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™ - - b Tystem analysis techniques are used to determine maximum levels tor ILS Glide Slope beanm structure chare
acteristics which will result in acceptable approach and landing oulcomes. Reaults are based upon a power spectral
density signature for IIS Glide Slopes obtained from o nonstationary statistical unalysis of flight inspection data
for 17 Category IT and II-training facilities. Maximum levels and standard deviation time historics for typical aire-
eraft/control system responee; indicated glide path devintion, actunl glide path deviation and actual glide path devie
ation rate; are used as the basis for recommending revisions to vhe ILS Glide Slope fiight inspection data processing
procedures, rnd for recommrnding relaxed flight inspection str.ards,

The maximum extent to which currvent Glide Slope flight inupection standards might be relaved is indicated to be
very ccnsiderable along the entire appruach path for Catugory I service. Relaxation of the standards in ILS Approach
Zone 3 i3 also possible for Category II aservice. An additional finding ias that the maximum extent to which flight ine
lplction staniards mlght be relaxed is exactly the same for Category IT and IIT services, -~

N P\Arther f!ndings are that any distinctions bet\men the epproach performance oblained using manual {light director
controlled approach coupiing, automatic approach coupliwg, or inertially auwimented outomatic approach coupling do not
varrant ILS Glide Slope flight inspection standards which are specific to the airborne user's method of coupling.
Olide Slope approuch couplers incorporating inertial awsmentutlon pruiuce significantly lower touchdown dispersion,
but comparable missvd approach rates. The dominant influcnce on miused approaches for a light straightewing twin vaa
not ILS Glide Slope structure, but was rather wind gusts and shears. :/_ e et e o+

Recommended revisions to flight inspection data processing would include filtering the "di{‘terent.tal trace” 1o obe
tain additional traces representing typical airborme system responscs. Data analysis would be revised in that 2¢
boundaries sppropriate to each filter ocutput and category of ILS service would be applied to each trace by means of
tramsparent overlays. The 20 boundaries wust then pot be exceeded more than % percent of the time ioterval after
Passege of .Yhe outer marker in ogder that e trace indicate ncceptabuuy.
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Federal Aviation Administration, (FAA) Systems Research and Development Ser-
vice, Washington, D, C,
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under the general direction of Mr. Dunstan Graham at Systems Technology, Inec.,
and, at the Collins Co., under the direction of Mr, John C. Hall. Mr. John F.
Hendrickson served as Technical Officer for the FAA. Valuable guidance
throughout the course of this research was provided by Messrs. Hepnry H. Butts,
Richard D. Murnlkhuysen and John F. Hendrickson of the FAA.
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ABBREVIATIONS, SYMBOLS AND
SPECIAL NOTATION

ABBREVIATIONS

DDM
FAA
ICAO

ILS

IS
Point "A"

I1S
Point "B"

JLS
Point "C"

IS
Approach
Zone 1

ILS
Approach
Zone 2
IIS

Approach
Zone 3

RTCA

TCH

T™R.10LZ.1

Difference in depth of modulation
Federal Aviation Administration
International Civil Aviation Organization

Instrument Landing System

An imaginary point on the glide path/localizer
course messured along the runway centerline
extended, in the approach direction, 4 nautical
miles from the runway threshold

An imaginary point on the glide path/localizer
course measured along the runway centerline ex-
tended, in the approach direction, 3500 feet
from the runway threshold

A point through which the downward extended
straight portion of the glide path (at the com=
missioned angle) passes at a height of 100 feet
above the horizontal plane containing the run-
way threshold

The distance from the coverage limit of the locale
1zer/glide path to Point "A" (four miles from the
runway threshold)

The distance from Point "A" to Point "B

The distance from Point "B" to Point "C" for evalu-
ations of Category I and Category II training sys-
tems. The distance from Point "B' to the runway
threshold for evaluations of Category II operational
systems

Typical aircraft path absolute altitude at runway threshold
Radio Technical Commission for Aeronautics
Radio telemetering theodolite

Threshold crossing helght

.
hih'd —
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a or AZ
Z
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CTF
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Theodolite recording system

Normal acceleration measured along the z body axis
of the alrcraft at the center of gravity

Nominel effective altitude difference between the
glide path receiver antenna and the lowest point
on the landing gear with the aircraft in landing
attitude

Wing span

Elevation of the ideal O DDM surface ahove the an~
tenna mast base

Mean aerodynamic chord

Factors used to scale magnitude of wind and wind
shear, ILS Glide Slope alignment error and struce
ture, and turbulence

Actual glide path deviation in linear units
Digtance  etween the ideal O DDM locus for the
commissioned angle from the stralght-line asymp-
tote as measured in the vertical plane containing
the runway centerline, measured normal to the straight-
line asymptote

Indicated glide path deviation in linear units
Total alrcraft drag

Bage of natural logarithm, 2,718 . . .

Cyclic freyiency, w/(2x)

Gaussian probability distribution function
Gravitational acceleration, 32.16

Smoothed, and frequency averaged power spectral
density estimate for prewhitened ILS Glide Slope
record ensenble

Total altitude of aircraft center of gravity above
GPIP on runway

Low=-pags filtered rate of climb error

ft/sec2

£t

g
e

P

V]

£t/sec

kA" /Hz

tt/sec

A
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k

Alrcraft center of gravity altitude with respect
to GPIP at touchdown

Total altitude of aircraft sbove GPIF on runway
Actual rate of climb

Trim component of H
Perturbation component of H

Record sample index

Pitch noment of inertia

Discrete frequency index
Aerodynamic ground effect proximity function

Constant, 12278., converting Giide Slope dise
plecement in radian units to microampere units

Course softening gain function
Flare multiplier gain

Normal acceleration gain

Alrspeed command to autothrottle
Glide Slope coupler integrator gain
Ingtantaneous vertical speed gain
Airspeed gain in autothrottle

Integral of airspeed error feedback gain in auto-
throttle

Effective servo and elevator gain
Gain for thrust response to Jjet engine power command

Pitch attitude gain in autothrottle

Mean wind altitude profile function

wd

slug~ft

pA/rad

red/(£t/sec?
£t/sec

1/sec
rad/(£t/sec)

volts/(£t/se

1bs/£t

1bs/volt

volts / rad
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Range variation signature function for ILS Glide
Slope structure '

Pitch damper gain sec
Glide Slope coupler gain (£t/sec)/ua
Total alrcraft 1ift Ibs

Characteristic length in ILS Glide Slope structure

standard deviation range variation £t .
Characteristic length for longitudinal gusts £t
Cheracteristic length for normal gusts £t
Characteristic length of ILS Glide Slope structure b4/
Aircraft mass, or mean for prevwhitened ILS Glide slugs or
Slope record segment 17,
Pitching moment applied to aircraft f£t-1bs
(1/Iy)(BM/Bq) 1/sec

( 1/Iy)(BM/3u) 1/sec
(1/2,) (3/3w) 1/sec
(1/1,)(3/ow) /1%
(1/Iy)(5M/35) 1/sec2
ILS Glide Slope record segment center time sec

Number of ensemble members
IS Glide Slope record segment length sec

Number of points in the average over frequency

Effective pedestal height of the runway ft
Probability of event designated by argument or

subscripts

Pitching component of aircraft angular velocity red/sec

Effective spectral window in the frequency domain
corresponding to a rectangular data window

xii
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r Ratio o /o
"R 4vm "r am
R Range from base of ILS Glide Slope antenna mast
to center of gravity for the approaching aircraft
R Double-sided raw power spectral density estimate
for prevwhitened ILS Glide Slope record ensemble
8 Laplece tfansform variable
] Wing area
Su Switch function on airspeed feedback
Sﬂ Switch function on ILS Glide Slope structure inputs
SO Switch function on pitch attitude feedback
t Time
Ty, Value of t in the student te-distridbution corres-
"o ponding to the 100 @ percentile for K degrees of
freedom
7 Specific time interval length in local context
'1‘° Trimmed engine thrust
u Longitudinal (x) component of perturbed trans-
lational velocity of alrcraft
u' Low-pass filtered Ups
u'! Time integral of scaled u'
uy. Longitudinal component of the deterministic at-
mospheric disturbance environment,
Upg OF UAS  Airspeed perturbation from trim
u Airspeed perturbation from trim, exclusive of
turbulence
us Longitudinal gust velocity component
u, Horizontal longitudinal wind component
U: x Body axis component of trimmed inertial velo-
clty in presence of steady wind
v Equalized jet engine power command

[
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uA?/Hz
rad/sec

£t

gec

sec

£t/sec
£t/sec

ft

ft/sec

ft/sec

ft/sec
ft/sec

ft/sec

ft/sec

volts
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Trimmed airspeed

Initial value of the mean wind, 'ﬁ'w

Trin; speed in presence of steady wind

Normal (z) component of perturbed translational

alrcraft velocity

Normal gust velocity component

Normal component of the deterministic atmospheric
disturbance environment

Effective statistical bandwidth of a random process

Minimum main gear wheel threshold clearance in
normal operation

z Body axis component of trimmed inextial velocity
in presence of steady wind

Coordinates of base of ILS Glide Slope antenna mast
with respect to the GPIP on the runway

Coordinates of the runway centerline at the threshold

with respect to the GPIP on the runway

Total horizontal displacement of aircraft center of
gravity from GPIP on the runway in the direction of
the centerline, or longitudinal force applied to
aircraft

Trim component of X
Perturbation component of X
(1/m) (3%/du)

(1/m) (3X/3w)

(1/m) (3%/28)

Thrust line offset with respect to alircraft center
of gravity

Normal force applied to aircraft
(1/m) (32/3u)

xiv

4

ft or
1bs

lbs
1/sec
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zZ, (1/m)(32/dw) 1/sec
2

Zg (1/m)(9z2/35) £t/sec
@y Trimmed serodynamic angle of attack in presence

o of steady wind red
B Complement of the confidence level 1 - 8
7A Trimmed flight path angle with respect to alr mass

o in steady horizontal translation rad
7o Trimmed flight path angle rad
& Control variable, used with subscript e or T
5e or IEL E Elevator deflection angle red
BT or DEL T Engine thrust perturbation lbs
AA Difference between the nominal and actual altitude

difference between the glide path receiver antenna
and the lowest point on the landing gear for a

particular aireraft in landing attitude ft
E 1 ow o Apparent change in aerodymamic plunge velocity aris-
; € ing from ground effect £t/sec
L0 @1 -0 deg
1 Indicated glide path deviation in angular units
before low-pass filtering in glide path receiver Ty}
n', n, or Indiceted glide path deviation in anguler units HA
ETAE
7'’ Time integral of scaled n' £t/sec
N, oF ETAC Intermedlate variable in ILS Glide Slope structure
model wA
’ n: ILS Glide Slope structure component pa
n.. or ETAP  Actual glide path deviation in angular unitsat pA
P fixed range
ﬁp or ETAPD Actual glide path deviation rate in angular units uA/sec

ﬂr or ETAR Differential trace referenced to the commissioned
or desired angle, in angular units A
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6 or THETA Pitch attitude perturbation rad
o' High~pass or low-pass filtered 0 rad
9’; Triumed pitch attitude in presence of steady wind rad
€ or & Commissioned or desired ILS Glide Slope angle deg
691 Actual Glide Slope angle deg
K Total effective number of degrees of freedom in an «
ensemble of N records
K Effective number of degrees of freedom in a single
record
H Estimate of enscmble mean for correaponding ILS Glide
$lope record segments HA
b, Estimated of mean value for a given ILS Glide Slope
record segment BA
Vs Difference between O LA reference line and O pA ref-
- erence mark used in applying the tolerance on sen-
sitivity and linearity of the typical alrcraft off=-
path response uA
P ¢ 3 Thrust line inclination with respect to aircraft x
‘ body axis . deg
P Probability density function, or correlation coef-
ficlent 1f subscripted
Loj Denotes one standard deviation in general. May be
particularized by subscript
gr Estimate of standard deviation for a given ILS Glide
Slope record segment pA
Opay Standard deviation of calibration and resclution
acce error for the RIT
Opmp Standerd deviation of dynamic tracking error arising
dyn from operstion of the RIT .
ORx Standard deviation of glide path receiver centering
insp error for inspecting aircraft MA
1 : Opx Stardard deviation of gilde path receiver centerivg
3 op error for operating aircraft uhA
4 Ty Estimate of ensemble standard deviation for corres-
ponding ILS Glide Slope recorG .egments ph
1 TR-1043=1 xvi
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Estimate of standard deviation of ILS Glide {lope
allgnment error with respect to the commissioned
or desired angle

Estimate of standard deviation for ILS Glide Slope
structure

Estimate of the ensemble standard deviation of the
ILS Glide Slope record segment means for correspond-

ing segments

Effective servo and elevator time constant

Effective engine thrust response time constant

Autothrottle lead equalization time constant
Glide path receiver time constant
Airspeed low-pass filter time constent

Pitch attitude high-pass or low=-pass filter time
constant

Assumed actual power spectral density for ILS
Glide Slope

Power spectral density estimate for ILS Glide Slope
record ensemble

Value of X2 in the Xe-distribution corresponding to

to the 100 @ percentile for K degrees of freedom
Angular frequency

Rate of clinb response bandwlidth for typlcal aircraft

MATRIX AND VECTOR SYMBOLS

A

o arml - 4

System matrix

Input distribution matrix
Covariance matrix for x
Covariance matrix for y

Input=-to-output distribution matrix

gsec

sec
sec
gec
gsec
sec
uh2/Hz

uh?/Rz

rad/sec

rad/sec



State-to-output distribution mavrix
Dimension of the state vector x
Power spectral density matrix for w
Input vector

Process noise vector

State vector

Output vector

Constant term in output vector

Linearly time dependent term in output vector

SPECIAL NOTATION

E[+]
(Vg
©)
)
(+)
(+)'
[(+)]

TR-1043-1

Expected value of [-]

Touchdown-related value of (¢)

Denotes estimate of ()
Denotes mean or expected value of ()
Derivative with respect to time of (*)
Transpose of matrix ()

Absolute value of scalar quantity (+), or determinant
of square matrix (°)

Maximum allowable value for (°)

Minimum allowsble value for (+)
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SECTION I

INTRODUCTION AND RATIONALE FOR
THE TECHNICAL APPROACH

The standard aid to low-visibility approach and landing in commercial
aviation is the Instrument Landing System (ILS). Two radio beams (the
"Glide Slope" and the "Localizer') are formed to guide an aircraft on the
proper approach glide path and along the extended runway centerline in
the landing direction. Unfortunately, because of the way in which the
bteams are formed, the "on-course" signals can be distorted by radio energy
reflected by obJects such as hangars or by features of the terrain. Some
sites for the ILS facilities are problem situations in which the beam "bends"
or structure may make the ILS 4ifficult to fly.

In the United States, the Federal Aviation Administration (FAA) has
formulated "standards" for the quality of the ILS signals and makes periodic
flight inspections of all commissioned ILS facilitlies to insure that the
standards are complied with. Actually, there is not a single set of stand-
ards but three, corresponding to three "categories" of alrcraft low visibility
landing operations. Category I implies instrument flight possibly down to a
declsion height of 200 ft. The pilot then completes the landing by visual
reference to the runway. Csategory II is similar except that the decision
height 1s 100 ft. In Category III, there i1s no decision height limitation.
The operation is to and along the surface of the runway with external visual
reference during the final phagse of the landing. Naturally, the standards
on the geometry, alignment and structure characterilstics of the ILS beams
are more stringent and difficult to comply with as one progresses from
Category I through Category II to Category III operations.

Because problem situations obtain at many locations, and because of the
stringent standards, the rate of cammissioning of Category II and especially
of Category III facilitles has been somewhat disappointing. The difficule-

ties, in many cases, reside in obtalning the proper characteristics for the
ILS Glide Slope.

It is also a fact that the standards covering major elements of the

TR=1043-1 1



airborne system have not been evolved in a way'which agsures consistency

cf those standards with the standards for the ground system, or for that
matter, with the standards for the complete approach and landing system.

All this suggests that there may be tradeoffs to be made between the ground
based and airborne portions of the system, and that, very likely, the re-
(uirements embodled in the existing standards might be relaxed at least

in certain zones or regions of the approach and landing operation. (Tnis,
of course, may only be done with no decrement in safety or pilot accep-
tance.) If the standards could be relaxed and the efficlency of the in- .
spection procedure improved, many more facilities might be commissioned,

and the schedule reliabilicty and safety of airline and business aircraft

operations would be improved.

For these reasons, a system analysis to devise new, improved models
and standards for quality of Category I, II and III ILS Glide Slope air-
borne and ground system performance is in order. The conduct of such a
system analysis is the object of the research reported herein.

The purpose of the research 1s for UHF ILS Glide Slopes to:

® Review the existing standards for the ground
and airborne portions of approach and landing
system performance

® Analyze data on beam geometry, alignment and
gtructure

® Model the system and design and conduet simula-
tion experiments to determine, for large air
carrier and business aircraft equipped with a
representative number of different airborne
systems, standards for Category I, II and III
overall approach and landing system performance

® Budget the error allowable within the bounds of
acceptable system landing performance among the .
system elements in order to recommend revised
standards for the ground system performance, the
alrborne system performance, and the overall
system performance

® Develop & practical method for the collection of
flight inspection data compatible with the analy-
sis technique. ('Practical" may here be interpre-
ted to mean that no large or drastic changes in in-
spection procedures nor in instrumentation should
be required

TR-104 3«1 >



® Develop a method for the analysis of flight
ingpection data to determine the suitability
of a giver ILS Glide Slope facility for
Category I, II or III operations

FATIONALE FOR THE TECHNICAL APPROACH

Fortunately, a landing accident 1s a very rare event. Landing
accidents attributable to the poor performance of ILS ground faciltties
and/or the airborne equirment complement of alreraft using these facilities
are even rarer. It 1s, therefore, extremely difficult to obtain a suf-
ficient number of cases so as to have confidence in the statistics repre-
senting the distribution of landing outcomes to be expected with any particu-
lar combination of ground facilities, aircraft, airborne system, and
operating personnel. Time-consuming and costly flight operations are used
in the inspection, test, and certification programs required by the Federal
Aviution Administration. These establish, more or less satisfactorily, that
a particular combination of facility, alrcraft, airborne equipment comple-
ment, and operating personnel is safe when looked at as a total system.
Flight testing, however, cennot reasonebly be used to answer questions
such as, "What are the required ILS characteristics?" or, "Can we trade
looser tolerances on the ground facility performance for tighter tolerances
on the airborne system?" This is because a totally, impractically enormous
number of approaches and landings would be required to establish confidence
in the association of approach or landing out:omes with changes in the
characteristics of the overall system.

On the other hand, dynamic system analysis and simulation presents a
feasible alternative., This is because a sophisticated system analysis is
fully capable of relating the real-world sensitivity of approach and land-
ing outcomes to the governing characteristics and design parameters of the
elements of the system., The results of such an analysis can be used to
partition the causes of various undesirable approach and landing outcomes
(g;g:, missed approsches; and long, short, hard landings) among the contribut-
ing imperfections of the ground facility, aircraft dynamic response, airborne
system, operating personnel and the meteorological environment. Indeed, such

system analyses and simulations have been used in the past to assist in

TR-1043-1 3



- oo s n me e n e bt e ]

RS

setting standards for ILS signal quality (Ref. 1, 2 and 3) as well as

i almost universally in the design of compatible automatic flight control
, systems, approach couplers, landing systems, flight directors, and auto-
throttles.

- | In part, however, in the past, the setting of standards for ILS signal

. j quality (Ref. 4 and 5) as well as, for example, the recommendation of .
models representing atmospheric disturbances (Ref. 6) has been functionally

and organizationally separated from the detexrmination of the actual criteris

to which the airborne equipment complement is designed. The lack of egtab-

lished standards for airborne equipment has allowed the designers of this
equipment great latitude in meeting requirements, but the lack of a

; standard for overall system performence has precluded realistic and precti-
‘ cal tradeofts between ground and airborne system performance, Not only is
this the case, but also it is a fact “hat the last system study used in
setting standards for the grouni system performence is now ten years old.

| It concentrated on Category I1I approaches down to & height of 50 ft.

Tn the meantime, there have been great advances in the technology of come
puting machinery, computational algorithms, and analytical methods.

(These now easily allow us to perform digital simulation, make use of time-
varying models and spectral characteristics, and o avolld grossly ineffic-

‘ lent Monte Carlo simulation, for example.)

The basic assumption underlying the rationale of our proposed approach,

upon whose validity we would suppose that there is widespread agreement, is
f that dynemic system analysis and simulation mey indeed be made to serve the
purposes of the research outlined above. Anelysis and simulation can be

|

i used to establish the critical nature or lack thereof of the many factors

5 involved with approach and landing. In turn, the results can be used to

. help the FAA in the formulation and recommendation of realistic standards -
[ (or subsystem and equipment tolerances) with much higher probabilities of

! exceedence than are appropriate to accidents. Such standards or tolerances .
I are more easily applled because of the greater observability the higher proba-

; bility of exceedence provides.

Compatible standards developed following & logical and consistent plan
of analysls and simulation would require no more than the number of IIS

. TR.10LZ =1 I _
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inspection and commissioning flights as are used in present practice.

On the other hand, the flight inspections would be sufficient to verify
wlth a high confidence that the ground facility 1s performing within its
allotted tolerance, because that tolerance has been deliberately estab~
lished at a higher level of observational probability, and the relative in-
fluence of that tolerance on overall landing system performance would be
known., A similar conclusion holds for flight tests, certification flights
or other tests required in the application of compatible standards to air-
craft, flight control systems or other system elements. It is by appealing
to probabalistic observational concepts, analysis and simulation that we
may obviate the limitaticus mentioned at the beginning of this subsection
with respect to the enormous number of in-flight approaches and landings which
would otherwlse be required to evolve & set of compatible system standards.

It is also possible, even in the presence of a number of random disturb-
ances, to obviate the necessity for time-domain simulation of an equivalently
enormous number of approaches and landings. This is preclsely vwhat we have
done by means of simulating the statlstics of the system variables in the
time domain in distinction to the system variebles themselwves. The result is

& large savings in time and computer costs.

The approach, and its rationale, depend on having, at hand, & unique com~
bination of constituent linearized models and analytical methods. It should
be further understood that these models and methods must be complete in the
sense thal they rust include representative aircraft and alrborne system
characteristics, ILS Glide Slop~: geometry, alignment and structure* character-
istics, & well developed model for atmosrheric disturbances at low altitudes,t

*Models for the ILS Glide Slope in terms useful for dynamic system analy=-
s+<8 were not altogether adequate for this study at the start of the progranm.
In particular, there were no statistical models for the ILS Glide Slope
which accounted for the range dependence of the characteristic parameters.
This range dependence is known to be important (e. .y Ref, 8) since typical
ILS Glide Slope data ralls statistical tests for stationarity. Therefore, a
range-varying slatistical model was desveloped in this program so as to over-
come the sericus limitations of existing models., The range-varying statisti-
cal model is based on & nonstationary statistical analysis of flight inspec-
tion data from 17 Category II and TI~training ILS Glide Slopes (Ref. 9). The
nonstationary statistical analysis procedure, results and model are described
in Appendix A.

tModels for atmospheric disturbances appropriate to approach and landing
are discussed in detail in Ref. 10 and 11, which present a justification for
the choice of particular levels and shaping.



and measures of performance, safety and pilot acceptablility. These models
and methods establish an analytical framework for measuring the interactions
among the subsystem elements, disturbance inputs, and the relative influe~
ence of changes in the several system elements (especially, the ground
facility and airborne system) on the precision of control, pilot acceptance,
érecision of measurement in the inspection procedures, and available

marging of safety.

Confidence in the results from any application of the approach and .
landing system models, however, will always be in proportion to confidence
in the analytical description of the enviromnment in which the airplane
and lts various subsystems operate. One camnot evolve comprehensive stand-
ards and tolerances for the ILS Glide Slope with respect to overall approach
and lending system performance standards without characterizing all of the
important inputs ard disturbances which affect approach and landing success.
There are six types of inputs and disturbances emcountered during an
approach to touchdown which must be considered. These are:

® Steady winds of random magnitude

® Wind shears based upon the steady wind magnitude
® Stochastic atmospheric turbulence

® TILS Glide Slope ideal path shape

® TLS Glide Slope alignment

® TILS Glide Slnpe structure

All must be considered because measures determining ecceptadb : landing
performance (e.g., pilot acceptance of ailrcraft attitude variability, dimen-
sions of the touchdowr footprint, etc.) are the result of a combination
of inputs and distwrbances., The development of revised standards for the
.13 Glide Slope must account for the fact that portions of each of these
measures (within levels for the measures which are critical for approach ‘
and landing success) must be reserved for the contributions of wind, wind
shear and turbulence disturbances. The margin remaining may be used to
accommodate the ILS Glide siope inputs.

TR-1043 -1 6



The levels of the measures which are critical for approach and land-
ing success have been drawn from sources such as Ref. 1 and 6. While these
"eritical levels" might be somewhat conservative with respect to, say, a
"one-in~ten million" landing accident goal, they do have the virtues of a
successful history and of being the result of a consensus on requirements
for safe operation. This background for the critical levels tends to assure
that if they are in error, it is, indeed, by being conservative.

These critical levels for the measures, taken together, provide the
bounds upon overall system performence. The extent to which performence re-
quirements upon the ground system (ILS) and the airborne system may be relaxed
vwhile remaining at or within the critical levels for each of the measures 18“
the result sought in this stuly. Thls result vill provide & basis which msy
later assist the FAA in revising ILS flight inspection standards and in formu=-

lating standards of performance for airborne systems.

An additional aspect of this research ls concerned with the conduct of
TLS flight inspections and the application of revised flight inspection stand-
ards similar to those recommended on the basis of the above study. The re-
vised flight inspectiou 1s envisioned to include tolerances upon typical
ailrcraft actual glide pat” deviation, actual glide psth deviation rate end
indicated glide path deviation response arising from 1LS inputs. These
responses are generated by passing the "differential trace" signal from the
exlsting flight inspection equipment through & filter which, in fact, would
be a simplified aircraft/control system simulation. Appropriate tolerances
may be applied Lo the filter responses using transparent overlays. (This
is in distinction to constructing the tolerance levels on oscillograph
records b hand as 1s currently the practice.) The tolerances are set at 20
levels so that the tolerance level may be exceeded for as much as 5 per cent
of the record length and still be acceptable. Manual processing of the flight
inspection data involving considerable human .iudgement and some arbitrariness
in execution in the current flight inspection data analysis procedure (g;g.,
construction of the "graphical average path"), is replaced either by the
filtering function or by manual determination of whether or not the 5 per cent

exceedence criterion is met.

The total effect of this technical approach is to produce tolerances for

typical aircraft actual glide path cdeviation, actual glide path deviation rate,



and indicated glide path deviation responses to ILS Glide Slope inputs
vhich are based upon landing performance for the overall system Further=
more, these three variables have direct relevance to landing operations
(whereas the "differentisl trace” itself does not)., Actual glide path
deviation and deviation rate have a strong influence upon conditions at
touchdown and hence safety. Indicated glide path deviation is one variable
upon which missed approach decisions are baged. Hence, that variable
governs the practical utility of the ILS Glide Slope guidance. In additionm,
procedures for applying the tolerances to flight inspection data are suggested
here which are simple to execute, and which require less artistry in
application.

ORGANIZATION OF THE REPCRT

The next Section describes in detall the formulation and results of the
overall ILS Glide Slope system performance analysis. That Section is sup-
ported by Appendices B and C which give specific equations and numerical
parameter values for the ILS Glide Slope, wind and wind shear, turbulence,
alrcraft, flight control system, and landing event models which were used.
Section II is further supported by Appendix D which contains time histories
for the mean ard standard deviation of several key system variebles for the
four aircraft/control system conbinations investigated.

Section III contains recomméndations for revised flight inspection stand-
ards and procedures, and presents a comparison of the recommended standards
with the current FAA and ICAO flight inspection standards.

Section IV presents a review of standards governing overall system land-
ing performance. This includes the FAA end ICAO flight inspection standards,
FAA automatic landing system standards and FAA and RICA ILS Glide Slope re-
celver gtapndards.

Section V presents a summary of the conclusions resulting from this inves-
tigation.

The nonstationary statistical analysis of 17 Category II and II-training
ILS Glide Slope "differential trace" records which led to the analyticel ILS
Glide Slope struc*ture model used in this study is presented, as has been men-
tioned, in Appendix A.

TR-1043 - 1 8
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SECTION IT
OVERALL ILS GLIDE SLOPE SYSTEM PERFORMANCE ANALYSIS

The purpose of this Section is to explain the method for determining
the most generous (permissive) tolerances upon ILS Glide Slope beam align-
ment and structure consistent with acceptable overall system performance.
The first concern must necessarily be defining "acceptable overall system
performance”. This is followed by a description of the actual method for de=
termining the tolerances.

LIMITS OF ACCEPTABLE OVERALL SYSTEM PERFORMANCE

The key to arriving st rational revised standards for ILS Glide Slope
beam alignment and structure lies in recognizing what the real or ultimate
system performance obJectives are. Basically, there are tvo such objectives:

® Tand the alrcraft on the runway with a precision
adequate for safety

® Regulate the aircraft attitude, alrspeed and normal
acceleration deviations to levels which are small
enough 80 as to be acceptable to pllots on the basis
of confidence and szfety
A third performence objJective which is "artificial" in that it is the re-
sult of operating regulations rather than the survivel instinct is:
® Regulate aircraft indicated glide path deviation
and airspeed deviation (exclusive of gusts) to
meet the Category II approach window requirements
vhen applicable
From more specific statements of these three objectives, all other specifica-
tions on overall ILS Glid: Slope system performance may be derived. The
level of error alloweble under these specifications upon the overall systenm,

may then be budgeted among the various ground and airborne subsystems.

Fortunately, more specific statements of these three objectives are
availeble from existing FAA performance requirements (see Table 1), ICAO
statements of specification intent, and RTCA standard performance criteria.

Furthermore, the first two sources state some of the requirements in terms
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TABLE 1
REPRESENTATIVE LIMITS ON ACCEPTABLE
GLIDE SIOPE SYSTEM PERFORMANCE
Ttem ObJective/Basis Source

Touchdown Dispersion for All 1500 £t sbout nominal Ref. 6
Causes touchdown point/2¢

contained interval

200 £t +0 2500 £t from

threshold
Alreraft Deviation at 50 £t + 4 £t/20 Ref. b
Arising from Peth Bends
Aircraft Pitch Attitude * 2 deg/2¢ Ref. &
Deviation at 50 ft Arising
from Path Bends
Aircraft Pitch Attitude * 6 deg/30" Ref, 1
Deviation Post-Capture
to 50 £t from all Causes
Aircraft Normal Acceleration t 0,5 g/30" Ref, 1
Post=Capture to 50 ft from
all Ceuses
Category II and III Approaches
Indicated Glide Slope Deviation 35 uAorti2 ft/ea‘t Ref. 12,
from all Causes (Larger of) 13
Airgspeed Deviation from all 5 kts/zof Ref. 13

Causes except Turbulence

*These are "not to be exceeded" values which, in turn, have been re-
interpreted to be 30 values (i.e., & value which would be exceeded less than
0.26 per cent of the time).

tThese values must not be exceeded if the approach is to be continued.

An upper limit on the missed approach probability (rate), from each cause,
of 5 per cent has been used to re-interpret these values as 20 values,

TR-1043=1 10
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of a "95 per cent probability basis" or a "2c¢ basis". These are equiva-
lent descriptors and they are especlally well-suited for use with our analy-
s8is method. ’

OVERATY, SYSTEM PERFORMANCE MODEL

The overall system performence model, as its name implies, models system
performance in & comprehensive way. The model includes parts representing

¢ Steady wind and wind shear
¢ Atmospheric turbulence
¢ TLS Glide Slope geometry, alignment and structure

inputs, a dynamic model of aircraft response to the above atmospheric inputs
and to control inputs obtalned from dynamic models of

® Approach coupler response to ILS inputs and air-
craft motions

® TFlight control system response to aircraft motions
and inputs from the approach coupler

Of course, different aircraft models, different approach coupler models
and different flight control system dynamic models have been used to investi-
gate, for example, the relative dlfferences in overall system performance for
large transport aircraft and business aircraft for approach couplers with and
without inertial smoothing, and flight control systems with and without ad-
vanced wind and wind shear proofing features.

