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1.1.1.1.E - MULTIPATII, SHADOWING AND TERRAIN

1. Introduction, Sumary anri Conclusions.

The signal reflections (multipath) and signal shadowing by obsta-

cles on the airport may cause serious problems for a microwave

laiiding system (MLS). These problems have been addressed, based

on a detailed review of airport layouts, and the methods for their

resolution in the Doppler MLS are presented in this ChapteL.

These studies are summarized below and detailed discussion follow;.

The effects of ground reflection and of propagation in the atmus-

phere are included in Chapters 1.l.1.1.C and 1.1.1.1.F respectively.

The Hazeltine baseline system adds to the basic Doppler MLS some

features for greatly reducing the multipath problem with simpli-

city in transmitter and receiver. This study has contributed the

5 understanding and analytical tools which enable an adequate analy-

sis of the problem and evaluation of multipath errors before and

difLei reduction by the va-ious features considered. In particular,

the residual errors on a centerline approach are reliably reduced

to be well within tolerances in azimuth (AZ) angle and negligible

in elevation (EL-I and EL-2) angle.

This chapter is directed to the most demanding application of ALS,

the K configuration on a long runway.

The Airport Runway Environment. Figure 6-1 shows the airport run-

way environment. Two regions on the airport can be described which

have special significa- ce for a landing system.

6-5
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The first, shown in Figure 6-1(a), is the area away from the runway

centerline, where a large hangar or other building may cause a cone

of deep shadow and a cone of strong reflection. These cones may or
may not be high enough to include the flight path. The deep shadow -_

is a problem inherent in any microwave system using a low (AZ) an-

tenna for wide-angle coverage (far from centerline) ; this problem

will receive little attention in this chapter, other than identi-

fyirn its cone of influence.

The second, shown in Figure 6-1(b), is the area near the runway

centerline, which is free of any large fixed obstacle capable of

causing a deep shadow or a strong reflection. Here the primary

concern is any ,ther aircraft intervening between the AZ trans-
mitter, and the approaching aircraft (receiver). Such an aircraft

may cause a momentary (U sec) partial blocking on takeoff over the

transmitter, or more persistent partial blocking while on the

iunway. Neither case is a deep shadow.
\

Not shown is the reflection from the tail fin of a large aircraft

on the taxiway parallel to the runway. This is a matter of concern

it located near the threshold. Its reflection is greatly reduced

by the convex curvature of its face. If the same were located near
the other end of the runway, the partial blocking or reflection

of the AZ signal is of little concern.

The metal doors of a large hangar comprise the most effective re-

flEctor. 'The reflection is reduced somewhat if the doors are cor-

rugated, which is typical of the largest hangars of recent

construction.

The Doppler MLS offers a special feature, the instant comparison

of direct and indirect signals in a multipath situation. The re-
ceiver is able to select the stronger (direct) signal if their

6-6
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aisplituide dif f ronce exceeds~ Uhe noise level , which is very low inl
jcritical regioni. Thu ectu is based on "' capturo." 1in I
liliter, as will bu reviewed, ind dioes not rLely on any a'p1 i Ludec

measurement or memory. This benefit results from simultaneous
radiationi oi frequency coding over thte entire angle. rwnge iln a ciV-

Praqje seCtor. Incident-al to this format, any reflectod (indirect)

.,iqn, - (riultipaflh) itj reccivod with the direct signal, but usually
on a di ffecint frequency cor -Qspondiny to a different angle of

radiation.

The? H,'73tn aproach is to raduce the multipath proeUlem by Space-
rattorn and frequiency-band profiltnring ahead of the limiter. A
thoughtful ravisol tho2 Q1nvironment problm has led to a sim-.ple
plan lc.-r such prcufiIltern, one based on antenina design and a few
fixed filters from which a selection is made by simple and reliable
loqlic. Each is tailored tLo the principal problcm of the environi-
ment for each fulnction (A;, et al), so that the most protection (all
tmnat appears to be needed) i 5 obtained with mnde-rate complication
and cost. Thle prefilterinq concept qives added assurance of

direct-signal capture, and also gives preference to direct-signal

angle coding. The proposed patterns are shown in Figure 6-2.Knen-atr shp~ Zcrir Figure 6-2(a) shows pattern
shaping for AZ carrier emphasis near centerline. This gives extra
assurance of the carrier integrity for centerline approach. How-
ever, it does not add to rceflections in other directions, because
there are no strong refloctions from near centerline. (ThliL might

be applicable ailso to angle-coding sideband radiation in some type

U of antenna, but not in general, so it is not proposed.)

Fix, i-..frcqucnuy bhandi pz--filters - AZ. angit. codina.- I'iure 6-2 (b)
shows, in spac'e-anqle coordinates, the three fixed filters pro-
posed for prefiltering of the anqle-coding frequencies in the

Ir receiver. On a flight-path entering the MLS area far from
T. nt 11 rlin, th~e right or left half-sector filter is imiuediately

6-8
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sitched into circuit. On ,itering the narrow sector at center-

lint, the narrowband centerline filter is switched into circuit.

The latter gives greatest pzotecti,,n of the dire2t signal during

the centerline approach.

The half-sector preii.ter is a feature based on a peculiarity -f

the eivironment. A reflection from a hangar on one side of the

centerline will more probably radiate toward the opposite side.

This is a certainty if the hangar is parallel. Otherwise the

probability is about 3/3 and also a reflection cone on the oppo-

site side is much wider and somewhat higher.

Antcnrna-,_'atterr shaping - EL. Figure 6-2(c) nows pattarn shaping

for EL radiation emphasis near centerline, while covering tii.
runway near enough to cach transritter. This applies to both

carrier and argie-coaing sidenands. In each case there is a major

reduction of radiation toward a harngar ;n either side. Also, in a

lesser degree, toward an aircraft on a taxiway. This feature is

particu1arly nelptul as applied to cn EL fan beam, becausa there
may be little or no coding differenc between direct and indirect

signals. This is a case of "in-beam" or "near-beam" multipath,

where signal separation by angle coding may be difficult or

impossible.

Freguency postfiltering in the time domain. There are three forms

of time-domain filtering that could be used after the limiter.

One is multiscan motion averaging, whi-h will be reviewed further.
Another is the self-tracking digital narrowband postfilter. This

is helpful for further reduction of errors from different angle

coding, but that ma- not be needed and is not included in the base-

line system. The thir- is the pairing of samples, which may be

useful tor smouthing the angle data.

Multiscan motion averaging . This is inherent in the Doppler multi-

scan signa. format. Thz receiver aircraft motion tends to reduce

6-10
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the residual error by averaging over seveil scans. The amournt of

reduction is greatest where it is needed most, in the late glide-

slope and the flareout. It is particularly helpful in the EL casc

of in-beam multipath, where the indirect signal cannot be rejected

on the basis of different angle coding.

fhe cause of a multipath error in angle decoding. Figure 6-3 is a

review of the simplest process for decoding the angle in the re-

ceiver. In each scan, the angle tone is put through a limiter and

zero-crossing detector. The number oi cycles (or half-cycles) in

each scan is counted and timed. Over one multiscan, the counts

and times are added for computing the average frequency. This

figure shows how a weaker indirect signal, of amplitude o times

the direct, may cause a phase shift, and thereby a shift in the

timing of zero-crossings. This may cavse a timing error as much

as p/21, cycles at either end of the scan, or a total of o/w cycles.

This places an upperbound of p/T bearmidth on the multipath error

in decoding. Among the various features for error reduction, some

operate by reducing p before the limiter. and others operate by

reducing its effect iyi the decoding process.

The multipath error formula, developed during this study and dis-

cussed in Part 11, is a major contribuiticii toward the understanding

and the evaluating of such errors. It is based on a single direct

signal and a single weaker indirect signal. It includes various

phenomena in separable form. notably the multiscan mrntion averaging.

The residual errors. The features of Fuue 6-2, together with the

features inherent in Doppler multiscan, u. ,s- to leave any

residual errors well within tolerances or -cven negligible. This

conclusion is based on 5 examples chosen to repre3ent situations

most likely to cause errors, however improbable of occurrence. The

time profile of residual errors is discussed and an interesting

example is shown in Figure 6-4. This is rejArded as an extreme

(but not unlikely) situation, and the error is well within

tolerances.

6-11
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I

Conclusions.

Five problems are identified with multipath effects:

(1) The airport runway environment presents serious problems for

a microwave landing system.

(2) A deep shadow and loss of signal far from centerline can be

caused by a large building near the AZ transmitter. This is

inhere-at in a microwave system using a low antenna.

(3) Partial blocking of the AZ signal on centerline may be caused

by an intervening aircraft. It may last about one second if

this aircraft is on takeoff over the AZ transmitter and in

this case it will have little effect on the operation.

(4) Diffracticn effects, separate from shadowing and .eflection,
appear to be very small, and are further reduced by the

proposed filtering.

(5) Reflection is the principal cause of multipath signals. The

strongest reflectors are:

(a) the metal doors of a large hangar, the reflection

usually being reduced by corrugation.

(b) the tail fin of a large aircraft, the reflection
being much reduced by the convex curvature of the

face.

6-14
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Seven features of the Hazeltine sytem are provided to overcome

mu]tipath problems:

(1) Space-pattern prefiltering is proposed for emphasis of radi-

etion near centerline. It is proposed for AZ carrier and

for the entire signals of EL-i and EL-2. Each one gives

extra assurance of integrity and error reduction on the

final approach over centerline.

(2) Fixed-frequency-band prefiltering in the receiver is proposed

for the AZ angle-coding signal, in the iorm of half-sector

and centerline filters. The selection of the proper one, at

any time during the approach, provides a rcduction of multi-

path error from the most likely causes, particularly during

the final approach near centerline.

(3) The motion averaging which is inherent in a Doppler multiscan

format, reduces the residual error near the threshold, which

is the most critical region.

(4) The capture in the limiter instantly provides in the receiver

the moat Leliable selection of a direct signal in preference

to a slightly weaker indirect signal.

(5) Detection with a STALO in the receiver may be used as insur-

ance against carrier weakness or contamination and is planned

to be implemented in the "K" feasibility receiver.

(6) Other frequency filtering, not included in the baseline

system, is available if still further reduction of errors

were needed.

(7) The baseline system is expected to hold the residual multi-

path errors well within tolerances in AZ angle and down to a

t negligible value in EL angle, even in situations chosen to _
bc the most susceptible.

6-15
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2. The Problem.

In the MLS, each transmitter radiates frequency-coded signals over

a range of angles, and it is necessary for the receiver to select

and to decode the direct signal. This must be accomplished in

spite of any indirect signals that may reach the receiver by re-

flection from objects at differenct angles from the transmitter,

hence with different frequency coding.

In general, a microwave signal is reflected in some dcgree from a

large object. In an airport, this may be a hangar or another

aircraft (other than the one carrying the receiver). Therefore

this environment should be described in terms of such opportun-

ities for indirect signals to reach the receiver. Then it becomes
possible to plan preventive or remedial measures such that the

direct signal is decoded in spite of any indirect signals that may

be expected.

In the Doppler MLS, the angle-coded signal comprises a reference

carrier and an angle-tone sideband, which serve different but

complementary purposes in the receiver. They are radiated con-

currently but they present two different problems in the multi-

path environment.

The carrier is radiated alike at all angles, only its frequency

being utilized in the receiver. The princival problem is to

avoid an interference pattern in space, where the received signal

might suffer from either of these two defects:

(a) Amplitude falling belc,w the required strength.

(b) Phase varying with receiver motion to cause excessive

modulation of the frequency.

If these defects exceed tolerances, the received carrier may be

replaced by a stable local oscillator (STALO). It is intended

6-16
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that the received carrier be adequate for performing its funntion

as a frequency refarcnce.

The sideband is radiated at a frequency coded for the angle of

radiation. The problem is to select the strongest (direct) signal

and then to measure its frequency in spite of any weaker (indirect)

signals reaching the receiver. More specifically, these are the

principal considerations.

(a) Keep tht! amplitude ratio of indirect/direct signals below

unity by a sufficient margin.

(b) Reduce the interference from indirect signals radiated at

different angles and frequencies.

Since the siudand carries the angle information, there is no sub-

stitute for its proper reception and decoding.

5 The requirements relative to the runway centerline. Each MLS

installation is associated with a runway and there are two levels

of performance that are related to receiver location in an approach

flight path.

(a) Near the centerline, the highest accuracy and integrity are
needed for the glide slope, flareout and touchdown.

(b) Far from centerline, whatever accuracy is needed for air-

craft separation and guidance to the centerline.

Therefore special attention will be given to (a) while obtaining

an economical and reliable compromise for (b). For example,

shadowing by a large hangar would be avoided near the centerline,

so this problem would not exist.

With these considerations in view, the airport environment will

be described.

6-17
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3. Obstacles in an Airport.

In relation to the guidance system for one runway, any object above

the ground is potentially a cause of multipath or shadowing. This

is inherent in a microwave system. See Figure 6-1. Location, size,

shape and any motion are factors determining the effect of one

object on the coding and decoding of angle from one transmitter.

In this Section, various obstacles will be described and classi-

fied with respect to their potential to cause shadowing and multi-
path effects. The reflection from the ground, within and near the
runway, is related mainly to the transmitter antenna properties,

so it is not discussed here.

Characteristics of principal obstacles. There are several charac-

teristics of an obstacle which determine whether it is a threat to

the angle accuracy in the MLS system. The principal obstacles may

be rated in the following terms, which will be discussed in more

detail. Relevant to: 9
Shadowing Reflection

(a) Location relative to the runway yes yes

(b) Size yes yes

(c) Shape and material no yes

(d) Direction of reflection no yes

The location. These are the principal considerations.

(a) Proximity to the runway.

(b) Proximity to the transmitter, which is near one end of runway.

(c) Proximity to the receiver, which is near threshold for a

short time from the lower part of glideslope to the touchdown.

(d) Angle proximity to the runway centerline, as seen from AZ

transmitter.

The size. The size of an obstacle has to be compared with some

reference, such as the following:

6-18
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(a) Relative to the first zone of diffraction as determined by

the wavelength and the distances from transmitter and

receiver.
..... (b) Relative to the distance from transmitter, which decreases

the angle subtended in AZ and EL.

In either case, the reference size increases with distance or,

conversely, the effect of a certain size is greater at a lesser

distance, as would be expected.

The shape and material. An obstacle of a certain size has its

reflection factor decreased by any of these properties.

(a) Convex curvature, causing divergence of the reflected radi-

ation. This is typical of the tail fin of an aircraft (on

a taxiway).

(b) Roughness, such as corrugation, causing some pattern of

divergence.

(c) Absorption, reducing the amount of power in the reflected

radiation. This may be associated with openings (windows)

or lossy dielectric building materials (any except metal).

These are all compared with a perfect reflector, which is approxi-

mated by a flat smooth metal sheet.

The direction of reflection. As compared with a vertical wall

parallel to the runway, these departures may be noted:

(a) Horizontal rotation of the reflector to an oblique angle.

Some angle may direct the reflection into a sensitive area.

(b) Vertical tilt of the reflector, which is unlikely for a flat

wall but is typical of the tail fin of an aircraft (on a

,axiway). The tilt of the latter lifts the reflection above

C the horizontal to an angle where it may not reach the receiver

6-19
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or its effect may be transient. (The same is true of the

height of the lower edge above ground.)

Examples of principal obstacles to be considered. In order to have

a basis for evaluation of the effects, these two obstacles are de-

fined as the closest and largest that may be encountered in con-

junction with a long runway (14000 ft):

(a) A large hangar with a vertical wall which is mostly madc of

corrugated metal doors.

Stationary and predictable

Height - 100 ft.

Area = 5 0 x 500 ft.

Width of reflecting wall - 500 ft.

Location relative to runway.

Offset 1000 ft.

Opposite scme point on the runway.

(b) A large aircraft (747). See Figure 6-10 below. May be on a

taxiway parallel to the runway.

Offset 500 ft.
Tail fin (convex),

Height 30 to 60 ft from ground.
Width 30 ft.

Thickness 0 - 4 ft.

Radius of curvature 100 ft.

May intervene between T and R.

Fuselage (cylinder),

Diameter 22 ft.
Length about 200 ft.

In general, the hangar is expected to cause the greatest cone of

shadowing and strong reflection, while the tail fin is expected to

be the closest reflector. The fusjlage is the main obstacle that

may intervene during a centerlin. flight path.
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Examples of lesser obstacles. The following obstacles in or near

an airport have been considered but will only be listed here.

Their effects have been estimated to be so small as to deserve
little or no further discussion here.

(a) Teairain outside the airport. (A certain hill will be

evaluated.)

(b) Large buildings outside the airport, water tower, radio

tower, tall chimney.

(c) Large bui] 'ris far from the runway.

(d) Small buildings in the airport.

(e) Airport surveillance antennas.

(f) ILS antennas.

(g) Fuel trucks, panel trucks.

Some justification for this estimation will be found in the next

section.

Motion of an obstacle. Because the receiver is moving at a high

speed (taken to be 120 kt or 200 ft/sec during the approach) it is
found that the motion of any mobile obstacle, such as another air-

craft on a taxiway, is relatively negligible.

6
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4. Shadowing, Reflection and Diffraction.

As shown in Figure 6-1 an obstacle in an airport may be associated

with well-defined regions of shadow and reflection. In the shadow

region, the direct path is blocked and the signal at the aircraft

receiver arrives only by diffraction paths. In the reflection

region, a direct path is accompanied by indirect paths of both re-

flection and diffraction. This is shown in Figure 6-5 in general

terms, where a diffraction region is also defined. The rraltipath

indirect signal is the combination of all reflected and diff: :.cted

signals.

For the MLS, the two cases that are most important are the blocked

path in a shadow and the indirect path by reflection. Figure 6-6

summarizes the various characteristics of obstacles in the direct

and indirect paths which are relevant to the AZ angle guidance in

MLS. From these characteristics Lhe magnitude, duration, and

variation of the effects on angle decoding can be estimated.

Shadowing, which is the result of blocking of the direct signal

path, poses two problems for the MLS. The greater problem is the

predictable reduction in system coverage caused by the shadow of

a large building near the transmitter. The lesser problem is the

momentary blocking caused by an aircraft on takeoff, or conceiv-

ably by its tail fin while on a taxiway near the transmitter.

Figure 6-7 shows profiles of the risk of shadowing and reflection

from buildings on one side of a long runway, for the AZ radiation.

Figure 6-8 shows the conceivable shadowing of the AZ radiation by
a hangar or tail fin on the ground in some areas.

From these figures, it is observed that shadowing by buildings is

not a problem in the region between the outer marker and the

6-22



Report 10926

!

//

/ /
tW'Cr PA TH5

"-.LECTED ,VO/DIECT PATH'

S"D/PFFRA C T /CV RCEGON

PA rH\

.4OOW RE,/ON

/VOrE: ALL PAT4 TS ,'1OT AD-ECL4D ARE OIACII4ACTE.
/ND'/ E C T ,DA 7" IJ

Figure 6-5. Shadow, Reflection and Diffraction Regions

6-23

-- =-=~-~=-- -~ -I



Report 10926

A~ tk~o
~ IA4

U uiK 1-4.t l -u
V Iv K

i~1i;I"J

U '7 4 1 I 1~

6-24 -



Report 10926
SAZ

• ' I-5K C/ os T; '. '.Vas

R.IWA 'cc' ,, ,'Q. " r 'a>- /Y'

U -

jg.

'=1 Plan.

V.EP7,-/ L V'74L ..

I 1 00

(b) Intereption on Plane at Outer Varker. 7Zoe0 -A

Figure 6-7. Profiles of Risk of Shadowing and Reflection
From Buildings on One Side of Long Runway

6-25

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



Report 10926

/'EL, AT AZ

A7 LT ------- M.0 - -CIL

/ ~ ~ ~ r1 Li.i. HAVAS (,OCT

(a) No shadow near CL.
(b) No shadow above 1° , or above 1500 ft at 15 ni.

(c) No shadow above 20 , or above 1500 ft at 7.5 nmi.

(d) Hangar shadow above 20 , or above 1500 ft at 7.5 nmi.

Fiqure 6-8. Shadowing of AZ Radiation by a Hangar or
Tail Fin on the Ground in Some Areas
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touchdown. However, a flight path far from centerline may experi-

ence shadowing from a large building or a tail fin located near

the AZ transmitter.

There will be given a few examples to illustrate some relations

that are relevant to shadowing. Each is applied to:

AZ radiation, C-band, X = 0.2 ft.

In each example, the size of the reflecting surface is compared

with the diffraction zone. Here we use the X/8 zone, whose width

is

This width is 1/2 of the X/2 zone width, commonly termed the first

Fresnel zone. It is chosen because;

(a) It is the ninimum aperture width that will transmit a signal

nearly equal to the free-space signal.

(b) The shadowing effect behind the center of a strip of this

width reduces the signal to about 1/2 its free-space voltage.

The "effective distance" (d ) is formulated in Figure 6-9; it is
0

somewhat less than the lesser of the distances between the obstacle

and the transmitter or receiver. A typical value is 2000 ft, in

which case the X/8 zone width is 20 ft. This is somewhat smaller

than a large tail fin and much smaller than a building. It is

comparable with the diameter of a large fuselage.

Example - Shadowing of AZ by a large building (such as a hangar)

located rather near the transmitter.
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-Building:

Direction - 450 off centerline

Distance- 1500 ft from transmitter

Height - 100 ft.

Projected width - 500 ft.

Receiver position:

Direction - 450 off centerline

Distance - 10 nmi from transmitter

Height - 1500 ft.

The decrease in signal level can be estimated from the results of

the solution to the knife-edge diffraction problem. The formulas

and a graph of signal ratio are presented in Figure 6-9. These

formulas are valid when the projected width of the building, in a

plane perpendicular to the direct line-of-sight, is greater than

2-V3W , which is true here.
0

d o  1500 ft.

,/T-d 17 ft.
0

b = 62 ft.

E/E ° = 0.044 (-27 dB)

Duration about 100 sec.

It is seen that this building is close enough to the transmitter,

to cause a great reduction of signal strength for a long time.

Cor.du'_aticn of signal in shadow behind a strip. Figure 6-9 can be

used to evaluate the diffraction signal behind an aircraft on

takeoff or by a tail fin while taxiing. In this case, the signal

in the middle of the shadow region is the sum of two edge-diffrac-

ted components whose mignitude can be estimated from the strip-

diffraction model. For this xnodel, the ordinate of the graph in

Figure 6-9 is doubled for a strip of width w = 2b. From the middle

toward either edge, the signal oscillates between the difference
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and the sum of the two edge signals. The formulas are valid if )
the projected length of the strip, on a plane perpendicular to

the direct line-of-sight, is much greater than its width. Then

this rule is found to be helpful:

If the strip width is less than double the X/8 zone width,

the signal in the shadow region is between 1/2 and 1/4 of

its value in free space.

The reduction by blocking is negligible if both width and projected

length are less than one zone -/d 0

Shadowing by an intervening aircraft. Figure 6-10 shows some rele-

vant dimensions of a large aircraft. These are to be used in exam-

ples of blocking by an intervening aircraft. Figure 6-11 shows

some situations in which an aircraft A may intervene between T and

R, all three being over the centerline. The signal reduction

depends mainly on the fuselage width (22 ft for the 747). This is )
equal to double the X/8 zone if

do = (11)2/0.2 = 600 ft.

If T and R are separated by more than 1500 ft, the lesser distance

is less than 1000 ft. Then we have this rule%

If the intervening aircraft is more than 1000 ft from the

closer of T and R, the received signal exceeds 1/4 the

free-space voltage.

Referring to Figure 6-11, the lesser distance would always exceed

1000 ft.

Example - Shadowing of AZ by an intervening aircraft on takeoff.

Figure 6-11(b) shows the shadowing of AZ radiation by an air-

craft on takeoff over the transmitter. The following case is

calculated:
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(c) Shadow by Aircraft on Runway.

(*) If separation exceeds 3000 FT, the signal in shadow will

exceed 1/2 and any angle error will be very small.

Figure 6-11. Shadowing of AZ Radiation by an Intervening
Aircraft
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Intervening aircraft (747) on takeoff:

Direction - on centerline

Distance - 1500 ft from transmitter

Height - 50 ft.

Fuselage width - 22 ft.

Fuselage length - 230 ft.

Receiver position:

Direction - on centerline

Distance - 45 Kft from transmitter (at outermarker)
Height- 1500 ft.

Computations: do = 1500 ft.

-I/V- -17 ft.

w = 2b = 22 ft.

E/Eo = 1/2 to 1/4

Duration about 1 sec.

This is not serious, considering that the receiver is in a non-
,zritical time in the flight path (not too low or too far).

Example - Shadowing by a large tail fin. As seen in Figure 6-8,,
a large tail fin near the AZ end of the runway might cast a
shadow as high as a flight path.

Aircraft tail fin (747) on taxiway:
Direction - 200 off centerline

Distance- 1500 ft.

Height - 60 ft above ground

(about 20 ft above line-of-sight)
Width - 30 ft (perpendicular to line-of-sight)

Receiver position:

Direction - 200 off centerline

Distance - 10 nmi from transmitter

Height - 1500 ft.

6-33

4A



Report 10926

Computationst do - 1500 ft.

-t/Xd o  17 ft.

w a 2b - 30 fv.

E/Eo = 1/2 to 14
Duration about 6 sec.

Tlere again, this is not seriois, considering that the receiver is

in a noncritical time in the flight path (not Loo low or too far).

From the examples above, it appears that the most serious shadow
problem is caused by buildings. This effect is predictable and

stable so regions could be defined in the terminal airspace where

MLS receivers would not be operated. A secondary and less pre-

dictable problem is the momentary decrease in signal caused by an
intervening aircraft near the transmitter, on takeoff or on

taxiway.

Reflection deserves special attention in MLS. It is the multi-
path caused by radiation from a transmitter being reflected from

a large obstacle toward the receiver. It is inherently a piob-

lem for any microwave system, especially for one covering a wide

angle from the runway centerline. The MLS differs from ILS in
that it covers a wide angle in some applications.

The occurrence of a reflected signal in some particular sector
is indicated in Figures 6-1, 6-5, 6-7 and some to follow. The

principal reflecting obstacl-s are exemplified by a large han-

gar near the runway and the tail fin of a large aircraft on the
parallel taxiway. The relevant qualities of these obstacles are

noted above. The former has the greater effect, which occurs in

a stable and predictable cone in space. Its effect is greater
in AZ radiation, because this is utilized over a wide angle.

If the receiver traverses a cone of reflection, the indirect
signal may be strong enough to approach the amplitude of
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the direct (perhaps 1/2 as great). Then it may cause an error in
the angle decoding. In an extreme case, it is conceivable that it

might temporarily exceed the direct and capture the limiter (as
will be explained). The discussion here is directed to the occur-

rence of reflections and to the amplitude ratio of indirect/direct

signal voltages as influenced by various factors. The reflection

factors combine to give a reflection coefficient (W) which may be

slightly less or much less than unity.

Table 6-1. Reflection Factors for Indirect Signals.

Reflection Factor Phenomenon Remarks

P Path distance. Distance ratio, Simple rule.
direct/indirect.

0 Surface size. Relation to zone Surface is usually
size, diffraction, larger than X/8 zone,

so factor is near unity.

P3 Surface contour Reduction by Locates image closer
(convex). divergence, to reflector.

P4 Surface Reduction by diffu- Roughness, corrugation,
reflectivity. sion and absorption. materials, openings.

p = product. Voltage ratio, Does not include
indirect/direct, radiation pattern

and environmt.nt.

Table 6-1 describes several factors entering into the reflectionr coefficient for an indirect signal caused by one obstacle in an

airport. Each factor is to be evaluated and all are multiplied

L
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to determine the relative amplitude of the indirect signal. The
reference for all factors is a perfect plane reflector large
enough to develop an image substantially like the transmitter. A

conceptual example would be a large, flat, metal, vertical wall.

Theath-distance factor (in Table 6-1) gives the reduction factor

resulting from the indirect path distance (d' + d") being greater

than the direct (W). There are two situations which have different

formulas for this factor.

(a) In free space, this factor would be

d
I =d' + d"

This ratio is valid if the reflector is vertical and the

receiver is high enough that the free-space field inten-

sity is approximated. This height depends on the height

and directional properties of the transmitter antenna.

(b) For a lesser height of receiver, the ground image causes
the field intensity to be proportional to height. The

path-distance factor becomes

p1 = (d d 2

This ratio is valid for the AZ signal on a long runway,

as the receiver approaches flareout and touchdown.

This also is conditioned on a vertical reflector.

This factor is usually unimportant for the AZ transmitter, so the

first form is usually valid and may be relevant to an EL transmitter.

The surfvk-e-size factor (in Table 6-1) includes the effect of

reflector size relative to the X/8 zone defined above.
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For a rectangular wall, Figure 6-12 shows how this factor may be

described in terms of two components depending respectively on

width and height:

P2 = Pw P h

Figure 6-12(a) shows the projected width of a wall A acting as a

reflector between T and R. The "effective distance" d0 and the

X/8 zone width /d are formulated as above. If the projected

width exceeds the zone width, Pw is near unity. The difference

from unity is caused by edge diffraction, ai indicated for the

receiver location near the middle or one edge of the reflection

sector (Figure 6-5). In practice, the width of a hangar wall is

usually many times the zone width, so this factor is near unity.

Figure 6-12(b) shows the effect of the height of a vertical wall

located on the ground. The height is taken to be much greater

than the X/8 zone width. The reflection point on the wall is

identified, and the excess height above that point is denoted he
The graph shows the height factor ph to be near unity if the ex-

cess height exceeds the zone width. This is true if the receiver

is within the reflection cone by some margin.

The surface-contour factor (in Table 6-1) gives the effect of

divergence in reflection from a convex surface. This is rele-

vant especially to the tail fin of a large aircraft, also to

its fuselage and to other obstacles such as a fuel truck or a

water tower. It is assumed that the surface extends more than

one /8 zone'width (with due regard for the curvature) in all

direc-tions from the point of reflection. This effect is ex-

pressed in terms of p3 , the ratio of reduction of field inten-

sity at the receiver. The reference is a perfect plane reflector

located at the point of reflection.

63
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Figure 6-13(a) gives the general formula for curvature in either

or both of the horizontal and vertical planes (1/a1 and 1/a2).

Figure 6-13(b) gives another formula for the case of most interest

here. It is a large thin tail fin with a convex surface of

[ width w and thickness t. If T and R are on centerline (as in the

AZ function on approach), c is approximately the offset of a taxi-

way from the centerline. (For a horizontal cylinder, just change

b to a.)

Example - Reflection of AZ by a large tail fin (747) located on a

taxiway near the threshold.

d' = 13500 ft, d" = 1500, d = 1350

c = 500 ft, w = 30, t a 2
= 0.09 (-21 dB)

This illustrates the great reduction of the indirect signa2 by the

curvature of the tail fin.

Example - Reflection of AZ by a hill located on one side of center-

line, under the glide slope. This is an extreme (conceptual) case,

included as another illustration of the effect of convex curvature.

Figure 6-14 shows a configuration chosen to emphasize any detri-

mental effect and thereby to indicate the improbability of appreci-

able error from this cause. The curvature gives

P3 = 0.06 (-24 dB)

The indirect path is coded 0.5* (1/2 beamwidth) from centerline

(T to R),which ;ould give "in-beam" error of decoding, but it is
too small to te noticeable.

The surface-reflectivity factor (in Table 6-i) gives the effective
f

L 'i reflection coefficient P4 of the surface. It includes scattering
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by corrugation or roughness, and absorption by the material or

openings. The following are some estimated values for a few

cases:

Surface Reflectivity (P 4)

Smooth, metal tail fin of an aircraft 1

Flat metal door of a hangar 1

Corrugated metal door of a hangar 1/2, 3/4

Nonmetal side of a building 1/4

The tail fin has it- reflection reduced by convex curvature, as

discussed above. The flat metal door is believed not to be typi-

cal of a large hangar of recent construction. If it should appear

in a critical situation, it might be necessary to reduce the

reflection, as by applying a corrugated face.

The corrugated metal door of a large hangar deserves special

attention because it is typical of the largest vertical wall to

be encountered. Being metal, it re-radiates, in some direc-

tions, most of the incident-wave power. AZ and EL radiation is

at C and Ku-bands, where the wavelength is less than the corru-

gation period, perhaps much less. Therefore the power is divided

between equal-angle reflection and grating-lobe scattering in a

number of other directions. A few corrugation contours have been

noted, which are estimated to give a reflection coefficient (p 4 )

of about 1/2. Reference [4] reports measurements of one contour

(not detailed) giving about 3/4 to 1/2 at 15-30* from grazing

incidence for vertical ridges of corrugation. The computation

and measurement of this effect on practical surfaces will receive

more attention.
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Table 6-2. Reflection Factors for Some Airport Obstacles.

(a) (b) (C)
OBSTACLE HANGAR BUILDING AIRCRAFT

DOOR WALL TAIL FIN

ANGLE AZ EL EL AZ EL RL AZ EL EL
CODED -1 -2 -1 -2 -1 -2
RECEIVER

AZ 0 30' 0 0 0 30, 0 0 0 30°  0 0
LOCATION

REFLECTION
FACTORS

SPCE 1 1 0 1 1 1 1 1 0 2
PATTERN

PATH 1 1 3 3 3 3 3 3

DISTANCE 01 1 1 1 1 . * 1 1 '

SURFACESIE 2 1 1 1 1 1 1 1 1 1 1 ii1SIZE 0

SURFACE1 1 1 i 1 1 11 1 1

SURFACE 5 3 3 3 3,1 1 1 1
REFLECTIVITY 04 j 1 1 1 1

PRO DUCT P 0o 3 0 ~

A summary of reflection factors is given in Table 6-2 for three

cases of particular interest. They are estimates of typical

cases, based on the preceding discussion. The receiver location

is in terms of AZ angle from centerline (0 or 300). It is noted

that this table does not include other factors such as space

patterns or frequency filters. The zero values for EL-i indicate

that these are nominally outside the AZ coverage angle of the fan

beam. The AZ reflection from the corrugated metal door of a

hangar (a) is the only case where 0 might be greater than 1/2.
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The cone of reflection. Just as important as the reflection factor

is the location of the cone of reflection. This determines whether

a particular flight path will traverse the cone, and during what

time in its approach pattern. The practical effect of this

transit may be inferred in some typical cases. The practical

effect is different for typical cases of reflection of AZ and EL

radiation.

Parallel wall, AZ reflection. Figure 6-1(a) and 6-7 show this case.

The reflection cone is on one side of centerline, opposite from the

sh.Aow cone and similar in shape. There is no reflection cone

along the centerline. There is only a small chance that one cone

will be traversed, requiring that it include the flight path in

one of two locations:

(a) At a great distance and far from centerline; and/or

(b) Below 200 ft and before touchdown.

Only in the latter case is it critical, and then the duration may

be about 5 sec. In either case, the angle coding of the indirect

and direct paths is much different, so the multipath error may be

removed by frequency filtering.

Oblique wall, AZ reflection. Some examples are shown in Figure 6-15.

The reflection cone may include:

(a) The centerline over the entire glide slope and flareout to

touchdown.

(b) A cone on the same side of centerline.

(c) A narrow, low cone near threshold, traversed during the flareout.

The relative angle coding of indirect and direct paths can be in-

ferred in each case. Only one (b) has both angles far from center-

line and on the same side, so they are not separated by the fixed

prefiltezs discussed elsewhere herein.
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Nearby wall, EL reflection. Figure 6-16 shows some peculiarities

of reflection cones in the vicinity of the EL radiators and the

approach to touchdown. The hangar location illustrates two cases:

(a) The flight path traverses the EL-i cone, but only during

flareout after handover to EL-23

(b) The flight path passes over the EL-2 cone, and before

handover te EL-2.

Therefore both of these reflection cones happen to be harmless.

Nearby tail fin on parallel taxiway. The cone of reflection has

these peculiarities:

(a) It is spread in width by the convex curvature, so it covers

a horizontal angle of about 30' .

(b) The vertical angle subtended at the transmitter is small

(less than 30) and is lifted both by the height of the fin

above ground and also (about 80) by its taper.

(c) The face is similar to a cylinder tilted both laterally and

longitudinally, so there are components of curvature in both

horizo .al and vertical planes, see Figures 6-10 and 6-13(a).

The cone of reflection tends to be tilted upward, away from the

flight path near touchdown. However, the double curvature makes

it difficult to describe. Since the reflection factor is reduce'"

by convex curvature, this reflection has little effect on angle

guidance.

Diffraction is the cause of multipath outside the regions identi-

fied with shadowing and reflection, as indicated in Figure 6-5.

The relative strength of the indirect signal is appreciable if the

line-of-sight is separated from the obstacle by only a few times

the zone width, as appears in Figure 6-9 and 6-12(b). This is

associated with a well defined cone of shadowing or reflection. )
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Figure 6-16. Reflection of EL Radiation from a Vertical wall
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One line-of-sight is unlikely to be close to more than one such

cone at a time.

There are many objects on the ground which are illuminated by any

one transmitter, especially the AZ. There is no realistic model

that seems to give diffraction paths of appreciable strength,

individually or collectively.

(a) A horizontal edge at the top of a high building gives dif-

fraction mainly in line with the building and far beyond it.

One or very few such edges would be in the same line, and

typically much below the line-of-sight.

(b) Corners at the top of high buildings give diffraction in all

directions but much weaker, even in the aggregate.

(c) Anomalous obstacles in or near the airport would contribute -)

more numerous signals but so much weaker that their aggre-
gate is hardly appreciable.

The RMS value of diffraction indirect signals, or the value of one

principal component, is estimated to be around 0.01 of the direct.

Also their contribution to the residual error is reduced by the AZ

prefilter or the EL space patterns. They are regarded collec-

tively as a low level of background noise.
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Conclusions. Relative to these tbrF.e phtnoi,. the following

are the principal conclusions.

(a) Shadowing is unavoidable in microwave systemn, but a deep

shadow is caused only by a large building that happens to be

located within some small fraction ao th. airpirt area. Its

effect is stable and predictable.

(b) Reflection, in various amounts, is the principal cause of

multipath effects. A large hangar door or a large tail fin

is a reflector of some concern. An appreciation of the

properties of reflectors forms a basis for evaluating and

reducing the problems, as described in other sections.

(c) Diffraction, as separated from shadowing and reflection,

does not cause appreciable multipath effects.

6
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5. Path Difference and Motion.

In comparing indirect and direct paths of signal from transmitter

to receiver, the amplitude ratio and angles have been considered,

as well as the duration of traversal of a reflection cone. Here

we shall consider two other quantities that affect the angle

decoding in more subtle ways. These are the path difference and

the path-difference speed. The latter causes a change of multipath

error from scan to scan in a Doppler format, within one guidance

funlction period. This change permits averaging so as to substan-

tially reduce the multipath errors, as discussed in Part 12.

The path difference in multipath is the difference by which an in-

direct path is longer than the direct. Referring to Figure 6-i7,
it is expressed in length (d c) or the equivalent time delay (TC).

It is relevant to the modulation envelope (AM or PM) of the angle

coding of the radiated signal (carrier and sideband), as dis-

tinguished from the carrier phase.

The long-wave behavior refers to the space wavelength of the angle-

coding modulation envelope. Its frequency is about 100 KHz (f0 or

nearby) so its wavelength is about 3 Km or 10 Kft (X 0). If the

path difference is even a small fraction of this wavelength, this

phase shift is reflected in the angle error caused by the indirect

signal. This will appear in the error formula.

The path-difference speed is the rate of change of the path differ-

ence with time, as described in Figure 6-17. It is the difference

of the velocity components in the directions from which indirect

and direct signals reach the receiver. The path-difference speed

(v ) can be expressed as a path-difference frequency (fp = V/).
Ir p pIts effect is related to its ratio over the frequency beamw'dth so

it is helpful to express its value in BW. It is here defined Lo
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have a pt itive value with increasing path difference, as when
Pronc..ni he transmitter on a radial path.

The: differ .nce frequency at the receiver is the frequency of

j ts crojsi;-,g t'ae nyerbolic space pattern of interference between

Airv.t 'i ±ndirect signals. This beco',es one of the significant
-ua- iteis in the nritipath error formula to be given. It is the

oasis for Motion averaging to reduce the error.

From the formulas in Figure 6-17, the graphs in Figure 6-18 show

the variation of path-differenca speed with location on the flight

path. The frequencies (fp ) are between 0 and 1000 Hz, the latter

being 3 BW in fZ or 1 BW in EL-i. Near the transmitter, this fre-

quency may be one or more BW. Far from the transmitter, it is
much smaller, especially on a radial path.

As will appear, there is particular significance to the crossing

of multiples of the sampling frequency (such as 7 Hz).

The path-difference frequency, and its changing relation to the

sampling frequency, tend to cause some cyclic variations in the

time profile of the residual error. This vrill receive furthe

attention.
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6. The Proposed Method of Probl=e Reduction.

In the order of signal flow, these are the principal features pro-

posed for reducing the multipath problem:

(a) Filtering in space. The radiators will be designed t.o

strongly illuminate the required sectors but with reduced

amplitude in other directions. Also to emphasize the AZ

carrier near the centerline.

(b) Detection with a STALO instead of the received carrier.
This option is availible for avoiding any residual errcXG

that might be caused by moti.on through the carrier inter-

ference pattern.

(c) Filtering in angie-coding frequency, before the limiter.

A few specialized but simple prefilters will be designed )
and one at a time will be selected by a simple logic in
operation.

(d) Capture in a limiter. This feature enables instant selec-
tion of the strongest (direct) angle-coding frequency over

any weaker (indirect) interference.

(e) Multiscan motion averaging. This result of the Doppler

multiscan system greatly reduces some multipath errors that

might be caused by indirect signals whose angle coding

differs from the direct by a fraction of one beamwidth.

(So-called "in-beam" or "near-beam" multipath.)

(f) Self-tracking digital narrowband postfilter. This option

is available for further reduction of any residual errors

from different angle tones.

The limiter and the capture effect (d) will be discussed next,

because it is a reference for all other features.

6-54



Report 10926

7. The Limiter and the Capture Effect.

The capture effect in a limiter is a well-known phenomenon which

is here utilized for a specific purpose. It is used for instantly

subordinating a weaker (indirect) signal to the stronger (direct

signal). This is one of the principal features oi the Doppler MLS.

The limiter is here regarded as a circuit which identifies zero-

crossings to the exclusion of other properties of a signal, so

the zero-crossings can be counted and timed for measurement of the

average frequency over an interval. If one frequency component

exceeds the sum of all others, it is known that this frequency

becomes the average frequency of the zero-crossings.

This is termed the "capture effect". It is effective here for

instant identification of the strongest (direct) signal. Refer-

ring to Figure 6-3, this phenomenon is illustrated. The weaker

signal does not affect the number of zero-crossings. It does

cause a phase perturbation which may cause some error in timing

at the ends of the count.

V,
/ Any reduction of the ratio of indirect/direct signals is most effec-

tive if it can be implemented ahead of the limiter. Then it con-

tributes also to the margin of capture in the limiter. Space-

pattern and frequency prefiltering are examples of this. Any

remaining errors caused by indirect signals of different angle-

coding can be further reduced after the limiter by frequency

postfiltering.

6-i
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8. Filtering in Space and Frequency.

As previously mentioned, prefiltering ahead of the limiter is doubly

effective because it contributes also to the margin of capture in

the limiter. Several patterns arc shown in Figure 6-2. They fall

in two classes:

(a) Space-pattern prefiltering.

(b) Frequency prefiltering.

They are applied differently for AZ and EL functions in MLS.

AZ carrier. Figure 6-2(a) shows a space pattern for emphasizing

the carrier near the centerline. This gives extra assurance that

the received carrier will be reliable for reception near the

centerline where needed most. There are no strong reflections

near centerline, so all indirect signals are reduced to 1/2.

Therefore any interference pattern cannot have deep valleys.

AZ sidebands. Figure 6-2(b) shows three prefilter patterns in

terms of angle-coding frequency bands. These optional fixed

filters have two features:

(a) When the receiver is off to one side, before reaching center-

line, the proper half-sector filter is switched in (from knowl-

edge of the receiver location). This filter protects against

any indirect signal reflected from the opposite side. As pre-

viously mentioned, the latter includes any reflection from a

vertical wall close to the runway and parallel thereto.

(b) When the receiver is near centerline for glide slope, flare-

out and touchdown, the narrowband centerline filter is switched

in. This gives greatest selection against any indirect signal

coded for either side of the runway.
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EL-l(LO) carrier and sidebands. Referring to Figure 6-2(c), the

space pattern of the fan beam is shaped to provide the needed

coverage and is much reduced outside this sector. As a result,

it avoids full illumination of the nearest hangars. (Also air-

craft on the adjacent taxiway, except near the end of the runway.)

EL-2 carrier and sidebands. Again referring to Figure 6-2(c), the

space pattern of the fan beam is shaped to provide the needed cov-

erage and is much reduced outside this sector. As a result, it

avoids full illumination of the nearest hangars, also the nearest

aircraft on the adjacent taxiway.

Here it appears that space and frequency filtering may meet with

different opportunities for carrier and sidebands, and for AZ and

EL functions. In each case, the proposed feature reduces the

multipath problem in a manner that is needed but not available by

any other means.

Tracking narrowband prefilter. This is a recognized option which

offers further reduction of an indirect signal coded for a differ-
ent angle. It is most useful in the AZ function. Following the

half-sector filter, it can select the direct signal over an indirect

signal coded in the same half-sector. It requires special carp- in

acquisition and tracking.

Time-domain postfilters. This class includes three features, the

first of which is inherent in the proposed system.

(a) Multiscan motion averaging.

(b) Self-tracking narrowband digital postfilter.

(c) Sample-smoothing digital postfilter.

Each of these will be discussed in subsequent sections.
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The proposed filtering. The proposed baseline system for the K

configuration includes the following filtering:

(a) Space patterns shown in Figure 6-2.
(b) AZ fixed prefilters shown in Figure 6-2.
(c) Multiscan motion averaging.

)
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9. Self-Tracking Digital Narrowband Filter.

Some kind of tracking narrowband filter in the receiver is one tech-

nique available for reduction of a multipath error on the basis of

frequency selection. It is effective if the angle coding of indirect

and dirert paths is separated by a frequency diffezince exceeding

one or two beamwidths (BW). The self-tracking digital postfilter

is such a technique. It is a coml iter-type time-domain filter

that can be incorporated in the frequency-measuring process as part

of the angle decoder, see Figure 6-3. It is a natural modification

of the decoder using counting and timing in every scan. Its func-

tion is complete in each scan.

In the Hazeltine proposal [2] this digital filter was described and
suggested for further consideration. It will be described here in

more detail, with an improvement which makes it self-adapting to

any period of scan. It is not needed in the baseline system

described herein, but it is available for further refinement if

desired. In the rejection of indirect signals in terms of fre-

quency difference, it offers slightly less discrimination for a
small difference and much more for a large difference.

The following comprises the presentation included in the previous

proposal, followed by more recent material relating to the imple-

mentation and performance of this filter.

Dital filter. The digital counter and timer in the receiver can

be programed to perform the function of a narrowband filter that
is self-tracking with the major frequency component, as a result

of "capture" in the limiter. This process is analogous to taper-

ing the aperture excitation of the antenna for suppressing side-

lobes. The reasoning behind such a process will be outlined, then

the manner of implementation and the extent of error reduction that
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is readily obtainable. This computer filter differs from a physi-
cal narrowband filter in that it is free from "minimum-phase" delay
and distortion, so the scan timing is retained.

Aperture taper. In presenting the Doppler scan, direct tapering
at the aperture has been proposed, as a matter of principle, for

suppressing sidelobes of the frequency spectrum. However, such

tapering has no effect if the signal is to be decoded (without
narrowband selection) by crossover counting and timing. The ampli-

tude is ignored and the signal is usually passed through a limiter

beforehand. The digital filter is a process for obtaining (after

the limiter) some of the benefit usually associated with the prin-
ciple of aperture tapering. In each scan, it is able to decrease

the angle error of decoding, caused by a weaker reflected signal

carrying a different frequency of angle coding and/or path-

difference speed. )
The self-tracking feature of the digital filter. Being located
after the limiter, this filter operates on the direct-signal

(stronger) frequency component that has "captured" the limiter.

It performs a frequency averaging computation analogous to the
time-integration in a narrowband filter, and the result is similar.
However, the digital filter after the limiter inherently tracks

the direct-signal frequency, irrespective of its initial value or
even any "chirp" during a scan period. This yields a major sim-
plification relative to a tracking filter before the limiter.

(Being situated after the limiter, the digital filter naturally

cannot protect the decoder from a reflected signal stronger than

the direct-signal.)

The viewpoint of phase modulation. The (weaker) reflected signal,
at a slightly different frequency, causes phase modulation at the

difference frequency, as explained with reference to Figure 6-3.
Some examples of this modulation are shown in Figure 6-19(a). A

reflection coefficient, p - 1/2, is taken for these examples, so
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the phase modulation alternates within ± 1/2 radian. For m beam-

widths (BW) of frequency difference, the phase modulation progresses

m cycles (m x 21r radians) over the scan period (T s). The two cases

shown are for odd-half numbers of beamwidths of angle and frequency

difference (3/2 and 9/2). The timing of this wave rel.tive to the

scan period is an accident of space geometry, including motion.

The timing shown is that which gives the greatest phase difference

between the end points. This is an upper bound on the phase error

observed in the simple process described with reference to

Figure 6-3. The amount of phase modulation is the same for any

number of cycles (W).

The viewpoint of frequency modulation. The decoder is intended to

respond to the coding frequency, which is the average frequency.

Averaging is needed if there is any "chirp" on the angle coding.

In any case, it is needed here to decrease the ability of the in-

direct signal to cause an erroa in measurement. Figure 6-19(b) )
shows the frequency modulation corresponding to the phase modula-

tion (a). The amount of frequency modulation is proportional to

the difference frequency (fro) or the corresponding number of beam-

widths (m) of angle separation. Averaging this modulation over the

scan period leaves a residual error indicated by the shaded quad-

rants. This area is the same for any m and is greatest for odd-

half values as in the examples. The time integral of 2vf gives *.

Therefore this area corresponds to the 1/2 radian of 0 in (a).

Ordinary frequency averaging. Here we see that the simple count-

ing and timing decoder (Figure 6-3) is equivalent to averaging the

frequency modulation. It leaves an error of frequency measurement

in proportion to 1/m of the extent of frequency modulation. This

may be regarded as the result of averaging out all except a frac-

tion of one cycle in the m cycles of modulation. The residue
cannot exceed 1/2 of one cycle. The counter and timer may be

regarded as averaging the "instantaneous" frequency measurements

of all intervals between successive counts. Equal weight is given
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to every interval, which has the effect of ignoring the timing of
all intervening crossovers and giving weight only to the lapsed
time from the first to the last crossover. This process ignores

much information that is available, namely, the timing of all

intervening crossovers.

Weighted frequency averaging. In antenna aperture theory, side-
lobes may be decreased by tapering the excitation over the aper-
ture. The sidelobe reduction is the mathematical result of weighted

averaging of all parts of the aperture. In the Doppler scan, the
aperture excitation is scanned in time, so tapering or weighting

may be achieved by a variation with time. In the counter and timer,

this may be accomplished by applying a tapering or weighting factor
over the scan time, as shown in Figure 6-19(c). As an alternative

to the constant weighting, a parabolic taper is shown. In the com-

puter, in principle, this weighting factor is applied to "instan-

* taneous" frequency measurements in all counting intervals. With

this weighting factor, the FM is then averaged. This average gives
weight to the timing of all crossovers. Especially, the end quad-
rants no longer have a controlling effect on the average.

The rcaulting reduction of residual error. With reference to
Figure 6-3, it has been stated that the ordinary counting and timing

decoder leaves an error which has an upper bound of 1/6 BW. In
Figure 6-19(d) the sine curve shows how the upper bound of this

error goes through cyclic variations with angle. The corresponding

upper bound is shown for the parabolic taper. its envelope de-
creases in proportion to 1/m, as compared with the level envelope

for constant weighting (no taper). The ratio of these two curves

is the same as that of sidelobes for corresponding aperture excita-
tions. The error reduction is substantial, since m may be as great
as 60 BW from zero angle (broadside) or even 120 BW from an extreme

side angle. In tither case, the RMS error (over all equally probable
conditions) is 1/2 the sidelobe envelope.

(
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The filter effect obtained by a digital computer. The weighting

function is the time-domain description of the equivalent fre-

quency filter. Either weighting factor gives the following effects
if m > 1:

Constant Parabolic

Equivalent frequency filter,

sidelobe envelope proportional to I/m 1/m2

Angle decoding error (in beamwidths)

not exceeding 1/6 1/Cm

The optimum taper. The taper ia see, to increase the error slightly

if m < 5/4. For large m, the parabolic taper decreases the error

further than needed. It may be preferable to use a fractional

taper, as graphed by the dashed line in Figure 6-19(c). If the

ends are 2/5 Ute middle weighting, as shown, the error envelope is

the average of the two graphs (with due regard for sign) and levels

off at 1/12 BW. By applying this freedom, the envelope may be

leveled off at any fraction of 1/6 BW, and .he increased tolerance

of far sidelobes yields the advantage of decreasing the error near

The decoder computer algorithm. The constint weighting is accom-
plished by the simplest computation. The parabolic taper is a
routing variation but might pose a problem in anticipating the

duration of computation in a particular scan. The following pre-

sents an algorithm for computing with the parabolic taper in a

manner that can be stopped at any count. It is simple enough to
be attractive for the system decoder. Figure 6-20 gives the basis

for this process.

The problem of a scanp riod of unspecified duration. In the MLS

receiver, the deciding process may be designed to be self-adapting

to any value of the scan period. This is simply accomplished for
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Figure 6-20. The Relationi Between iLhe Two Weighting Factors
over the Time Interval of Counting
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the measurement of average period of the codinq frequency, because

it is the quotient of period count over time count, the former

being started just after the beginning and stopped just before the

and of the scar. period. However, the filter requires a oomruta-

tion subject to a weighting factor which varies in a prescribed

manner over the scan period. For this weighting factor, there is

just one form of taper which is naturally adaptable to continuous

computation without prescribing the scan period. It is the para-

bolic taper, as will be described.

The parabolic taper of the weighting factor. This taper is analo-

gous to a familiar form of aperture taper in the science of beam-

forming radiators (for example, microwave-relay antennas). It

comprises a parabola between zeros, as shown in Figure 6-20, or

perhaps added to a constant ("pedestal") . The latter is a simple

variation and wi. .iot be mentioned further herein because it is

not related to the unusual problem in computation. The parabolic

form is ideal here because it has constant curvature and there-

fore is adapted for continuous computation before the end point

is known. No other symmetrical taper has this proparty. The
manner of utilizing this property is the principal subject of this

discussion.

Applying the weighting factor in real time. An objective in the

present system is the proper weighting of each time observation

for immediate summing over the scan period. In principle, the

weighting factor Wm is applied to each observation uf the period

(At)m between one crossover and the next. Then the average period

is

n
SW m(At) m

1n (1)
m

r n
E W

m I-m
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The weighting factor cannot be prescribed over an unspecified scan

period, as here. However, it will be shown how two weighted sums

can be combined at the end of the scan period, to achieve the same

result.

The development of the parabolic taper in real time. Figure 6-21

shows two weighting factors, one parabolic (a) and the other

linear (b). Both may be applied continuously with arbitrary scale

factors and the weighted sums accumulated in separate registers.

If the time observations yielded a constant period, the areas (a)

and (b) would represent these sums. At the end of the scan,

either or both of the scale factors is adjusted to equalize the

two weighting factors at that point, as graphed in Figure 6-21.

Taking the difference of these two sums is then equivalent to a

retroactive application of the difference of the two weighting

factors, which is a parabola between two zeros(c). In effect,

this is to be applied as a tapered weighting factor in summing

and averaging the observations of the period between one cross-

over and the next.

The practical application of the parabolic taper. Instead of ob-

serving the period (At) at every count (m), and then applying the

two weighting factors (a) and (b) in Figure 6-21, a simplification

is found in a different procedure. It is based on observing the

lapsed time (t ) from zeLo (at m = 0) to each count (ra). InF meffect, the summation of the lapsed times inherently provides a

linear weighting factor by repeated addition of the earlier periods.

This principle will be implicit in the procedure to he described.

Another linear factor on the lapsed time provides the effect of a

parabolic weighting factor.

The weighted average of all periods, First we shall state the 4

selected weighting formula and summing from obser-,ed periods, be-

cause this is the principle to be implemented. Figure 6-20(b)

shows this taper as a parabola between two zeros. The location
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(a) Cumulative parabolic weighting factor.

(b) Linear weighting factor based on end points only,

6 computed at end of interval.

(c) Difference representing the required parabolic taper.

Figure 6-21. The Development of a varabolic Taper in Real Time)
over an Interval not Specified in Advance
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of these zeros is chosen to give equal weight to all time observa-

tions (tim at m = 0 to n). If n is large, as is expected, this

choice is not critical to performance, but it does yield the sim-

plest computation in the end. Here we identify the periods with

odd-half-integral values of m, then the weighting factor may be

expressed as

W= 6(n-re+l 2) (m+1/2) (2)2 n~n+l) (n+2)

In the numerator, each factor provides one of tie two zeros. The

constant scale factors will be explained further on. The weighted

average period is then

n-1/2
Z W2 (At)
1/2

m (3)
n-1/2

Z W
1/2
m

in which (At)m -tn+1/2 -t /2.

The choice of scale factors in (2) makes the denominator in (3)

equal to unity (see Dwight 29) so

n-1/2

average period = W2 (At) (4)
1/2
m

From this will be derived what is believed to be the simplest pro-

cedure for computation.

A simp-e formula for computation from observations of lapsed time.

From (3) we shall derive a weighting factor, W1 in Figure 6-20(a)
which can be applied directly to the lapsed time. We require an

unusual translation from the odd-half integral to the integral values

( of m. The principal factors in the numeratoz of (3) are here written

in full,
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(n-m+1/2) (m+1/2) (tin+i/ - tm-1/2) (5)

For each integral vaiue of m, the time t m is multiplied by the -

difference of two factors from the above. First, for m+1/2 sub-
stitute m; secondly, for m-1/2 substitute m:

((n-m+l) (m) - (n-m) (m+l)] tm = (2m-n) tm (6)

Therefore we may formulate

n 6(2m-n)
average period - E W1t m  ; W= I n(n+l) (n+2) (7)

in which W1 corresponds to the formula and graph in Figure 6-20(a).

This linear weighting factor applied to the observations of lapsed

time has a simple significance in computing the average period.

The times for low counts are subtracted from the times for high

counts and this difference is translated to the average period.

Some weight is given to every observation of time.

Measurements for computation. Figure 6-22 shows first the observa-

tions which are needed for the computations.

(a) From the receiver, the coding frequency is put through a

limiter and crossover detector which delivers a pulse for

every crossover to be utilized. This may occur every 1/2

cycle or one cycle or some small number of cycles, depend-

ing on the fineness required.

(b) From the receiver, the start and stop signals are derived

from the scan transmission. They command the period counter

to start or stop.

(c) The clock oscillator is used with a counter to evaluate the

lapsed time from the initial (zero) crossover to each of the )
succeeding crossovers.
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M(d At the stop signal, the last count (m) is identified (n) and

stored for computations.

A procedure for computation. Figure 6-22 shows also a computation
procedure in accordance with (7). In the numerator there are two
parts:

(a) tm is summed in process.

(b) mtm is summed in process, then the sum is multiplied by 2/n

at the end.

These correspond to (a) and (b) in Figure 6-21, but are not strictly
parallel. Their difference is utilized for final computation of the

average period. This procedure is completed in one scan. If multi-
scan averaging is used, that should be a separate computation.

Symbols for computation of performance.

n - number of counts in one scan period

m = cycle count of crossovers (0 to n)
tm = lapsed time from 0 to m count
Ts = scan period

Ta = count period computed by simple average (constant weighting

factor)

Tw = count period computed by weigh -d average (parabolic taper)

f = l/Ts = frequency beamwidth (BW)

Af = frequency difference of indirect and direct signals

k = Af TS = Af/f1 
= frequency difference in BW

= number of cycles of relative -otation during one scan period

P= amplitude ratio of indirect/direct signals (small, say < 1/2)

Note (m): While defined as one count every 27r radians, it mh.y be

any number of T; it is to be regarded as a continuous variable
over many counts (n) filling one scan period.
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Note (Af): This frequency difference may be caused by frequency

coding at a different angle and/or Doppler shift by path-differ-
ence speed; it is regarded as constant during one scan.

Note (p): This is equal to the phase modulation (fraction of a

radian) caused by the superposition of the indirect signal (P)

on the direct signal (1) with some frequency ditference

(Af - kf1 - k BW).

The direct and indirect signals, out of the crossover detector.

Over the period of one scan, the crossover timing is taken to be

perturbed by the phase modulation caused by the indirect signal,

as follows:

Tm(m + P sin 2wkm/n + cos 2rkm/n) (8)

The amplitude ratio is divided between two parts in quadrature:

P W VP2 + P2 (9)

The ratio between the parts is determined by the phase difference
at the start of the scan period. The angle of relative rotation
is k cycles during n counts. The rotation is taken to be propor-

(tional to the count. This is a close approximation in th.' range
of interest, namely, a frequency difference much less than the

coding frequency being counted.

The computation with constant weighting factor. As a reference,

the computation is here performed without a taper. This is the
simple counting-and-timing (TIC) method. The average .'riod of
count is

-a1tn - t) = ~-~( 1T )(n + sin 21rk + 2ik -1)J
a n n 0) n a isin

T [l + L, (p'cos rk - p"sin nk)sin rfk)
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Since one count is known to correspond to one BW, the error in BW
has this frequency envelope for all values of initial phase angle:

P sin irk (11)

The computation with parabolic weighting factor. Following the
procedure above, we substitute for the step summation (7) a con-
tinuous integration. Then the weighted-average period of count is

n n

Tw  = JWItd3 { (2m - n)tmdm (12)

0 0

Performing this integration and again expressing in terms of the

half-angle irk,

T = n 1 n L ( cos nk - P"sin irk) (cos rk - si 7rk)]

(13) 9)
Here the error in BW has the frequency envelope,

p 3 -1
Tr (cos irk - , sin irk) (14)

See Figure 6-19. The envelope of the frequency envelope, which is
p/n in (11) withot L taper, is here multiplied by

W (1/rk) (15)

This factor may be used to indicate the amount of reduction of the
error by the tapered filter. For a frequency difference of k BW,

if k > 1, this envelope is about 1/k. This is similar to the effect
of one added resonance.

The limiting case of small frequency difference. If the frequency

difference approaches zero, the frequency envelope approaches a

constant slope that is independent of the weighting factor. In

both (1i) and (13), the frequency envelope of the error (in BW) I

6-74

A.]



Report 10926

(
becomes pk. This value has mathematical significance for checking

the relative coefficients of different formulas. It has little

practical significance, because this amount of error is so small.

The RMS error for various conditions. Under the envelope of the

frequency envelope, there are two sinusoidal variations whose

phase may be regarded as accidental if k > 1:

(a) The initial phase difference, related to p'/p".

(b) The cumulative phase difference over one scan, 2rk.

Then, the RMS value ("one sigma") is 1/2 the envelope of (11) or

(14).

The effect on the error caused by random noise. The frequency en-

velope for the filter multiplies the random-noise modulation by

the factor (14) instead of the corresponding factor (11). This
( factor has a constant envelope over the frequency spectrum. The

filter factor has a frequency-selective envelope (14) which may be

compared with (11) to state its effective bandwidth. One easy

method of computation is to sample (14) squared at every half-

integral value of k and sum the two series (Dwight 48.002 and

48.14). Referred to the average frequency density of (11) squared,

the effective (noise) bandwidth of the filter is 6 BW or ± 3 BW

from zero. The result of the filter is a reduction of noise error

in the ratio

6
V o. of BW of coverage (16)

The denominator may be between 20 and 120, in which case the noise

error may be reduced by a factor betweea 0.55 and 0.22. This rule

is applicable during the time that the noise is weaker than the

resultant of direct and indirect signals, before the limiter and

therefore before this narrowband filter.

(
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Commuents. The computer-type filter is evaluated to show its effect

in reducing the measurement error. The error caused by an indirect

signal is reduced if the frequency difference is greater than about

5/4 BW, as appears j.n Figure 6-19(d). The ratio of reduction is
about what one would expect from adding one resonance in a filter.
The filter is essentially a computer implementation of the socalled

"transv!rsal filter" used for time-domain synthesis of a frequency-

selective filter. Here the signal to be filtered is one-dimensional

(time only, not amplitude) so the computation is simplified.

6-76



Kepo'rt 10926

10. The Residual Errors.

General. The problems relating multipath end shadowing have been

described in terms of the situations in which they may arise, and

the remedies that may be available. Here we shall review these

situations and arrive at some numerical values that may be repre-
sentative of the remaining problems and the residual errors.

Shadowing. There are some locations where shadowing may be present,

so the MLS signal will not reach the receiver with sufficient am-

plitude and purity. These are predictable situations, which may be

present in some AZ paths far from centerline but not in EL paths.

The MLS cannot be relied on if the receiver is in shadow, so the

concept of residual errors is not applicable.

Multipath before filtering. There have been described, various
=situations where a substantial indirect signal may be reflected

in some direction within the coverage region. (Each such case is
usually associated with a shadow in another direction.) If the

indirect signal is weaker than the direct, which is nearly certain,
we can rely on these properties of the Doppler system:

(a) The reference carrier will remain intact, though it may be

subject to contamination.

(b) The angle tone will be identified, though it may be subject

to an error in decoding.

(c) Whatever angle error may be caused by multipath, it will be

less than one beamwidth, and typically much less in view of
the probabilities of several reducing factors.

It is ccncluded that the angle observed without selective filter-

ing is nearly certain to be close to the correct angle, so it

could be relied on for placement of a filter having a bandwidth
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at least as great as several oeamwidths. This is true wf the fired

filters that are here proposed for reducing the multipath problem.

Space filtering for the reference carrier. Except for shadowing,

there is adequate assurance of the integrity of the reference car-

rier in all directions of coverage. This includes the proposed

space filtering of the radiation for emphasis of the carrier near

the centerline direction, to give extra assurance against carrier

contamination in this direction. This should avoid appreciable

carrier-related angle error in thir most czitical region. There

will be further mention of such error, adding further assurance

that it is not appreciable.

Fixed prefilters for the angle tone. Each of the proposed pre-

filters admits a fixed frequency band including a half-sector or

a narrow angle near centerline. The prefilter is located ahead

of the limiter, as an extra protection against temporary capture

of the limiter by a stronger indirect signal. Such an occurrence

is unlikely but conceivable, perhaps aA a coincidence of differ-

ent indirect signals in some region of space. The prefilter in-

herently serves to protect against angle error from an indirect

signal outside its passband. A moderate amount of attenuation

(say 1/4 to 1/16) is sufficient to fully protect against capture

and against appreciable error from directions outside the pass-

band. (In this evaluation, there is no tracking prefilter or self-

tracking digital postfilter, because there is little or no remain-

ing need that might justify the extra cost in the receiver.)

Inbeam multipath. In some cases, the indirect signal may be coded

for an angle only slightly different from the direct signal. This

is extremely unlikely for any strong indirect signals in AZ, but

the EL coding is inherently susceptible to inbeam multipath when

the receiver is at a small height. In such a case, frequency fil-

r tering is ineffectual but space filtering is proposed for angle

sidebandb as well as the reference carrier. Also motion averaging

is found to be effectual in this situation. Near-beam and inbeam
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multipath will here receive special attention, leading to the con-

clusion that the proposed measures will hold the residual t-rors

well within tolerance.

A cyclic time profile of error. In various ways. the time profile
of a residual error may be cyclic at a frequency such that the

error tolerance is decreased. This may result from:

(a) receiver motion through the multipath interference pattern

in space;

(b) the correlation of this interference frequency with the

sampling frequency of angle data.

These considerations will be included where relevant.

Evaluation of residual errors. The error eventually appears in a

time profile where its significant characteristics are:

(a) amount,
(b) form,

(c) duration,

(d) timing of occurrence in the flight path,

(e) probability of occurrence.

A few examples will be given with reference to these factors.

A relation between RMS and upperbound values. A numerical estimate

usually involves considerations of both RMS (one sigma) and upper-

bound (UB) values. In some cases, the RMF is so much less than the

UB that it may be inadequate as a practical evaluation. A rule is
here proposed and used, which appears to be helpful in such a case,

as follows:

(a) If the RMS value is less than 1/4 the expected UB value,

then 1/4 the UB is stated as the RMS value.
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In recent studies, this has appeared to yield a reasonable vali-.

for comparison with other values logically ccmputed as RM.S. It

is justified if we make this assumption:

(b) A tolerance stated in terms of sigma permits an extreme

deviation of 4 sigma.

in the normal distribution of errors, e:.ceeding this extreme has a

prcbability of 2/15000. The use oi this rule is a safeguard aoainst

using the RMS literally in a case where it might give an error. us

impression of too small an error.

Numerical values. As will be detailed in Section 14, the multi-

path residual errors are mo.,tly small in amount and/or probability,

as follows:

(a) Near-centerline errcrs 3re typically around 0.01 BW (RMS' which

is so small that any peculiarities are not important.

(b) Far from centerline, there is a conceivable AZ error of abot

0.05 BW (RMS), which is unlikely to occur at all, and any

occurrence is a predictable feature of the runway environment.

The next f' w sectjons give some rules and formulas used to estimate

the errors.
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11. The Error Formula. 

