each data pulse * Decoding of this 1dentity informaticn is
required so that the proper angle merory voltage 1s selected
for use in the defrult discriminator and 1n the tracking and
calibrator circuits. The recelver AGC level 15 set by the
flareout beam, and trackirg corrections must be appiled to
the proper memory circults

All recelvea pulr -« are applled directly to the
identlty deccoder, which 15 & passive delay line wilth shortf-
term (millisecond) integrator netwcrks fea from the taps at
10, 12, and 14 usec, respectavely When a beam from elther
the glide-patn scanner or the localizer scanner 1s received,
the identlity palrs with one of tnese spaclngs builla up a
voltage on one of the two ldentity ,atce input lines.
Immediately after each beam has buecen tracked, both gates are
turned on by the alscharge gate generator, which also appliles
a translent that triggers the s.a.a-seguence counter. Elther

gne or nelther of the counter's oulput lines are energlzed

A putue at b4 10 peve Taent i les the 1 Ide-path beam A
pulee al 12 poce Indleatos that the an e belng recerved s
Lo Lhe 1ight of the centerllne, and a pulse at 14 pgec
indicates that it 1s to the left of the c¢enterline. The

flareout beam 1s Identified by the absence of ldentity pulses.



(three possible staves), aepenc ap on wihe =
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ither 2 !
relther of the i1aentity gates op ie: » irarsient b~ the
reset Lrigser 1o o-coivoa. A1 bty U ome too rignt Left

sensing signal p&asses to the ;.-1, sensing switch

The vount. = ~rele Jw oo 4, Wi el {CULlT€oDOIA-
1ng to tne scan sequence ¢stsriend on tne guouna) 86 that,
affter each peam 15 recoived, L. scah fe'len~» counter
Lomealately perforne at & Loer Ing Drebllone reguired for

proper interpretation of 1« péxt peamn

AGC CIRCITLTRY

"'ne receiver incorporates a novel AGC gystem to
minimize the dependenc: of measurerents con tne shapes of
scanning beams Altnough the s.pnal strength may vary during
an ajproach by nearly 60 db, the beamwiatiie eoesn oy the
decoding and vracking clreults stivuld be llmatad t0 LHIOSC
between 3- and 1H-dp down points {about 0.5 to C 9 uegree)

toc avold any s.de lobes ana snouwlawrs that may cecur

The AGC lovel 1s Jdetormired avri.g tne presence of
tne flareout beam, the strengtn of which can ce taken as an
average for the three beams The dliferential error irtegrator,
11 addation te 1ts main output, produces a voltage proporticral

to the enelgy L the sntlre beam nies signa., a5 Jdo N
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passes the threshold gate, the tnreshcld control and quantizer
limits the portion of the beam considered by the tracking
clrculf{s tc the high-amplitude region of the ceam envelope.
Note, however, that this higher tnreshold does not reduce the
amount of Informallon providea to the tracking clrcocults A
constant number of pulses plve a constant number of angle
determinations, even thougn the threshold level varles.

AUTOCALIBRATCR

a

The autocallbrator sectlon generates pulses of &
standard spacing, ana a comparison voltage exactly egulvalent
to this spacing, for continual monltoring and calibration of
the aecoder and tracker circults These circuits are cali-
bratea after each beam, the effects cof any drift or non-
linearity In the sweep voltage are tnus minimized

Durlng the calibvrate period, the fcllowing events
take place

1 The video gate 1s switched, allowing a simu-
lated beam (a train of pulses from the call-
brate section) to enter the decoding and
tracking circuits At the same time, the
voltage gate is switched, feedlng the calli-
bration reference voltage to the comparator

2. Tne simdalated peam 1s decoued ana, because
the calitration reference voiltage w~as cnosger
to correspond exactly to t-e gvac.ng tne
voltage aeveloped at the cutwut ci the error
integrator i1s propostionzl tc tne error 1n
the decoding anc Lidacding process

3 The error voltage cawses the constant-carrent
generator to preoduce a current that 1s fed
to ei1tner the wldth or silope serve integrator

4 The output of the width servc integrator con-
trols the w_ath of tae retrace gate Since
the end of tle retrazce gate Lriggers tne
beginning of the linear sweep, cortrollling
the wiath of this gate contreis the starting
time of the sweep, and therelore conirols tne
voltage attained for a given spacing.



5 The output of the C_ope 59w 1rierator cur-

trels the cnarging volta ¢ rlied to the

linear sweep circuirt, a .. w8 centrols the

slope of tno sweep 105 L.