The complete model is such that it makes the mean velue and the variance
of every input and response variable avalleble as a function of time (equiva-
lent to a function of range at constant velocity). The complete model has
two sections, namely:

® A deterministic section which produces the mean
value of every input and response varisble

o A stocgastic section which produces the covariance
matrix  for the input and response variables

*The diagonal elements of the covariance matrix are the variances or
values of the input and response variables.

™ _ 1012 <1 11 _
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Consider next these two sections of the complete model.

Deterministic Section of the Complete Model

The deterministic section is described by the block diagram in Fig. 1.
The mean values of variables are denoted by the bars over the variables in
this figure. The block diagram indicates that the mean values of the aire
craft, flight control system and coupler response are obtained as the result v
of forcing the model vith the mean wind, U , and the mean glide path, 4.
The mean glide path, dc, 1s obtained from the geometrical shape of +he ideal
Glide Slope with respect to its straight-line asymptote. The level of the
mean wind, Iiw, 18 the average headwind .megnitude with respect to active run=-
wey landing direction.

The models in the blocks of Fig. 1 will be the dynamic equations describ-
ing the particular subsystem. For example, the longitudinal aircraft
equations of motion (e.g., Ref. 14 or 15) are the aircraft dynamic model, and
so on, for the approach coupler and flight control system dynamic models.

The complete details of the models actually used for the ILS Glide Slope;
wind, wind shear and turbulence environment; the aircraft; approach couplers
and flight control systems, are given in Appendix B.

The model shown in Fig. 1 will not be linear in general. However, between
Glide Slope capture completion and touchdown an approximate linearized model
of the complete system can be shown to be accurate.

Stochastic Section of the Complete Model

The stochastic section of the model is described by the block diagram in
Fig. 2. Here the variances of the variables are denoted by 0% ) with the par-
ticular variable designated by the subscript. The dynamic models of the air-
craft, flight control system -and approach coupler in Fig. 2 blocks are differ-
ent from, but are closely related to the corresponding blocks of Fig. 1.

MATHEMATICAL BASIS FOR THE OVERALL SYSTEM PERFORMANCE MODEL

Between Glide Slope capture completion and touchdown, the dynamic models
in the blocks of Fig. 1 can be described by linear differential equations. It
can be shown that the time histories for the atmospheric and ILS inputs can
also be described by linear differential equations (operating upon white noise).
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Vhen this is the case, the entire system model can be written in the form
of & first order vector differential equation and a vector algebraic equa-
tion. These are of the form

Ple
1

At)x + B(t)u(t) + w(t), x(0) =x (1)

¥ = H(t)x + G(t)u(t) + y, + ¥t (2)
vhere w(t) is a vector of independent white noise processes with zero means.
If we let E[+] denote the expected value of [*], then define the mean or ex-
pected value for x as E, the differential and algebraic equations for the
mean values are

X = AT+ B(tu(t), Xo) =X (3)

n

Y = H(t)x + G(t)u(t) +y +y,t (1)
given that E[w] = O and assuming that E[wu'] = 0

u 1s e deterministic input vector. The covariance matrix for x, E[x(t)x'(t)],
is C. The differential equations for the covariance matrix are (e.g., Ref.

16) :

¢ = A(t)c + CA'(t) + Qt), c(o) = Cy (5)

where E[w(t)w'(t +¢)] = Q(t)8(1). The covariance for the output,
E{y{t)y'(t)) 1s D,

D = H(t)cH'(t) (6)
Now the importance of Eq 3 through 6 derives from the fact that x(t)

and C(t) completely determine the joint probsbility demsity function for
x(t) as a function of time.

TR=-10L43=1 15
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A/ x-8 ¢ (x-3)
p(x1, s e e X, t) = (7

(2:t)n/2 J | ¢ |

vhere p(x1, Cee X, t) denotes the n-dimensional joint Gaussian probabe-

111ty density function for x(t). y(t) and D(t) similarly define the joint
probability density function for y(t). Anmd, of cou-se, Xys Xy vee 80 Y1y Yy oo
can be used to represent all of the overall sys’em variables in the problem

of interest to us here. The above equation for é (Eq 5) and the last equation
for D (Eq 6) constitute the whole stochastic section for the complete model
shown in Fig. 2 except for the final calculations based upon the values of
selected variances at touchdown. This model is "closely related” to the one
in Fig. 1 in that the same parameter matrices (which represent aircraft
stabllity derivatives, flight control system and approach coupler gains, etc.)
A(%), B(t), G(t) and H(t), characterize the equations for X and y as well as
the equations for 6 and D,

The final calculation, in which the longitudinal dimension of the touch-
down footprint is determined, 1s based upon the joint probadbility density
function for sink rate (-~ f), altitude (H), and longitudinal displacement (X),
That is, upon p(— H, H, X, t). The longitudinal dimensions of the 20 touchdown

footprint is approximately the minimum interval, (XTDQ - xTD1) satisfying

(i)
P( H; H, X, t )]
0,954k = fdx ﬁ(—H)/m J Prpl t)
H=o
- S
o X-X
-1
x'TD . - —
2 o, ¥1 = p
f x| V' -l (8)
Vor oyl - o2
1 - J OXH - 'ﬁ = 0

o ocaliz 4 1A
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vhere (- ﬁTD)max is the maximum alloweble sink rate at touchdown which
will still result in an acceptable landing. The approximate expression

in Eq 8 is developed end justified in Appendix C along with the development
for the exact expression. Since the probability demsity function in the
approximate expression is Gaussian:

- o vy

X, =X “[f*xvr‘-f’?m]ﬁ-_o )

Pxy is the correlation coefficient for X and H, and gy is the standard de=-
viation for X.

An additional important feature of the model is the menner in which de-
clsions to continue an approach or to execute a missed approach are repre-
sented. This decision is made at, or prior to, reach’ng the Category II
Decision Height (100 ft) on Category II approaches. We shall assume that
missed approaches executed because of inadequate visibility are not of
interest., (Missed approaches executed for reasons of inadequate visibility
are not the result of inadequate overall system performance capability.)
However, missed approaches resulting from inadequate airspeed regulation
(exclusive of turbulence effects), inadequate indicated glide path deviation
regulation, or both are of interest because they are the result of overall
system performance capability.

The missed approach probability (PMA) 1s determined on the basis of the
expected fraction of all approaches which, at the nominal time of reaching
the Category IT Decision Height (100 ft) are out of tolerance (* 5 kts or
+ 8,45 ft/sec) in airspeed regulation (exclusive of turbulence effects), out
of tolerance (* 12 £t or £ T7.2 wA) in indicated glide path deviation, or
both (Ref. 12 and 13). The computation is made using the Jjoint probability
density function for airspeed deviation exclusive of turbulence (EAS) and
indicated glide path deviation (4 ).

12, 8.45
Py = 1 - fd(de) duAS[p( du,, de)] (10)
12,  =8.45 H = 100 ft

TR~1043~1 17
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The probability of a missed approach for Category III approaches is also
computed on the basis of Eq 10 even though there is no prescribed lower
1imit for the actual decision altitude (Ref. 13). The possibility of a
lower decision altitude for Category III approaches renders the missed
approach probability computed by Eq 10 conservative.

In the case of Category I approaches, there are no regulatory toler- .
ances corresponding to those for Category II and IIT epproaches. Conse~
quently, no mechanism exists in our model for producing missed approaches
in Category I operations. That is, 1t 1s assumed that all Category I
approaches are continued to touchdown. This results in the model being
gsomevhat conservative in that computed touchdown dispersions would be ex~
pected to be somewhat enlarged with respect to actual touchdown dispersions
because, in fact, some Category I approaches may be terminated with missed
approach execution for reasons other than inadequate visibility.

Since out-of-tolerance Category II and III approaches are converted to
missed approaches at the decision height in our model, there must also be a
correction of the Joint probability density function for all problem variables
at the decision height so that only those approaches which are continued to
touchdown are represented. Just prior to the decision height the joint
probability density function is

P(Upey @y Xzy o 0 o X, t)| _
[AS e’ 3 n =100 £t

Just after the decislon hejight it is

-1 ~
(1—?)[p(u,a,x,...x,t)]_
MA AST et 3 2 Fet00 £t

for -8.45 < WU, £8.45 and =12 < < 12, and 1s zero elsevhere,

The Joint probability density function Just after the dccision height is
obviously non~Gaussien. In our model this non-Gaussian joint probability
density function 1s approximated by a Gaussian one aaving the same first and
second moments. These first and second moments, i.e, the means and co-

variance, provide the initial conditioms (refer to Eq 7) for continuing the

TR-104%-1 18
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solution of Eq 3 through 6 from the decision height to touchdown for
Category II and III landing operations.

OVERALL SYSTEM PERFORMANCE ANALYSIS

The overall system performance analysis constitutes the exercise of
ﬁhe overall system performance model (for various aircraft/control system
combinations and categories of landing operations). The model is exercised
repetitively for increasing levels of ILS Glide Slope alignment error and
structure until one or more performance metrics reach a critical level.
Critical levels used for performance metrics involving pilot acceptance,
missed approach probability and touchdown dispersion aspects of overall sys-
tem performance are given in Table 2,

TABLE 2
CRITICAL LEVELS FOR OVERALL SYSTEM PERFORMANCE METRICS

Pilot Acceptance (during Glide Slope track phase only)

Pitch Attitude: Jp < 2.0 deg (0,035 red)

Normal Acceleration: o, < 0.167 g (5.36 ft/secz)
4

Missed Approach Probability: PMA < 0.05

20 Touchdown Footprint Dimension (for touchdowns having
sink rates from O to 8 ft/sec only)

(XTD2 - x.m1) < 1500 £t

The levels of ILS Glide Slope alignment error and structure which cause
one or more of the performance metrics to reach a critical level are the
maximum permissible levels for the ILS Glide Slope which, in turn, may be
used to recommend reviged flight inspection standards.
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SUMMARY OF THE PROCEDURE FOR USING THE ATMOLSHERIC, AIRCRAFT, FLIGHT
CONTROL SYSTEM AND CLIDE SIOPE MODELS TO DETERMINE OVERALL SYSTEM
PERFORMANCE CHARACTERISTICS

This Summary 1s & concise description of the procedure for determining
overall system performance characteristics. This procedure governs the
implementation of the material presented in the three previous subsections.

The procedure is described below in terms of steps., Many of these
steps are purely computational [designated (¢)]. Some gteps in computation
require user interaction (I) at decision points. Other steps in computation
require hard-copy output (0) or the generation of data files Jor subsequent
processing (F). A very few steps are manual (M),

The flrst stage of the procedure results in selection of an aircraft/
control system combination and a category of approach for eaualysis. Inie
tialization computations are performed, followed by propagation of the mean
state vector and covariance matrix to the Category II decision height (or to
the runway in the case cf Category I approaches). The covarience is propa-
gated in three separate components in this stege. This is done in order that
the contributions to the covariance of various groups of inputs which we may

wish to scale differently are maintained as separate quantities to permit
rescaling without recormputation.

The No. 1 component of the cuvarience represents the effects of
variability of the mean wind from one approach to another. This component

is scaled from & nominal valve by the parameter, CRF, (see Eq B=17). The

No. 2 component of the covariance represents the effects of ILS Glide Slope
anomalies, This component 1s scaled from a nominal value by the parameter,
CSF, (see Eq B«6, 7 and 10). The No. 3 componeni of the covariance represents
the effects of stochastic gusts. This component is scaled from a nominal
value py the parameter, CTF, (see Eq B-23 and 24). Only CSF is varied in

the course of this study. CRF and CTF are taken %o be unity throughout.

The second stage of the procedure combines the three component covariances
into a single covariance, No. 4, for specific values of CRF, CSF and CTF.
Covarjunce No. 4 plus the mean state defines the probabllivy density function
for the state vector at the Category II decision height (or at the runway for
v %egory I). The truncation effects of the Category II approach window are
applied to the probability density function if appropriate. The mean state

TRw10b3-1 20
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and covariance after truncation are then propagated to the runway. The
20 touchdown dispersion 1s computed from the state probability density
function at the runway.

Stege 2 may then be recycled for a new value of CSF until the FAA
20 dispersion of 1500 £t 1s matched, or until the missed approach proba-
bility or the pllot acceptance metrics, which are also evaluated at the
beginning of Stage 2, assume thelr respective critical values.

The third stage is simply a rerun of the first stage. However, the
mean wind variabllity and stochastic gust effects are ignored; the final
value of CSF in Stage 2 is used; and a simplified, typical aircraft/control
system model which also represents the filter to be used in the revised
flight ingpection procedure replaces the detalled aircraft/control system
model used in Stages 1 and 2., This rerun is terminated at 50 £t altitude.
This rerun also provides the 1o time history specifications for the ILS
(Glide Slope beam and typical aircraft response variables agaeinst which
flight inspection records would be compared under the revised flight inspec-
tion procedure. The Stege 3 computations, in effect, serve to calibrate
the filter outputs.

Steps in the Procedure

Stage 1. Select the date file for a particular aircraft/control system
combination (choose 1 of 4 available).

Select category of ILS Glide Slope service to be investigated (choose
Category I, Category II with manual landing, or Category III or Category II
with automatic landing.) (I)

Compute the trimmed flight condition. This provides the initial value
for the mean of the state vector. (C)

For nominal levels of variability in the mean wind and wind shear, ILS
Glide Slope anomalies (using unity for the scale factor parameter, CSF), and
gtochastic gust dlsturbances, compute the rieady-stute covariance matrices
for the three corresj onding covariance components at tie initisl value for
the mean of the state vector. These provide the initial cowditions for the
Stage 1 covariance propagation.

TR 10431 21
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Propagate the mean state and covariance components No. 1, No. 2 and
No. 3. (C)
Output the mean state and variances. (O)

Output and create a data file for the pilot acceptance variance compon-
ents No. 1, No. 2, and No. 3 (involving pitch attitude and normal accelera~
tion) for the maximum value of the pitch attitude variance component No. 3
and for the maximum value of the normal acceleration variance component

No. 3. (0, F)

Compute, output, and create data file for the mean state, variances, and
covariance matrices No. 1, No. 2, and No. 3 at the Category II decision
height or at the runway as is appropriate. (C, O, F)

Stop mean state and covariance propagation at Category II decision height
for Category II and Category III investigations, or at the runway for Category

I investigation. (C)
Stage 2. Select values for CRF, CSF, and CTF. (I)

Compute covariance No. 4 according to
M o (@) v (eame(® 4 (ommyPe(3)

and similarly compute the pilot acceptance variances No. 4 using pilot accep-
tance variance components No. 1, Fo. 2, and No. 3. (C)

Output the root-mean-square pitch attitude and normal acceleration pilot

acceptance metrics. (0)
*
Compute and output the correlation matrix for coveriance No. 4 (C, 0)

*
Compute approximations to the first 4 central moments for the state
vector probability density function as truncated by missed approach execue

tion at the Category II decision height. (C)

*
Output the first 4 central moments. (0)

*Compute and output the missed approach probsbility. (C, 0)

*Steps preceded by (*) do not apply for Category I approaches.

TR-10k43-1 22
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*
Reinitialize the mean state vector and covariance matrix No. 4 using
the correlation matrix and the first 2 central moments for the truncated

state vector probability density function. (C)
*Propagate the mean state and covariance. (C)
*Output the mean state and variances. (O)
*Stop mean state and covariance propasgation at the runway. (C)

*
Output and create date file for the mean state, variances, and covar-

jance matrix at the runway. (O, F)

Compute and output the longitudinal dimension of the 20 touchdown foot-
print, the mean touchdown point and the mean and standard deviation of
sink rate at touchdown. (C, 0)

Return to the beginning of Stage 2 and use an increased value for CSF 1f
peither the pilot acceptance measures, the probebility of a missed approach,
nor the longitudinal touchdown footprint dimension exceeds the critical (20)
levels. If any one critical level is equalled, stop. If any one tolerance
level is exceeded, use & reduced value for CSF, (I)

Stage 3. For the final CSF value of Stage 2, the simplified, typlecal
aircraft/control system model, and with the mean wind and wind shear varia-
bility (CRF) and stochastic gusts (CTF) set to zero, repeat the first 6

steps of Stage 1 for the mean state and covarlance component No. 2. (I, c, 0)
Stop mean state and covariance propagstion at 50 £t altitude. (C)

Plot +2 Jvariance for the IL8 Glide Slope beam structure;
for indicated aircraft Glide Slope deviation ( in pA units); for aircraft
deviations from the ideal path (in pA units); and for the rate of aircraft
deviations from the ideal path (in uA/sec units). These plots provide the
"2¢" tolerance envelopes which will form part of the suggested revised inspec-
tion standards. (M)

The mamner in which the plots resulting from the last step above would
be used as a standard in flight inspection is described in Section III.
Different tolerances (plots) would, of course, be appropriate for each cate-

gory of ILS service.

*Steps preceded by (*) do not apply for Category I approaches.
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SUMMARY OF KEY RESULTS AND CONCLUSIONS

Key results of exercising the overall system performance model are
summarized in Teble 3. For each aircraft/control system combination,
(except the one involving the Piper PA-30) the scale factor amplifying the
level of ILS Glide Slope alignment error and structure (CSF in Eq B-6, 7
and 10) was increased until one of the performance metric critical levels
was equalled. This produced the critical value of the scale factor. The
results in Taeble 3 are for the critical value of this scale factor.

The Piper PA-30 required special consideration because, for the flight
control system and the given disturbance environment, both the probability
of missed approach and the longltudinal dimension of the 2¢ touchdown foote
print exceeded the critical levels given in Teble 2 even in the complete
absence of ILS Glide Slope alignment error and structure. Furthermore,
the ILS contributions to the probability of missed approach and to the longi-
“udinal dimension of the 20 touchdown footprint are quite small in comparison
to the contributions from wind, wind shear and gusts. Since this was found
to be the case, we.merely evaluated the Piper PA=30 landing performance for
the smallest critical value of the scale factor found for the other cases,
150, The extent to which the critical level of the 20 touchdown footprint
longitudinal dimension is exceeded 1s minor, and, in fact, the 1500 £t
critical level really only applies for automatic landings while the Piper
PA-30 system model is for monual landings. The very high missed approach
robebility cannot be rationalized away, however, It might be the case that
the existing Category II approach window for automatic approaches (*12 ft,
Ref 19) 1s inappropriate for slow, low wing-loading alrcraft such as the
Piper PA-30, Nevertheless, the approach window dimension would have to be
Increased to 32 ft in order to lower the probability of missed approach to
0.05., This change in the approach window dimension, if introduced, could
then cause a substantial increase in the longitudinal dimension of the 2¢
touchdown footprint.

The critical values of the scale factor in the ILS Glide Slope alignment
error and structure models (Eq B-6, 7 and 10) are 3%.00 for Category I
approaches and 1.50 for Category II and III approaches. (The 1.50 will
serve also for the 1,53 and 1.58 critical values in Table 3 because the
5 per cent increase over 1,50 does not warrant separate flight inspection

TR-1043-1 2k
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TABIE 3
STMULATION REQULTS SUMMARY

Jr— m Psgwmtgg STANDARD DEVIATION MEAN TOUCHDOWN 20 m
. m ;% ArnaAce PITCH m%ﬁon g’&% SINK RATE | LOCATION °“'("',3§°"
(deg) (g's) (£t/wec) (£t/sac) (£¢)
cvie‘go .00 L' 2.,08° 0.061 0.5 2.7 500, .
. I,M
cv;geo 1.% 0,05° 1.5 0.058 0.48 2.50 A0S, 7.
.
“,"‘?" 1.53 0.08° 1.19 0.0% 0.k0 2.72 18, 6.
I, 1Ix
cv:w 1.5 0.08° 0. 0,008 0.% 2.7 7, b3,
11, I
m 1,5 ouT* 1.76 0,037 0.73 5.04 3. 1636
s i, N (TUS Fetects Alons Give Prob. of Misaed Approach = .00093)
. l -
CRITICAL VALIR(S) 0.03 2.00 0.17 p(0 < ~ By < 8) > 0.95 | 50./9%0.] 1500,
{° Denotes Critisal Linitation Upon Critical Scale Pactor
()* Denotes Critical Linitation in Absence of IL3 Glide Slope Alignmest Error and Structure
18 Laar Seigler Automstic Landing System (Ref. 17)
) Tiight Director System Using L3I Coutrol levs
18 Inertially Smoothed Version of 1SI System .
Iavented Rypothetical Approsch Coupler and Autothrottle System for a Light Twin Alireraft (Rer. 18)
L] Flight Continusd Manually by Visual Reference to Ground Below Decision Height
TR-1043.1 25
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data analysis.)

Identification of these critical levels fulfills a key obJjective of
the study.

Trajectories for the mean and standard deviation of several system
response varisbles of interest have been plotted for all five aircraft/
control system combinations listed in Teble 3. The plotted results are
voluminous and only moderately interesting. These plots form Appendix D
to the report.

Conclusions reached as the result of exercising the overall systicm per-
formance model are as follows:

® Pitch attitude excursions during final approach limit relaxation
of ILS Glide Slope standards for jet transport Category I operations

® TLanding performance for jet transport Category II operations is
similaer for automatic or manual flight director approach and land-
ing, and for direct or inertially smoothed coupling to the Glide
Slope

® Tnertial smoothing gives a reduction in touchdown dispersion
® Manual landing gives a small reduction in touchdown dispersion

® (Category II and ITII requirements upon ILS Glide Slope alignment

and structure are identical

® Category II and III approaches which would result in excessive
touchdown dispersion are coaverted to missed approaches at the
Category II decision height

® Missed approach probability in excess of 5 per cent “.imits relaxa-
tion of the ILS Glide Slope specification for Jet transport
Category II and III operations

® Touchdown dispersion limits Category II landing performance for
low wing=-loading, straight-wing aireraft

® Migsed approaches and touchdown dispersion for low wing-loading,
straight-wing aircraft are almost entirely from wind, wind shear
and gusts

TR~1043=1 26
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® The existing Category II Glide Slope tracking accuracy
requirement is probably inappropriate for low wing-
* loading, straight-wing aircraft

® IIS Glide Slope beam slignment is critical (for clearance in
"low" direction and for sink rate arrest in flare in the
"high" direction) for values only beyond those actually in-
vegtigated

The next Section presents suggestions for revised flighr* ‘nspection
standards and procedures based upon the results of the .erall system perw
formance analysis.
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SECTION III

DEVELOPMERT OF REVISED FLIGHT INSPECTION
STANDARDS AND PROCEDURES

This Sectlon presents recommendations for revisions to flight inspection
data collection, processing and analysis. Two separate subsections recom~
mend numerical tolerance values for flight inspection data analysis and com-
pare the recommended numerical tolerance values with the current flight in-
spection standards.

DATA COLLECTION

Three aspects of the data collection process are affected by recommended
changes in flight inspection procedures. These are theodolite placement,
generation of an archive date tape and oscillograph records, end the air-

borne equlipment configuration.
Theodolite Placement Recommendation

Specifications for radio telemetering theodolite (RTT) placement in
Sara. 217.32(2)(a) Ref. 5 are strictly appropriate only for highly idealized
runway and ground plane configurations for which the far-fleld asymptote in
the vertical plane containing the runway centerline intersects the runwaey at
a point [the glide path initial point (GPIP)] opposite the Glide Slope antenna
mast. An idealized case of practical importance, the so-called "pedestal
case," Ref. 20, is not entirely appropriately accommodated by current RTT
placement specifications, and neither are idealized cases which may be thought
of as a hybrid combination of the two. In the latter two casek, the true GPIP
is not opposite c¢he Glide Slope antenna mast, but rather it is cffset in the
direction of the runway threshold.

The present specification for locating the RIT does not, in general, cor-
rectly account for:
® The true GPIP location in consideration of the difference in

elevation between the runway ard the ground plane at the
Glide Slope antenna mast and the ground plane grade angle

TR-104%-1 28
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® The true location of the idealized O difference in depth
of modulation (DMM) line in the vertical plane containing
the runway centerline

Only the latter item, however, effects the flight inspection procedure.

A recommended revision to the RTT placement specification involves
determining the effective elevation sbove the ground plane at the antenna
mast for the origin of an equivalent erect conical reference system*. This
effective elevation should be determined as part of the Glide Slope commis-
sioning process. This effective elevation replaces the "difference in
elevation between the ground plane at the base of the antenna mast and the
center of the runway opposite the mast" in Para. 217.32(2)(a)1 of Ref. 5.

In Para. 217.32(2)(a)lt, the marker pole setting would be 124 in. (two times
the standard theodolite eyepiece height of 62 in.) minus the effective'eleva-
tion. The steps in positioning the theodolite in Para. 217.32(2)(a) would be
otherwise unchanged*.

When the RTT is positioned in this manner, the in ersection nf its ref-
erence surface with the vertical plane containing the runway centerline is
nearly identical to the intersection of the idealized O DDM surface with that
vertical plane, and the asymptotes to these two curves are identical. Tuis
Jrocedure is advantageous with respect to the current placement procedure when-
ever a "pedestal" exists, The effective pedestal elevation results in & con-
stant vertical distance offset between the RTT reference and idealized O DDM
path when the current placement specification is used., This constant offset
can be significant when measured in yA at points close to the runway threshold.
A 2 ft effective pedestal elevation results in & 22t8 microamperes (pA) devia-
tion at the runway threshold for exemple., Eliminaticn of this source of sys-
tematic deviation through revision of the RTT placement procedure may meke &

lerger portion of the tolerances available to accommodate other sources of
deviation.

*The RIT establishes an erect conical reierence system, while on the other
hand, the O DDM cone is tilted from vertical by the grade angle, The eqrdiva-
lent erect conical reference is equivalent to the ideal O DDM cone in the sense
that the curves formed at their intersections with a vertical plane through the
runway centerline have coincident asymptotes.,

1These steps merely serve to shift the origin of the theodolite reference
system slightly in order to provide a comfortable eyepiece height (62 in,)
for the theodolite operator,
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It must be appreciated that the suggested revision in RIT placement pro-
cedure will not affect the true location of the GPIP since only the RTT ref-
erence is changed. The change will result in displacement of the GPIP implied
by the RIT reference system from its current location (the point on the runwey
centerline opposite the antenna mast). The revised location would be displaced
a Gistance along the runway centerline from the current location. The dig=
placement is in the direction of the runway threshold when the runway is effec-

tively on a pedestal with respect to the ground plane.

A further recommendation is that "permenent"” theodolite berchmarks be
installed after commissioning (or recommissioning) in order to exp:dite RTT
set-up for ensuing flight inspections. This would reduce the flirtht inspec~
tion workload in a small way, and would eliminate a possihbl souvrce for human

error.
Tata Tape and Oscillograph Record Recommendations

It is recommended that all signals which are oscillograph recorded in

the current flight inspection process plus barcmetric altitude be recorded

on megnetic tape as part of the theodolite recording system (TRS). The megnetic
tapes could be recorded in FM or digital formats. Digital format 1s recommended
for ease in labelling individual data records on the tape, and for the oppore
tunity afforded for further dala processing beyond the requirements for specific
flight inspcetions. If a digital format is used, continuous signals should

be sampled at s rate of at least 10/sec. The magnetic tape recordings should

be the primsry data rccord.

Oscillograph records are required for the application of tolerances to
the signals in the revised flight inspzction procedure. These oscillograph
records may be prodiiced on-line during iuspection flights, or off-line using
data previoucly tape recorded. Duplicate oscillograph records may be obtained
off-line in thi.; manner.

The advantages of these recommendations are:

& lo new oscillograph recording capability will be re-
quived. The channel capsacity of the existing oscillo-

graphs will he cufficient together with the off-line
capebility prov.led by the magnetic tape records

TR-104 <1 ~0
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® The magnetic tape will provide a compact permanent record
of the basic inspectlion data which is in a form that may
be readily subjected to more extensive analysis should
additlional investigative or research needs arise

Recommended Airborne Equipment Configuration

The recommended configuration for the airborne equipment is shown in
Fig. 3. Additional equipment required beyond that presently installed for
flight inspection includes analog~-to-digital and digital-to-analog converters,
digital tape write and read capability, the filter system, and a precision
‘barometric altimeter. The details of the filter system are presented in the
following subsection.

The recommended configuration is only one of several possible alterma-
tives, (For example, digital-to-analog conversion could be omitted if all.
channels could be oscillograph recorded simultaneocusly on-line during the
inspection flight. The ability to produce duplicate oscillograph records in
the field would be sacrificed however,)

It is strongly recommended that the entire process of producing magnetic
tape and oscillograph records be under the direction and control of the
flight inspection engineer in the field. Specifically, it is recommended that
no equipment configuration be adopted which requires that responsibility be
delegated to personnel at remote facilities for data rrocessing.

DATA PROCESSING

Data Processing requirements in the recommended procedure are modest. In
addition to forming the difference between the receiver and theodolite sige-
nals as in the present theodolite recording system, a filter system is required
to gene-ate typical aircraft glide path indicated deviation and actual path dev:
ation and actual path deviation rate responses. The inputs to the filter syste
are barometric sltitude with respect to th¢ runway elevation at GPIP, the dif-
ference between the receilver end theodolite signals end the commissioned angle.
A block diagram for the filter system is shown in Fig. 4. A sinilar alternstiv
filter system is given in Appendix E.

It is enticipated that the commissioned angle, ®, in Fig. 4 would be hand-
set on a ganged potentiometer. Barometric altitude, H, might be obtained as

an electrical signal from the inspecting aircraft's air data system, but a
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separate precision barometric altimetry system dedicated to the flight in-
spection function is more desirsble.

The filter system itself might be implemented on a small, general purpose
analog computer or a special purpose analog computer depending upon the rela-
tive costs and the number of installations required. Notice that three inte-
grators, two divisions and one multiplication and some logic (for KI) are re-

cruired as & minimum for implementation using general purpose analog elements.
The role of the filter system is three-fold in that it:

® Substitutes data processing for that part of the
current inspection workload devoted to determin-
Ing average path angle, width, structure and
changes/reversals in slope

® Provides conditioned signals which are imilar to
the indicated deviation and actual path deviation
and actual path deviation rate responses of air-
craft that will use the ILS facllity

® TImproves the confidence level in the results of
flight inspection in that the variables to which
the tolerances are applied are directly relevant
to landing success

DATA ANALYSIS

The proposed revisions to the data analysis procedure presented below
have been formulated to emphasize application of rational tolerances to fil-
tered flight inspection measurements which have direct operational relevance
tc the successful completion of landings. The revised procedure includes appli-
cation of tolerances to all features of the ILS beam which are checked under the
current procedure., Table 4 has been constructed to identify features receiving
analysis under the current procedure which will be aided by date processing

(filtering) under the recoamended revised procedure.

The filtered flight inspection measurements have operational relevance
because the filter used is, in fact, a simplified simulation of an alrcraft
and Glide Slcpe coupler. Variables within the filter are simulations of
indicated glide path deviation, actual glide path deviation and actual glide
path deviation rate. Xech of thcse responses to the ILS Glide Slope guidance
affects the landing approuch outcome in a key way. Indicated glide path

deviation 1s the primary source of aircraft Glide Slope tracking accuracy for
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TABLE L4

FLIGHT INSPECTION CHECK LIST ITEMS
FOR WHICH DATA PROCESSING IS RECOMMENDED

Glide Path
Check List Item

Approach Zone 2

"Actual Glide Path Angle"
is an arithmetic mean
angle of all deviations

of the differential output
of the TRS.* A wtationary
mean is assumed, but no
test for stationarity is
presently applied. Deta
processing which will
allow inferential determ-
ination of mean deviaetions

Approach Zones 1 and 3

"Graphical Average Path
Angle" is described by

a curved line drawn visu-
ally through the mean of
short term deviations in
the differential output
of the TRS and which line
follows long term trends
(1500 £t or more). Non=
stationarity is assumed.
Date processing which will

allow inferential determina-
tion of mean dcviations 1is
recommended.

is recommended.