Purpose. The multipath-error f r nula t., be! det3ribe'd here :is based

on an idealized case so defined as to bring out sever.al fac.tors
that are essential and separable in predictlnq the error. it is

intended to be helpful inunderstanding the Doppler WS behavior

toward multipath dnd in estimating the residudal error. The for-
mula is to be applied after takir.g into account any space filtering

and frequency filtering that may be utilized ahead of the angle-

tone frequency measurement (limiter, eti.) in the receive,. .

b?

h7

r
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Symbols.

t = time (variable)

Ts M i/fs = period of one scan
T ( = time delay of path difference (indirect minus direct)

(at t = 0 if moving model)

f = frequency (Hfz)

w 27tf = radian frequency (radians/sec)

wc = radian frequency of reference carrier

o= arile coding at zero angle (centerline)

w od ='o + d = angle coding, direct path
Som = wo + m = angle coding, indirect path

w md wm m- wd = angle coding difference
=p radian frequency of increasing path differenceP

(carrier radians/sec)

(positive on AZ centerline approach)

m = modulation factor of each sideband

p = amplitude ratio, indirect/direct paths

S = number of scans in one w.ultiscAn

c a carrier phase ang~l, relative to average of pair of
sia bands

BW = any quantity corresponding to one beamwiath of angle

A + B + C - angle error (fraction of BW)

A = even term, sideband multipath

B = odd term, sideband multipath

C = odd term, reference-carrier multiiath

SEDS = sequential dual scan (alternating single-sideband)

SIDS = simultaneous dual scan (double-sideband)

6-82



( Report 10926

The physical model for the formula. Referring to Figure 6-23, the

reference carrier and the angle-coding sidebands are radiated from

the ground transmitter (T) and reach the airborne receiver (R) by

two paths. The indirect path is off the straight line, by reflec-

tion from an obstacle (A). The paths are coa.±d differently:

(a) The direct path is coded for the one direction (f0 + fd

(b) The indirect path is coded for a different direction (f0 + fM) .

The angle-coding signal. These are the essential properties of the

angle-coding signal in space.

(a) Referring to the description of the signal format, tht! sig.-al

form is SEDS, which is the option proposed in SC-117 and

herein. The same formula is also applicable to SIDS by

merely removing the terms peculiar to SEDS, as will be noted.

(b) There is a multiscan format comprising S repeating scans,

which means S/2 pairs in SEDS.

(c) For simplicity, the radiation of carrier and sidebands is

assumed to come from a common phase center, with the same

phase at midscan. This is not a condition for validity.

The path difference. The path-difference time (T ) determines
c

the relative phase of wave arrival. Its variation with motion

in time is the path-difference speed (v p) which is expressed in

wavelengths to define the path-difference frequency (f ). This
p

is usually caused mainly by the motion of the receiver (R) and

only incidentally by any motion of the obstacle (A). The time

variation of the path-difference spLed is negligible during one

multiscan, so it is ignored in the formula. This variation will

be discussed further on in relation to the sampling frequency.

The frequency measurement. The frequency is measured by uniscan

counting and timing in each scan, then summing both over all the

(scans in a multiscan, then taking the quotient. This yields the
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Figure 6-23. ~Iodel for Computation of 7iultipath Error -)
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multiscan average frequency, without any error attributable to

granularity in counting.-

The direct and indirect signals. Referring further to Figure 6-23,

the signa)a may be expressed as follows:

Carrier Sideband (±) (1)

Direct: exp j(w c t + C)

m exp j(w 0 ±wo.)t

Indirect: p exp j(w c-Wp)t - cT + 'c ]  (2)

pm exp j[( W- o±W m p)t - W o )Tc

The expression of multipath phase distortion. For the first-order

effects of the indirect signal (p << 1, say p < 1/2) we note sepa-

rately the phase perturbation of each component of the direct

signal:

Carrier: p sin(- wpt - wcTc) 3)

Mie an ± : P sin (± ;w W - ) t - (W ±W o±wm)Tc ]  (4)

These two parze are applied to a priduct detector, which adds these

components of phase perturbation.

65
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The error in uniscan frequency measurement. In one scan, the

counter and timer senses a timing error at each end of scan. See

Figures 6-23 and 6-3. It may be computed for either sideband

-(- LSD or + USB). The net error is the difference of the phase

perturbations at the two ends, (4) minus (3). This difference is

taken over a time interval of one scan (T ).

The error in sequential dual scan (SEDS). Here the error is com-

puted for two consecutive scans with opposite s'dc-bands. The time
intervals are a pair of scans centered on zero -m (-"s to 0,

0 to + T s). The net error is the sum of four pairs of sine terms.

These terms give the frequency spectrum but do net give an under-

standing of the composite behavior. The sum .s r:.duced to a few
product terms by separating similar angles into sum and difference

pairs, and quadratic factors (cosine and sine). The result will

be given as three product terms with separable meanings.

The effect of multiscan averaging. Every scan behaves alike ex-
cept for the motion frequency w p. The average of S scans (S/2

pairs) shows the effect of multiscan averaging, a behavior that is

peculiar to the proposed Doppler MLS. The average is obtained by

sumn.ing a series of S/2 periodic terms equally spaced in frequency.

Relations in terms of physical concepts. Some relations are noted
here for simplification and for correlation with physical concepts.

(a) It is easily shown that a phase perturbation of p (radians)

at one end of one scan may yield an error as great as p/2w
beamwidths in fraquency and angle. This error at both ends

of one scan may add up to p/n. Therefore each pair of phase

errors will be expressed as a fraction of one beamnidth,
Aith the coefficient p/w.

(b) The direct and indirect coding is reduced to the difference

frequency
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fmd fm f d A

and fmdT 1 is the number of beamwidths by which the indirect

direction of radiation and angle coding differ from the direct.

(c) The modulation envelope of the indirect signal has the coding

modulation frequency

fom fo + fm

and fmTc is the number of these cycles in the path differ-

ence. This frequency being much lower than the carrier fre-

que,'.cy, the envelope in space is a 'long wave".

(d) Th,- carrier frequency and the path difference give f T as
c c

the number of wavelengths of path difference. This deter-

-dnes the space pattern of interference of "short waves".

(e) The path-difference motion frequency (fp = vp/X) and the scan

period give f T as the motion frequency in beamwidths. This
will be related to "grating lobes" in multiscan motion

averaging.

(
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The multipath error formula. The sum of the following three parts
p is the multipath error expressed as a fraction of one beamwidth.

(A) Sidebands, even term.
(B) Sidebands, odd term.
(C) Carrier, odd term.

sin ps T
A=i V sin 2mdT cos(w T + -pTs) cos(w T - T)S sin 1T s  c c md s

VPsin S TBO +p~ Cos Tm sisn(womTc + 1 Ts  sin(wcTc  1 Ts

P2 s1

Ssn fpTs 1

Cos 0 sin(0 + -iT s ) sin(w0T - 0)S cos rpTs

D E F G G' C" H H' H"AMPLITUDE MOTION ANGLE LONG-WAVE FACTOR SHORT-WAVE FACTOR
RATIO AVERAGING CODINGINDIRECT FACTOR FACTOR G' G" H ' H"DIRECT (S SCANS) LONG- MOTION SHORT- ANGLE< 1 FREQ. WAVE BETWEEN WAVE CODINGDIF. OF ENVELOPE SCANS INTER- FREQ.1 AT INDIRECT IN SPACE IN ONE FERENCE DI.S GRATING FROM IRT.

LOBE DIRECT SUB- PAIR PATTERNSUB- IN SPACE
CARRIER
FREQ. CARRIER

FREQ.

6
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(D) This coefficient is the upperbound of each term.

(E) The motion-averaging factor will be discussed further. This

factor gives each term the "even" or "odd" designation.

(F) The angle-coding factor reflects the modulation-frequency

difference between indirect and direct signals.

(G) The long-wave factor includes (G') the subcarrier modulation-

envelope phase delay in the extra path distance of the in-

direct signal. It also includes (G") the carrier phase shift

by motion from one scan to the next.

(H) The short-wave factor includes (H') the carrier interference

pattern in space. It also includes (H") the angle-coding

phase difference seen also in (F).(\
The application to SEDS or SIDS. As mentioned above, the formula

is derived for SEDS with a product detector responding to the re-

ceived sidebands and reference cerriei'. Th.is case requires all

three parts. Each part is subject to some simplification in dif-

ferent cases, as follows:

(A) This part gives the entire error for SIDS, because the other

two parts reflect the motion between upper and lower side-

bands in SEDS. Furthermore (A) is simplified by removing the

angles (G") and (H") which also reflect this motion.

(C) This part gives the error that may be caused in SEDS by de-

tection with the received carrier subject to multip.ch motion

contamination. If a STALO (stable local oscillatcc) at

nearly the same frequency is substituted for thc received

carrier, (C) is excluded.
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These simplifications may be summarized:

For SIDS, use (A) simplified, de]ete (B) and (C).

For SEDS with STALO, delete (C).

These simple rules are enabled by the expression of the error in
"modal" form, such that (A) and (B) are orthogonal and (C) gives

separately the effect of motion contamination of the carrier. In

a stationary model, SEDS and SIDS become equivalont so only part

of (A) remains. It is seen that the motion effects are essential

to the error computation for either SEDS or SIDS.

The motion-averaging factor. A particular feature of Doppler MLS

is motion averaging over a multiscan (S scans or S/2 pairs). This
factor (E) is less than unity, and may be much less over a range

of conditions. It is so important' that its peculiarities will be

discussed in a separate section.

The angle-coding factor. The indirect and direct angle-coding

modulation frequencies differ by a number of beamwidths (few or

many). The angle-coding factor (E) reflects this difference and

is typically accidental in occurrence.

Interaction of coding and motion frequencies. In the "modal" terms

of the error formula, the spectral components of the modulation fre-

quency are combined and not separatel.y identified. The path-dif-

ference variation may cause the apparent coding frequency to shift

oppositely in the opposite (W) sidebands. Figure 6-24(a) shows

the angle-coding factor (F) in to'e first line (A) as it would
appear for only one of a pair of sc.ns in SEDS. The RMS level re-

flects also the Lhort-wave factor (H). In SEDS, the alternate

sidebands of the indirect signal are split into a pair of odula-

tion frequencies, which would be relevant to any filtering after

the detector. See Figure 6-24(b) and (c). Typically the motio,

shift of frequency is of the order of 1 EW or less, so it is not
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(a) Angle Error in a Single Scan.

(b) Composite Frequencies for Coding Frequency Greater.
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(c) Composite Frequencies for Motion Frequency Greater.

Figure 6-24. Relations between Decoding Error Factors and
the Frequency Difference of Indirect and Direct Signals
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likely to h noticeable. In STDS, this effect is absent if the two

sidebands are compared directly for deriving the modulationf frequency.

The long-wave factor. This factor 'G) reflects the envelope phase

difference between direct carrier and indirect sidebands. This

angle determines how the multipath distortion is divided between
phase and amplitude perturbation; only the former appears as an

error. The two component angles (W' and G") may both have appre-

ciable effect in SEDS, but the latter is deleted for SIDS. If

both angles are small, the (B) and (C) terms maj' be negligible.

This corresponds to small path difference and path-difference

speed, as in a centerline approach while still far from the runway.

The modulation frequency is near 10(0 KHz, so the long-wave length

is about 10 Kft. The path difference is typically less than 1/4

wavelength or 2500 ft, for which either sine or cosine may be

greater. )

The short-wave factor. This factor (11) reflects the carrier-wave

interference pattern in space and its changing effect from one

scan to the next. Typically the flight path is crossing the grid

of hyperbolic contours of constant path difference. The frequency

of crossing is the path-difference frequency, which is typically

less than 1 to 3 BW, usually much less. At distances moderately

far from the runway, this causes a cyclic variation of the error

in a frequency range that may be objectionable (of the order of

1 Hz). In gereral, the cyclic variation may correlate with the

sampling frequency, with re3ults to be discussed further on.

The probability of all factors. In the 3 lines (ABC), the distri-

bution of each factor may b.; estimated as follows:

r
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(E) From the preceding discussions, there are three regimes of

path-difference speed:

(1) Small ( 1/4S BW) so the even term (A) is not

reduced but the odd terms (BC) can be ignored.

(2) Moderate (around 1/4 B%) so all terms are

reduced to a small fraction (about l/S).

(3) Variable (around 1/2 to 3 BW) so there are

critizal conditions where a GL occurs with

very small duration.

(F) The angle-coding difference is nearly always accidental.

(G) The long-wave factor usually includes a small angle (within

the first quadrant) but also the path-difference speed in

one of the three regimes mentioned above (E).

(H) The short-wave factor includes a carrier angle which is acci-

dental but also a coding-difference angle which affects its

relative phase in the three terms (ABC).

It is apparent that the four error-reduction -actors have some t-

tern of correlation, but the pattern is not amenable to a simple

description.

The RMS value of independent cyclic factors. If N cyclic factors

of independent frequencies are multiplied, their RMS value is

(1/2) N / 2 . For example, 4 factors har'e an RMS value 1/4 the UB.

This number is approaching a norm'. distri;tion, the 4-sigma

value having zero instead of 0.045 probability of being exceeded.
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A rule for comparing UB with RMS errors. In the preceding Se:-

tion 10, it is proposed that a seldom-occurring UB be identified

with the 4-sigma level of error. The rationale is, that 1/4 the

UB is a suifficient allowance for an RMS value in a uonrandxn situ-

ation where the ran'com RMS would be much smaller. This rule will

be applied in the regime (E-3) above, where a GL occurs during a

small fraction of the time. For a typical multiscan (S = 16), it

is noted that the factor (E) alone has an RMS value 1/4 the UB,

and the other factors would further reduce the PRS, so 1/4 the UB

may be regarded as an adequate allowance for the RMS.

6-94



Report 109 26

12. Multiscan Motion Averaging.

The principle. The multipath error in one scan depends on the car-

rier angle difference (c T c) between direct and indirect signals.

If this angle changes from one scan to the next, an average over

several scans tends to reduce the error. In a multiscan format,

this is found to yield a very helpful reduction over a range of

conditions. It becomes a particular feature of Doppler MLS.

The motion-averaging factoi This factor (E) is found in some form

in each of the three terms (ABC) of the errr formula. It is uetor-

mined by the number of scans (S scans or S/2 pairs) and the motion

angle (p T s ) from one scan to the next. Figure 6-25 shows its

value and its envelope for the path-difference frequency in beam-

widths (f T ) which is equal to the path-difference speed in I
wavelengths per scan period. Typically this is a number less

than 3; most of the time in one flight path it is much lesz. It

h" '..- f-rr, nn evn fcrm i, (A) and an odd form in (B) and (C)

Grating lobes. A pecuiliarity of the motion-averaging factor (E) is

the "grating lobes" (GL). They are so designated by analogy to the

radiation pattern of an optical grating, where the cerm originated.

That pattern has the same mathematical form. The grating lobes

appear in Figure 6-25, where the factor has a value of unity. At

integral multiples of 1 BW, successive scans repeat so there is no

reduction of error by averaging. This relation identifies the even

series of GL, which appears in the first line (A) of the formula.

This rule is directly applicable to SIDS, but also to line (A) for

SEDS. At odd-half-integral multiples of I BW, pairs of scans

rc- .t in SEDS, giving 4-j 'dd series of GL which appears in the

other lines %B, C)
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Figure 6-25. Multiscan Motion Averaging Factor)
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The occurrence of even Zrating lobes. The first line (A) has a

grating lobe if f T is an integral number (including zero).

Then the other two lines (B, C) are zero.f (even GL) = + L sin oTs w T cos (wcTc mdTs)

This is relevant for a small path-difference frequency-- (< 1/4S BWI)

which is typical of a centerline flight path at a distance far
from the runway. 'No of the three periodic factors are accidental,

so the KNLS value is less than p,/2r.

The occurrence of odd grating lobes. The other two lines (B, C)
have a grating lobe if fp T is an odd-half-integral rumber. Then
the first line (A) is zero.

1 T1in(
B (odd GL) = + R c s jm T cos woT sin (w - 11dT)

C (odd GL) = - - sin w T

These tend to cancel out if both wmdT and womTc are small; their
upperbound is 2p/T. The odd-GL terms are relevant only for a
rather critical condition. If this conditiQl occurs at all, its
duration is expected to be very small. As previously mentioned,
the last line (C) goes out if a STALO is used; then the UB is P/N.

The UB and RMS values. The grating lobe is the sum of S equal
cyclic terms of different frequencies at a tiae when they are all
in phase. It is so expressed that this upperbound (UB) value is
equal to unity, so its RMS value is ,/17S. For a typical value
(S = 16) the upperbound is "4 sigma". This will be discussed
further with reference to the probability of the other error-

reduction factors in the formula.
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13. Sampling in Time.

The Doppler MLS is based on a scan period that is much smaller than

the availabi t time betwe n data samples. For example:

Scan period = 3 or I ms

Multiscan (S = 16) = 48 or 16 ms

Time between samples = 144 or 7'" ms

Sample frequency = 7 or 3.4 Hz

The signal format proposed in SC-117 and revised herein, allots to

each function a minor part of the available time, but sufficient

for a multiscan of many scans (16 or so). The result is a sam-

pling of the angle data about 7 or 14 times per second.

With the path-difference speed, there are then two diLinct

(a) Motion averaging over a multiscan, depending on the path-

difference frequency;

(b) A repeating correlation with the sampling frequency, depend-

ing on the changing path-difference frequency.

The former has been described; the latter is the subject of this

section.

Figure 6-18 shows for some cases the variation of this motion fre-

quency with distance, and hence with time, along the flight path.

If continuously observed, the motion would cause a cyclic time vari-

ation of multipath error. During any time that the frequency is

above some low value (say 2 Hz) the cycle variation could be smoothed

and the error averaged to a much smaller value.
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DC PULSE -

Not

Fiyxire 6-26. Sampling Error Signatures with Changing Path-
( - Thi fference Frequency
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In the sampling system, howe',er, there is a correlation signature
as the motion firqytncy sweeps through integral multiples of the
sampling frequency. (These were discovered in computer runs of
-':'oth.tical error situations.) The result is, that the time pro-

file of residual error has dcminant components between zero diiu i/'2

the sampling frequency. This is around 2 H7 for 7 Hz sampling. It

is apparent in Figure 6-18 that there are various situations where

the motion frequency may sweep through some multiples of 7 or 14 Hz.

Figure 6-26 shows some computer runs for sampling at one frequency,

another frequency sweeping at a constant rate between two integral

multiples of the sampling frequency. Each of these signatures has

several characteristi cs:

(a) The number of cycles while sweeping one period (16 in these

graphs).

(b) The average frequency of these cycles is 1/4 the sampling

frequencv.

(c) In a practical situation, these two numbers are related to

the time between coincidences in frequency (time = number

average frequency).

(d) Which signature, is determined by the accident of phase cor-

relation at the instants of coincidence. Four cases are

shown.

The graphs shown happen to be representative of this example:

Sample frequency = 7 Hz

Maximum frequency of cycling = 3.5 Hz

Average frequency of cycling = 1.75 Hz

Time between coincidences = 9 sec

Receiver travel between coincidences = 1800 ft = 0.3 nmi

The cycl4 variation here passes through the average frequency in a

very few cycles so it should not be objectionable in a control )
system.
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r:igu;:o 6-18 show- some cases where a sweep of 7 Hz might occupy a

period as long as miles and minutes -t is unlikely that any

typical circumstances would ever cause such a long signature.

Two mathematical peculiariti s c1 these sigratures are interesting.

(a) Thc net area or "DC pulse" is equal to peak amplitude times

the marked interv-.. It is relevant to the reaction of a

control system. It is determined by the accidenital phase

already mentioned. The upperbound i:. shown in (c) and it

can be positive or negative.

(b) In the intermediate time of highest frequency, the envelope

ha- th.- samc shape as the DC Fulse.

Figure 6-27 shows one form of smoothing to remove the highest-

frequency cycling. Each sample is averaged with the preceding

sample. This is a time-domain filter placing a zero at that fre-

quency. Such a filter has two desirable properties:

(a) No .1 ase distortion.

(b) Minimium delay (1/2 the sampling period).

With rre delay1 a more sophisticated time-delay filter could be

desciibed. The sirple pairing of samples is recommended as one

economical element in the smoothing process.

If it should happen that the motion frequency is nearly constant

over many seconds, the error might cycle continuously at some fre-

quency between 0 and 1/2 the sampling frequency.

In 4 of the 5 examples to be prcsontcd for desc-ibinci the residual

error, it will be seen that the samplin9 signature has so few

cycles as to include no persistent cycling of the error.

(
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n)

Fiue6-27, Samipling Error Sintrswith Paired Sam~ples
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14. Time Prrfile of Residual Error.

The purpose of this multipath study is to challenge the Doppler MLS

as to its susceptibility to angle errors from this cause. It wijl

be seen that the Hazeltine baseline system includes features for

reducing such errors to a tolerable or negligible quantity. In

particular, the centerline approach to a long runway is insured

against all risks that would be expected.

Shadowing is riot considered further here, because it is a stable

and predictable defect, in whatever degree it may be caised by th"

airport environment. A centerline approach is imimunLo trom the deep

shadow of a large building, and the AZ blocking in a modrate do-
gro by another aircraft is prcvuntablL in operation.

Diffraction. as a <-ausp of indiect path in" -,-Itipatlh, 4- no'iO,

sidered further because it is found to be so small in its effects.

Reflection ij the causie to be considered further here. Figure 6-2

shows some features for reducing this multipath problem. There

will be presented here a number of examples which have been chosen

to test some situations not fully protected by these features. In

each case, a conscious effort has been made to choob a situation

particularly susceptible to a residual error from a well-defined

cause. Each is caused by a reflection from a large hangar or a

large tail fin, located as close to the runway as would be expected

in practice.

Figure 6-28 is a chart of the five examples to be presented. Each

one is charted as to its occurrence in the flight path (from right

to left) - where in the path, at what height, and for what duration.

Figure 6-29 shows the geometry of each example, and an abstract of

its behavior toward multipath error. The examples will be outlined

briefly, after which they will be discussed in perspective.
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7-7

AZ Transnir.tt,.r.

Large hanigar nir traflsmlittex. corrugyated metal doors.

Receiver at di'itance =60 Ktt

hecightL 1500 ft

Frvror n. ( i riocy Iaiotnr fijii Thiathl

2 siq-.ill 0. 1 (100 ft)

RM 0 0. 0 5

Duration 30 sec.

Slow cyclic variation, about 2 Htz.

Notr. This It; the extrem~e sittmation (i-rilikely o occur at all)

in which there is no erroi r*-duction LU' space patt-2in

and frequency filtering, and but liti.t- rt duction by

nmotion avuroijifly.

GOl AZ Signal P~efiectcdc by 11.ngar near Tran~smitter.

rig ,r(, 6-29. Exarrpics of Signal Reflecti.ons into a Flight 11-Lh

6- 105



i --

Report 10926

-4 t.* DEG A Z

T C

PZ Transmitter.

Large hangar near threshold, corrugaLed metal doors.

Receivei at height 65-80 ft.

Error UB = 0.10 deg (across flight path)

2 sigma = 0.05 (10 ft)

RMS = 0.025

Duration 1.5 sec (10 samples)

Randecm v a r ia t iorn

Note: This is an extreme (and unlikely) situation in which the

coding of the indirect signal is on the edge of the CL

filter. The path-difference frequency passes quickly

through the first even GL, otherwise the motion averaging

reCduces the error.

(b) AZ Signal Reflected by Hangar near Threshold

Figure 6-29. Examples of Signal Reflections into a Flight Path
(cont.)
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A

AZ Trensmitter.

Large tail fin (747) nkear threshold.

Receiver at height 60-100 ft.

Error UB - 0.05 deg (across flight path)
2 sigma - 0.025 (5 ft)

RMS - 0.012
Duration 4 sec (28 samples) .

Random variation.
Note: This is an extreme (but not unlikely) 3ituation in which

the coding of the indirect signal is accepted by the CL
filter. The pathn-difference frequeicy passes quickly

through each of the first 3 GL, otherwise the motion

averaging reduces the error.

(C) AZ Signal Reflected by' Tail Fin --iear Threshold

Figure 6-29. Examples of Signal Reflections into a Flight Path
(cont.)
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CL

t ± 0.4 DEG EL ,o,

EL-2 Transmitter.

Large hangar near threshold, corrugated metal doors.

Receiver at heigh 40-90 ft on glide slope 3 deg.

Err UB = 0.005 deg = 0.01 BW (in EL).

sigma - 0.002 (0.1 ft)

RMS= 0.001 9
Duration 5 sec.

Random variation.

Note: This is in-beam multipath whose error is reduced by

patternshaping and by motion averaging (between 0
and 1 GL).

(d) EL-2 Signal Reflected by Hangar

Figure 6-29. Examples of Signal Reflections into a Flight Path
(cont.)
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A

Z 5 : 0. DEG72006-9

EL-2 Transmitter.
Large tail fin (707) near threshold.
M~ceiver at height 100-130 ft on glide slope 3 deg.

Error UB =0.004 deg = 0.008 BW (in EL)
7 sigma - 0.002 (0.2 ft)

P.1S - 0.001

Duration 3 sec.
Random variation.

Note: This is near-becm multipatr. whose error is reduced by
convex surface of reflector and by motion avpccging
(between 0 and 1 GL).

(e) EL-2 Signal Reflected by Tail Fin..

Figure 6-29. Examples of Signal Reflections into a Flicht Path( (cont.)
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AZ reflection from a large hangar near the transmitter end of the

runway. Figure 6-29(a) shows an extreme situation, in which the

reflection cone is between the shadow cone and the -enterline.

This results from a combination of circumstances whose probability

of occurrence at one runway is estimated to be l/100u. The angle

error is still within tolerance for the region _wYay from ccnterline

(taken as double the tolerance near centerline). Its 2-sigma value

is 100 ft along the flight path, or 30 ft across the path. There

is a slow cyclic profile of error, which goes through zero every

5 sec, this period including about 5 cycles on and 5 off. This

case is notable because it benefits the least from all error-reduc-

irng features in the baseline system.

AZ reflection from a large hangar near the opposite end of the

runway. Figure 6-29(b) shows another extreme rtuation, in which

the indirect and direct signals come from nearly the same direc-

tion at the transmitter. This results from another combination of )
circumstances whose probability is also very small (say 1/500).
Then the centerline filter may not be narrow encugh to reject the
indirect signal by the frequency difference of its angle coding.

At 4 degrees, this filter is assumed to reduce the indirect signal

to 1/2 (as on the edge of its passband). The angle error is still

within the tolerance for this centerline approach. Its 2-sigma

value is about 10 ft. Its profile is irregular, which is the most

tolerable, and it lasts only 1.5 seconds.

AZ reflection from a large tail fin near the opposite end of the

runway. Figure 6-29(c) shows another situation in which the in-

direct and direct signals come from nearly the same direction at
the transmitter. The angle is so small that the centerline filter

does not reduce the indirect signal. However, the peculiarities

of the tail fin, together with motion averaging, do reduce the

error to a value less than 1/2 the tolerance for this centerline

approach. Its 2-sigma value is about 5 ft, and it lasts only 4

seconds. Its irregular profile is particularly interesting, so
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this case has been chosen as an example for a computer graph,

Figure 6-4 to be discussed further on.

EL-2 reflection from a large hangar near the threshold. Figure

6-29(d) shows a situation where the residual error is reduced to a

negligible value by space-pattern shaping and multiscan motion

averaging. Incidentally, it has an irregular profile and lasts

only 5 seconds. This case is r otable because tie "in-b-a'" multi-

path cannot be reduced by a narrowband filter.

EL-2 reflection from a large tail fin near the threshold. A some-

what smaller aircraft (707) is selected because its lower reflec-

tion cone may cover the greatest segment of tie flight path. Here

the residual error is reduced to a negligible value by the com-

bined effect of the convex curvature of the tail fin and the multi-

scan motion averaginr. Incidentally, it has an irregular profile

and lasts only 3 seconds.

EL-I reflections are not included among the examples, because the

reducing measures of Figure 6-2(c) ninminally exclude the direc-

tions of any large obstacle near the runway. The EL-1 transmitter

being rather near the threshold, and its fan pattern being made

rather narrow, its radiation should not strongly illuminate any

large hangar or any large tail fin located opposite any part of

the runway. If any such reflection were to be appreciable, it
would be further reduced by multiscan motion averaging.

The duration of exposure in one cone of reflection. The occurrence

of any angle error attributable to multipath would fall in one of

two categories.

(a) Momentary exposure while crossing a narrow cone of reflection,

or a wide cone at a short distance, usually lasting a few

seconds.
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(b) Persistent exposure associated with either of these cases:

(i) Figure 6-15 (a), a cone in nearly the sante direction

as the flight path (conceivable in a centerline ap-

proach). This is excluded in the AZ function by the

centerline filter, and avoided in the EL functions by

nonillumination. See Figure 6-2.

(ii) Figure 6-15(b), a narrow cone at a long distance

(such as 5* at 10 nmi, lasting 1 nmi and 30 see).

In Fig-ore 6-29, the AZ example (a) is the only one showing persis-

tent -'cpo.ure (30 sec) and that is away from centerline. The

other examples (all on centerline) show momentary exposure (1.5 to

5 sec).

The time profile. From 6-28, it appears that the exposure to any

one cone of reflection is likely to occupy a time block which is

a small fraction of the time in any one phase of the approach pat-

tern. Exceptions are avoided by the combination of features for

reducing the. problem. Therefore there is no need for presenting

a comprehensive error profile for the entire ar-roach pattern.

Instead, we emphasize the error profile in any time block identi-

fied with one reflection. Any overlap of time blocks from differ-

ent causes is easily interpreted.

Figure 6-29(c) is the example chosen for showing its time profile,

because it includes some interesting peculiarities. Figure 6-4(a)

and (b) describe this case in more detail. The reflector is the

tail fin of a large aircraft located on a taxiway near the thres-

hold of the runway. The approach pattern of the receiver (R)

traverses a shaped cone of AZ reflection, determined by the tilted

convex face of the tail fin. It is so located as to include a

critical segment of the approach pattern, the handover from EL-l to

EL-2 guidance at the transition from glideslope to flareout. The

exposure to the reflection lasts 800 ft or 4 sec.
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The error profile over the 4-sec time block is graphed in Figure 6-4(c),
where the sampling is apparent. The details in the profile are re-

lated to accidental initial conditions and numerical assumptions in
the computer run, but some characteristics are significant:

(a) The peak values of error happen to be less than the stated
2-sigma value and less than 1/2 thi stated UB. This is

regarded as typical.

(t) Each peak (single or pair) is identified with one GL in the

motion averaging factor. The first 3 GL are traversed in this

short time. The accidental other factors determine the ampli-

tude of any one GL (odd or even). Each GL gives peak values
for only one or two samples.

(c) Between the peaks, the error is reduced to a small value by

motion averaging.
(d) The profile is irregular, so it does not pose any special

problems for the control system.
(e) The error is very small, less than 5 ft either side of center-

line, with no bias.

As previously mentioned for the sampling-error signature, pairing
of samples may be used for smoothing. Figure 6-4(d) shows that
principle applied to this case. Here it reduces the peak error to

about 1/2.

The sampling effect. The AZ reflection in the first example,
Figure 6-29(a), is computed to experience a motion frequency of
about 9 Hz. From the nearest multiple of 7 Hz (the sampling fre-

quency) this differs by 2 Hz. Hence there would occur a persis-
tent cycling of the error at about 2 Hz. In the other examples,
the motion frequency is changing so rapidly that the period of the
sampling signature includes only a few cycles. Then its form is
not clearly developed.
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The small probability of some reflectors. Figure 6-29 (a) and (b,

are reflectors of AZ radiation, which were consciously chosen as

extreme cases. They exemplify configurations where there might

remain an error that is substantial, though not exceeding the

tolerances. They are not further reduced or remedied in the base-

line system because their probability of occurrence is so small.

They are discussed here to illustrate what this means in a practic.jl

airport environment.

The following table gives an estimate of the probability that these

mutually independent circtunstances would exist at one long runway.

Figure 6-29

(a) (b)

(1) A large hangar with metal doors is 1/8 1/8

near the runway.

(2) Its location is near the end which 1/8 1/8

is relevant to this case.

(3) Its doors face the runway. 1 1

(4) Its doors are at an oblique angle 1/2 1/2

with the runway.

(5) This angle is such as to make a 1/8 1/4

reflection cone within such a

sector and with such a height as

to include the flight path.

Composite probability 1/1000 1/500

This probability is so small that either of these cases is regarded

r as unlikely to occur at all. Furthermore, any occurrence of either

case is stable and predictable.
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By way o summary, an approach flight pattern may traverse some
reflection cones during time blocks occupying a small fraction of
the timn. Each reflection cone involves radiation for one angle-
guidancL function (AZ et al). During any one time block, the
error profile for this function can be described and evaluated.
There are found, some AZ examples where the residual error is a
substantial fraction of the tolerance, but these cases are extremely
improbable and/or of short duration. The EL-2 examples show residual
error so small as to be negligible.
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I
15. Conversion Table.

Table 1. Conversion Factors Related to the Doppler MLS.

Reference: Configuration K, coding frequency proportional to angle.

Angle coded AZ EL-i EL-2

Frequency band C-band C-band Ku-band
Frequency range (f ) MHz 5190±60 5190±60 15500±90
Frequency (f c) (approx.) MHz 5000 5000 15000

Wavelength ( c) (approx.) ft 1/5 1/5 1/5

Coding factor (fd/6) kHz/deg 1/3 1 2

Angle beamwidth (0 s ) deg 1 1 1/2
Frequency beamwidth (f s) kHz 1/3 1 1
Scan time (T. = I/f s ) ms 3 1 1
No. of scains (S) no. 12 12 12

Function time (S -can,) mR 36 12 12

Freq. shift for speed 120 kt kHz 1 1 3

Same in beamwidths BW 3 1 3

Path-difference speed (v ):

for f = tf 1 BW kt 40 120 40

ft/s 66 200 66
for f S S = I/S BW kt 3.3 10 3.3

ft/s 5.5 1.66 1.66

Distance; 1 nmi = 6000 ft (approx.)

Speed: 1 kt - 5/3 ft/s (approx.); 120 kt - 200 ft/s
Speed of EM wave in free space: c - 1000 ft/is (approx.)
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1.1.1.1.F - tROPAGATION AND POLARIZATION.

1. Introduction, Summary and Conclusions.

A signal may cxpLrience attenuation, refraction and dispersion as
it travels through the propagation medium along the direct path

from the transmitter to the receiver. Some of these effects may

impose limitations on system performance. In addition, the polar-

ization of the signal is also a significant factor in the system

design and performance. This section discusses these phenomena

as they pertain to the MLS.

Rain attenuation is the effect of most concern in MLS. It may

cause the signal strength to fall below the operating minimum in

the receiver. Rain attenuation is small at C-band for AZ and EL-i

signals, out to the maximum range (29 nmi). Its rate is much

greater at Ku-band for EL-2 signals, but this function is required

out to a much smaller range. At full range, it is proposed to

allow 20 dB for rain attenuation at Ku-band. In the EL-2 function

in the K configuration, at the most critical distance around 1 nmi,

it is estimated that this value might be exceeded 1.5 hours per

year in the most severe climate (Asia). In the AZ and EL functions,

in the portable configuration, at range of 20 nmi, the use ot

Ku-band might exceed this allowance as much as 30 hours per year in

the most severe climate.

Vertical refraction in the atmosphere is variable with the changing

values of temperature gradient near the surface. It may cause a

random deviation in the observed elevation angle. The "two sigma"

value of the resulting angle is less than the earth's curvature,

which is very small as far as the outermarker. The earth's curva-

ture would correspond to a height error of 0.3 ft for EL-2 at

t-uchdown, or 22 ft for EL-l at outermarker.
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Rain refractioln and dispersion effects are difficult to model an.,

ca.culate. Little or no reLevant experimental data is available

for the rt.latively short and direct line-of-sight paths of the MLS.

It is expected that these effects will be small, especially in the

most critical region near the runway threshold. It is believed

that only experimental work can provide meaningful data. Such

tests might be conducted on a low-priority basis.

The polarization for the baseline system has been chosen to be ver-

tical. This selection is based primarily on the behavior of a

radiator mounted near a large metal surface. Wide azimuth cov-

erage by a top or bottom flush antenna is possible only with verti-

cal polarization. Another consideration is the reduction of re-

flection from some surfaces at an oblique angle not very near normal

or grazing incidence. At different surfaces, this might favor ver-

tical or horizontal polarization, but neither one very strongly in

practice. Circular polarization would give further reduction of

reflections in the receiver, but does not appear to be feasible in

the airhorne receiver antenna.

In the following Sections, there is a m" e detailed discussion of

rain attenuation, vertical refraction, polarization.
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2. Rain Attenuation.

Some fundamental theoretical work and a great deal of experimental

work has been performed for predicting the attenuation cavsed by

rain. Much of this work has been summarized in several references

[i (2] [31 as related to the MLS. The analysis preoznted below

is basecd on information from these sources.

Table 7-1 is an outline of the performance to be expected on the

basis of one approach to this problem. It includes functions at

both C-band and Ku-band.

Table 7-1. Rain Attenuation for Two Configurations

Configuration K-CTOL PORTABLE

AZ AZ
Function EL--2

EL-l EL

Frequency (GHz) 5 15 15 Rainfall Attenuation

Band C Ku Ku Rate Rate

(mm/hr) (dB/nmi)

Rain Attenuation
5 20 20Allowance (dB) C Ku

28 2 2 50 0.18 10
Penetration (ni)
th rough
Solid Rainfall more 6 6 15 less 3
at each Rate

more 20 20 5 less 1

Full Range (nmi) 28 3.5 10 or 20
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Rain attenuation at C-band is usually said to be small, but this

assessment may be undefined. Ref. (1] gives one definite set of

graphs which are here used for C-band. One point is:

C-band 5 GHz

Rainfall 50 mm/hr"

Attenuation 0.18 dB/nmi

5 dB/full range (28 nmi)

This rate is taken as the average over the entire distance, so the

probability of a greater attenuation should be very small.

On the other hand, rain attenua4 ion at Ku-band is so great that

full performance of these functions cannot reasonably be covered

during heavy rainfall. Therefore there is proposed an allowance

for rain attenuation, which is about the greatest that might be

afforded in a compromise design. Then an attempt is made to state

the corresponding distance through solid rainfall at various rates.

These estimates should be regarded in the perspective of overall

performance and economy. How much investment is justified for

operation under conditions of various levels of severity?

Another approach to the Ku-band problem is to be outlined with ref-

erence to Figure 7-1 and Table '-2. Reference [l] reports Krason

[4) as authority for a helpful graphical presentation for evaluation

if rain attenuation. It is reproduced here as Figure 7-1, after two

conversions (which leave the graph the same):

(a) Doubling the attenuation for Ku-band instead of X-band.

(b) Halving the attenuation for one-way instead of two-way

propagation.

This graph is stated for a path length of 20 nmi. Here it is ap-
plied to shorter distances by reasoning that the probability of any

level of attenuation would decrease at least in proportion to

distance.

7-4

L



Report 10926

/., CH z

I.-

IWASH/I1 TCNA

Oi.01,00i 0.1
PRJ.5,ABVTr OF EXCEEDIWO THE' iRAPJI

72o9107

Figure 7-1. Probability of Rain Attenuation at Ku-Band,
Besed on the Kraaon Report
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Table 7-2. Rain Attenuation for Ku-band Functions

CoLfiguration, K-CTOL PORTABLE

Function EL-2 AZ, EL

Distance nmi 1 3.5 10 20

Rain Attenuation
d 20 20 20 20Allowance

Probability ratio .00002 .0001 .00025 .0005D.C.
of hr/yr 0.2 1 2.5 5

Exceeding

Allowance ratio .00015 .0005 .0015 .003Allowance Asia

hr/yr 1.5 5 15 30

On this basis, Table 7-2 gives a rough estimate of the probability
that rain attenuation would exceed the allowance of 20 dB in some

cases. One example deserves special attention. The EL-2 function
is most critical at a distance of 1 nmi or less. It appears that

the probability of exceeding this allowance is very small, only

1.5 hr/yr in the severest climate.

)
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3. Vertical Refraction in Atmosphere.

Effect of gradient of temperature and density. The variations of

temperature gradient in the air cause some random error in the

coding of a small angle of elevation. This is found to be a minor

problem, as will be seen from the small errors that are predicted

from available information, reference [11, FAA-RD-70-47.

In the observation of an elevation angle by electromagnetic waves

in the atmosphere, there is usually a small error caused by re-

fraction. in the MLS, this effect is relevant to the evaluation

of EL angle by frequency decoding in the airborne receiver. The

system is particularly sensitive to EL error in the terminal phase

of the approach flight path (glide slope, flareout and touchdown).

Here the distance and the related angle of refraction are decreas-

ing, along with the error tolerance in height above ground.

The refraction is caused by the vertical gradient of the density

of the air. This has the effect of a prism tapered from the ground

upward. The gradient has two components:

(a) The pressure gradient inherent in the atmosphere, the density

decreasing with increasing height. Its normal bending effect

is stated to be about 1/4 the earth's curvature. This is

usually stated as the rule of 4/3 radius.

(b) The temperature gradient incidental to local conditions,

decreasing or increasing with height.

Because the former is an average valte which can be calibrated out,

we are here concerned mainly with thea uncertainty of the latter.

7-7
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The refractive index of air is about the same for optical and radio
waves. Its value (1.0003) differs so little from free space that

it is customary to state the difference in parts-per-million, here

termed "micro-units" and abbreviated "mics". The entire effect of
the air is 300 mics.

Referring again to [1], the earth's curvature corresponds to a ver-
tical gradient of 157 mic/Km. Any value to be given here will be

stated as a multiple of this value.

The earth's curvature as a reference. The following values repre-

sent the effect of the earth's curvature (radius = 21 Mft) in our
situation (ignoring refraction in the air):

(a) Angle deviation at the far end of a distance, as observed

at the near end:

0.024 mil/Kft - 0.0014 deg/Kft

(b) Height deviation, on the same basis:

0.024 ft/(Kft)
2

(c) Height of the arc relative to a straight line is 1/4 as great:

0.006 ft/(Kft)
2

These quantities are diagramed in Figure 7-2. Some examples are
given in the following table,

7-8
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ZDEVIA7ION
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Figure 7-2. The Deviation Caused by Refraction
Equal to the Earth's Curvature
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Examples- Distance Angle deviation Ht. dev.

(Kft) (mil) (deg) (ft)

(1) EL-2 to threshold 3.5 0.08 0.005 0.3
(2) EL-I to outermarker 30 0.72 0.042 22

(3) 1 mil 42 1 0.057 42
(4) Max. range (28 nmi) 168 4.0 0.22 680

Note: On a long runway (14 Kft) the height of the arc is 1.2 ft.

At the handover from glide slope (EL-i) to flareout (EL-2), the
height difference from these sites is less than the first line

(0.3 ft), which is very small. At any distance, a refraction devi-

ation (angle or height) can be expressed as a multiple of the
earth's curvature.

The tolerance of error. One basis for stating the EL error toler-
ance is the following, applicable to random deviations of height

at threshold.

2 sigma 1.4 ft at 3500 ft

about 5 x earth's curvature

This is stated for an error with less than 60 seconds duration or
a departure from the 60-second average.

Experience records. Reference (1] reports the refraction effects
at a number of airports, giving the distribution over seasonal pe-
riods. The effect is expressed in mic/Km, averaged over the range

of 0 - 50 m above ground. This is the height range of greatest
interest because it includes the period just before and after the
handover from glide slope to flareout. This is about the last 20
seconds on a 3-degree approach. )
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These records for several U.S. airports showed 5 percent maximum

probability of exceeding the earth's curvature (Long Beach in

November) and a typical probability much less. It is concluded

that the "two sigma" variation is less than the earth's curvature,

perhaps 1/2.

The most extreme variation (Miami in November) showed 1 percent

probability of exceeding 5 times the earth's curvature. This is

within the stated tolerance. This refraction is downward so it

would cause the indicated elevation to be too high (in the sense

of failing "unsafe" but within tolerance). This extreme far ex-

ceeds a "normal" distribution, so the occurrence of such refrac-

tion at one time over a long path may be improbable.

Reference [6] reports cte case in New Zealand where the corres-

ponding error, at a height up to 100 ft, was -2 ft. In another

case, it was reported to increase gradually at lower height, reach-

ing -5 ft. It is not clear whether this is thought to occur over
an appreciable fraction of time at various airports. One gradient

profile is reported, showing a steep gradient confined to the

height range of 0 - 70 ft. This location is tentatively regarded

as an extreme case, but the report will be investigated.

Expectation of a small vertical deviation. From these considera-

tions, two estimates may be stated.

First, the short-distance deviations have a "two-sigma" value less

than the earth's curvature, particularly less than 0.3 feet in

height at the handover from EL-I to EL-2.

Secondly, the long-distance deviations have less than a propor-

tionate increase because:

(a) The flight-path height is greater, and
( (b) there is less than complete correlation of conditions over

the entire distance.

7-11
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It seems reasonable that the "two sigma" value would be less than

1/2 the earth's curvature, and particularly for EL-i, less than

10 feet at the outermarker.

Conclusion. The expected errors in elevation are negligible out
to the outer marker. At greater distances (up to 25 nmi) the

earth's curvature (up to 500 ft) may be taken into account. Its

effect is reduced to 3/4 by the refraction of the normal density

gradient (constant temperature).

71
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4. Polarization.

The polarization of the transmitted signal is an important design

consideration and may have a large impact on the cost, reliability

and performance of the system. The factors which should be con-

sidered are the cost and simplicity of the ground and aircraft an-

tennas and the performance advantages gained by using a particular

polarization. For the MLS, the significant choice is between ver-

tical, horizontal and circular polarizations for both the trans-

mitter and receiver. There appears to be no advantage for a system

which uses different transmitter and receiver polarization.

Table 7-3 outlines a comparison of the three polarizations with

respect to several design and performance factors.

(I
Item (1) is taken to be the one determining factor. The location

of a flush radiator on the top or bottom cf the fuselage would dic-

tate vertical polarization for wide-angle AZ coverage in the for-

ward half-circle. The reason is, that radiation near grazing inci--

dence on a metal surface is possible only with perpendicular

polarization, and only a horizontal surface would enable AZ coverage

in front ± 900. This is expected to be the available location, be-

cause the nose area is preempted by other functions that do not have

any alternative.

Item (2) gives a definite advantage to either of the linear polari-

zations. The design of radiating elements or polarization-convert-

ing reflectors or screens for circularly-polarized ground antennas

is feasible, but the added design complexity results in antennas

which are much more complicated.

Item (3) would give some advantage to vertical polarization in re-

ducing ground reflection in front of the transmitter antenna. How-

ever, the reflection is so near grazing incidence that it is nearly

the same for either polarization.
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Table 7-3. Advantages of Vertical, Horizontal

or Circular Polarization

Problem Polarization

Vertical Horizontal Circular

(1) Airborne antenna designing, (XI I I I I

flush radiator on top or bottom

(2) Ground antenna design, IX] X]

reflector or array type

(3) Reduction of elevation lobing I I 1 ] 1 1

caused by ground reflection

Reduction of reflection from

wall of a large building

(4; Any incidence I ] ] [X]
on a metal wall

(5) Perpendicular incidence I 1 X!

on a nonmelal wall

(6) Oblique incidence [ ] (XI [XI

on a nonmetal wall

7-14
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Item (4) has been stateJ to give a great advantage to horizontal

polarization in reducing the reflection from a corrugated metal

door of a hangar. Ref. (5] arriveE at this conclusion after a few

experiments, but does not detai. 'he door structure, so further

inquiry is advised. Some corrugated doors have been inspected,

and they are not expected to offer much advantage in this respect,

perhaps no advantage on the average.

Items (4), (5) and (6) give an advantage to circular polarization

in reducing the reception of reflection from any walls at any inci-

dence. For the case of a -lat metal wall at any incidence, there

would be a nominal cancellation. Although the reception of such

reflection is a problem, its reduction by the use of circular

polarization does not appear to outweigh the advantages of items

L) and (2) for vertical polarization.

item (E) indicat-Ps thp expected advantage of horizontal polariza-

tion in reducing the oblique-angle reflection from a building wall

of nonmetallic construction. This would be true of concrete,

iziasonty and glass windows. This is a secondary problem and is not

regarded as a determining factor.

It is concluded that vertical polarization should be retained in

MLS.
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1.1.1.1.G DME Verification

SUMMARY

Investigative Effort

The major study effort in the DME portion of the TACD Phase was

devoted to three inter-related areas:

Ccverage

Accuracy

Traffic Handling

Some of the guidelines of the DME activity were to arrive at the

design approach that places the larger burden for accuracy on the

transponder; that the cost of airborne equipr,,ent should be mini-

mized; and that accuracies as specified by SC-117 refer to require-

ments at distances from near TD out to 7 to 10 nautical miles.

Some of the significant results of the study are:

o Multipath echoes that arrive during the rise time or the peak

of the first pulse can cause substautial ranae errors; these

errors do not vary randomly pulse-to-pulse and are, therefore, not

subject to reduction by averaging.

o Almost complete immunity to echoes requires sharp rise time

pulses (wide bandwidth) and a low decision threshold so that the

time of arrival measurement is made before the echo arrives or

before it causes significant leading edge distortion.

o Wide information bandwidths can be achieved with no sacrifice

in selectivity by using the Two-Mode Ferris Discriminator.

o An attendant bias error is introduced when a fixed decision

threshold is used for ranging on an increasing signal level; this

bias error is quasi-pcedictaole and can be kept <<20 feet by a

simple one- or two-step programmed correction in the Interrogator.

o An analog acoustic surface wave delay line can provide the

transponder system delay with drift free, jitter free properties.
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o The use of sharp rise pulses, wide bandwidth processing, high

speed clocks, and low jitter system delay results in a measurement

accuracy of below 20 feet on one interrogation/reply and raises

questions about the use of averaging.

o Range rate accuracy requirements can be met without averaging

at a data rate of about 2.8 seconds, and at a data rate of about

0.75 seconds with averaging, when using an interrogation rate of

20 rp/s.

o The enhanced accuracy obtainable on a single measurement allows

the use of a low interrogation rate (15 to 20 pp/s) to reduce the

channel loading.

o With low interrogation rates and tight decoder tolerances, the
false decode rate for a fully loaded system is entirely tolerable

for a two-pulse code system. A -hree-pulse code system would make

false-decoding vanishingly small, but would add to the decode time

substantially such that the system delay would have to be increased '

frozm 50 :s to about 70 )is.

o Emphasizing time selectivity in the Interrogator by time gating

in the IF, prior to frequency discrimination and decoding can be a

very effective method of making the Interrogator immune to inter-

fering signals. IF gating, however, negates both long time constant

agc and the SC117 approach to identity coding.

o Under the heaviest traffic conditions, without IF gating, the
Interrogator will have a high percentage (30 to 50%) of false

decodes in the decoder output. This can seriously affect long time

constant AGC and can also scramble the identity coding as proposed

in SC-117.

o The signal strrngth required at the low elevation angles, in

the critical phasc of landing, can be supplied by a practical

antenna design tiat will impose no penalty of higher transmitter

r power than wi.at is required to obtain the 30 N. mi. operating range.

The antenna will have a 4-foot vertical aperture, with the aperture
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center 4 feet above the ground; and will have azimuth beam shaping

to place increased signal level along the center line (±40).

o The airborne antenna system will be common to both the angle

guidance receiver and the DME. It will be compostd of a fore

antenna, an aft antenna and a diversity technique, providing 3600

azimuth coverage.

o The inclusion of a low noise figure front end amplifier in the

ground transponder puts the requirement for peak power in the air-

borne transmitter at about 50 watts minimum. This compares

favorably with the 250 watts minimum specified by SC-117 and makes

an all solid state airborne implementation probable for the Proto-

type Phase; reducing the life cycle cost for the user and enhancing

the adoption of the MLS.

DESIGN APPROACH

The design aoproach for signal processing in the interrogator and

Transponder, reflecting the results of the investigation made,

can be summarized with the aid of two simplified block diagrams.

Interrogator

In the case of the Interrogator, figure 8-1, there are two cases

where "final" design decisions have not been made and switches are

shown to indicate that the feasibility equipment will be capable

of running tests in either mode of operation: video gating or IF

gating; averaging or no averaging. These choices are in the realm

of "either approach will work, but which is better from an overall

performance/cost point of view?" Decisions will be made in follow-

on work.

Referring to figure 8-1, the operation of the Interrogator starts

with the Random Pulser which synchronizes the Interrogator for

range delay measurements. It initiates the transmitter, the dis-

tance measurement counter, and a gain-time-control (GTC) generator.

The GTC generator has two outputs; one adjusts the gain of the IF

amplifier as a function of time-after-transmission to keep the
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output a-.iplitude approximately constant over the expected signal

dynamic :ange; and the other GTC output restores the amplitude

(by controlling the gain of a video amplifier) so that the low

decision threshold sees a very sharp-rising absolute voltage for
"eaLly" decisions.

The diagram is shown for the Interrogator operating in the Track

Mode. It is assumed that range lock-on has occurred, range-rate

has been measured, and gates are available (from the Track Gate

Generator) to "bracket" the reply.

Following a reply through the processor, it is amplified in the

GTC IF amplifier and gated through at IF if the switch is so set,

or allowed to pass for video gating. The reply is then fed to the

Two-Mode Ferris Discriminator for frequency selectivity, which

then feeds a fast rise-time pulse to both the decoder and the video

amplifier/decision-threshold circuit. In the decision circuit, the

( sharply rising video pulse is applied to a low decision threshold

which can be controlled as a function of range to insure best accu-

racy both at far range and in the critical phase of landing. The

decision threshold output is a reconstituted pulse that is delayed

in a shift register to fall inside the gate developed at the

decoder output for a correctly coded pair input. The reconstituted

pulse will then be gated through if video gating is used, or allowed

to pass if already gated at IF, and stop the distance measurement

counter which had been started by the synchronizer. The count in

the counter is a measure of range and can be fed to an averaging

circuit or used directly if "no-averaging" is chosen. The distance

measurement is also fed to a distance-rate averager which can also

be bypassed if "no-averaging" is chosen. The output of the distance-

rate averager (or the distance measurement itself) is fed to a

distance-rate computation circuit which computes distance-rate by

measuring a change in distance Ad over a precisely known elapsed

time At. The range-rate output is used to correct for lag in the

distance measurement (if distance averaging is used), and, together
with the distance measurement, for positioning the Track Gate

Generator. In the case of temporary loss of signal, the distance-

8-5
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rate input to the Track Gate Generator will be used for "memory

trackting" until the signal comes back, or a pre-specified time

elapses in which case the Interrogator will go out of Track and

into Search. The rate-corrected output distance measurement

(which goes to the pilot and/or autopilot) is used to select (on

a pre-programmed basis) both the decision threshold level and a

simple bias correction. The bias correction is used to account

for the increased amplitude of near cange signals crossing a

fixed threshold earlier than at longer ranges. This correction

will probably be as simple as adding one or two clock counts to

the distance output reading.

Transponder

Figure 8-2 is a simplified block diagram of the transponder signal

processing circuits. Valid and invalid interrogations enter a

wide bandwidth log IF amplifier which can handle a large dynamic

range of adjacent signals without saturation and with retention -

of amplitude information which is useful in echo discrimination

circuits. Two outputs are provided, a Uin-log IF output and a

log video output.

The IF output feeds both a Two-Mode Ferris Discriminator and a

wide bandwidth acoustic surface wave delay line. The Ferris Dis-

criminator provides rejection of all off-frequency signals and gates

through wide band log video only when a correct frequency pulse is

recei;ed. The wide band video is fed to an echo discriminator

circuit that prevents low amplitude echoes of incorrectly coded

interrogations from causing false decodes. This circuit will be

optional, depending on the runway location. The echo discriminator

feeds a decoder which is clocked (for example) at a 4 MHz rate and

has a decoder tolerance of 0.5 us. The decoded output is delayed

sufficiently to produce an enabling pulse for an AND gate that is

also fed by the detected output of the delay line.

The IF acoustic delay line introduces no jitter and has a drift

of ±0.006 (3 feet) for t50°C temperature variation. It can be set

in the field to ±0.015 microseconds of a desired value in the range
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of 35 to 60 microseconds. It has a bandwidth of approximately

10 MHz and has very little effect on the pulse rise time. The

delay line approach eliminates the quantization error associated

with digital delays and the need for a high speed clock in the

transponder. More of the error budget can be apportioned to the

aircraft interrogator.

The leading edge of the system delayed first pulse of the 2-pulse

code leaves the AND gate and is fed to a fixed decision threshold

that is set 7 to 10dB above the noise level. As the aircraft

aporoaches, the signal level increases and the decision level is

reached earlier in the pulse. At near range, in the critical

phase of landing, the decision level is reached before echoes

arrive or can cause significant error. The bias error introduced

is accounted for in the Interrogator. The output of the decision

threshold circuit triggers the reply, the dead time generator,

and squitter control circuits.
reatures of Approach

A brief listing of some of the significant features of the DME

approach presented in this report is as follows:

o Immunity to multipath echoes

o Stable, jitter free system delay

o Accuracy can exceed SC-117 requirements

o Low Interrogation rates - better traffic handling

o Low Peak Power in Airborne Equipn,nt

o Cost effective coverage for 8 feet height at TD

o Potential for low cost airborne equipment

8-8
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1. Requirements
a. Functional

'Tie basic function of the MLS DME is to provide distance infor-

mation over the volume of approach paths described by SC 117 in

I eport DO-148. The DME will be used:

(1) to provide progress information along straight-

in approach paths

(2) to provide the information currently provided

by ILS markers

(3) for speed control when on centerline or via an

area navigation computer

(4) to provide distance and distance-rate infor-

mation which in conjunction with the EL2

subsystem and siting constants are used to

derive altitude and altitude rate information

required in the flare computer

(5) for two-step glideslope maneuvers

(6) for decision height computation

(7) for runway guidance and high speed turnoff

(8) for distance information on missed approaches

Tie most stringent accuracy requirements for the DME are imposed

by the computations required to execute flare initiation and
two-step glideslope maneuvers for Category III landings.

b. Quantitative

The following quantitative requirements for the DMEl refer to the

configuration K requirements as specified by SC 117. The major

r effort during TACD was applied to resolving the technical issues
involved in meeting these requirementb in a cost effective

approach.
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)
(1) Coverage: Azimuth +600

Elevation 00 to 200

Range 0 to 30 N. Mi

Back Azimuth +400

Back Elevation 00 to 200

Back Range 0 to 5 N. Mi

(2) Accuracy: Range - Random Error: 20 ft. (1T)

Bias Error: 20 ft.

Range Rate - 10 ft/sec (lo)

(3) Number of channels: 200 (in 125 MHz Band at

C-Band) (20 frequencies,

each pulse-code multiplexed

10 times)

(4) Channel Loading: 66 Interrogators (primary

service)

100 Interrogators (ground

testing)

396 Interrogators on correct

frequency but incorrect

pulse code (interfering)

(5) Data Rate: 5 Hz

The principal differences between the present L-Band DME and the

MLS C-Band DME, other than the frequency band of operation, are

in the more stringent accuracy requirements (20 ft. vs. 600 ft.);

in the provision of 10 channels on each frequency via pulse code

multiplexing for MLS whereas presently each channel is on a

different frequency; in the shorter operating range for MLS

(30 N. mi vs 300 N. mi); in the specification of range-rate

capability of ).0 ft/sec accuracy for MLS whereas there is no

requirement foi: range-rate in the present DME; and in the

specification of a 5 Hz data rate for MLS whereas there is no

data rate specification for present DME.
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2. Critical Technical Issues - Definition and Resolution

In this section, the technical problem areas that must be dealt

with and resolved to meet the quantitative requirements are

identified and described, and approaches for their resclution are

presented. Although each technical issue is separated out "or

discussion, they are in many instances inter-related and t hc

solution for one affects the solution for another. The rcsolu-

tion of each issue as contained in this section was arrived aL

by simultaneous consideration of interacting parameters. I1

sorie cases, quantification of the problex resulted in the

recognition that it was not a serious problem, thereby provi.!rnc

the issue's resolution.

a. Coverage

(1) Definition of Issue

To provide the coverage required as defined above (see

R[equirements, l.1.l.l.G.l) there are three problem areas that

need to be resolved. These are:

o What transponder antenna design approach can be emluj'd

to achieve strong signals (without unduly high trans-

mitter power) at the low elevation angles that exist

during the critical phase of the landin. maneuver,

such as flare initiation?

o What airborne antenna/processing approach can be

employed to assure that the aircraft will have 3600

azimuth coverage?

o What power/sensitivity budget provides the most cost

effective approach to meeting the range requirements?

(2) Low Elevation Coverage

For a complete discussion of low elevation coverage, refer to

Section 1.1.1.l.C which presents the problems, avenues of solution

and recommended design as applied to the azimuth guidance antenna;

these are identical to the low elevation covetage for DIM. The
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Re po r 10926Idi~jcuision he:ri will hc. larce y rexcemrpted from tnat section and
also the 'jOctiof dsciribing tfhf aimuth reference antenna, which

is identical to the D4E grCund a.ntenna.

(a) G*Aieza1 P'robl.em

The probem of providing antenna gL-if at lamw ele,,atincn angles

arises due to the presexwce of the grouind. Refer to figure 8-'3,

A phasco-revexsed grouund reflection of propagated rf from~ a mX

arerture arternia close to the -?,round causes a cavce121arior, of

energ~y at 00 elevation. As we mt.Nve up in olevatiort, the direct

ana reflected waves are no longer at 1800 relative phase, and the

can~cellation is. redijccd, with a r3utaatL. increase ir. 3ignal

strength. The rta ut which the relative phase changez is a

direct function of the antenna height and is inversely re).ated

to the wav~te;'nq6,. -o jpzovide energy at low elevation, the

dcaign pararnetor is antenna hekght (assumirng wave).ength i~s not

design variable). 1uwever, for zmtll apertures, the increase in

Lei41,t will cause a lt.oing pattern as a fx~nction of elevation

angle explain'O by the phaue d-ifference botweeni the direct and

reflected waves passing through several cycles. If the aperture

is increased, the antenna direutivity is increased and less

energy reaches the gro-ana which in turn reduces the reflected

signal. This has the effect of reducing the lobing experienced

with a si-.ai aperture. Por an zperture-to-height ratio of unity,

the lobing is quite small.

(by' Quantitative Goala

The goal tA the TACL) antenna studies was to determine effective

and economicu2. meaaures for contzolling this undesirable influence

of the ground on the system perf-o-rmance. Specifically, the major

tech~nical problenrs to be solved were:

o Provide adequate nmsL signal at a. range of 25 nmni and

Ir 2000 feet altitude without eAcessive transmitter power,

using a practical anten~na, design.

8-12
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o Provide adequate DME signals for autoload 14000 feet

away from the transmitter at a height of only 3 feet,

without excessive transmitter power.

(c) Solution

The antenna design to meet the goals .,ill have an aperture of

4 feet, with a height (aperture center-to--ground) of 4 feet,

resulting in a height-to-aperture ratio of unity. See figure

8-4. This will provide an elevation pattern shape as shown in

figure 8-5. The azimu';h pattern will be shaped to have increased

directivity (+6 dE) along tle center line (+ 4') which will

provide incrie: "d signal strength for the difficult conditio-5 of,

autoload for aircraft that have antennas as low as 8 ft above

the ground.

The azimuth pattern is shown in figure 8-6. To achieve the

azimuth pattern characteristics the antenna will be composed of

approximately 15 columns having a horizontal aperture of about

1.5 feet, with a special feed network. Dack course coverage i!

provided by coupling off energy and feeding three columns of slot

radiators mounted back-to-back with the forward radiating columns.

(d) Signal Levels at Landing

For Category III, it is important to provide accurate information

to the autopilo down to touchdown. The most critical point in

the landing profile with regard to DME accuracy occurs at flare

initiation. A plot war, made of the expected signal level as a

function of range (from 26000 ft from the DME antenna through

TD (about 14,000 ft) and into Rollout) for a typical landing

profile (2.50 G/S). It is showr. in figure 8-7. Note that the

signal level is strong at flare initiation and drops down but

remains sufficiently high at TD for a commercial airliner such as

the 707. After TD, the signal level increases as the effective

elevation angle increases. with the nominal S/N at 30 nmi

(R max.) designed to be 13 dB, the S/N at flare initiation is

approximately 34 dB and at touchdown 26 dB. At these S/N ratios

8-14
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Figure 8-6. Azimuth Radiation Pattern for DME Ground Antenna
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high accuracy DME is assured. For "n 8' high aircraft antenna,

the S/N ratio comes down to 17 db at TD, which is entirely

adequate.

(3) Airborne Antenna Coverage

The airborne D1E antenna is common to the angle guidance

receiver antenna. Section l.1.1.1.D presents a full discussion

covering the problems, approaches and proposed solution. Only

a brief description of the approach will be presented here.

(a) Problem

The problem centers or providing 3600 azimuth coverage, while

using as little surface area of the aircraft and maximizing

signal levels to the receiver.

(b) Solution

To achieve 3606 azimuth coverage, a two-anterna diversity

system is required. Locations B and I as shown in figure 2-a
( are proposed as che best locations for the two antennas. These

locations provide the required coverage with vertical polariza-

tion and should be available on almost all aircraft for mounting

the MLS antennas. The forward location has the added advantages
of airframe shielding from some multipath signals and a height-

above-ground advantage when the aircraft is near touchdown.

This latter factor results in significantly stronger DME signals
during the most critical period of the aircraft landing. Cardicid

patterns for the two antennas, pointed in the appropriate

directions, are near optimum for the overall antenna system

performance. The design of these antennas are simple and

straightforward. Their nominal gain is 6 dB above an isotrope.

The diversity technique proposed is to sample the fore and aft

antennas at a 2 Hz rate: if the fore antenna has a signal level

3 dB greater than the minimum sensitivity signal of the angle
channel, the fore antenna will be selected and the sampling

discontinued. This diversity technique is described in greater

CP detail in Section 1.1.1.1.D.

8-19
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Figure 8-8. Locations on Aircraft for Mounting Antennas
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(4) Power/Sensitivity Budget

(a) Problem

The problem in defining the power budget to achieve 30 nmi

operating range centers on achieving the most cost effective

approach of specifying the airborne power/ground sensitivity

link and the ground power/airborne sensitivity link.

(b) Solution

'lith the very large ratio of airborne to ground equipments

required to implement a viable MLS, the approach proposed is to

provide a high sensitivity system on the ground coupled with

low peak power in the aircraft; and low sensitivity in the

aircraft coupled with high peak power in the ground equipment.

This creates the opportunity for realizing (probably in the

prototype phase) the airborne transmitter with an all solid state

approach. The large increase in life expectancy of solid state

transmitters relative to tubes would drastically reduce the life

( cycle costs to the user of the MLS system and enhance its

universal adoption.

The unbalanced power budgets are presented in tables 8-1 and 8-2.

In sections l.l.l.l.G.4.a and l.l.l.l.G.4.b, more detailed

discussions are presented concerning the hardware implementions.

b. Accuracy: Range

(1) Definition of Issue

In the TACD Phase the range accuracy goal for the high

performance Category III system was set at 20 ft. (io) for

random errors and 20 ft. (l-) for bias errors as defined in -he I
requirements above. The data rate specification applicable to
the random error was taken as 5 Riz, per SC-117. Although these

specifications are subject to change pending the results of

continuous investigation into the landing system dynamics,

control, and error budgets, they serve as a reasonable quantified
target for investigation and validation of approaches for

( achieving high accuracy in the landing system environment.

8-21
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TABLE 8-1

DME POWER BUDGET (AIR-TO-GROUND LINK)

Noise Power in 7 Ml-z BW .................. -105.5 dbm

Receiver Noise Figure

@ input to Front End Amplifier ......... 6.0 db

RF Losses before Front End Amplifier ..... 4.0 db

Circulator. Preselector

Limiter, Cable

Antenna Losses (Net,:ork & Columns) ....... 2.0 db

Equivalent Noise Power @ Antenna ......... -93.5 dbm

PR required for S/N = 13 db .............. -80.5 dbm-

Rec Ant Gain (incl. 2 db lobing loss) .... 14 db -

XMT Ant Gain ................................. 3.5 db -

(incl. lobing loss)

XMT Cable & Circulator Loss .............. 4 db +

Path Loss (30 nmi) = 10 log (4Y(180,000) 2k-i5 )141 db+

in dBm: 
), 1

PT PR + 141 + 4 - 3.5 - 14 = PR + 127.5 db

PT= 47 dbm = + 17 dbw

PT= 50 Watts

Specify 100 W + 3 db
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(TABLE 8-2

DME POWER BUDGET (GROUND-TO-AIR LINK)

Noise Power in 7 MI-z BW .................. -105.5 dm

Receiver NF .................................. 14.5 db
Cable, Mismatch, Filter Ripple Losses 4.5 db

Equivalent Noise Power @ Antenna ......... -86.5 dbm

PR required for S/N - 13 db ................ -73.5 dbm-
Rec Ant Gain (incl. 2.5 db lobing loss).. 3.5 db -

XMT Ant Gain (incl. 2 db lobing loss) .... 14.0 db -

MT Cable + Circulator Loss .................. 3 di +

Path Loss (30 nni) ....................... 141 db +

in dbri:
+ 141 + 3 - 14 - 3.5 = PR + 126.5 db

= 73.5 dbm +126.5

= 53 dbm = + 23 dbw

PT = + 23 dbw = 200 watts

Specify PT =400 Watts + 3 db
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The technical issue of achieving high distance accuracy involves

the following simultaneous considerations:

o Inherently, wide bandwidth and/or high signal-to-noise

ratio are required to achieve high accuracy of range

measurement. Conflicting with these are the limited

band in which 200 channels must be supported, the

desire to minimize transmitter power requirements
(particularly for the airborne interrogator), and the

requirement to provide wide angle coverage.

o Multipath echoes that arrive during an interval starting
with the leading edge of the direct path first pulse

and ending with the direct path second pulse (assuming
a 2-pulse code) can cause errors in distance measurement

to various degrees, depending on the measurement

technique used to determine the time-of-arrival of the

reply or interrogation. After employing means to )
minimize multipath, the avenue of approach must be based

on identifying and using the difference between the

direct and reflected waves to discriminate against the

reflections.

o Sources of drift must be minimized and monitoring/adjust

techniques must be used to reduce bias errors. Also,
any known sources of bias error must be compensated for

by built-in techniques.