The two types of calibration are perfcorred alter-
nately, one afte: eacn beam passsage Widtnn .3 calibrated tor
the minimum palse spacing, 13 usec, and slope 1s callbrated
for a pulse spacing of 63 psec In aoaultlieon to being con-
venient spacings at whicn to chec« tne widih and slope,

15 usse and 63 ucec corrsspond to angles tnat are important
operationally At 18-psec spacing zorresponds o zero cegrees
on the flareout bear, ard 1t 1s at Low elevation angles trat
this bezam 1s actually used. A 53-usec spacling correspenas to
only 1-1/% degrees right or left of centerline on the azimuth
peam--wnlch 1s used for centerline alignment--and to

2-1,2 degrees, a commorly usea gl_de angle, on the glide-

path beam

CATING AND TIMING FUACTLIONS

The entire aecoding-t.acking process 1s startea 3y
the skirt detector, a pulse-to-palse (100 psec) irtegrator
trat Ltullas up an effective (lrlygering level from the v
few puler~s 17 Lhe leawing skirt of Lhe beam as 1L startis
scan past the alrcrait No wseful _nformatllon is sacri?
1r this process, these pulies would not have beer Lriacacd
becausoe they are necessarily below fho 1390 vqald lewve o

ootani lshed by tne Laeshell co ool

The outpul ol the okl l actecetor welgoors L
bedm=cecwy madltivibiacor, as srown 1o Fisuce B-s.  The on
time of the beam-delay multivibrator s nade large encupgh that
an cntire beam has passed and been Lrackea pefore a .anple
pate 1s gornerated Tie sample gate aclivates the memer)y 1np-t

mailrix, and auring the sample gate perlod tne output of toe



constant-current generator flcws to the proper angle memory,
correcting it to the latest deccaed angle valaue

The end of the sample gate initiates the discharge
gate, which dumps the charge stored in the differential error
integrator preparatory to the next integration The discharge
slgnal also resets the scan sequence counter for the next

beam The end c¢f cthe discharge gate then generates the auto-
calivrate gate, wnich

1. Switches the calibratlion sequence flip-flop,
s0 that alternate calibration moces (width
ang slope) will be used after aliernate beams.

2. Switches the video gate, allcwing a train of
pulses from the prcper callbration reference
oscillator to enter the deceding-tracking
circuits

3. Switches the voltage gate, applying the proper
calibration reference voltage tc the comparator.

4 Clcses the search gate to block noise and
interference
5 Disables the threshola circuiltry

Tao prevent the calibrate beam ltself from generating
ancther cycle of calibration, the beginning of the autocalz-
brate gate starts ancther and long.r gate signal, the calibra-
tion inhibit Tnis signal holas the calibration inhiblt logic
closed for a period of time during and irmmeclately alfter each
calibration beam Tnus, the dlscharge gate generated oy the
calibrate beam cannot reach the autocalibrate gate generator,

and callbration beams are prevented from regenerating them-
gselves
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APPENDIX C
FROFOSED OFFICIAL TE3TS

In general, the tests we propose to be officially
witnessed by FAA engineers ale cnosen from ameong the many
types cf tests developea by ALL to most efflclently demonstrate
the valldity and repeatablllity of the results contained in
this report In this light, such "basic research” as Dynamic
Lobing and Static Beamshape tests (see paragraph A of Scc-
tion III) are not includca Furthermore, since tne autocall-
bration feature of the receiver has been found to be a
reliable way to improve the accuracy of angle measurement by
a substantial amount, and since the system has never been
claimed to be operational withcocut autocalibration, all tests

should be conducted with the autocalibrate circuliry In opera-
tion

Briefly, we propose to perform three different tesgts
at each one of a group of checkpolnts (to be specified by the
FAA)} wilthin the coverage of the system. The checkpoints
should be chosen to lnclude ~valuation of the effects of
(a) range,and {b) offsets frum the centerline of the scanning
antenna With these factors in mind, checkpolnts are suggested
that are at ranges between 500 and 4000 feet, and on lines
22 degrees and 45 degrees from the centerline of the scanner's
azimuth coverage.

At each one of the chosen checkpolints, we propose
to perform three tests (a) Static Lobilng, (b} Dynamlc Beam-
shape, and (c) Recelved Angle.

STATIC LOBING TEST

This test (described in Sectlon III) should be
performed first at each checkpoint. The test 1s quick and



easy to perform, and provides an excellent qualitative evalua-
tion of the terrailn between the scanner and the checkpoint

The depth of the nulls is an indication of the strength of
reflections of the 16-kMc signal taking place along the overall
path. This information will aid in interpreting the Recelved
Angle data te be taken later at the same point.

DYNAMIC BEAMSHAPE TEST

The time required tc set up and run a Dynamic Beam-
shape test 1is not negligible, but this type of test represents
& significant part of the AIL measurement program.