Threshold
Crossing Helght

The height of a straight line extension of the trend
of the graphical average path at ILS Point C to the
runway threshold. Data processing is recommended to
determine the path response for a typical alreraft at
the threshold.

Change/ Visual inspection of the Same procedure and same
Reversal in differential output of recommendation as for
Slope of the the TRS for changes and/  Zone 2

Path or reversals in the trend
of the slope of the path
record which extend for
at least 1500 ft on one
side of the change or re-
versal. Data processi
to expose slope change:7
reversals 1is recommended.

*Thecdolite recording system

TR-1043=1 35



Glide Path
Check List Item

Structure

Sensitivity
(Path Width)

Symmetry of
Path Width

TR=-1043-1

TABLE 4 (CONCLUDED)

Approach Zone 2

2 o variasbility tol-
erances are applied visu-
ally about the "Actual
Glide Path Angle." Non~
stationary variabillty

is assumed. Data proces-
sing is recommended to
separate the structure
into parts producing air-
craft path response and
indicated path deviation
response with separate
tolerances for each part.

"Mean Width" is the dif-
ference between the
"Actual +75uA Path Angles,”
which are arithmetic means
of all deviations of the
differential output of the
TRS. (Seme recommendations
apply as are cited for
Angle above.)

"Mean Width" must be distri-
buted within fixed percent-
ages above and below the
"on-path" position. Data
processing is recommended
for computation of averaged
deviations from "Actual
+T51A Path Angles."

36

Approach Zones 1 and 3

2 o variability tol-
lerances in Zones 1 and 3
are applied visually about
the "Graphical Average
Path Angle." Otherwise
present procedure is the
game as for Zone 2 and
recommendations are the
same as listed for Zone 2.

Only level flight checks
are prescribed. Computa-
tion of two vertical angles
does not warrent data pro-
cessing.
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the pilot. This indication has a major influence upon the missed approach
decision. Actual glide path deviation and deviation rate have been shown to
make the principal ILS Glide Slope related contributions to longitudinal
touchdown dispersion in 3ection III of Ref. 7. Longitudinal touchdown dis~
persion together with sink rate at touchdown are the principal determinants
of landing success insofar as the longitudinal degrees of freedom of the

problem are cqncerned.

The practice of applying separate tolerances” to operationally significant
varisbles will tend to reduce the number of IL3 Glide Slope facilities which
do not meet the existing standards but whicl. uiz nevertheless judged "flysble"
by experienced pilots. This will be the resuvlt of having made the tolerances
more pointed with respect to operaticunally -t v nt variables rather than
by any unwarranted relaxation ol standards p.oos2atly applied to less relevant
variables. The effect on the flight inspection .rocess will be to eliminate
restrictions on those features of the IL- S1iid: ‘1ope guidance signal which

do not affect approach and landing succecs.

The "rational" characteristic of the newly developed tolerances arises
not only fron the fact that these tolerances will be applied to operationally
relevant variables, but also from the fact that these tolerances are based
upon exceedences of 20 levels. The 20 levels have a much higher observational
probability of exceedence than do the levels (say, n o) which result in land-
ing accidents. However, by applying the 2o tolerance level (which is easily
applied and gives a high confidence verification of facility acceptability)
the required safety margin is implicitly preserved since both the tolerance

level and the safety requirement are proportional to o.

The current procedure makes use of a zone concept in applyine standards.
This is largely to facilitate construction of the limits directly upon the
oscillograph records. The revised procedure does not make use of the zone
concept (although the designated ILG Points remain useful). Under the re-

vised procedure the tolerances are to be applied to the oscillograph recoras

using transparent overlays.

*"Tolerances" will be used to denote linits developed as the result
of this research. The t-rm "standards” will be vsed to denote the existing
flight inspection stundards. Hopef :1ly, thw newly developed tolrrances
will form the Vasis for revised 77 -ht ipspection standards.
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The following subsections present the revised procedures for applying
the newly developed tolerances to the flight inspection records. Since
the revised analysis procedure applies tolerances to inspection record
features which do not have a one-to-one correspondence with the features
exemined in the current analysis procedure, Table 5 has been provided as a
guide to the correspondence of items in the two inspection check lists.

Tolerance on Actual Path Angle and Typical Aircraft Path Response

Two tolerances are actually applied in this part of the analysis. One
is upon the alignment of the actual path with the commissioned angle or de-
sired path. The second tolerance is upon the typical aircraft path devia-
tlon response induced by long wave length bends. The inspection record to
which these tolerances are applied is the np trace.,

The overlay providing the *2¢ limits for the np trace and the actual
path alignment limits appropriate to the category of ILS service (1, II,
III) is selected and placed over the np trace with the runway threshold
markings in alignment. The overlay is then shifted in the *uA direction in
such a manner as to center the np trace within the *20 limits (or in such a
manner as to equalize the total time that the +2¢ limit amd =20 limlt are
each exceeded)., The O uA line of the np osclllograph record must lie between
the actual path alignment limits indiceted on the overlay. The total +2¢
level exceedence time for the nposcillograph trace must not exceed 2.5 percent
of the total record time for the interval from the outer marker to ILS Point C
for Category I service, or to the runway threshold for Category II and Cate-
gory III services. Similarly, the total =20 level exceedence time must not
exceed 2.5 percent of the same total record time.

If the O uA line of the np oscillograph record does not lie between
the actual path alignment limits, then the Glide Slope aligrment to the
commissioned or desired angle is deficient. If either or both of the 20
level exceedence times exceeds 2.5 percent of the total record time, then
the long wave length bends are excessive as indicated by the typincal air-
craft path response trace, np.
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TABLE 5

GUIDE TO CORRESPONDING CHECK LIST ITEMS
FOR THE CURRENT AND REVISED GLIDE PATH
FLIGHT INSPECTION DATA ANALYSIS

Current Glide Path
Check List Item

Angle

Threshold crossing height

Change/reversal in slope
of the path

Structure

Sengitivity (path width)

Symnetry of path width

distribution

TR-1043-1

Revised Glide Path
Check List Item

Angle (and typical aircraft

paih deviation response)

Typi.«l aircraft path absolute
altituae at runway threshold (PHT)

Typica. aircraft path deviation

rate response

(Angle and) typical alrcraft
path deviation response
Typical aircraft indicated

glide path deviation

Sensitivity and linearity of

typical aircraft off-path response
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Tolerance on Typical Aircraft Path Altitude at Threshold Crossing for
Category II and Category III ILS Facilities

The inspection record to which this tolerance is applied 1s the np
trace. The tolerance 1s calculated using the parameters specific to each
ILS Glide Slope installation. It is based upon a requirement that the
typical aircraft path cross the runway threshold between the absolute

altitudes above the threshold of (pHT)min and (PHT)max £t

The tolerances are calculated in terms of uA units by the following
equations.

(Tolerance on deviation sbove the O A reference path
[Below the O pA line on the oscillograph racord]) =

12 278.37
s

{(xt - X, )2 + y?

(Tolerance on deviation belcw the O pA reference path
[Above the O yA line on the oscillograph reccrd]) =

2 2
-~ tan ®Td(xt-x1) + ¥, +p—zt] udh  (11)

12 278.37
q(x e [tan @T\R;t = x1)2 tyi-p+az, - (PHT)minJ A (12)
t

7

The reference path is that esteblished by the RTT when set at the commissioned
or desired angle @T. (x1— xt) is the distance in feet between the point on
the runway centerline opposite the Glide Slope antenna mast and the runway
threshold. Zy is the elevation in feet of the GPIP with respect to the runway
threshold. 2y is positive when the GPIP elevation exceeds the threshold
elevation. p is the effective pedestal height of the runway in feet.

The tolerances on deviation above and below the 0 A reference path are
marked on the "p oscillograph record at the runway threshold crossing
merk. The np oscillogreph trace must pass between these two tolerance
marks at the point of runway threshold crossing. If one of the above
tolerances 1s violated, it can only be corrected by changes in the ILS

(PHT)min and (PHT)gqx loosely correspond to (TCH)m;n and (TCH) in the
current standards. The intent of these specifications 1s similar, aﬁe latter

quantities are 47 ft and 60 ft respectively in the current Flight Inspection
Standards (Ref. 5),
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Glide Slope siting arrangement. This is because the tolerances are gbso-
lute with respect to the runway threshold, and are independent of the RTT

measurement systen.
Tolerance on Typlcal Aircraft Path Deviation Rate Response

This tolerance is applied to assure that excessive rate of descent
changes or excessive pitch attitude changes will not be required to follow
the ILS Glide Slope guidance. The inspection record to which this tol-

erance is applied is the ﬁp trace.

- The overlay proviiing the 20 limits for the ﬁp trace appropriate to
the category of ILS service (I, II, III) is selected and placed over the ﬁp
trace with the runway threshold merkings and O u/f. lines in alignment. The
total +20 level. exceedence time for the ﬁp osclillograph trace must not exceed
2.5 percent of the total record time for the interwval from the outer marker
to ILS Point C for Category I service, or to the runway threshold for Cate-
gory II and Category III service. Similarly, the total - 20 level exceedence

time must not exceed 2.5 percent of the same total record time.
Molerance on Typlcal Aircraft Indicated Glide Path Deviation

This tolerance is applied to assure that excessive indicated glide
path deviations will not be encountered in following the ILS Glide Slope
guldance. Excessive indicated glide path deviations will result in fre-
quent mlssed approach execution. The Inspection record to which this

tolerance is applied 1s the Ne trace.

The overlay providing the *2¢ limits for the R trace appropriate to
the category of ILS service (I, II, III) is selected and placed over the Mg
trace with the runway threshold markings and O pA lines in alignment. The
total +20 level exceedence time for the e oscillograph trace must not ex-
ceed 2.5 percent of the total record time for the interval from the outer
marker to ILS Point C for Category I service, or to the runway threshold
for Category II and Category III service. Similarly, the total - 20 exceed-

ence time must not exceed 2.5 percent of the same total record time.
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Tolerance on Sensitivity and Linearity of the Typical Aircraft Off-Path Response

Two tolerances are actually applied in this part of the analysis, One is
upon the sensitivity ol the off-path indication as measured by the path width
dbtained from the typical alrcraft path deviation responses for flight in-
spection approaches flown at +75 pA and =75 pA indicated deviation'. The
second tolerance is applied to the same data. It is upon the .linearity of
the off-path indication as measured by the symmetry in distribution of the
path width about the actual path angle. The inspection records to which these
tolerances are spplied ere the np+75 and np_75 traces.,

These tolerances are applied to asaure sdequate dynemic path deviation
response characteristics for aircraft in following the ILS Glide Slope guldance.

The location of the 0 pA reference mark of the overlay with respect to the
0 wA line on the np trace (resulting from application of the tolerance on
actual path angle and typical alrcraft path response) is located with respecv
to the O pA line on the np*75 and np_75 oscillograph records. A reference
line is then drawn at this constant puA value on the two records.

The overlay providing the 20 limits for the np trace appropriate to the
category of ILS service (I, II, III) is selected and placed over the Mok T5
trace with the runway threshold markings in alignment, The overlay is then
ghifted in the *pA direction in such a manner as to center the np+75 trace
within the #20 limits (or in such a manmner as to equalize the total time that
+20 limit and -2¢ 1limit are each exceeded). The location of the O pwA refer-
ence mark on the overlay is then transferred to the np+75 osclllograph record.
The separation in pA between the reference line previously drawn cn the
oscillograph record and the transferred C pA mark is designated v+75. This
distence is positive if the mark lics below the reference line and negative
if the mark lies above. This procedure is repeated for the np_75 trace.

The corresponding distance in this case is Aesignated v_75. The sign of V_T5
is determined by the same convention.

*In obtaining these records, the O uA RIT reference is elevated or de-
pressed by 0.35 deg with respect to the commissioned or desired angle.

TR-1043<1 Lo



The sensitivity factor increment and nonlinearity metric are then
computed according to the following equations.

(Sensitivity factor increment) = (v__.75 - v+75)/(150 * Vi T V_75) (13)
Virs * Vg5
: (Nonlinearity metric) = e — (14)
S R

The sensitivity factor increment mugnitude must be less than 0.2. A zero
value is desireble and indicates the ILS Gllide Slope guidance sensitivity
13 equal to the nominal value of 214.3 pAfdeg. A negative value of the
sensitivity factor increment indicates a lower than nominal sensitivity
(i.e., & wider than nominal mean path). A positive value indicates a
higher than nominal sensitlvity. The nonlinearity metric should be less
than 0.2. A zero value is desirable and indicates complete linearity of
the ILS Glide Slope guidance.

Tolerance on the Differential Trace

A tolerance on the differential trace 1ls redundant with respect to
those listed previously. However, it provides an important tie-in with
the exlsting procedure for flight inspection data analysis. Its use should
probebly be required during the introductory period for revised standards,
and later its use might be made optlonal.

The location of the O puA reference mark of the overlay with respect
to the O pA line on the np trace (resulting from application of the toler=-
ance on actual path angle and typical aircraft path response) is located
with respect to the O pA line on the n. oscillograph record. A reference

line is then drawn at this constant pA value on the . record.

The overlay providing the 20 limits for the n. trace sappropriate to
the category of ILS service (I, II, III) is selected and placed over the
. trace with the runway threshold markings in alignment. The overlay is
then shifted in the #*uA direction in such a manner as to align the O pA line
: on the overlay with reference line drawn previously on the . trace. The total
420 level exceedence time for the nr oscillograph trace must not exceed 2.5

percent of the total record time for the interval from the outer marker to

TR-10L 31 43
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IIS Point C for Category I service, or to the runway threshold for Category
II and Category III services. Similarly, the total -20 level exceedence
time must not exceed 2.5 percent of the same total record time.

If either or both of the 20 level exceedence times exceeds 2.5 percent
of the total record time, then the ILS Glide Slope structure is excessive as
indicated by the 1, trace.

Example Application of the +2¢ Limit Exceedence Criteriomn

An illustration of the overlay providing the *20 limits for the qp
trace and the actual path alignment limits for Category II and III ILS Glide
Slope service is displayed in Fig. 5. (The specific numerical values for the
limits are those determined by CSF = 1.50 in Fig. 9 presented subsequently.)

Figure 6 shows the overlay superimposed upon a typical np trace in accord-
ance with the instructions given in the subsection "Tolerance on Actual Path
Angle and Typical Ailrcraft Path Response” above. Since the 20 limits are
exceeded, the overlay has been shifted in such a manner as to (approximately)
equalize the total time that the +20 limit and -20 limit are each exceeded,
i.e,, the shift is such that

t1+t3+o-o-t2+ouo

for the interval T between the outer marker and ILS Point C for Category I
facllitlies and the runway threshold for Category II and III facilities.

Next, one proceeds to determine if the O puA line on the np trace falls
within the actual path alignment limits, *48.uA, on the overlay. In the
1llustration, it does. This indicates acceptable actual path alignment.

Finally, the values of

t1+t+ono t2+ooc

3
1004 and
T T

100%

are computed. If each computed value is 2.5 percent or less, then the typical
alrcraft path response is acceptable.

The #20 limit exceedence criterion is applied in a similar manner to
the ﬁp, N, end 1, traces. In the cases of the ﬁp and n_ traces, however,

TR=-1043-1 L
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the O uA lines on the respective traces and overlays are placed in alignment.
NUMERYCAL TOLERANCE VALUES

The overall system performance analysis results provide the key numerical
values from which working tolerances for overall. system and subsystem per-
formance are developed. There are geveral steps to this development, and two
different types of tolerances are developed. The two types of tolerances
respectively are:

® Dynamic
¢ Static and quasi-static

The steps in working tolerance development involve:

¢ Adjustment of overall tolerances to allow for errors
in the flight inspection measuring system

® Calibration of the filter system which generates typical
alrcraft responses from the differential trace

® Budget the working overall system tolerance among the
various subsystem error sources

Ad justment of Overall Tolerances

The radio telemetering theodolite (RTT), which 1s part of the flight in-
spection meesuring system, introduces a dynamic measurement error as the re-
sult of small imprecisions in manually adjusting the crosshailrs to track the
reference point on the inspecting aircraft. Dr. Richard H. McFarland has es-
timated bounds on this tracking error for the elevation axis to he as shown
in Table 6. These estimated values are plotted along with the range variation
model for ILS Glide Slope structure in Fig. 7. The variations with range (or
equivalently, altitude) are seen to be nearly identical. Therefore, since
0.02 deg corresponds to 4.29 pA,

(X + 1000) /2304
QU“R = L.og|1+2.48e wk (15)

TTayn

will be used to model the dynamic RTT tracking error. The dynamic tracking

error and the ILS Glide Slope structure are assumed to be uncorrelated.
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TABLE 6

ESTIMATED BOUNDS ON DYNAMIC
TRACKING ERROR IN ELEVATION

Altitude of 20 Value of
Approaching Aircraft Tracking Error Estimate
(££) (deg)
greater than 200 0.020

200 to 100 0.035
100 to 50 0.050

Dynamic Tolerances

In these circumstances, the dynamic tracking error is in constant ratio
with the overall maximum level of ILS Glide Slope structure. For Category I

operations this ratio 1s:

G 1]
ry = "R'm:dﬂ = _Lh.29/2 = 0,119 (16)
cn 3.00(5.99
r

max

and for Categories IT and III this ratio is:

TRy .
P = dyn = .029/2 = 0.,2%9 (17)
I o 1750 '(2‘5.99)
r

The working maximum levels for ILS Glide Slope structure as characterized by
an effective value for its scale factor are, for Category I

CSFp, = 3.00 1-1r7 = 2.98 2 3,00 (18)
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and for Categories II and III

CSF = 1.50

IIw = 1 o)"'6 = 1 050 (19)

1-r

These working levels provide tolerances appropriate for application to the
flight inspecticn data. That is, the working levels allow for the dynamic
tracking error attendant to RIT measurement,

The 20 tolerance level for structure on the differential trace can now
be expressed as an equation based upon Eq B~10 and ~11 in Appendix B. For
Category I service

(X + 1ooo)/230h]

2cn = 35,7 [1 + 2,48e

T

(20)
énd for Categories II and TII service

(X + 1000)/230&]
(21)

20 = 17.5 [1 + 2,48e
nr
IT

vhere 35.7 = 2 (2.98) 5.99 and 17.5 = 2 (1.46) 5.99. The function 2°n is
r

plotted for various values of the scale factor CSF in Fig. 8.

Figures 9, 10 and 11 show the 2¢ levels for the typical aircraft filter
responses for the same scale factor values, (The block diagram for this
filter is Fig. 4. Counterpart figures to Fig. 9, 10 and 11 are given in
Appendix E for the alternative filter system presented in that Appendix.)

The figures respectively show the actual glide path deviation response,
actual glide path deviation rate response, and indicated glide path devia-
tion response 20 levels. The curves in each case include our recommended

2c¢ tolerance levels for the respective variables., The recommended Category I
tolerances are the CSF = 2,98 = 3.00 curves up to ILS Point C, (No toler-
ances need apply between ILS Point C and the threshold for Category I because
the absolute minimum descent altitude using the ILS Glide Slope is 200 ft.)
The recommended Category II and III tolerances are the CSF = 1.46 = 1.50
curves which extend to the threshold,
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Static and Quasi-Static Tolerances
Alignment of Actual Path with Commissioned or Desired Angle

Alignment of the actual path with the commissioned angle © was not found
to afiect landing performance in a sensitive way. Current standards require
alignment to within *0,0750. For © = 3.0 deg this corresponds to *0.225 deg,
+48.2 uA, or *3.93 ft at the threshold. If the current standard, which is an
ebsolute 1limit, is interpreted as e 3¢ value, then 10 would corresponmd to
16.1 pA or 1.31 £t at the threshold.

In excercising the overall system performence analysis model, values for
Opg UP tO 0.262 deg, 56.1 uA or 4,57 ft at the thresnold were used (i.e.,
3,5 times the current standard) with no observeble effect other than a very
small increase in the sink rate dispersion at touchdown. This being the case,
1t would eppear that the limitations upon alignment error between the actual
path and the commissioned angle are imposed by considerations outside the scope
of the overall system performance analysis model. For example, below the com-
missioned angle, wheel-to-runway threshold clearance may be the key considera-
tion. Above the commissioned angle, the ability to arrest the rate of sink
in the flare while maintaining an adequate margin from stall may be the key
consideration in so far as landing performance limits are concerned.

However, analysis of data for actual Category II and IT training Clide
Slopes has resulted in a IN® estimate of 8.01 pA while the 10 equivalent level
of the current standard is 16.1 pA. Thus it appears that alignment with res-
pect to the current standard is eagily accomplished in the field. Since this
is the case, and because the alignment error has no appreciable effect upon
landing performance, our recommendation is for an absolute tolerance of
48,0 pA on alignment of the actual path with respect to the commissioned
or desired angle for Categories I, IT and III.* This recommended tolerance
is comparable to the current standard for Category I and IT facilities.

*If, however, an overall tolerance on alignment error between the actual
path and the commissioned or desired angle set by landing performance limita-
tions were known, say o¥ » then that value would have to be reduced by the
allowable variability in the alrborne ILS receiver centering error for both

the inspecting aircraft and the operating aircraft, Orx and URX res=
insp op
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Actual Path Altitude at Threshold Crossing and Related Tolerances

The tolerances related to typical actual path altitude at threshold cros-
sing require careful attention to a wide variety of component parts. let the
minimum typical actual path altitude at threshold crossing in the absence of
wind, wind shear andegust effects be denoted by (PTH)min’ the minimum main
gear wheel clearance in normal operation denoted by Wyip, and the nominal ef-
fective altitude difference between the ILS glide path receiver antenna and
the lowest point on the landing gear with the aircraft in landing attitude de-
noted by Ao. Let any difference between the nominal effective altitude differ-
ence between the glide path receiver antenna and the lowest point on landing
gear and the actual altitude difference on a particular aircraft be denoted by
MA. (When MA > 0O the altitude difference exceeds Ao.) All of the above quanti-
ties are in units of feet, The equation for testing the performance of the
user's aircraft/control system combination against the component tulerances is

2 ’
(PrH) g = Vg ~ A~ 3 (1'8';%) {("fmacc)e * (“R'm'd m)e * ("inm;)a
2 2 .12
+ (URXOP) } + (Oﬁwind) + (ngusts) > OA (23)
THRESHOLD

pectively. ORx and Opx indicate one standard deviation levels. The

ins o)
working absolute tglerance u%on alignment error would then be given by:

[ - e P - o F]

: *
For typieal numbers Opy = 5 uA and oy = 10 pA, 0,5 would have to be
at least 11.2 pA. insp op
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where GRTT

ace
RIT, 1.43 yA; and Oppp. s the tracking error standard deviation which

d
is 7.56 pA at the thresﬁgld. ORX and Opx  8Ye the standard deviations of

is the standard deviation of the certified accuracy of the

insp og
the ILS glide path receiver centering errors Tor the inspecting aircraft and
and © are the altitude standard
Hwind ngst
deviation components arising from wind and windshear, and gusts respectively

operating alrcraft respectively. o

for a particular aircraft/control system combination.

The overall system performance analysis established a typical value for

1/2

kUHwind)e ' (Gngst)e]

Threshold

of 1.76 ft.

The remaining items on the left hand side of Eq 23 may be selected to have
positive values and provide consistency with the inequality for AA = 0.
Their selection amounts to a budgeting of the allowaeble error among the error

sources.

Consider current typical values for the remaining parameters on the left
hand side of Eq 23.

(PHT) (, = (TCH) ;= 47 £

wmin = 10 ft

AO = 19 ft

0'RX = 5 uA
insp

a = 8 U.A
op

The left hand side then calculates out to 11.94% ft which provides a comfortable
margin with respect to 2.02 ft for the standard deviation of the total random

uncertainty in operation.

In terms of the standard deviation of total random uncertainty in operation,



2
( 2 2 1000 2 2
q, + fo + | o. + |ao
l[( Hwind) (ngst)] (12278) [(Rma.cc) ( Rm'dyn)
1/2
+ c: fai- CJ )2]
RX RX
insp op .
Threshold
the mergin is 5.910.

It is not possible to recommend numerical values for the individual
terms in Eq 23 on the basis of system analysis alone. The only requirement
that can be definitely established is that the inequality of Eq 23 must be
satisfied by the tolerances. The most relaxed tolerances (in the overall
sense) will result when Eq 23 is satisfied as a strict equality.

The fact that the typical values result in a considerable margin in the
above example indicates that the tolerance can justifiably be relaxed. For
example, if

(PET) = 4O £t

=
i

10 £t
A = 19 ft

o = 3 uA

o = 10 pA

o. = 5 A

are the tolerances upon the TLS Glide Slope signal at the threshold and upon
the flight inspection process, then every user's alrhorne systems must satisfy

(24)

Threshold
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vhich represents the tolerance on the airborne user's system performance.
The exact manner in which the user chooses to partition the allowable

tolerance between M, o s O and o should be at his discretion.
RX H H
op wind gust
For example, if AA = ~1 ft for the particular aircraft and ORX
P
for the particular ILS glide path receiver, then the aircraft/control system

conbination must be effective in reducing

oo o]

Threshold

=10|J.A

to 3.80 ft or less.

No requirement for a limit upon (PHT)max is indicated by this study. Sat-
isfaction of all other tolerances is sufficient to assure that the typical

actual path altitude threshold crossing is not excessive.
COMPARYSON OF TOLERANCES WITH CURRENT STANDARDS

The following comparison is presented in order to establish a cornect-
ing link between the newly developed tolerances and the current flight in-
spection standards. This comparison cannot be carried out with ultimate

precision, but it can be accomplished in a spirit of reasonable accuracy.
The reasons for this are as follows:

® Some of the current standards are in absolute terms, while

corresponding, newly developed tolerances are in terms of
20 levels

® A one-to-one correspondence does not always exist between the
ILS Glide Slope features controlled by the current standards
and those controlled by the newly developed tolerances

® Quantities such as the "graphical average path"' and the
"typical aircraft path response" are conceptually closely
related but they are not precisely equivalent

Nevertheless, the comparison will be made assuming that:

® Absolute limits and 30 levels are suitable for comparison

® (Comparison of features where a one-to-one correspondence
exists wlll be adequate
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e A conceptual equivalence between gquantities in lieu of
precise equivalence may be accepted
Figures 12 and 13 compare the newly developed 20 tolerance level and the

current 2¢ standard for ILS Glide Slope structure for Category I and Category

II facilities respectively. (Refer to Para. 217.44 and 217.5 (16)(a) of Ref. 5.)
The current structure standard for Category I facilities is conservative with re-
spect to the tolerance level., The current structure 2¢ standard for Category II
facilities is slightly more permissive than the 20 tolerance level throughout

mest of 1IIS Zone 2. At the end of Zone 2 and throughout Zone 3, the current stan-

dard bvecomes increasingly conservative as the threshold is approached.

Figure 14 compares the current (absolute) standard for ILS Glide Slope change/
reversal in slope with the newly developed tolerances for Category I and Category
II and III facilities. (Refer to Para. 217.5 (16)(d) of Ref. 5.) The current
slope change/feversal standard is quite conservative throughout most of ILS
Zones 2 and 3 with respect to the 3¢0 tolerance level for Category I facilities.
For Category II, however, the current slope change/%eversal standard is more
permissive than the 3¢ tolerance level throughout most of ILS Zone 2. At the
end of Zone 2, and throughout Zone 3 the current standard becomes increasingly

conservative as the threshold is approsached.

Figure 15 compares the current average glide path alignment standard with
the tolerance for the typical aircraft path response for Category II ILS
Glide Slope facilities. (Refer to Ref, 21.) These standards and tolerances
are not truly comparable bzscause the standard in actual fact applies to a
combination of the alignment error of the actual path with the commissioned
or desired angle, and the aircraft path response to structure (as represented
by the so-celled average path), while the newly developed tolerance applies
only to the uvypical aircraft path response to structure. (Recall that
overall system landing performance was found to be insensitive to the align-
ment error between the actual path and the coumissioned or desired angle.,)
Despite this disparity in the quantities being compared, the current standard

is conservative with respect to the 30 tolerance level throughout IIS Zone 3.

The above comparison illustrates a practice which must be avoided in
future revisions of standards. Specifically, the current FAA average path
alignment standard is a combined specification on critical and non-critical

features of the IIS Glide Slope, i.e., aircraft response to structure and
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the alignment of the actual path with the commissioned or desired angle, res-
pectively., While the present standard is conservative because the combined
specification on the two features is less than 3¢ tolerance level for the
critical feature in ILS Zone 3, the standard would have been unconservative
had it exceeded the 30 tolerance level, and landing safety goals would per-
haps be compromised. This is because, with a combined specification, a hypo-
thetical situation could exist wherein the (non-critical) alignment error
could be very small and the (critical) aircraft response could be large, but
still acceptable under the standard, but unacceptable with respect to the 3¢
tolerance level, On the other hand, if the combined specificetion is con-
servative (as it is at present), the effect is to overly restrict the allow-
able Glide Slope structure in some cases; specifically in those cases wherein

the alignment error consumes & substantial portion of the allowable error,

Care should be exercised to avoid such combinations of specifications

upon distinctly different features in a single standard in the future.
IMPACT OF REVISED FLIGHT INSPECTION STANDARDS

The impact expected as the result of applying the proposed revised flight
inspection standards will affect the Flight Standards Service, Flight Inspec-
tion National Field Office, ithe Flight Inspection District Offices, Flight
Inspection Groups, the airport facilities operators, and the aircraft operators
and crews. Maximum benefits with virtually no burden will acecrue to the air-
craft operators and crews. At high levels in the organizational pyramid the
benefits will be more closely balanced against the burden, The main benefits
will be generally increased levels of safety and productivity for airport faci-
lities and aircraft. At the highest level the main benefit will be enhancement
of regulatory goals for safety of aircraft operaticas. This will be through
the development and provision of flight inspection standards which are

more keenly atuned to actual operational needs for ILS approach and landing,
Flight Standards Service

The Flight Standards Service will bear the economic burden of validating
and converting the tolerances proposed as a result of this research effort
into flight inspection standards. The principal benefit to the Flight Stand-

ards Service will be that of furtherin, their mission through the promulgation



of flight inspection standards which at the same time enhance the safety of

1LS approaches and landings, and encourage more intensive and effective use

of existing 1LS facilities. Safety will be served by replacing several steps

in the flight inspection data analysis procedure now dependent upon human
judgment with data processing. However, only those steps which can be better
accomplished by data processing than by human judgment (i:g;. averaging) will

be replaced. In addition, specifications will be placed upon variables de-
rived from the flight inspection data. These derived variables will have direct
relevance to the conduct of approach and landing operations. For example, sepa-
rate specifications will be applied to variables representing typical indicated
glide path deviation, actual glide path deviation, and actual glide path devia-
tion rate response. (This is in distinction to current procedures wherein
separate specifications are applied to various features of the "differential
trace” which has only an indirect relevance to the conduct of approach and
landing operations,)

The revised standards will encourage more intensive and effective use of
existing ILS facilities because the separate tolerances applied to the de-
rived variables will be more flexible and permissive than the current standards,
This will also result in a reduction in the number of so-called "special case"
installations.,

Proposed rev. sions include maintenance of a central archive for magnetic
tapes containing flight inspection data. Even though data need only be kept
for a fixed limited time, the burden of maintaining this data is new. (It is
assumed that the current practices for meintaining oscillograph record data will
be continued.) The magnetic tape data archive will provide the benefit of a
compact permenent record of the basic inspection data, These records will be in
a form that may be readily used to reproduce oscillograph records, or which may
readily be subjected to more extensive enalys.s should special lnvestigative or
research needs arise.