(2) General Considerations

(a) Decision-Level

The time of arrival (td) of a pulse is established as the instant

when its leading-edge reaches a specified "decision-level" (ed).

It is desirable that this decision-level occur:

o Very early in the pulse, so that it can be reached

before echoes of the start of the pulse.

8-24
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o Where the slope of the leading-edge is steep to

minimize the error produced by echoes which arrive

before the decision-level is reached and to reduce the

time-jitter caused by the thermal noise and by the

tolerance in establishing the decision threshold. Note

that application of the above capitalizes on the differ-

ence between the direct and reflected waves (time of

arrival) to eliminate or minimize errors due to reflec-

tions.

The decision-level can be established at a constant fraction of

the peak pulse amplitude (A), which may be variable, say 0.5A,

or a constant absolute voltage lpvel, say 1.0 volt.

Zstablishing the decision-level at a constant fraction of the

peak pulse amplitude has the advantage that the measured time of

arrival of the pulse (td) is independent of the peak pulse

amplitude and therefore produces no distance-bias error even if

the pulse amplitude varies as the aircraft's distance from the

beacon changes. This scheme has been used successfully in an

L--Band beacon made by AEROCOM and tested by NAFEC. However, the

much greater duty cycle handled by the Pulse-Multiplexed C-Band
DVME beacon receiver presents additional problems. This scheme

requires that the amplified and detected first pulse be a linear

reproduction of the input pulse; that its peak amplitude be

measured and stored long enough to measure its fractional part.

Some form of agc which acts on the first pulse must be used.

Since the transponder must accept pulses of any implitude in a

random sequence, the amplitude of one pulse cannot be stored to

control the next pulse as can be done with long time-constant

agc. The agc cannot be obtained from decoded signals because the

second pulse arrives too late to control the first pulse. The

delays required would be impractical.

ir Because it is multiplexed ten times and the IF bandwidth may be

as much as 7.0MHz, the C-Band Transponder may be called upon to

handle as many as 22,000 interrogations per second in its IF
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amplifier as against 2,700 per second for the L-Band DME. If

the agc derived on the first pulse acts for the code interval,

whose average duration is 20 .as, the total time taken by the agc

is 22,000 x 20 x 10-6 = 0.44 sec./sec. During this time the

beacon will not respond to smaller pulses. This reduces the

Beacon Reply Efficiency by a corresponding amount. The cost of

this scheme is about $2,000.00 in material higher than the cost

of the method which uses a decision-level at an absolute voltage

level.

Establishing the decision-level at an absolute voltage has the

advantage that the signal amplitude rises as the aircraft

approaches the beacon, and:

o The decision level is reached earlier in the pulse,

which eliminates most echoes.

o The slope of the leading-edge, at the decision-level

is automatically increased.

o A steeper slope is achieved at the decision level for

the same receiver bandwidth because of the greater

amplitude.

o The method is far simpler and less costly than the one

making use of a decision-level at a fixed fraction of

the peak pulse amplitude.

On the other hand, it has the disadvantage of introducing a

small negative distance bias error (max -60') which varies

with distance. However, this bias error can be easily minimized,

partly calibrated-out, or programmed-out dynamically as shown

below, by the interrogator.

Because the interrogator can control the amplitude of the reply,

by agc or open loop gain-time-control (gtc) in the i-f amplifier,

it can vary the amplitude of the detected video reply inversely

with the distance from the beacon to restore high amplitude at

rear range. It can then establish a decision-level which is a

)
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known fraction of the known peak pulse amplitude and therefore

easily correct for a fixed bias error.

As stated above the transponder cannot do this with ease. For

these reasons, the decision level will be set: in the transponder

at a fixed absolute voltage level, and in the interrogator at

two or more constant fractions of the peak pulse amplitude (as

a function of distance); a bias adjustment will be made which

will correct, at least partly, for the bias error in the

transponder. (see section l.l.l.l.G.2.b.(4))

(b) Bandwidth

,o provide a pulse wh,'se leading edge rises as rapidly as

possible, the information bandwidth of the "Two-ode-Ferris-

Discriminator" will be set at 7.0 MHz, although the selectivity

bandwidth will be kept at 1.5 141z for absolute rejection of all

off-frequency channels. Since the rise-time of the incoming rf

pulse is t o = 0.1 us, the rise-time of the output pulse is:

tr = (to2 + (0.7BW)2)1/2 = (0.12 + (0.7/7.0)2)1/2 = 0.14 us.

(c) Shape of Pulse (for analysis)
E

A pulse whose leading-edge is described by: el = y ( 1 - cos 27t/

T) rises from eI = 0 at t = 0 and reaches el = E. a maximum value,
at t = T/2. It rises gradually and reaches its peak *radually.

It can be made to decay the same way. its duration at the 50%

points is well defined. In addition, its spectrum distribution

can be shown to be the product of independent functions of the

rise-time and duration. For these reasons, it is a truer reore-

sentation of the actual pulse than either the Gaussian pulse or

the trapezoidal pulse. The Gaussian pulse does not have a finite

start tine and is never equal to zero. The trapezoidal pulse has

a discontinuous slope. For these reasons, the proposed pulse

will be used in calculations except where it introduces greater

complexity.
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The proposed pulse rises to: el = E/2 at t = T/4

The proposed pulse rises to: el - E at t = T/2

The rise-time from 0.1E to 0.9E is tr = 0.295 T, or T = 3,3 9tr

- 3.4 tr

approx.

= 3.4 x 0.14

.48 ,s

(3) Description of Errors due to Multipath

(a) Medium Delay Echoes

Echoes of the first pulse, which arrive just before or during

the second pulse, distort the shape of the second pulse,

null it or can create spurious additional eulses whose spacing

may be accepted by the decoder.

If the time of arrival of the second pulse is used for ranging,

such echoes can produce u..acceptable errors. It is, therefore,

planned to use the time of irrival of the leading-edge of the )

first pulse for distance measurement. Then the second pulse of

the pair serves only to identify the channel's code.

(b) Short Delay Echoes

Echoes of the first pulse, which arrive during the leading edge

of the direct pulse and before the decision level is reached by

the direct pulse leading edge can cause unacceptable bias errors

(20 feet), especially at low altitudes and short distances when

the aircraft is in the critical phase of landing.

Contrary to recently held belief, the error caused by a leading

edge does not vary randomly from interrogation to interrogation as

the aircraft approaches the beacon and thcrefore cannot be

averaged out over several interrogations (see section F.1). Thus

what was earlier considered to be the major source of random

error is not applicable and a lower urf is possible because lebs

averaging is required to achieve the 20 ft. (17) accuracy.
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To combat this source of bias error, the following factors are

noted: A low value of decision-level increases the probability

that the direct pulse leading edge will reach the decision level

before the echo arrives, and therefore increases the probability

of excluding the echo error. In addition, a steep leading edge

minimizes the error produced by an echo which arrives before the

decision level is reached. These two effects, which exist when

employing a low decision threshold, combine to reduce the bias

errors in range measurement that are due to short delay echoes

to a point where they are only a minor portion of the total

error.

Example

Ficure 8-9 shows a direct pulse whose leading edge rises

according to:

eI =1-( 1 - cos 2rt/T ) E = 2.0 volts

T = 0.48 microseconds

An echo (shown at B), with an amplitude 0.5E arrives after a

delay of

300 = T/12 = 0.04 s = 20'

Cu",les C and D of figure 8-9 show the leading edge of the

resu. tant pulse when the echo respectively adds and subtracts

from the direct pulse. Line E shows the decision-level at 1.0

volt = 0.50E. It intersects the leading edge of the direct pulse

at (a) td = 90° = 0o25T = 60'.

It intersects curve C at (c) td = 790 = 0.22T 52.5'

it intersects curve D at (d) t" = 120 - 0.33T = 80'

Therefore, at a decision level of 1.0 volt (0.5E) the maximum

error is 80 - 60 = 20 ft.

If the decision level is reduced from 1.0 o 0.5 volt (from 0.5E

to 0.25'), the equivalent bias error is reduced to +4.5'.
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(.
If the decision level is chosen at 0.25 volt (0.125E), the echo

is excluded because it arrives after the decision-level is

reached by the leading-edge of the pulse. The example shows how

a low threshold sharply reduces or eliminates errors due to short

delay multipath.

Figure 8-10 shows the same 2-volt direct signal (E) as in figure

8-9. Curves B and C represent the "direct signal + an echo". The

echo's amplitude is 0.2E (-14 dB). It arrives after zero delay.

A decision-level of 1.0 volt = 0.5E results in a bias error of
12'. If the decision-level is reduced to 0.5 volt = 0.25E, the
maximum bias error is 4.2'. These examples show that a decision
level of 0.25 of the direct signal amplitude reduces the multi-

path bias error to a negligible value.

(4) Description of Lrrors due to Method of Time-

Mleasurement

As discussed under "General Considerations", the transponder

uses a fixed decision level since it cannot easily control the
amplitude of the received pulse. The interrogator can adjust

its decision level as a function of range so that the decision
level introduces a known bias for norinal power levels, which can
be subtracted out relatively simply in the interrogator digital
ranging circuits. To arrive at a viable means of utilizing a low

threshold, which practically eliminates multipath errors, while
at the same time introducing only small bias errors, the following

approach was used.

Assume the leading edge of the received signal to be expressed by

-p 1l - cos 2rt/T]
2

where Ep is the voltage produced by an a/c 30nmi away

Then the voltage received fr,-m an a/c at a distance(d) nmi it
r30

e P- T (1s 2YTt/i]
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The leading edge reaches the decision level Ed at time td; letting

Ed = aEp then

Ed = aEp = Ep 1 [i - cos 2Itd/T]

cancelling Ep and solving for td:

td = T/2 cos -  
-

The reference time tp is taken when d = 20 n'ni and t T/4, so

that the time bias is

td - T/4 - T/2r cos-1 [i - Tnj- T/4 asec

The distance bias error, x, is:

= 500 T/2-os - I [ - ad]- 500 T/4 feet

1!if T 0.048 isec;

x = 38.2 cos - i  1 a 60 feet

let a = 0.5 for the nominal value of Ep

i. ia = 0.25 for the nominal value of Ep + 6db

a = 1.0 for the nominal value of E - 6db

and solving for x (the distance bias error):

d: 30 15 7.5 6 3 2 1 n.mi.

x, for nominal signal level: 0 -2C -32 -36 -43 -46 -50 ft.

x, for +6db level: -20 -32 -41 -43 -48 -50 -53 ft.

x, for -6db level: 60 0 -20 -25 -36 -40 -46 ft.

if the interrogator read-out adds 40' to all values:

x (nominal) : +40 +20 +8 +4 -3 -6 -10 ft.

x+6db *20 +8 -1 -3 -8 -10 -13 ft.

x -6db +100 +40 +20 +15 +4 0 -6 ft.

lWe see that all bias errors are within +20' for all distances

from 7.5 nmi to zero miles.

8-33
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A dynamic bias correction as a function of distance may be

applied; then if the error is corrected for nominal power levels,

a +6db power variation will result in:

d (nmi): 30 15 7.5 6 3 2 1 nmi

x (nominal): 0 0 0 0 0 0 0 ft.

x (+6db): -20 -12 -9 -7 -5 -4 -3 ft.
z (-6db): +60 +20 +12 +11 +7 +6 -4 ft.

N4ote that in a practical sense all bias errors are within the 20

feet specification (the -6db level at 30 nmi would not be

detected with regularity).

In the tables presented it was assumed that the received signal

voltage increased linearly with range. This condition exists only

up to the point where the aircraft begins to fly "under" the beam

as discussed in the seciton on low elevation coverage. This

means that the bias error for d less than 3 nmi as presented in

the tables is not exactly represented. However, figure 8-11, --

a plot of decision time vs. signal/threshold, is presented which

shows that if the Interrogator is adjusted to have zero bias

error for the nominal level- expected at flare initiation, the

most critical phase of landing, a plus or minus 10db deviation

from nominal will introduce entirely tolerable bias errors. This

relative insensitivity to power levels will permit the bias

correction to be simply made for the region where maximum accuracy

i. required, with only small errors for deviations from nominal

signal levels.

A method for setting up the interrogator to correct for bias

errors is shown in figure 8-12. Referring to the figure, the

interrogator synchronizing trigger is fed to both the ranging

circuitry and the external precise controllable delay device.

The delayed trigger initiates the transmitter, a small amount of

signal is coupled from the transmitter output to a test trans-

ponder via an adjustable attenuator. The transponder provides

8)
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the 50-microsecond system delay and its output is fed to the

Interrogator receiver through another adjustable attenuator. The

Interrogator performs ranging measurements on the received pulse

and the range readout is compared to the precise delay setting

which simulates propagation delay.

To set the Interrogator up for a corrected bias error at flare

initiation, the following may be done: An initial test is run

with the precise delay simulating 30 n.mi. range and the

attenuators adjusted to provide the 30 n.mi. nominal signal

levels to the transponder and interrogator receivers. The

interrogator threshold for this range will be at the 50%

amplitude point. Delay trim is adjusted so that the reading

agrees within reasuring accuracy with the precise delay setting.

The second test is run with the precise delay set for the mean

range for flare initiation, where the highest accuracy is

required. The transponder and interrogator received signal

(levels are set for the nominal value expected. The interrogator

threshold is now set at a low level, say 25% of peak amplitude,

and the range measurement should be in error by approximately

-40 feet. A 12.5 MHz clock counts in 40 feet increments. Thus,

for this frequency clock, the Interrogator will add a count for

this range. This additional count can be used for ranges from

about 10 n.mi. on in to touchdown and the bias error will be

within 20 feet for a +6db variation in power levels, and for an

even higher power variation at the critical ranges near flare

initiation.

(5) Description of Random Errors

(a) Listing of Sources

Random errors in distance measurement consist of:

o Jitter due to receiver thermal noise: the thermal noise

of the receiving system adds (or subtracts from) the

received signal and distorts it, causing the leading

8-37
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edge to cross a reference point both earlier and later

than a noise-free signal in a random fashion pulse-to-

pulse.

o Jitter due to a varying decision threshold, limited to

the accuracy of holding a d.c. reference. It is assumed

conservatively that the uncertainty is 10%.

o Jitter due to time-quantization which occurs when

digital clocks are used to measure or introduce delay

of analog signals.

o Jitter that occurs in the modulator/transmitter between

the input video pulse and the output rf pulse.

o Jitter due to the reception of unsynchronized replies in

the interrogator track gate.

o Jitter due to moving multipath reflections which can

cause echoes to distort the leading edge of the direct

path pulse. )
(b) Quantitative Estimates - Transponder

In the transponder, the sources of random error and estimates

of their a's are;

SOURCE

thermal noise(varies with distance) ni. range)
decision level noise (see l.l.l.l.G.6.b)

0n  Moving fultipath (estimate) ............... +.01_ s

m/t tiodulator/Transmitter ..................... +.01 s

°TRANSPONDER v VOnj)2 + (Om)2 + (Om/t)2 = 0.016 s = 8 feet

Note that there is no quantization error in the transponder.

System delay is achieved via an acoustic surface wave delay line

which does not introduce any jitter. The delay line is described

in section l.l.l.l.G.4.b.(2).
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In the Interrogator, the sources of random error and estimiates

of their a 's are:

SOURCE

Thermal noise (varies with distance)) ........ +.00SLs (@5

nJ Decision level noise nmi range)

o Quantization (12.5 MHz clock) ............... 023ps

of Unsynchronized replies (see ref. 1) .......... 014,As

a r, Moving multipath (estintate) .................. 010js

0 IGTERkt)GATOR = V(Onj)2 + (aq)2 + (of) 2 + (or) 2 = 0.03,s = 15 feet

.*'te that there is no modulator/transnitter error in the Inter-

I 1r, this is because the output of the transmitter is used

to iiitiate the range measuring circuits. This avoids the error

which would occur if the pulse signal to the modulator was uLec,

to initiate the range measuring circuits.

if we combine these errors to get the round trip standard

deviation we get

CTOTAL = V2('nj) 2 + 2(Om)2 + (of) 2 + (ori/t) 2 = 0.034 ±s = 17 feet
(5 nmi)

If a digital system delay were used in the transponder, with a

12.5 MHz clock rate, the errors would be

KTRANSPONDER = 0.028jas = 14 feet (5 nmi)

0 , 1AL .041is = 20.5 feet (5 nmi)

Ref. 1 "Errors in ILS/DHEJ Caused by Responses to Other Aircraft,

AGC Signals, and Identification Signals' Appendix B,

r J. J. Gibson, AD 427 721 (Accurate DI1E For Use With ILS)
by C. J. Hirsch
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(6) Effect of Averaging

Although it appears that the accuracy requirement of 20 feet (IT)

can be met on a single interrogation/reply, it may be desirable

to average several measurements to provide a margin of coniidence

uith a moderate increase in complexity. In any event, an

investigation of averaging effects and means of implementation

have been made to provide an avenue of design approach open for

application if it is concluded that averaging provides a cost

effective benefit.

If we neglect acceleration for simplicity of explanation (leaving

its inclusion for section 1.1.1.l.G.6.e), we can express the

range of an aircraft that is approaching a beacon as XO at time
tI . Further, if it approaches with a velocity v, and the inter-

rogation period is T, the sum of n measurements of distance (x)

is:

n n (n-l): X n = nx O  2 vT + Ox o (see 1l.l.l..G.6.e)

%,here a is the error associated with each measurement. Thex
average of the n measurements is:

N n-i

X Xn -- xo ... VT X-x 1 ni 2 -r-

The random error is reduced by i/-n. However, a lag is intro-

duced, in that the average of the n measurements gives the range
for the time of the T measurement and not for the last (nth)2
measurement, which is "now". To update the average so that it

corresponds to the range at the nth measurement, we can identify

the correction needed as

= (n-i) T

which when added to the average will yield

-x (corrected) =x o - (n-i) vT + O-

8-40
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which is the range at the time of the nth measurement; with the

Tx reduced by l/.Fn.

Implementation of averaging and the means for lag correction are

discussed in section 1.l.1.l.G.4.a which describes the inter-

rogator for the K configuration system.

c. Accuracy: Range-Rate

(1) Definition of tssue:

The Technical issue is: how can a measure of the range-rate be

obtained from a series of range measuremnts, in an aproack
nost suitable for the Airboriie Interrogator and having a standard

deviation of 10 ft/sec? Fundamentally, if we assume constant

range-rate motion, the range-rate is obtained by measuring the

change in range (MR) over a known tire interval (T). Errors

in this measurement are due to errors in the range measurements

(Ox) and in the time interval (at). If toe assimed constant
range-rate motion is incorrect (there are higher order motions

Ninvolved such as acceleration and jerk) the simple method of

A,/T will yield the average velocity in the interval, referred
to the midpoint of the intcrval, and will be in error. For the

dynamics of landing maneuvers it has been concluded that for the

periods when accelerations do occur (in standard turns and in thc
deceleration after touchdown) the range-rate error is acceptable,

especially since in less than two seconds attur the accelerations

are dincontinue.d, the errors due to then become neglible.

(2) Quantification of Range-Rate .ieasurement

If :in a/a travels a distance x in tie time t, the average

velocity is v - x/t. The error in i:easuring v, (dv), can he

exoreesed a.-:

dv = d + - dt
dx at

where dx is the e-ror in x;dt is the error in t

-

) 8~-4! -
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substituting v=x/t:
I x

dv =-! dx -- dt

t t
dx- dt

Assuming that dx and dt are statistically independent:

(dv)2  = ( x + _vdt_2

The dceign parameter that is used to meet a specified range-rate

srro:. dv. with a giv.n range measurement error, dx, is t, the

elapsed time between zange measurements. Solving for t in terms

of dx ancl dv: d

,.j~ ;;7 ()2~atI

Exanirnati-nn of the tevm v 4 zcveal3 that 'or a conservative
t

estinate of time measureinent accuracy ox , x 10- 3 (dt); for an

interval of roughly . second (t) , and for a velocity of 1000Tdt

ft/sec v , the ter:' - can be nelected wyith negligibLe effect

on the calculatirn fcr t (when dv .is specified a3 10 ft/sec.).
Thus :

dx dx
dv - 10

The error dx is actually made up of the two errors made in

measuring the distance x: at the start of the interval t, and

at the ei',d of the interval. Therefore, dx = T2 6x where 6x is

the distance error per each measurement used in the range-rate

computation.

if we further assume that 6. is the average of N measurements

of x, each of these measurements having an error of Tx, then dx

can be written:
aGx

dx426 x=f

r or dx= 2IX

and t is now:-

8-42
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In measuring range-rate then, the above analysis has assumed that

we average N measurements of range, made over an interval N (t),

where (At) is the time between measurements; then over the next

N (at) interval we also average N measurements of range to obtain

a later range measurement; these two averaged measurements are

subtracted to get the range change over the interval between them

(which is N (6t) ), and raige rate is computed by dividing the

rance difference by N (At).

Th,'. -ime (t) required to achieve the 10 ft/sec ac racy is a

function of at and N and can be computed for two typical Interro-

gation rates, 15 and 20, which correspond to At = 1/15 scc. and

1/20 sec. respectively.

Using

t N (A t) = V-z - x/10

or
N 7.1 It)

for Tx = 20 feet:

11 = (2.82/At)2 /3 , then:

TInterrogation Rate lb/sec 20/ee

N ...... =13 =15

t ...... 0.87 sec. 0.75/sec.

Note that the higher interrogation rate (prf) allows achievement

cf the requii-d accuracy in a chortzr time, as might be expected.

Also, an important point to realizu is that the total time re-

quired to make the range rate measurement is 2t, because two

suc easive averaging periods of t 'N (At)) are required to obtain

^ -4'
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the averaged range measurements. Thus the total time (2t) between

independent range-rate measurements is:

prf 2t

20 1.5 seconds

15 1.74 seconds

(3) Comparison with Optimum Averaging

If we make the same assumptions as in the above discussion; that

the range-rate is constant and the errors due to uncertainties in

time measurement are negligible, the minimum variance obtainable

in an estimate of range-rate from a series of range measurements

is (Reference 2):
2 12

12 12

c MM 2-1) (At)- M3 At) 2  (M large)

where

2 = range-rate variance

2
a x  = range variance per measurement

M = total number of range measurements made

&t = time between range measurements

This minimum variance is obtained by performing a linearly

weighted average as described by:

M+t
2

Referenice 2: R. B. Blackman "Dat.a Smoothing and Prediction"
Chapters 7 and 8 Addison-We31ey Publishing Co. 1965

34" .---
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where

x. = the i t range measurement

Note that each successive range difference is weighted on a

linearly decreasing scale. In words, if we take M range measure-

ments, find the difference between the Mth and Ist, the (M-l) th

and 2nd, etc. and weight the differences having the larger time

separations heavier than the others in a linearly weighted aver-

age, we will obtain the minimum variance estimate of range-rate

for the conditions assumed.

To compare the performance of the technique described in part b,

called sub-optintum as against the optimum, we can compare the

processing time required to achieve the specified 10 ft./sec

accuracy. Using a Tx = 20 feet, and an interrogation rate (prf)

of 20/sec, we find M to achieve = 10 ft/sec:

312 xQ (min) =M/

(At)
or A~2 _

r 3/2  42q x V U 20 = 138.5At) 10 (/20)

M (138.5)2/3= 26.8

M 27

The processing (t opt ) timn is then:

t = M (at)

= 27 (1/20)

- 1.35 3econds

Comparing 2t of part b above with topt indicates that a slightly

longer time is required in the suboptimum technique, about 11%

more than in the optimum. Since the linearly weighted average

technique would be more complex and require more storage and

computations, the equally weighted average approach will be used to

derive range-rate information in the Airborne Inte-rogator.
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It is of interest to note that if we use no averaging; that is, _

we simply difference two range measurements and divide by the

eiapsed time between them, the t:.me required to achieve the
desired accuracy can be found from:

S = T1-
- T

where T is elapsed time

forc r= 20 ft. and U. = 10 ft/sec.:
x

T = =' - 2.8 seconds

This approach is somewhat simpler and the penalty of waiting every

2.8 seconds has not been clearly quantified as yet in the total

landing syEitem dynamics and control. This option will be kept
open during the Feasibility Program and will be evaluated in the
Factory and Flight Test Programs along with the averaging tech-

nique. The choice for the 'rototype Program will be made during

Feasibility.

The method of implementation for measuring range-rate using the

straight forward averaging technique discussed above is described

in section l.l.l.l.G.4.a, which presents the Interrogator

descA'iption.

d. Traffic Capacity

(1) Definition of Issue

The issue of traffic capacity involves the provision of 200 non-

interfering channels in a limited band such that the accuracy
requirements can be met; and in the heaviest traftic conditions,

each Interrogator can obtain reliable distance information with

highest integrity. To meet the conflicting demands of high accu-

racy and limited spectrum, the SC-117 recommended approach

(adopted here) is to pulse-code multiplex each of tw.nty channel
frequencies ten times; with the twenty frequency-channels sepa-

rated by 3 MPz in a 60 MHz band. This brings up the questions of

)

. .. .. ...8-46 . ... .
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off-frequency channel interference when wideband processing is

used for accuracy; and false decoding when many pulses are being
transmitted on the same frequency.

(2) Channel Plan

Table 8-3 shows the Channel Plan recommended by SC-117. This

plan has been adopted by Hazeltine. Investigations made during the

TACD phase and as described below have verified the workability of

this plan and no strong rearon for altering it has arisen.

(3) Wide-Band Processing and Selectivity

As discussed in the section on range accuracy, sharp rise time

pulses and wide bandwidth (7.0 MHz) processing are beneficial in

meeting the accuracy requirements, particularly in a multipath
environment. Sharp rise-time pulses have considerable spectral

energy outside the channel band. Figure 8-16 shows the condition

for a 3 MHz channel separation and a 0.67 psecond pulie width.

Clearly, adjacent channels would interfere when using a wide band-

width receiver. In order to provide simultaneous wide bandwidth

*processing with absolute rejection of off-channel signals, a

Two-Mode Ferris Discriminator will be used. As described in

Section 3.a.2, this circuit has a selectivity band of about

1.5 MHz which "screens" the input and allows only in-band signals

to be processed in a wide band system. This circuit was experi-

mentally verified during rhase I and a description of the tests

and results are found in Section 3.a.2.

(4) Traffic Density

(a) General

The introduction of pulse-code multiplexing (by ten times) to

achieve the required number of channels in the 60 MHz band raises
the question of the susceptability of such a system to mutual

interference in the form of false decoding. In general, the
parameters that affect false decoding are the interrogation rate,
the reply rate, the decoder tolerance, the coding technique, and

(time selectivity. In the section on accuracy it was shown that

-= - 8-47
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Table 8-3. DME CHANNEL PLAN

jAG Dr/I Angle G/A Angle G/A

A/A IN -a

CI .000. 15,40C.
C5 %0%0 N m

2 oo 0-4 '5 N5,409.
in i 'LA 'L LAr

Channel DE D Angle Angle
A/G G/A C-BAND K(u- Band

1 5003 5068 5130.0 15,409.0

1chnes 2 5003 5068 5130.6 15,409.9

created by 5 5003 5068 5132.4 15,412.6

pulse codes 6 5003 5068 5190.0 15,413.5
(see below) 7 5003 5068 5190.6 15,414.4

10 5003 5068 5192.4 15,417.1

11 5006 5071 5133.0 15,418.0

15 5006 5071 5135.4 15,421.6

16 5006 5071 5193.0 15,422.5

18 5057 5122 5184.0 15,571.0

191 5060 5125 5187.0 15,58.0

195 5060 5125 5189.4 15,583.6
196 5060 5125 5247.0 15,584.5

200 5060 5125 5249.4 15,588.1

Pulse Codes pqr Frequency Channel:

per SC 117: A/G - Pulse Pair Spacing of 1J + 2 (n-1) s

G/A - Pulse Pair Spacing of 28 - 2 (n-1) ,s

where n = No. of Channel
for n=10: Minimum Spacing = 10 is

Maximum qpacing = 28 ,s

for each channel: (A/G + G/A) Spacing = 38 ps
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with the a obtainable on a single interrogation, the prf of

the interrogator can be lowered from the 40 PP/s of SC-117 to

something substantially lower (10 to 20 PP/s) which reduces the

pulse density proportionately. In the descriptions below, the

traffic density problem is presented as a function of Interrogator

prf to clearly show its affect.

(b) Transponder Traffic Handling

The table 8-4 below summarizes the ma-:imum traffic seen by a

transponder, per SC-117:

Table 8-4. MAXIMUM TRAFFIC AS SEEN BY A TRANSPONDER

No. of Interrogation Rate
Interro-
gators prf=10 prf=15 prf=20

Int. Int. Int.
(1) Interrogators requir- 66 660 i- 990 se-- 1320 sec

ing primary DME

service

( (2) Interrogators testing 100 500 500 500

on the ground at a

prf of 5 PP/s

TOTAL VALID INT. RATE 1160 1490 1820

(3) Interrogators on 396 3960 5940 7920

correct frequency

but on wrong pulse-

code (44 x 9)

TOTAL INT. RATE 5120 7430 10,070
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Spurious decodable pairs are created by the interrogators that are

on the correct frequency but on the wrong pulse code. In the next

section, which compares three-pulse coding against two-pulse coding,

an expression is developed for the false decode rate. The ex-

pression is:

RF = False Decode Rate (2 pulse codes) = A t T

where- t = av. no. pulses per sec.

A, = decoder tolerance window

Note that At is the average number of pulses per second; and since

there are two pulses per interrogation, At - 2 x no. of Interro-

gations/sec.

Using the number of interrogations per second from line (3) of the

above Table, and a decoder tolerance of 0.5 Lseconds, the follow-

ing false decode rates are calculated:

prf ..........10 15 20

RF2 (Decodes/sec) ............ 32 72 128
2 False

% increase Valid x 100) ...... 2.8% 4.8% 7.1%

The percent increase due to spurious decodable pairs is considered

negligible for all three prf's.

It is important to note that for a wide bandwidth IF (7.0 MHz),

adjacent channel signals will be passed and the total received

interrogation rate will become:

prf Three-Channel Int. Rate

10 15,360 Int./sec

15 22,290

20 30,210

If echo suppression must be applied by detecting the peak amplitude

of the first pulse and developing a threshold 6 dB down from that

peak for the code length, unavailability of the beacon would be
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( intolerable if the echo suppression circuit were implemented at

IF. Echo suppression should be accomplished at video, after the

Ferris Discriminator has eliminated off-channel signals.

(c) Interrogator Traffic Handling

A stront, factor works to the benefit of the Interrogator with re-

gard to its capability to handle high density traffic. This factor

is that the Interrogator knows when to expect a reply and can use

time selectivity as a means to obtain immunity to interfering

pulses. This is especially true because the MLS DME operating

range is only 30 nmi.

To illustrate the effectiveness of time selectivity consider the

following:

There can be ten transponders transmitting on the same frequency,

reaching the Interrogator (to assume a worst case). Each tran-

sponder may be transmitting at say 2700 replies per second; and

one of these transponders is replying with the correct code while

the others are not. There are therefore 2700 valid replies per

second plus false decodes (F2 ) at a rate:

F2 = t2 (= )

where bt = av. no. of pulses per second

AT = decoder acceptance window

bt = 2700 replies/sec x 10 transponders x 2 pulses/t3
code = 54 x 103 pulse/sec

T = 0.5 microseconds

F 2 = (54 x 103)
2 0.5 x 10

- 6

= 1460 false decodes/second

The total number of decodes (false and valid) per second is 4160 per

second. But if the Interrogator, in search, is responsive for only

360 microseconds for every interrogation, there are only

360 x 10- 6sec x 4160 decodes _ 1.5 false decodes/interrogationsec
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This rate of false decodes per interrogation is easily tolerable;

its effect is to increase the search time somewhat. Search times

of less than 0.45 seconds have been computed and are discussed in

Section 4.a.3.

In track, where the gate can be narrowed by at least a factor of

ten, the false decodes have a very minor effect on accuracy. This

factor has beet accounted for ini the diEcussion on sources of ran-

dom errors.

(d) Effect of False Decodes on Long Time-Cons%:.4 c

AGC and Identity Coding

The following Table shows the false decode rate (F2 ) and the in-

crease in percent of accepted replies without time-gating in the

Interrogator for different values of transponder reply rate (nr) -

which is a function of the interrogation rate (q) - and for differ-

ent values of decoder tolerance (4T);

q = 10 q= 15 q = 20

nr 1500 2000 2500

F2  450 800 1250

AT =0.5S s n + F2  1950 2800 375C.

2 )x 100 23% 28.5% 33.3%

ns  900 1600 2500

6T= 1.0 js nr + F2  2400 3600 5000

F 2
(n + F2)x 100 37.5% 44.5% 50%

The percentage of accepted replies is seen to be rather high. This

could interfere with long-time constant agc, if used, because the

ago will be determir.ed in good measure by replies from other beacons

a3 x:ell as the desired one. Open loop gain-time-control in which

8
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gain is controlled as a function of range is proposed in the

Hazeltine DME approach; this avoids the problem of agc'ing on

false decodes.

The high number of spuriu .s replies may also seriously confuse the

"identity" coding proposed by RTCA SC-I17 and scramble the message.

(RTCA SC-117 suggested a reply identity coding by transmitting a

reply code of 10.0 + 2 (n-l) for a logic (1) and 10.75 + 2 (n-1)

for a logic (0). This subject must be studied in depth to prevent

scrambled identity.

(5) Two-Pulse vs. Three-Pulse Coding

An investigation was made into the relative merits of 3-pulse

codes vs. 2-pulse codes with regard to the generation of spurious

pulse codes acceptable to either the transponder or interrogator

decoder during heavy traffic conditions. A summary of the investi-

gation is presented below.

(a) Transponder False Decode Rate

Characterization of Pulse Density

Appendix H of the SC-117 report DO-148 assumes that 44 interro-

gators on each of 9 different code multiplexed channels (but on the

same frequency) can be reaching a transponder that is receptive to

a different (10th) pulse code. The average pulse density, T, under

these conditions is given by

i = 44 interrogators x 9 codes x N pulse/code x nr pulse

codes/sec

= 396 Nr.r average number of pulses per second (1)

The assumption is made that the aircraft interrogators have non-

synchronized random interrDgation frequencies, and are at random

(and changing) ranges from the transponder. Under these conditions,

the pulses that the transponder receives occur randomly in time,

with the average rate given by 396 Nnr. A random pulse train may

8 r
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be described by the Poisson probability distribution which says

that the probability that K pulses occur in a time interval T is

given by

P (k, T) ('K -0K e-:a-T(2K!

where W is the average number of pulses per sec = 396 Nnr

This repxesentation of the pulse train seen by the transponder

does not account for the fact that each pulse of an interrogation

has companion pulses as part of the interrogation pulse code which

are not random with respect to each other. However, the effect of

this characteristic will be small and the approximation by the

Poisson distribution is adequate for a relative comparison between

2-pulse and 3-pulse codes.

Solving for False Decode Rates

To determine the false decode rate of this randomly spaced pulse

train, we can proceed au follows:

For each pulse as it appears in time sequence at the

transponder, determine the probability that at least

one pulse appears in each of the later time slots

that correspond to the decoder spacing and tolerance.

(There is one later time slot for a 2-pulse code and

two for a 3-pulse code.) This probability, multiplied

by the average number of pulses per second, gives the

average rate of false decodes.

Two-Pulse Code Computation

Applying the procedure to the case for a 2-pulse code, the proba-

bility that at least one pulse of the random pulse train will

appear in the interval that will produce a decodable pair is given

by (2):

P(KI 1,AT) = 1 - Probability of zero pulses in Ar

1 - e - 2 (4T)
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where i2 = the average no. of pulses per second for

pulse pair coding

and (AT) = the decoder acceptance tolerance

If a2 (AT) is small, expanding e -a2(AT) reveals that

P(K ? ],AT ) a 2 (AT)

From (1):
2 = 396 N r

For pulse pair coding (N = 2), an interrogation frequency (nr) of

20 pp/s, and a decoder tolerance (47) of 0.5 microseconds:
-16

a2 (AT) = 16,000 pulses/second x 0.5 x 10 seconds

= .008

Thus

P(K a i,A ) .008

The false decode rate for pulse pa: r coding (RF is now the product

of a2 and P(K i,AT) which is: 2

R = .008 x 16,000

or

Rr = 128 false decodes per second (ave.)

Three-Pulse Code Computation

To realize the benefits of a 3-pulse code, the spacings between

pulses of any code must be 1) different from each other,

2) different from any other spacings used in other codes, and

1' different from the sums of spacings of other codes. We choose

to call codes having such properties as "ortogonal", in the sense

that any code entering a decoder will produce no output unless the

decoder is set up to receive that code; in which casc there will be

an output pulse at a known delay from the first input pulse.
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Assuming a set of "orthogonal" I-pulse codes, the same procedure
is used to determine the false lecode rate, RF3I

For each pulsa of the random pulse tzain as it appears in time

sequence at the transponder, the probability that there will be at

least one pulse in both of the two later time slots that comprise

the three-pulse code, multiplied by the average number of pulses

per second, will yield the average false decode rate. The joint

probability that both later time slots will be occupied is written

mathematically as:

P (K> I, AT i; K - 4, T 2)  = P (KZ I, r 1) :(K- AT 2)

which says that the joint probability of having at least one pulse

in time interval AT 1 , and at least one pulse in time intervalAT 2

is given by the product of the individual probabilities; because

for the conditions assumed, the probabilities are statistically

independent.

Following through:

P(K : 1, AT )  p(K i ],A T 2) = ( 3 T1) (a3 1)

where AT I and A 2 are the e?,uder tolerances for the spacings be-

tween first and second pulses and the second and third pulses

respectively; and a3 is the average number of puises per second.
I AT.1 1T =AT:

- 2 3
P(KaI,AT 1 ) P( l,AT 2) a 3  (AT.

Then the false decode rate, which is the product of this joint

probability and the average number of pulses per second, is given

by

3 3F a 3 (AT)2

Fot the three-pulse code, a3 is obtained from (1), using N 3 and

nr = 20/sec:

a3 =I 396 Nnr = 396.3.20 3,760
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or

a 3 o 24,000 pulses per second

Using a decoder tolerance of 0.5 x 10- 6 seconds,

RF = (24 x 103) (0.5 x 2- 6 )

= 13.85 x 1012 x 0.25 x 10 - 1 2

= 3.46

or

RF - 3.5 false decodes per second (ave.)

Three-Pulse Code Generation

SC-117 has put forth a coding plan for two-pulse coding which

provides ten different spacings per frequency channel. Since two-

pulse coding is straightforward and the SC-117 coding scheme is as

good as any, code generation effort was devoted to establishirg

ten "orthogonal" three-pulse codes.

Each three-pulse code is characterized by two spacings. If we

call x the spacing between the fir:t and second pulses, yn the

spacing between the second and third pulses and n refers t.: the

nth code, we impose the following conditions of xn and y. to assure

"orthogonality" in the sense previously described;

all xns are different by at least 2AT

all yn's are different by at least 2AT

all (xn+Yn)'s aie different from any xn or yn by at

least 2AT

all Xno's are different from all y n's by at least 24T

whereAT is the decoder tolerance

8
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A sample set of ten different codes that meets these conditions

is as follows:

AT = 0.5 microseconds

Code No. X Y X + Y
nn ! n

1 3Lis 4 ps 7 ps

2 5 6 11

3 8 9 17

4 10 12 22

5 13 14 27

6 15 16 31

7 18 19 37

8 20 21 41

9 23 24 47

10 25 26 51

Note that the decoding time gets rather long for the last several

codes. This would mean that the minimum system delay in the trans-

ponder would have to be somewhat longer than the 35 -psec anticipated

by SC-117, say about 55 jseconds.

(b) Interrogator False Decode Rate

Characterization of Pulse Density

There can be ten transponders transmitting on '.he same frequency,

respoiiding to random interrogations and squitter pulses. Assuming

a worst case in which all of the transponders are transmitting at

a maximum rate of say 2700 replies per second and the interrogator

is receiving all of the transmissions, the interrogator sees a
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random pulse train having an average number of pulses pex second,

b, given by:

S= 10 transponders x N pulses/code x 2700 pulse codes

per seco'nd

E = 27,000 N average no. of pulses per second

Since both the interrogations and squitter triggers occur randomly

at the transponders, it is again concluded that the Poisson proba-

hility distribution characterizes the pulse train appearing at the

interrogator. Note, however, that one of the ten transponders is

transmitting the proper pulse code and the only method of dis-

crimination against these unwanted replies that is effective in

the interrogator is time selectivity, as will he seen below:

Solving for False Decode Rates

Two-Pulse Code Computation

Applying the same approach as used for the transponder calculations,

the probability that at least one pulse of the random train will

occur in the intervalrT that will produce a decodable pair is

given by

P (K J ,AT ) E T

From (3):

b = 27,000 x 2 = 54,000 pulses/sec

For a decoder acceptance intervalA of 0.5 x 10-6 seconds

P(Kzl,ar )T 54 x 103 x 0.5 x 10
- 6

.027
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The false decode rate, F2 , for pulse pair coding is the product

of this probability and the average number of pulses per second.

F2 = .027 x 54 x 103

F2 = 1460 false decodes/sec (ave.)

These are in addition to the 2700 per second correctly coded

replies being transmitted by the transponder that is selected by

the interrogator, so that the total number of decodes per second is

F 2 1460 + 2700 = 4160 decodes/sec (ave.)

This would seem iHo'lerable. However, if the interrogator pro-

cesses only 30 n.mi. for each interrogation (as in the search mode)

this time selectivity will result in a condition where the number

of false decodes per interrogation, F211 is given by

False decodes/sec x no. of seconds/interrogation

or odecodes 
-6 seconds

2 4 seco - interr.

F = 1.5 false decodes/interrogation (ave.)

This is easily tolerable.

Three-Pulse Code Computation

For a three-pulse code system the average number of pulses per

second, E3 , appearing at the interrogator is simply

E3 = S2 = 3/2 54,000 = 81,000 pulses/second (ave.)

The probability of a false decode is the joint probability that

one or more pulses appear in both of the two time slots following

8-60
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*. each pulse of the random train. Following the procedure used for

the transponder, the joint probability, Pip is given by:

J=[ P (y, 1, a, )I = (F 3 ArT 2

where AT is the de(odei. tolerance

The false decode rate, F 3, is then

F3 = 3 3 (AT)

3 2
= (81 x 103) (0.5 x 10 - 6)

= (8.1) 3  (0.5)2 = 133

F = 133 false decodes/sec (ave.)

Adding these to the correctly coded replies yields a total decode

rate of

F = 2700 +- 133 = 2833 total decodes/sec (ave.)
3f T

For a 360 microsecond "on" time per interrogation, the number of

false decodes per interrogation is given by

F = 2833 x 360 x 10
I3

= 1.04 false decodes/interr. (ave.)

Note that there is no dramatic reduction in decodes per interroga-

tion because a large portion of these are due to the correctly

coded replies of the transponder selected by the interrogator. It

may be concluded that the transponder stands to benefit substanti-

ally by three pulse coding ,hile the interrogator benefit is minor.

(c) Summary

If we make the simplifying assumption that the unwanted pulses

arriving at either the transponde. or interrogator can be repre-

sented by pulse trains where the pulses occur randomly in time; and

that the Poisson probability distribution, therefore, characterizes

8-61
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th andom occurrance of pulses, then the following general

results follow:

Transponder False Decode, Rates are given by:

(a) for Two-Pulse Codes:
=- 2

RF = at AT false decodes/second (ave.)

(b) for Threc-Pulse "Orthogonal" Codes:

RF3  = (t3 ) 2

where
at average no. of pulses per second (2-pulse code)

t = averagc no. of pulses per second (3-pulse code)

AT = decoder tolerance

and assuming that at AT and b AT are < 0.10

Interrogator False Decodes per Interrogation are given by:

(a) for Two-Pulse Codes

F2 1 = [i2 (AT) + nr] T false decoaes/intorr. (ave.)

(b) for Three-Pulse Codes

F31 = [ (,i (IT)
2 + nrl T false decodes/interr. (ave.)

where I

ai = average no. of pulses per second (2-pulse code)

nr  ='transponder reply rate

&T = decoder tolerance

T = "on" time per interrogation

bi = average no. of pulses per second (3-pulse code)

and assuming that a.AT and bi AT are < 0.10

The parameters that contribute to false decoding are seen to be the

interrogation rate (which affects at or bt), the reply rate (which

affects ai or as well as nr), the decoder tolerance, the range of

the system (which affects T), and the coding technique (which is im-

rJlcit n tlhe -xpreqsion for false decode rates). The selection of

these parameters, however, must be made on a total system design

basis because they affect accuracy, economy, integrity, etc. as well

as traffic handling capability.
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e. Integrity

(l) Definition of Issue

It is imperative that coiidxtions causing false, misleading, de-

graded or missing information be detected and either corrected or

identified quickly (flag alarm) to prevent incorrect landinq

maneuvers. The integrity of the DME information supplied to the

pilot and/or autopilot can be degraded due to three different

causes:

o DME equipment failure or drift to out-.of-specification

condition.

o Lock-on to echoes caused by periods (during search) of

shadowina such that the direct path is blocked while an

echo path is not.

o Fading of the DME signal due to blockage, after the

Interrogator is in the track mode.

(2) Monitoring of Equipment

It is planned to employ monitor and control concepts and

techniques as described below to maintain the integrity ot the

DME information supplied to the pilot and/or autopilot.

(a) Transponder Monitor

r The function of the transponder is to reply only to valid

interrogations with correctly coded replies that have a precise,

known delay; and to provide this service over a pre ibed

coverage in angle and range. The important parameters to

monitor are:

£ Reply Delay

Triggering Level

Reply Efficiency

Receiver Frequency

Decoding Characteristic

r Encoding Characteristic

8-63
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Transmitter Power

Transmitter Pilse Shape

Transmitter Frequency

Antenna Pattern

Since the antenna is a passive device, it is considered that

monitoring only the VSWR of the antenna connection will be

sufficient after the antenna pattern has been verified upon

installation. The block diagram of figure 8-13 depicts an

approach that measures all of the other above mentioned

parameters.

Referring to the figure, the crystal clock provides the timing

source for the synchronizer, decoder and delay functions of the

monitor. The synchronizer generates triggers (at a suitable prf)

which initiate simulated valid r-f. interrogations to the trans-

ponder via the coder/modulator and also initiate the precise

delay counter whose pre-set delay is compared with the trans-

ponder reply delay. The transponder reply delay and the monitor

delay are set up to be equal when installed by varying the clock -

frequency and/or count or the monitQr. The coincidence detector

uses wide band circuits that will not respond unless the two

delays are within +.02 useconds or +10 ft of range. Finer delay

adjustments are made during installation with special test

equipment. The trigger generator also feeds a reply efficiency

counter circuit that compares the number of monitor interroga-

tions with the number of correct, properly delayed replies. A

threshold reply efficiency is selected and a "GO" "NO GO"

dccision as to the transponder status is made baseO on this

threshold.

The attenuators are set so that the transmitter power and the

triggering level (sensitivity) of the receiver are checked tor

meeting specifications.

The utilization of a superheterodyne receiver and Ferris

Discriminator in the monitor will check the transmitter frequency
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directly. It may be concluded that this is not necessaly due J

to the use of -i crystal c,=trolled r-4 source; in which ca e, a

simple microwave video detector may 1,e used as shown dotted in

the block diagram. However, since the transponder receiver must

be tested with r-f, the expensive r-f source must bv includod itn

the monitor and it may be that only a small cost differential is

involved between the superhet and video approaches. A choice

between them will be made in the feasibility phase of the

program.

The tranzponde monitor as configured in Figure P,5.*2 monitors

all of the vital parameters of the transponder and presents a
,.go" .no go" display. The signals to the go, no go display will

be used Lu -ontLrol switchovcr to a standly transponder which will

have its own monitor.

Periodic L,.ts will bc rad, to trim the monitor delay and to

check the decoder, encoder, power, sensitivity, pulse shape, etc.

characteristics for maximum effectiveness and reliability of

monitoring.

(b) interrogator Monitor

The monitor for the airborne interrogator will be considerably

simpler then the transponder monitor, in order to keep aircraft

equipment costs down. Ground testing will be used to

supplement in-flight monitors and result in a .-!:t effective

approach for maintaining integrity of DME information. The

airborne monitor will check transmitter power, receiver sensitivity,

coding characteristics and decoding characteristics. Airport

ground testing, using transponders and marked taxiway positions

will check delay measurement accuracy, receiver frequency, and

transmitter frequency in addition to duplicating and verifying

the airborne monitor measurements.

A block diagram of a relatively inexpensive approach to the air-

borne interrogator monitor is shown in figure 8-14. The
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= transmitter is monitored by coupling off a small. amount of p%-wcl

and feeding a crystal video detector through an attenuator thAt

is adjuEted so that the transmitter power must be above the

minimum specified to operate the "o" indicator. he decoder

has a +0.5 usecond tolerance and checks the spacing of the trans--

mitted pulse pair. The decoder and coder of the monitor must bu

selectable to correspond to the pulse pair coding of the chaninel

(runway) selected by the interrogau.or.

The receiver is monitored by simulatinq correctly coded replies

during the "dead time" intervals between interrogations and

feeding these (at UHF) to the interrogator through an adjustable

attenuator. The attenuator is adjusted so that the receiver is

checked against the specification ior minimum triggering level.

A "go", 'no go" display or equivalent is utilized to indicate

whether the receiver is operating on the proper frequency and

has the correct decoding characteristic.

If either thp tran.-mittet or the receiver monitors find a "no co"

condition, the DME output display or autopilot input are declared

nonuscablc.

(3) False- Lock'-On

Echoes of the interrogation and reply signals are synchronized

to the interrogation pulse. It is therefore possible, because

of temporary conditions when searching, that the interrogator

locks onto the echo and remains locked onto it during track.

This occurs when the direct signal is shielded say by the

a/c's banking but the echo is received. The return of the direct

signal, falling out of the track gatv, does not cause the inter-

rogator to resume search, unless special means are provided to

do so.

Prevention of false lock-on is enhanced by providing a two

antenna diversity technique as described in section 1.1.1.1.G.2

d. (3). This approach will reduce the probability that the direct

8
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path will be shadowed while the echo path is not. However, it

is still possiole that false lock-on will occur under temporary,

special conditions.

To recognize that the direct signal has returned, ilt is planned

to carry on search while in the track mode. Synchronous replies

that occur earlier than the track gate, as determined by receiving

two consecutive replies at the same raige will throw the inter-

rogator out of the track mode into the normal search mode. This

will assure that only a temporary echo lock-on condition could

exist. The implementation of this verification feature is

described in Section l.l.l.i.G.4.a. (3) dealing with Interrogator

Search and Track Circuits.

(4) Memory Track Resune Search

During track, it is possible that blockage could occur for a few

seconds c.uo to other aircraft being in the line-of-sight and

close to the DME antenna. During this loss of signal peri.od it

is planned to use the last range reading before loss of signal

as the DME output, updated successively for every interrogation

by the range-rate at the time of signal loss, until the signal is

regained. A count will be taken as to the number of interroga-

tions that have occured under the condition of lost signal; and

after a specified time in the two to ten second range (to he

determined in Phase II), to throw the Interrogator out of track

and into the search mode.

3. Experimental Verifi-ation

a. Transponder Processing

A test program was initiated to verify the intended approach to

transponder IF and Video processing. In particular, the follow-

ing circuits were designed and tested:

o Log IF amplifier - This approach was tested in order to

( s-ecify, with confidence, a receiver with large dynamic raihge

without the requirement for instantaneous AGC.
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o Two Mode Ferris Discriminator (TMFD) - This approach

was tested to insure absolute rejection of adjacent

channel signals.

o Echo discriminator - An echo discriminator was designed

and tested to operate in conjunction with the log IF

amplifier and Two Mode Ferris Discriminator in order to

reject echoes having amplitudes more than 6 dB below the

direct path signal. The intention is to prevent uncoded

or incorrectly coded signals from being decoded due to

echoes occurring with the correct delay.

(1) Log IF Amplifier

The DME transponder is expected to process signals having a large

dynamic range. In addition, large variation in signal strength

is expect;ed from pulse pair to pulse pair. The available choices

to staisfy these requirements are:

o Linear IF amplifier with instantaneous AGC

o Linear amplifier with large dynamic range (no AGC

required)

o Log IF amplifier

The linear IF amplifier with instantaneous closed loop AGC was
discarded because of the difficulty in designing a stable AGC

loop that would be capable of responding instantaneously. An

AGC possibility for this choice would be to use a log IF

amplifier to provide the AGC for the linear amplifier. This

approach would increase the coat of the DME transporider and

would be redundant since the log IF amplii:.e.r would, by itself

satisfy the requirement for dynamic range. Ibh n e.&'td choice,

linear amplifier with large dynamic range axi no AGC, would re-

quire the design of complex low current drain class B push-pull

stages or, the use of IF transistors with large signal. handling

capability with resulting high current drain in the class A mode

of operation.

8
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A log IF amplifier has none of the draw backs of the above de-

aigns. Wide dynamic range is obtained due to the fact that

maximum output signal is obtained by all stages working in

parallel. Therefore, AGC is not required and less input power

is required than would be needed if a single stage had to handle

the full output signal.

A Hazeltine designed log IF amplifier, presently incorporated in

transponders and interrogators manufactured by Hazeltine, was

tested for dynamic range. The amplifier is designed with six

stages of the Plessey SL521EAT wide band amplifier. Each stage

provides 11 db voltage gain and a maximum RF output of 1.2V p-p
Band pass limiting of the IF amplifier is accomplished at the

amplifier input.

Figure 8-15 is a plot of the transfer characteristics of the log

IF amplifier. The input dynamic range of 60 db is compressed

down to an output dynamic range of 20 db, a more manageable

range for the video processing circuits. In addition to com-

preL *g the dynamic range, the transfer characteristic maintains

a cori_ant slope of output volts vs. db input changes over the

useful operating range. Ecao descrimination is thus facilitated

since; for a given ratio of echo level below the main pulse, a

constant voltage difference will be obtained over the signal

dynamic range.
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(2) Two-Mode Ferris Discriminator (TMFD)

The DME transponder is required to operate with a minimum receiver

bandwidth of 7MHz and a channel separation of 3MHz. A method must

therefore be provided for absolute rejection of the adjacent

channel signal in order to prevent false decodes from occuring

due to the adjacent channel signal. One method of providing this

function is through the use of a Two-Mode Ferris Descriminator

(TMFD).

Figure 8-16 is a simplified block diagram of the TMFD and the

signal energies involved in its operation. The TMFD contains two

envelope detectors, one providing a positive narrow band output

and the other providing a negative wide band output, and both

tuned to the carrier frequency of the on-channel signal. The

bandwidth of the narrow band detector is selected such that it

intercepts most of the energy in the main lobe centered about the

on-channel carrier frequency. Only a portion of the energy con-

tained in the side lobes of the adjacent channel signal is inter-

cepted by this detector. The bandwidth of the wide band detector

is selected such that the carrier frequency of the adjacent-

channel signal lies at the edge of the band. Therefore, half the

energy in the main lobe and of several side lobes of the adjacent-

channel signal is intercepted by the wide band detector. Rejec-

tion of the adjacent channel signal is accomplished by ad)usting

k such that the total adjacent channel energy in the summing net-

work due to the narrow band filter is exactly equal to the total

adjacent channel energy in the summing network due to the wide

band filter. The value of k, so chosen, allows the on-channel

narrow band energy in the summing network to be much greater than

the on-channel wide band energy. Therefore, TMFD output will only

be provided when an on-channel signal is present. This narrow

band on channel signal may then be used to gate the wide band on-

channel signal (through an appropriate delay line) into the DME

transponder processing circuits. Since no TMFD output is obtain-

ed due to an adjacent channel signal, the gating circuit remains

disabled and the adjacent channel signal is rejected.
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Experiments were performed to verify that the TMFD will provide

absolute rejection of an adjacent channel signal. The TMFD was

designed with an adjustable narrow bandwidth and variable narrow

band gain. These parameters were adjusted to provide optimum

performance with respect to absolute rejection of adjacent channel
signals (adjacent and on-channel signals not occurrina simulta-
neously) and hole punching (adjacent and on-channel signal occur-

ring simultaneously). The test setup used to make the measure-

ments is shown in figure 8-17.

The bandpass (swept frequency) characteristics of the log IF amp-
lifier and the TMFD summed output are shown in figure 8-18. The

frequency characteristics for the log IF amplifier and TMFD were

set as follows:

o Center IF frequency = 61MHz

o Log IF amplifier bandwidth = ±5MHz (3dB)

o Narrow band TMFD filter center frequency = 61MHz

o Narrow band TMFD bandwidth = ±0.75MHz

o Wide band TMFD filter center frequency = 61MHz

o Wide band TMFD bandwidth = ±2.5MHz

The on-channel signal generator was set to operate at 61MHz while

the adjacent channel signal generator was set to operate at 58MHz.
The characteristics of the pulse input to the IF bandpass filter

are shown in figure 8-19 and are as follows:

o Rise time = 0.1 microseconds

o Pulse duration 0.67 microseconds

The pulse generators were set to provide an on-channel pulse pair,

separated 10 microseconds, and a single adjacent channel pulse

with variable delay such that it may be positioned to occur simul-

t-neously with an on-channel pulse.

Figure 8-20 indicates the result of adjusting the TMFD narrow band

gain below that required for adjacent channel balance. The TkFD

output indicates a positive going signal for the on-channel signal
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and, a slightly negative signal for the adjacent channel signal.

The positive TMrD output signal is used to enable a gate, allow-

ing the wide band on-channel signal output of the log video (al: o

shown in figure 8-20 for comparison) with a 0.2 microsecond rise

time to pass through to the video processing circuits. The neg-

ative adjacent channel TMFD signal will not enable the gate

thereby absolutely rejecting all adjacent channel signals.

The RF signal input levels used to give the results of figure

8-20 were as follows:

o On-channel signal level = -55dbm

o Adjacent channel signal level = -25dbm

Data was also obtained on the susceptability of the TMFD to hole-

punching (on-channel and adjacent channel signals occur simulta-

neously). The results of this experiment are shown in the curves

of figure 8-21. These curves were obtained by overlapping the

on-channel and adjacent channel pulses. The RF input signal for

the on-channel signal was maintained at a constant level while

the adjacent channel signal was increased from a level below the

on-channel signal to the level where the positive on-channel TMFD

signal was reduced to zero (hole-punch). Several curves of on-

channel TMFD output as a function of adjacent channel input sig-

nal level are plotted with constant on-channel input signal as a

parameter.

Hole-punch susceptability is defined as the amount of adjacent

channel signal power above that of the on-channel signal required

to reduce the on-channel TMFD output to zero. The curves of

figure 8-21 indicate that for the linear portion of the log IF

characteristic, prior to limit level of the last IF stage, the

hole-punc susceptability is at a minimum of 17db. As the on

channel signal level is raised such that the last IF stage begins

to limit, the hole-punch susceptability reaches a maximum of 10dB.
r
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The tollowii, conclusions were reached from the above experiments:

o The TMFD provides absolute rejection of adjacent chennel

signal (3MHz channel separation) while providing a signal

to allow passage of the 5MHz bandwidth on channel signal.

o Susceptability to hole-punching, when on-channel and

adjacent channel signals are simultaneously received, is

not severe and can probably be tolerated.

(3) Echo Discriminator

A circuit that discriminates against echoes that are approximately

6db or greater below the main pulse was designed and tested. The

discriminator operation is based on a variable reference voltage,

proportional to the main pulse, supplied to a comparator circuit.

A block diagram of the echo discriminator is shown in figure 8-22.

The first video pulse (main pulse) is simultaneously applied to

the comparator and peak detector circuits. The peak detector

charges a capacitor to the peak value of the main pulse and holds

this value for the duration of the pulse pair. The detected peak

voltage is then off-set by an amount corresponding to 6db times

the slope of the transfer characteristic ot the log IF amplifier.

This DC signal is applied to the comparator and only pulses

having a greater amplitude than this DC level are passed by the

comparator. Thus, echoes 6db or greater below the main pulse are

discriminated against. At the end of the pulse pair period, a

transistor switch discharges the peak detecting capacitor and

the circuit is reset for the following pulse pair. The transistor

switch is controlled by a single-shot and differentiating network

that is enabled by a signal from the Two Mode Ferris Discriminator.

Figure 8-23 shows the Echo Discriminator rejecting a pulse 7db

below the main pulse. The figure also indicates the echo pulse

being passed after the occurance of the second pulse of the pulse

pair. The length of time during which discrimination takes place

after the second pulse may be adjusted by increasing the length

of the single shot pulse output.

)
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'4) System Integration

The various subsystems described above were integrated and tests

were performed to determine whether the objectives for video proc-

essing could be met. The overall block diagram of the system

under test is shown in figure 8-24. Tests were performed using

two separate IF signal generators and pulse generators. One

combination of signal and pulse generator simulated the on-channel

signal of 61MHz. The second combination was used to simulate the

adjacent channel signal in tests to determine adjacent channel

rejection and, as an echo generator in tests to determine echo

rejection capability of the system.

Figure 8-25 indicates the system capability for absolutely reject-

ing an adjacent channel signal. The photographs were taken of

oscilloscope presentations at test points 2 and 3. The input

pu]se, observed at test point 1, is also shown for reference.

The adjacent channel signal input was set at -2dbm, 30db greater

than the on-channel signal. The photographs were taken with the

adjacent channel signal occuring during the on-channel pulse pair

period and 20 sec after the on-channel pulse pair period. This

was done to indicate that adjacent channel rejection is not influ-

enced by the echo disciminator. The echo discriminator is set to

recover approximately 10 psec after the occurrence of the second

pulse of the on-channel pulse pair.

Fi,-ure 8-26 indicates the systems resistance to "hole-punching".

The adjacent-channel and on-channel pulses were made to occur

simultaneously with the adjacent channel input set at -20dbm, 10d.

greater than the on-channel signal. The oscilloscope photograph

taken of the system output at test point 3 indicates little

degradation of the on-channel pulse pair. The log video pulse,

*taken at test point 1 is also shown for reference.

The system capability to reject echoes greater than 7db below the

main pulse is indicated by the photograph of figure 8-27. Part

A of this figure was taken with the echo set to occur within the

main pulse pair period. The echo pulse signal level was set at

-
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Figure 8-27. Echo Reje;tion )

8-88



Report 10926

-36dbm, 7db below the main pulse. Part B was taken at the same

input power levels but, the echo pulse has been moved out to occur
at 20 seconds after the occurrence of the second pulse of the

main pulse pair. The echo discriminator was set to recover

approximately 10 sec. after the occurrence of the second pulse

of the pulse pair. These photographs were taken of the oscillo-

scope presentation of the output pulse at test point 3. The log

video pulse, taken at test point 1 is shown for reference.

b. Investigation of 2-Pulse vs. 3-Pulse False Decode

Susceptability

The number of false decodes per second for a 2-pulse code and a

3-pulse code has been analytically determined. The calculations

are based on a system of 44 interrogators on each of 9 different
code-multiplexed channels (in the same frequency channel) inter-

rogating a transponder that is receptive to a different (10th)

code. Results of the calculation show that a 2-pulse code system

(32,000 p/sec) will elicit 1500 false decodes per second and, a

3-pulse code system (48,000 p/sec) will elicite 250 false decodes

per second. An experiment was performed to check the validity of
the calculation. A decoder tolerance of 1.5 usec was used for both.

Figure 8-28 is a block diagram of the equipment used to perform

the experiment. A high density interrogating environment was

obtained using a noise source to trigger a single-shot pulse gen-

erator. The average triggering rate was adjusted by varying the
RMS output of the noise source thereby varying the average rate

of .io se spikes with sufficient amplitude to trigger the single-

s:.ot pulse generator. The output pulse width of the single-shot

was set at 0.67 microseconds, similar to that of the proposed DME.

The random pulses were fed into the delay line driver of a mod-

ified UPA/39A Coder-Decoder. Delay line taps were selected at 0
I

microseconds and at 9.8 microseconds to simulate a 2-pulse decoder

and, at 0 mit-roseconds, 4.9 microseconds, and 9.8 microseconds to
simulate the 3-pulse decoder. A second set of taps at twice the

( above delays was also selected to provide additional data for the

B-89/8-90
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2-pulse code and the 3-pulse code. The decoding tolerance was 9
adjusted to 1.6 microseconds in each case.

Two counters were used to simultaneously count the random pulses

entering the decoder and the decoded output pulses. The counters

were synchronized to insure that input and output counts were

taken over the same time period. For each setting of the random

pulse generator, a series of ten, 10 second, counts were taken for

the 2-pulse code system and the 3-pulse code system. The data for

the 2-pulse code is averaged and plotted in figure 8-29. Figure

8-30 is a similar plot for the 3-pulse code. These results

clearly indicate the validity of the analytic calculation.

4. Hardware Approach

In this section, the avenues for resolution of the technical

issues (as determined by study and verification) are translated

into specific hardware approaches. All block diagrams and cir-

cuits presented are considered to be within the state-of-the-art

and represent low risk developments in themselves. Demonstration

that the integration of the hardware described will meet the

coverage, accuracy, traffic handling, and integrity required of

the MLS DME equipment is the mission of the Feasibility Demon-

stration Program.

a. Hardware Approach-Interrogator

(1) General

(a) Gain-Time-Control (GTC) vs. AGC

As a first try, we shall assume that the interrogator's receiver

shall use GTC instead of Long Time Constant AGC. This is because

Pulse-Multiplexing may produce 30-50% spurious decodable replies

(See Section on Traffic Density) from other beacons than the one

being interrogated. There may be times and places where these

spurious signals are stronger than the desired signals. They may
then take-ver the agc and unduly reduce the sensitivity to the
desired reply. Further tests and evaluation are desirable before

making this decision final.
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((b) GTC Description (Figure 8-31)

The signal voltage (er ) received by the airborne receiver, as the

a/c travels from 1,000 ft. to 180,000 ft. from the beacon, varies

as

er 100,000 em/x volts

where; em is the voltage received with the a/c
180,000' away

x is the distaace of the a/c to the beacon

in ft.

The GTC then varies the voltage gain (g) of the a/b receiver as

g = ax/180,000

so that the voltage at the output of the controlled amplifier is

ge = (ax/180,000) (180,000 em/x) = aem

for all distances.

Yhe S/N ratio is of course higher at the short ranges. To obtain

the advantage of a steeper leading edge at short ranges, the video
-i1

gain is modified by gV (GTC) = 180,000/x. The video output is

then

gaem = 180,000 a em/x

(c) Percent Amplitude Threshold

The receiver of the interrogator is equipped with a circuit which

triggers a new pulse when the leading edge of the reply pulse

reaches a fixed percentage of its peak value. The triggering time

is then independent of the pulse amplitude. The pulse timing is

usually defined when it reaches its 50% point. However, a

stronger pulse having the same shape as a weaker pulse may have

steeper leading edge at its 25% point than the weaker pulse at its

50% point. The earlier decision level at 25% of peak amplitude

gives greater immunity to leading edge echoes than the 50% point.
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The inverse GTC causes the received pulse to increase as the

beacon is approached. When this pulse exceeds a given value, the

decision level is changed from 50% to 25% (or less) of its peak

value. The decision level at 25% of peak pulse amplitude leads

that at 50% by a constant time (6) which is independent of the

pulse amplitude. For the standard pulse 6 = 0.08 ps.

This amount can be calibrated out of the final range measurement.

Circuits which recognize the 50% A. or 25% A. are well known in

the art. See figure 8-32.

(d) Tracking Gate

Assume that an aircraft interrogates a beacon at the rate of q

15/sec. while traveling at V = 600Kts = 1,000 ft/sec or 24s/sec.

The aircraft travels 1,000/15 67 or 2.0/15 = 0.13js between

b interrogations. Let the reply be at the center of a 4.0,s gate

(±2.0s). The reply can then be lost for 2.0/2 = 1 sec before the

reply travels outside the gate and is lost. This corresponds to

15 interrogations. If the signal is lost for longer periods, say

10 sec., velocity memory may be applied.

It may be desirable to increase the interrogation rate or widen

the gate for supersonic aircraft.

If the timing clock emits nulses at the rate of 12.5MHz (a period

of 0.084s), a 4.0 s gate will contain 4.0/0.08 = 50 timing pulses

and its center !a 25 timing pulses from its edge.

(2) Interrogator Block Diagram (Figire 8-33)

The primary timing source is the Pulser which emits 40 pulsesisec

when searching, and 15 ±0.3/sec (randomly jittered) when tracking.

These timing pulses are impressed on the coder which generates

pairs of pulses, spaced by 28 - 2(n-l) s where (n) is the code-

number. The output of the coder is then impressed on Modulator

along with the selected C-band frequency (5,000-5,060MHz) to pro-U

duce pulse-pairs of RF signals which are amplified by the RF

amplifier. The flF amplifier will preferably consist of Trappattr Diodes, if the state of the art permits it. If not, the amplifier
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will consist of Planar Triodes operating well below ratings for

reliability. The transmitted interrogation signal, at the desired

power level, is applied to the antenna through the circulator.