The recelver determines the angle at the center of
gravity of the dynamic envelope (excluding skirts and side
lopes, insofar as this is possible) Thus, 1f the central
portion of the dynamic envelope 1s distorted by reflections
from terrain, an error ls generated. Furthermore, this error
theoretically cannct be reduced by improvements in encoding
or decoding f{ecnniques Thus, we may consider the Dynamic
Beamshape test to i1naicate the irreducible minimum system
error cf the AIL technigque

This interpretation should be applied cautiously,
however As 18 discussed i1in the body of this report, attempts
to correlate Dynamlic Beamshape errors with overall system
errors were many times disappointing, but we still belisve
that a demonstration of the technique of this test 1s impor-
tant and should be included in the official tests.

RECEIVED-ANGLE TEST

Evidently, the receiver should interpret the
ftransmitted signal for a determination of overall system
error By using proper equipment and techniques, however,
much more than overall system error can be determined during
this test It is suggested that both the angle memory and



1integrated signal strength outputs of the AIL receiver be
monitored on a chart recorder rurnang at a relatively fast
speed, pernaps 1/2 inch per second. Tne pulses of integrated
s51gnal strength veltage wi1ill mark each beam passage, and

their spacing will snow which beams are upwara scans and

which are downward scans The angle memory voltage can then
be examined tou determine if differences exilst in the infor-
matlon recelved from a downward scan compared with that from
ar upwara scan If deslred, the transmitter can alsc transmit
on downward scans only or on upward scans only.

It is further suggested that, as the receiving
antenna 1s raised and lowered to intercept different angles,
1t be held stationary at each pesaition for 5 or 10 seconas,
A largoe number of beam passages willl then be recorded au
cach positlon, and the recordlny can later be examlnea for
a staliotlical determlnaticon of system rellability.
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AFPENDIX D
ORIGINAL DATA

Zero-degree count not recorded on data sneet, but
krown to have boeen 63,

Downward scan only.

Operating frequency recorded as 16,000 Mc.
Operating frequency recorde. o8 16,100 Me

Signal-to-neoise ratlo
Zero-degree count not

krniown to have been T79.

Upward scan only

Signal-~to-noise ratio
Signal-to-noise ratio

recoruzd as &5 to 50 ab.
recorded on data sheet, but

recorded as 30 to 35 ao,
recolaed as 35 to 40 db

Operating frequency recorded as 16,098 Mc
Signal-to-noise ratio recorded as 25 to 30 db
Slgnal-to-noise ratio recorded as 50 to 55 db.
Cperating frequency 16,098 Mc, signal-to-noise ratio

30 to 40 db

Signal-to-nolse ratio recorded as 40 to 45 db

Operating frequency
Operating frequency

Operating frequency
40 to 50 db.

Operating frequency
30 to 40 db,

Operating frequency
50 to 55 db,

Operating frequency
40 to 50 db

recorded as 16,090 Mc
recorded as 16,095 Mc

16,095 Mc,
16,095 Mc,
16,095 Mc,

16,093 Mc,

signal-to-noise ratio

signal-to-neise ratio

signal-to-nolse ratio

glgnal-to-ncise ratio

Recelver calibration checked continually durirg test.

Temporary site, about 1350 feet (paced) from scanner
at 45 degrees, best fit of data is for 1400 feet.



Notes

d. Scanner elevated about 16 5 inches above normal
height

S Grass recently mcwea on test radial.

r. Ground reflections p rtly suppressed by cbstruction
on test radial.

g Tempovrary slte at ¢ wogrees, 1750 feet from scanner
{between sites 5 ang 2)

h Temporary site at 0 cegrees, 2250 feet from scanner
(between sites 2 ana 4)

1 Temperary site at 0 degrees, 2750 feet from scanner
(between sites 4 and 6).

J. Temporary site at O degrees, 1250 feet from scanner
(in line with site 5)

m Temporary site at 0 degrees, 1000 feet from scanner
{in 1line with site 5)

n. Temporary site at 0 degrees, 750 feet from scanner
{1n line with site 5}.

D Temporary sile at 0 degrees, 500 feet from scanner
(in 1line with site 5).

q Temporary site at 28 3 degrees, 1510 feet from
scanner {1376 feet from virtual origin).

r Temporary site at 16.7 degrees, 2475 feet from

scanner (2392 feet from virtual origin)
Recelver not properly calibrated.
AGC became unstavle at neights below 15 feet

v, Angle readings from scanning beam with various
fixed PRF's found too high except at 0 degrees.
W. Primary power to recelver interrupted during test,

after 23- and l2-foot readlngs

X. AGC Inoperative, galn controlled durlng test to
maintain constant integrated beam energy.
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FIELD STRENGTH VERSUS PROBE HEIGHT WITH HORN RADIATCR
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TEST DATA ON STATIC LOBING
FIELD STRENGTH VERSUS PROBE HEIGHT WITH HORN RADIATOR
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PEAK-OF-BEAM FIELD STRENGTH VERSUS PRQBE HEIGHT WITH SCANNING BEAM

TEST DATA ON QYNAMIC LOBING
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TEST DATA ON DYNAMIC BEAMSHAPE
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