Furthermore, the revised method for obtaining flight inspection data will
require a minimum of new equipment.
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Flight Inspection National Field Office, Flight Inspection District
Uffices, Flight Inspection Groups

Flight Inspecticn National Fileld Office and District Offices

senelits to the Flight Inspection National Field Office and District
Crficey will be increased ILS facility acceptance rates for Category Il
and Category III service, increased flight inspection productivity, and a
reduction in the number of special case facilities. Increased productivity

will result in reduced aircraft operating cost per inspection.
Flight Inspection Groups

Benefits to Flight Inspection Groups will be reduction in flight inspec-
tion workload through introduction of data processing and tolerance overlays
and a reduction in the. amount of judgment which is necessary to interpret the
data., This will be accomplished by relatively modest changes to the current
flight inspection procedures,

Airport Facility Operators

Airport facility operators will benefit from reduced problems in bringing
IIS facilities to commissioned status and meintaining them in that status.
Modest reductions in cost should result from a reduced need for site modifica-
tion and perhaps from installing less sophisticated ILS equipment at some new
facilities, The number of facilities requiring special case treatment will be

reduced,

Burdens upon airport operators will include installation, maintenance and
protection of benchmarks for the RTT and the bare possibility of having to
recommissior a very few 11S installations which meet present standards but

will not meet the revised standards.
Aircraft Operators and Crevs

aircraft operators and crews will benefit from mreater productivity re-
sulting from more permissive standards. A principal benefit ol this inte-
grated development of overall system tolerances is <re of enhanced safety.

Crew confidence in the airborne and ground facilities will be enhanced as the

ey 4 . )o-e 4 P _
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result of applying specifications to variables derived from ILS flight inspec-
tion measurement which have direct relevance to approach and landing success
ard pilot acceptance.
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SECTION IV

;. A REVIEW OF CURRENT FAA AND ICAO STANDARDS

APPROACH AND LANDING PERFORMANCE

Ll o2

The current FAA definition of & successful ILS Category II approach
is given in Ref. 12 in terms of maximum acceptsble airplane dispersions
writh respect to the indicated center of the guidance beam at an altitude
of 100 ft above the runway. (The same definition necessarily applies also
to the successful Category III landing as given in Ref. 13, provided
that the additional sufficlency requirements on touchdown dispersion in
Ref. 6 are mef in Category ITI. See Table 7 herein.) In essence,
the FAA has definéd & "window' that an airplane must be within at the
100 ft decision height:

WP s

Because a decision height window is at the decision height, it is
actually s horizontal window, as shovmn in Fig. 16. Thus, even though
an airplane may be above or below the indicated center of the glide slope
beam; the decision height remains the same (100 ft above the runway elevation

for ILS Category II). This means that if an airplane is above (or below)
the beam, then it must be closer to (or farther from) the runway threshold
when 1t reaches the decision height. In other words, what appears 1o be

a vertical deviation from some point on the beam should really be thought
of as a horizontal deviation from a different point on the beam (a point
that 1s at the same altitude as the airplane). The relation between an
"apparent" vertical deviation from the beam and the more appropriate
horizontal deviation is just the tangent of beam angle. Consequently, the
TLS Category III window tolerance of * 12 £t at the decision height trans-
forms into a horizontal dispersion tolerance of between 13 and 23 times
the window tolerance or between * 228 ft and t 276 ft, depending on the
actual Glide Slope angle © in Fig. 16. These horizontal dispersion
tolerances represent between 30 and 37 per cent of the 20 longitudinal
touchdown dispersion (1500 ft) for Category III performance in Tsble T.

However, this dispersion will be reduced to some extent by the action of the
coupler and coutrol system between the decision height and the flare initig-
Z tion altitude at which point typlcal modern systems cease to use ILS Glide

1

F Slope guidance. The remainder of the meximum allcwable longitudinal 20
:



Airplane that is above indicated
glide-slope beam center is closer

to runway threshold when it reaches
the decision height

Decision Height

Indicated L Decision Height

Window

\- Glide~ Slope-Beam-Center

:/%de Path Angle
< J

Runway

“igure 16. Relation Between Decision Height Window and Maximum
Allowable Leviations Above and Below the Glide Slope Heam .
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TABLE T

OVERALL ILS GLIDE SLOPE SYSTEM PERFORMANCE REQUIREMERTS

Overall Flight Tracking Performsnce Requirement
on Glide Slope

I

IT

III

(No performance standard; only equipment complement, pilot
training and proficiency, and operational standards; see
AC 120-29 [Ref. 12])

From 700 £t altitude to the decision altitude (100 f£t),

% 35 pA or * 12 £t with respect to indicated "on-path"
position, whichever is larger, without sustained oscilla-
tions (AC 120-29, App. 1 pg. 6

From 700 ft altitude to the flare initiation height

[circa 50 £t], * 35 pA or ¢+ 12 £t with respect to indicated
"on-path" position, whichever is larger, without sustained
oscillations (AC 120-28A, App. 1, p. 4 [Ref, 13] and re-
peatable touchdown on ihe runway within the longitudinel
limits 200 £t and 2500 £t from the runway threshold and
with a 20 dispersion of 1500 £t about the nominal touch-
down point (AC 20-5TA [Ref. 6])

~- e

*

For a medium large Jet transport (e.g., DC-8 Series 60) this distance
results from applying the requirement that the pilot be able to see at least
four bars of the 3000-ft touchdown zone lights on 100-ft centers.



touchaown footprint dimension must accomodate:

® Errors in aligning the actual mean path with the com-
missioned or desired angle, and

® Deviation of the indicated center of the Glide Slope from
the actual mean path, both of which shift the center of
the window horizontally with respect to the runway with-
out the pilot's knowledge, and

¢ Additional wind, wind shear and turbulence induced dis-
persion.
The effect of the first item on system landing tends to be minimal since
the mean glide peth asymptote remains focussed upon the GPIP regardless
of the actual mean path angle. This point will be explained further in
discussion of Table § below. However, the latter two items are genulne

concerns,

Figures D=5, 6, 9, 10, 13, 14, 17 and 18 of Appendix D support the
"+ 35 uA or * 12 ft, whichever 1s larger" Glide Slope tracking error per=-
formaence requirement. These values should be interpreted as 20 levels-
since the probebility of missed approach of 5 per cent has been selected
to correspond to the * 12 £t indicated Glide Slope deviation dimension of
the window at the decision height.

The requirement for repeatsble touchdown on the runway within the longi-
tudiral limits 200 ft and 2500 ft from the runway threshold and with a 2¢
‘dispersion of 1500 ft about the nominal fouchdown point is assumed to be a
fundamental and absolute performance requirement in this study.

A second dimension of the window that an alrcraft must be within at the
decision height on a Category II approach is given by a tolerance upon air-
speed deviation. The airspeed devlation, gxclusive >f turbulence effects,
must be within * 5 kts (% 8.45 ft/sec) in order to continve the approach
(Ref, 12 and 19).

The results of the system anaiysis indiceted that airspeed deviation,
exclusive of turbulence effects, is virtually always within the * 5 kts

tolerance for the autothrottle control laws investigated.

The approach window is the same for all air carrlier and general aviation
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airplanes and control systems. Presumably the FAA had in mind a typical
o Jet transport when it devised the window. However, given the operational
; objective, it is easy to imagine an airplane plus controller for which the
: given vindow is too restrictive, as well as an airplane plus controller for
. which it is too permissive. The idea that a single window may not be appro-
, priate for all airplanes and control systems was the motivation behind the
, study reported in Ref, 7. The primary purpose of that study was to determine
hew logically to set the declsion height window boundaries for any given

eirplane plus coptrol system.
ILS FLIGHT INSPECTION STANDARDS REVIEW

{ Current tolerances for ILS Glide Slope structure are based on the desire

: to restrict aircraft path deviations caused by beam roughness, scalloping,
and bends to specific vertical displacements throughout the approach to ILS
Point C¥ for Category I facilities and throughout the approach to runway

! threshold for Category II and IIT facilities. (Normally, self-contained

airborne flare guidance replaces Glide Slope guidance beyond the runway

threshold. )

Table 9 summarizes the sallenlt ILS Glide Slope standards. Part a. of
Table 9 gives the ICAO standards, and part b. gives the FAA standards which
are subjects for this study.

Several standards in Teble 9 are worth comparing with some of the overw
all system performance standards in Table T.

The tolerance on deviations of mean path angle with respect to the

commissioned glide path angle in Approach Zone (Item 2 in Table Q) is * 7.5
percent of the commissioned angle for Category I and IT and * L4 percent
for Category III.

The rather appreciable tolerances on deviation of the meun paih angle in
Approach Zoues 2 and % (by comparison in comparsble units with the tolerance

on overall Glide Slope tracking performance with respect to the indicated

*Definitions for ICAC and FAA terminology used in the respective stand-
ards are given in Teble 8.




TABLE 8

ICAO AND FAA DEFINITIONS USED IN CONNECTION WITH
GLIDE SIOPE STANDARDS

ICAQ FAA

Facility Performance Category I - Performance Category I - ILS
I1S
An IIS which provides guidance in- An ILS which provides acceptable
formation from the coverage limit guldance information from the

of the ILS to the point at which the coverage limits of the ILS to
localizer course line intersects the the point at which the localizer

ILS glide path at a height of 60 course line intersects the glide
metres (200 ft) or less above the path at a height of 100 feet
horizontal plane containing the sbove the horlzontal plane con-
threshold. taining the runway threshold.

Note. =~ This definition is not in-
tended to preclude the use of Facili-
ty Performance Category I - ILS be-
low the height of 60 metres (200 ft),
with visual reference where the
quality of the guldance provided
permits, ard where satisfactory op~
erational procedures heve been

established.

Facility Performance Category II - Performance Category II - ILS
ILs
An ILS which provides guldance in- An ILS which provides acceptable
formation from the coverage limit ol guidance information from the cove
the ILS to the point at which the erage limits of the ILS to the
localizer course line ‘ntersects the point at which the localizer course
ILS glide path at & height of 15 line intersects the glide path at
metres (50 feet) or less above the a point above the runway threshold.
horizontal plane containing the
threshold. Category II Training - ILS

Facillty Performance Category III - A Category I operational use faci-
IS lity with performance within the
An ILS which, with the aid of ancil- standards for Category II and which
lary equlipment where necessary, pro- is advertised as acceptable for
vides guidance information from the Category II qualification training.
coverage limit of the facllity to,
and along, the surface of the runway.

ILS Point "A" ILS Point "A"
A point on the ILS glide path meag- An imaginary point on the glide
ured along the extended runway centre path/localizer course measured
line in the approach direction a dis- along the runway centerline exten=-

tance of L nautical miles from the ded, in the approach direction,
threshold. 4 nautical miles from the runway
threshold.

TRe10k 41 74
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TABLE 8 (CONT'D.)

ICAO

II8 Point "B"
A point on the ILS glide path meas-
ured along the extended runway
centre line in the approach direce
tion a distance of 1050 metres
(3500 feet) from the threshold.

IS Point "C"
A point through which the downward
extended straight portion of the nom~

inal TLS glide path passes at a height

of 30 metres (100 feet) above the
horizontal plane containing the
threshold.

IIS Glide Path Angle
The angle between s straight line
vhich represents the mean of the ILS
glide path and the horizontal.

ILS Reference Datum
A point at a specifled height located
vertically above the intersectlion of
the runway centre line and the
threshold and through which the
downward extended stralght portion of
the ILS glide path passes.

Half Glide Path Sector
The sector in the vertical plane con-
taining the ILS glide path end limi-
ted by the loci of points nearest to
the glide path at which the DDM is
0.0875.

ILS Glide Path Sector
The sector in the vertical plane con-
taining the ILS glide path and limi-
ted by the loci of points nearest to
the glide path at which the DDM is
0.175.
(see on next page)

FAA

ILS Point "B"
An imsginary point on the glide
path/localizer course measured
along the runway centerline ex-
tended, in the approach direc-
tion, 3500 feet from the runway
threshold.

ILS Point "C"
A point through which the down-
ward extended stralght portion of
the glide path (at the commissioned
angle) passes at a height of 100
feet sbove the horizontal plane con-
taining the runwey threshold.

Actual Glide Path Angle
The straight line arithmetic mean
of all deviations of the differ-
ential trace occuring in ILS
Approach Zone 2.

Desired Path Angle
During site, commissioning or com-
missioning-type inspections, the
angle required for the procedural
use of the facility,

Threshold Crossing Height
The helght of the straight line ex-
tension of the glide path above the
runway centerline at the threshold.

Glide Path Sector Width

(Normal Approach Envelope)
The width of a sector in the verti-
cal plane containing the glide path
and limited by the loci of points
above ard below the path at which
a reading of T5 microamperes is obe
tained. (Nominally, 150 micro-
amperes corresponds to 0.175 DDM).

R G o oe, - |
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TABIE 8 (CONT'D.)
Icao FAA

Note - The ILS glide path sece
tor is located in the vertical
plane containing the runway centre
line, and is divided by the radi-
ated:glide path in two parts called
upper sector and lower sector, re=
ferring respectively to the sec-
£, tors above and below the glide
- _'pa‘th.

E 4 Angulax Displacement Sensitivity

u The ratio of measured DDM to the cor-
] responding angular displacement firom
, the appropriate reference line,

DDM « Differsnce in Depth of
Modqulation
The percentage modulation depth of
the larger signal minus the percen-
tage modulation depth of the snaller
signal, divided by 100,

ILS Glide Path
That locus of points in the vertical
plane containing the runway centre
line at which the DDM 1s zero,
which, of all such loci, is the clo-
sest to the horizontal plane.

T, e

ILS Approach Zone 1
The distance from the coverage limit
of the localizer/glide path o
Point "A" (four miles from the run=
way threshold).

T TR TR T e

e 5

ILS Approach Zone 2
The distence from Point "A" to Point
" BH R

B A e

ILS Approach Zone 3
The distance from Point "B" to Point
"C" for evaluations of Category I and
Category II training systems. The dis-
tance from Point "B" to the runway
threshold for evaluations of Category
IT operational cystems.
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TABLE 8 (CONCLULED)
ICAO FAA

B g

Change/Reversal in Slope of the
Glide Path
A long term (1500 feet or more) change
in the direction of the "on path" po-
sition as determined by the graphic
averaeging of the short term (roughness,
high frequency scalloping) deviations
of the differential trace.

Graphical Average Path
The average path describved by a line
drawn through the nean of all devia-
tions in the differential trace; i.e.,
deviations are balanced about the
graphicali average path. This will
usually be a curved line which follows
long term trends (1500 feet or greater)
and averages shorter term deviations
in the differentlal trace.

Trend
The general direction or incline of a
segment of the glide path which per-
gists for a distance of 1500 feet or
more along the approach course.

T R

Differential Trace

! The trace on the recording which is

I the algebraic sum of the Radio Tele-
metering Theodolite (RIT) crosspointer

I (DDM) and the aircraft receiver crosse

' pointer (DDM) and which is produced

by the differential amplifier within

! the airborne Theodolite Recording

L } System (TRS).

A T

Y

k- Categorization

;- A "special" comprehensive evalustion
E ) of the quality of a commissioned

f ! Category I facility in order to deter-
L mine if its performance is within

] % . Category II standards.
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on-path position) might scem to result in u position reference in space
which may vary considernbly with respeet to the runway. Furthermore,
variability of thc mean position of the path in space is unknown to the
pilot under IFR conditions. However, the results of the system analysis
indicate touchdown dispersion is relatively insensitive to variability of
the mean path angle. This is because all mean paths emanate from the seme
point. This being the case, the major contribution to touchdown dispersion
f'rom this source 1s the result of inconsistency of the epproach speed
(because it is based upon commissioned angle rather than the actual mean
path angle) for use with a given flare control law.

The mean touchdown point, which depends upon GPIP location along the

; runway centerline, has a signhificent influence on the sbility of the overall
system to meet the requirement that the longitudinal 20 touchdown footprint
be contained in the interval from 200 ft to 2500 £t from the runway threshold.
(Refer to Table 7.) This, in turn, requires that the GPIP be located in the
interval from 900 ft to 1200 ft sssuming the flare results in a mean touch-
down point at least 50 ft, but no more than 550 ft, beyond the GPIP. Further=
more, the combination of GPIP location, elevation of the GPIP with respect to
the runway threshold, and commissioned or desired angle must result in a
threshold crossing heignht which equals or exceeds (TCH)min' The GPIP, in turn,
is determined by the effective pedestal height of the runway, the commissioned
or desired angle and the longitudinal displacement of the Glide Slope antenna
mast from the runway threshold, and 1s therefore controlled by the antenna
siting.

| The tolerance on beam deviations with respect to the mean path has been
| previously compared with the system analysis results in Fig. 12 and 13, The
i 9urrent Category I structure standard is conservative with respect to the

' system analysis result in Approach Zones 2 and 3. The current Category II

; structure standard is slightly more permissive than the system analysis re-
' sult throughout most of Approach Zone 2, At the end of Zone 2 and through-

out Approach Zone 3, the current standard becomes increasingly conservative

PRSIV

| (restrictive) as the runway threshold is approached.

Some of the tolerances upon glide path alignment in paragrapi 217.5 (14) b
of Ref. 5 have been superceded by Change Order 8240.29, Ref. 21, Table 9b
has been constructed on the basis of paragraph 217.5 (14) b. A summary and

R
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ecomparison of the revised standards with their predesessors is given in
Table 10,

This standard has been previously compared with a roughly eguivalent
result from the system analysis in Fig. 15. The standard is conservative
throughout Approach Zone 3 with respect to the system analysis result.
Since the system analysis indicates landing performance is insensitive to

variability in the mean path, the limits of the standard in Approach Zone 2
are not crucial.

GLIDE PATH RECEIVER STANDARDS

The salient airborne glide path receiver standgrds are given in Table 11.
The tolerance which is the primary concern is the one on centering error. The
centering error tolerance affects the apparent mean glide path as perceived
by the alrborne system. Its effect upon system performance 1s therefore analo-
gous to the effect of deviations of the mean path angle with respect to the
commissioned angle in Zone 2.

The current glide path receiver centering error standard is conservative.
(Refer to the discussion accompanying Eq 23 in Section III.) The suggestion
is made in Section IIT in connection with Eq 24 that the glide path receiver
centering error be incorporated as & component of an overall tolerance upon
airborne system performance as reflected in requirements for a minimum
threshold crossing height.

Glide path receiver centering error does not otherwise affect landing per-
formance in a sensitive way. This is because receiver centering error is

simliar in its effects to error in aligning the beam with the commissioned
angle.
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TABIE 10

SUMMARY OF RECENT CHANGES ON CATEGORY II

I1S GLIDE PATH TOLERANCES RESULITING

FROM CHARGE ORDER 8240,29 ( Ref. 21)

Ttem

Tolerance on deviations
of mean path angle with
respect to @ in
Approach Zone 2

Tolerance at Run-
way threshold crossing

Tolerance on deviations
of mean path angle with
respect to @ in
Approach Zone 3

TR-1043-1

8240.29
37.5 uA

H+

i+

75 b

+ 37.5 uA at ILS Point B
increasing linearly to

t 48,75 pA at ILS Point C,
thence increasing lin-
early to £ 75 uA at the
runvay threshold

82

Superceded Standaxd

+ 0,075 © (approximately
t 48,2 pA)

See Table 9b, Item &4,
Category II.

* 20 pA with resg;ct to
mean path at oint B,
increasing linearly to

values given in Table 9b,
Item 4, Category II.
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TABLE 11

SALIENT ATRBORNE GLIDE PATH RECEIVER STANDARDS
(RTCA DO-132 [Ref. 22] and FAA AC 20-57A [Ref. 6])

Centering Error (20)

r A/C Stall Speed (V) Cat I Cat II  Cat III
| ‘ Vg0 < 55 kts 20uA 16 4A 10 LA

j 55Svso_<_95 kts 16 pA 13 uA- l

i 95 kts < Vgo 1344 10 uA
| Standard Deflection (75 pA at 700 uV input signal level) Deviation
i + 11 pA over an input signal range from 100 to 10,000 LV
:3
= Deflection Balance (Polarity Reversal) Zrror < 3 uA

Visual Glide Slope Deviation Indication

P Range * § inch = 150 uA
uE Linearity over the range *+ 150 yA : < 10 per cent of signal

; or < 3.75 uA, whichever is greater; monotonic beyond the range
) * 150 pA to a value of 0,85 DDM; and over an input signal range
from 100 to 10,000 uV

Step response from O to any |value] < 150 yA: T = 2 sec with
‘ overshoot < 5 per cent of final value

Autopilot/Coupler Glide Slope Deviation Output
Linearity same as above

Step response frcm O to any lvaluel <150 puA : T = 0.6 sec
with overshoot < 2 per cent of final value




SECTION V
CONCLUSIONS

This Section provides an outline summary of the major conclusions
reached as a result of the research and system study reported here.

" Standards of Concern in this Research

Overall System Approach and Landing Performance

® Pilot acceptance of pltch attitude and normal accel-
eration variability on approach

® Glide Slope tracking precision for Category II and IIL
approaches

® Longitudinal touchdown dispersion and locetion limits

IIS Glide Slope Siting
® Minimum and meximum threshold crossing height

Flight Inspection of the ILS Glide Slope
¢ Theodollte placement
® Mean beam alignment
® Beam structure
® Beam slcpe changes/reversals
® Beam off-path sensitivity/linearity
Airborpe Glide Path Receiver
® Centering accuracy
® Off-path sensitivity/linearity

Results of System Analysis to Establish Most Permissive Tolerances Upon
IIS Glide Slope Characteristics

Category I Facilities
® Pitch attitude excursions during final approach limit relaxa-

tion of ILS Glide Slope standards for Jet transport Cate-
gory I operations
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Category II and III Facilities

® Cetegory II and III requirements upon ILS Glide Slope
alignment and structure are identical

® TIS Glide Slope beam alignment is critical (for clear=-
ance in the "low' direction and for sink rate arrest
in flare in the "high" direction) only for values be-
- yond those investigated

B R - o e SN X s

® Category II and IIT approaches which would result in excessive
. touchdown dispersion are converted to missed approaches at
the Category II Decision Height

® Missed approach probability in excess of 5 per cent limits re-
laxation of the ILS Glide Slope specification for jet trans-
vort Category II and III operations

ey e e o G

e ® Landing performance for jet transport Category II operat.. 's
is similar for automatic or manual flight director approach
and landing, and for direct or inertially smoothed coupling
to the Glide Slope

® TInertial smoothing gives a reduction in touchdown dispersion
® Manual landing gives a small reduction in touchdown dispersion

® Touchdown dispersion limits Category II landing performance
for low wing-loading straight-wing aircraft

® Missed approaches and touchdown dispersion for lcw wing-loading,
straight-winz aircraft arise almost entirely from wind, wind
shear and gusts

® The existing Category II Glide Slope tracking accuracy require-
ment 1s probebly inappropriate for low wing-loading straight-
wing aircraft

Recommended Changes for Flight Inspection
Data Collection and Processing

® Place theodolite to minimize deviations arising from the
"pedestal effect"

® All signals currently oscillograph recorded plus barometric
altitude should be recorded directly onto magnetic tape

® Three additional signals representing typical aircraft glide
rath indicated deviation, actual deviation, and deviation
rate responses should be generated by filtering the "dif-
ferential trace"

- mra anl.z 4 s
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Data Analysis

® Standards evolved from the system performance analysis
and based upon 20 statistics appropriate to safe
landing should be used

® Standards should be applied to the typical alrcraft
actual glide path deviation and deviation rate traces
as well as to the typical indicated glide path devia-
tion trace

® Separate ILS Glide Slope standards are not necessary to
determine beam suitability for different user alrl orne
system configurations

® Analysis of beem cheracteristics should be based upon a
5 per cent criterion: The * 20 level for each trace
shall not be exceeded for more thaen 5 per cent of the
eritical trace interval

® * 20 levei: appropriate to each trace should be inscribed
on transperent overlays to facilltate epplication of
the 5 per cent criterion to the oscillograph traces

Tolerance on ILS Glide Slope
Structure, Slope Changes/Reversals
e Existing Glide Slope standards for Category I and II faci-
lities may be relaxed considerably between ILS Point B

and ILS Point C for Category I facilities, or the runway
threshold for Category II facilities

o (Category I standards may be relaxed slightly in Zone 2

e (Category II standards may need to be slightly tightened in
Zone 2

e Additional standards should be placed upon filtered versions
of the "differential trace" which represent typical aircraft
glide path indicated deviation, actual deviation and devia-
tion rate responses

e Category II and III standards should be identical
Tolerance on ILS Glide Slope Alignment
o Existing Glide Slope alignment standards may be relaxed to

the extent that they are not clearance relsted and do not
produce excessive sink rate at flare initiation

TR-1043-1 86
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IIS Glide Slope Siting

® A standard specifying limits for GPIP location should
replace the use of limits upon threshold crossing height
for this purpose. (Specification of a minimum threshold
crossing height should be retained to provide adequate
vheel clearance, however.)
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APPENDIX A

ANALYSIS OF THE COLLINS RADIO CO.
GLIDE SIOPE DATA

This Appendix describes the objectives of the analysis, the approach
followed, and the technical details for the individual steps of the approach -
ag well as the results.

OBJECTIVES OF ANALYSIS
The objectives of the nonstationary statistical analysis of the Collins
Radio Co, Glide Slope data are as follows:
® Extract the mean and varlance for each segment of each
record., Compute ensemble average mean and variance for
corresponding segments of the records
® Extract the power spectral density for each segment of

each record. Compute the ensemble average power spec=
tral density for corresponding segments of the records.

APPROACH FOR ANALYSIS OF DATA

The planned approach has two main facets. The first facet involves
estimating means and variances; the second itvolves estimating the power
spectral densities.

Estimation of Means and Varlances

Editing and segmenting extant data records

1. The existing records will be edited so that samples subsequent
to runway threshold cressing are eliminated. If the data does
not extend to runway threshold crossirg (as in Trace No. U,
Fig. 4 of Ref. 9 ), the data will be reflected about the existe-
ing endpoint to fill the void.

ii. The existing records will ve edited to a uniform even number of
samples corresponding to a 160 second interval. The number of
samples 1s 1120 based upon a nominal sampling rate of T samples
per second (Ref. 9). If the data does not extend backward from
the runway threshold crossing for 1120 samples {as in Trace
No. 20, Fig. 6, and Trace No. 24, Fig. 7, of Ref. 9 ), the data
will be reflected sbout the existing endpoint in order to fill
the void.
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1ii. The individual data records are culled to assure face validity.
The culling process eliminates records for which theodolite
placement was not according to current standard procedure,

or in which there are significant voids, significant error
in aircraft tracking of the ILS Glide Slope or significant
error in theodolite tracking of the alrcraft. Seventeen
records survive the cuiling process. These are record num-
bers 2 through 7, 12, 15 through 18, and 20 through 25 of
Fig. 4 through 6 in Ref. 9,

iv. Each record is stored in a file with a name embodying codes en-
abling programmed calls for operation upon that file by
various statistical subroutines. Necessary arguments in the
file name will indicate

D A time record data file (in distinction to, say, a Fourier
Transform file)

NR Source record number
NI Inter-record set identifier

ND Record set identifier (All records analyzed belong to
s single set.)

via D(NR, NI, ND) or similar. The variable, time, is regarded
es zero at the runway threshold end of the edited record, and
increases in the direction of the outer marker. That is, "time"
is "time to go until runway threshold crossing." The data file
is a sequence of samples stored in this order. Actual seg-
menting is as follows.

Segment Segment Center Segment First Point last Point
Length stec} Time Ssecz Order Number At Time §ue2 Before Time (uc}

(N 32 1 0 64
n 2 32 96

96 3 N 128

] 128 B 96 160

8 4 1 0 8

8 2 N 12

12 3 8 16

16 N 12 2

20 5 16 24

24 6 0 of,

28 T 2 32

32 8 28 36

36 9 32 ko

4o 10 36 Ll

Ly 1" 4o L8

] L8 12 42 52
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Computation of means and variances for individual records

i.

ii.

iii.

The estimate of the mean for each record segment is com-
puted accordirg to

NT

-7-1},-5 i_zNF Dy (NR, NI, ND) (A-1)

ﬁr(NS, NC, NI, ND) =
where:
NF = 7(NC - NS/Q) + 1
NT = 7(NC + NS/2)

NC

Record segment center time (sec)

NS = Record segment length (sec)

1l

The estimate of the variance for each record segment is
computed according to:

]

, D, (MR,...) = Ay(¥,...) )7 (A2)

A2 -
Or(NS, NC, NI, ND) = m:-’-

L5

i

The data for {i, and 0, are listed for each record in the
following format.

GLIDE SLOPE g MEAN AND VARIANCE
2
8 Sec Window
Time Mean Standard variance
(Sec) (MU A) Deviation (MJ A)e»2

4  Ap(NR, 8, NC, ND) 5n(NR, 8, Nc, ND) GE(NR, 8, NC, ND)
12
NC
40

Ly
L8  {p(NR, 8, XC, ND) G5,.(NR, 8, NC, ND) 3&(NR, 8, NC, ND)
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GLIDE SLOPE =] MEAN AND VARIANCE

(sl

.

2
2z
64 Sec Window

Time Mean Standard Variance
(Sec) (MU A) Deviation (MJ A)#*2

32 Gp(MR, 64, NC, D) &,(NR, 6k, NC, ND} 8Z(NR, €4, NC, ND)

NC

i . f ] |

n

128 {,(MR, <., NC, ND) G&.(NR, 64, NC, ND) GZ(NR, 6k, NC, ND)

9
ESTIMATED VARIABILITY FOR 64 SEC WINDOW

0.95 Confidance 0.9%5 Confidence
: Time % Variability Avout Variability About
! (Sec) Mean (MU A) Standard Deviation (MJ A)
I

32 0.520,(MR, 6, X, W) (/Z.5=1)5,(MR, &, N, ) (ATE=-1)8(" 7, wm, W)

| : |
! .

! NC

' |

128 0.523:(NR, &, K, @) (/2-1)3-(MR, &, BC, @) (/OFH=~1)3r(WR, &, X, D)

Number of Ensemble Members 1

15.3
0.254PI

i Degrees of Freedom

) Based Upon WE

#

' There is no estimated variability for the 8 second window results
because there are only 1.33 degrees of freedom for each of these
computed statistics. Hence the variability is very large.
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Computation of means and varisnces for ensemblés of records

i. The estimate of the ensemble mean for eerresponding
record segments 1is computed according to:

1 NND

f(NS, NC, ND) = == %1 (NS, NC, NI, ND) (A-3)

where NN% is the number of records in the set designated by ND.
(NND =17

ii. The estimate of the ensemble variance for corresponding
record segments 18 computed according to:

ND T
82(Ns, NC, ND) = Wﬁ‘ﬁﬂ;—] N?1 E_‘,NF [Dy(NR, NI, ND) - A(K8,.,.)]2 (A-k)

The variance i< -l.¢ equal to:

) [(ms-nmf\:m aé’-(ma...)]
7 NS NND~1 Noy o7
. T—N'SLNI\;\IS_IT:T [(NND-1)3.‘°;r(NS,---)] (A-5)

This may be ured to compute the variancg over the record set, of
the individual means for each segment, 0§, (NS, NC, ND), where:

! 2
8p(NS, NC, W) = =T 21 [Ar(NS,...) = {i(}s,...)] (-6
r=
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iii. The data for {} and 0 is listed in the following format.