The RF pulse-modulated signal is detected by a detector and a single

trigger pulse(Tr) is generated by the 50Ls delay generator. This

trigger is delayed from the leading edge of the first inter-

rogation pulse by 50s to compensate for the "System-Delay" in

the transponder. This trigger pulse is the main timing reference

for the interrogator and establishes t = 0. It is the reference

for:

o The GTC and inverse GTC

o Search and Tracking Process

o Distance Measurement and Averaging

o Velocity Measurement

The reply signal from the circulator is applied to the "Broad-

Band Pre-Selector and Limiter" which is part of the angle )
receiver. For details of the front end see Section l.l.l.l.D.

For simplicity of explanation, the receiver front end output is

applied to the "Linear IF amplifier" at 65 Miz with a bandwidth of

7.0 MH". The gain of the IF amplifier is controlled by a "Gain-

Time-Controlled" GTC wave-form from the GTC generator. The GTC

wave-form biases the IF amplifier according to a function of time,

beginning with t = 0, so as to produce essentially constant volt-

age signals for synchronous ieplies at all ranges.

The output of the GTC's amplifier is applied to a "Two-Mode

Ferris-Discriminator". This device produces essentially "absolute

selectivity" over a bandwidth of ±0.8 MHz, while providing a

"Video Information Bandwidth of 3.5 MHz". The operation of this

device is described in detail in i azeltine Report 3-5252 "Tech-

nical Proposal for the Development of a Microwave Landing System"

(Sept 21, 1971), and in section l.l.l.l.G.3.a of this report.
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The wideband output of the Ferris Discriminator is then applied

to an amplifier with an inverse GTC control to allow close-in

signals to be amplified by an amount permitted by the S/N.

The output of the Video Amplifier is decoded according to the
selected code 10 +2 (n-l)jis. A second decoder detects signals

coded according to 10.75 + 2(n-l). The output of the two decoders

serve as logical-one and logical-zero for channe± identification.

(See previous discussion on identification coding - section

The decoders also provide a gating pulse to pass only the first

reply pulse which is delayed by slightly more than the code

spacing.

The output pulses of the video amplifier are then peak-detected

and applied to a circuit which recognizes the instant (t) when it

reaches 50%, 25% and 10% of its peak amplitude. If distance is

calibrated at the 50% of peak-pulse amplitude, then detection at

25% and 10% introduces fixed distance-biases, which are known

[# ( and are calibrated out. 50%, 25%, and 10% amplitude points are

selected by the distance measurement circuits and produce early

decision levels which provide high immunity to echoes (see text

for circuit discussion and details). The output of the amplitude

recognizer is a steep rise pulse delayed beyond the second pulse

and gated by the decoder output.

The output reply of the % amplitude recognizer is then applied to

the Search and Track circuits which locate and track the synchro-

nous reply. This reply is isolated from all others by a "track-

ing gate" which centers itself about the reply.

The Search and Track circuits are shown in more detail in the

text. Although a single Search-Track circuit could be used, the

"Search-circuit" is so simple that the functions of "Search" and

"Track" are separated to allow continued "Search" while "Tracking"

and verify that the tracked reply is not an "echo" of the true

r reply.
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The "Tracking Gate" is now located in time at the distance of the

a/c from the beacon. Several, say 5, successive "distance-gates"

may be averaged to produce a distance measurement with a very

small random error (c = 9 ft.) but with a known lag error. which

is a function of velocity.

Velocity is measured by measuring the time required to cover a

given distanice.

A distance-correction is applied from the measured velocity to

correct for the lag introduced by the distance averaging.

A bias correction will also be applied, either as a fixed correc-

tion or as a function of distance, to reduce the bias error intro-

duced by the transponder to values < 20'.

(3) Search and Track Circuits

The "Search and Track" circuits are digital in operation and are

similar in nature to those used in the latest generation of L-

BAND DME interrogators (ARINC 568 and equivalent) now manufactured

by RCA, KING, and COLLINS. The details of this operation will

not be repeated here except where they differ from usual practice.

MLS requires a maximum range of only 30n.m. instead of 400n.m. as

for the present L-BAND DME. This permits appreciable simplifica-

tion in the "SEARCH" function. However, MLS requires very high

accuracy for distance (z20') and velocity (±l0'/sec) which neces-

sitate special treatment.

(a) Search

The shorter range over which searcn takes place permits selection

of the first received reply pulse az a valid reply, unless it is

shown not to be in subsequent processing; in which the search

gate is resumed from range On.m. outward, instead of proceeding

outward from a reply that may be non synchronous, as is done pres-

ently. This greatly reduces the probability of nissing the direct

reply and locking on a later echo.
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( Search is ended tentatively on receiving two consecutive first

replies at the same range. This positions the TRACKING-GATE.

The next step is the "Acquisition Mode" which examines the con-

tent of the cate. If two or more replies fall in the gate for

five interrogation, the reply is presumed valid and the "Track"

mode is initiztt:, Once in the TRACK Mode, loss of signal in the

gate results in continuous positioning of the gate based on

memory of the last measurement plus velocity correction, for say

10 seconds. After this time, search is again resumed.

The SEARCH process is so simple that it is continued at a lower

repetition rate even during the "TRACK" mode for verification

that the gate is locked on the direct reply and not on an echo.

A synchronous reply occurring before the one on which the gate is

locked causes the gate to release and lock on the earlier reply.

(b) Statistics of Search

All distance measurements start with the RANGE-TRIGGER which

occurs 50ps after the first interrogation pulse and which estab-

( fishes t = 0. The distance is measured by counting "clock cycles"

from t = 0 to the first reply. Two counts on consecutive inter-

rogations which differ by less than a predetermined amount,

establish the presumed validity of the reply and set-up the

TRACKING-GATE so that its center is located at the counted value.

As an example, let an a/c be at 25n.m. (150,000 ft.) from the

beacon toward which it travels at 2,400 Kts (4,000 ft/sec), to

take an extreme case. Its DME searches when interrogating at the

rate of q = 40/sec. The plane travels 4000/40 = 100' between

interrogations.

UP/DOWN counters are used. The first count is from 0' to

150,000' (t=0 to 300ps). The second count is from 0 to (150,000-

100). The result is 150,000 - 150,000 + 100 = 100 ft = 0.2ps.

The correct range is presumed to be 150,000 ft (300ps). The gate,

say 4ps in duration is started when the second count is 300.0 -

1.5 298.5ps.
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Table 8-5 shows the following: the distance of the a/c from

the beacon as (x) in feet-in Col (la) and in elapsed time (T) in

Col (ib); the average number of non-synchronous replies per inter-

rogation which precede the valid reply at range (T) is mT, where

(r) is the reply rate of the beacon. Including spurious replies

received by the a/c, m = 2,700/sec. for a fully loaded system.

mT is shown in Col (2); the probability that one or more non-

synchronous replies precede the desired reply is P(+) obtained

from the Poisson Summation and given in Col (3); the probability

Lhat no non-synchronous reply precedes the desired reply is

P(o) = 1.0-P(l+), Col (4); the average number of desired replies

per interrogation is equal to B, the beacon reply efficiency,

Col (5); the probability that a desired reply (B) is not preceded

by a non-synchronous signal is BP(o), Col (6); the probability Lhat

two successive desired replies are not preceded by a non-synchron-

ous signal is [B P(o)1 2, Col (7); The number of interrogations

necessary to obtain two valid Ist replies lies between

JIB p (-0)]1' +11 and

as shown in Col (8)for the pessimistic case of

2

[Bp(o)] 2;

and the time required to complete search by finding two such con-

secutive replies when interrogating at the rate of q/sec is

pessimistically [2/(B P(o)] 2 q, Col (9)

For a fully loaded system, the Search time is less than 0.10 sec

at 5.0 n.m. and less than 0.45 sec at 30 n.m.

(c) Search Circuit CFig. 8-34)

The search circuit consists of an UP/DOWN counter which counts e

number of clock-pulses, at the rate 12.5 MHz, which occur between

the trigger at t=0 and the reception of the first reply decoded

2nd pulse at t~x/500 ps (x in feet). In succession, one count is

UP and the next count is down. Since we are searching for two

consecutive counts at the same distance search is ended when the

-
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UP count minus the down count lO(400 ft). This low combination

count results in throwing a switch to initiate the "acquisition"

and the "track" modes in succession. In actuality, there will be

two UP/DOWN counters so that each successive pulse will be part

of a pair of pulses (either UP or DOWN), and the search time will

be reduced substantially. (This is not shown here for simplicity

of explanation.)

Acquisition, Tracking, and Verification

The "Tracking Gate", 3.0 to 5.0 ws in duration, tracks and
isolates the true reply from all other replies. To make it "Track"

the selected reply once it has been found by "Searching", two
methods can be used as follows:

The gate is divided into an "early" and a "late" gate. A reply
which falls in the "late gate" causes the gate to occur later in

time (at a slightly greater distance) prior to receipt of the

next reply. The converse applies to a reply in the "early gate".

The resulting balance between the two "half gates" centers the
whole gate on the desired reply. This method has been used essen-
tially by all DME interrogators until the most recent generation.

Referring to figure 8-35, Clock-Pulses(%) at a high rate (say

12.5 MHz) are counted by the "Tracking-Counter" from the initiation

of the count by the Trigger (T) until it is reset by a reply

through the AND-GATE (after the %A recognizer). During "Search"
the AND-GATE is in a receptive condition to pass all replies (r)

by receiving a (+) signal through switch S-1 in the "Search"

position. During "Track" the AND-GATE is actuated by the

"tracking-gate pulse".

Each count from the Tracking-counter is stored by the Track-Storage-

register. When the second count exceeds the (Stored Count minus
25 counts) the "tracking-gate pulse" is generated which is applied

to the AND-GATE when Switch Si is in "Track" position. The next

reply, if true, is then centered in the "tracking-gate pulse".
The count for the position of the tracking gate is again stored in

the (count-storage register).
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Acquisition

This is a trial condition which verifies if the "Search" has

truly ended on a proper reply. To do so, the number of "gated-
replies" during 10 interrogations (Triggering) is counted. If

there are at least (say 3) "gated replies" in ten interrogations,
the "Tracking Conditiors" is confirmed.

During "Tracking", the "Search" circuit co,tinues i1- search by

counting up and down. One of the counts (a is stored in the

"Search" register. If the UP count equals the DOWN count, the

stored count is compared with that of the "Trw'king Counter" (b).
If a < (b - code spacing), then ';Search" is xesum,.d.

Implementation to Achieve Accuracy

Random Errors

Random errors in the measurement of distance are discussed in

section l.l.l.l.G.2.b(5) and 1.1.1.l.G.6.c. Section 1.l.2.1.G.2.c

discusses the means of achieving velocity accuracy. The basi2
means consist of averaging a number of succesuive measurements.

Velocity (Fig. 8-36)

Each Trigger (T) starts an "UP-count" which is stopped by the
"Tracking-Gate-Pulse" to measure distance (Xn). 15 UP-counts are

n
added (from T1 through T1 4 ) which are followed by 15 DOWN-counts
(from T 5 through T2 9 ) when the counter is "reset".

After count #29, the final count is

29 14 2n-] vT±
Z Xn  - Xn vn2T L a2 v(T) t a15 1 n

where v is the velocity to be measured
n = 15 is the number of UP-measurements and

DOWN measurements

T = Trigger period = 1/15 sec

(AT) = rrigger jitter; (AT)/T = 0.02

= Random distance error per measurement
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( The velocity V is then

n2T [ Xn - 2Xn] v [ (* la) (LT)/n2T ± =i7xff n2T

The difference of the sums if first divided by n=15 by ALU#1

and then by nT=15T which is accurately measured by counter #2,

Substituting the above parameters gives

V = V [1 ± .008] 1 7.5 ft/sec

The total measurement requires 30 interrogations or 30/15 = 2.0

sec. Since each component measurement of distance includes changres

in velocity, the final result is a true measure of the average

velocity over the previous two seconds (including acceleration).

Distance Averaging (Fiqure 8-37)

The basic trigger (T) at t=G is applied to "Tracking counter" (1)

(which is the same unit shown in Figure 8-35) to initiate the

counting of clock-pulses (0) at the rate of 12.5 MHz. The counting

is stopped after each Trigyu by the "Tracking Gate Pulse' at

distance (Xn). The counter is reset sometime after the reception

of the "tracking-gate pulse".

The trigger is also applied to "Control Unit" (2) which counts one

to 10 trigger pulses and then resets.

Five "adders" (A-1 to A-5) controlled by the "Control Unit" (2)

add the counts from the "tracking-counter" (1) as follows:

- n+4
Adder A1 - X

n

n+5
A -~x

2  n~n+l

n+6
A3 -

n+2 (n

etc.
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The outputs of the five adders are applied successively to Multi-

plexing Unit (3) after triggers (6), (7), (8), (9), (10), (1) etc.

Th average of 5 distance measurements is obtained by ALU #1

which divides the output of (3) by (5) to give

n+4
X =  xn =Xo - 2VT /15n :0 n 0

However, this measurement is coriect for two measurements ago.

The correct value is

Xn 
= Xo - 4VT ± / /

The cozrection is applied by "elapsed-time" counter (4) which

counts the time taken for 10 interrogations t=10T. The velocity

(V) obtained from the circuit of figure VII-6 is multiplied by

(10T) in ALIJ *2 to give 10VT. This value is then divided by (5)

by ALU #3 to supply the, correction (2TV) which is subtracted from

1 0 - 2VT to give the correct value of Xn = Xo - 4VT ± / a! .

The polarity of the correction is established by the UP/DOWN

counter in the velocity circuit depending on whether the velocity

is + or -. '1 e details of the polarity switch are not given.

Note - The nujxer of clock pulses between the trigger and the

reply a5 quantized and canno+- be less than 1.0 pulse (0.08 ,s =

40 ft for a 12.5 MHz clock). If the clock were started in the

same phase by the trigger, the arrival of the reply would be in

doubt by 0.08 us. To obviate this, it is important that the phase

of the clock pulse be completely random with respect to the

trigger and therefore with respect to the reply. If the actual

number m or ra+l is completely random and one is as likely as

another, then the standard aeviation for the actual count is

o = ±0.23 x 1.0 = ±0.29 pulse or = ±0.029 x 0.08 = ±0.0032 us.

Bias Errors.

The bias errors due to measurements, neglecting for the moment

those due to luipmeri; drift, are due to the following: (1) Close-in
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echoes which are unpredictable but can be almost eliminated

by a steep leading edge and an early decision level; (2) Having

the transponder use a fixed decision-level at low voltage. This

provides the only reliable protection from echoes. The error is

predictable and can be partly calibrated ott as shown in section

.l.l.l.G.2.b. (4); and (3) The error due to distance-averaging

which can also be corrected completely.

Other bias errors due to equipment drift can be calibrated out by

ineans of an automatic self-checker. This provides for a reply at

a known distance. The indicator corrects itself if it indicates

erroieously.

(4) DME Interrogator Receiver

A detailed block diagram of the DME interrogator receiver is

shown in figure 8-38. The RF front end is part of the angle

guidance receiver and is described in section 1.1.1.1.D of this

report.

To insure effective image suppression, the receiver utilizes dual )
down conversion. Primary conversion takes place in the RF front

end section where the received channels are converted to a first

IF frequency of 451 14Hz. The signal to noise ratio is established

in the RF front end section and is based on having a 4.5 db noise

figure at the input to the main portion of the interrogator

receiver. This noise figure is achieved by using a 2N2857 ampli-

fier at the 451 MHz frequency to drive the second down converter.

The local oscillator for the second down conversion is obtained

from a crystal controlled oscillator operating at 98.5 MHz. A

quadrupler amplifier raises this frequency and power level to

386 MHz and 10 mw respectively, sufficient to produce the second

down conversion to an IF frequency of 65 MHz.

Amplification at the second IF frequency is obtained using a four

stage linear amplifier comprised of synchronously tuned 3N187

NOSFET's. At the threshold signal level, the IF amplifier provides

75 db gain. The expected dynamic range for this receiver is 50

db. In order to insure non-limited operation of the receiver and
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to maintain a constant detected pulse output, the IF amplifier is )
provided with Gain Time Control (GTC). Dual channel MOSFET's

are particularly useful as gain controlled amplifiers since they

can be controlled with no appreciable frequency detuning or

variation in bandwidth. The 3N187 is capable of providing ap-

proximately 17 db gain reduction when the bias on gate 2 is varied

from +4 volts to 0 volts with respect to the source terminal.

The GTC signal is shaped in accordance with the gain characteristics

of the 3N187 such that linear gain variation is achieved over the

dynamic range of the receiver. Therefore, the requirement for

prevention of limiting and maintaining a constant detected pulse

output is achieved by providing GTC to the first three stages of

the IF amplifier.

A search-track gate is employed at the outpit of the IF amplifier

to minimize receiver suscepability to unwanted pulses. In the

search mode, the gate is turned on for 30 n.mi with every inter-

rogation in order to allow the receiver to search for legitimate

transponder replies out to the maximum range of the interrogator.

When a legitimate transponder reply is confirmed by the receiver

logic, the gate is automatically switched to the track mode and

is enabled only during the time period that a legitimate trans-

ponder reply is expected. See section l.l.l.l.G.4.a. (3) for a

full discussion of the search, acquisition, track gating sequence.

The search-track gate is followed by a Two Mode Ferris Discrimi-

nator, used to detect on-channel signal and to reject adjacent

channel signals. Operation of the TMFD as a detector and adjacent

channel discriminator is described in detail in section

l.l.l.l.G.3.a. (2) of this report.

The wideband output of the TMFD is fed to the decision threshold

circuitry. This section contains several stages of video gain

utilizing 3N187 MOSFET's. A reverse GTC signal is applied to gate

2 in order to restore the signal dynamic range. The pulse, with

its restored dynamic range is fed to a threshold circuit that uses

a percentage of the pulse amplitude as the tkhreshold. The
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percentage will vary as a function of range to achieve maximum

accuracy in a multipath environment as described in section 2.b.3.

Distance is measured by stopping the clock count when the rise

time crosses the threshold.

A random pulse generator is employed as the trigger/synchronizer

to insure that the receiver does not lock onto transponder replies

elicited by other aircraft interrogating the same transponder.

Its function is to initiate the transmitter, the range measuring

circuits, the control logic and the GTC signal generator.

(5) Interrogator Transmitter

Figure 8-39 is a simplified block diagram showing the design

approach to be used in the feasibility model airborne DME inter-

rogator transmitter. The transmitter is an all solid state

design except for the final output amplifier. The peak power out--

put requirements (100 watts peak) of the final output stage will

be met with planar ceramic triodes. However, for the prototype

units the use of solid state devices such as transistors or

TRAPATT diodes for the output amplifier is a definite possibility.

See section 5.a.

Figure 8-40 is a detailed block diagram of the transmitter. Fre-

quency excitation is derived from a fifth overtone crystal con-

trolled oscillator operating at 1/60 of the transmitter frequency.

The oscillator is followed by a frequency tripler that will pro-

vide a minimum of 2 milliwatts CW power at the output. A class AB

stage is used for the tripler in order to obtain good multiplica-

tion gain and stability. In addition, some padding is provided at

the output of the tripler for increased stability and isolation.

The crystal controlled oscillator and tripler section is followed

by a VHF amplifier section. This section accepts the 2 mw CW

signal and provides a pulse-modulated 4 Watt peak power signal at

its output. This section contains three stages of power gain,

providing a minimum gain of 33 db. Each stage in this section is

modulated in order to insure a maximum on-off ratio of the output
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signal. The first and second stages are biased for class A and

class AB operation respectively in order to preserve pulse linear-

ity. The third stage is biased for class C operation.

Frequency multiplication up to the transmitter frequency is ob-

tained in a 2 stage multiplier, separated by a stage of ampli-

fication. The amplifier is included between the multipliers to

provide isolation and to make up for some of the losses due to the

multipliers. The first multiplier is designed for a multiplication

ratio of 10 and is achieved using a step recovery diode similar

to the Hewelptt Packard HP0300. The 4W peak input pulse is con-

verted to a .5W peak output pulse at 4/2 the transmitter frequency.

This stage will be followed by an MSC 4003 power transistor capable

of amplifying the .5W input pulse to 3.5W peak at the output. This

stage provides isolation between the 10 times multiplier and the

output doubler stage.

The final frequency multiplier stage is designed as a doubler using

a Motorola IN5155 abrupt junction diode. The output frequency

of this stage will be the transmitter frequency. The IN5155 will

provide a 1.5 Watts peak power at the transmitter frequency for

the 3.5 Watts peak input power at 1/2 the transmitter frequency.

The final output amplifier is designed using Eimac 8912 planar

ceramic triodes. Each triode stage is capable of providing a

minimum of 6.5 db gain at the transmitter frequency thus, a 3 stage

amplifier is used to provide a minimum of 100 Watts of peak power

at the transmitter output.

The bandwidth of the transmitter is sufficiently broad (70 MHz

at 1 db down) to accommodate all DME channels (including sufficient

tolerance for a 0.1 psec risetime pulse for the first and last

channels) without the need for tuning. The sole requirement for

changing channel frequency is to replace the crystal in the

exciter crystal controlled oscillator.

Pulse modulation is performed at the medium power level of the

VHF amplifier. The modulator receives pulses from the DMJE

)
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interrogator coder. The three stages are sufficient to provide

ample drive to modulate the three VHF power stages in the

transmitter.

b. DME Transponder

(1) General

The transponder portion of the DME system serves as the ground
"reflector" of coded pulse pairs from the airborne interrogator.

A simplified block diagram indicating the major subsections of

the transponder is shown in figure 8-41. The receiver section

provides the sensitivity and dynamic range necessary to amplify

the received RF interrogations. The coded pulse pairs are passed

into the video portion of the transponder where only the on-

channel, properly coded pulses are accepted. Following the video

processing and decoding, the pulses are encoded and transmitted as
the interrogator "reflected" and delayed signal. Details are

provided in the sections on the receiver, transmitter and video

that follow.

(2) Transponder Receiver

The transponder receiver is designed to cover the full transponder

receiver band (5003 MHz to 5060 MHz) without the need for tuning.

However, the close proximity of this band to that of the trans-

ponder transmitter band (5068 MHz to 5125 MHz) requires the use of

dual down conversion in order to insure maximum image rejection.
In addition, local oscillator re-radiation will be reduced to

acceptable levels through the use of double conversion.

Figure 8-42 is a block diagram of the receiver front end and first

down converter. The receiver will utilize a low noise rf amplifier

to achieve a low NF and reduce the peak power required in the air-

borne transmitter. Several approaches are available including Ga

As FET's that have demonstrated 3 db NF beyond 5 GHz. The following

discussion centers around the use of an available tunnel diode

amplifier as is planned for Feasibility, but should not be

construed as the final choice for future MLS DME. A tunnel diode
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amplifier, having a gain of 15 db and a noise figure of 4.5 db,
determines the receiver noise figure in conjunction with the
remaining portion of the receiver. The tunnel diode amplifier

is followed by a post selector (insertion loss 1 db) and a
balanced mixer-IF amplifier combination with a 12 db noise figure.

The receiver noise ratio referred to the tunnel diode input ter-

minals is therefore:

F2-1 20-1
F12 = F1 + = 2.8 + 3vs 3.4 (5.3 db)

where:

F12 = overall receiver noise ratio
F = noise ratio of tunnel diode amplifier

F2  combined noise ratio of post-selector and
mixer

G,= gain ratio of tunnel diode amplifier

The insertion loss of the passive devices preceeding the tunnel
diode amplifier is 2.2 db and is budgeted as follows:

diode limiter 1.0 db
signal pre-selector = 0.9 db

transmit/receive circulator - 0.3 db

Total 2.2 db

The receiver noise figure referred to the antenna terminals, is,
therefore, 5.3 db + 2.2 db = 7.5 db + cable losses. If long cable

runs are required, it may be preferable to install the front end
at the antenna to minimize overall NF.

Signal preselection is required to prevent strong signals outside
the receiver bandwidth from saturating the tunnel diode amplifier.

Saturation of the tunnel diode amplifier occurs at an input signal
level of -39 dbm. The amplifier is also protected from burn out

during the transmitter pulse. As indicated in section

l.l.1.l.G.4.b, the transponder peak power output is 1 KW.
Reverse attenuation Qf the transmitter/receiver circulator is 20
db and, therefore, a leakage of 10 Watts peak is expected in the
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( ' receiver. The burn out level of the tunnel diode amplifier is

250 mw. A diode limiter with a peak power capability of 20 Watts

and a leakage level of 75 mw is, therefore, included for tunnel

diode amplifier protection.

The signal output of the tunnel diode amplifier is passed, through

the post amplifier, to the first down converter. This signal,

in conjunction with the first local oscillator, produces a first

IF frequency of 225 MHz.

Figure 8-43 is a block diagram of the local oscillator section

of the transponder receiver. The base frequency for the first

local oscillator (253.4 MHz to 256.25 MHz) is obtained from the

transponder transmitter described in section l.l.l.l.G.4.b of this

report. This CW signal is amplified, quadrupled and fed to an off-

set mixer. The off-set signal (60 MHz) is obtained from the

crystal controlled base oscillator of the second I'.:' oscillator.

The lower sideband (953.6 M1z to 965.0 MHz) output of the oft-set

mixer is amplified and multiplied by five to obtain the first local

oscillator frequency of 4768 MHz. The second local oscillator is

obtained from the crystal controlled base oscillator at 60 MHz.

A 5 times multiplier raises the 60 MHz up to 300 MHz, the local

oscillator frequency required for the second down conversion.

Figure 8-44 is a block diagram of the second down converter and IF

amplifier. The signal input (235 MHz) to the second down converter

is combined with the second local oscillator (300 MHz) to obtain an

IF frequency of 65 MHz. This signal is pre-amplified and passed

to the log IF amplifier through a band limiting filter. The log

IF amplifier, described in section l.l.l.l.G.3.a of this report,

provides linear amplification over the dynamic range of the re-

ceived signal. A detected log Video pulse is supplied to the Video

processing circuits by the log IF amplifier. In addition, the log

IF amplifier provides wide band 1F signals (both on-channel and

adjacent-channel) to the TMFD for on-channel signal selection.

The IF signal is also supplied to a surface wave delay line to

provide system delay at IF frequencies.
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The following basic parameters set the design of the adjustable

surface wave delay line system.

Center Frequency 65 MHz

Delay Range 35 to 60 Ps

Adjustment steps within ±0.0155 psec of nominal

(± 1 cycle of 65 MHz).

Delay drift ± .01s for all combinations of

5 to 100 percent humidity

-300 to 700C temperature

ST-cut quartz is the only material known to have a low enough

temperature coefficient for acoustic surface wave delay. The

basic tapped delay line consists of an input and output inter-

digital transducer 4 wavelengths long. To achieve the delay

adjustment, the input transducer is chosen from a group of 103

identical trarsducers spaced 16 wavelengths (.0305 inches) apart.

Coarse delay adjustment consists of selecting one of these

transducers.

The output transducer consists of two adjacent sections chosen from

a group of 9 contiguous sections, each 2 wavelengths long. The

eight choices provide fine delay steps of .031 ps.

Figure 8-45 shows the quartz piece with its electrode pattern

mounted in a recess on a printed circuit board. The input trans-

ducers are spaced too close together to be accommodated by one

array of connections on the P.C. board. The odd-numbered input

transducers are wire-bonded to lands on one side while the even-

ntmbered taps are bonded to lands on the other side. All lands

are connected to a ground bus for shieldinq purposes. For field

adjustment, the desired land is cut away from the ground bus and

a wire jumper is soldered from the selected land to a hot bus

conductor. The lar.is are spaced on .061 inch centers, so it is

possible to do the soldering with a small pencil iron. If the

Ijustment is to be changed, the severed conductor cen be bridged

with a wire jumper, and a new land opened and connected to the

hot bus.
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The nine sections of the output transducer are spaced on .0038

inch centers. The connections are fanned out on the quartz plate

to a row of nine bonding pads spaced .062 inch apart. These pads

are wire bonded across to conductors on the P.C. board. All

tran Acer sections are connected to a P.C. ground bus. For field

sett.ng, two of the ground connections are scratched out, and the

selected transducer bections are wired to the output bus.

The optimisitic estimate cf insertion loss (measured with 65 MHz

C.W.) is 32 dB. Stray capacitance added by the P.C. connections

and the associated amplifiers increase the loss to a maximum

value of 42 dB. An output amplifier is incorporated in the pack-

age in order to allow operation at 1000 ohm impedance level

rather than the customary 50 ohm level. This makes impedance

matching easier, with the introduction of less stray C.

Hazeltine has 100% confidence in the acoustic surface wave

design. The material, aperture dimension (.30 inch) and the

path length (7.45 inches) are the same as those used in our )
511 - bit tapped delay lines operating at 60 MHz, and 70 MHz.

The path length attenuation is 2.7 dB and the diffraction (beam

spreading) loss is 0.3 dB. These figures are included in the

theoretical insertion loss of 32 dB.

Aluminum metallization will be used. The reflection coefficient

for 1000 A aluminum fingers has been measured. A 40 dB spurious

response level can be met by using three fingers per wavelength

in the transducers, a common practice at Hazeltine. (If A

represents connection to the hot bus and B represents connection

to the ground bus, the fingers are connected B A BB A 3B A B8

A B.) Distortion due to bulk wave coupling by the fingers is

known to be negligable on quartz.

(3) Transponder Transmitter

The approach used in the design of the transponder transmitter

is similar to that used for the interrogator transmitter described

in section .l.l.l.G.4.a of this report. There are, however,
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several differences to be noted and only these differences will.

be described. They are as follows:

o The output power of the transponder is I KW peak rather

than 100 Watts peak.

o The transponder transmitter chain provides the local

oscillator signal for the first down conversion in the

transponder receiver (see figure 8-46).

o The output frequency is 65 MHz lower than the inter-

rogator transmit'er frequency.

The last of these diffeiences is relatively minor and is accomo-

dated by adjustment of the oscillator. The first difference,

however, requires an additional stage of gain in the final output

amplifier. This portion of the transponder transmitter will

contain four Eimac 8912 planar triodes instead of the three re-

quired for the interrogator.

The local oscillator for the transponder receiver first down

conversion is obtained from the transmitter frequency multiplier

chain at the output of the oscillator tripler stage. The CW

signal is fed to the receiver where it is multiplied, off-set

and applied to the receiver first down converter. A detailed

description of the local oscillator frequency multiplier is

presented in section l.l.l.l.G.4.b.

(4) Transponder Video

The transponder video section processes the received pulses to

determine if they are legitimate interrogations. This function

is performed by:

o rejecting adjacent channel signals through the use of

a Two Mode Ferris Discriminator.
&t

o rejecting echos of the on-channel pulses through the use

of an echo discriminator.

o insuring proper pulse spacing (code) through the use of

"( a decoder.
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The video section also initiates the transponder reply by

correlating the decoded pulses with the detected wide band pulse

from the surface wave delay line.

Figure 8-47 is a block diagram of the transponder video section.

The circuits up to the output of the echo discriminator are

described in section 1.l.1.1.G.3. A sharply rising video pulse

(0.2 sec. rise time), obtained from the log IF detected video

output, is gated into the video processing circuits by virtue of

channel selectivity offered by the TMFD. The requirement for a

sharply rising pulse for an on-channel pulse pair in the video

processing circuits is necessary for decoding purposes. The decoder

is designed for a decoding tolerance of 0.5 seconds. The on-channel

echo-free output of the echo discriminator is applied to the

decoder. Only those pulse pairs that match a code peculiar tc an

individual transponder will be allowed to pass through the decoder

circuits. All other pulse codes, even though on channel, are

rejected at this point. When a legitimate code is present, the
r decoder output turns on the reply gate and enables the detected

wide band pulse output of the surface wave delay line to pass

onto the decision threshold circuit.

The decision threshold circuit is functionally similar to that

described in section l.l.l.l.G.4.a of this report. However, this
circuit uses a fixed threshold, set about 7 dB above the noise.
When the threshold is crossed, the coder is initiated to supply

a properly coded pulse pair to the modulator and transmitter. In

addition, the decision threshold output is fed to the squitter killer,

reply counter, and d-odd time generator.

aIn the absence of received interrogations, the squitter generator

supplies random pulses, at a maximum average prf, to airborne

interrogator receivers within the range of the transponder. As

the traffic density increases, the reply counter adjusts the a,erage

prf of the squitter generator from a maximum at zero received
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interrogation, down to a minimum during periods of high traffic

densities. The squitter killer also receives an input directly

from the threshold decision circuit. This input stops the

operation of the squitter generator during the time interval

that a reply is being transmitted.

A dead time generator is employed to further reduce the possibility

of false decode due to echos after the reception of a legitimate
pulse pair. The dead time generator is initiated by the output

of the decision threshold. The output of the dead time
generator is used to disable the video processing ckts immedi-
ately following the reception of a legitimate pulse pair and,

for a predetermined length of time following the second pulse

of the pulse code.

5. Solid State Possibilities for DME Implementation

The hardware approach to the prototype model of the DME equip-

ment will be different than that of the feasibility model in
( the areas of interrogator transmitter and transponder low noise

tront end. A possibility also exists that the transponder

ttransmitter will be different for the prototype model.

*a. Interrogator Transmitter

A minimum interrogator power of 50 watts peak output has been

caiculated to produce a signal-to-noise ratio of 13 dB at the

transponder for a range of 30 nauticai miles and a 10.0 db trans-

ponder noise figure. The calculation takes into account antenna
gains and all losses due to circulators and cables in the

interrogator-transponder system. The interrogator transmitter

for the feasability model will be designed using planar ceramic

triodes. Triode tube technolo9y has advanced to a point where a
peak power outlut of 1 KW is possible at frequencies up to 6 GHz.
The operating life of these devices are, however, restricted to

approximately 500 hours for a 1 KW amplifier operating at a 0.5
percent duty cycle. Increased operating life time, up to 1500
hours, is to be expected when the power output and duty cycle
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are reduced to 100 watts peak and 0.01 percent respectively.

Power output specification for the feasibility interrogator

transmitter is set at 100 W +3dB peak output power. This

excess power over the calculated minimum 50 watts peak power is

required to handle contingencies such as reduced output due to

early tube degradation, unanticipated losses, etc, that may occur

during the feasibility tests. A more realistic specification

for the prototype model, based on significantly increased life

expectancy for solid state devices, will be 60 W +1.5dB.

"wo typeb of solid state transmitters, capable of generating 601
+l.5di peak power at a 0.01 percent duty cycle, are being

considered for the prototype interrogator transmitter to replace

the planar ceramic triodes. They are the transistorized output

amplifier and the TRAPATT diode output amplifier.

The use of either approach represents a significant increase in

the operating life and reliability over that of a planar ceramic

triode. Microwave Semiconductor Corporation (4SC) is presently

developing a transistor capable of providing a 10 watt peak power

output with 6dB gain over the interrogator transmitter band.

This transistor will be available during the last quarter of 1972

or the first quarter of 1973. Two sets of four of these

transistors in parallel may be combined through a hybrid junction

to provide the required peak power output. This approach has

been successfully demonstrated by a Hazeltine in-house program

designed to produce 500 watts of peak power at "L" band. Six

tSCII00 transistors, each capable of 100 watts peak output power,

were paralleled to produce a combined output of 500 watts peak

power.

The second approach, TRAPATT diodes, is presently capable of

providing 50 watts peak output power with 6dB gain. RCA has in-

dicated that a TRAPATT amplifier capable of producing 100 watts peak

output power with 10db gain can be available prior to the pro-

totype phase. The state-of-the-art in these devices has progressed

to the point where noise, jitter, and repeatability are no longer
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problems. The primary advantage of these amplifiers over

transistor amplifiers are their ability to handle greater peak

powers in a single device. This means greater circuit sinplicity

and therefore, ultimately lower cost.

b. Transponder Low Noise Front End Amplifier

The transponder receiver feasability model will employ a tunnel

.'iode amplifier with a 4.5dB noise figure as the low noise '-ont

.end amplifier. A low noise transponder front end approach was

selected in order to reduce the required airborne transmitter

power and hence, to reduce the cost and increase the reliability

of the interrogator for the user. A further reduction in noise

figure for the prototype transponder is anticiapted by taking

advantage of recent developments in Gallium Arsenide field effect

tra :'-:s (Refer to the April 1972 edition of "MICROWAVES").

Sever- impanies have announced the development of Gallium Ar-

senide fieLd effect transistor capable of noise figures with less

than 3.5 db at 5GHz. Several companies, Hewlett Packard and

atkins Johnson, plan to introduce Gallium Arsenide FET's with

less than 3db noise figure at 8GHz during 1973. Fairchild

Corporation is presently marketing a device, MT9001, capable of

providing a 3.5db noise figure with 9dB gain at 5GHz. Although

these devices are presently expensive, it is anticipated that

with demand the price will drop to a point where they will be

highly competative with tunnel diode and parametric amplifiers.

1
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.)
c. Transponder Transmitter

A minium of 200 watts peak power has been calculated for the

transponder transmitter in order to produce a 13 db signal to

noise ratio at the interrogator receiver for a 30 nautical

rile range. This calculation includes a 14.5db interrogator

noise figure, cable and circulator losses and antenna gain,.

The approach for the feasibility model and, tentatively for the

prototype model, ij bised on the use of planar ceramic triodes.

However, the use of a TRAPATT amplifier will be thorou'hly

investigated dJuring the feasibiility phase. Recent re:iults in

this field have indicated that TRAPATT diodes can be orerated

in a series stack (housed in a IN23 diode type cartridge) to
obtain greater power output. An output power of 200 watts peak

power does not rep-.sent the upper limit of these devices. It is

therefore essent~.al that this approach be investigated for

possible use in the prototype since the operating life and

reliability of the t.cansponder transmitter would be greatly
increased with a correiponding decrease in operating costs.

8-138
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6. Additional DME Supporting Analyses

a. Variation in the Phase of Leadi ig-Edge Echoes

as the A/C Approaches the Landing Strip

The purpose of this Analysis is to show that the echoes that are

received during the leading edge of the direct pulse do not vary

sufficiently pulse-to-pulse to allow averaging to be utilized to

reduce errors due to such echoes.

AE

A plane (P) receives signals from beacon (3) at a distance (x).

He also receives an echo from (E) at a distance (e) from B and an

( angle (0) from the beacon. The echo travels a distance y + e and
lags behind the desired signal by 6 y + e - x, or

6 x 2  
- 2xe co 6 e x 1)

As the plane travels toward the beacon, tie rate of change of (6)

with respect to (x) is:

d- x - e cos 2] [x2

Io + e - 2xe cos 1 1 (2)

The angle (8) for which dc/dx is a maximum is determined from

,
0 (3)

de
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dd 2 "2 e-
d e sin e [x + e - 2xe cos e3

- -h 2e sin e[:- e cos O][x2 + e2 -2xe cosO - 3 / 2  0

factoring:

e sin x2 + e2  2xe cos 6 ] 1 1 - x [C - o cos 63

x+ e2 2xe cos 0 jj 0

x 2 - xe cos e = 1.0 (4)

x + e - 2xe cos 0

x - xe cos e = x 2 + - 2xe cos 0

cos e = e/x

This means that the maximum rate of change occurs at a changing

angle and that * = 9U0 (see sketch 2 below).

Substitute cos G = e/x (4) in (2)

d6 [x e - e/][x 2 + e2 -2xe (e/x))- 1

x2 a2 x e2]4_
-11

_/ x2_- e2

- e/xSx/e)2 - 1e - e

2 2
- (e/x) -1 - (e/x)

do - (e/x) 2 (5)

Let dx be the distance covered between interrogations

1
dx = vt =v/q q = (6)

d = _()2 v/q

j-140'
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if v is in ft/sec; X = 0.2 ft so that

S 6 - (5) (e/x) v -2.5 Y (2/x) 2 (7)
0.2 q

The maximum value of e is the distance travelled by the echo fromE
tI-e start of the pulse at t = 0 to the decision level say at - at

0.48
T/4; and T = 0.48ps or e = 0. x 1,000 = 120'

When landing, a plane travels at about 250'/sec; let q = 15, then

d), = -2.5 x x 1202/x
2

= 6 x 10
5/x 2

v(ft/s) 250 250 125

e(ft) 12u 120 120

x(ft) 12,000 6,000 3,000

/x 0.01 0.02 0.04

e (deg) 4 890 67.50

dA (A) 0.0042 0.017 0.033

We see from this that the phase difference between a direct signal

and an echo does not vary significantly at normal landing distances

and speeds. Therefore, the amplitude of the error it introduces

in the distance measurement does not vary randomly.

Th tangle for maximum delay variation with x varies so that cos 8

e/x, which means that the IE = 90'.
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i. Analysis of Error Sources in the Transponder S

This Analysis derives the errors due to thermal noise, decision

level uncertainty, and the leading edge/fixed threshold technique

of measurement proposed for use in thf- Transponder.

(I) Let (E p) be the detected peak video signal at the

maximum distance of 30 n.mi. Its rms value is

= (1)Es = \' E (1

The signal/noise voltage ratio is

E
-= S/N ,so that
En

r E

2 n

E
_= 2

n

n= P 2(2)

(2) Let the "decision level" (Ed) be set at the
fixed value Ed = aEp and let the instrumentation error be EEd/Ed

±0.1, then Ed = ±O.lEd = ±O.laEp (3)

(3) Since En and AEd are random and u ncorrelated,

the "effective noise-voltage" is:

An = 2 + Era 2 Ep .Ola 2 + N/2S (4)

Let a = 0.5 and S/N (at 30 n.mi.) = 13db, N/2S = 0.025

An = - .01 x 0.25 + 0.025 = 0.0275 = ±0.17E (5)
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The effective (S/N) is then obtained from:

En =n= N12S Ep

(S/N) e 12.6 db

The leading-edge of the detected pulse is defined as:

C= - cos-t] at 30 n.mi. (6)

at the distance (d) n.m. this becomes
E 3C

£= - [i - cos 2it/T] (7)

(4) The slope of the leading edge is

d~t 15 2n
S = 15 -- sin 2nt/T

30 E
= -- T sin 2nt/T (8)

When t/T = 1/4, this is
,iE

S 3 0  = --E (at 3 n.mi.) (9)
30 T p T

At distance(d), the slope is

Sd 3O- E psin (2rt/T)
Sd 30, sin (2 t/T)

(10)
Sd 30

$3 a-- sin (2I t/T)

§30 C

The leading edge of e reaches the decision level Ed at time td

according to

czE = Ed =1 - cos 2rtd/T

2iitd adco --
T
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from which: A

2rtd V ad
sin 2 -

let a = 0.5:

sin (2 r T -) 2 -

so that

S d 30V 60 (11)
S30

(5) The total output of the receiver, including

noise, is

-15 2r

(6) el reaches the decision-level Ed =aEp at ttd )
according to:

Ed= = OL E15 [1 - cos 2nt/T] 1 0.17 E

Cancelling the comnon factor (E p) and rearranging

e 2ntd/T = cos-1 [1 - (u 0.17) 5

td = Coe- [ 1 - 0.17) us

-SOOT cos - - o ± 0.17) ft.

The rf pulse rising in to = O.lAs is broadened to 0.14ps by a

BW = 7.0 MHz.

Let a = 0.5, then

t --- 0-Cos -T [ - (0.5 1 0.17) d ft.
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Table 8-6 below lists the bias and random errors as a function of

distance. Also listed is the bias error when a 40 foot correction

is applied. Note that a simple bias correction is very effective.

The curves of figure 8-48 show the bias error as a function of (d)

and for a ±6db variation in received power.

Note that as shown in part a of the figure.

If 40' is added to the reading, the bias error is < 20' from 0 to

15 nmi for the calibrated voltage E; from 0 to 7 nmi for -6db

below the calibrated power, and for +6db the bias error never

exceeds 20 ft.

And a- shown in part b:

If the linear dynamic correction is applied for the nominal value

of received voltage at 30 nmi then up to 15 nmi, a decrease of

6db will produce a bias error of < 20' and an increase of 6db

will produce a bias error of < +12'.

Table 8-6. BIAfL AND RANDOM ERRORS AS A FUNCTION OF DISTANCE

d bias error noise error bias error-40 ft
(nmi) (ft) (ft) (ft)

1.5 47.5 ±2.0 +7.5 ft.

3.0 42.5 ±3.0 +2.5

5.0 37.5 t4.0 -2.5

7.5 32.5 ±5.0 -7.5

10.0 20.0 ±6.2 -12.0

15.0 20.0 ±7.5 -20.0

30.0 0.0 ±15.0 -40.0
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c. Analysis of Noise-Jitter with Decision Level Set at

Constant-Fraction of Peak Amplitude

The purpose of this analysis is to derive the errors due to noise

for the case where the leading edge is applied to a threshold that

is set at a fixed percentage of the peak amplitude of the received

pulse. There are no bias errors in this type of range measure-

ment except when echoes affect the pulse amplitude.

(1) The leading edge of the pulse is described by

the video detected signal, as:

£ = .11 - ccs 27rt/T 1

It is assumed that there is no distortion of the pulse during thi

amplification and detection process so that a decision level which

is a constant fraction of the peak-level, no matte, what the value

of the peak, is reached at a constant time.

(2) The rms value of the signal is E s =V2 E

(3) The voltage "signal-to-noise" ratio is

E
s- = S/N
n

The noise-voltage is then

En=,IS E_ = -'/2s E (2)
n p

Let E be the noise at 30 n.mi. If agc is used, and E is nearly
n p

constant,

E= d m Ep 12S at d n.mi. (3,

Assume S/N = 13db = 20 at 30 n.mi.; then

d± 0.16 E14E " +-E-p-0 d Ep -5d E p (4-
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(4) Let the decision-level be E d =aEp and let the

jitter in measuring the instant when Ed is reached by AEd/Ed 

±0.1, so that

AEd = + 0.1 Ed = ± 0.1 aE

(5) Since En and Ed are random and uncorrelated the
"effective noise" is given by

An =[(AEd ) 2 + (E n)2

= ;(. )2 + d 2 (6)-0 1F6 Ep)
p

= 0.1 E .2 + d 2(7)

The total output voltage is then

C I = ECos L..t ± An (8)

et reaches the "decision-level" Ed at time td in accordance with

E1c2 2/d J±
Ed = aEp =s - ± 0.1 Ep (9)

cancelling E and rearranging:

td= T - 1 - 2a 0.2 + d2 (10)

(6) Let a = 0.25; d = 30 n.mi.; then
Ed

Ed = 0.25 Ep and An = 0.152 Ep, and - = 1.64 - 4.3db

(7) Table 8-7 gives the values of td in ps and ft.

for different values of (d). The values in feet represent a

fixed bias (x) ± a noise jitter (t Ax).

)
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Table 8-7. BIAS AND RANDOM ERRORS AS A FUNCTION
OF DISTANCE (CONSTANT FRACTION THRESHOLD)

E = 0.25Ed p

d(n.mi.) t ± Lt(M) x ± 6x(ft.)

30 0.080 ± 0.028 40.0 ± 14.0

20 0.080 ± 0.019 40.0 ± 9.5

10 0.080 1 0.010 40.0 ± 5.0

5 0.080 ± 0.007 40.0 ± 3.5

4 0.080 ± 0.006 40.0 ± 3.0

2 0.080 ± 0.005 40.0 ± 2.5

(The fixed distance bias of 0.08ws = 40 ft.)
can be celibrated out

d. Derivation of Maximum Accelerations

The purpose of this analysis is to derive the values of acceler-

ation accompanying landing maneuvers.

The following accelerations are considered:

a. From touchdown to complete stop, or short take-off

b. At s'art of Standard-Rate turn

c. On Missed-Approach

(1) From Touchdown to Complete Stop

Modern a/c land at a maximum speed of 150 KTs = 2501/sec. In

an emergency, they could stop in 3,000 ft.

The average velocity from touchdown to stop is (v) =250/2=125'/sec.

The time required to stop is 3,000/125 = 24 sec. The deceler-

r ~ ation is then 250/24 = 10.4'/sec. The same applies for take-off.

8-149



Report 10926

(2) Standard-Rate Turn

A standard rate turn is done at an angular veY.ocity of w 3*/zec
-K/60 rad/sec.

Referring to the diagram:

An a/c at A makes a SRT to B. Its linear velocity is v = wd/2.

When at A, the acceleration toward B is a maximum and is equal to
2 2

dd

n /60 rad/sec, 2 = 0.00275 rad
2/sec

d V v a
ft KTs ft/sec ft/sec2

16,000 250* 420 12.4

32,000 500 835 22.0

64,000 1,000 1,667 44.0

*Maximum velocity below 10,000 ft.

(3) Missed Approach

a = v2/h, where h is the slant range to the a/c.

For v 150 KTs 250'/sec:

h 1100 KTs 500'/sec, 1,000 ft.

1625 KTs 125'/sec, 62.5 ft/sec2
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e. Averaging of Distance Measurements

The purpose of this analysis is to derive the effects of averag-

ing of distance measurements on accuracy for an aircraft in

motion, including accelerations.

At time (t1 ) let an a/c be at a distance (x ) from the beacon,

which it approaches with a velocity (v) and a deceleration(a).

Let the period between interrogations be (T). The measurement of
distance is made with an error ± x*:2

The ist measurement at t results in: x= x - v 0T + "T jo± :

The 2nd measurement at tI+T results in: x2 = xO - v 11.0T1 +

±1112 ±0c2
The 3rd measurement at t1+2T results in: x3  x - v 12.0TI +

The nth measurement at t +(n-l)T results in: x x v

" ~cT2 ( n I 2 1  n
I (n-)i 1 0n

The sum of the (n) measurements is:

n n(n-1) +T 2  i=n-l 2n nx - vt + --C- i 2 
4 I-n-

n 0n2 x
i A.

The average of the (n) measurements is:

1 n n-i a T2  i=n-I
x LXn Xo - vT_ n

The random error is dtscreased from i ox to t ox/ n. However, a

bias error is introduced because the average of the n measurements
n-lgives the range for the time of th --- measurament (neglecting

acceleration effects) and not for the last (bith) measurement. To
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I)
update the average of n measurements so that it corresponds to
the range at the time of the nth measurement, we can identify
the correction needed as follows:

True range at the nth measurement is: x- v (n-1) T + a2 n-l1 2

Average value of A at the nth meas. is: xO -V (n-1) T+T 2

nn
ni 2

i~ 1

v(n-i) aT (n1T2  1 YCorrections needed, &x, 2 T Ln-l) - 1  i2

Substituting Typical Values of corrections needed (see Section F.4
for values of acceleration (a):

(1) From Touchdown to Stop or Quick Take-.Off

v = 250'/see; a = 10'/sec 2 ; T = 1/15 sec; n = 5.0

10 ri2True R: xn = xo - 250(5-1)/.5 + y.jyT 2 5 - =x o - 66.6 + 0.36 ft.

Av. R: x0 - 250(5-1)/2x15 + 10 2-5 33.3 + 0.24 ft.

Correction needed, Ax = - 250 (51) + 102 (5-1) _ ] 33.3

+ 0.12 ft.

(2) Standard-Rate Turn

v = 1,000 KTs = 1,667'/sec, a = 45'/sec2 , T 1/15 sec, n = 5

x= x - 1,667 [5-I]/15 + 45 2 (5-1)2 - x- 444 + 1.6 ft.

X= X - 1,667 [5-]/2x15 + =X.2 X - 222 + 0.6 ft.

r 10 - 2
Ax - 1,667 [5-1J /2x15 2x10 2  (5-1) - 6 - - 222 + 1.0 ft.
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(3) On Missed-Approach

(a) v = 150 KTs = 250'/sec, alt. = 100',

a = 625'/sec
2

T = 1/15 sec, n = 5

625 2
x n = 250 (5-1)/15 + 2xit 2 (5-1) x - 66.6 + 22.2 ft.

= xO  250 (5-1)/2x15 + 2 = x 33.3 4 8.4 ft.

Ax = 250 (5-i)/2x15 + 625(16-6) = 33.3 + 13.8 ft.

(b) v = 150 KTs = 250'/sec; h = 500'; a = 125'/

sec 2 /;T 1/15s; n = 5

x n = x - 250 (5-1)/15 + =2 2 = x 0 - 66.6 + 4.4 ft.

= x. 33.3 + 1.7 ft.

Ax = 33.3 + 2.7 ft.

The effect of acceleration is in the last number of the values

for Xn, x, and (Ax). We see that it is negligible, except perhaps

for a low missed-approach at 150 KTs and only 100' above the

beacon. In this worst case, neglecting the effect of acceleration

in the range correction would introduce an error of 13.8' in 100'.

For all other cases, we can safely neglect the acceleration in
correcting for the bias error introduced by "averaging". This is

because a fresh measurement is made at each interrogation and the

acceleration affects only the measurement between interrogations.

(4) Correcting the Lag due to Averaging

Neglecting the effect of acceleration, the needed correction, is

A v
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Section 1...1.1.G.2.C snows how velocity (v) can be measured to

CV = _ 10'/sec in 1.8 sec with q = 15 int./s -c. Multiplying the

value of v by n-i T to obtain th cocrection Ax - (n-i
(n-1) 0 2

the corrected range is

~+Ax = xn = xO  [ IvT+ x v(n-l)T + 2LTv

* =X -v (n-i) T ± r k.+c 2  n-l1)2 T 2\/- + 0 v

Substituting 20.5 ft. for x, 10 ft/sec for av, 1/15 sec for T,

and 5 "or n:

x 1x 0 - v In-i T ± 9.3 ft.

x ir then the distance at the last measurement. It is in error by

_ ,.3' .

In order not to increase graininess it is desirable that the ]

successive averages are interlaced, as indicated below, rather

than sequential. Interlaced averaging result.-i in an averaged

value being :vailable for every interrogatio..

interlaced A- a refers to the continuous availability of the

average of l last 5 measurements:

1 + 2 + 3 + 4 + 5 correctcd for 5th meas.)
5

2 + 3 + 4 + 5 + 6 (corrected for 6th meas.)
5

3+4+5 (corrected for 7th meas.) etc.
5

Sequential Averaging refers to the availability of the average

value every knth measurement (where k is a successive integer):

1 + 2 + 3 + 4 5 (corrected for 5th meas.) (k = 1)
5
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6 + 7 + 8 + 9 - 105 (corrected for 10th r.eas.) (k = 2)

The adv,,ntaye of interiaced averaging in reducing qraininess and

providing smoothness is obvious.

81
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1.11.2 Func-ional Requirements and Signal Format Studies

A. Functional Requirements

1. Background

a. General

As part of its Five Year Plan, Hazeltine initiated during TACD a

comprehensive review and refinement of the Functional Requirementb

for MLS. Using as a starting point the original SC-117 require-

went, Hazeltine, with the assistance of expert subcontractor-s,

reviewed dnd updated descriptions of user needs, operational re-

quirements and the various elements of functional requirements

(services, coverage, 3ccuracy, etc), to which the MLS is to be

designed. This section presents the approach, the analyses per-

formed and the results as they stood at the end of TACD.

Development and specification of the MLS functional requirements

is a complex problem because they are derived from operational

requirements of the many different types and classes of antici-

pated aviation uscrs and because the, depend to some degree on

the constraints resulting from the characteristics of possWi1i

guiaance tecnniques.

It was reccgnized at the outset and confirmed by experience that

on many of the issues explored, there was neither a consensus

among the aviation community nor agreement on all the "facts."

Furthermore, the user . mmunities are planning to invest consid-

erable effort in exploring and defining the ways in which futurv

operations will be affected by newly available MLS technology.

Hazeltine, therefore, envisions a continuirg need to interact with

user requirements, and to revise system design goals and features

accordingly, and we plan to resume this work during Phase II as

part of the Prototype Planning effort.
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b. Scope of Effort

The SC-1l7-generated functional requirements (Reference 1) pro-

vided the basis for the analysis and refinement during TACD. The

procedure for developing functional requirements followed by SC-117

(and subsequently. Hazeltine) was in summary:

(i) Identification of aviation needs in the terminal

arca (i.e., increased airport capacity, all-

weather landing, etc) for all classes of users,

and grouping these needs for convenient classi-

fication.

(2) Identification of required flight operations, or

operaLional rcquirements, to meeBt the identified

needs (curved path approaches, selectable glide

slopes, etc).

(3) Identification of functional requirements to

provide these operations for a number of airport

'configurations" lettered B, D, E, F, G, I, K.

Work by Hazeltine concentrated in the following area:

e Areas, such as specified accuracy over the

coverage volume, which were incompletely

specified in SC-117.

* Areas in which there was need for further

verification of requirements, such as data

rate and noise specifications.

" User applications, such as Navy Carrier Land-

ings and remote battlefield systems for which

the SC-117 system (letter) designations fit

rather loosely.

" Areas, such as the application of elevation

guidance data to altimetry, which have sig-

nificant impact on important overall system

trades.

e Areas which serve to bound the capabilities

required of the selected MLS techniques and

which must be explored by experiment and

analysis during TACD.
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c. GeneraI Approach

The method used to derive the detailed functicnal requirements

(and to be used in future MLS program phastS to furthelr refiz.e

these requirements) is as follows.

(1) Identify, list and classify: user needs,

operations to meet needs, and functional rc-

quirements to provide indicated operations.

(2) Determine quantitative relationships between

oceds, operations and rcquirements by use _

existing documentat'on and anAlyses (e.g..

SC-117) and by further technical analysis.

(3) Identify factors which limit or control par-

ticular requirements to permit rapid .)d sig-

nificant assessment of any proposed changes,

clarification or definition.

(4) M0 intain updated statement of functional re-

quirements to serve as the basis for system

(and subsystem design, in a form convenient for

referral and further refinement.

The terms aviation needs, operational requirements, and functional

requirements are used with the following meanings: Aviation needs

are the general needs of airports, aircraft, and ATC. Operational

requirements define the operational and safety procedures, and

operational configurations required to meet those needs. Func-

tional requirements are the technical., for the most part quantifietd,

parameters associated with meeting the orerational requirements.

These consisted of:

0 functional services required of the system

* system accuracy requirements

* noise and data rate requirements, which are

interrelated

e requi.red coverage volumes

* coordinate system

(
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a requirements relating to system integrity,

such as allowable ovtege t.ine

* auxiliary data requirements

d. Participation by SubcontractorsI azeltine wa. ist-ed very materially in its preparation of

rcvised requirements by frequent consultation and review by

te(c:nical and operational experts on the staff of our subcon-
tractors. Areas of concentration of each of the participating

subcontractors are indicated in Table 9-1.

2. Methodology

The overall methodology Zoi the Phase I requirements study is

indicated in figure 9-1. As shown in the figure, the process

was an iterative one based on reviews by subcontractors in their

respective field of expertise. The tasks are described briefly

below. Detailed descriptions and results of study efforts are

given in the sections that follow.

a. User Needs and Operational Requirements

Matrices of airoort and aircraft needs and requirements were

prepared along with descriptions of typical flicht operations to

b expected. The matrices included flight operation supyorted

(terminal maneuvers and approaches) , required integrity levels,

typical environments, interface requirements and other special
requirements. They served as a checkpoint both to assure that
functional services met requirements, and to insure compatibility

among the various avionics and ground equipment types being

considered in the baseline and prototype design efforts. This

matrix was based on information obtained from:

e existing requirements summaries

• information from subcontracors

e discussions with government agencies
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TABLE 9-1

PkRTICIPANTS IN [IAZEITiNl REQUIREMENTS STUDY

Subcontractor Area of Concentration

1. Grumman Aersnacc Company Review of operational and f:-

tional rcqu irements from t!e

viewpoint of militairy iQceds an,

operations.

2. Plessey Radar Review of functioilj.-'.! r;qui.r,

ments from th, vic-..'poi:ti 0o

nO!n-Ui.S, S I. n]O[):rO ,

Review witl- respect- tc o ic-inq

work by the U.iK. on MLS ru ire-

ments.

3. Sperry Flight Systems Review of functional require-

ments fyom the vi.ewpoint of

supplier c- cummercial ind

military for naviqc.tior and

guidarcc avionics.

Assessme2nt of accuracy require-

ments with respect to compat-

ibili'hy with flight control

systems, pilot acceptability

and oper"ati.oral requirements.

4. United Air Lines Review cf operational and func-

tiorial requirements from tfie

viewpo nt of commercial airline

operators and pilots.
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b. Functional Services Summary

BDAed on the operational rcLLu ir-Ujt2j1ts assumed, a summawry dcscrip:-

tion was prepared of thc functional services to be expected of

avionics systems of various levols o sophistication using NtLS.

This included:

* Fath selection provisions

* Guidance output descriptions during the phases

of approach, landing and rollout

a idun' fication, obstacle warpinq and malfunction

warning proisions

The deflilt ion oL functional scivici'; d(, rrinecd the levels of

required sophistication for each user type for both ground and

airbo..__ Lq-ipmernts. They also assisted in defining the basic

requirements for the study of quantitative requirements which

followed.

c. Detailed Requirements Studies

Studies wcre pert.rmed of the detailed quantitative system and

s bsystem characteristics required to provide the respective

functional services to all users. In each case, the SC-117 re-

quirements (where existing) were reviewed for adequacy, and

changes were recommended where there was an identifiable need

for wore stringent specifications or where it could be demon-

strated that a function had been overspecified by SC-117 and a

significant impact could be made on system cost effectiveness by

relaxing the requirement. These latter decisions were influenced

by the system tradeoff studies which are discussed in Section 1.1.2.

Studies of accuracy, data rate and granularity were based on:

* simulation of flight operations

* analysis of pilot reactions to simulated guid-

ance systems using KLLS

e paper analysis of the compatibility of flight

operation with levels of accuracy

* comparison with existing systems (ILS) character-

istics where applicable

9-7
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St'd ic.,; of coverage requirements were pri'ncipally based on dc-

'c ijpt iofl ot assimQe flight uvt1at1ions whi-ch m,.,';t severely taxed

tih. systcm coverac-e capabii t i. Special att-ent io:, was paid to

neat: runway coverage requirements that were not conplCely spelled

'u't by SC-1L[/.

Th,: issue ut: altcnati\e ccordinate systems was treated as a

critical technical area during] TACD and is reported in detail in

section 1. Part B. The study conducted did, however,

Ut LIize the existing descript ions of typical flight operations

and took Into account thu o)vCrall systenl aCC -a' c' n;t r.AilAt

that wei-e detcrmintd fr-om the requircmc.;tz study.

Auxil1,,ry data iequiremerits were revii:woe for completeness from

the viewpoint of rieeting all functional ser'vices. IPc-allccatio:-

of d .a transmission requirements arone the guidance elements was

also performed.

Other studies which were conducted to compicte the requirements

survey and reported in the compatibility section were:

o a survey to validate the feasibility of retro-

fitting MLS into existing avionics systems, in

order to assess required modifications (it any)

and ways in which the MLS output characteristics

might ease possible retrofit problems

* a survey of path selection and display features

that should be incorporated in the avionics to

suit the respective functional services require-

ments

o a preliminary definition of receiver processor

output recommendations for compatibility with

uxi6Liiig interface requirements.

9-8
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variable rujnway lengths in setting the angUlar sen-tsitivity 0-- the

entire guidance system, it was recommiended that azimuth coajrse-

width bie automatically established in the receiver at each ruin-

way based on received auxiliary data.

b. Accuracy and Data Rate

(1) Angular Bias

A review of bias accuracy requirements in terms of allo-wahLe

positional erirors during various phases of approach ar., landiLng

verified the adequacy of the SC-117 bias specification with few

exceptions. For installat ions at very short. runways, soch its
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(3) Provizion of accurate proportional elevation

guidance at D and F configurations so that
glideslopes up to 7.51) cani be supported.

(4) Refinement of EL-1 and EL-2 coverage require-
ments to adequately cover the volume of space

over the runway and down to minimum guidance

altitude.

(5) Definition of coveragie requirements for special

military applications, including variable azi-

muth and elevation coverage cutoffs for portable

systems operating at unprepared sites.

(6) Formulation ot a coverage requirement for

Terminal Area Navigation encompassing 3600

azimuth coverage for .11 guidance elements, to

be included as a possible option for future sys-

tem growth.

d. Coordinate System

As a result of an intensive study of alternative coordinate sys-

tems (Section 1.1.1.1, Part B) it was tecommended that planar

coordinates be retained (as in SC-117) for all applications and

guidance elements except where contz.indicated. The one remain-

ing application for conical coordinates is in : portable VTOL

system where selectable azimuth approaches appear to be required.

e. Auxiliary Data

In addition to the requirements identified by SC-117 and retained

in the Hazeltine refinement, the following are now believed to

be hi.ghly desiraile.

(1) Time of day data to be used in future ATC

meteing and sequencing schem o j.

1 e2) Lnal badometric settings to remove a major
source of blunder error in present barometric
altimetry.

9-12
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(3) Minimum safe glideslope angle for added integ-

rity in the glideslope select function.

(4) Runway length for coursewidtb' selection and

rollout guidance.

Additionally for a carrier landing system in which the flight

path computation is to be made on the aiictdft, special require-

ments were identified for the transmission of pitch, roll, yaw,

and heave corrections to permit translation of coordinate systems

and ship's motion compensation during the final seconds of flight.

Organization of Section

The remainder of the section is organized around the main ele-

ments of the studies perforaed.

* User Needs and Operational Requirements

* Functional Service Description

• Signal Quality Investigations

* Coverage Requirements

* Auxiliary Data Requirements

* Coordinate Systems

4. User Needs and Operational Requirements

Review of user needs and operational requirements formed the first

step in the requirements study during TACD. The needs and require-

ments descriptions were formulated based on a review of existing

guidelines and other literature available (Reference 1 through 5).

They were subsequently reviewed by exp.:.:Its at United Air Lines

and Grumman, and amended acco.roi.igly. During the remainder of

the program, additional inform0V.-on ,:itn.& to light as a result of

discussions with government agei.cies (NPkSA on STOL, USAECOM on

Army requiremencs) and other work in the requirements area; this

information has been included in the recent version.

The discussion i6 divided into sections on (1) needs of airports,

aircraft operators and air traffic control, and (2) the opera-

tional requirements envisioned to satisfy these needs.

9-13
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a. User Need-

Three separate groups of "users" are identified as having sets

of "needs" which presumably MLS, as a system itself and as an

adjunct to other systems, is to fulfill. These are airports,

aircraft and air traffic control. The codified needs presented

here were used to guide the formulation of operational require-

ments and functional services descriptions which follow.

(1) Airport-Related Needs

Airport needs fall into the general areas of extending the effic-

iency, capacity, utilization of airport real estate, and insuring

acceptability and adaptability with the environment. Relative

importance of given needs over others is a function of airport

type. Table 9-2, which is keyed to the following discussion,

indicates our view of those requirements which may have higher

priority for each of several possible airport applications.

Extended _rport Capacity - It is desired to maximize the number

of flight operations per hour for a given size airport utilizing

precision guidance provided by MIS, so that the remaining con-

straint is merely the aircraft runway occupancy time. This will

be accomplished by

e automation and precision flying beyond that

a' ailable with manual or present instrumen-

tation, to reduce de±ays in arrival at run-

way threshold

* providing for aircraft speed-class sequenc-

ing patterns

9 decreasing separation of runways to maximize

utilization of airport real estate

a reduciny runway occurancy time by employing

high-speed turnoffs

9-14
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Extended Efficiency of Runway Length - It is desired to minimize

runway length required for takeoffs and landings, especially at

military sites. This can be accomplished by reducing the thresh-

ulo-to-touchdown for high performance aircraft with long flare

paths, which in turn requires proper placement of guidance ele-

ments or special glide path computations.

Decreased Noise Environment Near Runways by Procedures - Both

vertical and lateral maneuvers are indicated as measures to be

considered. It has been noted by UAL that under severe weather

conditions noise abatement requirements might concernably be

relaxed in order to preserve flight safety when no visual cues

Pre present.

Decreased Susceptibility to Weather Conditions - Primary in this

area is the provision of Cat II (and III) MLS at runways where

ILS has been unacceptable as a result of siting considerations.

There is also a significant need for an inexpensive Cat I version

of MLS for smaller airports.

Efficient Operations in Hostile and Unprepared Environments - These

are needs relating to special situations.

" avoidance of "forbidden areas" populated by

obstacles to flight and/or hostile forces

(for military field installations).

* avoidance of the effects of interference from

both passive (multipath) and active (EMI)

sou rces

" operation with limited power sources (man-

transportable systems)

" rapid installation and mobility (transport-

able systems)

* operation in confined quarters (shipboard

installation)

9-16
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(2) Aircraft-Related Needs

Aircraft needs relate to freedom of operations (subject to other

constraints), adaptability to aircraft, type and preservation of

integrity. The discussion is keyed to Table 9-3 which indicates

our viev, of the higher-priority requirements for several air-

craft type6.

Reduction of the Effects of Weather on Mission Performance - Ef-

fects today consist of departure and arrival delays, rerouting

of flights or cancellation of operations.

Improvement of the Economics of operatz _n - Flight operations

under non-visual conditions and/or at high-density airports

shoul have minimum constraints imposed on their ability to

* select optimum glidepaths for the individual

aircraft and flight con.iguration

* execute efficient arrival and departure

routes. This includes close-in intercepts

to final approach especially for short-

haul (STOL) aircraft where the percentage

time lost in inefficient terminal maneuvers

is the greatest.

Maximizing the Ability of Avionics - Aircraft with basic avionics

should be able to obtain basic performance at even the most com-

plex airpoit. Aircraft with sophisticated avionics should be

able to obtain performance limited only by the complexity of the

ground installations.

Ensuring Adaptability to Aircraft and Avionics - MLS avionics

must be compatible with present avionics and aircraft capabilities

and have sufficient performance characteristics to support im-

proved capabilities envisioned for future aircrafts, including

increased flight envelopes and new control systems and dynamics.

91
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Insuring Freedom to Execute All (Otherwise-Safe) Maneuvers Re-

quired Within the Terminal Maneuver Area.