GLIDE SLOPE SET 5 ENSEMBLE MEAN AND VARIANCE

= [92]

R g RO e 8 TSR R D T I

| =
i 8 Sec Window
! ) Time Mean Standard Variance
(Sec) (MU A) Deviation (MU A)**2
‘ 3 b (8, Nc, ) §(8, NC, ND) §°(8, NC, ND)
16
|
. 20
| :
" 1]
- NC
{ *
o 40
tl : bk ] r '
48  {A(8, Nc, ND) 8(8, NC, ND) §2(8, NC, ND)
m
=
, 64 Sec Window
Time Mean Standard _ Variance
: (Sec) (MU A) Deviation (MU A)eeg
32 {i(64, NC, ND) 8(64, NC, ND) G2(6k4, NC, ND)
NC ,
i ' l
) ] }
s 128 [(é4, NC, ND) G&(64, NC, ND) §2(64, NC, WD)
i;,
f TR«1043-1 93
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2,
=
ESTIMATED VARIABILITY FOR 8 SEC WINDOW

0.95 Confidence 0.95 Confidence

Time #* Variability About Varisbility About
(Sec) Mean (MU A) Standard Deviation (MU A)

4 0.328(8, 5, ) (/77 ~1)8(8, ¢, i) (/067 -1)8(8, Nc, ND)

8 |

12 ]
NC

40 .

bl Y Y '

48 0.323(8, NC, ND)  (,/1.7~1)3(8, Nc, ND) (,/0.67 -1)5(8, NC, ND)

Number of Ensemble Members = 17 .
Degrees of Freedom = 38.66
Based Upon WE = 0.25*PI (rad/sec)
2
ESTIMATED VARIABILITY FOR 64 SEC WINDOW
0.95 Confidence 0.95 Confidence

Time * Variability About Variability About
(Sec) Mean (MU A) Standard Deviation (MU 4)

32 0.125(6s, N, ) (ATT-1)3(6, Nc, ND) (,/5B%=1) (64, NC, ND)
NC

- Y & '

128 0.128(64, NC, M) (TT-1)8(6x, e, N¢) (/0.8%—1)3(6k, NC, ND)

17
276.66

0.25*PI (rad/sec)

Number of Ensemble Members
Degrees of Freedom
Based Upon WE

TR-104 341 %
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Estimation of Power Spectral Densities

Editing and prevhitening extant data records

;’ i, 11, and 144, Ttems i, 1i, and 1ii under "Editing and segmenting
y extant data records" apply here also.

iv. Each record is prewhitened based upon a form of the power spec=
- tral density assumed to be representative of the original
continuous data. This is accomplished using the second order
difference equation, initial conditions and coefficient values
. given by Eq A-18,

The prevhitening is accomplished with increasing values of i' in
the difference equation corresponding to decreasing distance
to the runway threshold. Thus 1i' corresponds to

' = 121 -1

where 1 is the sample index used previously. The prewhitened
deta records are stored in files designated P and have the

. _ seme arguments as the D flles. The sequence of the samples

‘ in the P file is ithe same as for the D files.

Segment mean removal and Fourier Transformation of itened
data records

1. Segmenting of the prewhitened records is best accomplished by
creating conditioned data files, or C files, which are in a
form directly usable by a Fast Fourier Transform (FFT) sub-
roucine, FFT subroutines typically require that the mean of
each segment to be transformed be zero (or very nearly zero).

The actual segmenting is as follows.

. Segment Segnent Segment PFirst Point Last Point
' Length Center Time Order No. At Time  Before Time

‘ (Sec) ~(Sec) (Bec) _(8ec)
' 128 96 \ 32 160
& 3 1 0 (1

. ‘ [ -] 32 96

, 96 3 & 128
| 2 16 ] 0 32
‘ ) 2 32 2 16 i8
| L8 3 32 &
é 1 " 8

80 5 & 96

"Time" in the above table is in the sense of “time to go before
runway threshold crossing."
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The mean for each prewhilened segment is computed according
to:

m(NS, NC, NI, ND) = === ¥ P;(NR, NI, D) (A-7)

The conditioned date file then consists of sequential entries

Cyn(NS, NC, NI, D) = Pj(NR, NI, ND) - m(NS, NC, NI, ND) (a-8)
for
' NF < 1 < NI

i" = 4 =-NF +1

Each C file contains exactly 7 NS samples.

Creation of the C files, in effect, executes the prewhitened
data record segmenting plan.

Fourier Transformation of the conditioned data files is
accomplished by an algorithm which is equivalent to

NT _ 1 2nk {=7NC
F (NS, NC, NI, ND) = -37- 21:\] Cy(NS, NC, NI, ND)e J g -TC) (A-9)
1=NF

for k =1, 2,...7 N§/2, where Fy(NS, NC, NI, ND) is the complex
number in the sequence stored in the F file whicn corresponds to

the angular frequency 2nk/NS. The result of the computation

is a Fourier Transform file (the F file). The sequence of entries
in this file are the 7 N§/z real parts of the Fourier Transform in
order of increasing frequency, followed by 7 N3/2 imaginery parts of
the Fourier Transform in order of decreasing frequency. Each

F file contains exactly T NS points.
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¢c. Forming estimates of the power spectral densities.

i, The double-sided raw power spectral density estimate is given by:

Wil
- - e e Ry i
O S S S L G B o g

R (was= , NS, N, D) = wmbm bl '™ (¥S, NC, NI, ND)|2 (a-10)
'17375,';: y Wy = NSNNDNI=1 40 W0y Hhy B2y

The argument, k/(NS/2r), represents discrete angular frequency
) as the index, k, ranges over:

S M P LT e )
.

‘ 1 < k < TN§/2

L ii. Weighted averaging of the raw power spectral density is used
to form estimates of the power spectral density which approximate
: the deconvolution of the raw power spectral density which itself
‘ is a convolution of the effective analysis filter freguency reso-
’ lution with the true power spectral density. The computations
used are

|
'é‘(-l-— NS, NC, ND] = <R [ NS, NC, ND
- Wo/an 2 00 N = 3 8 \§grar 0 WO N6

+
=
—
%x
) +
m —_—
A
-
=
Rz
&
A
8
S—
~~
>
1
=
o
S®

- for

and

=v -t 1“’
} G(NSEK,NS,NC,ND)=—3-R(

S TR~ 10431 97 _
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iii. Power spectral density estimates are of most interest when 10
log1 of the power per Hertz is presented as a fuaction of
logyo of the angular frequency. Under these circumstances,
equally spaced data points are desirable and are used. At
high frequencies this allows several points at aajacent fre-
quencies to be averaged with the result that the averaged
value is characterized by a greater effective number of degrees
of freedom and therefore has lower variability.

This average 1s computed according to

k

M
o . k A-12
G(W’NS’ N, ND) = ¥ L G(m,NS, NC,ND) (A-128)

for

2(2M-—1) oM + 1)

<@ g2
M=o, 1, 2’ ouuNX

NS = 2%

where NTS is the number of values in the indicated summation
over ke At Intermediate polnts, this average is computed accord-
iag to

. M
G(“/Ez Ne, m)) S ¥

™~~~

M
wf 2
2[G(-—7—-NS == » NS, XC, m))

No/zx * O W75
M+
-~ {0 ~f ¥ , NS, NC, ND Ao
+G(—7—N32ﬁ,ns,nc,nn)] *%’(sau (A-121v)
for
Mo g <

where NTS is one plus the number of velues in the indicated summa-
e tion over k. The effect of frequency averaging is to reduce varia-
| bility in the power spectral density estimate a~ the average is

: extended over increasing numbers frequency points.
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Post-darkening is necessary for removal of the prevhitening
effects. The computation for removal of the prewhitening is

10 logqo &(W, NS, NC, ND) = 10 logyq (185[‘61);[W6§'?«)(c]> 25)2]

+ 10 log,o &(W, Ns, Nc, Np)  (A-13)

W o= e M 2 oM
T WS§/ex P WSfex’ U W§fEx  WS§lax ’

W, of course, denotes the angular frequency in radians per
second. The date point spacing is snown in Fig.A-1 for
NS = 128, 64, 32 seconds.

where:

The data for § is listed for each of the 9 possible combina-
tions of date window length and data window center time in
the following format.

GLIDE SLOPE SET £ POWER SPECTRAL DENSITY

2
32 Sec Window E% Sec Window Center Time
Angular Freq. PSD
(Rad/Sec) (ph)*+2/Hz 104Log(PSD)
0.196 ... §(w, Ns, NC, ND) 10 logyo 8(W, NS, NC, ND)
W
17.65 §(w, Ns, Nc, D) 10 log,q B(W, NS, XC, ND)

The power spectral densities are listed for the frequencies
at the tick marks in Fig, A1,
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TECHNICAL CONSIDERATIONS

A number of technical considerations are involved with various elements
of the nonstationary statistical analysis described in the previous section.

Considerationy in Computisg Estimetes
of the Mean und Variance

Determination of variability for estimates of the mean and variance

i. The effective statistical bandwidth, We, of a random process is
given by (Refs. 2l and 25)

K

[[oa]

We = s WE fa14)

[~
fonm
[}

where ® is the actual power spectral density of the random process,
WE is in angular frequency ur.ts, and the mean square value for
the process is given by:

2 .
g or ¢ dw

-0n

The effective statistical bandwidth plays a key role in establish-
ing the effective number of (measurement) degrees of freedom in a
sample of that random process whicu i3 T seconds long.

1i. The effective number of degrees of freedom, k', in a sample of the
random process characterized by ¢ which is T seconds long is approxi-
mated by (Ref. 24)

3TWe ~ 2x
I

(A-15)

K' =

iii. The total effective number of degrees of freedom, k, in an ensemble
of N members, each of which is characterized by ® and each of which
is T seconds long is approximated by

TR-10L 31 101 _
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K = NKk'+1) =1 = N ‘;ﬂ

+N-1 (A-1

The above expression results from the fact that the effective num-
ber of degrees of freedom in any single record is one less than
the effective number of independent data points in that single
record and, in general, the fact that the number of degrees of
freedom is one less than the number of independent measurements.

iv. Confidence intervals for estimates of the mean and varlsnce de-
pend in s key way upon the total etfective number of degrees
of freedom, K for the ensenble under analysis.

g
E
0 ]
:

The variability in the estimate of the mean is quantified in
the following way. The true mean of the process characterized
by ® cen be expected to lie within the interval

ﬁ . o} tK'EfE

B Je+ 1

with probsbility (or confidence level) 1 — B. ty;q is the value
of t in the student t-distribution corresponding to the 100 @
percentile for K degrees of freedom.

The variability in the estimate of the variance is quantified
in the following way., The true varlance of the process char=
acterized by ® can be expected to lie between the values

Koo Ko?
-2 5
Xk;p/2 Xi; 1-p/2

with probability (or confidence level) 1 — B. Xi; q 18 the

value X2 in the X2 -distribution corresponding to the 100 a
percentile for K degrees of freedom.

Figure A-2 is a plot of the normalired confidence interval increment
about the estimated mean for confidence intervals of 0.99 and

0.95., Figure A-3 is a plot of the normalized confidence interval
factor for thLe estimated variance.
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Considerations in Computing the Power
Spectral Density Estimates

Prewhitening of data records

Filtering of time series data records to produce a "prewhitened" record
having a nearly constant power density spectrum in the frequency range of
interest is necessary in order to form accurate power spectral density esti-
mates. (The final power spectral density estimate must, of course, be "poste
darkened" by the inverie of this filtering in order to obtain the estimate of
the actual power spectral density.) Prewhitening is required in order to

minimize the effects of the non-ideal characteristics of the effective spectral
windows., A graphic illustration of the effects prewhitening tends to overcome
is given in Fig. 10 of Ref.2l, vhile a mathematical development which makes

the need for prewhitening clear results in Eqs. 15-56 of Ref. 26.

Prewhitening is best applied to the continuous data record, However, in
the present case only the sampled records are in hand. Since the Nyquist fre-
quency for the sampled records is well above the frequency range of interest
in the analysis, we will apply the prewhitening by means of the difference
equation analog to the continuous filter we would have used for the continuous

data record.

Reference 11 recommends first order filtered white noise with the filter
break frequency set to 0.25 rad/sec as a model for the Glide Slope beam. The
prewhitening filter will accordingly be chosen to have the transfer function:

(s + 6.8)2 (s + a)2 )

This will cause the prewhitened data to have an approximately flat power
spectral density out to 1/0.6 rad/sec, the break frequency of the ILS receiver
filter.

TR=10k4 3.1 105
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which corresponds to a rectangular date window T seconds long. Q1 is also
the Fourier transform of the effective lag window, D1, in the autocorrelation
function domain. D1, in turn, is the convolution of the rectangular time
domain date window with itself. Plots of Q1 and D1
which has been reproduced from Ref. 24. The rectangular daie window would

are shown in Fig. A-4

correspond to the plot of Dy in Fig. A-k 1f T on the abscissa were replaced
by 2(t - NC). These relationships are more thoroughly treated on pages 93
through 100 in Ref. 24.

If o(w,) is white noise, then %(w,) = (crnst), and the fact that R(w)
results from the convolution of @(aﬁ) with Q1(w - w1) is of little conse-

quence silnce '
R(w) = (const) (A-22')
because

2me(w—cu1) ag, = 1 (A-23)

However, if @(w ) is not white noise, but rather is a function which varisg
with o, this convolution distorts the meesurement of G(w ) by means of R(m),
and 1t may be worthwhile to perform an approximate deconvolution upon R(m)

in order to form an estimate of ¢(w1) which is an improvement upon R(m). We

have selected an averaging process for deconvolution glven by

for all points in the sequence x except for the first and last. Figure A-b
shows clearly that a portion of the power which would be included in an ideal
spectral window 1/T Hz wide is lost, and in its place there appears a portion
of the power from the neighboring frequency bands. It is also evident in
Fig. A-h that most of the power from the neighboring frequency bands comes

from the adjacent frequency bands.

This argument can be turned around in order to arrive at the rationale
for the averaging process. Only a portion (let us say 0.9) of the power in
any band 1/T Hz wide actually arises in that band, while most of the remalning

TR=104 341 106
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The extant data record is a sampled record at 7 samples & second. Pre-
whitening will be applied to the sampled data record using the difference

equation analog of the above transfer function

(A-18a)

y(1') = Cuy(i'=1) + Cay(i'=2) + Dyx(1'=1) + Dox(1'—2)
C4 = 2e %7 (A-18b)
Ce = —e-eaT (A"‘e(!)
b -at (& =D b -
D, = K[;§+e (T‘T-;§)] (A-18c)
b a~-b T
Dy = K[z (e"” - 1) e r] e o (A-18e)

sampling interval = 1/7 sec

<
i

The initial conditions on the filter variables are given by
y(0) = y(=1) = x0) = HK=1) = x1)

where y(1') is the prewhitened sample sequence (for 1 < 1' < 1120), x(1') is
the data record sequence (for 1 g 1' g 1120) and x(1) is the first data record
sample. The choice of b = 0.25 rad/sec compensates for the dominant break
frequency in the raw record power spectral density. The double lag with

a = 6.8 rad/sec serves to wash out the lead factor at frequencies well above
1.67 rad/sec where the ILS receiver filter break frequency is located, yet
well below the Nyquist frequency, 3.5 Hz or 22 rad/sec, so that additional
smoothing is supplied beyond the frequencies of interest ir. the power spectrel
density determination.

Post~darkening is applied to the computed, hanned and averaged power
spectral density for the prewhitened process. The post-darkening is the
square of the inverse of the amplitude ratio as a function of angular fre-

quency for the transfer function given above, namely:

( i )2 [ + (6.8)2)° (A-19)
185.6 W + (0.25)2

TR-104%-1 107 _
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Conridence intervals, when expressed in 4B intervals (refer to Fig. A-}),
are the same before and after post-darkening since the interval is the product

of a constant factor and the power spectral density estimate in either case.

Confidence intervals for power spectral density estimates

i. The effective statistical measurement bandwidth associated with
\ any single point in the raw power spectral estimate is 2n/T rad/
sec where T = NS is the data window length in seconds.

This determination of the effective statis*ical bandwidth can
be used to determine the total effective number of degrees of
freedom per frequency point in the raw power spectral density
estimate as was done above for the egtlmates of the mean and

varisnce.

ii, Confidence intervals for single frequency points in the raw
power spectral density estimate are computed in the same way
as for the variance, but using 2n/T as the effective statistical
i bendwidth.

For a single record (N = 1), the total effective number of
degrees of freedom, K, per frequency point in the power spec-
tral density estimate is 1.33; for a nine-record ensemble

(N = 9) 1t is 20; while for a seventeen-record (N = 17) ensemble
it is 38.66. One may refer to Fig. A-3 to determine the corres-
ponding confidence interval. As an example, for K = 20, and a
0.95 confidence lasvel, this interval 1s +3.25 4B, -R.35 dB.

iy Frequency averaging, which is discussed later, can be used to
increase the total effective number of degrees of freedom and
hence reduce the confidence interval., However, this is at the
expense of resolution in frequeucy.

Interpretation of the raw power spectral density estimate

! It is shown in Ref. 26, page 237, for the case of a continuous record
of length T, that the power spectral density estimate is given by

Rlw) = 2 f " o(w)e (0 - o) at, ( A-20)

where ¢(w,) is the non-ideally prewhitened signal under analysis and Q is
the effective gpectral window in the frequenc) domain
2
sin™ ofl/2
Q (w) =

(A-21
. u?T/E )

TR-1043=1 108
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and Dq; Spectral Windows
From Ref. 24 )

power (let us say 0.5) which should be in that band is approximately evenly
distributed among the two adjacent bands of width 1/T Hz.

Frequency averaging of points in the power spectral demsity estimate

i.

When the finite Fourier transform of a sample sequence 1s used
to obtain a power spectral density e.timate, calculated values
of the estimate occur at equal intervals in frequency. Usually,
the interesting characteristics of the power spectral density
require its presentation as a function of the logarithm of the
frequency. Therefore, calculated values of the estimate tend
to be required at equal intervals in the logarithm of the fre-
quency. This fact enables averaging over increasing numbers of
calculated values of the estimate with increasing frequency.
The result is reduction in the confidence interval for the
average as more frequency points are included in the average.

For the above reason, a frequency averaging algorithm has been
included which averages all calculated values of the power
spectral density estimate which fall within an octave centered
on the frequency of interest. The center frequencies chosen
start with the lowest frequency point in the power spectral
denslity estimate for a given data window, and occur at every
one-half octave frequency interval thereafter until the Nyquist
frequency is encountered. This is shown in Fig. A-1.

When the aversge is computed in this wsy, every second polnt in
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the averaged power spectral density is Independent by virtue of
being the average of values in non-overlepping frequency inter-
vals. Half the values in the averages for adjacent points in the
power spectral density are common to both, hence adjacent points
are not Independent.

The manner in which frequency averaging affects the confidence
intervals for the power spectral density estimate is presented
below as & function of the number of frequency polnts, NTS, in
the average.

Number of Total Effective dB Variability
Points in Nurber of Degrees for 95% Confidence
Averege, NTS of Freedom, K (From Fig, A=3)
1 38,67 +2,2 = 1,6
2 78,33 +1.5 = 1.3
3 118,00 +1.1 = 1,0
4 157 67 .
6 237.00 ‘
8 . .
1 . .
16 . .
23 . .
32
L5
6l
91
128
179
256

Computations are based upon We = 2¢ NTS/T, N = 17, and the
expression for the total effective number of degrees of
freedom, The effect of frequency averaging is incorporated
by means of NIS in the expression for W.

The values of NTS listed above correspond to specific center
frequencies for a given data window length. This correspon-
derce has been indicated on Fig. A~1 which gives the center
frequencies for each data window length.

TR-1043-1 116
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RESULTS OF NONSTATIONARY STATISTICAL ANALYSIS FOR SEVENTEEN
CATEGORY II AND II-TRAINING GLIDE SIOPE BEAMS

Pages 35 through 8% include the data for estimates of the mean and
variance and the variability in those two estimates in some cases for
each of the 17 beams. Pages 86 through 88 include similar data for the
ensenble average for all 17 beams. Pages 89 through the end include
estimates of the power spectral density for the ensemble average of all
17 beans.

Time traces for the 17 differential traces analyzed are avalleble in
Ret‘o 9'

The date in this section of the Appendix was produced by David Hemmel
and Bryon Wiscons of the Collins Radlo Co. under the direction of Elmer
Schultz.

SUMMARY OF THE DATA AND ITS INTERFRETATION

Selected portions of the data resulting from the Collins Radio Cc.

enalysis of 17 Category II and II-training quality Glide Slopes are plotted
in Fig. A-5 through -9.

Mean Beam Alignment

Estimates of the mean beam alignment formed using 64 second and 8 second
data windows and ensemble avereging over all 17 Glide Slopes are plotted in
Fig. A-5. A small systematic deviation which does not depend upon range (or
time) from the runway threshold is evident. This systematic alignment
error of 2,5 pyA indicates that the actual beam mean lies above the ideal
C DPM locus.

Beam Total Standaxrd Deviation

Estimates of the beam total standard deviation (with respect to the
; } mean) formed using 64 second and 8 second data windows and ensemble
averaging over all 17 Glide Slopes are plotted in Fig. A-6. The total
standard deviation, gt’ consists of the root-sum-square of components arising
: from the Glide Slope=to~Glide Slope varisbility of the mean aﬁe’ and from the
ensemble averaged variability of each Glide Slope over the data window time

; TR-1043-1 1 {
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1 ]
The 8"1 component therefore corresponds to beam structure.

intervel, g

°

An estimate of the stationary power spectral density for a 128 second
data window extending from 32 seconds to 160 seconds and which is an en-
senble average over all 17 Glide Slopes is plotted in Fig. A~T. The data
points are nicely fitted by a power spectral density model

8,96 12.90
(;a(mg ). -—-f-?-—-- (A-25)

0)2 + (018)2

’.l‘his power spectral density model may be integrated to obtain an estima.te of

aTl for 32 < t < 160 seconds.

2 128 96)
(o) do = (5.99)° (A-26)
2:: -©

This in turn enables calculation of an estimate for SAQ over the same time
interval since Gt = 10 uA over that time interval.

e = YO ~O° = B.01MA , 3R<t <160 sec (27)

Since the mean alignment error does not depend upon range, it is reasonable
to assume that the standard deviation of the alignment error is also inde-
pendent of range 80 that 0,5 = 8.01 uA for 0 < t < 160 seconds.

~

The total standard deviationm, Ty is plainly dependent upon range in
Fig. A-6. Tt will be assumed that this dependency arises solely in 0_ for

. ]
t < 64 seconds.

Beam Range-Varying Power Spectral Density

The range-variastion of the total standard deviation has been attributed
above to the variability of the Glide Slopes over the data window interval.
This variability is expressed in terms of a power spectral density. It has
already been indicated that 3 = 5.59 uA for 32 <t< 160 seconds. In order

TR10k 31 113 _
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to obtain a curve fit for the interval O < t < 160 seconds, the residual®
hes been plotted versus t in Pig. A-8. The time function

5y = 599 + 14,88 /10T (4-28)

provides an excellent fit to the data in both Fig. A-6 and A-8.

The range-varying power spectral density must be such that it has the
standard deviation Sﬂ' It would be desirable to fit appropriate power
spectral density models to data for an 8 second deta wiadow. However, the
lowest frequency point in that power spectral density data would occur at
0.785 rad/sec which is at the upper end of the frequency range of interest.
The power spectral density model could not be fitted to the data with reason-
able confidence in the ebsence of dsta at lower frequencies.

As s substitute, the 64 second dasta window power spectral denmsity data
at 32 second window center time is used. The appropriate standard deviation
in this case is:

3,,(6%52) = J(St(éh,aa))e - 38 = 9177 uA (A-29)

It is shown in Fig. A-9a that a power spectral density model

(64,32) 30.32
o {(w)

(A-30)
o + ( .18)2

fits the data rather well. (Notice that the half-power frt(equgnc;srs

A 12 )9

&y = 0.18 rad/sec, has not been ct(xanged6§'rom the value in ¢ (@) .)
128,9

The power spectral density model, ¢ (w) , has also been superimposed

In Fig. A-9b and A-9c upon the power spectral data for the 64 second da*a
wipdow at the 64 and 96 second center times to show the good quality of

*Actually, the natural logarithm of the residual is used for analytical
convenience in determining the time function

TR~1043=1 15
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fit. The conclusion to be drawn is that &TI = 0.18 rad/sec is a good
estimate of the half-power frequency for the power spectral density for
0 <t < 160 seconds.

T 2

Given the sbove fact that the half-power frequency of the power spectral
density, o is independent of range (or time), and the standard deviation,
Gﬂ’ as & function of range (or equivalently, time), the firil pover spectral
density model for the interval O < t < 160 seconds is:

: 2
- 0.3595(5.99 + 14.88 & ¥/10-T)
ow) = (A-31)

o + (.18)2
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GLIDE SLOPE . 2 MEAN-AND. VARIANCE

e e~ an

o .. b-SECOND_WINDOW ?
—_ TIME o MEAN. STD-DEV \IAR!AN_CL‘__}
(StC) (WU A) (MU A) (MU A)w%2
,,,,, S ST S S 649711 48.5956..
8 ~4,2874 5,9702 35.sa34j
T ae T T weaear 4,1650 17,3470
—_— il wb 6974 2JH380 00 64265
20 =7.,5653  2,9902 8,9411
24 -5, 0764 6,7156 45,0995
—— RO w3 ,062617 1.0689 42‘9689]
32 -b,5784 644246 u1.27eo}
T -10,9175 4,8918 23,9302
—— - 40 . =7 ,9005 44,5013 20,2613
44 “2,9686 4,0836 16,6776
T L4196 3,365z 11,3244
64 SECOND WINDOW
TIME MEAN STD VEV VARIANCE
U SECY s o o AMUZA) (MU AL (MU_A) %52
32 ~4,1033 6,5153 42,4489
e —b,8239 8,1857 67,0060
.96 o =1M,0259 5.1914 26,5366
124 .9,3540 3,6849 13,5783
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i

4495 CUNFIDENCE Ue95 CONFIDENCE
TIME 4y« VARIABILITY ABOUT VARIABILITY ABOUT .
- (SEC) - MEAN--(MU_A) STO DEV. (MY A} |
42 503879 5.5782 “1,7275 '
—_— — — [, . - —nd
96 2.6787 2.8291 =1, 2659
128 1.9161 2,0237 «, 9771 |

_— . ) %
a
|
|

NUMBER OF ENSENBLE MEMBERS = 1
_DEGREES _(F_FREEDOM 5 15.3

BASED UPON VWE = 0,25%pP]

ELENEL Pl 2
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GLIDEL SLOPE & MEAN. ANC VARIANWCE - .- —— . ——

—— e = e e

. _.._B_SECOND_WINDOW
- TIME . o MEAN .. ____STD DEV VARIANCE %
(SEC) (MU A) (MU A) (MU A)w%2 3
e 643537 4.8370 195094 T
b .1.5732 8.,4921 72,1150 §
g2 7,913 5.8882 34,6705 é
e 10 e e, 5364 D,9568_ 35,4833 é
20 ~l,0404 4,2504 18,0660 ! ?
T e e1,0779 3.9641 15,7144 g
28 = y9172 4.7211 22,2887 %
32 L5216 4.5039 20,2850 ? ;
C T 3e T 1.s204 5,0196 25,1985 %
MU . =473 B,3967 70,5082
44 o, 7498 6.4602 41,7336 %
T ows -.u628 4,1019 16,8258 ‘
64 SECOND WINDUW
TIME MEAN STU DEV VARIANCE |
o ASEC) . - (WU M) (MU_A) (MU_A)wx2
32 .21 5869 7.9637 63,7368
Y S WY 3 7 9,5927 92,0205
96 03720 . 9.0774. 82..399_9__j
: 126 2, 1971 11,5890 154,3041

TR-104 31 126




N s G s A e BART R EWETEMT Ty LR SR Y TR S I TRRMIGSS) § SR, O £ T NP ATt

SIOUX FALLS (9~30-6Y) GLIUE SLOPE

MINIMUME -.938
— - MAXIMUNS . B4

ZERO REF .= =,0460

FIRST DATA POUINT NUMBER= 15%
- NUMBER OF VALID POINTS=1321.-

. OVERALL SIGNAL MEAN= ~10.684%
OVERALL SIGNAL SIGMA= 9.985
~——-~AVG -FOR.-THE.1120-SAMPLES .= =13,531
SIGMA = 8520

—— o e———— . ——— -
e e s e —_— e e e v——————— — [ —
- o - e s e m—— . r——— . o= et e % S o
'
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- jadbed T F TE g ey P e, R R e e N N 23 00 e S 5%%2;2%«‘“5 e

Y

e, - ’
TR N NARRS

ESTIMATED VARIALILTY FOR 64 SEC WINDVW . —- -

y
L L
B o R
3 095 COWFIDENCE Ve95 CONFIDENCE .
f . TIME +v= VARIABILITY ABOUT VARIABILITY ABOUT
" L USEC) - m . e o _MEAN. (MU_A) STO DEV (MU &)
| i
2
| T T — T
| 32 4,1515 “,3846 *2,1169
a4  w9a82 20,2683 °2,5435
|
ii e 6 e e 4,7203 4,9853 2 4089
|
| 128 6,0263 © bl3s4E -3,0728
|
- 1
' !
© NUMBER OF ENSEMBLE MEMBERS = 1
e - ——-DEGREES_QOF_FREEDUM_= 15,3 1
BASED UFON WE = 0,25%PI |
3 i e e - - ..
|
|
¢
|
|
z _
ff

TR=104341 128



:

e, o A SRS

RS Sl S

GLIUE SLOPE

A T SRy o, ¢

Rt o and e e s R Tl SR S Sia a1 T U R L

4 MCAN AND VARLANCE. . ... .. .

e — .- 8 SECOND-WINDOW — —_.
~TIME . . — .. MEAN ST eV VARIANCE .
(st.C) (U A)

S —_— . -.=ll,01l2

(MU A) (MU A)wn2

L E.9642 15,7151

8 ~12.5592 4,5931 21,0966
Y O e1,0657 5.6284 31,6789
16 - 72 34U 328 S.4463 29,6617
20 “17.c61% 9,9900 99,8002 |
T a4 a1,5330 6,1078 37,3054
28 o ___ =b,3328 15,9224 35,0757
3¢ | -5,1971 7.7954 60,7686

T 3 11,6626 6,3162 39,6941
WUl eA0.581% . 4,1011 16,8189 _

44 ~9,3151 3,637 13,2338

T 4s T Tegs 1067 16,9265 286,5058

64 SECOND wINDOW

TINME MEAN
e ASECY. . . . {MU A).
3¢ 15,6509
o .6“ S m_——'ltﬁ.ﬂ“_f;"l

- .9 . =10,0864

128 ~le 8882

TR-10k4 341

STD DEV VARIANCE
oAMUCAY L (MU A)xs2
10,6244 112,8773
10,1455 102,9311
646120 43,7294
6,5460 42,8505



ESTIMATED VARIAGILTY FOR 64 SEC.-WINDUW - .

.95 CONFIDENCE V.95 CONFIDENCE
TIME +9= VARIABILITY ABOUT VARIABILITY ABOUT .
CUSEC) e . MEAN (NMU.A) STD DEV_.(MU A)
1 52 545247 58348 ~2,6171
: 64 ) - 5,2797 9.5718 .2,6901
96 e 4,438 56317 _=1,7%34
128 5,409 345950 -1,7357

"~ NUMBER OF ENSEMBLE MEMBERS = 1

e . DEGREES OF FREEDUM = 15,3

BASED UPON WE = 0.25%P1

f
f
b ¢
i
¥
|
f
y
i’_ TR-10431 130




.
TTREOY .

B

2L

ey sy sty
H i

. FARGOy ND (g=27=69) GLILC SLOPE
. MININMUMS -e970
e - MAXLIMUNMS  _ . B77. e

ZERU REF = =,0125
FIRST DATA POINT NUMBER= 144
NUMBER OF VALID POINTS=1134 ... _ . —_

OVERALL SIGNAL MEANS =14,320
) OVERALL SIGNAL SIGMAa= 4,282

— - AVG FOR- THE 1120 -SAMPLES 3 =14,e986. . .