Preserving Integrity of Flight Oj),c!rations - Use of MLS to extend

capabilities into all weather conditions and to improve aspects

of precision flying should not degrade the integrity of opera-

tions below that applicable to less stringent conditions. Spec-

ific needs are

* Provision of blunder-proof facility identi-

fication

* Simplicity of man machine interface require-

ments

" Compatibility with pilot operations, e.g.,

transition from instrument to visual flight

" Protection against system failures during

critical maneuvers

* Provisions of warning and status-change

indications upon equipment failure

(3) Air Traffic Control Needs

Needs of the ATC system fall into two categories: improvingL tike

efficient utilization of terminal airspace and, in so doing, pre-

serving the integrity of ATC operations.

(a) Improving airspace efficiency. Basic

MLS-related needs are:

* Flexibility of terminal routing, includ-

ing speed-class segregation and depar-

ture control, should be unconstrained

by MLS characteristics

a Aircraft and ATC displays and computa-

tional capabilities should be compat-

ible so that improved three-dimensional

routing to touchdown is practical

* MLS should support -rowth and evolution

of ATI' concepts, including future meter-

(ing aid spacing systems

9.'9
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(b) Preserving the integrity of oe:ti::::

Key needs are:

9 MLAS operational status must be known

et all times by controllers

9 equipment downtime must be minimized,

and unscheduled downtime at high-density

facilities must be extremely remote

9 remote control of equipment must be
available for ATC to change runways or

to cope with interference on a runway

e monitoring of aircraft path selection

and progress is highly desirable and is

essential in the carrier landing envi-

ronment

b. Operational Requirements

The objective of the operational requirements analysis is to

segment the users and their needs so that system configuration

and performance requirements could be validated to show that MLS

satisfies all needs. Categories of users (aircraft and airports)

were chosen to point out differences in needs that might lead to

different physical and functional design requirements. At the

same time, duplication of essentially similar user classes was to

be avoided.

A set of Operational Requirements matrices and associated de-

scriptions were formulated which tie together aircraft, ground

facilities and flight operations required to fulfill user needs.

The resulting segmentation was not purposefully made to be in

accordance with specific assignment of SC-117 configurations,

but the full range of probable requicements is believed to be

illustrated. Assignments to specific SC-117 configurations

were made in connection with the Functional Services description

Ir which follows this section.
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Significant results of the operational requirement analyses

included:

* Identification, based on assumed missions

between airports, of requirements for each air-

craft avionics to be compatible with a number of

airport configurations.

* Identification of probable level of equipment

sophistication for a number of user types.

* Definition of issues concerning the utility of

variable vertical and lateral approaches.

* Identification of the utility of multiple glide-

slope capability at the lowest category airports.

a Definition of special operational requirements

associated with military transportable and ship-

board systems.

(1) Requirements Matrices

It was necessary to treat a four-dimensional relationship among

users and requirements. The dimensions were:

* user aircraft

* airports

e aircraft requirements

e airport requirements (including, for con-

venience, ATC requirements)

The requirement therefore, evolved in the form of three matrices.

The relationship between these matrices is illustrated schemati-

cally in figure 9-2. The individual matrices are depicted in

Tables 9-4, 9-5 and 9-6.

The following discussion defines the airport, aircraft and re-

quirement coordinates and gives the rationale for the matrix

entries. Special requirements not covered in the matrices are

also discussed.
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(2) Airport Categories

Ideally, airports would be categorized according to the param-

eter that would largely determine the ground configuration to

be used. Possible parameters are runway configuration, aircraft

users, traffic density, and traffic patterns. It would be prefer-

able to use airport classifications accepted by the users, but

existing classifications are overlapping and not sufficiently

defined to be used directly. Therefore, existing classifications

were modified and elaborated as necessary to cover the scope of

requirements. Referring to Table 9-5, possible runway config-

urations are given for each airport.

User groups (civil, private, military) were kept separate under

the presumption that each user should see a set of requirements

uniquely describing his situation.

Civil aviation airport categories were nnt defined in SC-117.

Instead, only the possible ranges of parameters were identified.

In the operational requirements analysis, the civil categories

were adopted from a brief outline of the new National :.irport

System Plan (NASP) classifications found in Reference 6. This

new classification is expected to offer "greater opportunity for

systems analysis techniques in long range airport planning."

Classifications will be based on "public service level" and level

of aircraft operations. The categories in our sur,;&ary are a

simplification of the projected classification system in which

general density levels and runway configui tions are assumed to

b2 correlated. V/STOL and VTOL classifications were added to

indicate: the near metropolitan, special purpose applications

which are not explic .tly identified in the NASP scheme so far.

-t will be useful to monitor the development of the NASP by FAA

as a policy tool for developing each class of airports to speci-

fic capability levels.

9-26
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"Private airports" represent that class requiring the simplest

landing guidance function. More sophisticated private airports

are presumed to be included in one or more civil aviation cat-

egories.

Military airport classifications were condensed from several

over-lapping category descriptions presented in the MLS RFP

Appendix (General Requirements) for USA, USMC, and USN, and in

the NIAG requirements document (Reference 5). A listing of USAF

airport types was also given in preliminary notes on Airport

Environment by SC-117 without description.

"Main Operating Base" denotes a strategic, permanent or semi-

permanent equivalent of a high density international civil air-

port. "Dispersed Operating Base" denotes a tactical deployable

facility suitable for all aircraft but the largest transports.

"Forward Operating Base" differs from the former category in the

high degree of portability and rapid installation required, under

forward area conditions, and includes the "Split-Site" category

of USA, "Forward Area Airbases" of USMC, and "Forward Battle

Landing Site" in the NIAG report. "Combat Base" denotes highly

portable V/STOL facilities and includes the "Co-located" category

of USA and the "Remote Area" category of USMC. The LHA desig-

nation does not appear in USN requirements as presently stated,

but is presumed to be a requirement category which would include

VTOL carriers (LHA's) and special pads on other vessels. With

respect to the LHA designation, this requirement has not been

explicitly stated in the MLS plan, but is considered a real one

by Grumman consultants. While a version of the USMC "Remote Area"

system may be adequate for this application, Hazeltine plans to

review this requirement during Phase II after discussions with

the Navy.

9-27
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(3) Aircraft Categories

The aircraft were categorized in a way which would ultimately

point up differences in avionics requirements.

* Users will mc~t likely determine the level

of sophistication of avionics based on cap-

abilities of aircraft, importance of missions,

availability of alternative routings, avail-

able space on board and crew size.

* Avionics requirements will also be determined

by the frequency with which landings at high

density terminals are made.

(4) Airports vs Aircraft

Table 9-4 indicates Hazeltine estimates of the regular and

occasional uqe of airport facilities for each type of aircraft.

This compatibility matrix is a key reason for the requirement of
universality in the MLS concept. Hazeltine made use of this

matrix in selecting the operating frequencies for various MLS .9
cround configurations and avionics. Of particular note is the

occasional cross-utilization of civil airfields by military air-

craft (and to a lesser extent, the converse) which is a principal

reason for the design of common civil/military signal formats.

(5) Airport Requirements

This section highlights some of the aspects of airport operational

requirements indicated in Table 9-5.

(a) The capability for supporting multiple

vertical approaches (glideslopes) is

recommended at virtually all facilities for

several reasons.

o Accommodation of aircraft with different
preset glideslopes based on individual

optimum flight configurations.

)
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9 Accommodation of jumbo jets (especially

short haul jumbos which can use smaller

airports) where wheel clearance at

threshold is a special problem because

of nose-to-rear-wheel geometry.

e Accommodation of higher glideslopes for

noise abatement, which may be a require-

ment in the future even at low density

airports.

(b) With reference to multiple vertical

approaches, recent STOL experiments

(Reference 7) indicate a maximum practical

glideslope of 60 or 7-1/20, well below the

maximum glideslope of 150 in the SC-117

O.R. Even with some increase due to future

technology, there remains some doubt that

guidance at large airport runways needs to

support glideslopes up to 150.

(c) With the exception of VTOL operations at

co-located facilities, it appears unlikely

that off centerline azimuth approaches are

likely to be used, principally because this

involves flying towards tne stop end of the

runway, and requires a two-step maneuver

to converge on final approach.

(d) Curved and complex vertical approaches will

include:

* two-step vertical maneuvers for noise

abatement.

* offset - GPIP glidepaths especially at

military fields to shorten the runway
length required for high performance

aircraft. The objective is to match the

9-29
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glidepaths flown under visual conditions )
in which the initial aiming point is

considerably downwind from the elevation

datum.

* turning and spiraling descents, espec-

ially at STOL ports, to minimize air

space volume used. The objective is to

avoid traffic to and from other airports
and to avoid obstacles to flight in

urban areas.

(e) Curved and complex lateral approaches will

include:

* Routing for metering and spacing (M&S)

systems, probably linear segments using

RNAV procedures. However, as pointed

out in the coverage requirements section

below, only the final leg of the M&S

route is likely to be in the MLS cover- -
age areas.

e Curved and segmented paths for noise

abatement. The SC-117 operational re-

quirements showed "worst case" 1/2 mile
radius turn converging on the runway

centerline practically at threshold.

However, it was the general view of
Hazeltine's expert consultants that

during Category II/III weather, pilots

will require convergence avid settling

on a final centerline approach at least

ore minute before "decision height."

This provides a stable "platform" from
which to assess aircraft and control

r guidance systcm behavior prior to the

decision to land. This view is supported

in the literature (Reference 8). )
9-30
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e Special gradually curved paths for con-

vergence on parallel runway approaches

with minimum danger of overshoot.

(f) Missed approach and departure guidance

was recommended for inclusion as an option

at medium density airports to make maximum

use of sophisticated MLS and RNAV equip-

ments which will be carried b many user

aircraft.

(g) Multipath environments were considered to

be "severe" at high density airports ne-

cause of the amount of air and ground

traffic typically present. Also labeled

"severe" were V/STOL and VTOL ports in

metropolitan areas, tactical bases opera-

ting in unprepared terrain and carrier

systems where deck reflections are signif-

icant.

(h) All Cat. III systems are labeled as fail-

operational, meaning that the system V-ill

remain operational after any component or

subsystem failure which is not remote.

This is required to meet FAA requirements

for probability of hazardous failure of

signal during final approach and landing.

All other systems are labeled fail-safe,

meaning that any subsystem or component

failure will result in an invalid state

which cannot be confused with valid data.

(6) Aircraft Requirements

This section highlights some of the aspects of aircraft opera-

tional requirements indicated in Table 9-6.
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(a) Requirement levels were based on long range
operational requirements and not necessarily

on first buys of equipment. For instance,

UAL indicated that airlines are likely to

fully equip their fleets with Cat. II
avionics before a large conversion to Cat.

III capability is initiated.

(b) With reference to variable glideslopes under

Cat. II weather, STOL experiments at NAFEC

(Reference 7) tend to support the view that

breakout at 100 feet on a 60 or 7.50 glide-
slope leaves insufficient time (as low as

6 seconds) for adjustment to visual con-
ditions and runway alignment. Therefore,

higher glideslopes may be restricted to

Cat. I conditions.

(c) With respect to the category of equipment

in high performance military CTOL aircraft,
a potential problem was determined relative

to the available space for the dual receiver

installation that has been determined to be
ntcessary in civil aircraft for Cat. III

fail-operational integrity. Resol, " "nn of

this issue will await further informxt..-i
on form factors of production avionice 3..;.

the integrity philosophy relevant to Air
Force operation.

(7) Special Military Requirements

This section indicates significant additional operational re-

quirements peculiar to military situations.
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(a) Remote VTOL/STOL facilities.

e adaptability to severe terrain block-

age (by adjustment of coverage).

o adaptability to either landing ships

or VTOL pad operation by co-located

or split-site operation.

* capability for special power conser-

vation (service demand mode) measures.

o ability to support landings on several

azimuth courses simultaneously, without

requiring special avionics equipment.

(b) Carrier Landing Facilities

A tentative design outline for a shipboard system accommodating

the following requirements is presented in the prototype plan

(Section 1.2.2.1).

* stabilization of the signal-in-space

on a moving frame of reference

o provisions for flight path monitoring

on ship and on board the aircraft.

(Present SPN-41/42 system combination

provides these capabilities and these

are believed to be essential for all

weather carrier landing operation.)

9
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5. Functional Services

From the descriptions of user needs and operational requirments

Hazeltine formated a comprehensive statement of functional services

to be supplied to each user type from each of the ground configura-

tions. This section gives the final description generated at the

end of TACD and Includes numerous comments by expert consultants

and other explanatory material.

The functional services described are tabulated in Table 9-7 along

with applicable users and ground facilities. The services are for

the most part provided to the user in conjunction with other re-

quired equipment. Table 9-8 summarizes the assumed equipment com-

plement for each user. Based on the user services descriptions,

the required functional elements for each ground facility are

indicated in Table 9-9.

a. Lateral Approach Guidance

(1) Basic Localizer Service

In this mode the receiver/processor provides outputs essentially

equivalent to ILS. The output will be proportional to deviations

from runway centerline, providing a proportional coursewidth

equivalent to a 700-foot wide course at runway threshold. Outside

this region, fly-right/fly-left logic outputs are provided. In

ILS, the coursewidth is adjusted in the localizer ground equip-

ment to compensate for runways of different length. The choice

of implementation for this adjustment in MLS raises issues of

compatibility, as discussed in Section 1.1.3.3. The method

chosen was to provide automation coursewidth correction or course
softening in the receiver. All receivers will be capable of de-

coding a coursewidth factor encoded in auxiliary data in order to

do this.

(2) Wide-Angle Localizer Course

This is a pilot-selectable mode which takes advantage of the wide-

angle output capability of proportional receivers when they are not

9)
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being used in more sophisticated ways (as below). When this mode

is selected, a wide (±100) azimuth course, centered in the runway

centerline, is generated for display on course deviation instru-

ments. When the AZ angle is reduced below a preset amount (say

2.50) the receiver reverts to the notmal coursewidth (as above).

" This wide-course option is envisioned as

aiding normal convergence to the centerline

course, especially at high azimuth intercept

angles relatively close to threshold, and

would tend to minimize overshoots. The auto-

pilot would be coupled after the normal

narrow-coursewidth mode is obtained.

* There was not a concensus on the desirability

of a wide coursewidth for convergence on

centerline. Further investigation is re-

quired to confirm possible advantages.

(3) Selectable Lateral Approaches

In this mode, a small number of highly standardized lateral ap-

proaches would be made available via a special "offset path" corm-

puter. Examples of programmed courses would be two-step lateral

maneuvers (for parallel runway operation) and standardized wide-

angle intercepts of the centerline approach. A possible set is
Right (1), Right (2), Centerline, Left (1), Left (2). Nominally

the "offset path computer" operates on MLS-only data.

* The advantages of a separate, MLS-only off-

set path computer seem to be dependent on it

being much less expensive than an RNAV

system. However, the consensus of our con-

sultants is that (1) approaches which are

both completely standardized and widely appli-

cable may be impractical co implement,

(2) RNAV Systems, utilizing multisensor data,
will show superior performance in executing

(
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these maneuvers, and (3) most users who will
have proportional receivers will probably

have RNAV capahility also. If so, then these

maneuvers would become part of item d below.

we intend to investigate the issue of offset-

path computers further during Phase II.

* Flying radials to the azimuth guidance ele-

ments is practical and desirable for VTOL
applications where guidance elements are co-

located-

(4) Area Navigation Approaches

In this mode, range/bearing measurements from a proportional MLS

receiver are used in conjunction with an area navigation (RNAV)
computer to generate complex flight paths in the terminal aria.

A repertoire of approaches is stored in the area nay computer or

imputed via btaqnetic "approach cards", magnetic -ape or paper tape.

Within the RNAV system guidance transitions automatically from VO-
RTAC to MLS at the MLS coverage liraits. Automatic MLS channel se-

lection may be incorporated as an RNAV function. All maneuvers
terminate in a runway centerline approach segment. Area nay is

principally an autopilot mode, with flight director backup, and

CDI or other displays to monitor the error from the desired flight

path.

e RNAV display design has been identified by

UAL and Sperry as a critical item in ensur-
Ang compatibility with the ATC function and

in monitoring progress along curved and com-

plex flight paths.

e Since most users of prop,,:cional guidance will

be equipped with RNAV, compatibility with RNAV
is a key functional requirement for propor-

tional MLS service.
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b. Vertical Approach Guidance

(1) Single Glideslope

In this mode the receiver provides outputs essentially equivalent

to ILS. The output will be proportional to the deviation from

glideslope. A "nominal" glideslope and coursewidth, optimized for

the aircraft, will be wired in the receiver. The receiver will

decode a word from the MLS auxiliary data corresponding to the

minimum safe glideslope for the facility. If this is higher than

the "preset" gl.deslope by a small amount, the receiver will auto-

matically bias the receiver glideslope to the higher one. If the

minimum safe glides'ope should exceed th2 capability of the receiver,

the deviation outputs will be suppressed and the indicator flags

will not drop.

* This mode relates to receivers which nom-

inally are "fixed" glideslope units, such as

the "D" receiver. The glideslope bias fea-

ture was added to resolve a compatibility

issue relative to those airports where, be-

cause of surrounding terrain or special site-

ing situations, the minimum standard glide-

slope (2.5 -30) cannot safely be used. The

feature permits the nominal receivable glide-

slope to be reasonably optimized for air-

craft perfornance and yet allows these air-
c-aft to use a maximum number of facilities.

(2) Selectable Glideslope

In this mode the operator selects, via the MLS mode select panel,

one of a number of available discrete glideslopes. (For a CTOL

aircraft, these miqht be 20 to 60 in 1/40 in crements; for a STOL,

these might be 3" to 9* in 1* increments). The selected angle

must be displayed prominently to the operator during descent.

Glideslope courswidth is automatically adjusted to be proportional

to the glideslope angle chosen.

9-41
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Vaziable cursewidth is required to prevent -

the rlideaippe deviation output from being
' 'v overly sensitive to &ircraft activity during

dw 4nce nt on a high glideslcpe. it is also

u.64ful to facilitate pushover onto high
S glid-sleps without overhoots (Ref. M.7).

'.t ias strongly recommended by Sperry thst

wit~hin the 'XS controller, design provisions

be rade for stops which can be adjvsted (at

an aircraft shop level) to limit the angles

which can De &elected as a function of air-

czaft or al.line opexational procedures.

Xn addition, UAL pilots showed considerable

reluctance to accept the pilot selectable

glideslope feature as a useful one, because

of the possibility of human error. Therefore,

two variante are to be considered: (1) RNAV

unlects the final glideslope as the last leg

of vertical navigation a6 in d. below or 12)

the receiver compares the glideelope selected

with the minimum safe glidealope for the

facility, which is encoded in the MLS auxil-
iary data; if the selected glideslope is

lower, the pilot is notified via the mode

select panel and the receiver outputs ate

suppressed.

(3) Offset and Two-Step Vertical Guidance

In this mode, the glidepath intercept point is artificially dis-

placed downwind from the elevation guidance datum. An "offset
path computer" is nominally used to generate this glide path,
although RNAV may be used if available. Offset guidance is des-

ignated by glide angle and aiming point displacement. Two-step

guidance is a combination of (1) an initial, step, displaced
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glidepath, intersecting (2) a shallower final glidepath aimed at

the elevation datum, and is designated by initial slope, final

slope and intercept height, In this mode, glideslope course width

is automatically and gradually adjusted within the computer during

the transition.

0 The two-stop glideslope maneuver is a

candidate for noise-abatement procedures which

may ultimately be required for jet aircraft

at most civil airports. Offset glidepaths are

also desirable to shorten the runway length
for high-performance aircraft landings at

military installations.
a Sperry commented that, in general, the tran-

sition from initial to final glidepath is

essentially an intercept from above, and is

not a simple function. Errors can cause

undershoots, which are to be avoided, espe-

cially at low transition altitudes, in which
noise abatement is made most effective.

Generation of transition cues, and program-

ming the aircraft through the transition,
are complex functions, involving aircraft
type and configuration as well as approach

angle, and the required interface with other

sensors could be quite extensive. Therefore

this function may be best incorporated as an

RNAV function, as in recent two-step experi-

merts. (Ref 9).

* Two-step vertical maneuvers may be required for

noise-abatement procedures even at D con-
figuration airports. "Noise" on an offset-

glidepath guidance signal is found to be a

combination of noise on the EL and DME channels.
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This noise will be of highor amplitude at the
D configuration than at, say, a K configura-

tion. The complementary filtering of radio

signal and onboard sensor inputs which is

available in RNAV makes RNAV a very desirable

method of generating two-step glidepaths.

(4) Complex Vertical Flight Paths

In this mode, MLS supplies vertical information for Veitical Navi-
gation (VNAV) operation in an area navigation computer. This is an

extension of "area navigation" lateral guidance mentioned above.

* As pointed out in the following discussion of

accuracy, practically, achievable elevation

guidance accuracy is probably not sufficient
for VNAV throughout the MLS coverage range.

The VNAV system will utilize MLS elevation only

over a limited coverage volume as determined
by DME and azimuth data. Outside this region

barometric (or equivalent) altimetry will be
utilized. To improve the integrity of the
baro altimetry, the runway baro setting

correction will be included on MLS data.

c. Longitudinal Guidance

DME is assumed available throughout the angle guidance coverage.
Indicators driven may include ground speed, distance to go, area

navigation computer, altitude and descent rate.

(1) Basic "Marker" Service

This service provides basic "marker beacon" type indications at one
or more preset heights; for example, H = 1500 feet (Outer Marker)

and H = 200 feet (Middle Marker).

e Consideration should be given to "D" users
who may not wish to purchase DME. For these

users, present marker beacons could be retained.
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However, only one glideslope will give ex-

actly the right height indications. For

these receivers it may be necessary to fix

the receiver glideslcpe at the high end of

the range of present ILS glideslopes.

(2) Basic Continuous Service

Once on the centerline approach, MLS will provide ground speed,

distance to threshold and altitude above runway.

(3) Metering Service

This service is available via the RNAV system, to provide precise

time-of-arrival control. Depending on the speed-control concept

utilized, outputs would be along-track error (in seconds, early/

late), predicted time to threshold or special graphic display.

e Assuming, in a future system, that speed

control is assumed by the aircraft, with ATC

surveillance as a backup, then it is neces-

sary to initialize the airborne system in

re&l-time. Por this purpose, ti - MLS auxil-

iary data will provide precise airport time

to synchronize the airborne clock. The de-

sired time-of-arrival at threshold would be

provided via an ATC voice or data link.

e Longitudinal guidance via speed control is only

one possible metering and spacing concept.
Another concept is utilization of path stretch-

ing maneuvers to correct for time-of-arrival.

This is a "lateral guidance" function gen-

erated either by ATC vectoring or in the on-

board computer. MLS would then be utilized

for lateral guidance as covered above.
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d. Landing Guidance

(1) Category I Guidance

Precision Guidance signals are provided to at least 150 ft. above

the runway level on the glidepath. A decision height indication is

provided at 200 feet above runway level.

" As an option, a "fly-up" indication may be

given if the aircraft deviation from the

nominal flight path exceeds a preset "window".

" Precision guidance is provided to 50 feet

below the decision height, as in ILS, as a

safety margin to amount for pilot's reaction

time after the decision height is past.

(2) Category II Guidance

Precision guidance signals are provided to at least 50 ft. above

the runway level on the glidepath. A decision height indication is

provided at 100 feet above runway level.

e Same comments apply as above

(3) Category III (Flare) Guidance

During the flare, MLS provides computed height information to the

flare computer, which is normally incorporated in the autopilot.

The transition frm glidepath guidance to flare guidance is per-

formed in the autopilot. The system must be in fail-operational
status to proceed to flare initiation. In addition to other mon-

itoring features, to assure system integrity, a pre-flare verifi-

cation period of approximately one minute is provided for. During

this period, the height is computed both from glidepath (EL-l) and

flare (EL-2) guidance angle outputs and DME. The two height read-

ings must agree within a preset tolerance in order for positive

verification to be given to the pilot.

It should be noted that the use of a radio

altimeter flare is not considered part of the

MLS system. However, category II and III
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MLS systems will still be supplying AZ and

EL-i guidance to aircraft equipped with radio

altimetry autoland systems, and should have
sufficient guidance signal quality to do so.

(4) Decrab

The decrab function is assumed to be incorporated in the autopilot

system, if required. The MLS auxiliary data will provide runway

heading and crosswind data as necessary.

e. Runway Guidance

Runway length and exit positions will be provided on the MLS data

link.

(1) Rollout
During rollout, localizer information is available on instruments

or for automatic steering. Runway remaining (to the nearest 100

feet) is displayed, along with speed (to the nearest 10 mph) for

controlled deceleration. Course softening may be required in

azimuth to prevent over-sensitive lateral deviation indications

as the stop end is approached.

(2) Turnoff

For service up to Cat III b conditions, an exit cue will be pro-

vided 3 to 5 seconds in advance of arrival at an exit.

For service up to Cat III C conditions, the existence of an in-

dependent support Surface Navigation System is assumed. This

system would be acquired after touchdown, and verified by comparison

to MLS while the aircraft is on the runway. The high-speed turn-

off maneuver would then be executed under the control of the sur-
face system. If the surface system is not validated, then the

aircraft would proceed to the next exit, at which a low-speed

turnoff would be executed.

a Little information was available on the re-
( quired characteristics of a runway/taxiway

guidance system for a zero visibility system.
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The above description was envolved after

discussions with United Air Lines. This area
will be investigated further during Phase II;

as of this writing, Hazeltine has recently

started an analysis of an Airport Ground

Traffic Control system for the DOT.

e The Cat III C concept was formulated under

the assumption that MLS has the primary

responsibility for guidance only while the
aircraft remains on the runway. Alterna-

tively MLS may assume primary responsibility

out to sume distance from the runway; say

500 feet. In the case of off-runway guid-

ance, a new dimension of multipath and block-
ing effects is encountered. Site control

will affect aircraft on runways and taxiways,

buildings, other objects, and turnoff lo-

cation and design. Also, guidance antenna
requirements will be more severe. It appears

unnecessary to so burden the system at this

time. We also note that alternative surface

guidance systems concepts utilizing direct

microwave transmission tend to favor high

vantage points for guidance transmitters in

order to overcome these problems.

f. Takeoff/Missed-Approach Guidance

Departure and miss-approach guidance requires the extra cost of

antenna diversity and is therefore considered optional for lower-

grade users.

(1) Lateral Guidance

Guidance is provided around runway centerline to at least 10 nmi

from the stop end. To avoid lapses in azimuth guidance on the order

of 12 seconds during tt.e flyover, the back course guidance element

is to be located at the threshold end of the runway. )
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a Consultants at UAL indicated that a 12-second
zone of silence might be tolerable during

infrequent missed approaches, but would not

be acceptable by airlines for use in takeoff

procedures on a regular basis. Also, it was

recommended that back-course guidance, to be
useful to pilots during the departure pro-

cedure, should extend at least 10 rnmi past

stop end.

a Section IV of Appendix A discusses several
problems associated with the transition from
landing guidance to missed-approach guidance

and the autopilot mechanization required to

overcome them.
* The inclusion of this service (and DME as

well) at all category II facilities were

definitely recommended by UAL. This would

increase the utility of those airborne
systems which are equipped for this service

for use at category III facilities.

(2) Vertical Guidance

This is recommended as a growth option.

* Sperry has indicated that attempting to fly
to a vertical guidance beam during takeoff

missed-approach can result in stalls. It was

recommended that vertical course guidance
should not be provided unless and until it

can be utilized in conjunction with a so-
phisticated speed command system associated
with energy management of the total aircraft.

Without a guidance role for this service it
was felt there was insufficient justification
for the expense of the guidance generation

equipment and its occupation of function time

in the signal format.

( 9-49
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(3) Longitudinal Guidance

Distance to stop end will be provided (in hundreds of feet) until

stop end is overflown. Then distance from stop end will be pro-

vided (in miles).

g. Identification

(1) Aural Identification

In this identification a morse code identification signal is heard
in earphones. Only airport identification is provided. For parallel

runway airports, channel assignments (there are 200 MLS channels

planned) should be made sufficiently different numerically so that
selection of the wrong runway at the right airpo:t will be very

improbable.

Voice identification was preferred by some pilots interviewed but

bILS signal structure requirements preclude this.

(2) Automatic Identification

Airport and runway automatically will be decoded and displayed on .

the MLS controller.

h. Obstacle Warning

A single service will be provided in conjunction with vertical ap-

proach guidance as indicated above. Included on the MLS auxiliary

data will be the minimum safe glidepath for each facility. This
will be eecoded in all receivers and compared to the receiver

glidepath setting. If the receiver setting is lower, the receiver

will generate an "invalid" discrete and will provide no guidance

information (so that the indicator flags will not drop).

* The need for obstacle warning appears to be

preset for the lower-class users, since trunk

airlines due to stringent procedures, including

cockpit checklists, teaming, etc., have minimal

problems of obstacle clearance on approach/

departure. NTSB statistics show this area to
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b0 .kzjor ,-.a'Use of Ic.'dnts with the pre-

pre_-4ra.co of cases being general tviazion andc
s,,ipplenental air carriers.

i. Malfunction Indications

(1) Basic Alarm

A "Malf" indication will be given upon airborne equipment failuc,

or loss of signal, or unreliable signal.

(2) Malfunction Discrimination

For higher-class users, indications will discriminate as to the

source of the failure: airborne or ground equipment. A built-in

delay in the failure indications will "coast" over momentary

signal outages.

0 Maximum "coast" periods during final approaches

and landing have been determined at Sperry by

simulations. These are discussed urder

Integrity Features in Section i.i.i.A,

Part A.

-),he eignificance of malfunction discrimination
is (1) to ,ssis in decisions as to what sub.-
eeq'vent actions to take -- whether another

inztirument approach can be made, and (2) to

a4void loss of pilot confidence in the system
by infoming him as to the source of failure:

ground, xaceiver or autopilot. UAL maintenance

rcports, pilot complaints of autopilotc le-
coup].ing during ILS approaches where the pilot

never knew whether the aircraft, the ILS or

neither was at fault.

j. Airpo c Condition Data

The following MLS auxiliary data will be provided in support of

Category 11 and Ill MLS userat

& Runway Visual R&nge

, . Wind speed and direction
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* Barometric setting

* MLS status (all-up or reduced operating category)

k. Services to ATC

In applicable facilities, operational status of all MLS guidance

elements will be provided for the tower controllers. Optionally,

this data will also be available for transmission to the common

IFR facility. The MLS elements for each runway and direction will

be operable remotely from the tower.

(1) Flight Path Monitoring

The need for independent flight path monitoring at Cat. II/III

facilities has been discussed at length and it was the opinion of

SC-117 that this service should be independent of MLS. Hazeltine

proposes one exception to this. For carrier landing, it is be-

lieved required for any system to be a functional replacement for

the SPN41,'42 systAis, that monitoring be provided both for the

pilot and for shipboard personnel. This is discussed more fully

in the Description of Prototype Systems, Section 1.2.2.1.

6. MLS Signal Quality Requirements

a. Introduction

This section presents a summary of the analysis and simulations

performed by Hazeltine and its subcontractor, Sperry Flight Systems

to review and further define the requirements for the "quality"

of the MLS guidance signals. The parameters assessed were bias,

noise, data rate, granularity and signal interruptions.

(1) Purpose of Review

In the initial formulation of the MLS accuracy requirements,

SC-117 utilized the existing ICAO specifications for ILS as a basis

for extrapolation. That further investigation of MLS accuracy re-

quirements is needed is clear when certain differences between
systems are considered.

* The ILS signal is continuous, while MLS is

a sampled-data system.
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o Because of the very different operating fre-

quencies of MLS and the resultant inter-

ference patterns produrcd in space by multi-

path effects. the nature of the resultant

MLS "noise" is significantly different thc..

ILS beam bends.

* MLS is required to provide services over a

wider range of conditions, such as glidepath

and coverage volumes.

* MLS incorporates additional guidance elements

not present in ILS (DME, EL-2)

e Svvciai considerations relative to non-

standard operations and runways influence

requirements.

In addition, other aspects of signal quality (e.g., granularity and

signal interruptions) were not considered by SC-117.

The effort undertaken in Phase I of the MLS program was intended

to:

e Review existing requirements to identify areas

where an increase in accuracy was needed to

meet operational requirements and ensure com-

patibility with flight control systems

* Identify areas where the extrapolation from

ILS specifications may have resulted in an

uneconomical overspecification for MLS.

(2) Elements of Signal Quality

The following elements of signal quality are discussed in this

section:

Bias - Bias comprises those guidance signal errors which are es-

sentially invariant over the typical response time of the aircraft

position ("outer") loop, which is typically 10-30 seconds. These

errors relate to aircraft positional deviations, and, if large,
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cntibute to excessive touchdown dispersions and excessive de-

viations from the desired flight path, as compared to acceptod

pr.ctJlce. Bias eirors also cause errors in height measurements in
N .

Noise - Noise, or essentially random jitter in MLS output data,

ef.!cts most significantly the performance of the aircraft under

direc; automatic flight control. Excessive noise causes excessive

jitter in the control column and wheel and in the aircraft actuator

and control surfaces. Sources of noise include

* Transmitter jitter

e Receiver thermal noise

* Multipath

In the case of multipath, the effect can either be essentially

random, if caused by many small multipath sources, or sinusoidal

in nature. These issues are addressed in Section 1.1.1.1, Part E

on multipath effects. Fortunately it is believed that in instances

of interest the r.ltipath effect will most of th2 time be of short

duration and noira-like in nature.

Data Rate - Increaued data rates tend to increaue the effects of

noise, so that a noise/data rate tradeoff is required. 1c is

believed the Doppler Technique is tolerant of con..arat'vely high

data rates, subject only to the desire to take maxim advantage of

m.ultiscan aeraging, which is very effective in overcoming the

effects of multtpath. In the absence of noise, there is a lower

limit of tole.able data rate base4 on path following, but this is

believed to be academic in the face of real-world noise levels.

Granularity - Lack of smoothness in spatial coding (granularity)

also effects the control system, as the aircraft transitions

-ough abrupt c' -iges in the guidance signal.

Interruptions - Interruptions in signal could be caused by momentary

blockage of the transmitting elements or by equipment switchover
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following failure indications. This will affect the aircraft de-

viatiorn from desired flight path, and control wheel/column motion

when t-he signal is resumed. This is especially critical during the

final moments of flight.

(3) Elements of Study

The major activities during this study will be identified below,

along with key ret-ults.

Simulations - At Sperry Flight Systems, extensive flight control

systems analcg simulations were performed to assess the effect on

control systeu dynamics of MLS signal quality. This study and

detailed results are fully documented in Appendix A of this report.

In this 1tvdy, coapatibility with existing flight control systems

(AFCS) was considered of paramount importance. Also investigeted

were the implications of future AFCS designs wherein more optional

use is made of the MLS signal. Key results of this study include:

* Establishment of noise and data rate values,

producing acceptable AFCS performance, which

are achievable in a practica] system design.

e Identification of a technique for processing

receiver ovtput data to reduce the effects

of receiver jitter.

* Identification of potential problems asso-

ciated with attempting to divorce the AFCS

from other sensors by coupling more closely

to the MLS beam.

u Establishment of the effect of bias errors

on touchdown performance.

* Establishment of tolerable levels of granula-

rity /
* Specifications of tolerable signal interruption

durations before and during the flare maneuver.
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Although the study was oriented towards the most stringent 1LS

application, Cat III CTOL and STOL operation, many results were

extrapolated to derive tentative requirements for other facilities

as well.

Multipath Evaluations - From the data base accumulated during the
TACD multipath analysis, sample multipath "signatures" were de-

scribed, and evaluated by Sperry for effects in AFCS performance.

The cCkclusion was that multipath effects during final approach

a:nd laniing will be tolerable at worst and will otherwise be es-

sentially indistinguishable from random error.

Other Analysis - Accuracy specifications were also evaluated to
ascertain that they will meet other operational requirements and

functional services. These studies included consideration of

* decision height computation accuracy

* two-step glidepaths
9 wide-area navigation

o metering and spacing

* Altimetry
* variable glideslopes

* parallel runway operationh rollout
The results generally indicated that sufficient accuracy will be
available for a.L1 operations with the possible exceptions of
derivation of altimetry data throughout MLS coverage.

Also, values of DME accuracy were set as a result of the decision

height meacurement tradeoff.

Millary requirements were also reviewed. This included review of

existing specifications for Military tactical systems and estima-

tion of carrier landing requirements. Additional analytical and

simulation work relative to special requirements was identified
Ir for Phase II of the MLS program.

9)
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(4) Summary of Results

Fey results relative to bias, noise and data rate are indicated in

Table 9-'0. These are the revised specifications as a result of

our study. In each case, the corresponding SC-117 specification

is also given for comparison, along with the method of validation.

It should be noted that these are tentative specifications and are

subject to extensive review and revision during Phase II. Quali-

tatively the following general conclusions are made:

* Allowable angular (AZ, FL-i, EL-2) bias

errors are generally set by positional dis-

persions at the minimum guidance altituLde

(deviations from flight path or touchdown

dispersions) as in ILS.

e In special situations, the angular bias is

limited by the intezface with other navi-

gation systems (co-located case) or by devia-

tions at "waveoff windows" (carrier landing).

e Where AFCS opert!2ion is applicable, this

determines acceptable combinations of data

rate and angular noise.

* The combination of DME and EL-i errors are

constraints by decision height computaLions.

o In the special case of aircraft carrier land-

ing, because of peculiar geometry, the DME

error is limited by touchdown dispersions.K•
o Multipath effects on final approach and land-

ing will be tolerable and generally comparable

to noise effects.

The study also identified the need for further requirements studies

in the areas of:

o carrier landings

a high-performance military CTOL aircraft

applications
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a VTOL coupled approaches

e further optimization of MLS output data

processing

Word in these areas will be carried out by analysis and computer

simulation during Phase II.

b. AFCS Simulation Study

(1) Introduction

The Phase I simulation study and analysis conducted by Sperry as

part of the Phase I program had the following basic objectives:

* to determine the constraints on MLS signal

quality requirements for compatibility with

flight dynamics of typical CTOL and STOL

transport aircraft

* to identify, if possible, opportunities for

improved and simplified AFCS designs thai.

might be provided by sufficiently-refined

MLS characteristics.

The study is covered in detail in Appendix A. This section sum-

marizes the study methodology and presents the major numerical

results. It also contains interpretations and extrapolations of

the configuration K results to other ccnfiguration specifications.

The following in*-oductory material is excerpted from Appendix A.

Two types of aircraft, a conventional take-off and land (CTOL) and
a short take-off and land (STOL), were chosen for the specific

studies conducted for this phase of the MLS program. While study

of these aircraft is not intended to provide representative specifi-

cations for all aircraft, it is representative at a spectrum of

aircraft involved in the cozamercial transport field as it exists

now and as it will develop in future years. The results obtained

from this study will be applicable to commercial airline transports,

light and heavy executive aircraft, to a lesser extent to small
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propeller driven aircraft, and to the commercial and military STOL

vehicles. The specific vehicles simulated were the Boeing 747 air-
craft, representative of current high performance commercial trans-

ports, and the deHavilland Buffalo CS-A, representative of the

emerging class of medium STOL aircraft.

The CTOL aircraft, as it exists today, utilizes flight directors

and automatic pilots configured to operate with current localizers
and glide slopes with all the necessary compromises required to

provide acceptable performance. Since the current generation of

turbo jet aircraft will be utilized for a significant time after

MLS entry into the market, these aircraft constitute a retrofit

market for MLS equipment. On this basis, its capability to fit

directly into these aircraft as a replacement for the VHF navi-

gation receivers forms one constraint on definition of MLS param-

eters. Envisioning a time in the future in which sufficient MLS
coverage is provided throughout the world to make it feasible to

design flight guidance equipment based upon the use of MLS only, $I

effort was expended to define a preliminary flight control system
which was based solely upon the use of the Microwave Landing

System. The primary objective of this approach is to offer cost,
logistics, and maintenance advantages to the aircraft industry by

reducing the need for peripheral subsystems such as radar altimeters

body-mounted accelerometers, central air data computers, and

inertial navigation systems. An additional benefit to be derived

from this approach is an improvement in overall system reliability
by concentrating effort upon fewer subsystems which are intimately

involved with lower weather minimums in the implementation of auto-

matic control. This factor will assume even greater importance a
traffic density increases and the need for greater utilization of

automatic landings becomes more prevalent.

To investigate problems involved with MLS application, an analog

simulation of the aircraft equations of motion and the associated
autopilot control laws was used. The preponderance of the ntudy
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effort was accomplished by that method; wherever possible, however,
mathematical analysis of specific problems was undertaken to define

requirements. For the purpose of these studies, the small disturb-

ance equations of motion were used; allowing separation of the air-

craft simulation into 3 degree of freedom studies independently con-
ducted for pitch and for roll axes. This method is conventionally

used for approach studies.

Inasmuch as the MLS, fr- the purposes of automatic flight control,
interfaces with the control system only during the approach phase of

flight, attention was directed primarily to the centerline azimuth

capture and track phases and the elevation capture, track and flare

portions of the longitudinal control problem. The analog computer
used was the Applied Dynamic AD4 computer. This computer is hybrid

(analog/digital), facilitating analog simulation of the linear con-

trol laws while providing digital arithmetic, sensing, aiLd logic

functions. Computer outputs were recorded in continuous, real time

displays using a X-Y plotter, where expansion of a particular phase
of an approach was required (e.g. the flare), and 8 channel strip

recorders. The recorders monitored pertinent aircraft and control
parameters such as vehicle attitude, attitude rate, beam deviation.

surface motion, etc.

The study showed that MLS will, if interfaced with a conventional
autopilot in current usage, provide capture and track of both

azimuth and elevation 1 beams with performance comparable to that
provided by ILS, provided that a signal format of equal or more

stringent accuracy than that in our recommendations is used. The

use of elevation 2 and DME range to compute altitude and altitude

rate for flare was investigated and found to be workable alternative
to a radar altimeter referenced flare maneuver. The results of at-

tempting to totally divorce the autopilot from external sensors and

substitute beam rate as the only damping term during capture and track
,ere disappointing. A rate coupled autopilot will require dependence
on additional sensors, typical of what is in current usage, for the
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capture and initial track phase. As the aircraft descends to an
altitude where good wind she&r performance is required, the appro-

priate rate gain could be phased in and other damping terms phased
out. This would allow an "MLS-only" final portion of the approach

prior to the Category II window and flare while avoiding problems
of control column and wheel activity during the capture and early

track phase in the presence of reasonable levels of noise.

(2) Methodology

The acquisition of data during this program followed an orderly

pattern which was repeated for each aircraft or control axis being

studied. For each axis, e.g. pitch CTOL with a conventional auto-
pilot, analog beam runs of capture, track and flare modes were
made with no perturbations. Analog beam in this case is intended

to indicate continuous signal inputs equivalent to current, ideal

ILS beams. A "run" is defined as a single operating sequence on
the analog computer in which generally only one parameter value is
changed as a discrete input or initial condition from the previous

studies. A set of analog beam control runs were then taken in

which various wind conditions were introduced to provide a com-

parison base for subsequent parameter variations. Once control

runs were obtained, parameters were varied one at a time throughout

the range considered pertinent for any particular variable (noise,

data rate, etc.). This technique provides the basis for assessing

the effect of any one change on baseline performance. The obvious

disadvantage to this technique, howevex, is the lack of any stat-
istical base for combinations of effects. This is significant

where considerations of turbulence and beam roise were involved.

The tradeoff here in use of the completely analog system is that
all normally ancountered non-linearitles could be and weze simulated.
Significant non-linearities which were included in this simulation,

and incidentally greatly influenced the results, were ground effects

for the aircraft and rate limiters in various portions of the com-
bined autopilot aircraft system. Rate limiters were used on the

input signal to non-linearly attenuate beam noise. Within the
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autopilot, roll rate and displacement limits which exist within

virtually every autopilot were also simulated. One additional

rate limit application involved simulation of the hydraulic actu-
ator which significantly affected the response of the control

column to disturbances associated with the beam.

In an attempt to achieve some dispersion data from the analog study,

a computer run in which a significant parameter was being randomly
varied was allowed to continue for a sufficient length of time,

relative to the frequency content of the disturbance, so that the

data obtained on the appropriate output could be considered as
peak-to-peak or 6 sigma data. Consideration of these results on a
2 sigma basis then permitted combintion of these results assuming

that the random input had been gaussian in nature. This approach

was used primarily with relation to the effects of white noise

inputs.

The data utilized to arrive at the performance specifications were

derived from the simulations of

a The conventional STOL autopilot evaluated for
capture, track and transition to conventional
radio-altimeter-derived autoland

* The conventional CTOL autopilot with MLS

inputs replacing radio-altimeter height and

height rate for flare.

* The projected STOL autopilot with MLS derived

flare.

The result of the "rate-coupled" autopilot, with MLS-only control

laws, generally tprded to show the need for excessively stringent
MLS noise performance, especially in EL, capture and both capture

and track in AZ. These results were not used to set requirements.

Criteria used to set requirements are summarized in Table 9-11.

It should be noted that additional analysis of DME/EL accuracy

tradeoffs relative to decision height computations have been per-

formed and are discussed in the following section.

9-63

-\ _ _ -- ~ -f±. x a



Report 10926

TABLE 9-11 )
CRITERIA USED FOR RECOMMENDATIONS FOR CTOL AVD STOL

Elevation I Elevation 2 admth "W

Data Rate Cooper Rating and Beam Noise Airone Calculations

Noise Cooper Rating and Data Rate

Granularity Column Transients Wheel Transiento

Angle Accuracy Decision Height Touchdown Performance

Interr-uptions Touchdown Performance

Accuracy C.)L - Radio Altimeter

STOL - Touchdown
Dispersion
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3) ~Nolse/Data Rate Tradeoffs

Simulations - As pzeviously mentioned, the principal effect of MLS
noise, because of its high frequency content, appears to be on

spurious AFCS control activity, most noticeable in control wheel/
column activity. For the simulation efforts, the critical phases

of flight were identified where noise on eech MLS beam was expected

to have the greatest effect on control activity. These were:

EL-1 - just before course softening starts

(1500 ft. alt.)

EL-2 - during flare

AZ - during final portion of beam capturc

For each guidance beam, control activity (inches or degrees dis-
placement) was then measured by simulation, for a variety of data
rates (e.g., 2.5 Hz to 20 Hz) and beam noise levels (in degrees).

Pilot Acceptability - To evaluate what was an "acceptable" amount
of noise, it was necessary to relate control activity to pilot

acceptability, under the assumption that pilot's feel of control
activity would be a more sensitive measure than effects felt by
passengers, and much more sensitive than aircraft deviations in

space. No adequate quantitative data on pilot's reactions to
control column/wheel motion was available for this assessment. To
obtain this data base, a series of tests were conducted at the

United Air Lines Training Facility in Denver, under contract to

Sperry, in which random column and control wheel motion were intro-
duced for a number of pilots to experience during simulated landing
approaches. As a result of this study, it was possible to identify

amplitudes of column/wheel motions with Cooper Ratings. These
ratings indicate the pilot's estimates of the control system per-
formance. This is sunmarized in Table 9-12.

A
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TABLE 9-12 )
PILOT SENSITIVITY TO WHEEL AND COLUMN MOTION

Pitch Axis Row Axis
Column Motion, Wheel Motion,

Cooper Inches Inches at Rim
Rating Description (25) (28)

2 Good, pleasant to .17 .22

fly

3 Satisfactory, but .27 .28
with some mildly

unpleasant char-

acteristics

Rate Limiter Investigations - It was found that, without any

special processing between MLS receiver and autopilot, only a very
small amount of beam noise was tolerable in terms of acceptabiie

control activity. This was especially true in the aircraft pitc
axis. Several methods of processing the MLS signal. at the receiver

output were then investigated, in hopes of removing at least a
portion of the objectional sample-to-sample jitter before injection
into the autopilot. The most promising measure investigated was
the incorporation of a rate limiter at the receiver output. Figure

9-3 illustrates the action of the rate limiter. It proved ex-
tremely effective at reducing the amount of control activity
associated with a given beam noise level. The effectiveness of the
rate limiter is, however, bounded by at least two factors:

" the rate limit must be able to pass beam rates
corresponding to true aircraft motion

" in severe noise, the action of the limiter may

tend to desensitize the small-signal response
of the aircraft position loop.

The latter effect was not completely evaluated. However, the
desensitization apparently was not observed in flare behavior in
wind shear, where it might have been expected.
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The rate limiter (with properly aet rate limits) was included in

the simulation runs from which the specifications in this report
were generated. We plan to continue our study of the rate limiter
technique (and others, including time-domain filtering) during
Phase I! to identify an optimum method for sampled-data noise

reduction.

Results - From the data in Appandix A, obtained by the method sum-
marized above, the noise/data rate tradeoff curves in figures 9-4,

9-5, and 9-6 were generated. Each curve represents combinations of
noise and data rate that is estimated to result in the same anrunt

of cuntrol activity in the AFCS. The amount of control activity

is indicated by a Cooper Rating as defined above. The objective
in each case is to choose a combination of noise and data rate
that will fall on, or above and to the left, of the curve corre-

spo ng to "Cooper #2", which describes a "good, pleasant to fly"
conition. Many modern short- and medium-range transports can land
at standard runways to be instrumented with any of the standard

MLS configurations. Therefore, it is important that they, as well 9
as K configurations, all have tolerable noise/data rate specifi-

cations as evaluated in the jet transport. This is especially
appropriate for Cat II/III approaches; for Cat I a slight relaxa-

tion (say to Cooper 2-1/2) might be tolerable.

On the figures, the SC-117 Noise/Data Rate specifications for

categories B through K are shown as open circles. It is clear that
with the exception of Az, they are generally unacceptable. An

infinite number of possibilities were open to adjust the

specifications.

We choose to take advantage of the relatively high data-rate cap-
ability of the Doppler technique. The system data rates were
adjusted as follows:

r For I/K, fron 5/10 Hz (SC-117) to 7/14 Hz

* For F/G, from 5 Hz (SC-I17) to 7 Hz
* For B/D/E, from 5 Hz (SC-117) to 10 Hz
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For the latter category, the data rate adjustment was higher to

allow slightly more noise on the beam and reduce equipment require-

ments. This was allowable especially since there are less guidance

elements in the data format in these configurations.

At the new data rates the noise specifications were then adjusted

to bring the specification points slightly above the Cooper 2

curve, as indicated by the solid circles on the figures.

With respect to B, D, and E configurations in Azimuth it will

be noted that the raw angle output noise is still apparently much

too large. However, it must be recalled that, unlike, ILS, the

MLS system will have uniform azimuth angular coding for simplicity.

Py our present plan, there will be no adjustment in the ground

equipment to make the localizer coursewidth a constant (±350') at

threshold as it is in ILS. This adjustment will be made auto-

matically in the receiver (see functional services description)

and is equivalent to a receiver output desensitization for shorter

runways. For a 7000-foot runway (typical of B.D.E.) relative to a

14,000 foot one, the adjustment is approxi.mately 2:1. This factor

cuts the effective noise into the autopilot by 1/2, bringing the

effective operating point well into the Cooper #2 curve, as illu-

strated in figure 9-6. However, the specifications have been

adjusted so that a slightly smaller scale factor (corresponding

to a larger runway) will still produce satisfactory results.

A similar set of tradeoffs were performed for K STOL (STOL-only

airport) using simulated responses of the STOL aircraft. It is

appropriate to use the STOL aircraft as the determining case here,

since CTOL jet transports will not be utilizing the K STOL facility.

For convenience the same data rates as the Lcandard K were chosen.

The above results for CTOL and STOL facilities are entered in the

summary Table 9-10 for all civil and standard military facilities.

r Special military considerations are covered in the following

section.
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(4) Granularity

Analog simulations were also used to define the tolerable limits
of spatial granularity of coding. The spatial granularity is

defined as follows: in a noise-free environment, a given receiver

is moved slowly through the angularly-coded signal in space. If
the receiver output response with angle is smooth, there is no

granularity. if the receiv r exhibits a "staircase" response

with angle, the granularity is defined as the angle between ad-

jacent steps. (The response may be caused either by the guidance

signal generation technique or the receiver-decoder technique).

It should be noted that a noisy environment can mask the granula-

rity effect.

The effect of granularity was estimated by simulating the wheel/

column response to traversing a granularity step in a noiseless
environment. The response amplitudes were then related to the

Cooper #2 value of allowable motion. The results are presented

in Table 9-13. The K-CTOL results were then applied to all

standard-size runway facilities, and the K STOL results to the

STOL and VTOL facilities.

(5) Signal Interruptions

The effect on guidance of signal interruptions is most critical in

Category III operations below 100 ft. The expected effect of

interruptions is an increase in landing dispersions and a change

in touchdown sink rate. Simulations and calculations were

employed to determine the maximum tolerable signal interruption
for each guidance element. The results are summarized in Table

9-14. These results pertain directly to Cat III facilities only.

Other interruption limits are defined in Section 1.1.1.1, Part A

on system integrity.
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TABLE 9-13
GRANULARITY LIMITS

CTOL AFCS at STOL AFCS at
Configuration K CTOL Configuration K STOL

AZ .025 .03

EL .01 .025

EL2  .035 .05

TABLE 9-14
SIGNAL INTERRUPTION LIMITS FOR CAT III OPERATION

Guidance Signal Where Evaluated Tolerable Limits
fK CTOL K STOL

(seconds) (seconds)

I EL-1 just before flare 3 3
initiation

EL-2 During Flare 0.5 0.5
t

AZ Just before touchdown 2 2
(in shear)

DME During Flare 2 2
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(6) Angular Bias

Angular bias (referred to as "angle accuracy" in Appendix A) was

investigated by simulations to determine the effects on touchdown

dispersions during Cat III operations. Utilizing budgeted amounts

of the acceptable touchdown dispersions (t750 ft (2a) longitudin-

ally and ±27 ft. (2a) laterally, per FAA specifications). The

tolerable limits on angular bias were derived and are given in

Table 9-15. It should be noted that the EL-i bias figure at ±0.20

(2a) is considerably larger than the SC-117 specification of ±.060

(2a). This occurs because the Cat III flare law is apparently verj

"forgiving" to EL-I beam deviation at flare initiation. lowever,

it is questionable whether this would be acceptable in terms of

Cat II operation at 30 glideslope. In addition, the bias accuracy

of EL-i is also constrained by the requirement to compute decision

height; this is covured in a following subsection.

(7) DME Error

Simulations showed that acceptable touchdown dispersions in CAT

III operations were obtained with DM. errors as follows:

!32.5 feet (1.) for CTOL aircraft

t22 feet (l.) for STOL aircraft

The difference between the two is attributable to different flare

geometries.

It happens that DME may be further constrained by the computation

of decision height. In fact, decision height is the only restric-

tion at category I and I] facilities. There is a discussion on

decision height accuracy in a following subsection.

c. Other Accuracy Considerations

Hazeltine has reviewed a number of operational considerations

relating to accuracy in addition to those directly associated with

9-74



Report 10926

TABLE 9-15

ANGLE ACCURACY REQUIREMENTS FROM DYNAMIC SIMULATIONS

Criterion Acceptable Accuracy
STOL STOZ
(2o; (2a)

LL-I Touchdown Dispersion ±.2 t.2

(Decision Height) (±.06) (.06)

EL-2 Touchdown Dispersion ±.C5 ±.09

AZ Touchdown Dispersion i.04 ±.2

the Sperry simulation studies reported above. Discussed in this
section are:

• A review of thE adequacy of accuracy specification for

phases of approach and landing not fully covered above:

- na'.-igation in the terminal area

- performance in metering and sequencing systemns

- parallel runway operation

- decision height computation

- execution of two-step glidepaths
- rollout guidance

0 A review of special accuracy requirements relating to

military applications:

- co-located VTOL guidance system.

- shipboard landing system

The results of these studies can be related tc the summary of

Table 9-10.

A

(1) Terminal Area Navigation

Support of the terminal airspace area navigation capability by
use of MLS is fundamental to the requirement for wide angular

coverage and is therefore nominally applicable throughout MLS

coverage (outside of 1-2 nmi radius around threshold).
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Lateral Accuracy - It the MLS is utilized with an RNAV system

within the terminal area, it should be capable of significantly

better performance than VOR-based area navigation. A survey of

oiniium operational characteristics of RNAV systems (Ref 10) in-

dicated the best VOR performance to be expected is ±1.10 (2o)

accuracy and DME aggregate error of ±0.2 nmi. Additionally, an

area nay equipment error and pilotage errors of ±0.2 nmi are also

given. In view of these errors in existing eauipient, it is pro-

posed that an MLS caused error of 0.1 nmi (2v) would be a mean-

ingful improierient, and probably a smaller error would not mater-

ially reduce the overall Rk!AV performance- when combined in RSS

with other errors. It is proposed to consider this accuracy

fi q ure at .he limits of coverage (viz 25 nmi) at any azimuth.

This corresponds to an angular specification of ±1/40 (2a) or

DME range accuracy of ±300 ft. (i). Referring to TabAe 10, these

accuracies are approximated or bettered by the runway centerline

accuracies of all config,!rations listed. In addition, the nature

of the doppier technique is such that the azimuth and DME accur-

acies of the Cat. Il/Ill configurations probably will not degrade

sufficiently off-axis to approach the area navigation specifica-

tion in any 2ase. Therefore it is expected that an area naviga-

tion specification of approximately ±0.1 nmi (2a) lateral error in

flight pa n anywhere in MLS coverage is achievable.

Vertical Measurement Accuracy - Complete 3-dimensional area

navigation would be provided with the inclusion of a sufficiently

precise vertical measurement system. A key MLS issue is whether

a practical vertical system can provide the required altimetry

accuracy throughout the coverage volume.

The reauired accuracy is taken from the Minimum Operational

Characteristics of V14AV systems (Ref. il) as ±90 ft (3a) during

final approach (5000 ft. altitude and below) and ±200 ft. (3a)

during Terminal Area maneuvers (10,000 feet altitude and below).
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The proposed EL-i accuracy requirement for the K configuration

based on other constraints, will be evaluated for compliance with

required altimetry accuracy. The EL-i accuracy requirement is

(Table 9-10)

Bias .060 (2a)

Noise .08o (2.)

We assume for purpose of altimetry that the noise error is put

through a l-second filter. Bias plus filtered noise yields an

RS3 eauivalent angular error of .0670 (2o). Figure 9-7 shows thL

relationship of height error to range for .0670 elevation error

and for an error twice that value, assuming degradation in accur-

acy off-centerline as allowed in the SC-117 specification (the

contribution of DME error resolved into the vertical plane is

relatively small and is neglected). The altimetry accuracy o;al.s

are also plotted. Assuming the terminal area goal were to be

met everywhere, out to 25 nmi range, the required EL-i error

( would have to be about 20% smaller and, more significantly, no

off-axis degradations at all would be permitted. This could

result in a more stringent requirement in the angle guidancL

equipment than would otherwise be necessary.

It has been asserted that barometric altimetry and MLS-derived

altimetry are incompatible in the same airspace because changes

in local pressure would result in changes in separation between

aircraft on different systems. If this is so, then MLS-derived

altimetry would be inapplicable over a wide volume unless all

aircraft within the volume have MLS height computation compati-

bility and this is considered unlikely for the entire terminal

airspace.

However, it is possible that a subvolume, e.q. STOL marshalling

area at low altitudes might be reserved nearer to the runway for

purposes of sequencing these aircraft into final approduh. Such

a volume would naturally be off-centerline and might lie within

a 5-nmi radius of the airport, in which case MLS with the stated
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accuracy might be satisfactory in a very limited way for altimetry.

There are many issues concerning MLS-derived altimetry. These

are discussed in the section on System Trades (1.1.2)

(2) Sequencing and Spacing

MLS must provide .-ufficient accuracy so that it will not ie a

constraint on airport capacity in the future. A typical metering

and spacing concept will call for approach tracks on which each

aircraft will make good (via ATC vectoring or on-board control)

time of arrival at the approach gate by utilizing path stretching

maneuvers, speed control, or both. In the case of onboard control,

MLS may be used to generate corrective commands and therefore

must be sufficiently accurate so as not to aegrade time-of-arrival

at the gate. The goal for arrival at the final approach gate is

t5 seconds (1a). Typically this gate may be 5 miles from thresh-

old. An aircraft may arrive at the approach gate from any direc-

tion relative t; the runway heading.

Assuming an aircraft ground speed of 120 kts, an error in time

corresponds to an along track position error of approximately

1000 ft. Comparing this positional error to the MLS measurement

errors at 5 n.mi zange, it is obvious that MLS errors will form

a very small part of the overall along-track error. For a K

CTOL configuratiori the along track error would be approximately

±30 ft. (Ia) regardless of whether the error is DME or azimuth-

predominant. At a K STOL configuration, the ercor would he

between ±30 ft. and 155 ft. It is concluded that MLS accuracy is

more than adequate for ineeting gte arrival precision reciuirement:.

(3) Parallel Runway Operation

Although not every K configuration may serve in a parallel runway

environment, this will in some instances be an operational rcCuiru-

ment, so that adequate MLS guidance accuracy is assured. An

analysis in the ATCAC report (Ref. 12, p. 271) analyzes a control

strategy involving aircraft in approaches to parallel runways

with runway separation treated as a parameter, and a 500-ft wide
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buffer zone midway between runways which aircraft are never to

enter.

Aircraft waintain co-&se within a normal operating zone (WOZ)

centered on eacli e:tc:ided runway centerline. The width of the

zone depends on ornbo, rd positioninq accuracy. The ground-based

Data Acquisition Syste.m (t.NS) monitor- aircraft about to leave

the NOZ and rellys ccrrective commands to them. Using this

strategy, minium aliuwablt runway separation vs. DAS positioning

error was plott, d in nu ATCAC report for various NOZ widths and

is reproduccd ir: r L.>e 9-8.

The goal is to ochievc simultaneous operations at 2500 ft. runway

separation. DAS position errors are now approximately 380 ft.

With improved DM4E and interrogator direction finding techniques,

improvement to approximately 200 ft. can be expected in the DAS

systein. For the desied runway spacing, a NOZ width of 400

feet or t200 ft. is needed, and this is assumed to correspond to

a ±200 ft. (2a) later,,l aircraft position deviation while under

MLS control. It is assuried that MLS control for this purpose is

required starti-.y dt. !0 ,ni from threshold. A portion of the

lateral aircraft IUeviation is attributed to MLS azimuth measure-

ment accuracy. Only the bias term is considered, inasmuch as

the aircraft posit-iOin loop response filters out most of the noise.

For a K CTOL confijur&tion the AZ bias errors at 10 nmi from

thrcshoid produce a linear deviatioi of t54 feet (2a) which is

approximately 7% of the allowable positional variance. Similarly,

the ¢-nfiguratlon F azimuth accuracy will produce a t83 ft. (2a)

deviation, which 17 of the allowable positional variance.

Therefore, either the Cat. II or Cat III CTOL system should

have sufficient accuracy for paralle! runway operation.

(4) Diion height Computation

Most users will obtain decision heyh; indications via height

abo'e runway as computed from EL-1 aaI D14E measurements. It is

necessarv that the resultant error in decision hqight be accept-

ably small, i.u. no larger than allowable errors by today's
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standards. The principal difference between MLS and present

practice is that decision height indications must be provided

for i wide range of possible glideslopes.

The error in computed decision height is a oombination of errors

in EL-i and DME. Figure 9-9 shows the composition of decision

height errcz and the associated geometry. It is noted that the

error contributed by DME increases with glideslope gle and that

contributed by a constant EL-i angular error decreases corre-

spondingly. We make the assumption that at a given decisicn

height (say, f e Cat. II height, 100 feet) the same maximum
decision height rror requirements (in feet) applies regardless

of glideslope. Then the lowest giideslope used at the facility

will determine an EL-i accuracy constraint, while the highest

glideslope will deteimine a DME accuracy constraint. These con-

straints are natutally a function of the allowable decision height

error assumed. A figure for acceptable decision height error )
must be determined. For Cat. II operations today, two methods

are used for obtaining decision height: radar altimeter and inner

marker. As indicated in Appendix A, the radar altimeter errors

at low altitude (including indicator error) are typically ±5 ft.

(2,) assuming uniform terrain. The error associated with usa of

the inner mArker is composed of (I) the error associated with

measuring precisely when one is over the nominal marker beacon

position and (2) the aircraft's vertical deviation fr'nm t.Lu de-

sired glidepath. To obtain a conservative estimate of accuracy

for this case, we ignore contribution (1) and use the FAA certi-

ficdtion rcquirements for aircraft deviation of 112 ft. (2q).

Although it wouiu be preferable to utilize the more stringent of

th,-se decision height accuracies, it happens that an unrealistic-

ally severe requirement on DME accuracy results if one wishes to

support glideslopes above 60. It is necessary to consider such

glidks'opes in view of possible futrL aircraft development. It

• believed however, that the ±5 ft. requirement is overly

dtringent when compared wit; typical pilot/aircraft reaction
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times during final descent. A ±12 foot (2a) requirement would
be equal to approximately ±1 second (2a) at typical descent rate.

The situation for Cat. I is less clear, inasmuch as barometric

altimetry is also permissible for decision height indications.

Here a conservative figure of 30 feet (2a) is assumed.

Tradeoff curves are presented in figure 9-10 which show accept-

able combinations of EL-l and DME error as a function of decision

height and glideslope, using as a criteria the decision height

accuracies discussed above. Also indicated are typical values of

EL-i angular error as given in Table 9-10. The resultant DME
errors required are assumed to consist of equal parts of bias and
noise. For the Cat. II/III systems to produce acceptable decision

hcight accuracies of approximately 206 bias (la) and 20' noise (lo)

is required. However, Cat. II operations at such high glideslopes
may not prove practical in the foreseeable future. If no, then a I
lower maximum glideslope may be chosen. If a 7.50 glideslope is

used, the required DME accuracy is approximately 32 feet (la) bias

.nd noise respectively. For Cat. I1/I1I then, it is recommended

that the overall system capability be available to generate accept-
able decision heights for fu.ure glideslopes, but for those air-

craft using glideslopes lower than 7.50, a reduced DME capability

is sufficient.

For a D configuration, the required DME accuracy to support de-

cision height accuracy on a 60 glidesiope is approximately 100'
(I) bias and noise. These recommendations, and analogous ones

for the other configurations were included in the sumv.ary Table

9-10.

(5) Glideslope Accuracy Considerations

It is instructive to determine the effect of relaxing the EL-I

accuracy requirements for higher glideslopes. As a possible
approach, consider the implication of the SC-117 bias accuracy

specifications. These were given in feet rather than in angular
terms. A possible interpretation is that this linear accuracy is
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to be achieved at a given height (the minimum guidance altitude)

for all glideslopes. Thus, a greater angular error would be

tolerable at higher glideslopes. Consider the numerical examples:

Glideslope EL-l Error Altitude Altitude Error
30 ±0.060 50' il'

60 ±0.060 50' ±0.5'

60 ±0.120 50' ±i'

An elevation system which provides minimum glideslopes of 60 need
have only half the angular accuracy of one which provides minimum

glideslopes of 30, to a-hieve the same precision in vertical posi-

tioning at the minimum guidance altitude. The significance lies

in the fact that there are two MLS configurations that need not

supply guidance for 30 glideslopes: the military E (co-located)

and the K-STOL. Both are estimated to require a minimum usable

glideslope of 50. Their EL-l accuracies have been adjusted up-

wards by a factor of 5/3 over the corresponding standard K and E J

configurations. As a check on the accuracy of decision height

computations, an examination of figure 9-10 will indicate that

the ,:curacy tradeoff is very insensitive to increased angular

e -.js in the region of interest. In addition, it will be recalled

tLat the simulation study showed that touchdown dispersions are

very insensitive to bias error in EL-l. Therefore, the relaxa-

tion in bias accuracy requirements for these facilities meets

the three texts: linear deviation from glideslope decision height

computation and touchdown dispersion.

(6) Two-Step and Offset Glide Paths

The ability to support a two-segment glide path (for noise abate-

ment or other purposes) is recognized as a possible constraint on
DME and EL-i accuracy. A two-segment glide path is characterized

by an initial, steep glidepath, transitioning at a specified

height AGL to a final, shallower glidepath. To evaluate MLS

requirements, it is necessary to consider practical limits for

two-step maneuvers performed by fixed-wing aircraft near the

ground, the positional accuracy required during maneuvers, and
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tradeoffs between DME and EL-1 measurement accuracies to achieve

the required positional accuracy.

A basic assumption must be made concerning the allowable deviation

from programmed flight path at various heights during the maneuver.

On a simple 30 glidepath within 700 feet of ground level, category

II ILS requires a maximum of ±35mA (or ±12 feet) 2a deviation from

nominal glidepath (Ref. 13). The 3 5PA constraint is an angular

specification so that glidepatn deviation in feet is proportional

to aircraft height above runway level. Specifically, the rms

allowable error comes out to approximately 3.4% of height above

the runway level. Higher glideslopes will probably use propor-

tionally wider elevation course widths than the 30 glideslope,

implying also that the permissible deviation from glidepath will

also be proportionally wider. If so, then the result is that the

glidepath error will be a function of altitude and not the parti-

cular glidepath. Extrapolating to a two-step maneuver, we can

define the permissible error at any given altitude as a constant

fraction of that altitude. This concept is illustrated in Figure

9-11. The FAA rule stated above is used to define this fraction.

The present study has investigated the errors in maintaining

initial glideslope during the moments before transition to final

glideslope. The initial glideslope is really a path to an offset

glidepath intercept point (GPIP), and is evaluated at the inter-

cept height as illustrated in Figure 9-12. The MLS system is

considered as a position measuring system in the vertical plane.

The errors in EL-1 and DME mneasurements create an uncertainty in

position measurement, shown as an error ellipse in the figure.