SIGMA = 4,193
|
y
i ; e e e e e % e+ e e e e e e e e -
|
& - - —— e m—— t—— —— et
1 e e e e —
[
|
| e et o o e o e e aaan _
I
i —
3
; e e e e e e e e e e
<
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GLIDE SLCPE O MCAN.AND VARIANCE

8 _SECOND-WINOGW

- TIME _ _ e . MEAN o STD DEV VMARIANCE _
(SEC) (WU A) (MU A) (MU A)we2
M L __=26,4636 4,9230 24,2356
Y 23,5646 4,5466 20,6717 {
12 21,6258  1,5529 2.0100
16 21,2238 1.6419 2,6959
20 c10,4447 2.5797 6,6547 |
TR T T e14.20878 3.33%4 11,1252
—_——Re . =14,2218 31,2660 10,6666
3¢ ~15,1386 2,4353 5,9306
T 3e =18,488 1.7646 3,1137
e 8V . L =15,9160 1.8520 3,4299
44 .12,8426 1.8290 3,3454
Y ~12,8671 1.7937 3,2174
b4 SECOND WINDOW
TIME MEAN STD DEV VARIANCE
— {SECY . (MU_A) (MU _A) (MU Adex2.
32 =16.5454 5,4935 30,1788
64 ~1.6701 1,4601 2,1320
e 96 . ~12.0922 1.8089 3.2721 ;ﬁ
126 “12,7480 2,1452 4.6019
TR-1043=1 132 [/




— A

{

: ESTIMATED VARIAGBILTY FOR 64 SEC WINOYW . . . . ..

|

N : ' Ue95 CONFIDENCE Ue95 CONFIDENCE

: TIKE +9= VARIABILITY ABOUT VARIABILITY ABOUT
_ASEC) . . _MCAN (MU A).__ . STD DEV (MU_A)

52 2.8966 3.0170 «1,4566

T 64 - CoL1893 T L,8019 -,2872
96 9406 o 49934 -, 4796,

| 128 ' 1,1155 1.1781 -, 5688

{

| e e e e e

’ NUMBER OF LNSEMBLE MEMBERS = 1

| e —QDEGREES _OF _FREEDOM 5. 15,3

"} BASED UPON WE = 0.25%PI

TR«1043-1 133




DENVCR 26L (11-19-60) GLIUF SLOPE
MINIMUME  «1,039

————— MAXIMUMS - .. ,969 - ———
ZLRU REFO= ~,0301
FIRST DATA PUINT NUMEBER= 144

NUMBER OF VALID POINTS=1(089 - -

%

OVERALL SIGNAL MEAWS 7.869
OVERALL SIGNAL SIGMA= 4e770

eeee—m- AVG FOR THE 1120 .SAMPLES = _. 7,647
SIGMA = 4.903

TR=-1043=1 134



GLIUF SiLGPE © MEAN AND VARLANCE . ¢ e —em

8 SECOND- WINDOW- . . — - -

TIME mE AN . . ._..STD DEV. _— —___VARIANCE_
(SEC) (MU A) (MU A) (MU A) w2
4 .o 18,3130 — . 4,5972 . _. 21,1346
o 10,5310 5,0084 25,0842
12 T 7.0481 S 3,7569 T 14,1144
16 oo leddULy o B,TB98 . 33,1751_
20 13,9255 5,7203 32,8358
24 6,u605  6.u814 42,0083
20 . 241825 4,28% 18,3582
3¢ 4, 7548 4,0946 16,7657
36 C 1,7u08 5,0310 25,3112
4 - -owleb0Sy _ . 3,0387 o 9,0944
44 2,1329 4,2096 17,7210
T ub  s.a618 1.6864 2,8439

64 SECOND wINDOwW

TINE ME AN STD ULEV VAKIANCE
(SeC) ... (MU S e AMUCA)Y (MU A)e%2
32 vea924 6,2780 39,4128
64  u,8T91  4,5058 20,8465
%6 o T.4259. . 3,289 _ .. _ . 10.8211 _
126 bel49S 343640 11,3166
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E ] B T 8 P AL L3 e R0V L AW e orier Pt 1w = v

ESTIMATED VARIABILTY FOR 64 SEC WInDva . e

Ue9S CONFIDENCE V.55 CONFIDENCE
TINE +v= VARLABILITY ABGUT VARTABILITY ABOUT
{SLC) - . MEAN (MU A).— - . _STD. DEV_(MU_A)

32 93,2649 S.4478 ~1,6646

ol Z.8742 2.507% -1,2106

.. 96 . AG206. . o heBUBG. . =,08722

1c¢b 1,749% L8475 6920

NUMBER OF ENSEMBLE MEMBERS = 1

UEGREES UF FREEDOM =.1%.3 - —

BASED UPUN WE = 0,25»pP]

e e e ) b A A gt st e

: . U
: TR~1043-1 136
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Y

Fhdia oAl & L 4

L PRSPy YR [EE R .
. 124 e W YRR Do TN G VIR s g e vt v e e o ee e s ees e N T T e T e P, e

NENVER 395 (le2=69) GLIUE SLOPE
MINIMUME «1,080
MAXINUME . s941 .
ZERD REF,= =,0371
FIRST DATA PUINT NUMBER= 144

NUMBER OF VALIDC POINTS=1323 e

OVERALL SIGNAL MEAN= 7.596
OVERALL SIGNAL SIGMA= 10.111

AVG FOR THE-1120 .SAMPLES = _bH.eh)1-.
SIGMA = 8107

— - — - ——— e
——— =
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TINE
(SL0)

o

o
1l
16

2L

4y

ko

TINME
ASeC)

3¢
64
9u
128

TR-1043-1

O VS WS ——

6LIDL SuLOPE

7 MEAN AND VARIANCE

8 SECUND .WwINDOW .-

MEAN o STD DEV—— . __ VARIANCE_
(MUA) (MU A) (MU A)%x2
S 1040401 . BeT648 . 33,2329
10,4513 3,60824 13,5603
b,6458 T 4,0u89 16,7190
SRS SR 3.6937_ .. 13,6431
-, 6603 8,5683 73,4166
T an, 5594 4,9646 24,6474
o e849T20 24720 6,100
~5,7095 3,2643 10,7868
Ce5,1007 4,5289 20,5113
L =B,9T52__ 4 4585 19,8776_
-.6278 9.1142 63,0685
B 2.6138 643209 39,9532
64 SECOND WINDOW
MEAN STD DEV VARIANCE
- (MU A) (MU A) __ ___ (MU_Adex2
1,5006 8,5763 73,5527
T cl9ser T T10se0y 56,8650
L BUL9% 5. T4%4 . . 32.9976_
1.9726 7.4089 |

54,8912

138




&
:
h ESTIMATEL VARIAGILTY FOR 64 SEC WINDUW e

ve95 CONFIDENCE  Ue95 CONFIDENCE

TIME +y= VARIABILITY ABOUT VARTABILITY ABOUT
. {SEC) . e . .—  _MEAN (MU AL STD_DEV. (MU _A)
32 ' 4,4597 %,7100 22,2740
" - 5,9213  4.1414 «1,9995
. 96 . 1Y 2 & 2.3548. _  _=1,5231
128 4,856 4,0689 “1,9645%

" NUMBER OF ENSEMBLE MEMBERS = 1
e e DEGKEES..UE.FREEDUM_S_15.3

BASED UPON WE = 0,25%pPl

~—— - -———— = e = O

W e = = < 3 e v —— ———

[Ru— - n—
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CHICALO ORD TX=1 (1U=14 ©9) GLIULE SLOPE

MINIMUMNE =1.194

- MAXLNUM= 1.048
ZERU REF = =.0681
FIRST DATA POINT NUMBER= 135
NUMBER OF VALID POINTS=1035

OVERALL SIGNAL MEAN= T.734%
OVERALL SIGNAL SIGMA= 3,932

... AVG FOR THE 1120 SAMPLES =
SIGMA = 3.911

Tel192 —

4
3
:
i
%
%
4
]
£
ks

— = - - - - - f—
s »

TR~10L 31
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e iy ) g
b o
. —— . e

- By L

5 .
2 :w:g:ﬁf?ﬁ;%iw_ggﬁ? '

TINME
(St.C)

le
16
2V
4
20
32
do
4y
L L

b

TIKE
. (SEC)

126

TR=10k 3«1

GLIDE SuCFE 14 MEAN AND VARIANCE —_—

&6 SECLOND WINDOW e e

MEAN . . . ——_.STD UEV._— . VARIANCE_
(mU A) (MU A) (MU A)x%2
949285 o 54897 __29,5905_
6.7307 2,9651 8.7916
1U.6A25 T auees T izuasst
18,5320 . o 1,1139 1.2407_
14 45388 2,0659 4,2676
16,1397 2,2899 5,2437
e - 14,8656 33,2098 . 10,.301G
11,5950 2,9125 8,4815
9,5126 1,8517 3,4287
e 706891 2.0298 _4,1201
5,9893 9749 .9505
6.4338 2.2957 5,2704

64 SECOND WINDOUW

ME AN STO DEV YARIANCE
(U A) (MU A) . (MU _A)x»2
10,0409 4,2862 16,3889
- 6,6430 2,6031 6.,7759
e 92072 2,4873 6.0386
6,4369 2,9651 8,7919
1



CHICAGO OHA Tx=1 (9=26=6Y) GLIULE SLOPE
MINIVUMS «1,197
MAX]MUMS 1.0486

ZERO hEF .= =,0571
FIRST DATA POINT NUMBER= 126
NUMBER UOF VALID POINTS=1017

OVERALL SIGNAL MEAN= «6,082
OVERALL SIGNAL SIGMA= 7.637
~—- AVG FOR.THE 1120 SAMPLES = ..=5,y95

SIGMA = 7.310

e e e ettt

TR-1043-1 142
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; ESTIMATED VARIABILTY FOR 64 SEC WINDUW .
¢ 0.95 CONFIGENCE  Ue95 CONFIDENCE
TIKE +v= VARJABILITY ABOUT VARIABILITY ABOUT
(St.C) . MEAN (MU A)- - ——— _ __STD.DEV_{MU_A)____
22 2,2299 <.3551 ~1,1370
64 1.4586 1.4296 -.6902
. 96. . o . .1.,21718 Ae3496 =, 6516
1¢b 1.,9419 1.6284 -, 7862

NUMBER OF ENSEMBLE MEMBERS 3 1
. CEGREES .UF FRELDOM_ 3. 15.3

BASED UPUN WE = 0.25#P1

TR-1043-1 143




TR

b 2o o b i e ol L o Bl g b e

FRTCE:

GLIDOE SLOPE 15 MEAN AND VARIANCE

b SECOND—-WINDUOW.

TIME . . . MEAN o e .8TO UEV-— — VARIANCE—
(SLC) (MU A) (MU A) (MU A)sw2
eee Mo . . =5,0995 . _________ 7,3688 54,2948
0 - 5431 6.7247 45,2210
14 2 4739 C 3,0109 14,5197
- 16 - —_ e ,T7293 o 1,2901_ 1.,6643
2u 5,5642 2.5842 6,67681
TTae T T Ts3e2a 3.3202 11,0240
- 20 . . 1.,4995 4,1971 17,6158
3¢ 1,9722 4,3102 10,5774
T ze T Ts,u0ss 3,7310 13,9202
e MU m .. _e.oSER_ 4,288y 18,1133
. 4,6442 7.9244 62,7960
T e 71,0379 5,36828 26,9742
64 SECOND WINDOW
TIME ME AN STO UEV VARIANCE
o ASECh._. . tMU_A). (MU_A) (MU_A)en2
32 .5211 be3484 40,3020
BT «2,0071 7.6696 56,6234
96 =a,b6b47 6.9081 42,9999
126 =10,3080 849769 15,8159
TR-1041-1 14k /
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—

ESTIMATLD VARIALILTY FOR 64 SEC WINODUW —_—

V.55 CUNFIDENCE Ue95 CONFIDENCE .
TINE 49= VAKIABILITY ABOUT VARTABILITY ABOUT

(SEC) MEAN (MU A) .o o STD_DEV_(MU_A)_____
32 5,3012 ' 544865 “1,6633
" 5,9882  4,2121  =2.0336

.96 e . _5.,4081____ 945995 1,137,
128 2. 0680 2.1841 ©1.0545
 NUMBER OF LNSEMBLE MEMBERS = 1

o~ . _DEGREES .GF. FREEDUM = 1%,3
BASED UPUN WE = 0,25#P{

— ot the _



CHICAGO OHA T1X«2 (5-26=09)
MINIMUM=E  «1l,160
MAX IMUMS 1.076 -

GLIUE SLOPE

- r—— —————

ZERVU REF .5 =,0324
FIRST DATA PUINT NUMBER= 126
NUMBER UF VALID PCINTS= 981

OVERALL SIGNAL MEANS =8.3%9

o v o———

OVERALL SIGNAL SIGMAZ 7,140
—— -AVG FOR .THE.- 1120 SAMPLES-= . =§,189 -
SIGMA = 7.280
TR-1043<1 146 ;o



TINE
(stC)

1«

2y
24
2b
3¢

36

4y

—40

TIME
{StC)

96

124

N

GLIDL SLOPE 16 MEAN AND VARIAWKCE

mE AN
(MU A)

'O.\:‘ebo
-6,0145

-1.1F42

-U,4870 . .

-4 ,9484

1.1117

cee Lee839.

. 7699
1,5170
- WLHET

5,5201

1.,1002

6 SECOND -wINDOW

STL DEV
(MU A)

- b,7093
4,4087
$,820%

— - 508697
n,92%6

$.5370

— . 342081

2.7654

SR - Ay NV L 5 §

4,0086

2,9152

15,0898

_ .. VARIANCE .
(MU A)%%2

. 22,7466 .
19.4364
14,5945
S o 14,974u
35,1142
12,5146
10,2920
7,6475
25,9057
44,9584

16,0€90

B,4986

64 SECOND wlNDOW

mE AN
(U A)

-4.5925
’\5.51“9
“9,0009

wl4,7741

STO DEV
ce e AMUOA)

5,6955
T 5.5792
9.2214%

3.5956

VARIANCL
N (ML A)xa2

32,4385
31,1269
. 27.2626 .

12,930



B ESTIMATED VARIALILTY FOR 64 SEC WINOUW —

U+9S CUNFIDENCE Ue95 CONFIDENCE
TIM 49~ VARIABILITY ABOUT VARIABILITY ABOUT
. (SLC) e _MEAN_(MU.A) _STD DEV_(MU A}
32 2.9616 541279 .1.5102
o4 o 2.,9012 T 5.0640 «1,4793
—-.96.. ISP TS 111 2.862% e1.2845
128 1.8698 19748 ., 9535

NUMBER OF ENSEMBLE MEMBERS = 1

——— - - -DEGREES QF _FREELDOM = 10,3
BASED UPON WE = 0,25%P]

R Sl

TR-1043-1 148 /
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BATILL CREEK TX=2 (b=16~69) GLILE SLOFE
MINIMUME  -1,149

MAXIMUME 1.075 e
ZERLU REF .= ~=.0105

FIRST DATA PUINT NUMBER= 1395
NUMBER OF VALID POINTS=1b54g . e e e e

OVERALL SIGNAL MEAN= «11.994
OVERALL SIGNAL SIGMA= be340

— - AVG FOR THE.1120 SAMPLES = ~1£,709 . . __ . .. ...
SIGMA = heli9e

TR-1043-1 149
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GLIDL SLOPE 17 MEAN AND VARIANCE -

b SECOND-WINDUW - e
Tive . MEWN . - — . STD DEV.———v——VARIANCE
(SLC) (WU A) (MU A) (HU A)#s2
4 . -®17.9093 3,679 13,5335
o 17,4860 2,7904 7.7688
12 “16,7046 3,870 15,0183
S 16 . 1746615 o _£,0133. 36,1600
20 10,5727 5,2800 27,8767
26 T Tetesz01y 47608 22,6656
.. 28 e e . =1245169 3,3608 11,2951
P 12,5093 Z,2434 5,0320
S s e14,8537 $.4805 12,1137
80 L =17,7397 1.9582 3, 8344
44 16,1960 2,0319 . 4,1286
e Tcle,e%82 2,6983 7.2809
64 SECOND WINDOW
TInE MEAN STO LEV VARIANCE
(SLC) o oo e o (MU A). (MU A). (MU_A)se2
3% “15,5433 4,0575 16,4634
TS PRS 7Y% 2 5.4443 11,8633
96 ) - .®1ll..844 _ 91593 9.9811

120 =9.7469 $.2783 10,747%

TR~1043-1 150

VAT A ab A0 0t Burenc b N i ¢ e S T L

Y



ESTIMATLL VARIAGLILTY FOR &4 SEC WILDIW

UeyS CUNFIDENCE Ve95 CONF1DENCE
TINE 49= VARIABILITY ABOUT VARIABILITY ABOU1
L 1SLC) . MEAN (MU A) - - . STO.DEV AMU_A) —__

52 ce1099 22284 “1.U759
o4 1,7910 LeB916 - .5143
Y% . 1.6428 A T3S . e usi L.

1c¢H 1,7047 4,8004 -,8693

NUMBER OF LNSEMBLE MEMBERS = 1
LEGREES UF FRELDUM. = 19,3 .

BASLD UPON WE = U.20%P]

TR=1043«1 151
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sl

it

‘ SIGMA = 6+192

BATILL CREER Txel (t=16+69) GLIVE SLOPL
MINIMUME  =1,147

MAXIMLUME 1.07%

ZERU REF.= =,0457
F1RST DATA PUINT NUMBER= 139
NUMBER OF VALID POINTS=1449

OVERALL SIGNAL MEANZ 13,321
OVERALL SIGNAL SIGMA= Y.608
AVG FOR THE-1120 SAMPLES = =13,%62

- — .- [ —— ——— —— -
—— - — ——— e ——
-—— - = - P, - e — —

TR-1043-1 152




B L B A i

CLIVE S OPE 18 MEAN AND VARIANCE -

6 SECOND WINDGW -  — o
Tkt MEAN . STU WUEV o . _ VARIANCL
(SEC) (MU A) (MU A) (MU A)ak2
y m2700E57 .. . 1146988 . 136.8616_
3 -28.7743 £.5855 43,3683
1e ~19,6289 © T.s%47 57,0736
. 16 ~lo,u03% . e e G BUTe . 25,1095
20 ~15,08901 3.5719 12,7586
) 24 =19.0823  2.,9969  B8,5816
24 “17.79e4 . . ____ 3,145 o 9.,8301_
32 “14.,5674 249225 8,5413
36 Ce15,u908  2.8256 48,0080
R o ®l4,4103 . 2eBElA. . 8,3047_
44 “16,6576 2 5053 6,2764
4o “15,3473  3,3340 11,1154
6% SECOND WINDUW
TIMe MEAN STD UEV VARLANCE
. {SEC) (MU A o (MU A) - (MU A)ex2
32 “17.0764 7.00836 50,1769
64 T e18,9557  2.8193  7.9484
_ 9% _o=11,0025 . . &,2179 . 10,3552
126 “9,6173 3,3592 11,2842
TR-104%41 153



ESTIMATED VARIABILTY FOR 64 SEC WINOUW

.95 CUNFIDENCE - Ue95 CONFIDENCE
YIME 4y VARLABILITY ABOUT VARIABILITY ABOUY
. (SEC) "MEAN (MU A). oo STU DEV_AMU_A)

02 506055 548902 -1,6782
" 1.4660  L,5483 = 7475
96 .. 1,678% 17613 _=,u832

128 1,7468 1,8449 -, 8907

NUMBER OF ENSEMBLE MEMBERS = 1

- DEGREES.(UF FRELDOM_ =_13,3

BASED UPUN WE = 0.,25%P]

TR=104%=1 154
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B e TS M ORI A

| Rl s bl A de. e i ¢ 4

B b T

o ¥

Y,

"RTTOPT ST TIRY, CRA RS ST I DRy T TV DRSNS K T, 50¢ SYRLDE W v rey e
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TR-104%1

BEAUMONTy TEX (2=12-69) GLILE SLOPE
MINIMUME  =1,158
MAXIMUNME 1.080 - -
ZEKU REF,= =.0407
FIRST CATA PUINT MUMBER= 126
NUMBER OF VALIO POINTS= 657 - e o e e
OVERALL SIGNAL MEANS 7.089
OVERALL SIGNAL SIGMA= 7.608
- AVG FOR THE 1120 SAMPLES = 8,160 ——
SIcMa = 6+872




GLIDE SLOPEL 20 MEAN AND VARIANCE

8. SECOND--wINDOW-—

. TImME - _ MEAN -~ . __STD DEV_— ——___ VARIANCE_
(SLC) (MU A) (MU A) (MU A)e#2
I 0evBS0. 13,2621 175,.BB4G
6 2766 6,5723 43,1958
12 6,9637  6,5398 42,7693
—e 10 - S o.2487 . 5.1648 26,6722
20 3,6178 2,2207 4,9316
24 10,9086 8.2195 67,5594
e 2 28 1848200 1.7110 59,5524
32 11,2544 5,7756 33,3576
T e T 11,e998 5,5506 30,8087
o W0 4,7168 7.6235 58,1182
w4 7.1467 841952 67,1605
T e T 15,0673 4,3106 16,5806
64 SECOND WINDUW
TIKE MEAN STD UEV VARIANCE
‘ e ASKC) (MU A) (MU Adoo (MU Als%2
32 9,5208 7.9686 63,4983
5 T Tes T T 1,288 649218 47,9119
L Sb . D.924Y4 543144 28,2468
It 65,9717 5.3006 26,0964
g TR~104 31 156 -
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Fer ot O IRIIRAGES g T

ESTIMATEL VAKIABILTY FOR 64 SEC WINDVW

0.95 CONFIDENCE .  Ue95 CONFIDENCE
TIHE 4y~ VARIABILITY ABOUT VARIABILITY ABOUT
C(SEC) MEAN (MU A) .. __ STD.DEV_(MU_A) ___
52 4,1437 4,3763 -2,1129
64 23,5994 35,8014  =1,8353
96 2 1657 2,9188 ___ _=1,4092
128 2,7563 £,9111 “1.4055
NUMBER OF ENSEMBLE MEMBERS = 1
. . _DEGREES _OF _FREEDOM = 1543 _
BASED UPUN WE = 0,25%PI
TR-1043-1

157



EL PASO TX=1 (11-25-68) GLIUE SLOPL
MINIMUME  =1,146
MAXIMUMS 1,079 et v—

2ERU REF o= =,0434
FIRST DATA POINT NUMBEK= 13%
NUMBER OF VALID POINTS= 954 . —

OVEKRALL SIGNAL MEANE =5,524%
OVERALL SIGNAL SIGMAZ 12,162
AVG FOR THE 1120 -SAMPLES = . »b,130

SIGMA = 11,277

——— . e—— -

- - - . p o comm e = e e v rwm v ————

J— . een . 4 e ——————— e ——— - v e -

fR-10L %1 188



AR i £ A A B et e o e Ll s e e e e ars g
GLIUE SLOPE 21 MEAN AND VARLANCE e
6 SECOND_WINDOW
TIME . ... MEAN - . —— .S1D DEV.._ ———__ VARIANCE_
_ (StC) (MU A) (MU A) (MU A)s#2
4 . Bl.U246. 446197 21,3418
8 29,414% 6,6050 43,6258
12 © je.9584  &,0710 T 65,1405
—-- 16 e e UGMB312. 03,9312 15,4541
2u 2o2613 85,7055 32,5526
T e T T e, 193y 5, 0572 25,5757
2 o =9,1907 C1.T2lb 2,965
3¢ -5,0851 4,5776 20,9540
Tae T L uha0 2.8332 8,0272
—_— M. o =l49103 44,0260 16,2090
4o ~9,2501 2,7967 7.8213
T ows T T T T leer12 4,2598 18,1455

64 SECOND WINDOW

TImME ME AN STL LEV VARIANCE
(SEC) e oMU AY (MU A (MU _A)xx2
Se o 2704 15,5613 242,1351
L4 ? m'~—~._-mm'lu.766£«~‘ - 3.§}é§w* - 13.8302

9¢ . - __ .. =1l,.uéBe

_— R 4659 . ©,0807

128 ~9,6105 1,8912 3,57¢6



ESTIMATEL. VARJALILTY FOR.64. SEC. - WINOVYW .. ... ..

| 0495 CUNFIDENCE U495 CONFIDENCE _
SR ST +4= VARIABILITY AEOUT VARIABILITY ABOUT
| ($:C) - o . HEBN (AU A) STU_DEVAMU A) !
22 040919 848462 4.1261

- bY ) 2.0689 ) “2,1881 “1,0550
L. 96 e o 1gRBRA . A,3%43 =, 6838
% 128 V9834 1,0386 -45018

R SRR

" NUMBER OF LNSEMBLE MEMGERS = 1
OLGREES . UF. FRELUUM_S_15.3

BASEU UPON WE = U.25¢P1

P e o P

sy Rl oy

P .. ——— .- = -

s e+ e -

— ——— . ) e e P
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AT TAMTALT Rad Y BaberR S, ke Sewaage L e g © e, A R A L O e A P e wMRETR W RIRIR B VT pe

HOUSTON TX=2 (1=7=70)
MINLIMUNE  wl,162
MAXIMUMZ 1,072 —
2ERU REF &  =,U365

FIRST DATA PUIMI NUMBLR= 135
NUMBER OF VAL1ID PCINTS=1080

GLICF SLOPE

"OVERALL SIGNAL MEANS w2,588
OVERALL SIGNAL SIGMAE  6.,97C

AVG FOR THE i120 SAMPLES = =2,119.
SIGMA - 60580




GLIDE SLOPL 22 MEAN AND VARIANCE . . .- o

P o -y -

6 -SECOND- wINDOW.- -

TIME . MEAN - ... . §TD. DEV-——— —__ VARIANCE—
(SLC) TS (MU A) ST MU A)we2
SR e 84172 4.,8203 23,3125
o 242996 5,1418 26,4377
12 =7.2262 T TTse198 12,1077
lo e 308447 8,2722 27,8030
20 -2,7633 4,4681 19,9637
v T alu, 7449 5.5124 30,3850
26 e T928 o 6,4581 41,7072
P -5, 5339 b,2833 27,9129
e T as.g249 9.7145 94,3724
.-4V . . T 2-1-% - T — T J 1] Y 13,7411
4y 5, 4088 5,184 10,1386
Che T T N ays 6,5371 43,3892

- ——-— -

e AT R

64 SECOND wINDOW

TIME NE AN $10 VEV VARTANCE
. ASEC) .. (MU A (MU _A) (MU A)ex2
32 “1e5756 . 747270 59,7062
T e T Lutew 6.114%6 37,3883
L2990 L L . *&ebbo? D.5729 31,0569

1¢e =3.2354 6,2368 30,8980



ESTIMATEC VARIABILTY FOR 64 SEC WINDUW o e

. ve95 CUNFIDENCE  Ue95 CONFIDENCE
TIrE +9= VARIABILITY ABOUT VARIABILITY ABOUT

_(SC) . NEAN (MU A)_. STO_DEV_(MU A}

32 440380 Ye2436 »2.0488

o4 3,1796 8.3%81 -1.6213

T T 1) 3,0806 ___=1,4771

1‘8 002“01 d,4252 '1.6557

NUMBER OF tNSCMBLE MEMBERS = 1

SR .  DEGREES .QOF. FRCEDUM 5_15.3

BASED UPUN WE = 0,25#P]

- - - - - 4 - . - p———

m_1nk=_1 1K/% -



LAKL CHARLESs LA TX*1 (4=2H-u9) GLILE §

MINIFUVE  «]l,.146

MAXINMUMNS leu71

2ERV REF.= =,018%

FIRST DATA PULNT RUMULK= 144
NUMBER OF VALID POINTSs 981

OVERALL SIGNAL MEAWE 2,459

OVERALL SIG6NAL SIGMAZ 11,821

AVG FOR THE 1120 SAMPLES & . 4.YP0 R
SIGNA = 10.246

we
TR-1043-1 164



GLIDE SLOPE 23 MEAN AND VARIAMCE . . . _ .

b SECOND wINDOW.

TikL MEAR L — . 8TD UEV—— _. . __ _VARIANCE_
{seC) My A) (MU A) (MU A)#s2
4 ©2),e760. . ___ 91492 . 63,7061
o' P LLT 9.,1511 83,744
‘1e 14,4034 13,3434 178,0464
_ 16 e - =0,D636 . 3,9808 __ 15,8424
20 -5,2454 53,0103 9,0621
2 e3,0413 4,6066 21,2204
- ... 28 e %20 . 3,1496 9.9199
de 2.964b 5,7402 32,9495
36 T 44,0618 6,5482 42,6795
- 4 S Y '] % P—— b.,5067 30,3240
by 1l.4688 3,2680 10,679y
40 10,0573 " 4,0660 16,6952
64 SECOND WINDQW
TIKE I AN $1D DEV VARIANCE
. AskC) e ABUAY AMULAY (MU A)xx2
3c “l,7052 12,5787 158,2225
6% 71,1909 4,5519 20,7200
- -. 9 e - . be4BYY__ 45,0005 9,0032
120

1V 49646 4,7167 22,2473

© e e g TR Gy AR O BRI N



ESTIMATEL VARLIACILTY FOR 64 SEC WInDVw ' © e

be9Y CONFIDENCE T Ue95 CONFIDENCE

+e= VARIABILITY ABOUT VARIABILITY ABOUY
MEAN .(MU.A) STU. DEV_(MULA)
©,D409 02,9081 3,33%3
2,8670 24,4999 “1,2070
RIS G- 1 -1 | &. I 46429 =, 19%6
2,4527 24,5904 11,2506

NUMBER OF ENSEMBLE MEMGERS = 1

.~.-OUGREES. UF FREEDOM =_13.3

JASED UPUN WE = 0.25%P{

TR=~1043-1 166

E




P a1 e
. Cam

- MAXIMUME 1.069 e

LUBBGCKs TEX (2+27=09) GLIUE SLOFE
MINIMUME  =1,14y

ZERVU Rib,= «,0164
FIRST DATA PUINT NUMEER= 126
NUMBER OF VALLIO POINTS= 711

CVERALL SIGNAL MEANZ 1l.722
OVERALL SIGNAL SIGMA= 5,178

AVG FOR Tt 1120 SAMPLES =.._.11.147
SIGMA = Y2806

W e e mpewem rm——r ¢t am e e v ——

TR~10k %1 167



GLIOEL SLOfE 24 MEAN ANL VARIANCE . e

3

€ SECOND-WINDOW-- -

TiME . . MEAR - e ol STU-DEV-—. ———— VARJANCE
(SEC) (14U A) . (MU A) (MU A)en2
-4 - - = lbe8040. Ho8331. — 20,5486
v 16,0329 3.6613 13,4049
14  18,0R06  3,9884 15,9070
ie . - 11ec0DY o H,4191 49,5245 .
Qv 10,5074 4,465 19,9407
2v T 4 w020 4.3673 19,0735
T R P24 'Y 1 1. 4,035 16,2821
de 12,4518 3,9279 19,4262
36 14,0540 3,1262 9,7730
40 . .. - Y.0l14 D809 30,2828
44 6,38757 3,0916 9,5561
40 11.2787 4,9307 20,5271

-— -

PR PRSP

64 SCCOND WINDOW

TIME ME AN STO UEV VAKIANGE
(SeC) . . . iMU AL (bu_A)__ _(My_Ales2
P 12,2249 b,2032 27,0730

T ew T T T T T ui7233 5,186% 26,8986
96 . .. 1Ueh256 §.5290 30,5703
120 10,2400 59,0461 25,4633

TR-1043-1 168
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MMMWMWwaq FEDIPL ST AT TP ST YRR W Glede Tt GTE e fhes NS TOe g7 s w T SER 0 Pgm etmr oA i an a 0% A M QMBI LIt T0T 4

Gy
X

ESTIMATEL ViAo ILTY FOR 64 SEC WINDUW

e T e st el
b
- e ttn. o stetaansem.,
s R AR o *@xﬁmwmm

We9s CONFIDENCE T Us95 CONFIDENCE
: ) TIWE +e= VARLABILITY ABGUYT ~  VARTIABILITY ABOUT
| tsLC) ] . MEAN (MU A . STO. DEV._ (MU _A)

s et

i - - - e - ——.—

‘ : °2 2.7057 2.8576 ( -1.3?97

b4 22,6969 "2.8483 =1,3752

- 96 -- - - - - i'blﬁi-— 6‘0565 -1=‘.m_.