The ellipse is a function of the measurement accuracy and the

geometry of aircraft le.cation relative to the guidance elements,

and is not a function oi the velocity 'ector. The ellipse is

defined so that the projection of the ellipse perpendicular to

any given flight path indicates the rms deviation in position

measurement relative to that flight path. Whereas if the glide-

path were not offset, EL error alone would determine the glide-

path deviations, the offset qlidepath error is a combination of
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contributions of both EL1 and DME errors as shown. (There is

negligible difference in results whether DME is co-located with

EL-i cr located at runway stop end). The formula for the approx-

imate error in offset glidepath has been derived by Hughes (Ref. 14)

and is indicated on the figure.

Tradeoff curves of DME error vs EL angular error were prepared

using the above formulas to illustrate what is required to support

various two-step operations. Several such curves are plotted in

figure 9-13. Each curve represents a constraint defined by initial

glidepath, final glidepath and transition height. The position

measurement accuracy constraint was chosen so that MLS contributes

a 50% variance to tolerable aircraft deviations from initial glide-

path at the transition height.

All points lying within a given constraint curve denote acceptable

combinations of EL and DME errors for flying the maneuver associated

with the curve. Points are indicated for Cat. I, II and III systems

per the specifications in Table 9-10. It is concluded that Cat. II/

III MLS accuracies will be sufficient to support a wide range of

possible two-step maneuvers; probably a wider range than will prove

necessary for sometime to come. Furthermore, Cat. I MLS bias accur-

acies are sufficient to support 60/3o transition at approximately

400 feet altitude. This may be a practical maneuver to consider

for all runway facilities.

(7) Rollout Guidance

Rollout guidance is primarily a Cat. III requirement. MLS is to

supply AZ and DME guidance to steer the aircraft along the runway,

generate turnoff areas, measure runway remaining and possibly

steer the aircraft through the turnoff onto the taxiway. Precise

requirements have not been spelled out with regard to rollout

guidance, but some consideration has been given to the capability

of MLS to perform adequately in this regard.

With respect to lateral guidance on thiz runway, it is presumed

that the azimuth accuracy is suffic.ient if it already meets touch-
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With respect to distance and velocity measurements during rollout,

an analysis in Section 1.1.1.1, Part G shows that the following

performance is achievable with the DME baseline equipment design:

Condition: 10 ft/sec 2 deceleration

Results: velocity error 1 10 mph
distance error = ±20 feet bias (la)

120 feet noise (le)

A discussion with UAL consultants indicated that this performance

appears adequate for manual control of aircraft speed during de-

celeration and for generation of exit cues.

With respect to the accuracies required for guidance on turnoffs

and (taxiways, it has been shown (Ref. 15) that a very stringent

DME accuracy (13.6 ft. Ia) may be required for rollout on a 75

foot wide taxiway. We believe this points up a need to define

the high-speed turnoff configurations, taxiways, distance from )
runway to which guidance must be prc.tded, typical steering errors

and other significant determinants of performance before a require-

ment may be stated for this phase of airport guidanve. Further,

the question of whether the MLS system should be charged with

primary responsibility for off-runway guidance is still to be

determined.

(8) Military Transportable Systems Requirements

The findings of the simulation and analyses of signal quality were

reviewed for applicability to the military transportable systems

serving fixed and rotazv-wing aircraft at short fields or heli-

copter pads.

Three configurations were considered:

* E co-located (primarily VTOL)
.E split-site (VTOL and CTOL)
0 G split-site (VTOL and CTOL)

The tentative performance requirments are given in thL sumary

Table 9-10. These were cxtrapolated from the similar civil systems
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evaluated with some exceptions. The following describes the

general rationale used:

Bias - Elevation bias for the split-site configurations was made

identical to that specified for the corresponding civil system

since diversity of vertical profiles are presumed to apply.

For the co-located system, the MLS RFP appendix states that the

minimum glideslope for this facility will be 5O . The bias error

was adjusted upward to produce the same vertical deviation in

feet that is produced on a 30 glideslope at a conventional D/E

configuration.

Azimuth bias was reviewed for both deviations at runway threshold

and for compatibility with other navigation systems. With respect

to the latter criterion, the lateral error at maximum range (10

nmi) was set to be no greater than errors achievable from Loran,

which is presently the most precise tactical radio navigation sys-

tem. Loran accuracies were taken (optimistically) as 0.05 nmi or

±300 ft. (2o). The equivalent azimuth angular bias error is ±0.260

(2o). This error specification will also satisfy lateral deviation

requirements at decision height for runways up to approximately

7000 feet in length.

Noise and Data Rate - The split-site systems presumably will serve

fixed-wing aircraft making coupled approaches, and therefore the

results of the simulation studies were used. The data rate for

these systems was set at 10 Hz to take advantage of the fact that

only two guidance functions are prenent on the signal format.

For the co-located system it is unclear as to whethez it is planned

for VTOL aizcraft to perform only manual approaches or coupled

approaches as well. (The tolerability of beam noise during a coupled

VTOL approach was not assessed during Phase I, but it is planned

in Phase II to conduct an initial VTOL simulation study to provide

a data base in this area.)
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Present systems serving only manual VTOL approaches have noise

levels considerably above those allowable for ",oupled CTOL and

STOL approaches (and, by extrapolation, probably coupled VTOL

approaches as well). These sys'tems utilize smaller antennas

than would otherwise be required. Therefore; in order to facil-

itate the achievement of a highly portable system, it was assumed

(subject to further review with users) that the co-located system

will not be required to support coupled approaches.

It was then necessary to estimate a tolerable level of beam noise

for a manul approach. It was assumed that the major effect of

excessive noise is to produce a jatter in the deviation indicator

that is annoying to the operator. A needle jitter of approximately

1/20 coursewidth is believed to be acceptable. A beam noise spec-

ification of 0.20 (2s) in Elevation and 0.3° (2a) in Azimuth were

chosen to produce an acceptable needle jitter under the following

assumptions:

data rate = 10 Hz

receiver output filter time constant = 0.5 sec

localizer course width = ±2.750

glideslope course width = i1.75 0

CoursewidZhF were obtained from the U.S. Army.

Tactical Landing Syst=m (TLS) specification (Ref. 18) assuming

a minimtm glideslope of 5 , as indicated for the co-located sys-

ten 1.n tre YLS PeP When combined in RSS with bias errors for the

E co-located system, the results compare favorably to total TLS
accuracy specifications. The specification for this system will

be thoroughly reviewed during Phase II based on:

review with users

new data availabia from the E feasibility model

results of VTOL flight simulations

(9) Carrier Landing Systr.i Requirements

The landing system concept being considered for carrier applica-

tion is discussed in the prototype plan. This system is envis-

ioned to perform the functions of both the SPN-42 and SPN-41 and
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consists of separate elements to be placed in each of their re-

spective existing locations.

"System A" performs tne all-weather landing function of the SPN-42

"System B" provides guidance to Category I ("Mode II") decision

heights and also provides flight path monitoring for System A

operation.

An examination of the factors involved in determining adeouate

landing system performance in the carrier situation indicated that

special detailed a&,alyses and possible simulation work was

needed to provide an independent estimate of require ents.

Unique factors af2ecting performance are:

0 carrier motion

* guidance element geometry

* control system stability: remote target tracing vs

on-board flight path computation

* stabilization accuracy

* multipath effects

A detailed study of these problems is planned for Phase II.

In the interim, we are using as a baseline the existing specirica-

tions for the SPN-41 and SPN-42 (Refs. 19, 20, 21). These are:

SPN-42

Bias (both axes) = .3 milliradians (1a)

= .034 °  (2a)

Noise (both axes) = .4 milliradians (la)

a = .0460 (2a)

Range Accuracy = 10 feet

SPN-41

Bias and Noise (Azimuth) = ±0.20 (2a)

Bias and Noise (Elevation) ±0.1' (2c)

9-~95
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In the absence of specific information, the latter specifications

were split evenly between bias and noise.

A brief examination of existing specifications in light of opera-

tional r-quirements was made to assess differences compared to

other MLS configurations and to identify any areas of possible

relaxation of requirements.

* Dias errors were evaluated in terms of their effect on

positional deviations at critical points during the

approach and landing. These are indicated in Table 9--16,

and point up a possible relaxation at least in azimuth

measuerement accuracy.

* Range accuracy appears to he a critical determinant of

lateral touchdown error and relates directly to DME

error in the MIS system. Apparently the shipboard DME

accuracy requirement will be significantly more stringent

than for the other configurations.

* Noise accuracy requirements are some.4hat tighter than

those ilica edu as a reult of the Phase I simulation

studies on CTOL aircraft. Possible reasons were put

fort!, for this difference:

(1) Differences between the control system responses

of high-performance fighter aircraft and those of

the transports evaluated in the simulation.

(2) Computation of flight path deviations and control

commands external to the aircraft. The outer (posi-

tion) control loop is then divorced from other

on-board sensors. This was found, in the simulation

study for transport aircraft, to require very strin-

gent limits on acceptable beam noise.

Resolution of these issues is left to Phase II.
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d. Assessment of Multipath Effects

In the SC-117 "noise" specification, no differentiation was

made between multipath effects and other sources of jitter in thu

angle data. Multipath arising from many very sinall reflecting

objects in the environment will appear very similar to a low-

level random jitter normally associated with "noise". However,

as point, d out in the section on multipath, a larger-amplitude

multipath 6ignal was a "signature" that is substantially dif-

ferent in nature from random jitter.

In order to assess the tolerability of multipath effects when

operating with an automatic flight control system, sample multi-

path signatures were prepared, using the analytical tools previous-

ly developed, for review by Sperry Flight Systems. The signatures

were typical of those that would be experienced on a standard
centerline approach at a high-density terminal. Signatures were

prepared for Az, EL-l, and EL-2 guidance beams. The character-

istics of the signatures are given in table 9-17. Typcial sig-

natures for the EL-I multipath are plotted in figure 9-14.

The following facts wele noted with respect to the multipath

phenomena:

0 Our analysis showed that high-amplitude phenomena will

rarely be seen. These will exist concurrently with

very large structures of very particular shape, con-

struction and location with respect to approach paths.

o The phenomenon for any given major reflecting object

happens once during a given approach; i.e., is non-

repetitive.

o The least tolerable type of multipath effect would be

a long-duration, highly sinusoidal phenomenon of

moderate frequency (above I Hz) which the pilot would

interpret as an instability in the AFCS.
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Figure 9-14. Multipath Signatures of Short Duration,

( Typical of EL-i
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Table 9-17. MULTIPATH SIGNATURE CHARACTERISTICS

EL-I Multipath

Location of Aircraft: 150 - 1500 feet height

Duration: 4 Seconds

Amplitude (Peak): .005 - .03

Frequency: Any frequency between 0 Hz and 3.5 Hz
( data rate)

EL-2 Multipath

Location of Aircraft: Near Touchdown

Amplitude: Less than .01

Az Multipath

Location of Aircraft: Near threshold

Duration: 3 seconds

Amplitude: .060, upper bound, seen rarely (one data
sample in several approaches)

.030, infrequently seen (sample per second
during signature)

.010, continuous noise-like ripple, center
frequency approximately data rate
(3.5 Hz).

It was Sperry's assessment that the most significant multipath

was that for EL-i. For the signatures and amplitudes shown, if

there are no special filters or rate limiting techniques applied

at the output of the MLS receiver, column motions in excess of

.4 inches may be observed. Although this amplitude is in excess

of the tolerability limits derived during the UAL pilot survey,

it was felt that the phenomenon might be acceptable, based on the

following considerations:

o The frequency is chang-ng throughout the duration of the

interference and will not appear repetitious.

o Gain scheduling in the autopilot will reduce the mag-

nitude of the noise as the aircraft proceeds towards

touchdown.
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o The interference will constitute an isolated instance

oai any particular approach.

If however, a beam rate limiter is assumed to exist 3t the output

of the MLS receiver, as dictated by noise studies of the CTOL

autopilot, the effect of the interference is complctcly changed

and is much less bothersome. Three areas of interest are apparent

with the beam rate limiter installed.

For frequencies less than 1 radian per second, or .16 Hz, which

aL. not modified by the rate limit, the disturbance would appear

to a pilot more as a beam bend than oisc. This is true since

less than a full cycle of beam deviation would occur during the

transient. This consideration is valid up to 0.25 Hz, ass'ming

a 4-second multipath signal.

For frequencies greater than 0.25 Hz, the deviation signal to the

autopilot drops rapidly as a result ot limiter action. In the

frequency range from .3 and on, the sinusuidal input to the

( autopilot will result in acceptable levels of attitude deviation

(less than ±0.50 of pitch attitude).

When the multipath frequency exceeds 1 Hz, the short duration and

low level of column activity should be tolerable. These con-

= clusions are based upon studies of sinusoidal noise inputs made

early in the program with both rate coupled and conventional

autopilots similar to that used in the 747.

With respect to the EL-2 multipath, the amplitude was considered

to be low enough so that it would not be noticeable in a typical

noise environment.

With respect to the Azimuth Multipath, the following points were

made:

o The single pulse o' amjlt'tu6te .06 u * 'hc'd not

produce any unacceptable aircraft response. This level

is below that specified for noise to produce a Cooper

Rating of two and the autopilot filtering, coupled with
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aircraft response, will tend to smooth the response.

These considerations blong with the fact that the multi-

path occurs only once in several approaches which will

have the effect of making it appear as a gust, combine

to make this level of multipath appear acceptable.

o The same rationale as quoted for the .06 degree level

of noise is applicable to the .03 degree noise with

the additional comment that the fact that three pulses

will appear in a given approach, the effect on the air-

plane may appear similar to mild turbulence.

o The .01 deyiec continuous level of noise of 3 seconds

duration with a center frequency of 3.5 hertz is wcll

below the levels specified for noise and will in all

probability not he detectable !by the pilot or passen-

gers.

The general conclusion of this investigation was that multipath

phenomena which way occasionally be seen during a final approach

will not create a tolerability problem with respect to the

pilot/AFCS interface. The rate limiter (or other output data

smoother) removes any possible EL-l multipath problem and is

required for noise effects in any event. Multipath effects off-

runway centerline were not evaluated inasmuch as it is assumed

that an RNAV or equivalent computer will be required to process

the MLS guidance signals into AFCS commands. These computers

contain complementary filters which are required to smooth

VORTAC data and will remove dny MLS multipath effects.

e. Summary and C-nclusioits

The results of the signal quality study are summarized in Table

?-18. They iliclul,= Lhe fo lowing new information:

o Revised bias and noise specifications

o Revised system data rates

o Granularity limits
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Notes to Table 9-18.

1. All values are for the total system., including ground and air-

borne equipment.

2. Bias-error which is constant over more than 20 seconds.

3. Noise includes all spatial and temporal effects.

4. Back Courbu quidan! aL tiubQ fa.-iliti.es has same accuracy

requirements as first course guidance. Back course guidance

at shipboard I configuration is optional.

5. EL-I data is to be interpreted as the angular error at the

minimum usable glidescope. At a given height within the

coverage volume the angular error at a greater elevation

angle shall not produce a linear equivalent error which exceeds

that for the minimum glideslope.

6. Noise specification is based on support of manual approaches

only. i

7. Total system should have this capability. For aircraft using

glideslopes 60 or under, the allowable DME error is 32'.

8. These accuracies apply at the centerline of the runway at the

decision height.

9. The combination of DME and A error at maximum range should not

exceed 0.1 nmi. circular error.

10. Assumes course width adjustment by varying receiver output

scale factor.

9-104



Report 10926

0 Signal interruption limits

o Specifications for military systems

All performance figures are necessarily tentative pending review

of assumptions made and further investigation of special require-

ments, such as carrier landings, high performance military air-

craft, and VTOL approaches. Hazeltine and our subcontractors ha

planned considerable extension or our analytic and simulation

work in these areas during MLS Phase I.

We are aware of other studies of siqnal quality requirements,

most notably the work reported by the Transportation Systems Center

on data rate and noise requirements for CTOL aircraft (Ref 22, 23).

One of the conclusions of the TSC study was a recommendation that

the role of MLS-only flare guyidance be reconsidered in light of

the susceptibility of the AFCS to noisy data.

The results of the simulation study perforned by Sperry for Hazeltine

have pointed towards a means of achieving a satisfactory flare

maneuver, using MLS-only data and non-linear output data processing.

Preliminary simulation of performance in wind shear indicated that

touchdown dispersion will be adequate; further verification will be

provided in Phase II.

We realize that the conclusions of the Hazeltine-sponsored simu-

lation study are not universal, having been limited in scope with

respect to certain design philosophies, control systems evaluated,

simulation techniques and sample sizes. While we plan to expand

the scope of our studies during Phase II we strongly recommend to

the Government that an effort be made among the various investiga-

tors in this field to come to a common grouid with respect to

critical assumptions that will otherwise creatr, a diversity of con-

clusions that will be difficult to reconcile. Key assumptions are

in the areas of:

o diversity of aircraft/control bystems to be evaluated.

0 simulations arid other evaluation techniques, including

consideration of systems nonlinearitis (wiaich we
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believe to be quite impoitant) and accumulation olf statis-

tically significant data bame..

o applicability of output data processing techniques

O integrity philosophy, including the use of non-ground

r-ferenced sensors and the use of non-MLS sensors in

a primary or a backup role.

We bulieve an excellent time for such an effort would be at the

inception of Phase II. At that time considerable information -.hould

be available as to the result of VILS contractors! eftorts as well

as the progress being made elsewhere. Results based on conmaon view-

point would then be available for refinement of systems techniques

planned for MLS Prototype Phase.

7. Coveragc Requiremcnts

a. General

This subsection presenti the results of the study of MLS cover-

age requirements pciformcd during TACD. The study consisted of

examining existing and projected operational requirements and e:,-

isting system specifications to validate and extend the coverage

requirements set forth by SC-117. The major issues addressed were

as follows:

It was necessary to validate the existing SC-117 coverages with

respect to the variety of operational requirementn and functional

services defined. The majority of SC-117 coverages appear satis-

factory ir light of available knowledge of requirements at this

time. However, some are quite sensitive to requirements that as

yet have not been fully defined (for example, terminal area route

structures and altimetry sources) and so the revised performance

specifications remain tentative and are subject to furthr,_ review

r
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a gc: wth objective was defined to cover Terminal Area
navigition ov~ the full 360' in azimuth.

1-3 th- back-course azimutn guidance coverage was redefined

to, ralpe advanta, e of a'itenna placement at the tlhreshold

cn) cf the runway.

ILt Wa1L X uqLi to cor!lctc' elements of the coverage definition

which 3C-117 left undefined:

C, fc.,r elcvation quidance elements, coverage requirements

i,:.ar the runway as a function cf glideslope

c vclunetric 7overage of EL-2 guidance elemenrt
" cc.... ao req1uirerert for- a typical STOL-port

IAIltciry reIuwrewr¢ :ere tc be reflected in the coverage per-
I fora ,- p~cturo.

0 transportable systems requirements were included per

existing specifications and infoirmation in the MLS RvP.

C pcica ,.e requirements for carrier landing

systems were formulated.

The rcmainder of this subsection presents the detailed results of

the studv. The material is divided into sections on wide-area
(volumetric) coverage, near-runway coverage, special military

rEquirements and a revised coverage performance summary.

b. Wide-Prea Coverage Requirements

The coverage requirements for configurations B through K as en-

visioned by SC-137 are summarized in table 9-19. These were

segri.rnted for review intc two groups, based on tne nature of the

most stringent requirementE involved:

o approach and landing - (all configurations) covering

suppcr of operations presently ass, ciated with landing

guidance: final approach, flare and takeoff/missed

apnroach.
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o terminal area navigation - (configurations I and K)

supplying guidance for complex three-dimensional

maneuvers throughout all or a portion of the terminal

area.

The two areas are treated separately in the discussion that

follows.

(1) Requirements for Approach and Landing

This section discusses the rationale for the coverages defined

above in terms of meeting the requirements for approach and

landing, which we define as: final turn, convergence on runway

centerline, pitchover onto glideslope, flare, touchdc,-n, and

takeoff/missed approach. These are the principal services offered

at configurations D, E, F and " and are encompassed within the

borader services of the I and K configurations.

Figure 9-15 shows the refined coverage requirements for Azimuth,

Elevation I and DME. The rationale is grouped by dimensional

parameter: range, lateral and vertical. Separate discupsions

of flare and takeoff/missed approach are also given. Of the
three guidance signals discussed, DME and azimuth coverage are

always made identical, so that two-dimensional lateral position

is always available for monitoring progress along flight path.

Range. Minimum requirements for all civil airports and other

fixed-Ease installations are recommended at 25 nmi. The following

factors have beer. considered:

0 uniformity of operational procedures at all airports

implies uniform maximum range

It o coincidence of AZ, and EL and DME guidance range limits

is convenient (but nct essential) so that proper receiver

operation on all signals can be checked out simultaneous-

ly.
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o present maximum range of the ILS localizer is 25 nmi

(nominal) and it is understood that use is occasionally

made of the signal at this range.

o parallel runway operations, where runway separations

are reduced to a fraction of a mile, may require near-

maximum range. Transition from the enroute system,

acquisition and validation of the MLS signal, conver-

gence on azimuth course and settling to precision path

following could use up 15 nmi at 180 kt. If followed

by a 10-nmi parallel-runway approach this would re-

quire 25 mile coverage.

o elevation guidance should provide the opportunity for

noise-abatement procedures as early as possible during

the approach. Vertical noise-abatement maneuvers in-

volve establishi g high glidepaths as far out as pos-

sible. A 60 glidepath (assumed to be maximum for

CTOL) can be intercepted at 15,000 feet at 25 nmi; this

is believed to be more than adequate.

Lateral Coverage. There was a signficant decision to be made as

to whether to provide fully proportional azimuth guidance or a

narrow (W31 or 40) region of proportional guidance plus "clear-

ance" signals, as in ILS. Since the nominal mission of SC-117

configurations D through G is to provide centerline azimuth guid-

ance only, an ILS-type of coding was possible. An evaluation of

the required guidance-signal generating equipment for the ILI
mode showed a potential cost savings over that required for full

proportional coverage. Possible compatibility problems between

a K-type receiver and an ILS-type coding were foreseen, however.

Full proportional coverage was chosen in order to derive the most

benefit for the users with proportional receivers who will fre-

quent these facilities. Benefits are believed to include the

improved ability to converge on the runway centerline approach

from wider (to 900) intercept angles. This would be especially

9-110
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( significant in performing centerline intercepts close to the runway

threshold. For example, assume a 1-1/20 per second final turn to

a centerline approach, for any aircraft speed between 60 and 180

kt, followed by at least 1 minute of azimuth course-following

prior to reaching the decision height. This turn will lie

entirely within a +200 proportional cove.age region. For manual

intercept, it is planned to include in the proportional receivers

a wide coursewidth (+100) selection to assist in this maneuver.

For users having RNAV/MLS capability, transision from VORTAC

to MLS would occur at the +200 coverage limit and a final course

to intercept would be followed under MLS guidance.

Vertical Coverage. Vertical coverage specifications include

minimum angle, range of propoLtional guidance, maximum angle

and maximum altitude. T4 following factors have been considered

in defining the coverage limits:

o Minimum azimuth (and DME) coverage angle at all in-

stallations is in conformance with ICAO ILS specifica-

(tions: reception at 2000 ft (1000 ft desired) at

maximum range in level terrain. L coverage is not as

useful at low altitudes and maximum range therefore

the minimum angle for EL was retained at 1
°

o The proportional coverage region is defined to pro-

vide a range of glidepaths even at the simplest

installations.

For the D and F configurations, the range of

glidepaths provided was extended slightly (from

the SC-117 figure of 60) to 7.50• This was

done to accommodate the range of glidepaths for

which the most satisfactory STOL experience 
has

been accumulated. It should extend the utility

of these configurations and only a 
very minor

ground equipment cost is involved.
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For the G configurations, a maximum Category II

glideslope of 120 is provided, as compared to the

SC-117 figure of 150. This small reduction in

glideslope is believed to be reaslitic from the

viewpoint of operational limitations of Category II

approaches, and is significant from the viewpoint

of practical antenna desig- and siting considerations.

This topic is discussed further in the subsection

on near-runway coverage below.

0 Maximum elevation coverage was chosen to be at least

one coursewidth above the maximum usable glicescope.

For a 7-1/20 glideslope, a 20 coursewidth has been found

acceptable during tests at NAFEC (Ref 7). Extrapolating

to a 15° glideslope, 50 margin should be adequate.

o 20,000.feet maximum altitude per SC-117, is expected

to be adequate, even with growth of terminal airspace.

At a STOL port, 10,000 feet altitude is recommended as

being adequate.

Flare Guidance Coverage. Coverage for the flair guidance element

is shown in figure 9-15. This element operates at Ku-band and

as such requires careful definition of coverage limits 
to conserve

power requirements. Flare guidance will typically be used during

the last 100 feet of descent. A minimum of one minute of reception

will be required prior to that, for a cquisition and validation.

This establishes, the range of glidepaths covered, 
the maximum

range of 3.5 nmi and height of 2000 feet. The elevation

coverage limit of 100 is determined by the requirement 
to provide

1 minute of clear reception for an aircraft descending 
at 150

glideslope, as indicated in figure 9-17. Assuming that during

the last minute of flight, the aircraft is stabilized 
-" the

runway centerline course, a nominal coverage 
width of +100 is

also specified. A lower limit of 10 on vertical coverage 
is

provided for future high-Vso aircraft with longer and shallower
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Figure 9-16. Flare Guidance Coverage
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flare profiles. A flare guidance element designed for use with

the U.S. space shuttle should have the extended coverage indicated

on the figure, assuming an aircraft approach speed of 240 knots

on an 110 glidepath, with a flare initiation approximately 1.5

miles from touchdown.

It should be pointed out that each additional mile of EL-2

coverage in 50 mm/hr rainfall requires approximately 10 db more

transmitter power. Therefore %e will continue to examine the

requirement for EL-2 range with the following possibilities in

mind:

o tolerating a shorter validation period based on

estimates of validation confidence levels to be

performed during Phase II.

o utilizing directive Ku-band airborne antennas

12@O' 60 SEC 2 ZFT./SEC

/800

I

EL 2 E

B g

720927/

Figure 9-17. Computation of Maximum EL-2 Elevation Coverage Angle
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Takeoff/Missed-Approach Guidance Ccverage - The azimuth and DME

guidance coverage requirement for this function is shown in

figure 9-18. As described in the functional services section,

we elected to include back-course azimuth/DME guidance in

Cat II configurations as well as for Cat III, to increase the

utility of those airborne equipments which will include a back-

course guidance antenna/front end.

SC-117 described the missed approach guidance as originating

at the stop end of the runway, so that the equipment could be

colocated with the front-course azimuth and DME equipment. How-

ever, this produces a "cone of silence" as the stop end is over-

flown This cone of silence could be on the order of 12 seconds

or greater duration, depending on aircraft speed, and altituide.

It was the opinion of our consultants that while such an

interruption might be tolerable on an occassional basis in con-

nection with a missed approach, it might discourage regular use

as a departure aid. Therefore we have modified the requirement

to show guidance originating at the threshold end. Most often,

this will not involve significant additional expense inasmuch

as back-course guidance will be provided by the guideline elements

for the reverse runway direction. The ICAO AWOP (Ref 4) has

specified that missed-approach guidance should extend to 2000

feet altitude over the runway and 5000 feet altitude past the

runway end, and provide guidance to 5 nmi. This latter figure

was also used in SC-117. We were advised by UAL consultants

that this coverage should extend to 10 mile in order to be

worthwhile for regular use. Therefore this range was adopted

and the maximum altitude was scaled upwards accordingly.

For a single-runway airport (e.g. F and G) lateral backcourse

coverage of +200 is believed to be sufficient to cover the

initial turn to go-around or for departure. For high-density

and/or parallel-runway applications (I and K) there may be a

need for increased coverage for prccision guidance during curved

departures, There was insufficient information available on

proposed departure procedures in this case, and we are

( therefore retaining the SC-117 coverage figure of +400 for

further validation during future phases.

9-1

S~=v- ~-~- =-=--



Report 10926

20 
AWNs

- 2000'MINt

0 AU

Figure 9-18 TakeOf f/flisSd Approach 
coverage

9-116



Report 10926

4(2) Requirements For Terminal Area Navigation

Curved and complex maneuvers associated with advanced ATC concepts

for speed-class sequencing, precise time--of-arrival control,

etc, have infinite possibilities in terms of flight patt-4. It

appears that these more sophisticated maneuvers will ideally

be performed in a manner analogous to area navigation tcday,

under the control of an RNAV computer, with ATC surveillance

and monitoring. W-) have therefore defined these operations as

"Terminal Area Naviga-L.on" and include under this category the

requirvment to support ill phases of flight outside the nominal
"approach and landing" zone defined above.

Our motivation in discussing this requiremfent separately is that:

o the MLS %ystem design should consider a functional

module satisflying this requirement to be installed at

any airFort with sufficient Lraffic-handling require-

o the MLS system design should contemplate growth to

provide full 360 coverage for this function.

L

Assesbing the suitability of the azimuth coverage requirement

for terminaj. area maneuvers is difficult because of the variety

of routing schemes in use and planned for the future. Some

illustrations are given in figures 9-19 thru 9-22.

Figure 9-19 (Ref 13 p-3 7 ) shows the noise-abatoment approach

paths ("Canarsie Approach") to JFK runway3 31 R and 31 L.

These curved approaches are made in visual conditions utilizing

approach lights, but could be followed by users equipped with

I MLS and an appropriate path computer. They illustrate the

fact that curved approaches which terminate very near the runway

threshold may not lie comfortably within a +600 coverage sector.

Note that the approach to 31L begins very shortly after entering

the coverage sector, leaving little time for signal acquisition

and validation before the turn starts.
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Figure 9-19. Major Flight Paths for JFK International Airport

9-118



Report 10926

K 7 z

vv,4 ,0,3 ,V-7

PL ,4 i

L/M/YS - -3

Figure~~/.~4 9-0 Sceai3fHg-estyTria raNrpc

9-119



Report 10926

J30/2 750 6.f/2502

0 2000' 4000J.

Figure 9-21. Possible Comp)ex STOL Approac'n Path
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Figure 9-20 (Ref 12, p. 225) illustrates a schematic of a future

high-density airspace concept for a multiple-parallel runway

airport. The limits of high-density airspace, where MLS

guidance is most critical, is principally within MLS coverage

limit of +600.

Figure 9-21 (Ref 16) illustrates a possible complex approach

patn to a STOL port. Here, even though a spiralling descent/
deceleration maneuver is made, the maneuver again lies entirely

within the +600 limits.

Figure 9-22 illustrates a possible metering and spacing concept
which uses path stretching maneuvers to make good precise time

of arrival at the runway approach gate. Intially this will

be done by ATC vectoring but conceivably could be performed

under MLS/RNAV control in the future. Typically 4 "feeder fixes"
are disposed around the airport at approximately 30-40 nmi

range. The corresponding path stretching areas are similarly )
distributed in azimuth and in general will not fall with the

MLS coverage sector. However the final downwind leg is within

precision time of arrival coverage and may be used for final

adjustments.

A survey recently made by the FAA (Ref 17) estimated the
proportion of aircraft within the busiest airspace sections

associated with three high-density terminals. The results

are tabulated in table 20. The conclusion is that most, but

not all traffic at these facilities does lie within a wedge

similar to the MLS coverage of +600.
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Table 9-20. PROPORTION OF AIRCRAFT IN THE BUSIEST AIRSPACE SECTORS

OF THREE MAJOR AIRPORTS

WIDTH OF PORTION OF TRAFFIC

AIRPORT BUSIEST SECTOR USING

JFK 1200 600 - 700

ORD 1400 "MOST"

LAX 500 97%

Our conclusion is that the +600 (4001) coverage specification

should be reaired until more definitive information is available

as to the plans for airspace utilization at those busy terminals

where the K configuration MSL will be installed. However,

consideration should be given to future growth to a full 3600

coverage in azimuth. At least two methods appear feasible to

accomplish this. One is applicable at crossed runways where

two or more orthogonal MLS configurations could be operated

simultaneous on different channels, with overlapping coverages.

However, this is not universally applicable and entails transi-

( tions between systems in the terminal area. Another approach

is to provide a single MLS system with 3600 azimuth coverage.

Figure 9-23 shows two ]evels of terminal area navigation coverage:

A "required" coverage extending +600 in azimuth, as in SC-117,

and a "desired" coverage providing 3600 coverage.

The vertical profile of the coverage area is similar to that

for the approach and landing requirement previously described.

Maximum coverage height of 20,000 feet is considered adequate

for future terminal area control. The specification of 200

maximum coverage angle is based on the following.
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o An aircraft executing down wind approaches parallel

to and near the runway. A coverage angle of 200 would

cover a (STOL) flight path at 2000 feet altitude par-

allel to and within one mile laterally of the runway.

0 A metering and sequencing system (as above) wherein the

inner fix is at an altitude of 6,000 feet and may be

within 5 A. mi or less of the runway.

As mentioned above, investigations to date have not confirmed

the need for MLS elevation data during terminal area navigation.

This is covered in the section on system trades.

c. Near-Runway Coverage Requirements

Design of the MIS elevation guidance elements (EL-l and EL-2)

require careful definition of the coverage required near the

runway surface. This requirement was not completely defined

by SC-117.

The significance of this specification lies in the fact

that the need to project on elevation guidance signal over the

runway from an offset antenna sets the azimuth coverage require-

ment for that antenna. There is a practical limitation on planar

elevation antennas of approximately 450 azimuth for signals of

acceptable quality. It happens that for increasing glideslopes,

the azimuth angle required to provide coverage over the runway to

tnie minimum guidance altitude also increases. The following

specificat'ons provide adequate coverage of a wide range of

glideslopes wi nout requiring azimuth coverages above 340, for

reasonable antenna offsets. The issue of elevation antenna siting

is covered in Section 1.1.3.2.
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(1) El-i Coverage

Figure 9-22 describes EL1 coverage near the runway surface for

Cat. I and Cat. II operation (Cat. III requirements with respect

to EL1 and identical to Cat. II).

With respect to Figure 9-24 (a), lower limits of coverage are

set at 50' below the decision height, per SC-117 recommendations.

This provides a "safety margin" helow the decision height for

Category I/II approaches during which time the pilot can

react to visual cues and take over manual control of the

aircraft. Also, during Cat. III approaches it allows the auto-

pilot to ride the EL-l beam to approximate'~ 65 feet, shortly

before flare initiation.

The remainder of the coverage definition is based on four

surfaces through the EL-i element (GPIP) as indicated.

The range of glideslope supported for configurations D, KSTOL

and K TOL are also indicated. Three deviations from SC-117

are noted:

o SC-i17 Requirements indicated a maximum glideslope

requirement of 150, but it is unlikely that a STOL

would land at greater than 90-120 glideslope even
under strong headwinds. Although VTOL aircraft could

execute such maneuvers, it is unlikely that VTOL aircraft

will land routinely on the same runway as fixed wing

aircraft. Additionally, a VTOL aircraft could use a

120 (or lower) glideslope when such a landing is

necessary.
o As mentioned previously, we are providing glideslopes

up to 7.50 at D (and F) configurations. This could

increase the utility of the facility for STOL noise-

abatement approaches.

)
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0 CTOL requirements indicate a minimum glidepath of

20 which seems unnecessarily low for a STOL port.

An inspection of planned FAA obstacle clearance

surfaces for STOL ports confirms this. Minimum

glideslope for STOL ports has therefore been

estimated as 50. If further STOL port plans

modify this estimate the coverage requirement will

change accordingly.

A transverse section of the coverage volume is shown in figure

9-24(b). The rationale for setting the coverage limits was

that the full guidance accuracy should not be limited to the

runway centerline but should extend laterally over a region

at least wide enough to cover all points from which a safe

landing could be made from breakout altitude. (It should be

noted that present ILS coning errors increase as one moves

off runway centerline away from the glideslope transmitter.)

o For Cat. II, full accuracy will be available over a

"primary" region equal to twice the runway width at

100 feet altitude. This is based on the FAS definition

of a "successful landing" for CAT II (FAA AC-120-29)

wherein the "cockpit must be within, and tracking so

as to remain within, the lateral confines of the

runway extended". A "secondary" buffer zone with

slightly degraded accuracy serves to maintain

glideslope track until (presumably) the landing is

aborted.

o From the CAT I decision height, many aircraft possess

sufficient maneuverability to correct for significant

lateral displacements in time for a safe landing. A

nominal 700' coverage width (equal to the localizer

coursewidth) has been provided at this height.
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( (2) EL-2 (flare guidance) Coverage

Coverage for the flare guidance element was not completeiy defiiled

in SC-117, and in any event requires separate definition for STOL

runways. Definitions are given in figure 9-25 for CTOL and STOL

runways. With respect to the side views of coverage, coverage

extends down to 8' above the runway, for a distance along the run-

way estimated to correspond to the touchdown limits for the appli-

cable range of final glideslopes. All final glideslopes are

assumed referenced to tne EL-i (GPIP) location. With respect to

the plan views, nominal coverage widths of twice the runway width

provided. The rationale is that past the flare initiation height,

excessive lateral deviation should not be compounded with a dropout

of EL-2 guidance.

d. Coverage equipments for military systems.

The coverage requirements for the military transportable systems

and carrier landing systems are unique because each reflects special

(operational requirements. The coverage requirements assumed are

presented in this subsection. These are based on our best knowledge

of user needs at this time and we plan to review these thoroughly

with all users during Phase II.

(1) Military Transportable Systems.

A tentative set of performance requirements for the military

transportable system is given in table 9-20. The special opera-

tional requirements which affect coverage performance of the

military transportable systems are:

o The need for portability; to achieve which, size is traded

for maximum range via the selection of Ku band operation.

o The terrain environment, which results in the require-

ment for adjustable coverage cutoffs.

o In the case of the Ecolocated configuration, the

restriction to VTOL aircraft only and the desire to

perform multiple simultaneous landings on different

azimuth courses.
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Table 9-21. COVERAGE REQUIREMENTS FOR MILITARY

TRANSPORTABLE SYSTEMS

US ARMY US ARMY USMC
SYSTEM E COLOCATED E SPLIT G SPLIT
SOURCE MILS RFP MLS RFP MRAALS SPEC

HORZ t 600 ± 300 ± 200 2

AZ VERT 00 - 200 1 00 - 200 1 00 - 200 1

RANGE 10 10 10
(miles)

HORZ t 600 ± 300 ± 200

EL VERT 00 - 20 1 00 - 200 1 00 - 200

RANGE 10 10 10
(miles)

HORZ 3600 ± 30 ± 200/3600 3

rME VERT 00 - 200 00 - 200 00 - 200

RANGE 10 10 3/20 3
(miles)

PATH EL 50 - 150 30 - 150 31 - 150

( LOCA- AZ Air Selectable Centerline Centerline

TION

Notes: 1. Lower cutoff adjustable up to 5 to compensate
for terrain and other obstacles.

2. Right/left azimuth cutoff adjustable to compen-
sate for terrain and other obstacles.

3. Coarse/fine DME

The sources for the requirements information were: for the US Army

systems, the existing performance description in the MLS RFP and,

for the USMC system, the specification for the interim MRAALS

system.
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It should be noted that the located E system planned for testing

during feasibility will demonstrate full -apability for coverage

cutoff adjustment.

(2) Carrier Landing System Requirements

The system concept envisioned at this time for the carrier landing

application involves two antenna systems: one on the superstructure

for all-weather landing g'tidance (System "A") and one at the pre-

sent SPN-41 locations (S3 stem "B") for backup and flight path

monitoring. This system is outlined in the Prototype Systems

Development Plan.

The coverage requirements of the System A antenna are quite unique

becauce of its locat' n and considerations of multipath. For this

function, a Doppler MLS transmitter provides Ku-band radiation for

separate frequency coding of AZ and EL angles in space. For this

dual function, a single antenna is mounted on the superstructure at

a height affording a clear view of the glide path. Figure 9-26 )
showp a view of the coverage sector including the approach glide
path in space. It is a pictorial view from the transmitter

antenna location 30 ft above the deck. The receiver antenna

location is on the nose of the approaching aircraft, 8 ft. above

the deck at touchdown. The glideslope is the flight path of the

receiver antenna, where the angle coding is to be received.

The glideslope is to be illuminated with the frequency coding
by the direct path from the transmitter. The glideslope image

in the deck is not to be illuminated, by the indirect (reflection)

path, because that would cause interference and would carry an
erroneous cod! 4g in EL.

The nominal coverage cone, shown in figure 9-26 is 500 wide and ±l

from the horizon, It is to be illuminated selectively over the

band A-A. The lower eagu of this band has a sharp cutoff at the

runway centerline (CL) for discriminating between the glideslope
and its image in the deck. The upper edge of this band is 8 higher

9)
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and may have a tapered cutoff which ia easier to accommodate.

This bandwidth is twice as high as required to include the entire

glide slope.

It should be noted that the stabilized Doppler gaidance signal

will be available simultaneously tro all users anywhere within

the coverage sectcr stated. An aircraft executing a go-axound

maneuver will enter the coverage rector between 300 and 400

from the ship's axis, and can use MLS guidance to complete

thp go-around and make good a precise time slot in the sequenc-

ing. Range coverage of System A, operating at Yu band, will be

approximately 10 nmi.

Systemn B it: to be located at the position of the present SAN-41

antennas and will radiate a bignal format which is compatible

with the same airborne receiver needed for ' yste. A. be

coverage is specified somewhat wider than the present SPN-41 )
coverage to allow acquisition sooner and to provide coverage

a: close to touchdown as feasible. These are:
AzB ELB

Horizontal Coverage ± 200 -200 to + 300

Vertical Coverage 00 - 300 10 - 100

Tht- coverages for system B are illustrated in figure 9-27.

The range (assuming C-band operation) is to be approximately 25

nmi.

e. Summary

Table 9-22 summarizes the refined coverage requirements as they

stood at the close of TACD. The major changes and

additons are:

o Definition of baak course requirements

o Definition of extended azimuth coverage requirements

for elevation antennas

o Provision of additional elevation coverage at D and

F faulties
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Figure 9-27. Coverage foz" Carrier Landing System

0 inclusion of coverage requirements for special

military requirements.

6, Auxilir a Requirements

As a result of the sttudy of operational requirements, three new

auxiliary data requiremsints uyere. identified for inclusion in the

auxiliary, data format. T'he~y weret

0 Time-of-day - This was included to allow for possible
future t7inal control conceLts in which a time-slot

is assigned to a givgen aircraft for 4-dimensional

navigation t threshold. Time-of-day parmts automatic

sy croizaton of the onboard control. system wth Aw

i and all other aircraft.

Barometric Setting - This was icludd to provide an

~alternative means for obtaili~q r ut,.vay barometric Setting.
Present verbal communlcation pemit wicnterpetti n
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errors which would be avoided in this manner. Further-

more, if the barometric correction is automatically done

from MLS data, the additional error source of incorrect

manual setting entry would also be removed.

o Minimum Glideslope - As mentioned previously, it should

not be possible for an operator to choose a glideslope

setting below that which is appropriate with respect to

obstacle clearance and threshold crossing height

limitations at a particular facility. This feature

would transmit to the receiver the minimum allowable

glideslope at the facility. This will be decoded in all

receivers and compared to the receiver glideslope setting.

If the receiver setting is lower, the receiver will

generate an "invalid" discrete and the indicator flags

will stay up.

The revised summary of data requirements is given in table 9-23.

It will be noted that Tones E and F are the only tones used, and

that both AZ and EL channels are now used for data transmissions.

These revisions and the time format adopted are covered in the

section on Signal Format.

9. Coordinate Geometry

Coordinate geometry was treated by Hazeltine as a critical

technical area, and is described in detail in that section.

During TACD Hazeltine refined the data base required to choose

an MLS coordinate system representing the best compromise

between satisfaction of operational requirements, equipment cost

and integrity. Coordinate schemes considered included conical-

only, orthogonal conical systems for planar guidance, unitary

planar guidance elements, and hybrid systems. The general con-

clusions were that:

o planar coordinates were definately required for EL-l

guidance along the runway center line especially in con-

sideration of the diversity of siting requirements and

the variety of glideslopes that may be used in the future.

(1
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wawle 9-23. AUXILIARY DATA REQUIREMENTS _)

AUXILIARY DATA 11LS ELEMENT TONE REP. INTERVAL # BITS

Morse Code Airport AZ E 1 Bit Per 15
I.D. Function time

(seconds)

Fixed Data

0 Runway Heading 10 10

o Distance EL to 10 10
DME

Time of Day AZ F 10 15

Barometric Setting 10 7

Growth 10 8

Runway I.D. 10 15

Minimum Glideslope EL E 10 )
30

Growth 
10

Facility Status 5

Wind Shear EL E&F 5 15

Wind Vector at TD 5

RVR 10

Runway Condition EL E&F 5 15

Dist. EL1/EL2  10

Alt EL1/EL2  
10

Growth 10 15
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O Planar coordinates were preferable for azimuth

guidance, but not essential. One problem with conical

coordinates was coordinate system incompatibility with

ATC. A potential solution not requiring orthogonal

antennas was the employment of a correction computation

involving DME ranae; however, it was not seen as a

universal solution because of the extra cost of the

computational element.

o The EL-2 geometry under practical siting considerations,

is essentially indifferent to the basic coordinate

system type.

Meanwhile, studies and experiments in the area of guidance signal

generation produced confidence in the ability to generate planar

beams with a very simple antenna design. The decision could

therefore be made to use all-planar guidance without suffering the cost

and integrity penalties of the orthogonal-antenna approach. As a result

the baseline coordinate philosphy was adopted: all-planar guidance

except where otherwise indicated by operational requirements. At

this time the only conical coordinate retained was for the military
colocated "E" system for which wide azimuth coverage is provided to

permit (among other uses) approaches on several different azimuth

courses.
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B. SIGNAL FORMAT

The signals-in-space is the single factor that unites the Doppler

MLS by establishing ground rules to which the ground and airborne

systems can be designed. The resultant implications of the signal

format on the cost effective design of ground and airborne equip-

ment must be considered while maintaining the ability to satisfy

the functional requirements. Although the SC-117 report provides

considerable direction and guidelines is selecting a fnrmat, there

still remained considerable room for optimizing system performance

cost, etc. The signal format parameters were analyzed in
detail during the TACD program to arrive at a compatible format

for all users. A primary constraint placed on the format is that
it must contain sufficient integrity features to permit autoland

in CAT III weather conditions.

The signal format as conceived by SC-117 used time division multi-

plex (TDM)as a baseline for the Doppler format in order to make
comparison between Doppler and conventional scanning beam systems

possible. In the Hazeltine TACD proposal we adopted the TDM format,

but made several refinements such as:

o new subcarrier location to 105 kHz

o odd number of tones for function identification to

increase integrity

O number of scans per function time

o data rate

I9
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However, we also recognized the need to optimize the signal format
based on consideration of alternate signal format techniques. As
a result we identified several study areas in order to resolve
many of the issues. Figure 9-28 indicates a flow chart for defining
the format. As noted on the figure, several arrows are indicated.

These represent the constraints placed on various elements of the
format. For example, the constraints placed on the signal format

itself are:

o integrity consistent with autoland requirements

o 600 KHz channel bandwidth
o number of 14LS functions to be transmitted

The individual studies performed ir this siction include a brief
summary of our conclusions and are presented below in the following

order

o frequency (FDM) vs time division multiplex (TDM)
o sequential dual scan (SEDS) vs simultaneous dual scan

(SIDS)

o frequency coding rationale

o spectrum control requirements
o timing relationship between parameters

o power budget

Detailed discussions follow the summary in Part 2.

1. Summary of Signal Format Studies

a. Frequency-Time Division Multiplex Trade Off

TDM was proposed in the SC-117 format primarily for compatibility with
conventional scanning beam formats. Since the Doppler technique as
described by SC-117 required a small bandwidth for each function it
was believed to possess a potential for FDM. Each guidanco function
would be assigned a separate frequency band within the 600 kHz angle

guidance channel.
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The major factors that effect the choice between TDM and FDM are

the numbers of MLS functions to be transmitted, data rate required

of each function, equipment cost and growth potential of MLS. We have

identified five MLS functions to be transmittedl AZ, EL-i/H, EL-l/L,

EL-2, and BC AZ with data rates corresponding to accuracy require-

ments as defined by Sperry Flight Systems considering present AFCS

requirements.

Pure FD14 of all functions is wasteful of bandwidth and requires

many processors in the aircraft. Also, if the AZ and EL-i functions

are transmitted simultaneously then the frequency sidelobes of the

EL-i transmission would have to be at least 53 dB down in the AZ

channel to avoid interference due to path difference of the air-

craft and grcund stations. A candidate for a hybrid FDM-TDM format,

mentioned as a possibility by Cornell Aeronautical Laboratories (CAL),
would be to use FDM for main and auxiliary array signals to provide

the conical-to-planar beam corrections. Since the Hazeltine

antenna approach is to generate planar beams from a single antenna

the hybrid format as suggested by CAL is unnecessary. The TD4

format of SC-117 was retained since it:

1) provides minimum co channel and ajacent channel interference

2) uses a single processor in the aircraft

3) provides adequate data rate for all functions with growth

capability

4) permits independent testing of functions

b. Dual Scan - the selection of SEDS in preference to SIDS

The signal format of the Doppler 14LS includes dual scan, which is

available in two forms: sequential (SEDS) and simultaneous (SIDS).

The former was proposed in the SC-117 report and the Hazeltine

proposal. The latter was proposed by Hazeltine as an alternative

offering the maximum in performance, and therefore deserving some

consideration. The study reported in this section presents numerous

considerations in choosing SEDS or SIDS.
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The ultimate in performance is obtainable from SIDS at some

system cost. This includes a few refinewents not possible in

SEDS. One is 'chirp' cancellation to cope with a problem of

antenna design and application. Another is related to multipath

error reduction by multiscan motion averaging, the greatest

benefit being realized by excluding one of the two sets of
'grating lobes'. Both of these refinements are in the 'luxury'

class, not being essential to the basic performance of Doppler

MLS.

On the other hand, all the essential features of performance

are obtainable from SEDS with the simplest transmitter and an
option of the ultimate simplicity in the receiver. For the

present baseline system, the selection of SEDS is based on all
considerations, with some weighing in favor of simplicity andt
economy.

c. Frequency Coding Rationale

In the interest of achieving high spectrum utilization, the
( frequency coding plan uses the entire available guidance

spectrum for each function. This implies that the code or

frequency per unit angle is different for AZ, EL-l, and EL-2

functions, although each individual function is identical at
each airport configuration. The major factors effecting the
choice involves MLS coverage requirements from each antenna

and processor complications resulting from different codes.

Since the AZ coverage requirements are 120 degrees with possible

growth to 180 degrees, and since the EL-2 coverage requirements

are only 10 degrees, a uniform code for all functions is

extremely wasteful of bandwidth. Therefore, the receiver must

accommodate several codes. In order to simplify, the translation

from frequency to angle in the receiver, a harmonic relationship

is required between functions. The following code meets this
requirement and is chosen for the baseline in our format.

AZ: 333 1/3 Hz per degree

ELl: 1000 Hz per degree

S( ELZ: 2000 Hz per degree
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d. Spectrum Control Requirements

The Doppler MLS concept employs electronic scan techniques to
generate the required Doppiwr signals in space. Three types of
Doppler MLS scanners are identified and each technique involves
switching or phase shifting RF signals which, of course, produce

frequency sidelobes. In the TACD proposal we identified the
required spectrum control mechanism (switching at low power levels)
but did not define the requirements for the beamport or model
scanners used in all EL and the configuration K AZ antennas

respectively. The study in this section defines the Doppler 14LS

spectral control requirements to preclude adjacent and co-channel
interference. The results of the study show that frequency side-
lobes must be kept within the following bounds to preclude inter-

ference.

o first frequency sidelobe suppression should be at least
16 dB

o 73 kHz from angle band -enter the frequency sidelobes

should be at least 20 dB

o 310 kHz from angle band center the frequency sidelobes

should be at least 30 dB

The methods to achieve the spectrum control have been discussed in
the antenna section 1.1.1.1., Part C and a complete RFI study is
included in the receiver section 1.1.1.1., Part D.

e. Timing Relationship Between Parameters

The basic overall timing cycle is determined by the data rate
selected based on an accuracy-data trade off study performed for
Hazeltine by Sperry. The timing within each scan cycle is
determined by a number of factors concernings

o buffer times

o receiver AGC requirements

o receiver STW.LO requirements

o auxiliary data
j

o minimum number of scans per function time
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o relative timing between functions

o integrity

As aresult of the studies in this section, the scan cycle shown

in figure 9-29 was developed. It consists of a start pulse and a

multiscan pulse. During the first 300 microseconds of the start

pulse, a reference carrier only signal is transmitted to facilitate

receiver AGC and AFC operation. This period is followed by 1.7 ms

of function ident and auxiliary data tones. Following the 2 ms start

pulse, the auxiliary data tones are iahibited at the transmitter,

(except tone G as used for sidelobe suppression) and the multiscan

time is initiated by an upper sideband Doppler transmission. The

multiscan duration for a specific function is fixed at all facilities.

The minimum number of scans in a multiscan is defined as 16 times

the effective Doppler beaiwidth for granularity resolution.

In the TACD proposal, we indicated that phase cycling was difficult

to achieve due to stringent implementation control requirements in

order to realize the full benefit from phase cycling. Upon further
analysis, we formulated an approach to include phase cycling and

this concept is discussed fully in section 1.1.1.1, Part D. As a

result of the phase cycling requirements, a harmonic relationship

was needed between the scan time and the angle offset frequency.

An angle offset frequency of 100 kHz satisfied this requirement

and is used as a baseline.

f. Power Budget

The power budget was refined based on updated cesigi concepts from

the antenna, receiver, and propagation studies. The power budget

tabulated below for configurations X( and D reflect a conservative

approach in that the angle and reference functions are integrated

in each EL antenna (3 dB loss in power) and the Ryde-Ryde model
was used for rain attenuation while satisfying the full range

requirements in 50mm/m rain. It should be noted that ttic discussion

in Section 1.1.1. Part F, allocates a 20 d3 rain attenuation
allowance for Ku band which is exceeded by 10 dB in the figures

presented below. The power requirements for a maximum of 20 dB

rain attenuation are given in parenthesis.
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CONFIG K CONFIG. D

AZ LL-IIL EL-i/H EL-2 BCAZ AZ EL-l/L

Fower
Reffrercc 30 6.4 0.8 30 4 2 3

(3)

Si,ebdnd L4 1.6 0.20 9 1.4 0.7 0.7
(.9)

ki figureiv in watts

2. Detailel Discussion of Format Studies

a. Timv vs. Frequency Division Multiplexing

The hazeltine Doppler baseline system has retained the time

division multiplex (TD) approach after careful review of the

alternative, frequency division multiplex (FDM). The FDM format

is being considered by some workers in Doppler, especially in

England. Their view, which is well taken, is that FDM offers

advantages when primary emphasis is placed on the low-cost user.

However, when tne complete range of users and requirements are

reviewed, it is Hazeltine's viewpoint that the TDM approach can -

bette. meet the needs of the wide spectrum of civil and military

users, anticipated for M.LS3. This viewpoint has been derived

from our studies of the two formats by considering:

o The number of eejarate IMLS functions

o The number of angle processors

o Data rate and processing time

o Stability requirements

o Interference effects

The following discussion presents only a brief saumary of our

studies in this area. Althougi we have adopted TDM for our

feasibility demonstration models, we plan to continue discussions

on this subject with our team meniour, Plessey Radar of the UK,

which is Iso carefully , tdying the two alternative &pproaches.
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Definitions:

2ime division ultiplexing (TDM) - trasmits each MLS function
in its own time slot. This approach avoids problems of simul-
taneous transmiesion.

Frequency division multiplex (FDr4) - transimits each function in
a separate frequency slot. ThiL permits simultaneous and
continuous transmission of each ILS function.

Hybrid multiplex - is a combination of the two approaches. There
are two hybrid approaches that have been suggested. One by
Cornell Aeronautical Laboratories applies FDM to the two crossed
linear (conical) antennas for obtaining planar coordinates and TIM
to all other functions. A second hybrid being considered by
Plessey places AZ and EL-1 and data on separate frequency bands
and all other functions on a separate time multiploed band. The
CAL hybrid is not applicable to the Hazeltine approach since we
pla. to provide planar coordinates from a single time slot.

The number of processors that are required in pure FDM is equal to
the number of functions which is indicated to be a minimum of four.
Since our estimates have indicated that the cost of the processor
is one-quarter of the total cost of the angle avionics package,
multiple processors could increase the cost substantially. However,
there is the argument that, if each function is on continuously,

there is a relatively long processing time available, a low-cost
process approach can be designed. This approach counts through

" - a long series of Doppler Scans and its implementation in believed

to be of substantially lower cost. Therefore, the choice of FDM
vs. TD1 should not be based on cost factors alone, since con-

siderable additional definition Is required and definitive estimates
must be made.
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The primary advantages that one can state for the FDM is the longer

processing time evailable compared to TD14 for any given data rate.

This might be a factor as much as about four times. This longer

time permits the use of simple counters operating over the full

time available presumtively with granularity errors reduced to

tolerable levels. There is then the opportunity to design :LOW-

cost receivers, and, even though multiple processors would be required,

for the general aviation user with only A2 and EL-i required,

there might be a resultant overall cost reduction.

However, there are a number of problems introduced by the FDM

format, which are all associated with interference among the

functions. The first is co-channel interference. Consider, a pure

FDM format or the hybrid korrmat where AZ and EL-1 are transmitted

simultaneously and the geometry shown below.

Path Attenuation a -25 dB
Rain Attenuation a - 0.4 dB
Radiation Pattern - 8 dB
Transmitter Power - 3 dB
Acceptable S/I Ratio
to satisfy CAT II Accuracy

req : -16 dB
Total -52.4 dB

9
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In order to preclude interference from the EL-i angle guidance )
signal in the AZ guidance band, the frequency sidelobes must be

controlled to better than -52.4 dB. Even if the commutated array
were used for EL-I with electronic commutating at low level

(corresponding to a cos2 pulse with 0.1 amplitude pedestal), the
sidelobe control criteria would just barely be satisfied. Any
variation in the pedestal tu. say 0.15 (85% MODULATION) precludes

the use of FDM.

An additional interference problem exists for the FDM and Hybrid

formats which is differential Doppler between the reference signal
and angle sideband signal. The differential Doppler occurs
because the reference signal is not colocated at each functional

facility. Since two miles of runway typically separate the AZ

and EL-I stations, the differential Doppler may be in the order
of several beaxnmidths.

There is also the problem of integrating KU band for EL-2 into
the FD1 format. Stability requirements are the same in absolute
frequency, so stability expressed as a percentage is one-third

that at C-band, or a more difficult problem.

Considering the stability, differential Doppler, interference

effects leads one to the conclusion that excess bandwidth is
required to accomnmodate these factors. Therefore, it is not
considered that,at this time, the FDM approach has been

sufficiently defined or techniques refined to the extent that
it could be adopted to meet SC-117 requirements.

On the other hand, our studies of the verification of our Doppler
approach utilizing TDM have treated each problem and arrived at
acceptable solutions. A summary of these factors is presented

in figure 9-29A.
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ADVANTAGES DISADVANTAGES

TDM o HIGH DATA RATE WHERE o UNISCAN COUNTER (TIC) TO
REQUIRED RESOLVE GRANULARITY FOR

o SINGLE PROCESSOR AFCS
o SIMPLE PROCESSOR STILL

APPLICABLE TO RESOLVE o TIMING LINK REQUIRZU ONGROUND
GRANULARITY FOR MANUAL
OPERATION o REQUIRES AFC OR STALO FOR

o COLOCATED SITES CAN USE HIGH QUALITY RECEIVERS

ONE TRANSMITTER

o PERMITS PARALLEL TESTING
OF MLS STATIONS (AZ, EL-I,
ETC).

FD14 o HIGH DATA RATE POTENTIAL o WASTEFUL OF BANDWIDTH TO
FDM 5 FUN CTIONS PLUS

o PERMITS 14ULTISCAN COUNTING AUXILARYNDTA.
TO RESOLVE GRAN4ULARITY

o SIMPLE GROUND LINK BUT RE- o MULTIPLE PROCESSORS TO
QUIRES FREQUENCY LOCKED REALIZE HIGH DATA RATES
TRANSMITTERS.

o MULTISCAN MULTIPATH o 3 TIMES Ku BAND STABILITY
AVERAGING REQUIREHENTS

O REQUIRES 52 dB EL-I
FREQUENCY SIDELOBE CONTROL

o NO GROWTH POTENTIAL

HYBRID
o HIGH DATA RATE WHERE o MULTIPLE PROCESSOR TO

REQUIRED REALIZE HIGH DATA RATES

o PEP14ITS MULTISCAN COUNTING
TO RESOLVE GRANULARITY o 3 TIMES KU BAND STABILITY

o MULTISCAN MULTIPATH REQUIREMENTS

AVERAGING

O LOWER POWER REQUIREMENTS n TIMING LINK REQUIRED O14

GROUND

o REQUIRES 52 dB ELI
FREQUENCY SIDELOBE CONTROL

o REQUIRES AFC FOR ALL
RECEIVERS

o CROSSED LINEAR ARRAY NOT
REQUIRED FOR PLA1NAR ANGLES
CONVERSION IN HAZELTINE ANTENNAS

Figure 9-29A. Multiplex Tradeoff Summary

91
9-153



Report 10926

Table 9-24.

DUAL SCAN
(SEDS OR SIDS)

DESCRIPTION

BOTH SIDEBANDS WITH BIDIRECTIONAL SCAI (OR EQUIVALENT)

SO EITHER SIDEBAND YIELDS SAME ANGLE TONE IN RECEIVER.

PURPOSE

STALO CA BE USED IN RECEIVER AS A "CLEAN0 CARRIER

IN PLACE OF RECEIVED REFERENCE CARRIERI

SELECTION --

CHOOSE BETWEEN:

SEDS FOR SIMPLICITY AND ECONOMYj

SIDS FOR MAXIMUM PERFORMANCE.

SEDS IS PRESENT RECOI'LMENDATION,
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Table 9-25.

SIMULTANEOUS DUAL SCAN

(SIDS)

DESCRIPTION

MFU..I ISCAW WITH DSB TRANSMlISSION,

SW1f.L[tTA,'EOUS BIDIRECTIONAL SCAN (OR EQUIVALENT)

CAN YIELD ANGLE TONE 1IITHOUT USING THE REFERENCE CARRIER,

TRANSMITTER REQUIRES DUPLICATION OF SOME FUNCTIONS,

ALSO SOME CONSTRAINTS TO ENABLE RECEPTION OF

ANGLE-TONE WITH SIMPLE DETECTOR.

FEATURES

PERKOR[.ANCE IS AVAILABLE WITH LEAST SUSCEPTIBILITY TO

MULTIPATH AND OTHER ERRORS IN ANGLE DECODING.

CIIIRP CA'.1 BE CANCELLED AHEAD OF NARROWBAND FILTER

AND LIIIIER, SO LEAST BANDWIDTH CAN BE USED.

REFLRENCE CARRIER (OR STALO) IS NOT NEEDED FOR

DETFCrION OF ANGLE TONE.
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SEQUENTIAL DUAL SCAN

(SEDS)

DESCRIPTION

MULTISCAN WITH ALTERNATE SSB TRANSMISSION.

PHASE CYCLING CAN BE PROVIDED BY A SLIGHT SHIFT

IN FREQUENCY OF REFERENCE CARRIER IN TRANSMITTER

(OR RECEIVER) FOR REDUCING ERROR-CAUSED BY INTERSCAN

GRANULARITY IN MULTISCAN COUNTING,

RATIONALE FOR SELECTION OVER SIDS.

S11iPLER TRANSIMTTER,

SIMPLEST RECEIVER CAN BE USED, OR REFINEMENTS TO YIELD

NEARLY THE HIGHEST LEVEL OF PERFORMANCE (SIDS).

IF STALO IS USED, UNISCAN COUNTING AND TIMING WITH
MULTISCAN AVERAGING YIELDS A HIGHER LEVEL OF

PERFORMANCE.
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( b. Dual Scan - Sequential (SEDS) or Simultaneous (SIDS).

Purpose of this section. In the baseline system proposed in this

report, a choice is made between two distinct forms of "dual scan".

Dual scan in some form is expected to be used in any Doppler MILS,

as described in the SC-117 report. The two forms of dual scan

(denoted SEDS and SIDS) are to be described here in detail sufficient

to form a basis for choosing one. The former (SEDS) is chosen.

It is the one described in the SC-117 report, and it was the base-

line form in the Hazeltine proposal. The choice is based mainly

on some advantages relating to simplicity, reliability and economy

in the equipment, especially in the airborne receiver.

Highlights. An outline of this topic was shown at the June review

meeting and is reproduced here as tables 9-24, 9-25, and 9-26. It

may be helpful in highlighting the considerations which are upper-

most in this discussion.

Background. The MLS accomplishes frequency coding of angle in

space by radiating at least one frequency component whose received

frequency is related to the angle in space. Previous proposals, and

the present "baseline" proposal, are based on the radiation of a
strong reference carrier and somewhat weaker sidebands. The former

is at a fixed frequency (fc) and the latter at a frequency differ-

ence which provides the coding of the angle. This difference is

unaffected by the Doppler shift of both components, caused by

the radial speed of the aircraft carrying the receiver.

The Doppler-scan system. This system relies on the radiation of
at least one component from a moving source on a linear aperture

(or equivalent) so that the received frequency has a deviation

related to the angle from the broadside direction. One such

operation is termed one scan. In previous proposals, and in the

baselin- system herein, the reference carrier and one sideband fre-
quency (fc[fo) are radiated at one time, the latter radiation being
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somewhat weaker (1/2 aiplitude) and being scanned on the aperture )
to develop a Doppler shift (fd) for angle coding. Therefore this

one sideband carries the guidance information, with some handicap

in being the weaker component.

Dual scan. The Doppler-scan system requires only one sideband,

but dual scan using both sidebands has been proposed by Hazeltine

and others for accomplishing some further objectives. The essen-
tials of dual scan are here to be reviewed with reference to

figure 9-30.

First, figure 9-30(a) shows the principle of Doppler scan for

frequency coding of angle in space. The angle tone is transmitted

as modulation at the difference frequency of two radiated com-

ponents. Figure 9-20(b) shows the bandwidth for selection of the

angle tone afi.er detection in the receiver. The carrier and one

sideband are sufficient for this operation, so it may be completed

in one scan.

Sequential dual scan (SEDS). Figure 9-30(c) shows this form of

dual scan, which utilizes sequential alternate transmission of

upper and lower sidebands, each providing the angle-coding frequency

of modulation. The feature of bidirectional scan on opposite side-

bands provides the Doppler shift necessary for this result.

Figure 9-30(d) shows one method of detection which is made possible

by dual scan, and will be a subject of further discussion. The

opposite sidebands are individually selected, then separately

detected with the carrier in two product detectors. Instead of the

carrier, a "clean" carrier may be substituted in the form of a stable
local oscillator (STALO) at nearly the same frequency. A slight

difference from the carrier frequency is tolerable because the

average value of modulation frequency from both sidebands still

has the correct value.

Simultaneous dual scan (SIDS). Figure 9-30(e) shows this form of dual
scan, which utilizes simultaneious transmission of both sidebands. Then
detection of the doubled modulation frequency can be accomplished with-
out the carrier, by separating the sidebands as in (d) and applying
them to a product detector. This offers some added advantages that

will be discussed further on. Figure S.1 (f) shows the selection

of the resulting angle tone after dotection.
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Figure 9-30. Dual Scan in Various Forms and its
Detection in the Receiver. (Sheet 2)
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The time-frequency diagram. Figure 9-31 shows the spectrum

utilization of some signal formats, mapped on time-and-frequency

coordinates. The basic concept of dual scan (a) is detailed fur-

ther in (b) and (c) to show the difference between SIDS and SEDS

in a multiscan format. It is noted that SIDS makes full use of

the available spectrum capacity and SEDS only one-half, this being

one of various factors in making a comparison.

A stable local oscillator (STALO) as a reference carrier for the

angle decoder. The radiated reference carrier is limited in

power and may suffer contamination in transmission to the re-

ceiver. In the receiver, a stable local oscillator (STALO) may be

provided at nearly the same frequency, subject to automatic pre-

setting or slow tracking. Then this oscillator is used as a "cleart"

referenc" carrier of any desired strength relative to the received

sidebands. Any slight error in its frequency has opposite effects

on the frequency decoding of opposite sidebands, so the average is

free of such error and is used for angle decoding. The same auplies

to any Doppler shift caused by the radial speed of the aircraft.

Thi i f£ucLuL% of dual scan provides two benefits:

(3) It avoids any disturbance of the angle decoding

that might be caused by contamination of the

reference carrier.

(b) It enables detection of thu difference fre-

quency in a manner that ignores the daka-tone

sidebands close to the reference carrier.

The basis for comparison of SUDS and SIDS. Either of these offers

some practical advantages related to performance, reliability,

simplicity and economy. These are not clearly separable. In parti-

cular, their weighting is different for transmitter and receiver,

and for different levels oi compromise between performance and econ-

omy. For any signal format, there are numerous choices as to imple-

raentation in transmitter and receiver. The intention herein is to

present the various considerations in a form that would be helpful

in making a selection between SEDS and SIDS for the Doppler-scan MLS.
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The system. The signal format would be expected to include a

clear choice of SEDS or SIDS. mhe latter, as will be seen, requires

a choice as to phase relation ;ween reference carrier and angle-

coding sidebands. In the present discussion, there is not assumed

any restriction on this phase relation, except where specified.