P 1<8 2.0240 €oT713 -1,5380

NUMBER OF cHSEMBLE MEMBERS = 1
DEGREES UF FREEOUM.3. 19,3

BASED UPUN wE = 0.25%P1

i
| —— —— — ——
|
|
i
,
¥
-
ﬁr —
3

vy ant. v a e _



MIDLAKD o TLX TXel (3=95=69) GLIVUE SLOPE
MINIEUNS 1,143
EAXIPUNE 1,063 . . e

~ e e m e s ———

ZERVU XEF,= =,0439
FIRSY OATA PUINT NUMEER= 128

NUMBEK OF VALID POINTS=z1276 - - -

Al

OVERALL SIGNAL MEANE «1.14D
OVERALL SIGNAL SIGMA= 4.339%
AVG FUR-.THE 1120 SAMPLES 3..-.+1,226

- m— . o Amee w

SIGMA = 4e718

e ——— e — . - =
e e e -t — e e e e = o e =
- - e e —— o ——— o — -
AL
—-— o e v e ——— - -
— - [ ——— ——— - —
-
e - = = -
3
LA
!
.
e+ e e - — e = ‘.-

TR-1043-1 170
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ZEPLINCROIET - TR S AF e L o T L T I Sl R oot meiiler 7 2d - T

GLIOE SLOKE 29 MEAN AnDL VARIANCE

s Lot
A RS o SRR RN

b SECOND .WwINDUW .. . —-

vy

TIME .~ . WEAN .. . ..—_.STD UEV——.—___ VARIANCE—

(SEC) (MU A) (MU A) (KU A) &2
_ .4 11,2933 Bo4STS 71,6990
3 r5.4014 6.2736 49,3583
12 .e.7288 © 4,7808 22,3802
w (8328 . ____ . 5.6222.. 51,6086
Y 5,9607 3, 4932 12,2024
24 e 2,7026 7.3042
Y. - S 3 T P 4.)- | 53,0954
32 4,U352 1,8643 3,4757
3 T 1,210 3,551% 12,6115
4U 783 2.6244 6,8875
4y 2.0243 1.5118 2.2855
4o N W 2,8403 8.0671

64 SECOND WINDOW

T1ME MEAN S1L OEV VAFRIANCE
. tSLC) e o AMU AN (MU_A) (MU_A)s%2
3¢ 05488 644399 41,4724
e« A.'Jéb_q 3.—60“7 12,9936
% - . - .. LPP%-3-1-L 223630 92,5640

124 © ez.4183 2.3929 5,7258




CSTIMATEL VARIALILTY FOR b4 SEC WINDUW

AN TR N R T TN

P S

m o s t——— e =

0e95 CUNFIDENCE 'Ue95 CONFIDENCE

, TImE +e= VARIABILITY AHOUT VARIABILITY ABOUTY
;o (Ste) MEAN (MU A)- - . . —~ST0. DEVAMU-A)e
‘ Iy 3,3408 345368 *1,7076
o4 1.6744 RS T . 9558
9 . L l.c2BB. e Ae29TB . __» b266
1*5 1.2““3 1.31“2 '.63“5

NUMBER OF LNSEMBLE MEMBERS = 1

.. CEGREES uF. FRELDUM 3 _13.3

i GASED UPUN WE = U.25%P1

; L TR=1043-1 172



B g o T

F TR RNTRY RRRReRTI

PR MLTELAL T

| ]

CLIVE SLOIFE SET 1 ENSEMALE MEAN AL vARIANCE

o SECOND WINDOW

Tint WEAN STO LEV  VARIANCE
(Se.0) (MU A) (MU A) (MU A)wx2
4 <1515 17,6208  310.4740
b «3,U299 - 15,6810 . . __245,8944
12 -3, uN26 13,2520 1764115
16 ~Z H8T4 12,3978 153,7059
o L =g 5BYS. 11,6465 136 5748
24 cdoUhL2 10,9569 119,6466
T 20 e1,5517 10,2965 106,0185
de . - . *l.0p9 9. 26038 95,2637
30 -1.,9944 10,0106 100,211
40  e5.i103 9,4353 89,0247
L 1) —— - »1.6175 S. 88848 97,1877
4o .1,121) 11,9714 143,3143
- e e e ___6M_SECOND WINDOMW
Tisk . .omEaN . . STD DEV —NARIANCE _
(SE.C) (MU A) (MU A) (MU A)wu2
.82 .. __. e 242593 12.1610 148,2756
i ~2.5332 10,2593 105,2535
Yo T ec,8023 9,4737 89,7515
1288 . =2,3098 10,511y

110,4849

——ebae s



ESTIMATED VARIALILTY FOR & SEC W]RQUW

V.95 CUNFIDENCE

- e o cr——

V.95 CONFIDENCE

TInt +ve VARLABILITY ABOUT VARIABILITY ABOUY
(5e0) MEAN (MU A) ~—— STO..DEV. (MU_A) —
4 5,6385 240134 «3,2514
" 95,0179 T T dLee1s -2,8935
Y _ W,ed02 .. 507190 =2,4809.
16 5.9673 345279 .2, 2877
el T T s891 2.3251 *2,1565
T - - 844998 9.1118 ___ =2,0181
F2] 3,2949 ¢e9296 *1,9000
g2 T s,1243 2,7770 ~1,6010
$6- e 9 4202 CoBUH2 =3 BYT?
40 58,0193 ¢.6646 “1,7410
we T T s 104 4,8136 -1,8247
— 44 3.8408 24061 =2,2090
NUMBER OF ENSEHBLE MEMBERS = 17
) " DEGREES OF FRELDUM = 38,66
- — BASEU_URON_WE = 0,25#P1 (RAD/SEC)
TR<104 31 174
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{seC)

(1}
vé

1¢8

ESTIMATED VARIALILTY FUR 64 SEC WINDUW . -

0.95 CUNFIDENCE  Ue95 COWFIDENCE
be= VARIABILITY ABGUT VARIABILITY ABOUT
FEAN (MU A) . STD CEV.(MU A)——__

d,4313 «9835 9904

1,205% T T Lee83 ., 8341

ledl92 . .. — o649 =, 7703

1,23%1 o B487 - 8546

NUMBEK OF LNSEMBLE MEMBERS = 17
DEGREES _UF .FRELDUM_3176.66

BASED UpUN Wk & 0,25%Pl (RAD/SEC)

TR~10L3.1 175 B}



A

b e o et e e r——

GLIUE SLOPE SCT 1 PUWER SPECTRAL DENSITY

126 SEC WINDOw 96 SEC WINCOW CENTER TIME
AWGULAR PSL 10%LCG(FSD)
- FREQ- (RAD/SEC)——-mr  --m o UA b4k 2/HZ . -
JU4Y 36,4413 26,3993
069 85,8447 25,6641
S Y S T Iy 13 28,1516
139 237,8094 23,7623
% T 160,8171 22,0633
e 4270 - e e 10140458 20,0482
. 593 73,0742 18,6376
s 43,5598 16,3909
e WTBY e e 20 (641 13 AN T4 —
1,111 11,8677 10,7437
1874 e,euss 7,9559
.._*_2«,221‘_.... 2,6953 —A 3063
314 1,2201 8638
T waes L4944 3.0589
64268 1621 _=7,9033__
8,.bk6 «U54Y 12,6440
© 12.566 T T ease o «18,0245
17,772 - — .. e e g 0082 w22 B536

TR~1043=1 176

o

ATTEN ) RN e i T e



»

Wil S SR Eﬂﬂ«%“ﬁzﬁ‘ﬁ.-@% ﬁw

3 A TN e A ™ (59 13§ LR Q01 F oM i 00 1 ¥ 30618 Tardy A ¢ KR A 4 Tt s PR B N M Y e TP

T

GLILE SLOPE SET 1 POWER SPECTR., DEINSITY

|
|
i

-

[ . 6% SEC WINDOW 32 SEC WINDOW CENTER TIME

ANGULAR PSD 1G%L0G(PSD)
- FREQ (RAD/SEC)—-- — - — --— U #%2/HZ ’
.09 487,1191 26,8764
129 7 s70,8467 25,7732
V186 - e e 68,8774 24, 2140—
270 174,9361 22,4288
Cusvs T 21,1564 20,8335
0985 e 81,6952 19,1220
L 765 44, 4350 16,4773
Cohaann T 24,0716 ©13,8150
1,870 - - - o 12,3700 10,9237
2,22i 6,4606 8,1027
3.l4e T s.1s03 4,9835
B 443 - 1.2539 9827
6,282 L4404 -3,5611
a.eae s -8, 5042
12,566 .. e 40380 - 14,1981
17.772 .0123 19,0678




GLILE SLOPE SLT 1 PUWER SPECTRAL DENSITY

64 SEC WINDOW g4 SEC WINDOW CENTER TINE
ANGULAR PSD 10%L0G(PSD)
: FREQ (RAD/SEC) -~ = = —---(UA)##2/HZ
‘E ' 098 71,8908 26,3441
2 V139 R 228,966 t 23,5009
: - W19 - - e 168, 3663 ——2242626——
E‘ 270 131,971 21,2048
| Tees 92,3205 19,6530
] Y YN Y 3 " 17,3020
' . 745 26,6173 14,2516
1l 14,9982 11,7595
10971 oo o e oo ey 6112 9, 3506——
2,200 52,9859 6.0053
ERTYE 1,7773 2,4976
e — 7009 ~ly 5432
6,285 . 2165 =6,6459
g6  ,0693 -11.5936
| RIS PO e me . —240200 .16,9920_
] 17,772 ,0068 21,6728
e et
;
;
Yy wor arnl, > e - _

a5, g o o s N
AT A, " B i st o 2l S el gy VIR YRR PR TV A N ¥



GLIUE SLOPE SLT 1 PUWER SPECTRAL DENSITY
64 SEC WINDOW _ 96 SEC WINDOW CENTER 1IME |
| . L
a5 AHGULAK PSD 1%L 06 (PSD)
! FREQ (RAD/SEC) - (UA)*2/HZ
5 | U9 268,5995 22,2686
| ,139 49,2800 21,6221
E i 1 314 ,8220 20,6003 —
i | 270 89,0015 19,4940
} . 395 T s4,4886 17.3631
| 555 - e e 31,2345 1 U6
e T0T 16,4199 12.6529
1,111 ) 11,4436 10,5656
10571 - oo o e D,1193 7,092) —
1 2,22, 1,8921 2,7694
} 3,142 - L8568 - 7740
: el B e e — k70 ~—nH 897y
| 6,263 1221 ~9,1325
| 8,686 L0421 -13,7535
120966 o oo e o e 0137 a18,6212
; -23,6360

17,772 0043

TR-10k43=1 179



- e

R R VR s

GLIVE SLOPC SET 1 POWER SPECTRAL DENSITY

e me — — — . !

32 SEC WINDOW 16 SEC WINDOW CENTER TIME
ANGULAR PSO 108106 (PSD)

- FREQ (RAD/SEC)— - = - e UA)mS2/HZ ‘ :
196 513,8047 2;3‘?66
278 igslesa0 aa.:iiir-

V898 - e o 131,6866 21+
558 . 88,8718 19,3668
85 s4Luiee 17,3575

e 3L o mme e e 29,7498 14,7348 —

1,571 . 14,3811 11,5779
2,221 ﬁ R BPPY) " 8,6184
31820 - - e ae e . 5.,7046 5,6875
4,443 1,5369 1.8664
6,285 I 5967 ~2,2426
8 b8~ 1982 =3+0080—
12,560 ,0809 12,9514
17,772 .0162 17,9110
-
:




Ty W eseg e SR S5 gy g W Y kT S Tl

GLIULE SLCPE SLT 1 POUWEK SPECTRAL DENS1TY

. 32 SEC WiNDGW 32 SEC WINDOW CENTER TIME
¢
"? |
- ANGULAK PSD 104L0G (PSD)
i %‘ FREG (RAL/SEC) S e (LA xa2/HE :
B .19 166,7147 22,2715
| 270 136,3499 ‘ 21,3468
: i . ,395 Gl L 97,1982 19487 64—
! W53 61,8296 17,9120
\785 ' 53,1708 | 15,2076
UL S § S e 1743497 12,3929
1,571 1U.4501 10,1912
5 2,221 T 6,6004 641957
} Balde - - e e 3,7082 5.,6855
RS 1,5068% 1.7796
6o285 ,s020 -2,9926
- . e . 84886 - +1684- R PYY.
5 12,566 L0410 13,8686
17.77¢ T b1es 18,4524

-

pws sal - -~



ﬁLthbEFUPE SLT 1 PUWER SPECTRAL DENSITY

=

3¢ SEC wiNLOW

4o SEC WINDOW CENTER TIME

——— e m s mre - mer——

ANGULAK ) 10106 (PSD)
FREG (RAD/SEC) (UA)$$2/H2 oo e e eemmeme oo
V190 166,0454 22,6962
270 159,0480 - 22,0183
,395 318,418 - 20 T84 —
V555 68,2645 18,3420
765 T 35,9890 15,3070
1,111 . . 17,9695. 12454 54-—
1,574 11,2098 10,4960
2,20, b,6038 74049
3,14¢ L2, 405H-— - 3,9540—
Yolikys 29963 w1939
6,245 :“_ L2909 -5,3620
LBeBdo. - e e 0821 2103585
12,966 ,0253 15,9602
17.77% ) ,0098 20,1098

L IRy

YR KRR



RN Ry S B TS

ERE AR S PRSI R i

GLICE SLOPE SET 1 PuKtK SPECTRAL DEWSITY
| , e
12 )
S
1S $e SEC wlNDOW 64 SEC WINDOw CENTER 1INE

¢ ANGULAK PSU 104L06G (PSD)
N FREQ (RAG/SEC) (UAD #X2/HZ oot e e

olio c67,6210 24 , 2784

270 177,3919 22,4693

" 399 - 1U5,8033 S 20,1621

900 50,5498 17,0200

P - e -

# - 789 26,6474 14,2890

1,114 - ~-19,0310 12,0896 —

1.571 9,070 " 9,5763

3 2,22, 58,6945 5,9034

X 3,14¢ e Lo 4BYE e e e 17162 -

Y,549 22800 ~2,3658

6,283 ’ ,1980 -7,0339

2 ey o e b JRCTIEN

oo e e —Bodab e et m e mmee e ,065?) -11-'-6“00‘-—-"'—

12,960 0200 ~16,.,9882

17.77¢ L00T1 -21,4779

N mo_1nhz_1 18%



GLILE SLOPE SET 1 pCWER SPECTKAL DENSITY

S¢ SEC WINDOW

ANGULAK
FREQ (RAL/SEC)

ed90
270
090
-1
o TEYD

1.1

— . mm e mo o ———

80 SEC WINDOW CENTER TIME

—————

PSU 10s,06(PS0)
(UA) #32/HEZ - - — e e - e N
130,2294 21,1471

94,0360 19,6207

LY Y- & SERSN—— s 1} § .

31.0499 15,0u37
Cavses 12,8453
- -11,6895 e 10,7516

59,6743 7.53%91
'z.siuo‘a ' — 4W,0463
1,1069 v e e L4413
J4319 “3,6466
(1512 -8.2001

S 1] & AN =13.,1224
0154 “18,137%
0052 22,8630




R . e

T i . ——

PRy I SRR SRRy v - Ty PRy .
£y g T, 4 £ LR M e T TECRHGI M Ly FRnL T g B e S D AR

APPENDIX B

MODELS USED FOR ILS GLIDE SIOPE; WIND, WIND SHEAR AND TURBULENCE;
ATRCRAFT; APPROACH COUPLERS AND FLIGHT CONTROL SYSTEMS

The equations and numerical parameter values actually used in ‘the
overall system performance model are summarized in this Appendix.

GLIDE SLOPE BEAM ALIGWMENT AND STRUCTURE MODEL

This subsection documents the model of the ILS Glide Slope signal
used in the system performance analysis. The model represents the
received signal in the alrcraft (in distinction to representing the IIS
signal in space). Consequently, only the deterministic portion of the
recelved signal model is a function of the receiving antenna location for

a given range.
The model of the received signal consists of four components:

® ,The far-field stralght line asymptote as determined
"in the vertical plane containing the runway centerline.

® The deviation of the idesl O DDM locus for the comig-
sioned angle from the above asymptote as measured in
the vertical plane containing the runway centerline.

® The deviation of the mean alignment for the actual
beam from the ideal O DDM locus above.

® The devistion arising from actual beam structure with
respect to the mean aligrment of the beam.

The first two of the above components are deterministic in nature, and

are derived by reference to the basic geometric characteristics of the
idealized TIS Glide Slope guidance signal. The parameters characterizing
thelr deterministic functions vary over relatively narrow ranges. Further-
more, those parameters are typically selected within limlts to be favorable
for each ILS Glide Slope site. Typlcal parameter values will be used for

these components of the model.

The forms for the third and fourth components of tne model are based
upon analytical curves which have been fitted to the results of the non-

stationary statistical analysis of actual ILS Glide Slope date conducted
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by the Collins Radio Co. (Refer to Appendix A.) The levels for the
third and fourth components are made variable in this study. The maxi-
mum permissible levels are the object of the investigation.

The third component of the model is a deterministic bias for any one
approach and landing operation. However, from ome approach and landing
to the next the blas changes in order to simulate a popnlation of ILS
facilities. This 1s done by using a range of values for the random para-
meter in this component of the model.

The last component of the model is a stochastic disturbance representing
Glide Slope bean structure.

The specific details of these model components are summarized in the
following subsections.

Bagic Geometrical Considerations

The basicy highly idealized, geometry for the ideal Glide Slope O DDM
signal in relation to the runway and in relation to the trimmed aircraft
approach path (the far-field asymptote) is shown in Fig. B-1. The runway
is assumed to be level and the axis of symmetiy for the O DDM hyperboleid is
assumed to be vertical. Under these circumstances the GPIP is not opposite
the antenna mast or the runway centerline unless 29 is zero. This acenario
corresponds to the so-called "pedestal cagse." If the grade between the run-
way level and the base of the antenna mest is constant, its effect is to
tilt the axis of the O DDM hyperbolold from vertical through the grade angle.
In this latter case, the GPIP is approximately opposite the antenna mast
on the runway centerline regardless of z,. We shall refer to the latter case
as the "tilted case." Hybrid conmbinations of the pedestal and tilted cases

usually occur in practice.

The main distinctions between these two cases insofer as the system per=

formance analysis is concerned are:

® For a given positive z,, the GPIP and hence the nominal
center of the touchdown footprint, will be further down
the runway by approximately z,/tan @ for the "tilted cese,"
all other parameters held constant.

® Tor a given positive z,, the threshold crossing height
will be increased by approximately z, for the "tilted
case," all other parameters held constant.
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These two items influence system performance only insofar as the siting
of the Glide Slope antenna is concerned. Even then the problem is essentially
clearance-related (in distinction to performence-related), amd should be dealt
with by means of assuring that a minimum threshold crossing eltitude is not
transgressed.

The "pedestal case" 1s the basis for the model presented herein. Dif-
ferences between actual cases and the "pedestal case" are represented by the

random components of the model. Threshold crossing height considerations are
presumed to be addressed as part of the individual siting specifications.

The equation for the hyperboloid surface representing O DDM in Fig. B-1 1s

2, = -—‘[ce + ta.ne@1[(x - x.l)2 + (Y - y1)2] + oz . (B-1)

vhere ®1 is the angle that the far-field asymptote makes with the horizontal
plane and ¢ is the elevation of the O DDM surface above the antenna mast base.

Typical numerical values are:

[ = 1.5 ft

© = 3,0 deg

Z1 = 2.0 ft
'y, = thoo, £t
X, = z1/’ca.n @ = 38,2 £t

®1 1s also the angle with respect to horizontal of the asymptote to the
curve which is the intersection of the O DDM hyperboloid surface with the

vertical plane contalning the runway centerline.

The O DDM hyperboloid is well approximated by a cone in the vicinity of
the vertical plane containing the runway centerline. The equation for the

cone is:

r = —tanofli-x)® + (x-y)? 4 (B-2)

mR_10k 2.1 188 o
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The equation for the intersection of either the hyperboloid or the cone
with the vertical plane through the runway centerline may be obtained by
setting y = O in the appropriate equation above.

The far-tield aaymptote to either curve 1is given by:

g * 7% +(X-x1) tan @1 = X tan 61 (B-3)

The origin of the conical reference surface generated by the theodolite
is located along the line O'T', The origin of this conical reference
sturface is nearly always within 100, £t of point O. The exact point of
location is typically determined by the vertical distance between the
line O'T' and the ambient terrain (approximately represented by the line
OT) being 62 inches (Ref. 5). The angle of the line O'T' with respect
to horizontal is the commissioned angle ©. Current practice is to have
® and CH nominally equal so the far-field coincides with the conical
reference. The theodolite will then be located about 62.6 £t in fromt
of the base of the antenna mast for the typical numbers given above.
ther quantities evaluated for the typical parameter values are in Table B-1,

The difference between the curves resulting from the intersection of
the conical reference and the C DDM hyperboloid with the vertical plane
containing the runway centerline is generally regarde& as small at distances
greater than the runway threshold from the GPIP, However, the difference
at the threshold, 2.0 £t (0.109 deg or 23.4 uA) is appreciable. It should
be remarked here that this difference is unique to the "pedestal case." The
"tilted case" 1s not subject to this systematic error which arises in the

pedestal case because of z # O, That is, the effective pedestal height is
not zero.

TABLE B-1 VALUES FOR TYPICAL PARAMETERS

TCH for a;ymptote = 52,408 £t
TCH for hyperboloid = 58,307 ~2. = £6,307 £t
TCH for cunic reference = 58,307 fv

Angular difference WAT basge of = 0,103 deg
antenna mast

uA difference = 22,07 uA

Anguiar difference WRT theodclite = 0,109 deg

uh difference w 23.39 uA

Difference in £t - 2,0 £t
aml.z a -

TR R T R T TR T
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Straight-Line Asymptote Component

The far-field straight-line asymptote at the commissioned angle, ©,

establishes the nominal trimmed flight path for the aircraft equations of

motion model,s Tt is in that sense that this component of the Glide Slope

signal model is incorporated into the system performance analysis model.
The commissioned angle will be treated as a constant (6 = 3. deg) since
the effect of the commissioned angle is taken into account in determining
the ILS siting. It therefore has no appreciasble influence upon landing

performance for the narrow range of values which are typically used.

Deviation of the Ideal Path from the Asymptote

The deviation of the ideal 0 DPM locus for the comnissioned angle from

the straight-line asymptote as measurcd ip the vertical plane contairing
the runway centerline is given by 5; 2 (za - zh) H (za - zc). EE is posi-~
tive when the ideal O DDM locus lies above the straight-line asymptote.
@:%,mmr%ﬂmin

For

a, \/Ex—x1)2+yf + (X-x) |tan® £t (B-4)

whirh will serve as the model for this component of Glide Slcpe signal. The
1+ rameter values will be ®1 = 3. deg, ¥, = +400. £t and x, = 38.2 ft. 3;
msy be converted to pA units by multiplying by KB/R where R 1s the range to
the base of ILS Glide Slope antenna mast and Ko is given by

150. (57.3)
K = —————— = 12278.6 uA/rad (B-5)
°© 0.7

The facility-to-facility variation in these parameters is not spprecilable
in terms of effect upon Ec. Therefore the parameters of the model are fixed

énnstants and the variability is modelled by the variability in the A® com-
ponent described below.

The beam alignment error, &Y, is modelled Ly a random selection for

each approach and landing, from a Gaussian distribution having meen and stand-

ard deviation AS and Tp- respectively.

TR-104 321 140
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M = 0 , B = 2.5CFuA = 0. pA (B-6)
Opng = 8.01 CSF uA (B-7)

where CSF 1s a constant scale factor whose maximum value is the object of
investigation. © + A8 = 91 establishes the trimmed flight path for any

one approach and landing. It 1s in this sense that this component of the
Glide Slope signal model 1s incorporated into the system performance analysis

model.

Beanm Structure

The nonstationary power spectral density analysis of ILS Glide Slope
structure resulted in a model consisting of white noise passed through a
first-order low-pass filter. The bandwidth and standard deviation of the
filter output are

ah = 0.18 rad/sec (B-8)
R -t/10. T4
Gy = 599+ 14,86 e (B-9)

where t is time-to-go before runway threshold crossing. The data were col-
lected during approaches flown at approximately 135 kt TAS. A headwind
component of 8 kt can be assumed, giving a groundspeed of 127 kt (214.6 ft/sec)

The model for the beam structure when generalized to accommodste any arbi-
trary approach ground speed, is

e
]

- /L )n + o vk /L CSF v, (B=10)
To 1 e n ’l‘o n

™ = Kn = (1 +2.h8e(X+1mo)/230b')

x Mo (B=11)

n

where ng 1s the variable representing beam structure, 1, is an intermediate
variable of convenience and v, is an independent unit white noise source.
The parameter value for Lﬂ is determined from

]
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vTo
L = —;— = 1192% (B"12)
n d.)n
and oy = 5,99 uA (B-13)

The characteristic length, 2720k, ft, in the expcnential function is determined
from

L, = 10.7h v; = 2304, ft (B-14)
(o]
while 2.48 is determined from
O'T](O) - Gn(co)
= 2.48 (B-15)

7, (%)

CSF is the same ccnstant scale factor used before in comnection with Eq B-6
and ~-7. Its value is the object of investigation. The nominal distance
between the GPIP and the runway threshold is taken as 1000 ft.

WIND, WIND SHEAR, AND TURBULENCE MODELS

This subsection documents models for the atmospheric disturbance en-

vironment which forms part of the overall system performance model.

The atmospheric disturbance environment model represents disturbances
of three types. These are the mean wind, wind shear, and stochastic turbu-
lence. All three types are characterized by parameters which are a function
of altitude, and which themselves are possibly rendom variables.

The mean wind and wind shear are deterministic disturbances for any one
approach and landing operation. However, from one approach and landlng to
the next, the level of the mean wind and wind shear is a random selection
from a Gaussian distribution having a particular mean and standard deviation.
These disturbances are therefore properly applied to the stochastic portion
of the system performence model, The turbulence is a stochastic disturbance.

TR-1043%-1 192
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The turbulence is therefore applied to the stochastic portion of the
system performance model.

Mean Wind Model and Wind Shear (Ref. 10 and 27)

The longitudinal component, U of the steaay h»ad wind proflile of Ref.

. 27 is used. This results in a profile whose magnitude is determined by &
random selection from Gaussian distribution. Thus, for any given approach
and landing, the profile is fixed, but from one approach to the next the
profile changes. A sample profile is shown in Fig. B-2., To obtain any other
profile 1t is only necessary to scale up (or down) the wind magnitude. Con-
veniently, any particular profile can be completely determined by specifying
the magnitude at a given reference altitude. For the purpose of discussion,
a wind reference altitude of 10 £t will be selected. This corresponds to the
approximate altitude of the center of gravity for a typlcal alrcraft at the
instant of touchdown. At thls altitude the wind magnitude varies from a
10 kt tail wind to a 26 kt head wind (#30) and has mean value of 8 kt. These
vaelues are consistent with the design values specified by the FAA in Ref. 6.

The probability density function for the mean wind, U is & Gaussian dis-
tribution with mean and standard deviation given by:

*

— ) *

u, = Fe h/Hw(Dw log h +Ew)/(Dw+Ew) (B-16)

oy, = 0.75 U CRF (B-17)
where P, = 135 ft/sec (8 kt) (B-18)

] I)w = Oo,'l'3

E, = 0.3

H = 10,000,

W

*
and h™ = H+ hocg
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H is the altitude of the main landing gear wheels and h

is the air-

ocg
craft cg altitude at touchdown. CRF is a scale factor (heving a nominal

value of unity) introduced to permit scaling of the varisbility of the
mean wind and wind shear. The nominal value of CRF is used throughout

this study. The mean wind E; has the following shear characteristics
(Ref. 27).

TABLE B-2 SHEAR CHARACTERISTICS

SHEAR
*
n' (£t) | e
FT/S0/100 £t | ioTS/100 21 |
B ._—“10 T 39.2 23.2
100 3492 2.32
300 1.31 0.77

These characteristics also tend to be consistent with 1/3 of the 8 kt/100 £t
specified by the FAA in Ref, 6 at an altitude of 100 ft. However, the in-
creasing shear with decreasing altltude of the present model poses a more
severe but perhaps more realistic environment than does the Ref. 6 model.

Random Turbulence Model (Ref. 28)

The model for random turbulence is a simplified version of that given
in Ref. 28. Gradient effects associated with the normal turbulence component
are neglected. For any one approach the random turbulence components have
Gaussian probability density functions with zero means. The standard devia-
tion ng shouid be chosen for each approach from a Rayleigh probability den-
sity function having a characteristic speed of °°u ft/sec. However, for

the sake of simplicity, the mean value of ng: which 1s co“1 y 1s used for

all approaches in the overall system performance model.

*The Rayleigh probability density function is for u, (rather than Wy as
stated in Ref. 28). This reinterpretation is based on Private communication
with NASA-Ames personnel (as well as Cornell) which indicates that a typo-
graphical error is the likely explanation.
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2,79 = 0.245 log h* f£t/sec b > 100 ft

Q
Q
i

2.3 ft/sec b <100 £t (B-19)

The standard deviation c:w.g is a function of Gug’ The frequency content of

the random turbulence and Oy, 8re functions of altitude.
()

The power spectral denslties for the longitudinal and normel random
turbulence components at a glven altitude are respectively:

o2 2V, /L,
Oy, = e (B-20)
o + (VAO/Lu)2
dag2(1 5%y /1)
Qw n (3-21)

g o + (1-594VA0/LW)2

1 W
where @ = 5 j‘ ® dw {(3-22)
- Q0

¢Wg is a lower order approximation to the power spectrel demsity given in
Ref. 28, The approximation is such that the mean-square level and half-
power frequency are preserved.

The differential equations for unit-white-noise sheping filters pro-

ducing output variables Ug and Vg having power spectral densities ¢ug and

¢Vg respectively are:

e e ——

. " 'VAO/Lng * Oy, CTF JEVAO/Lu W (B-23)

o
!

v‘:g -1 .59I+VAO/wag + %g CTF {2(1 .591+VAO/Lw ) Wy (B-24)

vwhere vy and Wz are independent unit white noises. vAo ic <che trim epproach
airspeed. CTF is a scale factor (having a nominal value of unity) intro-
duced to permit scaling of the turbulence intensity. The nominal value of

TR=1043~1 196
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CTF is used throughout this study.

The integral scale lengths L, and L, are given as functions of alti-
*
tude h™ by:

L = 111-5[n*]1/3 100 < n* < 1750 £t
wsr1001Y/3 - 673 n* < 100 £t (B-25)
L, = & n* < 1750 £t (B-26)

The standard deviation for the normal turbulence component Uwg is related
to the standard deviation for the longitudinal turbulence component ng
through the integral scale lengths.

Oy = J}‘;]Eu Oy (B~27)

The random turbulence model is used in the stochastic portinn of
the system performance model throughout the approach and landing.

ATRCRAFT LONGITUDINAL MOTION MODEL

The method used for system performence analysis requires that equations
of motion for the alrcraft be in state vector form, include the pertinent
kinematic equations, and that appropriate measures be taken to incorporate
the deterministic wind effects. All of these considerations force some
minor changes upon the customary equations-of-motion model.

The next three subsections cover in turn the kinematic equations, incorp-
oration of deterministic wind effects, and the final set of state equations
for the aircraft and kinematics plus auxiliary equations for sensor inputs

which are not states.

Kinematic Equations

The scenario for the syctem performance medel is shown in Fig. B-3. A
perfectly level rumway is assumed. Figure B-k defines the perturted
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coordinates for the alrcraft body axes with respect to the unperturbed

' (or nominal) coordinates. Kinematic equations locating the aircraf: center
of gravity with respect to the appsrent source of the ILS Glide Slope in
the far-field and with respect to the runway are:

X = X +X, (B-28)
; . M
ﬁ X, = Vﬁo co8 7o (B-29)
ié = ucos 6§ + w sin 63 - (Uz sin 6 ~ Wy cos 6%)0 (8-30)
E = E +H, (B~31)
L, = VE sin % (B-32)
}'12 = e(U: cos 9: + W’; sin 6;) + u sin eg - W cos 9: (B-33)
, W - V;(', cos (6% = 7,) (B-34)
W = Vp stn (65 = %) (B-35)
Additional kinematic relationships of interest are:

d = H, cos 75~ X, sin 7, (B-36)
4, = do-a (B-37)
Ro=  (H+2)%+ (x-%)%+0f (B-38)

R i3 the distance between the aircraft the the base of the ILS Glide
Slope antenns mast. The steady wind® acts in the horizontal direction

*The "steady wind" Viw, 18 here taken as the initial value of the mean
vind uy in the system pertormance model. See the second subsection of this
Appendix for a description of the mean wind.
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only. For a given alrspeed, VAo’ VT is determined by:
o]

‘_._.__
P S R T YR

*
VTO cos 7, = Vp, cos 7A, = VHwo (B-39)

The d@ifference between the ipertial flight path angle and the flight
; . path angle with respect to the steadily translating air mass i1s usually
R quite small for CTOL aircraft. Therefore 7hq % 7, and

: : L AR A [eos 7, (B-40)
. 0 o o

is a valid approximation which also has the advantage of simplicity since
power setting and aerodynamic angle of attack are not explicitly involved.