Primary attention is given to implementation and evaluation that

ignores this relation and therefore does not require such restriction.

The transmitter. The ground equipment generates and radiates the

signal format for frequency coding of the directional angles from

the centerline of a runway. There will first be stated the

peculiarities of SEDS and SIUS in context of signal format, with

reference to some problems ef implementation in the transmitter.

There will be little reference to the antenna because it is thought

that it would not be a deciding factor in choosing between SEDS and

SIDS.

Transmission of SEDS. This form of Doppler scan relies on time

sharing for dual scan, radiating USB and LSB in alternate scans

(of a multiscan series. In one respect, this method is simplest

because only one of the two sideband frequencies is radiated during

one scan. It does require a SSB modulator to provide either sde-

band alone. It requires a multiscan format (with an even number),

which however would be used for another reasor., the utilization of

the available time and frequency bandwidth.

Transmission of SIDS. This form of dual scan is complete in each

scan, but however would likewise be used in a multiscan format

for utilization of the available time and frequency bandwidth.

If the antenna is made of aperture ports with Doppler scan by

sequential switching, SIDS excitation require doubling some or

all of the circuits needed for SEDS excitation. The same is true

if a beamport antenna is used with phasers for angle coding. On

the oLb-r hand, if a beamport antenna is used and the angle-coding

frequencies are developed from angle-tone low freguencies, a simple

DST modulator may be used at each beamport.
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Carrier modulation by SEDS. In this form of dual scan, the )
reference carrier is said to have single-sideband (SSB) modu-

lation or, more specifically, alternate SSB. This may be regarded

as a combination of amplitude modulation (AM) and phase modulation

(PM), and the difference frequency may be derived from either kind

of detecter. The simplest detector is the envelope detector which

responds only to AM. It may be utilized in a simple receiver for

recovering the angle-coding tone at the difference frequency.

Carrier modulation by SIDS. A simultaneous pair of sidetands (DS)

has phase coherence with the carrier. Therefore there are

several significant cases of relative phase. In general, the

relative phase determines whether the sidebands together correspond

to AV or P14 or a mixture of both.

(a) Equal-phase radiation of sidebands and carrier

from a common phase center in the antenna. This

is Al so it can be detected by a simple rectifier

or envelope detector.

(b) Quadrature-phase radiation of sidebands and

carrier from a common phase center in the antenna.

The first-order effect is PM, which can be
detected by a phase detector (or by a
frequency discriminator).

(c) Accidential constant or slowly wandering phase

difference. Which kind of DSB modulation happers

to occur, cannot be ,elied on, so a SSB method of

detection ie chosen which ignores the phase. One

detector receives only one sideband, which is

compared with the carrier (or STALO) to derive the

frequency difference. Two such detectors may be

provided to utilize both sidebands separately,

then the average difference frequency may be

computed.
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Radiation rrom a :ommn phase center, as in (a) or (b), can be pro-

vided by using a common aperture or by locating a reference-carrier

(smaller) radiator in the center of the aperture; the latter cannot

be located at one side of the aperture.

Detection of SIDS without a carrier. As previously mentioned, the

angle tone may be recovered as 1/2 the frequency difference between

the pair of sidebands in SIDS. This avoids the question of phase

relation to a carrier (or STALO) and requires separating the side-

bands froi the carrier if one is radiated. The pair of sidebands

may be selected together and applied to an AM detector to derive

their difference frequency. Preferably, they may be selected

separately and applied to a product detector (balanced modulator).

Such separation is necessary if each sideband is to be subject to

a limiter before comparing the two sidebands. Either of these

methods may be used for chirp cancellation in detection, yielding

directly the angle tone doubled in frequency and free of chirp.

The receiver. The airborne receiver ip the "customer" in the MLS.

After being tuned to one runway, it senses the radiated signal

and derives therefrom its directional angles measured from the

centerline of this runway. The receiver will be used in large

numbers and in a variety of designs. The receiver is required to

derive from the radiated signal such information as may be needed

for carrying out a plan. Special attention is given here to some

receiver problems that might be different for SEDS and SIDS.

Simple detection for SEDS. From the discussion of carrier modulation

by SEDS ur SIDS, it appears that the former is naturally suited

to the simple envelope detection of the entire signal in the re-

ceiver. The modulation by SIDS would require special control of

carrier phase in the transmitter, or would require some selection of

sidebands (from carrier or Xrom each other) before detection in the

receiver.
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The need for chirp cancellation in a receiver. "Chirp" is

frequency modulation of the angle-coding sideband, caused by

departure from focus of the radiating aperture. It causes similar

phase deviation, and hence frequency shift, in both sidebands. In

SIUS, the direct comparison of the two sidebands offers chirp can-

cellation in the receiver. In some cases, the chirp may substan-

tially increase the spectrum bandwidth of the Doppler-scan angle

tone. The average frequency over one scan remains the same so there

is not necessarily an error in angle decoding. Therefore chirp can-

cellation may offer an inprovement only on cases such as the

following:

(a) If there is a narrowLand filter centered near the

angle-tone frequency, it may he desirable to usc

the least bandwidth.

(b) If there is a wideband filter with sharp cutoff,

the same may be true.

In the baseline systen described herein, neither of these problems

IS expected to be sevefu. It refains thaL chirp cancellation does -

leave open some options in design of antenni; and/or receiver for

any particular signal format.

Grating lobes in motion averaging[. Multipath reception may cause ar;

error in the frequency measurement of the angle ton-_ during one scaa.

liultiscan averac-ng duU1ng receiver motion may greatly reduce this

error. Under certain conditions, the phenomenon called "grating
?nues" (G-) may prevent motion averaging. Therefore it is desired

ni ,-L imlT this eftect. It happens that there are two sets of

g :;enural, o-ccurring when the path-difference motion frequency

i.a or cd. c;r -ven multiple of the coding-frequency difference

corr:sponding to :./2 beamwidth.

(a) In SIDS, because the scans are individually

repetitive, only the even GL are present, so

the maximum advantage of motion averaging is

achieved.

(b) In SEDS, because the scans are repetitive in pairs, N

the odd GL are interspersd with the even.

9-166



Report 10926

( In practical situations, the combined effect of both sets may be

little more detrimental than that of the even set alone. The one

condition likely to be persistent is near the zero GL, which is

present in either SIDS or SEDS. Any other GL is likely to be a

transient effect of less concern. Motion averaging in the receiver

is inherent in the multiscan signal format, so only the difference

in behavior is relevant to a choice between SIDS and SEDS.

The simplest receiver for SEDS. This opportunity is one of the

principal advantages of SEDS, so it deserves most attention. By

relying on the reference carrier and the simplicity of SSB modula-

tion for angle coding, the envelope detection of the composite

signal yields all data tones and the angle tone. This was proposed

in the SC-117 report. There are strong arguments for leaving avail-

able this simplest receiver, at least as one option. This is true

in spite of the fact that a higher level of performance, even with

SEDS, requires a more complicated receiver and may be needed in

some cases.

( The maximum performance available in a receiver for SEDS. In consi-

dering the choice of SEDS, it is essential to perceive the maximum

performance available in a receiver. To this end, the following

features may be considered for the receiver.

(a) The STALO as a "clean" reference carrier.

(b) The individual selection of USB and LSB, and

their detection in two separate circuits.

(c) A prefilter in each circuit to select a wide

or narrow range of angle-tone coding in

preference to multipath interference and noise.

There is no interscan overlap in either circuit.

(d. Alternate-scan time gates for frequency measurement
by counting and timing in each scan, then

averaging over one multiscan.

(e) A self-tracking narrowband digital postfilter for

further reduction of multipath error.
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Item (d) provides that the receiver respond only to the active

sidebandduring each scan, rejecting the noise in the inactive

sideband and thereby realizing the maximum signal/noise ratio.

The extra performance available only in a receiver for SIDS. This

is the range of performance that would become unavailable on

choosing SEDS,

(a) Avoiding the "odd" GL.

(b) Chirp cancellation.

Comparison of SEDS and SIDS. There are a few areas where these

two forms of dual scan can be clearly differentiated in respect

to performance or implementation in some part of the system.

Table 9-27 contains an outline of such a comparison. It is

intended for reference in drawing conclusions and making a choice.

In table 9-27, item (1) requires some further interpretation.

A receiver for SEDS, during each scan, may gate out the noise in the

inactive sideband and thereby recover the maximum signal/noise

ratio.

In choosing between SEDS and SIDS, these are the principal tests

of the one to be chosen.

(a) Net advantage in typical applications, which

may place comparable weight on performance

and economy (a cost-effective compromise).

(b) The availability of nearly the highest perform-

ance at additional cost for the most demanding

applications (autoland).

Table 9-27. Comparison of SEDS and SIDS

SEDS SIDS

(1) The utilizatiozi of the spectrum channel capacity (the product

of time and frequency bandwidth); full utilization is desired for

tolerance of thermal noise relative to average power.

Half utilization, because only Full utilization, because both

one of two sidebands is radi- sidebands are radiated.

ated at one time.
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Table 9-27. COMPARISON OF SEDS AND SIDS (Cont)

SEDS SIDS

(2) In a transmitter using aperture ports with sequeitLial

Requires simultaneous cxc -

tion at LSB and U;6 Qjqu, ;t--
cies with oppositc dire t

of switching (croil.l at f-,,0

point in the aperture); rc-

quires two sets of s;, ,

(3) Ij; a LrunsmiLer using beam ports with simultaneous rcoqucioCy

coding of angle.

iaequires alternate excitation Requires simultaneous c< Ld-

of each port at LSB and USB tion of each port at LSB and

( frequencies. USB frequencies; may be pro-
vided by an amplitude modula-

tor at each port.

(4) In the transmitter, relative phase control and a coincident

phase center of radiation for the reference carrier and angie-coding

sidebands.

Not required for SSB, so a Required if DSB is to be Lu-

sepa:ate antenna may be used ceived as AM on the reierunce

for the reference carrier, carrier.

(5) In tho receiver, the simplest detection of the angle tone
by use of the reference carrier.

Comunon envelope detector for Common envelope detector can be
recovering data and angle tones; .sed if the radiated signal has

the angle t.one Js subject a phase relation between

to any contamination of the carrier and angle sidtWands to
reference carrier. assure amplitude modulation;

detection is insensitive to
(contamination of reference

carrier.
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Table 9-27. COMPARISON OF SEDS AND SIDS (Cont) )

SEDS SIDS

(6) In the receiver, the use of multiscan motion averaging against

multipath errors in angle decoding; such averaging fails at certain
"grating lobe" frequencies of path-difference speed.

"Even" and "odd" series of GL. Only the "even" series of GL.

(7) In the receiver, a direct comparison of two sidebands; this

avoids the need for a reference carrier or STALO; this gives

instantaneous cancellation of chirp so the angle tone has minimum

bandwidth.

Not available. Requires selection of the angle

sidebands free of the carrier

and data sidebands.

These tests apply differently to transmitter and receiver, as )
follows:

(c) In the transmitter, the emphasis may be

directed to simplicity for reliability.

(i) In the receiver, the emphasis may be directed

to the availability of design options for:

(i) Simplicity and economyt

(ii) Refinement at a price.

Here we shall state the few factors which seem to be most signifi-

cant. The above tests appear to favor SEDS, which therefore is

being chosen for the baseline system.

Advantages of SIDS.

(a) Detection, by directly comparing the pair of side-

bands, without reliance on the received reference

carrier or a STALO; cancellation of chirp.

(b) In multiscan motion averaging, the "grating lobes"

are minimized.

9-170



Report 10926

Advantages of SEDS.

(a) Ultimate simplicity available in the receiver,
using the reference carrier with alternate

sidebands in a simple detactor to derive the

data tones and angle tone.

(b) Simplicity in the transmitter, radiating only

one sideband at a time. Avoids duplication

of circuits in generating the angle-coding

excitation of the antenna aperture.

(c) This form has received more attention and study,

so it may be more familiar and :ore thoroughly

understood.

Conclusion. From these considerations, the following summary may be

stated.

(a) SIDS offers greatest potential in performance

at any cost, while lacking some opportunities in

simplicity and economy.

(b) SEDS offers the option of ultimate simpliciLy and

economy, with other options in the receiver

yielding nearly the maximum performance.

(c) Either SIDS or SEDS appears capable of providing

a satisfactory system.

(d) SEDS is selected, as a practical compromise

weighted in favor of simplicity and economy.

c. Frequency Coding Rationale

In the interest of achieving high spectrum utilization, the frequency

coding plan uses the entire available guidance spectrum for each

function. This implies that the code or frequency per unit angle is

different for AZ, EL1, and EL2 functions, although each individual

function is identical at each airport configuration. The major

factors effecting the choice involves MLS coverage requirements

from each antenna, natural codes in space, and processor implications

( .resulting from different codes.
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Coverage. Since the AZ coverage requirements are 120 degrees (with _)
growth potential to 180 degrees) and the EL-2 coverage requirements

are only 10 degrees, a uniform code for all functions is extremely

wasteful of bandwidth. Therefore, for a given bandwidth, the codes

vary 12:1 from AZ to EL-2. In order to accommodate antennas that

do not employ the beamport technique (such as the linear array

described in SC-II7), A 6:1 variation in code is used as a baseline.

Natural Codes In Space. By natural codes in space, we mean the code
naturally produced by a given type of antenna. For example, a

linear array (conical beam antenna) produces a code f a sin 0 and a

circular array (planar beam antenna) produces a code f a e. The
difference in the two codes is reflected in the "small angle"
code when the entire bandwidth is used. These considerations are

summarized in figure 9-32.

In AZ when the full 40 kHz bandwidth is used, then the conical array

produces a 400 Hz per degree "small angle" coding and the planar

coordinate array produces a 333 1/3 Hz per degree "small angle"

coding. Obviously both antenna systems cannot be accommodated if

full use is made of the available bandwidth unless separately

identified. Since the Doppler MLS technique to produce planar
coordinates can be accomplished in a single antenna, the 333 1/3 Hz

per degree code is chosen for the AZ function (20 kHz divided by
60 degrees). Similar reasoning is used to establish a code for

ELl and EL2 of ikHz per degree and 2kHz per degree respectively.

However, if the same analysis is applied to BC AZ, then the BC AZ

antenna code is 500 HZ per degree (only t40 degrees coverage

required). In order to permit growth in the BC AZ function and to

obtain compatibility with the AZ function a 333 1/3 Hz code is used.

Processor Implications. The implications of the different codes in
the processor, is a scale factor adjustment. In a digital processor,
where the measured frequency is determined by counting the number

of cycles and dividing by the time interval, this normalization

can be incorporated in or after the frequency measurement
circuitry. The most cost effective approach is to incorporate
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the normalization in the counter by changing the effective time

interval. This is accomplished by programming a clock frequency

according to function identification.

In order to simplify, the normalization process, a harmonic

relationship is required between function codas. For the alterna-

tive codes shown in figure 9-32, the codes tabulated below for

each function satisfy this requirement and is chosen for the base-

line in our format.

AZ: 333 1/3 Hz per degree

EL-l: 1000 Hz per dugree

EL-2: 2000 Hz per degree

BC AZ: 333 1/3 11z per degree

d. Spectrum Control ReqU.irementp:

The Doppler WS concept employs electr.-nic scan techniques to

aenerate the required Doppler signals in space. Three types of

Doppler KLS scanners are identified and each technique involves

switching or phase shifting rt signals which of course produce

frequency sideLobes. In the TACD prcposal we identified the

required spectrum control mechanism (switching at low power

levels) but did not define the caquirerents for the beamport

or model scanners used in all EL and the configuration K AZ

antennas respectively. The study in this section defines the

Doppler MLS spectral control requirenants to preclude adjacent

and co-channel interference. The results of the study are that
frequency sidelobes must be kept within the following bounds to
preclude interference.

first frequency -sidelobe buppression should be at least 16B

73 kHz from angle band center the frequoncy sidelobes

should be at least 20 dB

310kHz from angle hand center the freucnncy sidelobes should

be at least 30 dB

The methods to achieve the spectrum control hrve been discussed

in the antenna section 1.1.1.1 Part C and a complete RF1 study is

included in the receiver section 1.1.1.1 Part D
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AssuMpt.Lons used in this analysis are:

(1) Transmitter stability = 5 x 10 - 6 (C-band( = 25 kHz);

1.5 x 10 - 6 Ku band ( = 25 kHz)

(2) RCVR stability = 1.5 x 10' 5 (C-band = 75 kHz; Ku

band = 225 kHz)

(3) Geometry: See figure 9-33

(4) 200 channel capability includes adjacent channel

locations within the ra.ge of one another.

(5) Cosecant shaped beams in elevation for EL and AZ

antennas were used to develop interference model

(6) Fur.,tion identification tone AM modulation = 25%

(7) Dynamic tone threshold circuit is used in the

receiver

(8) Transmitter )utput power may vary +1.5 dB between

adjacent channels

(9) The MLS receiver outputs are used to couple to an AFC"

at 10 nmi range. Hence degraded data rates can be

tolerated at maximum range.

(10) Basic function time organization is shown in figure 2

Co-Channel Interference: The co-channel interference study encom-

passes interference caused by: (i) spurious signals generated in

the tone band and its effect on angle guidance processing and tone

guidance processing; and (2) spurious signals generated in the angle

data band and its effect on angle guidance processing and tone

guidance processing.

In the general aviation receiver (configuration D), the baseline

receiver detects both angle guidance signals and tone signals in

a conuron square law detector. The square law detector is used for

angle and tone decoding since (1) Data tones are free of angle-tone

contamination, although distorted slightly by their own harmonics

and cross products, and (2) Angle tonu free of harmonics and free

of phase modulation by data tones.
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Since the tone signals are AM4ed with low percentage of modulation,

the narmoni's and cross products are small (-3 dB below the carrier)

in the angle signal band and can be neglected as long as the angle

sideband signal is less than -10 dB below the carrier. The re-

sultant error is 0.01 degrees.

In order to specify the frequency sidelobe control required in the

angle signal generation, it is necessary to review the operation of

the antenna scanners and the tone processor. In the aperture port

scanner (commutated array), the frequency sidelobes are controlled

by switching at low levels. However, the frequency sidelobes can

occur at any frequency. In the beamport and modal scanners, the

frequency sidelohes are harmonics of the effective Doppler bean,,.,idth

frequency and do not eftect the phase when viewed for an entire scan.

When viewed after a dual scan, measurement times less than a complete

scan time, produce no ,iiqugar efforts due to the averaging property
of dual scan. Errors do occur when refocusing circuits are used and

the beaiport coding is deparated by full multiples of a beamwidth.

A. 16 dD sidelobe separated by 1.1 beamwidths produces 4 maximum

error of 0.01 degrees which is tolexable providing the refocusing
~is less than G.l1 beamwidths.

The tone processor detects the amplitude of the largest tone and

use its amplitude (actually 6 dB below this amplitude) to establish

the tnreshold for detecting the other tones.
During the first 2 ms of a function, no angle guidance is generated

so co-channel interference is not a problem. In configuraticns

requiring tone validation during a function, validaLion must occlur

for 50% of the function. The problem then is to define the level of

frequency sidclobes that still permits validation during the

multiscan. by defining function validation as complete when identi-

fication occurs for 50 percent ot the multiucan, then the freq-uency

sidelohes 4.5 dB aelow the threshold, proauce a 10 percent proba-
bility of false alarm. In the three unused tone channels this i e-

r" sults in a net 30 percent probability of false alarm. In addition,
by accounting for a 1.5 dB tolerance in relative power stability
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between the angle data channel and the reference carrier, the )
frequency sidelobes must be controlled 12 db below the single

sideband tone. The results from the above discussion are sum-

marized3 in figure 9-34 where the angle guidance sideband amplitude

is 6 dB below the carrier. For this case, the frequency sidelobes

must be -21 dB at 73 kliz from the angle guidance band center.

Adjacent Channel Interference. Adjacent channel interference was

calculated from the geometry of figure 9-33, antenna elevation pattern

shapes, transmitter power variation and the frequency spectrum and

stabilities as indicated in the list of assumptions. The adjacent

channel problem is similar to that of mu)tipath in the angle

guidaince band since the interfering channel may be viewed as one

contributing to -multipath. Adjacent channel interference into the

to.ne band is also considered and is discussed separately.

Interference is considered vy taking the worst case situation with

regard to geometry, rain, and transmitter power levels. The

differeice 1n range between the two stations result in a 27 dD

increase ia power due to path attenuation, a 4.5 dB increase in

power due to rain, and a 3 dB difference in transmitter power.

The resultant difference is 34.5 dB in favor of the unwanted

signal. The following four interference conditions are analyzed.

Interference into AZA from AZB

Interference into AZ A from ELB

Int~rference into ELA from AZB

Interference into ELA from ELB

Interfercuce into AZ A from AZ B If a cosecant AZ antenna elevation

pattern shaping is used then the net interference from the unwanted

signal is 24.5 dfi. The interference takes the form of a Doppler

frequency and hence is subject Lo motion averaging. The averaging

results in an improveoent to the multipath signal of i//-Nwhere

1 ie the number of scans in a multiscan. For a 10 dB S/I ratio and
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16 scans the resultant UB error is 0.025 degrees, and a 6 dB S/I
ratio produces a 0.04 UB error. Since the aircraft is not coupled

directly to the MLS beam (assumption #1) at maximum range, the

6 dB S/I ratio is acceptable since the 2 aerror is 0.02 degrees.

Thus the frequency sidelobes in AZ B must be controlled to 30.5

dB when 310 kHz from band center.

Interference into AZA from ELB: This interference problem is

treated in two parts; first the interfering station is EL-l, and

second the interfering station is EL-l/H. When the interfering

station is EL-l/L, then 'he range to the interfering station is

doubled and the geometry only produces 21 dB increased power, but

only 2 dB is obtained due to pattzrn shaping. The net result is

that 2 db more interference is experienced over case #1. However,

since the EL station is transmitting for one third the time as

the AZ station, the resultant UB error is 0.017 degrees per function

time for a 4 dB S/I ratio and the 2 - error is 0.0085 . This

geometry is the limiting case for adjacent channel interference

and F. summarized pictorally in figure 9-35. Thus the frequency

s -lobes in EL-l/L must be controlled to 30.5 dE when 3.0 kHz

from band center,

When the interfering EL-i station is EL-I/H, 10 dB is gained since

the power radiated from the EL-I.H antenna is 10 dB less than

EL-I/L. Thus the frequency sidelobes in EL-1/H must be controlled

to 20.5 dB when 310 kHz from band center.

9-180



Report 10926

**

-4 4

i °i)

S I I

-+---I I-
I I I i U,

i I I I I I 1.4

I I I 1 I1

I t I 1.o

II9-181.



Report 10926

(3) Interference into ELA from AZB and (4) In-

terference into EL A from ELB:

The interference geometry for these conditions are similar to

the interference into AZB. The one exception is that at low

elevation angles and at maximum range, EL guidance is not

used for path following; it is only used for receiver capture.

.Therefore, the AZ B and ELB sidelobes when controlled to 30.5

dB as discussed above, is slightly overspecified for this

interference condition.

Tone Contamination. The second part of this problem involves

the adjacent channel Doppler spurious signals being mistaken

as a tone. Inthiscase, the interference may take place during

the initial tone detection process (first 2 msec) as well as

during the validation period. In addition, the adjacent channel

interference may interfere with the other auxiliary data being

transmitted.

Adjacent channel interference can cause tone contamination.

By defining function identification as complete when identifica-

tion occurs on 90% of the functions, the frequency sidelobes

must be 9.5 dB below the level of the correct tone. Noise will

increase the false tone level to the tone and the 6 dB threshold

will not reject it. The false tone being 9.5 6B below the

true tone will have a probability of detection of 3t. Any one

of these will have a detection probability of 10%. If both

transmitters wereof equal power level, the sidelobes 400 kHz

from the angle guidance band edge should be 18.5 dB below the

level of the angle guidance. Considering that the angle

guidance is at -6 dB, the Eileband should be at -24.5 dB. From

geometry of 27 dB, rain attenuation of 4.5 dB, transmitter

variation of 3 dB and -2 dB of pattern control, the frequency

sidelobes would have to be controlled by 51 dB below the

angle guidance level.
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It should be noted that this type of interference does not

produce any angular errors but causes function identification

and auxiliary data tones to be misinterpreted with the result

that the information is disregarded. From the approach geometry.

shown in f.ure 1, this condition might last as much as 35

seconds during initial acquisition. However, during this time

the interfering signal will be sequencing through the tones and

as long as the angle guidance is not misinterpreted, high

integrity is maintained.

Although this type of interference does not result in angular

errors, it does result in a reduction in the effective range

of the system. In order to preclude interference in the

tone band, the frequency sidelobes would have to be controlled
within 51.0 dB when 400 kHz from the angle guidance band edge.

There are several alternative means to accommodate this

frequency sidelobe control specification.

One alternative involves synchronizing the two channels so

that angle guidance and tones are not radiated simultaneously.

Secondly, the channel assignments can be adjusted such that

adjacent channels cannot be located within the service volume
of each other (25 nmi radius). Thirdly. the frequency side-
lobes can be controlled at the transmitter or scanner and that

the power in the tone band can be increased by raising the

carrier signal level.

A fourth technique is to modify the tone format slightly such

that the phase of the audio tone can be flipped by 180 degrees

every millisecond. This technique permits us to gain about

16db in tone processing gain. An additional gain of 5 dB is

obtained since the reference carrier w&s increased that amount

to maintain a reference carrier 6 dB above to angle sideband.

A more complete examination of this approach will be performed.

during the GAP period.
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e. Timing Relationship Between Parameters

The basic overall timing cycle is determined by the data rate

selected on an accuracy-data rate trade off study performed for

Hazeltine by Sperry. The timing within each scan cycle is

determined by a number of factors concerning;

o buffer times

o receiver AGC requirements

o receiver STALO requirements

" auxiliary data

o minimua number of scans per function time

o relative timing between functions

o integrity

Buffer Times. In Doppler MLS the receiver AGC is not critical

since angle measurements are made in the frequency domain but

should be established within a few dB of the nominal level to

reduce the linear amplifier dynamic range and reduce the number

of false alarms due to noise firings when the function is re-

ceived at levels 8-10 dB above minimum sensitivity. Since an

instantaneous 37 de change may be present in the TDM format

when going from AZ to EL-i, the AGC amplifier has to slew 37 dB

in a short time. For realistic AGC slewing requirements a 1 ms

buffer time is introduced in the format at the end of each

function time, to permit the receiver to reset the AGC to

maximum gain.

AGC. The AGC amplifier is needed only when determining the

threshold level for tone demodulation to limit the dynamic

range in the tone decoder. It should, therefore, be set

prior to acting on the function identification and auxiliary data

tones. If the tones were transmitted during the entire "function
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start pulse", the AGC woulc have to accommodate a 6.5 kHz AM

tone on the reference. The AGC time constant would then be

in the order of 400 microseconds and three time constants (1.2 ms)

would then be required to establish the AGC level. An alternative

approach is to transmit a carrier only signal for a specified

period of time prior to the AMed tones, which permits the AGC

time constant to be reduced. As a baseline choice, a 300

microsecond period is used to transmit a carrier only

signal. During this period the AGC level is set and held

constant until the 1 msec buffer time is detected.

STALO. In the Doppler MLS approach, it is sometimes necessary

to substitute a reference signal in the receiver in place of

a multipath contaminated transmitted reference signal. The

STALO will be placed to within a fraction of a beamwidth to

permit both '!pper and lower sidebands to be detected and then

applied to one prefilter. The exact frequency of the STALO

is not critical, since the dual scan format averages adjacent

scans. However, if the STALO were set too loose, then the

prefilter bandwidth would have to be increased. AZ is the only

function that requires a narrow or tracking prefilter, so the

STALO will be set to within 100 Hz for minimum effect on the

prefilter bandwidth.

In order to facilitate the setting of a STALO, all ground

transmitters should be locked to a common frequency. This

is done easily through a microwave or ground link which also

contains the timing signals. In this way, the airborne

oscillator could be locked on the received carrier frequency

during the acquisition cycle, where the STALO (APC loop) in

the receiver is updated at the start of each function time.

Again use is made of the 300 microsecond period to update the

APC loop, since no modulation is present on the carrier to

distort the output of the filter when the signal is placed

unsymmetrically about the carrier.
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Auxiliary Data Timing. The auxiliary data format was refined )
from that suggested in SC-117 and the Hazeltine proposal. In

SC-117, four tones were used to transmit auxiliary data, but

all tones were transmitted from the AZ reference antenna.

The refined format retains all the information in the SC-117

concept, but places two tones on AZ and two on EL-i. This

approach permits the use of only two tones. When used in

conjunction with the AZ and EL-i ident signals, it performs

the function of the original four tones.

The organization of the tone cycle is shown in figure 9-35.

It consists of two basic formats; a Morse Code format and an

Auxiliary data format. The Morse Code format is transmitted

with an "I" letter start followed by the Morse Code one character

(mark or space) per AZ function time by modulating tone E.

The auxiliary data format is a constant word which consists of

a 10 bit preamble followed by four 15 bit words. Each word

contains 11 information bits and 4 bits for Hamming Code

detection. Several key features are incorporated in this )
format organization and are described below.

On tone F-AZ, "time of day" and "barometric altitude set"

data words are transmitted for use in terminal navigation.

The "time of day" word uses 6 bits for minutes and 3 bits

for seconds. The seconds are derived in the aircraft by decoding

the preamble and using the fact that the preamble repeats

every ten seconds. In this way, it takes at most ten seconds

to synchronize to the "time of day" signal.

On the EL-1 function changing data, such as facility status,

wind vector, and wind shear, are transmitted both or, tones

E and F. In this way, the data rate of these functions are

increased to once per five seconds. This approach also has

an integrity feature in that should the "E" tone generator

fail, the information can still be derived from the tone F EL-l
signal.
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in addition, the format is organized such that tone F contains

all the data relevant to computation requirements and tone

E EL-i contains information which can be used even in a low

cost receiver. The tone E EL-1 feature is accommodated at

little additional cost, since the tone E decoder is required

anyway for Morse Code identification.

Minimum Number of Scans. The minimum number of scans per

function time is related to the phase cycling granularity

reduction and power requirements. by using two successive

function times to resolve the granularity with phase cycling,

a relationship 16 times the Doppler beamwidth (one over the

scan time) is required to satisfy granularity requirements for

manual control operations.

Relative Timing letween Functions. Relative timing between

functions is chosen to establish a specific function length

for each function (AZ, EL-l, etc.) at all facilities. This

approach permits the receiver to establish its own time

interval which reduces the complication in the division }

process. In addition, the receiver has a cross check on the

function identification (additional integrity).

The primary mode of function identification is on tones A, B,

C, D during the initial two milliseconds of each function time.

If the receiver time interval is much different than the

received time interval, the receiver can disregard the processed

data.

f. Power Budget

The power budget for Doppler MLS, first defined in the TACD

proposal, was refined based on updated design concepts from the

receiver, propagation, and antenna studies, arid the spectrum

control requirements analysis. The new power budget is summarized

i in table 9-28. The receiver sensitivity calculations include

loss figures based on state-of-the-art components, such as the

following.
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o An 11. dB Ni' in the C-band receiver

o A 13 dB NF in the Ku-band receiver

o dHc for VSWP. loss, etc.

The proptiqation studies presented in section 1.1. 1.1 Part F'

indicate a rationale for limiting the maxiimum rain attenuation

at Fu ba-nd to(- 20 d13 which reduces the range of the EL-- 2 antenna

to 2 mu.i An airczaft landing at 140 KIAS and a 10 knot tailwind

would then receive EL-2 guidance about 40 seconds before touch-

down erid about 30 secondls befc'rc flare initiation. At the

rost critical distance around 1 nrni 1rom EL-2 where primary

vertical guidance is "phased cver" from EL-i to EL-2, the 20 d&

attcnuat~.on al1lowance is sutticient to permit c.utages less

than 1.5 hou-r. .or year in the most severe climate (Asia) .

The power budget indi cates two rnumbers for rain attenuation;

one to meet the full range requirements of 3.5 nmi and the

other to satisfy the. rain attenuation budget of 20 dB.

it should be noted that the raticnale for selecting the 3.5

rc~ur~mntaas hs-.5e o-n the re~tmninq7 that. the aircraft-

requires corroboration of EL-2 signals one minute bz:fore

touchdown. There are two areas for further i:ivastigation

regarding these assumptions; reliahilit" -on-iderations

(amount of time required to validate EL-2 data for autoland

applications) and the accomrmodation of future aircraft with

higher landingj spf-edm. We plan to analyze the range re-

qmiremnent of EL-2 in more detail during the feasibility

programn.

The ground antenna studies resulted in an updated definition

of doppler antenna gains. A conservative approach was taken

in defining the EL-l antenna characteristics, by designing

an integrated angle and reference channel antenna. Ti_-'s

ap} roach results in a 3 dB loss in aA,tcnina ',..t is i;X.-dto

provide phase centers for the referenc. and angle guidance

signals for additional granularity reduction for EL-i.
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In the receiver sensi-tivity calculations, it was noted that a

10 dB SNR is required for tone detection and that 11 dD SNR

is required for angle guidance processing. These SNR's were

based on a small false alarm rate and tolerable noise errors

in the receiver at maximum range. When translated into

receiver senstiviti s they are expressed as -114 dBm for the

tones and -98.5 d~m for the angle guidance. Since the tone

sidebands are 38 dB below the carrier, the carrier sensitivity

is -96 dBm, (only 2.5 dB greater than thu angle guidance

sideband) . ror proper spectrum control and detection in a low

cost receiver, the carrier should be as large as possible with

respect to the sidebands. A 6 dD difference provides

.uffic ert rejection due to difference frequen'ies in the

detector, so the carrier power m-)st be increased by 3.5 dB.
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11.1.3 IDENTIFICATION AND RESOLUTION OF REMAINING

TECHNICAL PROBLEMS

The TACD studies have addressed requirements, critical technical

areas, system definition, and definition of Feasibility and Pro-

totype Equipment. The studies have verified the fundamental

soundness of the Doppler technique and the ability to implement

it in cost-effective equipment. It is our belief that all

major system problems for Doppler as a technique have been

resolved, as indic.ated in the discussions of this report. There

remain, however, a number of tasks to complete system definition

from choices among alternatives and from the further definition

of requirements, especially those associated with the military.

In addition, there remain a number of problems common to any

MLS technique which require additional effort for their resolu-

tion.

A. COMMON MLS PROBLEMS

1. Interface with Flight Control Systems

It has been descijbed in Section 1.1.1.2 that ML9--being a

sampled data system--presents a different format to AFCS and

that is has been necessary to address the effect of this differ-

ence. Our studies to date have indicated the quality of the MLS

signal output required to interface with the AFCS for several

aircraft types in both CTOL and STOL categories. However, there

remain questions in this area concerning other aircraft types.

This problem is being addressed by various workers within the

MLS contractors and in the Government.

Hazeltine has made specific plans to continue to address this

problem. Sperry Flight Systems Division will conduct studies

for VTOL, Carrier Landing and USAF High Performance Aircraft

during the Feasibility Program.
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2. Military Requirements

This area remains as a problem since definitive plans for incor-

poration or MLS have not yet been made available for all the

military services. It is understood that the U.S. Army is

planning to complete specifications for tactical landing systems

and define transportability requirements. There is also informa-

tion needed on U.S. Navy Carrier Landing plans. We understand

that these plans will depend in part on the results of the TACD

studies.

We plan to continue contact with the various military agencies

to resolve requirements and system definition.

3. Multipath

Extensive studies of multipath and terrain effects have been made

by H-zeltine during TACD 'and earlier) and have resulted in

several concrete results. A multipath model of the character of

multipath return has been defined based on realistic descriptions

of airport physical environments. Our Doppler MLS equipment has

been desiqncd to accommodate to the multipath signal character-

istics. This has had its effect on ground guidance equipment as

well as airborne equipment approaches. It is a task in Feasibil-

ity Demonstration to experimentally verify the characteristics

of the multipath signal (see below for specific Doppler investi-

gations).

Another aspect is siting on irregular terrain and runway humps.

It is planned to simulate these conditions and evaluate their

effects experimentally in Phase II.

4. Propagation at Ku-Band

The power that is required to be radiated for EL-2 and military

systems is very dcpendent on the actual rain attenuation that

will be encountered. It is planned to continue to review this
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problem and update attenuation and power specifications. However,

it is also recommended as a backup that measurements be made

under separately contracted effort or directly by the Government.

5. Compatibility with ATC

There are a number of new ATC procedures being considered such as

RNAV .:.d terminal area procedures including two-step glideslopes,

metering and senuencing, etc. There is the general need for MLS

workers to continue to be aware of studies and policies relating

to these ATC areas, and it is part of Hazeltine's plan to con-

tinue this activity.

B. DOPPLER DEFINITION PROBLEMS

1. Multipath and Reaceiver Accommodation

As mentioned above in Item A3, our receivers have been designed

to reject multipath signals using certain filtering approaches.

These are planned to be evaluated by Field and Flight Tests dur-

ing Phase Il to select and define optimum approaches for various

classes uf users. It is planncd tc be able to Relect among fixed

sector filt.ers and tracking filters, as applied to various classes

of users..

2. Frequency Measurement Appioaches

We plan in the Feasibility Demonstration to evaluate several

counting and analogue frequency measurement approaches. This

evaluation will permit selection of optimum approaches among the

various techniques including uniscan counting and multiscan

counting.

3. Low-Cost Receiver

It has been a long-stated objective in the rILS Program to pro-

vide a low-cost MLS receiver for the general aviation user. This

problem has been studied and receiver approaches have been de-

fined during our TACD activities. However, a direct consideration
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of this problem is planned for Phase II. Sperry will have the

task of designing a low-cost Doppler receiver for General Avia-

tion application (i.e. Configuration "D").

4. Synthesizer

There is a need to fully define an optirlrm cost-effective design

for this key component. We plan to specifically carry out this

task in Phase II.

5. Acquisitiun and Reacquisition Timing

MLS will be operating in a multipath environment where large

reflections can occur. We have configured approaches to select

or acquire the direct or "true" ,ignal and to reject multipath

components. This includes data validation as well as reacquisi-

tion after momentary outages caused by signal blockage. There

remains the detailed definition of the timing of these functions;

it is planned as a specific task to determine optimum timing

formats for these functions. )

6. Monitoring

This topic has been discussed in detail in Section 1.l.l.1, Part

A and monitoring approaches have been configured. Integrity

has been evaluated for these approaches. There remain some

questions concerning the exact location of near and far-field

monitors and the effect of the airport environment on their

performance. (It is also planned to employ extensive integral

monitors as described.) These questions are to be fully

evaluated in Phase II to define specific locations for Prototype

Systems.

10-4 )

' -- , , n, ,,,, !



C. CONCLUSIuN

Of the remaining problem areas which have been discussed

above, several are fully expected to be of a continuing

natare until equi.pment is actually in the hands of the users.

We plan to address these problems on a continuing basis

d"-ing subsequent phases. For the other areas, we believe

the results of the planned Phase II progrldi will provide

positive resolution which will permit t]he program to proceed

without additional risk. In conclusion, we have a firm plan

to address and resolve all the remaining technical problems

that have been identified.
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1.1.2 SYSTEM TRADES

This suction reviews the decision process which was followed in

selecting our baseline approach and -he selection of hardware to

demonstrate its feasibility. It will Le organized, first under

those factozr or criteria which affect life-cycle costs. Our

selections will then be delineated and any associated technical

ris'ls will be reviewed. Additional factors which entered into

the overall process of system trades will he indicated.

There are two genera]. types of system trades that were considered.

The first i3 concerned with the definition of the most cost-

effective approach which remains within the specific functional

requirements as delineated in ole report of the RTCA and as refined

by Hazeltine. The second type of trade concerns departures from

specific techniques in the SC-117 approach, but which meet the

operational requirements and aviation needs, also delineated by

SC-117. Each of these approaches is discussrd in the materiai

which follows.

The first approach has led to our baseline system and format de-

scribed in Section 1.1.i.1, PdtL A and Secticn 1.1.5, Part B,

respectively. The second approach has led to the recommendation

of a number of viable system alternatives which can offer the solu-

tion to certain identified difficult technical problems and offer

the potential for overall system cost reduction. For example,

one of the problems identified for MLS, and not associated with

any particular technique, is the signal blockage of very large

hangars for wide azimuth angles in the coverage region. We will

present the discussions relating to the baseline system first and

follow with system alternatives.

1.1.2.1 LIFE-CYCLE COST IMPLICATIONS

Vere we are concerned with the total cost to the aviation com-

runity. It concerns not only the initial acquisition and mainte-

nance costs for ground equipment to be installed on airports, bvt

also the costs to the far more numerous airborne users of the MLS.

In both ta s costs must be considered ovr the range -f
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installations from the high performance configuration K tor com-

nercial air carrier and military user to the simpler servic,

suppliod fo: the general aviation user. An important considera-

tion is the growthi potential oi the system.

A. BASIC APPROACH

It is our plan to determine full life-cycle costs for our systent

approach as it becume5 defined in the necessary detail during our

studies in Phase II concerning Prototyp4- and Production equipments.

During this TACD phase it had not been planned to carry out this

detailed cost analysis for each alternative considered because of

the magnitude of the task. It was decided to apply an approach

based on more general criteria.

The criteria applied in our selection were? based Dn fundamental

considerat-,ons which pernuitted au expeditious evaluation of alter-

natives. These general criteria which relate to overall cost are:

o Simplicity of Design

o Fundamental Soundness of Design

o Independence of Design

o Available Modularity

o Flexibility of Approach

It must be recognized that the selection of a detailed baseline

approach must be based also on additional criteria which were con-

sidered concurrently with cost factors and include:

o Ability to meet functional and operational requirements

o System integrity

o Compatibility with Ground Environment

o Compatibility with Flight Operations

o Compatibility with ATC Operations

o Compatibility with Users/Airports

11-2
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The remaindur of this discusision will be divided into two prt:5.

The ficst will review individual factors; the choices made will

be based on the sets of criteria indicated. The various bd .] nc

candidati contigurations which were con0s1idcrud during our st.dion

are p cescntod in figures 11-1 to 11--6.

B. INOIVIUAL FACTORS

The following summarizes the factors to be considered in the dctini-

tion of the baseline system

1. Doppler vs Scanning Beam MLS

2. Conical vs Planar Coordinates

3. Crossed vs Unitary Planar Coordinates

4. Aperture Port vs Beam Port Antennas

5. Ground vs Airborne Filter

6. Elev,.ion No. 1 Antennas (EL-i)

7. Contiguration D

8. Selection of Optimunk Format Paiameters

a. Time division multiplex vs freqxiency division

multiplex

b. Sequential dual scan (SEVS) vs. simultaneous dual

Scan (SIDS)

c. Frequency coding

d. Adoption of phase cycling

e. Timing relationships

It should be noted that the above list refers to our baseline

selection. The description and re'commendation of overall system

alternatives will be described in Part 4 of this section.

11-3
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C. DISCUSSION OF TRADES

1. Doppler vs Scanning Beam

This very fundamental question was not considered at this time

because of the approach that we have adopted during TACD. Our

original decision to pursue the study and development of the

Doppler technique had ben based on recognized advantages in both

fundamental performance of the Doppler system and in anticipated

simplification of the required implementation. Our TACD approach

has been to bring the Doppler technique to the stage of develop-

ment by detailed technique analysis and equipment design develop-

ment so that comparison and evaluation of alternative techniques

ma" be made with Doppler "at its best".

Our studies and experiements to date have reaffirmed our original

decision to pursue the Doppler technique. We believe that the de-

signs and approaches developed have verified Doppler's ability to

meet operational and functional requirements with higher levels of

pertormance and lower cD i than may be possible with other techniques.

One aspect will be pointed out which is the experimental demonstra- )
tion of the planar beam-port ground guidance system. In this case

we have achieved anticipated performance of planar beams, low-angle

cutoff and smooth frequency coding in a very simple cost-effective

structure. It has provided additional confidence that Doppler

potentialities can be realized in practice.

2. Conical vs Planar Coordinates

This has been a fundamental consideration since the inception of

organized MLS activity. SC-117 has adcpted planar coordinates for

all elements, but this viewpoint has been challenged abroad, as

well as within the U. S. During TACD this question was reviewed

and several conclusions can be stated here, since they have far

reaching cost implications. First, there should be a statement of

an identification of the optimum set of coordinates for MLS. With

these in mind the discussion can be clarified.
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We would like to define an optimum as the coordinate required for

"direct use" - This coordinate set would be the most useful for

the simplest airborne implementation with the minimum of computa-

tional facility available. These "direct-use" coordinates are:

o Planar azimuth which means that it is independent of

height or elevation angle.

o Planar elevation along runway centerline intersecting

the runway at the GPIP.

o Conical elevation at wide azimuth angles for height

determination, especially if colocated with DME.

It is our analysis that "direct-use" coordinates will provide for

the least cost in airborne equipment computations, provide coordi-

nates directly applicable to the general aviation aircraft, and

provide maximum integrity at decision height and touchdown regions.

it is our conclusion that these coordinates should be adopted.

The one departure of these coordinates from SC-117 is the conical

elevation at wide azimuth angles. It is believed that, as long

as centerline guidance is planar in elevation, there will be

greater system simplicity with resulting lower overall cost with

conical wide azimuth angle elevation. Also, conical elevation

permits 36C2 coverage in the azimuth dimension; planar does not.

3. Crossed vs Unity Planar Antennas

There are two ways which have been identified to achieve planar

coordinates with the Doppler technique. One was described in the

SC-117 report and required two orthogonal conical coordinate arrays

with a simple airborne coordinate converter. This approach operates

sequentially in two time slots. A second approach was presented

in the Hazeltine TACD proposal to be a single antenna structure,

operating in a single time slot. Moreover, simple implementations

for these antennas were described. At Hazeltine a selection has

been made of the unitary planar antenna for three basic cost-

related rcisons.

r ii
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o The airborne receivinq and decoding equipment will be

simpler with resulting lower cost.

o The unitary approach will require simpler monitoring on

ground and in airborne equipment to insure the proper

operation. There would be a need for monitoring both

antennas of the crosed approach with corresponding flag

indications ..n the receiver for each of the two antennas.

o The duai >r crossel systems are considered less reliable

for Cat ti/Cat !IT operations with computations in the

aircraft required. It is anticipated that this would

result in addition&l missed approaches introducing an

additional burden and therefore cost on overall system

operation.

o The cylinder array has a growth potential to 3600 and as

such can increase the life cycle with attendant overall

lowcr cost.

4. Aperture Port vs Beam Port Antennas for Elevation

The original suggestion in SC-117 for Doppler elevation antennas

is a linear array of many elements, possibly exceeding 150 elements

in a high performance configuration. This type is called an
"Aperture Port" antenna in the Hazeltine proposal. It was recog-

nized early and it was presented in the proposal that where cover-

age angle is limited to 10 or 20 degrees, a saving in the number

of active components could be achieved (see Section 1.1.1.1, Part C),

by the use of a "Beam Port" antenna. Also, it was recognized that

the Beam-Port approach could provide planar coordinates when con-

figured with a cylindrical parabolic reflector. Therefore, Beam-

Port approach has been adopted for basic simplicity as well as

other technological reasons. The smaller number of active elements

is anticipated to result in lower direct costs and lower operating

and maintAnance costs as well as si.mpler associated monitoring

circuits.

11-12
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5. Ground vs Airborne Filter

In the Doppler elevation antennas as envisioned by SC-I17, there

is radiation toward the airport surface which is reradiated and

received at the airborne receiver decoder at characteristic fre-

quencies. This component must be eliminated from the decoding

process or intolerable guidance errors result. It was proposed

to eliminate this component by the use of a sharp cutoff filter

in the airborne receiver, but there are two problems associated

with this approach. One is the complexity of the sharp cutoff

circuit design and the second is the distortion of the angle

guidance calibration at very low angles because the signal is ve:y

near the sharp cutoff of the filter. Also, there must be a filter

in every airborne receiver. As an alternative to this approach,

a Doppler antenna which limits the radiation and resulting re-

radiation from the ground to levels which do not require an air-

borne filter, has been devised. It is a characteristic of the

beam port antenna previously described. The sharp cutoff charac-

teristic which eliminates the ground reflection directly and avoids

the need for the airborne filter has been selected in our baseline

approach.

6. Elevation No. 1 Antennas (EL-I)

There is a complicFted situation regarding elevation antenna selec-

tion which involves a number of constraints. These are:

o Wide azimuth elevation guidance "direct-use" coordinates

are conical (Item 2).

o Planar elevation coordinates are required along the center-

line as low as 50 ft. above the runway for Category II

landings.

o EL-1 antennas must be sited opposite the GPIP or require

an offset GPIP computation.

o Very high glideslopes, up to 150, with 200 coverage have

been postulated as being required for potential future

operations.

11-13
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o High glideslopes, low decision heights and EL-i siting

locations require wide azimuth coverage to include runway

centerline plus antiipated tolerances.

o It becomes increasingly costly to provide planar coordi-

nates at very high glideslope angles at the very wide

azimuth angles corresponding to very low decision heights

(see Section 1.1.1.2, Part A).

Based on an extensive review of these factors and the consideration

of many alternatives a baseline approach has been selected tenta-

tively for on-going planning (figure 11-7), and several viable options

have been identified, Also, there is suggested that careful review

of requirements be continued to carefully set limits to provide

what is actually needed, so that costly unessential performance

can be avoided.

The baseline selection provides for a modular approach to EL-l,

separating elevation coverage into two regions, one for CTOL and

one for STOL. EL-IL provides coverage in planar coordinates from

1 to 100; EL-lH provides it from 40 to 200. Each antenna operates

in a separate time slot, so they can be used individually or in

combination as requirements dictate. Planar guidance is provided

to 50 ft. below Cat II decision heights. One option permits the

beams to be shaped in azimuth to avoid illumination of largest

sources of multipath error. Wide angle elevation information to

determine altitude is not provided by this approach for the reasons

which will be discussed below. It is recommended that altitude in

in wide angle regions only be determined by barometric altimeters

for cost and technical reasons. It is believed that the most

cost-effective way to reliably meet the operational requirements

is provided by this recommended approach.

It is to be noted that our Doppler approach is fundamentally capable

of providing the full coverage elevation performance, either by a

conical coordinate antenna or by a larger planar coordinate antenna,

such as described in the Hazeltine TACD proposal. We have adopted

11-14
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the baseline approach because it results in what we believe is the

most practical way to compatibly integrate MLS into the National

Aviation System and meet MLS operational requirements.

The rationale for this selection is based on the recognition of

several practical and compatibility factors which must be carefully

weighed and judgad before adopting a particular approach. These
include:

o The maximum glideslope required for STOL and even VTOL

may not require angles as steep as 150 and may only require

70 to 80.

o The decision heights (and therefore the lowest guidance

angle) for the highest glideslope paths may not he as low

as the current 100 ft.

o There is potential incompatibility with determining alti-

tude by the combination of EL-I and DME with users opera-

ting on baro-altitude.

If either or both of the first two items are realized, then it will

be possible to use a single EL-l antenna and meet all planar coordi- -
nate and accuracy requirements. This would avoid the two antennas

and result in a further cost reduction. Over 95 percent of current

airport installations would require only one antenna.

The last item is concerned with height determination by MLS (EL-l

combined with DME) at wide angles. The first concern with this

approach is that should planar coordinates be utilized, azimuth

angle would also he required for the height computation. Also the

location of DME, whether at the AZ or EL-I site presents another

* parameter in the computation. The second concern is the accuracy

for height determination at the maximum range. In the worst case

at wide azimuth angles and 25 n mi range three sigma errors of up

to 500 ft could be prese.it (Section 1.1.1.2, Part A). There is

also the fact that an EL-1 angle coordinate reference is a plane

r tangent to the earth at its location, while baro-altitude is above
mean sea level, Since the ATC system is operated with reference

11-16
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to mean sea iaVel, there exists a basic incompatibility in a

trivial way because of the altitude of the EL-i anter-a, but in

a significant way because of the earth's curvature. While this

could probably be corrected or calibrated out, it represents

a complication. An error or incompatibility which may not be re-

solved, however, is the MLS height determined from two different

EL-i antennas which are separated by a substantial amount on a

large airport. For a spacing between EL-I antennas of 5 miles and

a range of 20 miles, there would be an error of 150'. It would

require considerable computation to remove this bias.

Therefore, while it would have been possible to provide wide-angle

elevation angle coverage f)r the general baselins K configuration,

we are recommending that height be determined by baro-altitude at

wide angles only so as to be compatible with ATC and avoid the

errors described in the paragraph above. It should be made very

clear, however, that centerline altitude in the final approach

will be provided by MLS. When maximum usable glideslopes and

decision heights are set, we visualize a K configuration airport

(with a single planar azimuth system, an EL-2 system for touchdown

guidance, a single planar EL-I system tor required centerline

guidance on the approach path and landing regions and ;: back course

system as a very cost-effective approach to MLS.

PIt should be noted that special requirements may have to be satis-

fied for military operations where side-angle elevation may be

required. Our military system provides elevation guidance to +600
! azimuth angle (Section 1.1.1.1, Part C).

V
7. Configuration D

For configuration D there were two basic alternatives which were

considered. One would provide proportional azimuth coverage to

+200 and the second to +30, with left-right indication to +200.

Our choice of baseline, as shown in figure 11-8 has been to provide

the full proprtional coverage, but the reduced reyuirement D

system does provide an attractive low-cost alternative. It would

be an "ILS Replacement" and may be attractive to some general avi-

ation users.

11-17
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8. Selection of Optimum FormLtat Parameter2

Detailed signal format studies have been perforr.-ed as report-ed in

Section 1.1...2, Part B. It was required that a large number ot

choice3 be made in the format with critercia establisl-ed with t1c-ch-

nical and cost-related factors. The detailed discussions will not

be repeated here and the reader is referred to that Lectioni. ilcw-

ever, a very brief summary i s included here to indicate the tactor

reviewed and conclusions reached.

o Time Division Multiplex (TDM) has been selected over the

alternative Frequency Division Multiplex (FDM), primarily

because FDM requires multiple processors and becauic' of

the bandwidth economy of the TDM approach while retaining

adequately high data rate and reasonable transmitted

power levd1s.

o Sequential Dual Scan (SEDS) has been retained over

Simultaneous Dual Scan (SIDS) as a means of retaining

simplified airborne receiver approaches.

f o A Frequency coding has been selected with a harmonic rela -
Ip i 1( o

* -tion amng funtins n t imprifv r-'Piv~r anl nor-mali-

zation iDoplementation.

o Phase cycling in the transmitter has been adopted to

pertlit application of multiscan counting for low-cost

general aviation receiver design.

o A number of timing relationships have been chosen to

K simplify receiver design. These include

o 300 p-second pure carrier to simplify AGC and AFC

o 1 ms buffer time to reset AGC

o fixed function time length

o A test signal is planned to be radiated fron L:v Ouudt

systems in function "dead" times to provide a check of

the airborne receiver.

11-19



Report 10926

o AM tone modulation is planned for simple receiver detec-)

ti on.

o Ground systems will be frequency locked to permit simple

AFC in airborne receiver.

D). SYSTEM ALTERNATIVE'S

There are two major alternatives which have been considered to

provide an overall cost reduction. They are presented here for

consideration. but are not reconmened_ for adoption at this time.

One is the "Cormon-Format Microiavigation" approach and the other

is the "ILS Replacement," which was discussed earlier.

Cuommo-Format Micronavigaticun/Landing System. In the TACD effort

we analyzed the MLS concept as defined by SC-117 and stressed the

combired landing system guidance capabilities ani limited terminal

riavly aticn capabilities of the system. However, microwave propo-

gation Ltudies affecting wide-angle coverage around major airport

terntijals highlighted the problem of blockage. Sectors 30EL x 50AZ

may be blocked due to the large f:*,.ed airport structures, such as
the large hangar complex along runway 31R at JFK. One solutioin to

Lhis pioblem i5 to separate the landing and teratinal naviati.on

equipments. if we pro'vide a wide-an~gle accurate and blockage free

system for terminal navigation, then a narrow-angle highly-accurate

system car, be placed on each runway for landing guidance.

The system would operate using one airborne receiver in the follow-

iny manner. A 3600 AZ navigation system refi-.rencedl to maqnietic

north would transmit on one MLS chanisel &rid a lar.3ing system woul.d

tra~n5zmit on another zhAdnnel, but bc~th systems wou I use tne Doppler

M4LS fronnmat. Only one navirati on systera would be ruquired per nic-

nr.)*nA it would be elevated (or suitably located to reducke blockigo.

IL R ~~:.xt eread-.ped to reduce the wide-angle coverage of the

C-1 oIAnC.Ce. Syster. e. qinii.iied and lower coet landing guid-

Lnc~p &y,3tt- could be placed _a cach runway requiring MU;~.

'Th ru. ,:~r~v~-~aiu aprochwoiLl'I Prmit interfacing with ATC

~V~.~$o't:ivthe- termniia;A aiiea, inicluded proposed 4 th eneration
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satellite systems. It is interesting to note that a 4 generation

airborne navigation package could then consist of only a general

navigation receiver (e.g., a satellite L band transceiver) and a

C band MLS receiver.

The antenna configurations chosen for this common format system

are identical to those used in the baselirne system descxiption.

A more definite position will be taken during the feasibility pro-

gram regarding the separation of the two ft nctions (wide angle

navigation and final approach) after a more complete analysis is

made. However, the concept of separating the landing and naviga-

tion aspects of MLS is introduced here to indicate the growth

potential of the Doppler MLS.

L . 4
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1.1.2.2 Technical Risk Implications

In Section 1.1.2.1 the selection process for our baseline system

was described, based on a number of technical and cost-related

factors. Having made this selection, the question then remains

concerning the degree of technical risk associated with these

choices. It is our belief (Section 1.1.1.3) that our studies

have verified the fundamental soundness of the Doppler approach

and that all major system problems have been resolved. In that

section there was, however, indicated the need for further detailed

system definition to meet the needs of all users, end work on

certain common problems associated with MLS techniques in general.

Although additional verifications wert recommended for final

resolution and optimization, in each case there had been sufficient

study performed to indicate to us that no significant risk remains.

In this section we will briefly list the major choices and the de-

gree of technical risk which remains in the development program

associated with each. The individual factors considered are:

1. Doppler vs Scanning Beam

2. Conical vs Planar Coordinates

3. Crossed vs Unitary Planar Antennas

4. Aperture Port vs Beam Port Antennas
for Elevation

5. Ground vs Airborne Filter

6. Elevation No. 1 Antennas

7. Contiguration D

8. Selection of Optimum Format Parameters

The technical risk associated with each of these factors is

summarized in table 11-1. A review of this table indicates that

we believe that our chosen approach has achieved a very low techni-

cal risk for further development and feasibility demonstration

because of the extensive and complete analytic and verification
studies and experiements carried out during the 2ACD phase.

11-22
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1.1.3 system Compatibility

1.1.3.1 - Colocation with Existing Approach and Landing Aids

The following three areas are considered in this section:

(1) colocation of the AZ antenna with the ILS Localizer antenna,

(2) colocation of the EL-i antennas with the ILS Glide Slope

antenna, and (3) colocation of the AZ antenna with the Approach

Lighting System.

A. SUMMARY

1. Colocation of AZ with Localizer

The PLS AZ antenna should be placed on the runway centerline

beyond the stop end of the runway. However,there may be an ILS

Localizer antenna already in operation in this location. It is

ixportant that neither antenna degrade the performance of the

other.

It is recommended that for most runways the AZ antenna be located

( in front of the Localizer antenna within obstruction clearance

limits. Because the AZ antenna is small compared with the

Localizer, and because the AZ antenna is usually close to the

ground where the Localizer field is relatively weak, the effect

of the AZ antenna on the Localizer radiation will usually be

small. Furthermore, only the slope of the Localizer ddm pattern

will be affected; the "on-course" or null direction of the Local-

izer pattern will be essentially unchanged because of the sym-

metrical location of the AZ antenna on the Localizer centerline.

With the Localizer behind the AZ antenna, the Localizer will not

fre,. AZ performance.

figure 12-1 indicates three typical configurations. In the first,

an AZ antenna for configuration K is shown located 75 feet in

front of a V-Rino Localizer. The top of the AZ antenna is assumed

to be 6 feet above flat ground. (A 6-foot-height AZ antenna can

be placed in front of a 7.5-toot-height V-Ring Localizer without

12--l
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Figure 12-1. Typical Configurations with AZ Antenna
in Front of Localizers
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affecting the normal 50/1 clearance limit.) With these these

dimensions, the change in slope of the Localizer ddm pattern is

estimated to be only 0.5%. This is believed to introduce a

negligible change in Localizer system operation.

A second configuration shown in Figure 12-1 is an AZ antenna for

configuration D located 50 feet in front of an 8-Loop Localizer.

A change of ddm pattern slope of 1% is estimated for this case.

A third configuration shown in Figure 12-1 is an AZ antenna for

configuration K located 75 feet in front of a Waveguide Local-

izer with a Clearance (8-loop) Array. A change of ddm pattern

slope of 0.5% for the Waveguide antenna and 1% for the Clearance

antenna is estimated for this case. All of these effects are

believed to introduce negligible changes in Localizer system

operation.

In certain runway environments, the simple approach described

above may be inadequate. For example, an AZ antenna may have

to be located high above the ground in a valley between the
Localizer and the runway. This could result in a significant

effect on Localizer performance because the AZ antenna would no

longer be in a region of weak field near the ground. In this

case an "invisible" AZ antenna could be used, as indicated in

Figure 12-2 (top). This antenna wouLd be designed to prevent

a continuous horizontal conducting path for current induced by

the Localizer radiation (which is horizontally polarized and has

a 9-foot wavelength), and the antenna would appear invisible at

110 ! Hz. It is estimated that the effect of the AZ antenna could

be reduced by 20 dB with an "invisible" design.

An alternate approach is indicated in Figure 12-2 (bottom),

utilizing a double AZ antenna, with one antenna placed on each

side of the Localizer wbere the Localizer radiation is usually

weak. In this system, successive Doppler scans are radiated

12-3
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Figure 12-2. Special AZ Antennas for Difficult
Colocation Situations
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alternately by each of the two antennas. In the aircraft receiver,

the two different received frequencies are automatically averaged

over the many scans in each function time, giving the same re-

sult as if there was a single AZ antenna on the runway centerline.

In addition to being a possible solution to the colocation prob-

lem, the double AZ antenna can also be considered for those

runways where there is no room for any antenna, including the

Localizer, beyond the end of the runway. The ability to use a

double AZ antenna where necessary is a significant feature of the

Doppler-scan system.

A limitation of the double AZ antenna system is that as the air-

craft approaches the stop end of the runway the two received

frequencies can separate beyond the bandwidth of the narrowband
(or "centerline") filter that may be in use in the receiver.

For a 150 foot separation of the AZ antennas and a +3.5 degree

angular limit permitted by the filter bandwidth, an aircraft at

the edge of a 150 foot wide runway would to bypass the filter in

order to receive signals from both antennas at ranges less than

about 3,000 feet. The system can be arranged so that this can

be done automatically in the receiver for those runways using

a double AZ antenna. The need for a narrowband filter decreases
markedly as the aircraft approaches the stop end of the runway.

In conclusion, a simple AZ antenna located in front of the Local-
izer is recommended as a solution to the colocation problem for

most runways. For special circumstances, an "invisible" antenna
or a double antenna system may be necessary. Testing is recom-

mended to be performed following the Feasibility Demonstration

Phase to demonstrate the immunity of Localizer performance to

this proposed A2 location.

12-5
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2. Colocation of EL-i with Glide Slope.

The EL-I antennas should be placed alongside the runway opposite

the GPIP. There may be an ILS Glide Slope antenna already in

operation in this location. It is important that neither antenna

degrade the performance of the other.

The El-i antenna closest to the Glide Slope antenna is the larger

of the two proposed EL-i antennas and is used for the lower cover-

age angles. Figure 12-3 indicates this antenna placed alongside

the Glide Slope antenna, about 50 feet closer to the runway. It

is estimated that the effect of this dntenna on the Glide Slope

angle accuracy will be less than 0.01 degrees. This is believed

to introduce a negligible change in the Glide Slope system opera-

tion. The effect of the other EL-i antenna, which is smaller and

further away, would be even smaller. The Glide Slope antenna will

have a negligible effect on EL-i performance. Testing of this lo-

cation of the EL-i antenna is recommended to demonstrate the im-

munity of Glide Slope performance.

3. Colocation of AZ with Approach Lighting System.

Certain runways are equipped with an Approach Lighting System

(ALS). This system of lights occupies the region beyond the end

of the Tunway in which an AZ antenna would be placed. The effect

of each system on the other is of interest. Figure 12-4 (top)

indicates an AZ antenna located above the plane of the lights and

just inside one row of lights. For an aircraft approaching the

runway along the glide slope, one of the ALS lights may be ob-

scured by the AZ antenna until the aircraft reaches a point

where the light appears over the top of the AZ antenna. In many

cases, this would occur when the aircraft is outside the middle

marker. At the present time, based on discussion with United

Air Lines, this effect does not seem to be a significant handi-

cap to the pilot.

12-6
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Figure 12-4. AZ Antenna and Approach Lighting System
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As indicated in Figure 12-4 (bottom), the presence of the ALS

above the ground between the AZ antenna and the runway can have

some effect on the antenna performance. The ALS structure can
cause an azimuth angle error; this error becomes small when the

aircraft receiver is using the "centerline" narrowband filter.

The support structure for the lights can .cdify the elevation

pattern in a manner somewhat diffe:ent from the normal modi-

fication caused by the ground. All of these effects decrease

as the vertical aperture of the AZ antenna is increased and as

the distance between the bottom of the antenna and the plane

of the lights is increased. When the lights are well below the
bottom of an AZ antenna with a large vertical aperture, the

effect on AZ performance is expected to be negligible.

B. DETAILED DISCUSSION

1. Discussion of AZ Colocation with Localizer.

Four possible locations for the AZ antenna were studied: these

are indicated in Figure 12-5.

The tirst location, with the AZ antenna tuquthe with the Local-

ize does not appear to be attractive. For t1'e V-Ring and 8-Loop

Localizers, locating an AZ antenna close to the radiating ele-

ments will affect the Localizer patterns. Even an "invisible"
AZ antenna will have some effect when it is close to these

Localizer elements. For the Wiveguide Localizer, an AZ location

just above the front of the waveguide roof is possible, but the

AZ vertical aperture would usually have to be larger, and there

remains the problem of affecting the patterns of the Localizer
Clearance antenna which is located to the rear. In any case, it

would seem that attempting to integrate the AZ antenna with an

existing Localizer antenna would be a major nuisance.

A possible exception is the special case of a Localizer antenna

which has been installed on a platform sufficiently high above

the runway to permit an AZ antenna to be properly located

1i 12-9
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underneath the platform. If the platform supports can be arranged

to avoid blocking the AZ antenna radiation, the underneath loca-

tion may be acceptable for this case.

The second location, with the AZ antenna behind the Localizer,

cannot be guaranteed to provide the required MLS performance

unless the AZ anten-na is located (a) very far behind the

Localizer, or (b) above aid just behind the Localizer. The far-

behind location is not generally available, and the abcve-behirnd

location is likely to have an obstruction clearance problem as

well as requiring a larger vertical aperture for the AZ antenna.

It is estimated that with the V-Ring Localizer, a close-behind

location of the AZ antenna may give adequate MLS performance

when a "centerline" narrowband filter is used in the receiver
to remove most of the spurious signals caused by reflection from
the V-Rings and their supports. It is also possible that an AZ

antenna for configuration D placed close behind the A-Loop Local-

izer and offset from the centerline to radiate between the wider-

spaced loops would yield adequate MLS performance. However, it

should be recognized that both the V-Ring and 8-Loop Localizers

radiate substantial power to the rear, so with the rear AZ loca-

tion there would be an effect on ILS performance comparable with

that with the front location. In general, the rear location for

the AZ antenna is not considered attractive.

The third loration, with the AZ antenna in front of the Localizer

is recommended for most runways. When both the runway and the

ground between the Localizer and the AZ antenna are substantially

flat, the AZ antenna is likely to be located close to the ground.

Since the Localizer radiation has a null along the ground, an AZ

antenna close to the ground will be in a region of weak field and
will have a much smaller effect than would otherwise be the case.

Also, the AZ antenna is shorter than the Localizer, and intercepts

only a fraction of the Localizer radiated power, as well as re-

radiating this power in a broad, low-gain pattern. Bo:h the weak-

field effect and the intercepted-power-fraction effect are depen-

dent on distan'e between the two antennas; the greater the distance

the less is the effect of the AZ antenna.

12-li
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)
An analysis has been made of the effect of the AZ antenna for

various antenna combinations as a function of distance between

the two antennas and of height of the top of the AZ antenna

above ground, for the case of a flat ground. These results

are plotted in terms of the ratio of the signal reradiated from

the AZ antenna relative to the direct Localizer signal, as both

signals are received by an aircraft near the runway centerline.

The results are essentially independent of Localizer heiaht

above ground when this height is not unusually large, and are

essentially independent of aircraft elevation angle for angles

near the glide slope.

Figure 12-6 presents the results for the case of a V-Ring or a

avegide Localizer and an AZ antenna for configuration K (a 15-

foot diametor circular array was assumed, but a 12-foot long

linear array yields about the same result). The solid curve

mar!ked h = 6 ft. is for the case of a 6-foot height of the top

of th3 AZ antenna above ground (corresponding, for example,

to a 4-foot vertical aperture and a 2-foot clearance froi, the

ground). For a 75-foc,: distance between the AZ antenna and

the Loca'izer, the ratio of reradiated to direct signal is

calculated to be about -46 dB near the runway centerline.

The reradiated signal occurs only in the "carrier and sideband"

signal that is tadiated on the "sum" pattern of the Localizer.