The equilibrium conditions for the perturbation equatioms of motion
may be developed in terms of useful approximatiors based upon the steady
headwind, vao’ and the trim inertial flight path angle, 7,. Since the equili-
brium inertial flight path angle, 7,, must be invariant with the steady head-
wind component which is a horizontal component:

i . . (] *
| Ta, * sinyp & Vp_sin 7O/vAo 3 VTO7°/VA° (B-41)

The 1ift and drag equilibrium equations are:

=
il

mg (B-42)

mg cos Y,
0

D T * T Ve 7 JV (B=k3)
:' = T, ™8 sln 7Ao = o T ™8 Vp 7o Ay =43

Since the 1ift must be approximstely invarisnt with 7Ao (i.e., steady headwind),
an assumption that equilibriuom airspeed, VAO, is malntained constant regardless
of steady headwind results in Oy and D being independent of the steady
headwind. Maintenance of eqpiligrium, however, then requires that the trim
thrust setting To, be adjusted to msintain the right-~hand side of the drag
equation constant for different values of the steady headwind. Furthermore,

i the trim values of a:, eg, U:, and Wz are dependent upon the steady headwind.

TR T W
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*
0y = aAo + 7Ao + aAo + VTO')'O/VAO (B-4k)

* *
B = o =7, = Oy = VW 7/Va, (B-45)
U: = V}o cos (e: - 7) (B-46)
w*; = VEO sin (6 = 7o) (B-47)

* *
When the steady headwind is zero, then Vy = Vp, = Vp,, 8, = 6,, 75, = %o,

Of = Gy, Uy = U, and WS = W, vhere the unstarred quslities have the customary
definitions. If trim asirspeed is constant regardless of the steady headvind,
and the approximate expressions given ebove obtain, then vAo - V'I' and

VT = Vp, — Vg, /cos 7, where Vg  has the customary definition.

Deterministic Wind Effects

The mean wind and wind shear components of the atmospheric disturbance
environment act in a horizontal direction and therefore must be resolved into
aircraft body-fixed axis coordinates for proper application via the aircreft
equations of motion. Let the longitudinal and normal components (with respect
10 body-fixed axes) of the deterministic atmospheric disturbance environment
be designated Uy and Ya respectively.

u = -u,nos (9:4- 6)
= -u, cos ot (B-48)
Wy = —uwsin (9:+ 6)

- u, ain 9: + Awg‘ (B=l9)

w, represents the mean wind and wind shear component described in the second
gubgection of this Appendix. The linearized approximate expressions for
u, and w, are used in the system performance model. LT\ and vy enter the

equations of motion in the manner of ug and wg.
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TABIE B-3 VARIABLES OF INTEREST
T
i ! SENSOR INPUT
i VARIABLE | FOR FEEDBACK TO REASON FOR INTEREST
F:.—._""'L .
‘ Upg BT Category II window dimension
H Se Touchdown sink rate; defines touchdown
event
q B¢
] ST, sometimes, Se Pilot accepbance
H X Defines miuimum decision altitude passage
and touchdown events
az Se Pilot acceptance
de Be Category II window dimension
X Touchdown location on runway
d True measure of Glide Slope tracking
performance
dc Major varlsble under investigation
B, Measure of control activity
BT Measure of control activity

*¥H is used in practice to schedule galns in the 4, to B, feedback path,
Furthermore, several parameters of the overall system performance model are

functions of H.

In order to maintain linearity in the model, H must be

approximated by a deterministic function of time for the purpoge of gain
scheduling and for evaluation of these parameters.

e a ]y 4




iU

v g ST SR ITTNORS

Awge represents that portion of ground effect which is an apparent
change in the angle of attack. This has been identified in Ref. 17 as the
only significant facet of ground effect imsofar as touchdown related variables
are concerned. Mge is here treated as a deterministic function of the ex-
pected altitude. The details of this function are given later in connection
with numerical data for specific aircraft.

State and Output Equations for the Aircraft

Aircraft perturbation equations of motion are customarily expressed in
terms of states u, w, q and 6. However, output variables must be obtained
which are directly of interest or are inputs to the flight control sensors.
For example, rate of clinmb perturbation 1'{2 is of interest, whereas the
plunging velocity w is not of particular interest.

Teble 3-3 has been constructed to aid selection of appropriate varisbles
for the output vector. It turns out that the number of variables of interest
exceeds the dimension of the state vector. For this reason, there is no
particular advantage to selecting state variables which are also variables
of interest since an output equation is a virtual necessity. This is so
because off-diagonal elements of the complete output covariance array are
of interest at selected times during the solution.

Assuming Z"' = 0 and neglecting normal gust gradient effects, the air-
craft state equations are (Ref. 15)

0 = qu+xww-w’:q ~(g cos 9:) 9

+ Xﬁese + XBTST - qu g - wag
U W W

+ X K u —x;vwo-xwmge (B«50)

% = Zu+ 2w+ Usq (g sin 6g) 6

+

Zﬁeae + ZBTG'I’ - Zuug - wag

8 [ ]
Ze Kou zuvwo 2y B (B~51)
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Mumerical Data for Example Aircraft and Kinematic Constants

i

Numericsl date for the FAA Conveir 880 aircraft is given in Table Bk,
and data for a typical light twin-engine aircraft, the Piper PA-30, 1s given in

Table B-5. A model for aerodynémic ground effect i1s also given,

The selection of the Convailr 880 and Piper PA-30 ajrcraft as representative
is justified in Table B-6. Table B-6 compares key,paramefers which influence
glide path control in a significant way for several well-known aircraft, It
can be seen that the selected aircraft are indeed representative of the ex-
tremes with respect to wing-losding, approach speed, and, most importantly,
with respect to the dimensional stability derivative — Zw'

(- Z;) is a key parsmeter because it governs the achievable bandwidth for con-
trol of glide path angle and also the response gensitivity to normal gusts.

The kinemaiic constants of interest are the initial unperturbed altitude
sbove the runway, Ho, and the Glide Slope angle which is also equal to the
pegative of trimmed flight path angle, Yo Values for these are:

Ho = 1000 £t for CV-880, 750 ft for PA-30

7o = -3,0 deg
Ground effect is usually modeled by correct’ug the nondimensional 1ift,
dreg and moment coefficients as a function of altitude in semi-spans and
the coefficient change between no ground effect and full ground effect.
This relation is as follows for the Convair 880 (the numerical constants
might be slightly different for other aircraft)

| C. = C + K(C -c, ) (B=59)
N Noce Yoe  MooE
X e--2.526(2h*/b)°'891 (B-60)

where CN is any force or moment derivative or trim angle of attack. The
epparent change in angle of attack has been found to be the only significant
ground effect insofar as touchdown variables are concerned (Ref. 17). Ground
effect produces an apparent increase in the angle of attack which can be
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1

§om (M ¢ Mz us (M Wz v s (M + L AuA Tt
v g a7 08, ¢ 00 Nz J0y
= (M Mgz dug - (0 Mﬂzw)'g
+ (4, + Mﬁzu)xw‘\m - ("; + "ﬁz'; )"nwo
- (M M) L (B-52)
o=q (2-53)
vhere:
x; = X, cos 9: + X, oin 6: (B-54)
2, = Z, 008 63 +Z_sin 6 (B-55)
M‘: = M, cos e‘; + M, ain 6: (B-56)
A * . o, #
K = (04318 b +0.) 10 (h - B, - Bocg) (B-57)

g ,
(0.43 dog (H_ + hocg) + 0.35)

The airspeed output equation is:

* +*
Upg = U= ULt (Kw cos ao)“vo - v“o cos 0, (B-%8)

The output equation for H i1s given above with the kinematic equations.
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TABLE B-4

CONVAIR 880 NUMERICAL DATA FOR LANDING APPROACH
CONFIGURATION® O OF GROUND EFFECT (Ref. 17)

GEOMETRY :

v a 7 (deg) b
AO Ab o] Ly

2650 00 -3.000 to 118'3
a RHO MACH ¢ 3 %y

11164 002377 236 -4,20 1.0
S ¢ WEIGHT (1lbs) Iy hoo g

2000,0 18.94 155000, 2.63 x 106 1.4

DIMENSIONAL DERIVATIVES:

X x M
u v q
-.03'75 .0705 e 51 hu
Zu z\.f ZV
-.249 .0 -.6238
M M- M
u W w
0 . 000666 -.003952
X5 Zg, Yy
e e e
.0 - 7.4465 -, 7685
Z
L xa'r By MBT
? - 2,0748 x 10’1+ .0 .38 x 10 -6

*Flaps 50 deg, speed brake 8 deg, landing gear down, CG = .214 MAC,
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TABLE B-5

PIPER PA-30 NUMERTCAL DATA FOR LANDING APPROACH
CONFIGURATION* OUT OF GROUND REFFECT (Ref. 18)

GEOMETRY ¢
v o
AO AO
176.0 .0
a RHO

1116.4 002377
8 4

178.0 5,000

008925

*Flape O deg, landing gear down, CG = 0.1 MAC,

TRe1043e1

v, (deg)

-3.000
MACH

1576

WEIGHT (1vse)

3600.0

-6105
Zb

7
-.0004599

208
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0

3.0

0
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treated as an angle of attack disturbance entering the problem as a deter-

ministic input, AMée, in the manner of wg

* 1. ,0.891
RS T PR
& e ‘oce/ %o
Wwhere b = wing span (ft)
*
h = altitude of aircraft c.g. above ground (ft)

By = trim angle of attack in or out of ground effect (rad)

CV-880 PA-30
¥*
o 0.075%0 0.03490°  red
OGE
o 0.04014 0.0" rad
1GE

ATRCRAFT LONGITUDINAL CONTROL SYSTEM MODELS

The longitudinal control systems to be used with the Convair 880 and
Piper PA-30 aircraft are specified in this subsection. Three different
control systems are used with the Convair 880 in order to illustrate the
effects inertial smoothing and manual control may have upon landing per-
formance with respect to a baseline automatic landing system. The control
system for the PA-30 (which sdmittedly is an invented system) will illuse
trate the effects that vastly different aircraft size, wing-loading and

approach speed may have upon landing performance.

*Numbers estimated to provide effective angle of attack change of
2 deg between in full ground effect and out of ground effect.

e anmloz 4 o2NA
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Convair 880, Lear-Siegler Automatic Landing System (Baseline System)

The block dlagram for this system for Glide Slope final track, flare and
touchdown has been adapted from Fig. 3-5 of Ref, 17. It is designated as
Fig. B-5 here.

The equations for the a.ppréa.ch coupler anl flare computer are

cr N, ke AN N g gy
S - ~ AR S TR
- - N .
O I cx T v Sl v g I s s s ek

Y * ) -—n
§ o= Spng +K (3 - a)/R  (uA) (B-62)
3 = - (1/1'R)q' + (s,‘]KM/'rR)nc + (KQ/I?:RR])'&'c
~ (K cos 7 /ITRIE, + (K sin 7 /[7R])X, (2-63)
. " *
- 7" = KKK.em' o, 1 (0) = vTo sin 7, (B-64)
{ |
B
ﬁ ‘L ée =T (1/Te)5e + (Ks'!‘{a.zzu/‘re)u + (stazzwj"e)w
+ (KsKa Ze, /-re)se + (KSKa Z /re)aT
L e z T

+ (= KsKazZu/"e)“g + (- KsKazZ "e)"g

Hw)
0

* *
+ (KsKaz[Zu cos 6, + 2 sin 60]/Te)(Kwuwo -V

¥*
+ (= stazz w/'re)Awge + (KSKé/'re)q + (Kslcl-1 sin eo/'re)u

i . - . * St * * *
i + ( KSKh cos eo/re)w + (KsKh[Uo cos 8, + W, sin 60]/Te)6

+ (Ksrqlv;o sin /%) + (= KKK KK/t )0 + (= KKK /v )1 (B-65)
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150 uA de A
5Te3 == = 12278.6 =
0.7 deg rad rad
1.0 , B > 600, £t
(B - 50)/550 , 50, < H < 600,
0.0 » H € 50. ¢
1.0 )y B > 50, £t

(H + 12.5)/62.5 , B < 5C, £t

0.25 (ft/sec)/uA
0,175 1/sec
0.253

2. rad/sec

=0,0933 rad/(tt/aeca)

15.8 rad/(rad/sec)
0.15 rad/(ft/sec)

5.2 rad/sec
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S"l is a switch, which, when open, removes the ILS Glide Slope struc-
ture input to the control system. This switch i1s opened to simulate the
continuation of flight under manual control by visual reference to the

ground.

" for Category I approaches if H > 200. ft
. | for Category II approaches with manual landing if H > 100 £t

for Category II or III approaches with automatic landing
if H > 0. ft

n for Category I approaches if H < 200, £t
for Category II approaches with manual landing if H < 100, £t

for Category II or IIT approaches with automatic landing

The equations for the autothrottle are

' = - (1/s,)6" + q (B-66)
2 o= - (1/5)u + (1/7 )u
- (1/'ru)u8 + (cos 9:/1’u) (Kvuwo - Vﬂwo) (B-67)
V' o= oKyt 4 KTee' * KepKage = V (B-68)
k by = = (1/15)8p + (= KKpyg/rp)u'

| * (iy /150" + (Kpye/ 5 g

+ (Ky/ [Tty DV (B=69)

) TR=104 51 214
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where

l/re = 0.2 rad/sec

1/1u = 0.714 red/sec

=
i}

20. v/(ft/sec)

2000. v/rad

cp

1tz = 1.0 rad/sec
1/1Iv = 0,05 rad/sec

L84l /v

o

K = 0.0 ftfsec , H > 50. ft

= 10,14 ft/sec , H < 50. ft

Couvair 880, Lear-Siegler Automatic Landing System
Modified to Incorporate Inertial Smoothing

Only a small modification to the block diagram in Fig. B-5 and Eq B-63
is required to incorporate inertial smoothing of the type represented in
Fig., 2.3.4, of Ref, 23, The only quantity affected is n' in Fig. B-5.

When inertial smoothing of the ILS Glide Slope signal is used, 7' is obtained
in the manner shown in Fig. B-6. The inertial smoothing is obtained by
complementing the Glide Slope error from the ILS receiver output with the
Glide Slope error rate signal obtained from inertial measurements of in-
stantaneous vertlcal speed and groundspeed. The component of n arising from
Glide Slope beam structure and from deviation of the ideal Glide Slope from
its far-field asymptote can be heavily filtered because the aircraft devia-
tion information lost in the filtering can be replaced by the complggentary
inertial measurements

The equations for %' are

& = [sin (g = 70)Ju— [cos (07 = 7) v + Vo (3-70)

TRw1043x1 215
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Figure B-6. Inertially Smoothed Glide Slope Deviation

71' = '(1/TR)'Q' + (SnKx/'l’R)'lc
+(Ko/['rRR])3c - (K, cos 70/(1RR])Hé
+(Ko sin 70/[TRR])Xé - [Ko sin (9: - 70)/R]u

+[K, cos (07 — 7, )/RIw = [k V¥ /Rle (B-71)
°

where

1/ 0.067 rad/sec

The range, R, which enters into the implementation may be cbtained in=
ferentially by means of altimetry or directly from DME.

Convair 880, Stability Augmentation, Flight
Director System and Autothrottle

The flight director system is configured to glve similar performance to
the automatic landing system in Fig. B-5a. Feedback loop galns and equallie~
zation are the same, however, the loop structure is altered to be appropriate
for a flight director computer and the pilot's effective reaction time delay
is added. Furthermore, high bandwidth inner loop feedback of normal sccele
eration and pitch rate are considered to be stebility augmentation functions.
The autothrottle configuration is the same as shown in Fig. Be5b. (Note
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that an automatic throttle system is required for turbojet Category II
operations based upon dual flight directors, Ref. 12.)

It will be assumed that the flight director is used down to the Cate~
gory II decision altitude. From that point on, manual control will be
assumed accomplished by visual reference to the ground. Manual control
during this latter phase of flight will be simulated by the approach coupler
and flare computer shown in Fig. B-5a (with the addition of the pilot's
effective delsy) operating upon the ideal Glide Slope signal. (That is,

n, will be zero.)

The block diagram for the flight director system is given in Fig. B-T,
and equations which are equivalent are given below.

n' = (refer %o Eq B-63 for RHS) (B-T2)
N = KK Kagrn's #" (0) = V;O sin 7 (B-73)
8, = =1/7,)8_+ (stazzu/re)u * (KsKazzw/"e)"

HK K 7 [7.)8, + (KK, Zy /x)on +

z B z T

+(—KSKaZZu/'re)ug + (—stazz w/re)wg * (-—K' KazZ w/'re)Awge

+(K8Kaz[zu cos 6 + 2 sin 6]/t )(Ku - V“Wo)

+(K8Ké/re)q + (;KsKﬁ/"e)f‘é (B=T4)
;l.é = ("1/Tp)l.1é + (= sia GZ/Tp)u + ( cos Bg/‘rp)w

X ¥* . ¥
+(= (U] cos 6 + Wg sin eol/rp)e

HE KK/ + (K/e)n" ~(Vy sty )/a (B-75)

o p

m 1nhz 1 ~4 7
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Kﬁ;p 1.0

—— t
1.22 in, FD/rad 8! e

S

—
~.

Q

H

2.5 rad/sec

All other parameter values are the same as those used for the ™ _ Slegler
Automatic Landing System.

Piper PA-30, Automatic Couplexr, Autothrottle
and Manusl Lending System

The longitudinal control system model for the Piper PA-30 is similar to
that given in Ref, 18, It must be emphasized that the control system is a
hypothetical one. It is, however, typical of control systems used in general
aviation aircraft. The system loop structure differs from that in Fig. B~5
at altitudes above 100 ft mainly in that pitch attitude feedback is used for
path damping in distinction to instantaneous vertical speed. The resulting
system 1s much less effective in coping with shear effects because of this.

The system is used down to 100 £t altitude at which point it 1s assumed
that manual takeover occurs. The Glide Slope signal 1s ideal from that point
on to represent control by means of visual reference to the runway, and the
pitch attitude feedback is replaced by visually perceived ingtantaneous verti-
cal speed. Additi-m of an altitude scheduled gain in the output path of the
Glide Slope integrator provides a model for the menual flare execution.

Block diagrams for the system are given in Fig. B-8 and -9, and the

equations are

7' = (rerer to Eq B-63) for RHS) (B=76)
- KK Ksgrt' 5, '(0) = V;O sin v, (B-TT)
8 =

‘(1/"e)5e + (Kqu/'re)q + (KssevAo/re)e

MTR-10k 31 a1a
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where

1/'rR =

TR-104 3«1

+(Ks[1 - Se] sin GZ/Te)u + (-Ks[1 - Se) cos e:/'re)v

+(K8[1 - SGJ[U: cos 92 + w: sin o';]‘re)e + K8[1 - SGJV;O sin 7er

+0-K8Ké/1e)n" + (-KSKHKéK}/re)n' + (Késevhb/1e)e: (B~78)

2.0 rad/sec

0.43 (£t/sec)/uA

0.084% (1/sec)

1.0 , H > 1500, £t

H - 50

——, 50, < H < 1500, f%
1450

0.0 , B < 50, £t

3.4 red/sec

0.00415 rad/(rt/sec)
20.6 (ft/sec)/(rad/sec)

176. (£t/sec)

1.0 , H > 100, £t

o
o
=]
A

100. £t

o
-
m
v

30. ft

|
=
A
<
&

0N TR AW S (N0 TIAPNEINOL | N S R B e P ST SO R T



' Py 3

iy oo e
D
[~
-

‘-W,;ﬁ&‘mwﬂ— 3 PR »

-

ot g st

However, the values of

DS [P, oA W T 5Dy

- 1.8 é@q
Ry -vﬂ‘ntﬁﬁxﬁmw‘:ﬁ!’%b‘*ﬁ‘{?’ﬁéq?’mfd%’.&ﬁr E:

t3v S Y O i T A SR R

(refer to Eq B-67 for RHS) (B-19)

»
Suu - Suug + (Su cos 90) [Kw“wo - vHW°] (B-80)

-(1/16)9' + (1/%9)9

(B-81)

{1 /-:E)ST + ("SuKu/"E)“'

H—Kp [eghu' + (8K, /556" +(K [xg)K, o0 (B-82)

0.25 rad/sec

2.54 1b-thrust/(ft/sec)

0.125 (1b-thrust/sec)/(ft/sec)

0.5 rad/sec
62.9 1b-thrust/rad

1.0 rad/sec

0. ft/sec , H > 30, £t

0. ft/sec , H < 30. ft

*These values are those given in Ref, 18 and used throughout this study.
and K1y are too low by & factor of 10 and Ky is too

low by a factor of 30 with respect to values which would produce good auto-

throttle performance.



APPERDIX C

STATISTICAL CHARACTERIZA(LION OF
THE TOUCHDOWN EVENT

It is difficult to represent the first touchdown of a landing alr-
craft within the context of a linear system model. This Appendix ex-
plains how such & representation is constructed for use as part of
the overall system performance model.

The conceptual basis for the model is to comsider the landing air-
eraft trajectory in the absence of the constraint imposed by the run=-
way surface. The probability of the event H <0 and He O in the in-
terval t to t + dt is then determined and used to eliminate the condi-
tional dependence upon time of the probability of ﬁ%ninx < ﬁ <0 and

XﬁD X< XTD2 given that H = 0. The resulting expression gives the
1

protability demsity function for all downward crossings of the runway
level, H = 0. By appropriate normalization to discriminate against
multiple downward crossings of H = O by the same trajectory ensemble
member, & result is obtained which approximates the physical touchdown
event which is the first downward crossing of H = Q.

PROBABILITY OF H < O AND H = O

P(- > 0, H = O in the interval ¢ tot +at) & P,
(-f)at
00
P, =ﬁ(-ﬁ)/ aH (-, H, t)
0 0

where the two-dimensional Gaussian probability density function
o(-H, H, t) is given by
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7 <B-H g o (BL=(H) (c4, 5)

and p is the correlation coefficient for H and (-H).

Integration over H on the right hand side of Eq C-2 results in:

0

P, = dt / a(-f) (-H) po(-H, O, t) (c-6)
-2/
Substitution of Eq C-3 into C-§ factoring out e , and making the
change of varisble

8- [P p%}

Y= (0‘7)
0{141 - 92
results in
222
" 2 1
o BV F ° 1 faxy TP
2x oy {5{1‘
/w Y/ ()
+ L Jay c
(-H) - pogz,

where L = —mmcewe——m—
G}'{J1 - p2

Eveluation of the integrals over dY results in:
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Uf{ 1 -p e H

2n UH

P1 = dt

R N L{ 1 - F(L)} (6-9)

NORMALIZATION

The probability of the first touchdown occurring in the interval
t to t + dt will be approximated by normalizing the probebility that
-H >0 and H = 0 in the interval t to t + dt

P (landing in the interval t to t + dt) & P £)dt (c-10)

ol t)at P,Zﬁ1 (Ce11)

pTD(t) 1s the probebility density function for landings as a function
of time.

LONGITUDINAL DLIMENSION OF TOUCHDOWN FOOTPRINT

The longitudinal dimension of the 20 touchdown footprint is given
by the minimum longitudinal interval ( - ) for which the
%1, ~ *m,

robability of <X < and 0 < (-H_\ < f-F iven H = O
P %, S *rp < ¥pp 22d -(“'m)-('“'mm)&-— )
is equal to the 20 value, 0.954L,

*, (m)
F ('ﬁ: H, X, t)
0,954k = ﬁx[:(-ﬁ) ﬁt [" — ]"'rn(t) (c-12)
H,t
x.m1 % ° H=0

The quantity in the square brackets is ihe Geussian probabllity density
function for (-H) and X given H = O and t. The integration over t removes
the conditio..al dependence upon time of touchdown.
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Evaluation of (XTD - XTD ) using the sbove expression can be a
2 1

considersble chore. Evaluation can be trivial, however, if some well-
founded approximations are mede.

o hssume [o(-E, B, X, +)/o(8,8)]

is independent of time in the vicinity of the nominal
touchdown time

® Assume p =0

)

® Assume f a(-H) of-H) = 1

0
o Assume leHil << |X|

Then
X X=X 2
2 -1/2 e
0,954k & fax 18 - (c-13)
xTD 1’25: ax1J 1 - ;;;
1

However, because the approximated probebility density function is Guassian:

o, =t b [V g | (c-14)
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APPENDIX D

TRAJECTORIES FOR MEAN AND STANDARD DEVIATION
OF SYSTEM RESPONSE VARIABLES

Trajectories for the mean and standard deviation of several system
response variables of interest for the five aircraft/control system
combinations listed in Table 3 are contained in this Appendix.

CONVAIR 880, LSI AUTOMATIC LANDING SYSTEM,
CATEGORY I OFPERATION WITH MANUAL LANDING

Figure D-1 gives the mean system responses from an initial altitude
of 1000 ft to touchdown. Figure D-2 gives the three component standard
deviation system responses from an initial altitude of 1000 ft to touch.
down. The three components arise from wind ﬁnd wind shear effects (W),
ILS Glide Slope Alignment error and structure (ILS), and turbulence (T).
The scale factors CRF, CSF, and CIF on the three components are unity.

CONVAIR 880, FLIGHT DIRECTOR SYSTEM,
CATEGORY II OPERATION WITH MANUAL LANDING

Figure D-3 gives the mean system responses from an initial altitude
of 1000 ft to the decision height, 100 ft. Figure D-4 gives the same
responses on an expanded time scale from the decision height, 100 ft, to
touchdown. Figure D-5 gives the three component standard deviation
system responses from an initial altitude of 1000 ft to the decision
height, 100 ft. The scale factors CRF, CSF, and CTF on the three com.
ponents are unity. Figure D-6 gives the total standard deviation system ’
responses on an expanded time scale from the decision height, 100 ft,
to touchdown. The scale factor values are CSF = 1.50, CRF = CTF = 1.0.

CONVAIR 880, LSI AUTOMATIC LANDING SYSTEM, CATEGORY II
OR III OPERATION WITH AUTOMATIC LANDING

Figure D-7 gives the mean system responses from an initial altitude
of 1000 ft to the decision height, 100 ft. Figure D-8 gives the same
responses on an expanded time scale from the decision height, 100, ft,
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to touchdown. Figure D-9 gives the three component standard deviation
system responses from an initial altitude of 1000 ft to the decision
height, 100 ft. The scale factors CRF, CSF, and CIF on the three com-
ponents are unity. Figure D-10 gives the total standard deviation
system responses on an expanded time scale from the decision height,
100 ft, to touchdown. The scale factor values are CSF = 1.53, CRF =
CTF = 1.0,

CONVAIR 880, LSI AUTOMATIC LANDING SYSTEM WITH
INERTIALLY SMOOTHED COUPLING, CATEGORY II OR III
OPERATICON WITH AUTOMATIC LANDING

Figure D-11 gives the mean system responses from an initial altitude
of 1000 ft to the decision height, 100 ft. Figure D-12 gives the same
responses on an expanded time scale from the decision helght, 100 ft,
to touchdown. Figure D-13 gives the three component standard deviation
system responses from an initial altitude of 1000 ft to the decision
height, 100 ft. The scale factors CRF, CSF, and CTF on the three com.
ponents are unity. Figure D-14 gives the total standard deviation
system responses on an expanded time scale from the decision height,

100 £t, to touchdown. The scale factor values are CSF = 1.58, CRF =
CTF = 1.0.

PIPER PA-30, INVENTED FLIGHT CONTROL SYSTEM
AND COUPLER, CATEGORY II OPERATION WITH
MANUAL LANDING

Figure D-15 gives the mean system responses from an initial altitude
of 750 £t to the decision height, 100 ft. Figure D-16 gives the same
responses on an expanded time scale from the decision height, 100 ft,
to touchdown. Figure D-17 gives the three component standard deviation
system responses from an initial altitude of 7750 ft to the decision
height, 100 ft. The scale factors CRF, CSF, and CTF on the three com-
ponents are unity. Figure D-18 gives the total standard deviation
system responses on an expanded time scale from the decision height,

100 £+, to touchdown. The scale factor values are CSF = 1.50, CRF =
CTF = 1.0,
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APPENDIX E

AN ALTERNATIVE FILTER SYSTEM FOR GENERATING
TYPICAL AIRCRAFT RESPONSES TO GLIDE SLOPE STRUCTURE

An alternative to the filter system shown in Fig. 4 is presented

in this Appendix. The alternative filter system is possibly more rep-
resentative of typical aircrafh/control gystem combinations insofar as
ability to represent actual path deviation, actual path deviation rate °
and indicated path deviation responses is concerned. Final selection
of one of these two filter systems must ewait comparison of transient
responses to representative Glide Slope duta and faults for Filter Bys-
tems No. 1 and No. 2 and complete aircraft/control system simuletions
in a sequel report,

A block diagram for the alternative filter system, Filter System

No. 2, is Fig. E~-1. The main difference between this filter system and
that in Fig. 4 is that the proportional-plus-integral dyaamics of the
coupler are assumed to be predominant instead of the rate-of-climb re-
sponse dynamics for the aircraft. The dynamic characteristics of Fil-
ter System No., 2 are dependent only upon Glide Slope coupler parameters,
and are specifically independent of all aircraft and inner loop comtrol
system parameters. (Filter System No. 2 assumes perfect regulation of
actual path deviation rate, 4, [or equivalently, in an approximate sense,
pitch attitude or rate-of-climb]. The integration of dtod represents‘
e kinematic relationship.) The mechanization of the Filter System No, 2
portion of the sirborne flight inspection equipment would be in the same
manner discussed in Section II in connection with Filter System No, 1.

The 20 tolerance levels cealibrated to Filter System No. 2 are Fig.
E-2, E-3 and E-4. These are for the actual path deviation, actual path
deviation rate, and indicated path deviation respectively. These fig-
ures are the counterparts to Fig. 9, 10 and 11 respectively in Section II,
The 20 tolerance levels in Fig. E~2, E-3 and E-4 are qualitatively simi-
lar to their counterparts in Section II. However, the 2¢ tolerance levels
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wy Typical glide slope coupler integral path
gain, 0.20 rad/sec

Ko  Conversion constant 12,278. (uA/rad)

K, Course softening gain function; K, = 1.0,
H= 600 ft; decreasing linearly to zero
at H=0; K,z 0, H=0ft

K, Typical glide slope coupler gain, 0.29I8
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Figure E-1. Block Diagram for Alternative Filter System which Generates
Typical Aircraft Indicated Deviation, Actual Path Deviation and
Actual Path Deviation Rate Responses (Filter System No. 2)
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for actual path deviation and actual path deviation rate are slightly
larger, and for indicated path deviation, slightly smaller, for Filter
System No. 2,

Figure E-5 compares the current (absolute) standard for ILS Glide

Slope change/reversal in slope with the 30 tolerance levels for actual

‘ path deviation rete for Category I and Category II and III facilities,
This figure is the counterpart of Fig. 14. The Filter System No. 2
tolerance level for Category I facilities is much larger than the cur-

| rent slope change/reversal standard throughout ILS Zone 2 and 3. For

Cateogry II facilities, however, the current slope change/reversal stan-

dard is slightly more conservative than the tolerance level upon actual

path deviation rate throughout most of ILS Zone 2. At the end of Zone 2,

and throughout Zone 3, the current standard becomes increasingly conser-

vative as the runway threshold is approached.

! Figure E-6 compares the current average glide path alignment stand-
ard with the tolerance level for actual path deviation for Category II
ILS Glide Slope facilities. (Refer to Ref, 21,) This figure is the
counterpart of ¥ig. 15, The current standard is conservative with respect
| to the tolerance level throughout ILS Zone 3., (Refer to Section II for a
discussion of the limitations of this comparison and of cautions concern-
ing the current standard.
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