This is because the "sideband only" signal is radiated on the

"difference" pattern of the Localizer which has a null along

the centerline of the Localizer. Assuming that tOe AZ antenna

is located on the Localizer centerline, there is essentially no

sideband only" field at the AZ antenna. As a result, the AZ

antenna will affect the slope of the ddm pattern of the Localizer

system, but will not affect the ddm null location or the "on-

course" direction.

12-12
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For e reradiated "carrier and sideband" signal 46 dB weaker than
the direct signal, the maxirur change in ddr slope would be 0.5%.

This is believed to introduce a negligible change in Localizer

system operation. If the AZ antenna is only 50 feet in front of

the Localizer instead of 75 feet, the signal ratio becomes about

40 dB yielding a maximum change in ddm slope of about 1%. This

is also believed to be a negligible effect in the Localizer

system. However, a reduction of distance to 25 feet would cor-
respond to about 30 dB or 3% which may be large enough to be

noticeable in Localizer system operation.

Nominally the Localizer is placed 1000 feet or more from the stop

end of the runway. For these cases a 6-foot-height AZ antenna

could be located 500 feet in front of the Localizer without in-
terfering with the 50/1 clearance surface that begins 200 feet
from the end of the runway. However, there are a significant
number of runways where the Localizer is substantially closer;
for example, two of the six Localizers at JFK are less than 500
feet from the end of their runways. Localizers such as these I
are likely to penetrate the clearance surface and therefore re-
quire a waiver for their installation. For such cases the AZ

antenna would probably also penetrate the clearance surface and

require a waiver, but the amount of penetration can typically be
made no greater than that of the Localizer. For example, a 6-
foot-height AZ antenna placed 75 feet in front of a 7.5-foot-

height V-Ring Localizer would penetrate the 50/1 slope by the

same amowuit. If placed only 50 feet in front, this AZ antenna

would penetrate the 50/1 slope 1/2 foot less than the Localizer.

The solid curve marked h = 12 ft. is for the case of a 12-foot

height of the PZ antenna above flat ground. Such a height might

be needed with a runway that is high in the 'iddle or with a

ground that slopes off beyond the stop end of the runway. With

this height becoming twice the previous height the reradiated

12-14
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signal becomes essentially 12 dB stronger than the previous
value. For example, at a distance of 75 feet the ratio of

reradiated signal to direct signal is about -34 dB, yielding

a maximum change in ddm slope of about 2%.

ior greater heights or shorter distances, the reradiated signal
can become stronger than a level considered acceptable. For
such cases a design is available for the AZ antenna that is

"invisible" to the Localizer radiation. Figure 12-7 indicates

the principle of the "invisible" antenna design. The basic

AZ antenna we propose for configuration K comprises a series of

slotted vertical waveguides placed side-by-side. In the ordinary

Oesign, these metal waveguides would be in electrical contact

with each other and an incident wave from the horizontally
polarized Localizer would induce a horizontal current flowing

across the AZ antenna which would reradiate. In the "invisible"

design, the waveguides would be separated from each other by an

air gap or other non-conducting material, so that a horizontal
conduction current could not flow across the antenna. As a

result, the reradiation of the AZ antenna would be reduced.

For an air gap between the waveguides equal to one-quarter of the

'waveguide spacing, it is estimated that the reradiation amplitude
would be reduced to about 0.2 of its original value. This re-

sidual effect is caused by the capacitance across the air gaps,
which permits a small capacitive current to flow across the

antenna. The capacitive current can be considerably reduced by
a few small coils attached between some of tne waveguides; this

tuning process can include the capacitive effect of a radome

covering the slotted waveguides. It is estimated that the

resulting reradiation amplitude would be reliably less than 0.1
or -20 dB compared with the original antenna. This result is

indicated by the dashed curves Figure 12-6.

12-15
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The "invisible" type of antenna would require some additional
effort during the design of the AZ antenna. It would also be
a little more expensive than the ordinary antenna to construct.
The installation of an "invisible" antenna would have to be
carefully controlled to ensure that the desired result was
achieved; for example, the cables leading down from the wave-

guide columns should be kept apart until they are near the
ground. The tower on which such an antenna might be mounted

should be designed so that its horizontal lateral members are

non-conductors and not too thick. The "invisible" antenna is

recommended only where it is needed at a particular runway.

Figure 12-8 presents results of an analysis for the case of an

8-Loop Localizer and an AZ antenna for configuration D. It is

believed that on a runway equipped with an 8-Loop Localizer it

is likely that a D rather than a K configuration AZ antenna

would be used. The D antenna has a smaller vertical aperture,

and its top is assumed to be at a 5-foot height above ground

((corresponding, for example, to a 3-foot vertical aperture and

a 2-foot clearance from the ground). This, together with the

smaller length of the antenna (6 feet), overcomes the effect of

the smaller length of the Localizer to yield reradiated-to-

direct signal ratios similar to those for the configurations

given in Figure 12-6. Placing the AZ-D antenna 50 feet in

front of the 8-Loop Localizer yields a 1% maximum change in

ddm slope, which is believed to be a negligible effect in the

Localizer system.

Along with the Waveguide Localizer there is a Clearance antenna

consisting of an 8-Loop Array. When an AZ antenna for configu-

ration K is located in front of this Localizer system it will

affect the Clearance antenna performance as well as the Wave-

guide antenna performance. Since the Clearance antenna is

smaller than the Waveguide antenna the AZ antenna will have a

greater effect on the Clearance antenna performance. It is
estimated that with the Clearance antenna an AZ antenna for

configuration K will yield reradiated-to-direct signal ratios

about 8 dB greater than those for the configurations given in

12-17
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( Figure 12-6. For a 75-foot distance the maximum change in ddm
slope is about 1% which is believed negligible, particularly
since the Clearance antenna is intended to provide only "fly
left-fly right" information.

Various other types of Localizer antennas can be considered.
The arplitude of the effect of an AZ antenna in front of any
Localizer is essentially inversely proportional to the length
of the Loca]izer. The new Alford Localizer antennas with
traveling-wave elements are available with several lengths
ranging from 32 feet to 140 feet. The Plessey STAN-7 and STAN-
37 Localizer course antennas range from 85 feet to 165 feet in
length. The Thomson-CSF Localizer course antenna is about 100
feet long. For those Localizers about 40 feet long the effect
of an AZ antenna in front will be about the same as that for
the 8-Loop Localizer, and for those Localizers about 100 feet
long the effect will be about the same as that for the V-.dng
Local izer.

It has been assumed in the analysis so far that the AZ antenna is
located exactly on the Localizer centerline, so that no change in
the "on-course" direction would occur. If the AZ antenna is not
exactly on the Localizer centerline because of siting tolerances,
AZ antenna asymmetry, or a small intentional steering of the
Localizer beam direction from its original direction, there would
be a small "sideband only" signal reradiated from the AZ antenna
resulting in a small error in the Localizer "on-course" direction.
Assuming a 1-foot offset of an AZ antenna 75 feet in front of
the Localizer and assuming a -40 dB ratio of reradiated to direct
signal, the error in the Localizer "on-course" direction is cal-
culated to be less than 0.01 degrees. This is believed to be a
negligible error. It therefore appears that reasonable tolerances
on sym~netry and alignment of the two antennas will be adequate.

12-19
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Another question concerns the 2ossible effect of the AZ antenna

on the signals received by the Localizer monitor antennas. If

the monitors are far from the AZ antenna they receive essentially

the same ratio of reradiated to direct signals that the aircraft

receives. However, if the distance between the monitor antenna

and the AZ antenna is small compared with the distance between

the monitor antenna and the Localizer, the ratio will be greater

and the monitor antenna signal may be changed significantly.

The V-Ring and the Waveguide Localizers employ two aperture

ronitor antennas located about 12 feet in front of the Localizer

antenna. For an AZ antenna 75 feet in front of these Localizers,

the change in the monitor signals would be quite negligible.

The 8-Loop Localizer employs two field monitor antennas 150 feet

from the Localizer. For a D-configuration AZ antenna having a

5-foot height above ground and located 75 feet in front of this

Localizer, a change of less than 0.2 dB in the monitor signals
is estimated; this is believed to be also negligible. An AZ .!

location 50 feet in front of this Localizer will yield a similar

result.

The near-field monitor antennas for the Stan 37 Localizer are
located about 78 feet and 250 feet from the Localizer. An AZ
antenna at 75 feet would be too close to one of the monitors.
However, an AZ antenna located about 200 feet from this Localizer
is estimated to yield a change of less than 0.3 dB in the signals

of these monitor antennas, for a K configuration AZ antenna hav-
ing a 6-foot height above ground. With these Localizers, which
are typically 18 feet or 12 feet high, an AZ antenna 200 feet

in front would not affect the 50/1 takeoff clearance limit.

There are probably some Localizer situations where an AZ antenna
could not be reasonably located without substantially affecting
the signal in a monitor antenna. For such cases, it would be
necessary to adjust the monitor system for the modified signal
that is received in the presence of the AZ antenna. Alternatives
to this adjustment would be the use of an "invisible" AZ antenna
or a double AZ antenna.
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The estimates presented here of the effect on Localizer performance

of the AZ antenna located in front of the Localizer are considered

to be sufficiently reliable to indicate feasibility of the concept

and to proceed with the planning of system configurations. How-

ever, it is recognized that before the completion of the five-

year MLS program, it would be desirable to demonstrate the im-

munity of Localizer performance to the proposed AZ location.

It is therefore recoimended that experimental evaluation be

performed in one of the following suggested approaches:

o Following the Feasibility Demonstration Phase, Hazeltine

will supply the AZ cylindrical array antenna to the

government for installation on an ILS runway for test

and evaluation

o Hazeltine supply equivalent electrical mockups of both

the AZ antenna and the "invisible" antenna for instal-

lation, test, and evaluation. These tests could be run

concurrently with the feasibility demonstration.

Such measurements would be desirable for any system (not only

Doppler scan) that proposes to locate the AZ antenna in front

of the Localizer.

It is recommended that the ddm slope and the "on-course"

direction of an existing Localizer be measured in an aircraft

for several cases. One case should be without any AZ antenna.

Another case should be with an AZ antenna located in its nominal

position close to the ground. A third case should be with an AZ

antenna high enough above its nominal position to obtain a clearly
measurable effect, so as to permit interpolation for lower heights.

For these measurements, the AZ antenna need not be the actual

antenna. A simple piece of sheet metal having the same overall

dimensions would yield the same result. This would allow the

"antenna" to be raised and lowered easily for rapid comparative
tests. It also would allow the tests to be made independent of

(the availability of the actual AZ antenna.
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The last of the four locations studied utilizes a double AZ an-

tenna, with one antenna placed on each side of the Localizer.

This approach is availidble for difficult situations where the

other approaches may be inadequate. One such situation is

where an obstacle exists between the Localizer and the runway

which would either prevent installation of an AZ antenna or

would substantially degrade its performance. Another situation

is the special case of a Localizer placed so close to the stop

end of the runway that an AZ antenna in front of the Localizer

would not be permitted.

In general, each of the two AZ antennas should be placed near the

line of the Localizer array because a more forward location would

usua.ly increase the effect on Localizer performance and a locution

more to the rear would be likely to cause an effect on AZ perform-

ance. The effects of the AZ antennas on the performance of the

various Localizers have not been analyzed quantitatively for the

AZ location to the side of the Localizer but It is believed likely .)

that the effects would not be greater than those with the AZ an-

tenna in front of the Localizer. All types of Localizers have

weaker radiation toward the side than toward the front; the V-

Ping Localizer in particular has an element pattern with a mini-

mum value near the sideward direction. (It may be noted that the

transmitter building for a Localizer is permitted to be located

as close as 200 feet from the center of the Localizer array.) It

is recommended that the two AZ antennas be symmetrically located

relative to the Localizer centerline, thereby guaranteeing es-
sentially no change in the "on-course" or null direction of the

Localizer "sideband only" pattern. It is also recommended that

measurements similar to those described earlier be made to demon-

strate that AZ antennas can be placed on each side of the several

types of Localizers without significantly" degrading Localizer
per fo rmance.
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In the double AZ antenna system, successive Doppler scans are

radiated alternately by each of the two antennas. When the

aircraft is far away, it receives the same frequency from both

antennas. As the aircraft comes closer its azimuth angle to

the two antennas differs and two different frequencies are

received, one on one scan and the other on the next scan. How-
ever, in the receiver the two frequencies are automatically

averaged over the many scans in each function time, giving the
same result as if there was a single AZ antenna on the runway

centerline.

A limitation of the double AZ antenna system is that as the

aircraft continues to approach the AZ antennas the two received

frequencies can separate beyond the bandwidth of the narrowband
(or "centerline") filter that may be in use in the receiver.

This would typically occur after touchdown as the aircraft ap-

proaches the stop end of the runway. Figure 12-9 shows d graph

of range from the AZ antennas to the aircraft vs. the maximum

angle of the aircraft relative to one of the AZ antennas for an

assumed 200-foot separation of the AZ antennas. For this case

three curves are given: one for an aircraft on the runway center-

line, one for an aircraft at the edge of a 150-foot-wide runway,
and one for an aircraft at the edge of a 250-foot-wide runway. An

additional set of three dashed curves is given for the case of a
single AZ antenna on the runway centerline.

As an example, consider a receiver with our baseline centerline

filter having a bandwidth equivalent to +4.5 degrees frem the
centerline. With a 1-configuration AZ antenna having a Doppler

beamwidth of 1 degree, the maximum azimuth angle for accurate

use of the filter would be about 3.5 degrees. For a 150-foot-
wide runway, the minimum range permitting use of the filter

would be about 2900 feet from the double AZ antenna. This

range t.-ould have been about 1200 feet with a single AZ antenna.
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For those aircraft desiring AZ guidance to the stop end of the

runway, the system can be arranged so that the centerline filter

is automatically bypassed at short ranges when the aircraft is

on a runway having a double AZ antenna. The need for a narrow-

band filter decreases markedly as the aircraft approaches the

stop end of the runway because (0) the multipath signal from

reflections to the side of the runway follows a longer and lower

path than the direct signal and is likely to be weak cc.pared

with the direct signal, and (2) a relaxation of azimuth angle

accuracy required by the aircraft occurs because beth range and

velocity are decreasing. it is planned to include in the data

transmission to the aircraft one bit that notifies the receiver

that the runway has a double AZ antenna. In those aircraft

desiring AZ guidance to the stop end of the runway, the receiver

will, then automatically bypass the filter at an appropriate point

as the aircraft rolls down the runway, based on DME informati.on.

The double AZ antenna is available as a solution to difficult

special problems of colocation with the ILS Localizer. The

double AZ antenna can also be considered fox thone -'. ,.here
there is not enoupa room for ary antenna, including the Localizer,

beyond the end of the runwa ,. An example of this situation occurs

at Logan Airport !,, Boston where at least thrce of the runways
have only about 300 feet between their stop ends and the water

of Boston Harbor. It is unlikely that an AZ antenna would be

permitted this close to the end of the runway on the runway cent-

erline. However, a double AZ antenna, close to the end of the

runway but with the antenna separation greater than the runway
width, might be permitted in such cases. An example of a struc-

ture in this location is the transmitter building for the Local-

izer, which can be offset as little as 200 feet from the runway

centerline and is sometimes placed close to the end of the runway.

(
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Figure 12-10 shows a graph similar to the previous one but for an

assumed 400-foot separation of the AZ antennas. It is evident that

with the greater separation, the minimum range for use of the nar-

rowband filter is greater. For example, with a filter bandwidth
ecuivalent to +4.5 , an AZ antenna with 1 degree Doppler beamwidtn,

and a 150-foot-wide runway, the minimum ranqe permitting use of

the filter would be about 4500 feet. For the shorter runways this
would require bypass of the narrowband filter soon after the touch-

down if the aircraft was using AZ guidance at this time. However,

runways having little clear land beyond the stop end are not likely

to be certified above Category II; therefore, the aircraft would

not be using AZ gSudance at the close ranges where filter bypass

would be necessary. Thus, it appears that for such runways, the

double AZ antenna with wide (about 400 foot) spacing is of interest.

With any of the double AZ antenna systems it is expected that each
of the two AZ antennas would have its ow. reference antenna. This

would allow phase cycling to operate properly where it is needed

for those aircraft receivers utilizing mutiscan counting.

2. Discussion of EL.-1 Colocation with Glide Slope

The EL-lL antenna is assumed to be located alongside the Glide
Slope antenna, about 50 feet closer to the runway. The elements

of the Glide Slope antenna radiate only weakly toward the side

where the EL-i antenna would be placed. In addition, this side-

ward radiation is unlikely to be coherently redirected toward

the forward direction by the UL-1 antenna.

As a result of these factors, an EL-IL antenna 50 feet to the

side of a Glide Slope antenna is estimated to affect the Glide

Slope angle accuracy by less than 0.01 degrees. This is be-

lieved to introduce a negligible change in Glide Slope system

operation. The effect of an EL-iH antenna, which is smaller

and further away, should be even smaller.

)
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In order to conclusively demonstrate the feasibility of colocation

of an EL-1 antenna with the Glide Slope antenna, an experimental

demonstration similar to that recommended for the AZ-Localizer

case is believed desirable. Because of the very small effect

expected, it may be necessary to move the EL-i antenna closer

than 50 feet from the Glide Slope antenna during the experi-

mental demonstration in order to observe a measurable result.

It should be noted that increasing the height of the EL-i

antenna does not necessarily increase the reradiation because

the Clide Slope elevation pattern can have several vertical

lobes across the vertical dimension of the EL-i antenna. For

the experimental demonstration the structure used to represent

the EL-i antenna should be reassiciDly similar to that of the

actual antenna.

3. Discussion of AZ Colocation with Approach Lighting
System

Certain runways are equipped with an Approach Lighting Syster

(ALS) beyond the end of the runway. The AZ antenna would typ-

ically be located above the plane of the lights. In order to

minimize the number of lights obscured by the antenna, it is

desirable to place the antenna just inside (ie., nearer to the

runway than) one row of lights. For an aircraft approaching

the runway along the glide slope, one of the lights in the

next row may be obscureO by the AZ antenna until the aircraft

reaches a point where the light appears over the top of the

AZ antenna.

Figure 12-11 indicates some typical cases for three glide slopes

and four antenna heights above the obscured light. For most of

the cases shown, the obscured light appears before the aircraft

reaches the middle marker. At the present time, based on dis-

cussior, with Uniited Air Lines, this effect does not seem to be

a significant handicap to the pilot.
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The presence of the ALS above the ground between the AZ antenna
and the runway can affect the antenna performance to some extent.
As indicated in Figure 12-12, the beam radiated by the AZ antenna

gradually diverges downward toward the ground, where it would re-

flect and modify the basic antenna radiation in the usual manner.

When the ALS is present there would be some reradiation from the
structure supporting the lights that would further modify the

basic antenna radiation.

Since the ALS is nominally symmetrical about the runway centerline,

it nominally would not cause an azimuth angle error for an aircraft

on the runway centerline. However, asymmetries in the ALS structures

can create an error for an aircraft on the centerline, and even a per-

fectly symmetrical structure can cause an error for an aircraft off

the centerline. Both of these errors are substantially reduced
when a centerli.e filter is used in the receiver of an aircraft on,

or close to, the centerline. It is believed that for most situa-

tiAcns the resulting azimuth angle error would be small. )
The ALS structure can cause a significant change in the elevation

pattern of the antenna. Because of the regular (100 foot) spacing

of the rows of lights, the reradiation from several rows will com-

bine coherently at particular low elevation angles and cause a

vertical-lobing effect in the elevation pattern. While this would

not direztly cause an azimuth angle error, it would reduce the

signal strength and may increase the errors caused by multipath.

The amount of the effect of the ALS structures depends on the

fraction of power they intercept from the AZ antenna radiation.

The intercepted power decreases as the antenna vertical aperture

is increased and as the bottom of the antenna and its beam of

radiation is raised above the plane of the lights. The inter-

cepted power is also less where the height of the ALS above

qround is small because the AZ field strength is weak close to

the ground. The number of rows of lights in f'ont of the antenna,
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and the configuration of their supporting structure, also

affect the amount of intercepted power. It is suggested that

each runway having an ALS should be considered individually

for AZ antenna installation in view of the above factors.

There may be some runways where the ALS is such that an AZ

antenna cannot be located on the runway centerline without its

performance being seriously affected. In such cases the double

AZ antenna is available as a solution to the problem.

1.1.3.2 - Siting Considerations

This section presents the ground rules and basic considerations

for siting of specific Doppler MLS antennas at various airport

configurations. The constraints employed were derived from the

following documents which specify the protection surface re-

quirements at civil CTOL and STOL airports.

0 FAP Advisory circular AC 120-29

o FAA Advisory circular AC 150/5300-8

o FAR volume XI part 77

In addition, physical constraints have been considered such as

airport boundary limitiations and colocation with ILS and approach

lighting systems. As a result of these constraints low-profile

antennas were designed for the Doppler 1LS application. Figure

12-13 tabulates the Doppler antenna physical characteristics

currently visualized for the D and K configurations. The nominal

Doppler MLS siting plan is indicated in figure 12-14 the rationale

for siting each antenna type is presented in the paragraphs in this

section. Basically we satisfy the requirements listed in the docu-

ments with respect to AZ and BC AZ antenna siting, but we exceed

the protection surfaces either side of the runway for some of the

elevation antennas. The rationale permitting this approach centers

around the small physical size of the MLS antennas and the ability

to site these antennas closer to the runway without decreasing

safety standards.
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Antenna Type K Configuration D Configuration
Width by Height in feet Width by Height in feet

AZ 15' by 4' 6' by 3'

ELil 15' by 12' 3' by 6'

ELlH 9'by 6'

EL2 8'by 6'

BCAZ 6' by 3'

DME 1.5' by 4't 1.5' by 31

Figure 12-13. Doppler Antenna Physical Characteristics
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A. AZ AND DME SITING

The AZ and DME systems are colocated for all airport types with

the antennas generally along the extended runway centerline and

equipment shelters 200 feet offset from centerline. The antenna

systems are. small and kept below the required protection surfaces.

However, at some V/STOL ports (E configuration), we plan to co-

locate the AZ, Eli/H, and DME systems opposite the GPIP at runway

threshold. FAA has experimented with this siting configuration

and received favorable operational results.

B. BC AZ SITING

The baseline selection for BC AZ siting is at the approach end

of the runway, below the protective surfaces which is a refine-

ment from the SCI7 location. This siting was chosen based on

integrity, reliability, and safety considerations. Since the BC

AZ antenna does not radiate in the front course, the only way the

aircraft receiver can validate reception is when it enters the

coverage of the BC AZ antenna. If it were located back-to-back

with the AZ antenna, guidance is not provided for some thirty

seconds over the runway and then the aircraft is still not sure

that any back course guidance is available in the departure zone.

In addition, we concur with conments received from United Air

Lines in that the major function of the BC AZ system should be

to provide departure guidance and that missed approach require-

ments should be infrequent.

C. EL-IL SITING

The baseline siting selection of EL-lL is opposite the GPIP and

350 feet offset from the runway centerline. Although this siting

arrangement exceeds the protection surfaces specified in AC 120-

29, the ILS glide slope antenna which is four times as high as

our Doppler MLS antenna is permitted to be sited 400 feet offset

from runway centerline. In order to colocate MLS with the ILS

glide slope, the EL antenna should be located at least 50 feet
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to the side. Compliance with the protection surfaces places an

otherwise unwarranted strain and cost on the equipment design both

in the aircraft and on the ground. Besides, the physical dimen-

sions of this antenna are small ar compared to the iLS glide slope

and is capable of being sited as close as 300 feet offset from

runway centerline. However, it is only planned to use the 300

foot siting at configuration F, I, and K airports supporting 60

descent angles to 50 foot minimum guidance altitude. Otherwise

the 350 foot centerline offset siting is planned.

D. EL-lH SITING

The same rationale as presented above permits the siting of the

ELiH antenna to be located 200 feet offset from runway centerline.

This location is greater than the 100 foot offset tentatively in-

dicated by FAA in AC 150/5300-8. It is assumed that this location

was based on a Ku band system and that a C band rystem requires

additional safety constraints due to its increased size. However,

this antenna is sufficiently small to minimize the degradation in

safety at 200 foot offset. For example, the antenna is smaller

than current iLS localizer equipment shelters which are permitted

to be located 200 feet offset from runway centerline.

E. EL-2 SITING

With regard to runway offset siting of the EL2 antenna, the same

raticnale is adopted as that presented above for ELL siting. In

this paragraph we discuss the rationale for siting the EL2 antenna

at a different distance beyond the GP1P for CTOL and STOL airports.

The alternative siting considerations are (a) to locate EL-2 a

fixed distance from GPIP so that the altitude and descent rate

computations can incorporate a fixed siting constant; or (b) to

locate EL2 at different distances from GPIP, sufficient to meet

coverage requirements, but requiring that the EL2 siting coordi-

nates be transmitted for use in the flare computation. The latter

alternative is chosen to permit the possibility of designing a

smaller EL-2 antenna for the V/STOL airport applications.
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(1.1.3.3 AIRCRAFT TYPES, MISSIONS AND CONTROL DYNAMICS

This section summarizes the ways in which the TACD baseline system

design and the definition of performance requirements were influ-

enced by considerations of compatibility with aircraft types,

missions and control dynamices. These considerations have influ-

enced the TACD results in many areas including:

o Definitions of functional service

o Signal quality specifications

o Auxiliary data requirements

o Signal format

o Operating frequency

o Angle processor design

o Airborne antennas

The details of the design decisions made in these areas can be

found in their respective report sections This section will pre-

sent an overview of the compatibility issues and re-olution.

Table 12-1 summarizes the issues, compatibility factors and conclu-

sions reached by the end of TACD. In some areas these conclusions

are not final and are subject to revision based on new information.

A. AIRBORNE ANTENNA COVERAGE AND LOCATION

Section l.1.1.1.D discusses the rationale for the selection of

* antenna types and locations for various aircraft. It is believed

that (with the possible exception of small military jets) the most

significant compatibility issues arise in the case of the large

jet transports. The typical range of maneuvers and possible flight

paths within the terminal area due to ATC consideration result in
the requirement for 3600 azimuth coverage around the aircraft hori-

zon. Constraints such as available location, airframe effect,

coverage during flare, wheel blockage and height of antennas above

the ground resulted in the decision to use a two antenna diversity

system with one antenna mounted above the nose and one below the tail.
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The diversity design addressed the possible problem of how to choose

which antenna to use without leaving open the possibility of rapid

switching between the two. The mecahnization chosen maintains

reception from the forward antenna as long as signal strength is
3 dB above receiver threshold. If not, then the stronger signal of

the forward/rear pair is chosen. Two problems remained with regard

to the flight control system. The nose antenna location for flare

puts the antenna at the end of a lever arm with respect to the

main gear. The gear now maintains a track in space that is

below the actual glidepath beam. At some airports this can

become a problem in the light of obstacle clearance requirements

at the approach end of the runway. Simulations showed the touchdown

point moved approximately 550 feet towards threshold, when the an-

tenna was moved from the gear to the nose, for a given flare law.

An effect on sink rate at touchdown is also predicted. It is planned

during Phase II to utilize a more complete simulation of these

parameters including the effects on shadowing and flight performance

for alternative locations and to define corrective measures associ-

ated with compensation in the receiver.

The other compatibility area remaining has to do with the front/

back antenna combinations used during a switchover to back course

azimuth guidance during a missed approach. In a maximum crosswind

of 15 knots, a 747 aircraft at its landing speed will assume a 9
0

crab angle. At the switchover, the receiver will sense a beam error
equal in feet to the length of the aircraft times the sine of the

crab angle. Computer studies indicated a roll altitude transient of

30 could be observed, with a significant roll rate/acceleration

transient. Sperry recommended that a roll acceleration limit be

switched in at beam switchover to reduce the transient to inconse-

quential levels.

B. OPERATING FREQUENCY

In the choice of operating frequency for the various ground con-
figurations, it was of paramount importance to provide (where not

otherwise constrained) single frequency operation to the greatest )
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number of users, especially Cat. I/II users with relatively inex-

pensive avionics. Based on investigations of accuracy requirements,

antenna design and siting considerations, we concluded that it was

feasible to utilize C-band antennas at a STOL port so that all

C-band operation is possible for civil Cat. I/If users. It remains

impractical to place a sufficiently precise C-band flnre guidance

antenna near thc runway; therefore Cat. III users require dual fre-

quency receivers.

With respect to military installations, the situation remains com-

plex. Frequency choice is constrained by:

o Portability requirements for battle area installations

o Desire of nominal (20-25 mile) operating range at main bases

o The size raztrictions which prevail on board ship.

If all military installations were made Ku band, there would be a

significant decrease in the range of operations at busy Main

Operating Bases, and the airborne units would not be compatible

with civil installations. If DME operation remained at C-band, dual

frequency operation would still be necessary. If all Cat. I/II

facilities were made C-band, battle area installations could still

probably be made transportable, but not manpack transportable. Also,

carrier aircraft would still need a dual-band system for compati-

bility with shore-based systems. The conslusion was to provide Ku

band angle guidance operation for military transportable systems
Nand the carrier based Cat. III system. Combat aircraft using these

facilities will carry dual frequency antennas/front ends for opera-

tion with DME and compatibility with other facilities. If the man-

pack requirement is deleted, the frequency choice for battle area

installation can be revised to bring the military situation closer

to all C-band operation.

C. AIRBORNE ANGLE PROCESSOR

In the receiver studies we have indicated two basic types of proc-

essors capable of deriving MLS angle data outputs;
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o Multiscan processor

0 Uniscan processor

The multiscan processor determines the position or deviation from

a fixed course by measuring the Doppler frequency throughout the

multiscan (i.e., 16 Doppler scans within one function time) period.

In the uniscan processor the frequency is measured on each indi-

vidual scan.

The choice of processing techniques is primarily effected by the

required output granularity for coupled approaches; the uniscan

processor is required for autocoupled approaches and the multiscan

processor is acceptable to AZ beam coupling but- not to the ELi beam.

There are several variations of each type of processor depending

upon the type prefilter selected to eliminate multipath effects,

and each prefilter can be used in conjunction with both types of

processors. There prefilter types are:

0 Tracking prefilter to permit navigation in multipath en- 9
vi.ronments such as STOL ports and tactical military

applications

o Sector prefilter to permit navigation at wide as well as

centerline approach angles at a primary airport with large

multipath obstacles

o Wideband/narrowband prefilter to permit centerline

approaches as provided by ILS today

The prefilter itself is a separate module in the processor unit and

therefore each airborne set can update the capability of a given

processor by replacing the prefilter module. The following pre-

filter processor combinations were selected for each uz'r zategr.'.

o The TRACKING PREFILTER/MULTISCAN PROCESSOR is chosen for

STOL and tactical military aircraft to support manual operations

and coupled approaches in AZ at all facilities. ELl coupled

approaches can be accommodated at STOL port and tactical airfields
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but are not applicable to the configuration K airports. The multi-

scan processor chosen for this user is a digital type to permit a

wide range of angle outputs and to interface with R-NAV systems.

o The TRACKING PREFILTER/UNISCAN PROCESSOR is chosen for

STOL and tactical military aircraft to support ELI coupled approaches

at all airfields

o The SECTOR PREFILTER/UNISCAN PROCESSOR is selected for CTOL

(civil and military) and carrier based aircraft to support wide

angle navigation and coupled approaches

o The WIDEBAND-NARROWBAND PREFILTER/MULTISCAN PROCESSOR is

selected for the general aviation user to support centerline

approaches. The multiscan processor for this user is selected as

an analog type for low cost Potential.

The basic types of prefilter/processors described above will be

demonstrated in the feasibility program where a complete cost/

performance tradeoff analysis will be performed. As a result, the

specific processor types will be used for prototype development.

However, all the prefilter/processor combinations are designed as

modular components such that a specific user can select the unit to

satisfy specific intended requirements.

D. SIGNAL FORMAT

The signal format is configured within the TDM concept to be rigid

for some parameters and flexible for others to satisfy the needs

of all users. The signal format parameters are shown in figures

12-15 and 12-16 to indicate both these features as applied to the

ground and airborne equipment. The rigid parameters in the signal

format are identical at each facility and include:

o Channel stability

o Angle code fixed for each MLS function (AZ, ELl, etc.)

o Function ident transmitted before and during each multiscan

o Function times fixed for each MLS function (AZ, EL1, etc.)
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o Planar coordinates for all functions except an ELI conical

o Auxiliary data format

The flexible parameters are intended to permit the selection of a

ground configuration to provide service to all intended users.

These parameters include as ground based options:

o Antenna aperture selected for multipath rejection capability

is accommodated by corresponding scan time selection

o Data rate selected to permit a specified noise allowance

with constraint that maximum data rate at a configuration K

facility is 7 Hz for AZ and BC AZ.

o Unused time slot in all configurations for growth capability

o Unused "bits" in auxiliary data format for growth capability

In the aircraft, the processor has the capability of operating with

all the signal format parameters without requiring any adjustments.

For example, the prefilter bandwidth was specified to include the

smallest antenna beamwidth and corresponding smallest scan time.

E. COMPATIBILITY WITH AFCS AND INSTRUMENT INTERFACES

One of the first markets for MLS avionics will probably be retrofit

application where aircraft instrument and AFCS interfaces have been

designed around existing sensors such as ILS and radio altimeters.

Based on studies of conventional CTOL applications, Sperry concluded

that there are no modifications required to either flight directors

or automatic flight control systems in order to work satisfactorily

with Microwave Landing System equipment. This conclusion has been

reached based upon the assumption that the following features will

be incorporated in the MLS design:

1. MLS outputs for both glideslope and localizer should be

of the same scale factors as provided by current ILS equipment. The
r form factor should be a plus or mirus DC current and should provide

proportional guidance signals in the range of at least ±2.50 of

localizer and t.70 of G/S with a 2.750 nominal glideslope beam.
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( 2. The receiver output may provide the equivalent to a first

order lag filter. The time constant of this filter, however,

should not exceed 0.1 second. This requirement is based on pro-

viding satisfactory performance with guidance couplers designed to

operate with the existing time constants in receivers built to meet

ARINC 547 and 578 characteristic specifications. In addition, the

receiver output impedance should be approximately the same as in

existing receivers.

3. Output signal rate limiters must be provided within the

receiver to assure acceptable levels of control system activity in

the presence of currently defined noise levels. The rate limits,

whose magnitudes will require further investigation to define,

should vary as a function of range to provide a decreasing rate

limit as range increases. In addition, consideration should be

given to enable a scale factor change in the rate limit as a function

of receiving a logic level signal (either 28 vdc or ground) from the

tlight control equipment. This feature may be required to provide

separate capture and track rate limits for autopilots.

4. Annunication of the selected glideslope angle can be pro-

vided as part of the tuning head assembly or controller if this

component is mounted in a prominent location. If the tuning head

is to be located in the pedestal, consideration should be given to

a separate form of glideslope angle annunciation located in a more

prominent place. Individual airline operators will probably dictate

tne actual 1L ation such as glare shield, panel, overhead, etc.

A typical interface for both new and retrofit AFCS installations is

shown in figure 12-17. The basic receiver/decoder outputs are

shown at left. The altitude computation shown using EL.-l and DME

is necessary for decision height computations and for course

softening in retrofit systems where the radio altimeter has been

removed. DME information feeding both axes of the autopilot would

be used in new autopilot designs which utilize DHE course softening

in lieu of altitude gain programming. The altitude computation shown,

using elevation 2 and DME, is for the flare computation.
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Sperry also prepared a preliminary set of output signal level/

gradient specifications for an MLS receiver based on the current

ARINC characteristics as pertains to ILS/Navigation outputs. These

will be utilized as guidelines where appropriate in preparation of

feasibility and prototype specifications.

F. MLS SIGNAL QUALITY

As detailed in Section 1.1.1.2A, MLS signal quality parameters -

bias accuracy, noise, data rate, granularity, and interruptions

were assessed to assure compatibility with all aspects of flight

operations. Among the most significant C' ,terminants of signal

quality requirements was suitability to automatic flight control

systems. Suitability was assessed based on touchdown dispersions

for Cat. III operation and spurious control system activity during

final approach. As a result of simulations and analyses, a com-

plete set of requirements was formulated for K CTOL and K STOL

configurations. These results were extrapolated to a number of

other configurations under the assumption that aircraft with K type

receivers and AFCS should perform satisfactorily at all facilities,

limited only by the operational capability of the faciiity.

The effects of multipath on AFCS performance were also assessed,

based on typical multipath "signatures" predicted by an extensive

multipath modeling effort. The conclusion was that with nominal

receiver output processing, multipath effects during approach should

be quite tolerable. Multipath levels were in turn determined by
proper selection of the doppler beamwidths for the various facili-

ties (see Section 1.1.1.2).

The simulations conducted at Sperry on AFCS compatibility were

restricted to a typical CTOL and a possible STOL AFCS implementation.

These studies will be expended in Phase IT to include VTOL high

performance military aircraft, and carrier based aircraft.

G. MISSED APPROACH ELEVATION GUIDANCE

The transitions which take place in the case of a missed approach

involve changing the rate of descent to zero or climb and selecting
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a heading on which to ;o around. In currently certified aircraft,

the highly recommended pitch go-around technique is the use of a

speed command/auto-throttle system to provide the pitch coinand and

thrust change. A major problem in any automatic go around system

is that it is difficult to arrive at a fixed path in space and

guarantee that for every aircraft configuration, e.g., velocity,

flap setting, center of grauity, gross weight; a stall situation

will not exist. A speed command system computes a flight trajectory

to provide a constant stall margin for a given aircraft configura-

tion, but in s(, doing, produces different flight paths in -pace.

Fo': the foregoing reasons, it is reconvended that any attempt to

fly a fixed MLS elev-tion angle for a missed approach to be made

only through a speed command system.

A second method used for pitch axis go-around is to command fixed

pitch attitude consi:-'nt with safe stall margin. A fixed pitch

attitude is safer than an inertial path in space bince an aircraft

may fly a variety of paths in space for a particular pitch altitude

depending on gross weight, e.g., etc. In either case, the aircraft

does not fly to a vertical course because an adequate stall margin

could not be guaranteed,

For these reasons it was reconumended by Sperry that flying to a

specific path in z-'ce only be considered when and if & relatively

sophisticlted speed command system, associeted with energy manage-

ment of tLe total aircraft is available. We therefore are treA, i-7

vertical guidance during missed approach and departure as a ponsible

future growth item.

H. Cu'IRSE DESENSITIZATION

A .signficant cuopa i-bility issue was encountered relative to the

m( Pd to be Lsed to compensate lateral guidance sensitivity tor

dL!e.-ent runway lengths.

Nominraliy. the lateral course width at runway threshold should be

,,)pr imately 700 feet wide to p?-oviae good control to the beam

witiicit oversensitivity to randcm rncire in the system.
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In ILS this adjustment is performed in the localizer and affects

sensitivity of the outputs both to the AFCS and to the indicators.

In MLS with nominally uniform angular coding at all stations, the

sensitivity of the signal at t reshold is different for different

runway lengths, as illustrated in figure 12-18.

The course width adjustment can be made either (1) in the aircraft

or (2) by adjusting the coding in space. If the latter is done,

it relieves the low cost D airborne receiver of a function, but the

proportional receiver must still recognize the coding adjustment

factor and compensate for it. In addition, at a short runway, the

beam is desensitized at long ranges for all users. In addition,

the angular granularity of the D receiver output now comes into

question because of the expanded spatial coding at short runways.

Two methods were invesLigated for adjusting the coursewidth in the

receiver:

1. Cont.inuous linear course softening can be used as a

function of range. This will be applicable to new MLS oriented

autopilots. Howeve.r, some autopilots do not have that function

today, and the rest ut4.lize an altitude input for course scftening.

Tnis also requires LME as part of the airborne equipment, which

might not otherwise be required for some low-level users.

2. Utilization of a discrete coursewidth adjustment

applicable to each runway. This might be provided on an approach

riate but this is not considered of sufficient integrity in the

overall systei. Instea - , the coursewidli adjustment can be made

automatically in the receiver by decoding the most significant

bits of thr tunway length as transmitted on the auxiliary data.

It is believed that this can be implemented rather simply in all

receivers.

The second of these methods was chosen as a baseline. However,

continuous course softening will continue to be available for new

avionics.
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Figure 12-18. Lateral Course Width Comparison
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I. MINIMUM GLIDESLOPE ANGLE

An issue arises in connection with the possibility that a receiver

may be set to a glideslope that is incompatible with the minimum

safe approach to a given runway. This might occur for a receiver

with selectable glidescopes where an inappropriate selection is

made, or for a fixed glideslope receiver being used at a runway with

a relatively high minimum glideslope due to terrain or siting problems.

Possible solutions are:

O Limit the minimum glideslopes in all receivers to the worst

case airport

o Radiate an obstacle warning signal at angles below the mini-

mum for the facility

o Include on MLS auxiliary data the minimum for the facility.

The first solution is clearly impractical at it would prevent the

use of the lower (20 - 30) range of glideslopes which are optimal

in nany instances.

The second method can be implemented by changing the coding in space

below the minimum glideslope. However, the obstacle warning signal

must not disturb the coding in the adjacent useable angles. It is

difficult to provide this coding within a small fraction of a degree

of the minimum usable glideslope. Uhe second method may also be

implemented by transnitting a unique auxiliary data message at angles

below the minimuw. This will be explored lurther during Phase II.

The third method is believed to be the most straightforward and is

the baseline approach. All receivers will decode the minimum

glideslope. A selectable glideslope receiver will not provide

valid signals if set below the decoded glideslope. A "fixed" glide-

slope receiver will actually have a small range of adjustment in

the discriminator characteristics which will be automatically biased

upwards to the minimum angle. If the minimum angle is above the

adjustment range, the receiver will not provide guidance outputs.
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J. DECISION 7hIFIGdT IMPLEMENTATION

In the ILS, marker beacons are used to intersect the glidepath at

specified decision heights above the runway. The aircraft then

receives an aural and visual indication for each decision height

provided the aircraft is on the glidepath. In addition, the

marker beacon system is qualified to provide decision height infor-

mation to Cat. II weather minimums in a low cost manner. Since the

MLS permits glidepaths ranging from 2 degrees to 15 degrees, the

range from GPIP for a specified decision height is different for

each glidepath. in addition, thte decision height computation

places one of the constraints on EL1 and DME accuracies. In order

to resolve thic incompatibility we propose to retain the marker

beacon system as a temporary system, with eventual phase over to

an all MLS system as marker beacon maintenance and land acquisition

costs incrt-ease..

'"he MLS oaly system is based on DME and ELi guidance but is slightly

different for each user class.

o A V/STOL aircraft requires DME, EL1, and siting data (range

from DME to ELI.) to accuractely compute its decision height at all

f ae:il1 ties.

0 F - CTOL aircraft using fixed descent angles below 6 degrees

a,. al' ".,)- runways, this feature can be derived from the DME func-

tion alone.

o For the low cost general aviation type user, we configured

a low cost DME approach to obtain decision height information. The

te,-:inique uses, a low power (under five watts peak power) DME

tr .rsmitter with fixed range gates in the DME processor (as opposed

to range and range rate tracking) and low speed processing tech-

niques. The low power DME transmitter will operate from 7 nmi

(outer marker maximum range) to threshold and the decision heights

will be based on the DME readout with slight modification due to

minimum glideslope angles if greater than three degrees.
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1.1.3.4 AIR TRAFFIC CONTROL AND NAVIGATION SYSTEM INTERFACE

The interfaces between the MLS system and existing/planned ATC and

navigation systems were treated from the viewpoint of compatibility

on the operational, functional and physical levels.

o The functional services and performance levels of the MLS

were evaluated as to its ability to provide guidance for

*present and future ATC operations.

o The ability of MLS to interface with modern airborne navi-

gation equipments was reviewed to identify whether these

equipments can make use of MLS guidance data.

0 The problem of coexistence with MLS of existing ATC and

navi ation equipment on the airport property was evaluated.

It is concluded that no incompatibility has been identified that

would seriously inhibit the ATC function from delivering aircraft

at the maximum runway acceptance rate. Also, several opportunities

were pointed out for further exploration to utilize onboard RNAV

( and other radio navigation systems for generating complex flight

paths in the terminal area.

A. OMPATTBILITY WITH ATC NEEDS AND OPERATIONS

Compatibility with ATC operations was treated from the viewpoints

of interference effects, accuracy, coverage, data transmissions

and display requirements.

1. Multipath and Shadowing

The airport environment contains numerous fixed and moving objects

which can block and reflect the MLS sigral. This provides a limi-

tation to ATC capability if:

o Significant regions of space are permanently shadowed and

are unusdble for MLS guidance

o Reflections and shadowing by one aircraft effect the signal

received by another so as to limit the freedom of ATC to

route aircraft or limit the acceptance rate at the runway.
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A detailed study of multipath and shadowing was performed to assess

the potential effects on the quality of signal that will be re-

ceived by aircraft under these conditions. This study is reported

in Section 1.1.l.l.E. The general conclusions were:

o Buildings on or near the airport property block MLS coverage

in narrow, low-lying sectors of space. The blockage cannot

be avoided but generally lies lower than a typical flight

path

o Shadowing of one aircraft by another (overflying AZ or on

the runway near AZ) creates a drop in received signal. During

AZ overflight, it may last one second, and will have little

effect on the operation

o Diffraction effects, separate from shadowing and reflections

appear to be small

o Reflection is the principal cause of multipath signals. The

strongest reflectors are:

- the metal doors of a large hangar

- the tail fin of a large aircraft, the reflection

being much reduced by the convex curvature of the

face

!7-v.'ral features within the proposed doppler technique were also

identified that would further reduce multipath effects. A "coast"

feat,,re in the receiver overcomes momentary blockages.

it iT concluded that with the exception of those regions of space

where large structures block the radiation fro,, the MLS transmitters,

ther will not be significant limitations on the freedom of ATC
routing.

2. Metering and Spacing Systems

rurig the functional requirements study reported in Section

1.1.1.2A, the ability of MLS to provide guidance for ATC metering

and spacing (M&S) was assessed. Sperry Flight Systems, who is

active in evaluating M&S concepts, provided consultation in this
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karea. The principal problems associated with completely fulfilling

this function were in coverage. The ARTS-III M&S concept calls for

several path stretching areas located anywhere in azimuth with

respect to the runway. Furthermore, the initial feeder fixes which

provide entry into the M&S area are located between 30 and 40 miles

from the runway. It 'ias concluded that an MLS with azimuth coverage

of ±600 would not provide guidance for the entire M&S layout.

However, the final downwind leg and turn to final approach would be

within MLS coverage. It wes also shown that the MLS positioning

accuracy will be sufficient so that it will contribute negligible

error to the time of arrival at the approach gate. VOR/DME accuracy

is expected to be adequate elsewhere in the M&S volume.

The ARTS-III M&S system is an evolutionary system which operates

under direct control of ATC. Future revolutionary M&S systems

were also considered in which the aircraft is assigned a time of

arrival at threshold and controls its own flight path and/or

speed to make good the assigned arrival time. To insure compati-

bility with such a system, time-of-day has been added on the MLS

auxiliary data format so that each aircraft's clock will be auto-

matically synchronized with airport time.

3. Micronavigation System

As a result of the above (and other) considerations of limited MLS

coverage, it was realized that the MLS services should be separated

conceptually into those serving the final approach/landing function

and those serving a terminal Area Navigation function. The terminal

area navigation need was seen as eventually growing to require

services throughout 3600 in azimuth. A system growth requirement

for MLS was postulated to fulfill this need.

Such a system was envisioned as a VORTAC-like "Mieonavigation"

system of extremely high precision utilizing the same doppler signal

format, compatible with MLS receivers. A 3600 AZ navigation system

referenced to magnetic north would transmit on one channel and a

landing system would transmit on another channel. Only one of the
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micronavigation systems would be needed per airport and would be

sited in an elevated location to avoid most of the building blockage

problems mentioned above. The interface with the enroute system

would then be at the perimeter of the terminal area. A future

integrated navigation system for 4th generation ATC might consist of a

satellite system for enroute use interfacing with a single-format

terminal area navigation and landing system. We intend to investi-

gate the potential utility of this growth feature during the next

phases of the MLS program.

4. Parallel Runway Operations

It is planned to install closely spaced (2500 ft) parallel runways

at high-der.sity airports to make more efficient use of airport

property. Lateral path-following during final approach must be

very precise in order to maintain safe separations between traffic

to and from adjacent runways. An accuracy analysis made during the

functional requirements study showed that for a K configuration the

azimuth accuracy is sufficient to produce only 7% of the allowable

positional variance, and therefore was judged acceptable.

5. Noise Abatement Procedures

Both two-step glidepaths and curved approaches for noise abatement

wrie also considered in the functional requirements review. It was

concluded that MLS will be capable of supporting both types of

approaches from the viewpoint of accuracy and coverage requirements.

Son c curved approaches, however, apparently are a very close fit

inside of ±60 azimuth MLS coverage. These are the type of curves

that terminate right at threshold. One example is the "Carnarsie

approach" to JFK which is flown in visual conditions using approach

liahts. Some doubt was raised, however, if curved-path flying will

terminate so close to threshold in Cat. II or Cat. III weather.

6. Display Requirements

r
It 1as been pointed out by our consultants that there are some

very unique display requirements associated with some of the

maneuvers associated with future terminal ATC. These have to do

with utilizing MLS in an "area nay" mode and in curved path flying.
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In the former case, there is 4 definite need for a similar display

of information to the pilot and controller to ease communications

problems. This is visualized as a graphic display (e.g., EADI) of

position, desired route and predicted flight path. In the case of

curved path flying, we are advised that at present there is no

effective means of assessing adherence to the programmed flight path.

This is in contrast to normal area nav or other course-following

techniques where identifiable vertical and lateral deviation are

meaningful. It is believed that a pictorial display is one potential

answer to this requirement also. Recommendations will be formulated

in Phase I1 for display techniques to demonstrate curved path flying

during the Prototype phases.

B. COMPATIBILITY WITH AIRBORNE NAVIGATION SYSTEMS

1. RNAV Compatibility

During the time frame for the implementation of MLS, it is likely

that area navigation (RNAV) techniques will be gaining wide

*( acceptance. RNAV equipment in the high and intermediate user con-

figuration will have the capability of performing the computations

required for the more sophisticated approach paths. The develop-

ment of offset glideslopes for 2-step approaches is considered to

be within the province of the area navigation computer and display.

Advantages include:

o The ability to automatically transition from enroute navi-

gation to terminal area navigation to final approach, all

within a pre-programmed route description

o The utilization of complementary filtering to smooth high-

frequency noise on an MLS beam or DME output

o Common planar-angle and range format as used for VORTAC

The MLS receiver should be capable of supplying the range and angular

signals to the PUAV in a serial digital format similar to that

specified in ARINC characteristics 568 (DME) and 579 (VOR). Sperry

has prepared a short preliminary summary of the required output

fsignals, signal levels and gradients as envisioned for an MLS
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receiver where operating with an RNAV system. This is presented in )
Appendix B. Hazeltine will use these as a guideline for Prototype

specifications.

2. Compatibility with Other Airborne Navigation Systems

In a manner similar to RNAV above, a new and sophisticated set of

airborne Loran navigation equipments is being developed and will

prubably be in use when MLS is operationally available. These

equipments will contain sophisticated computer capability which

should be highly adaptable to the computations required for MLS-

based navigation and guidance. Hazeltine plans to investigate in

Phase II the practicality of utilizing a Loran-type avionics to

generate MLS-derived flight paths during the Prototype test and

evaluation phase.

C. PHYSICAL COMPATIBILITY WITH AIRPORT ATC AND NAVIGATION
TRANSMITTERS

The issue of clectromagnetic capability with ground-based radiators

in the airport was addressed in the design of the Doppler MLS

receiver decoder.

The selection of the local oscillator frequencies and IF frequencies

arE based on obtaining a high degree of integrity for the MLS when

operating in a dense signAl environment. A high first IF was

selected to simply preclude the effects of level dependent spurious

signals such as the 2 x 2 and 3 x 3 responses from effecting the

sys t em integrity. Image rejection of greater than 85 dB is obtained

in both C and Ku bands.

The 3 x 3 response has greater rejection than the 2 x 2 response so

the 2 x 2 response is the more critical and given here. In C band,,

the 2 x 2 rejection is 105 dB and in Ku band it is 67 dB. The.;e

levels consider the signal to be a CW signal and their effect w*±l

be to give a false tone. The tone interference was chosen since

it is the most sensitive channel in the receiver-decoder. Pulse

signals at the 2 x 2 frequencies have greater rejection since the

spectrum will be broader than the tone filter width and less energy

will be transmitted in the tone filter bandwidth. In Ku band the
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2 x 2 rejection can be increased to 75 dB with an increase in LO

poweL ;jut 67 dB should be sufficient. The 67 dB rejection requires

a cw 2.5 mW EPP at 10 nmi to have a signal equal to the tone level.

A pulse type signal would nominally be at the tone noise level due

to spectrum spreading in the narrow filter used in the tone channel.

A 7-pole preselector and 5-pole preselector is used, respectively,

in C and Ku bands to reduce the near band signals from saturating

the front ends. In C-band a limiter is included prior to the

mixer to prevent mixer burnout due to high level signals that may

occur from on-board equipment or tracking radars.

A limiter is not used in Ku band since known levels will not cause

burn-out of the mixer. A limiter can be included if desired with

a nominal insertion loss of 2.0 dB. The peak power rating is 100

watts for both bands and recovery time is about 20 ns. The 2 dB

insertion can be mace up by an odditional 2 dB in transmitter power.

== (.
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(. 1.1.4 SYSTEM PERFORMANCE SUMMARY

This section summarizes the results of the studies of Operational

and Functional Requirements conducted during TACD. The results

are organized as follows:

Section 1.1.4.1 Operational Requirements

Section 1.1.4.2 Functional Requirements

A. Functional Services

B. Signal Quality Performance

C. Coverage Performance

D. Auxiliary Data Requirements

E. Coordinate Geometry

The results are presented in chart form. In etch case a full

description of the study performed and further explanation of the

material is included in a subsection of Section 1.1.1.2.A.

Further revisions and refinements of these results are expected

during the following phases of the MLS program.

1.1.4.1 UPDATED CIVIL/MILITARY OPERATIONAL REQUIREMENTS

Tables 13-1, 13-2, and 13-3 summarizes the requirements for civil

and military users. The relationships between users, airports,

user requirements and airport requirements are indicated.

Aircraft types chosen are representative but not all inclusive.

Airport definitions were adapted from existing definitions. The

LHA designation was included for further study at a later date.

The operational requirements were used to define functional services

and performance level which are summarized in the following section.

1.1.4.2 FUNCTIONAL REQUIREMENTS SUMMARY

This section tabulates the MLS functional requirements for both

civil and military users, as updated during TACD. The section

13-1
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covers functional services , signal quality, coverage, auxiliary

data and coovdinate geometry.

A. FUNCTiONAL SERVICES

Tables 13.4 and 13.5 summarize the services that fLS, in conjunction

with other user equipment, will provide to user types at each air-

port. in addition to angular and range guidance services, the

system provides:

o aurEl and displayable identification

c obstacle warning indications via minimum safe glideslope

transmitted on auxiliary data

o airborne and ground based malfunction indications

o facility status data

Servtces for special users includes fixghtpath monitoring for

carrier landing systems.

All services are :ully defined in Section l.1.1.2.A.

B. SIGNAL QUALITY PERFORMANCE

Table 13.6 summarizes the required signal qualities for civil and

military systems. The following parameters are given.

1. Bias, or long term errors associated with drifts and align-

ment errors.

2. Noise, or rapidly fluctuating random errors in angle

measurements. These are caused by transmitter and receiver

efiecLs, thermal noise and very small contributions from many

multipath sources. Large contributions from a single source of multi-

path causing highly sinusoidal inputs to the flight control system of

amplitude comparable to the noise specification are not comparable.

3. Data Rate which is set along with noise to produce accept-

able AFCS behavior.

4. Granularity, which is described by discrete discontinuities

in the receiver response in the absence of noise to changing angle,

13-5
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Notes to Table 13-6

1. All values are for the total system, including ground and air-

borne equipment.

2. Bias-error which is constant over more than 20 seconds.

3. Noise includes all spatial and temporal effects.

4. Back Course quidance at these facilities has same accuracy

requirements as front course guidance. Back course guidance

at shipboard I configuration is optional.

5. EL-1 data is to be interpreted as the angular error at the

minimum usable glideslope At a given height within the
coverage volume the angular error at a greater elevation

angle shall not produce a linear equivalent error which exceeds

that for the minimum glideslope.

6. Noise specification is bascd on support of manual approaches

only.

7. Total system should have this capability. For aircraft using

glideslopes 60 or under, the allowable DME error is 32' 1 sigma

8. These accuracies apply at the centerline of the runway at the
u cision height.

9. Tme combination of DME and AZ error at maximum range should not

excecd 0.1 nmi. circular error.

10. Assunes course width adjustment by varying receiver output

scale factor.

13-10
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and is caused by characteristics of the signal in spaco, the re-

ceivcr processing, or both. The granularity specification assumes

operation with a K receiving at all civil facilities.

5. Signal interruptions, defined as maximum tolerable lenyth

of signal interruption acceptable for continuing the revision.

6. Minimum guidance altitude, the minimumaltitude on the

glides]ope for which the specified accuracy must be met. The

accuracy must be met over a lateral coverage region extending either

side of runway centerline. This region is defined in t,, coverage

smurary' below.

C. COVERAGE PERFORMANCE

Table 13-7 summarizes the required angular coverage for each civil

and milite.1y facility. The following significant changes were made

to the SC-]17 coverage.

1. Maximum glideslope at D and F facilities was raised from 60

to 7.5 n Ly providing _dditional clcvation ccvcrage.

2. A K STOL requirement was also eefined.

3. Coverage estimates for military facilitics were also included.

4. ELI azimuth coverage at K/I configuration was reduced in

accordance with our recommendation to retain barometric altimetry

for guidance off-centerline.

Detailed coverage requirements near the runway for ELI and EL2

guidance elements are given in figures 13-1 and 13-2.

D. AUXILIARY DATA REQUIREMENT

Table 13-8 gives the updated requirements for transmission of

auxialiary data on the MLS signal format. New requirements defined

are:

o Time of day for automatic synchronization of all user air-

craft to facilitate future metering and spacing operations.

13-I1
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Ta>e .3-8. Auxiliary Data Requlrement5

?uxi)iar- Data [ Flf 1 memtn t Tone Rep. Interval # Bits

au i i r D I  Bi t  Pe r  ........... s

M- re Code Airport I,. AZ E isunt Te
Function Time

--- D a t e. .4 _ (s e c o n d s_
o kkin-7a fea6ing 10 1o0

CDstarn.-. ELl to D:. 10 10
Time of Day AZ F10 1
Barof-t ric Setting; 10 7

Runway I.D. 11

Mill Giideslope L E 10 3U
Grcwth 10

F ci cj t.y Statil, 5
Wind Shear ELE&F 55

W4ird Vector . TD

Ro z c.wa ,. ' itIo n 5 x5
/ZL EL-Ti, t.,EL 1 / E EF ,'

rIt w 10
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0 L(ocal barometric setting to improve integrity of the pre-

sent altim'!try system. 2

o Minimuni glide.;1ope for the facility, to be used in selection

01i modiiication of i-ccciver glideslope.

(;rC~oh li capabilit is also provided for futurc ATC communications.

E . (ThORL)TN.TE GEOMETRY

; 1 id i-_ited iclte sitqnal coordinates shall be planar. One excep-

tion is inclur.cd for tho co-located E man-transportable system (USA)

vhcie s~1ctabiL azinuth approaches are desirable. Here elevation

q;uidunce Ls colca 1.

k F. 0TrIEP TECHNJICtAL PARAMFTEPS

1. Moniteor - and Flag Alarms

Gi oir.-d-based monii-trs shall be provided which automatically detc--t
anci respond to significant degradation or loss of any transmitted

guidncc signal. MCn tor to' eranci.s I-A.rd adjustability shall ensure
compliance with system accuracy specifications arid with any safety

criteria peculiar to each installation. Airborne flag alarmn signals

-hall be provi*dkd which respond to signal losses from any cause,

to unreliably weak signals, and to inconsistencies in signal format

t(ending to result in fa:,lse data. Separate alarm signals shall be

j%'ailable for azimuth, elevation and distance data. Flag alarmi

r-1-sponsc times shall riot exceed one second. The system mo.nitoring

philosophy is covered in section 1.1.1.1.A(Systeris Concept and In-

t egrat ion)

2. Installation Factors

The locations of surface guidance facilities relative to each other

anid to the landing zone shall be sufficiently flexible to avoid con-

fl icts with existing surface features such as taxiways and structures.

r Manual adjus~iierits to the airborne equipment in compensation for

s-uch variations in installation geometry shall not be permissible.

Sitaing ccnsideraticns are covere6 in Section 1.1.3.2.

13-16



Report 10926

4 _3. Co-Location with Existing Facilities

The instrument landing system provided shall be designed such that

its normal performance characteristics fall within prescribed tole-

rances when co-located with an existing conventional instrument

landing system or other such systems. Co-location shall be inter-

preted as being physically located so as to serve the same runway

with azimuth, elevation and distance guidance, and with no degra-

dation in perfoimance characteristics of the existing system.

Co-lcation is covered in detail in section 1.1.3.1.

4. Electromagnetic Compatibility (EMC)

The system and its equipment elements shall neither produce nor be

vulnrable to radio interference to such a degree that standard

electromagnetic control methods would be ineffective. Misleading

indications due to accideical interference shall be prevented.

Positive safeguards against hostile jamming are desirable options

for military applications. Initial considerations of EMC are covered

in section 1.1.3.4. Further considerations of EMC as well as ECCM

( are planned for Phase II.

1 -
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1. 1. 5 SIGNAL FORMAT SUMMARk

The signal format summary is provided in two sections; the signal

format description and the indication of growth potential. The

signal format is described in section 1.1.5.1 and the indication

of growth capability is given in section 1.1.5.2.

1.1.5.1 SIGNAL FORMAT DESCRIPTIOA

A baseline signal format for the Doppler Scan technique was de-

veloped at Hazeltine based on the foimat described in SC-117 and

as refined by Hazeltine during the TACD proposal, and the signal

format studies performed in Section 1.]..1.2 Part B of this report.

The key parameters of the signal format include the elements listed

below.

o Channel Plan

o Time Division Multiplex Format

o Data Rate

V Angle Data Signal

o Frequency Code

o Auxiliary Data Format

o Scan Cycle Description

o DME

o Integrity Features

The major features of each parameter are summarized in figures 14-1.

The features with an asterisk (*) indicate the refinements made by

Hazeltine. A brief description of these features are included in

this section for quick reference to the Hazeltine signal format.

Channel Plan:

The MI.S frequency channel plan (shown in figure 14-2) is identical

to the SC-117 plan. It has a capacity for 200 ground-to-air angle

data (AZ-EL frequencies with 0.6 1AHz spacing) and a corresponding

200 ground-to-air and air-to-ground DME channels, each function in

( 14-1
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CHANNEL PLAN

200 Channel Assignment per SC-117

,o Common frequency reference for each facility
*0 5 x 10-6 ground frequency stability C-band

*0 1.5 x 10- 6 ground frequency stability Ku-band

a 1.5 x 10-5 airborne frequency stability

TIME DIVISION MULTIPLEX

0 Five angle functions in K configuration

0 Two angle -.-nctions in D configuration

*0 Growth time slot

,0 Ground test signal in growth time slot

DATA RATE

,o 7 Hz for AZ, EL-i/L, ELlH, BCAZ in K )

configuration

*0 14 Hz for EL2 in K configuration

*, 10 Hz for AZ, EL-l/L in D configuration

*0, 1 Hz for ground test signal

*0 0.10 Hz for not changing auxiliary data

,o 0.2 Hz for changing auxiliary data

Figure 14-1. Signal Format Parameters (Sheet 1 of 4)
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ANGLE DATA SIGNAL

0 Sequential Dual Scan

o Phase cycling in transmLtter

,o Angle sideband subcarrier at 100 kHz with

10 - 5 stability

*0 Planar coordinates in single time slot

,0 Sidelobe control

First sidelobe in angle guidance band -16 dB

Sidelobe -24 dB 73 kHz from angle sideband

Sidelobe -30 dB 310 kHz from angle sideband

FREQUENCY CODE

*0 Multiple of whole numbers

333.3 Hz/deg for AZ, BC AZ

1 kHz/deg for EL-l/L, EL-l/H

2 kHz/deg for EL-2

AUXILIARY DATA FORMAT

,0 Auxiliary Data Signal

First two milliseconds of AZ and ELl functions

300-s ptriod of reference carrier only; 1.7 ms

period of F.1. + one bit of tones E and F

Tone frequency stability +100 Hz

Two tones used for Auxiliary Data

,0 Function Identification

Four tones - one each for AZ, EL-l, EL-i/H, EL-2

Odd number of tones

Figure 14-1. Signal Format Parameters (Sheet 2 of 4)

(14-3
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SCAN CYCLE

*0 Auxiliary Data Format

*0 Number of Scans

16 times the Doppler beamwidth on AZ and

ELI stations

0 Scan Time

Function of Doppler beamwidth

*0 Constant Function Times at All Facilities

AZ 51 ms

EL-l/L 19 ms

EL-2 13 ms

EL-l/H 19 ms
BC AZ 23 ms

DME

o Pulse characteristics

0.66 +0.iLs Duration

0.1 +0.02 ,s Rise Time

0.3 +0.1s -0.04 Ls Fall rime

0 Code Characteristics

101s Shortest Spacing

28 Ls Longest Spacing

Two Pulse Coae on down link

Two Pulse Code on up link

*0 Interrogation Rate

40 per sec during Search

20 per sec during Track

5 per sec during Test

Figure 14-1. Signal Format Parameters (Sheet 3 of 4)
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INTEGRITY FEATURES

,o Function identification using odd number of

tones and transmitted during entire function

time

*0 Ground Test Signal

3 tones same as AZ, EL1, EL2 + fourth tone

at 99 kHz

1 Hs data rate

*0 1 ms buffer time after each multiscan

*0 Sidelobe suppression signal

Figure 14-1. Signal Format Parameters (Sheet 4 of 4)
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DME D E]A/G ', ANGLE G/A ANGLE G/A

-- SS

DSAE DME ANG LE ANGOLE
CHANNEL A/G G!/A C-SAND Kv-I&AND

I sm 50is 5130.0 15,409.0

2 5003 5M6 5130.6 15,409.9 i

5 5003 5m6 5132.4 13,412.6

6 5003 -1068 519.0 15,413. $5

7 m00 5068 5190.6 15,414.4

10 5003 5068 5192.4 15,417.1I

I; 5006 $071 5137.0 15,418.0

5 5006 5071 5135.4 15,421.6

16 5006 50-1 51 93.0 15,422.5

181 5057 5122 5184.0 15,571.0

V 501S0 5125 5187.0 15,580.0

195 5060 5125 5189.4 15,583.6

196 50,A,0 5125 52A7.0 1 5,584.5

20C 5060 5125 5249.4 15, 588.1I

Figure 14-2. Doppler MLS Frequency Allocation Plan

14-6
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a separate portion of C-band. 200 Elevation No. 2 Ku-band

channels are spaced 0.9 MHz rather than 0.6 MHz used in C-band

This arrangement permits use of the same frequency tolerance

and synthesizer for C and Ku-bands, in the airborne unit.

The angle data transmission will use separate frequency

assignments for each channel. Twenty air-to-ground DME inter-

rogating frequencies with a 3.0 MHz spacing and an equal

number of ground-to-air reply frequencies will be used,

each using 10 pulse-pair spacing identity codes.

All C-band ground stations are frequency locked with a stability

of 5X10-6 (25 kHZ). The ground frequency stability at Ku-band

is 1.5Xl0 -6 (22.5 kHZ).

Time Division Multiplex (TDM) Time multiplexing is utilized in

the SC-117 signal format and was retained by Hazeltine after

considering the possibility of frequency multiplexing and hybrid

formats. In frequency multiplexing scheme or hybrid format

the angle functions would be separated by subcarrier frequency

placement to permit simultaneous transmission of angle functions.

The advantages of this technique are:

o permits longer smoothing time
o high data rates if parallel processors are used
o permits best smoothing of multipath
o high integrity
o lower peak transmitter power

The technical disadvantages of the frequency multiplex signal

formate are:

o Severe spectrum control requirements for the EL-I

station for the geometry of an aircraft near runway

threshold and attempting to derive AZ data.

o The carrier undergoes a differential Doppler shift

in the receiver due to the aircraft motion for the
split site location of the ground stations.

For reason of difficult spectrum control and the need for many

parallel processors, we chose the TDM format as a baseline.

(
14-7
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In this format different slot numbers are assigned to various

Doppler MLS functions depending on the specific functions to be

transmitted from a given ground configuration. In addition, a

growti, time slot is maintained in all configurations. A part

of the growth time slot is however used at a 1 Hz rate to

transmit a test signal from the ground to permit calibration

in the aircraft.

Data Rate. The data rates chosen for the Doppler MLS were

derived from simulations performed by Sperry Flight Systems.

These simulations involved recording control activity as a

function of beam noise ard data rate, in order to determine

pilot acceptability critAia for the control activity. In order

to permit smooth coupling to the Doppler MLS, several alternative

refinements to the SC-117 data ratas were available. The 7 Hz

data rate for AZ, EL-l, and BC AZ and a 14 HZ data rate for

E1-2 were chosen as the best compromise among all factors.

A,.gle Data Signal. The angle guidance ground station consists

f unitary planar beam antennas that radiate a signal offset

from the reference in a dudl scan format. The upper and lower

steband (fR t f,) are radiated alternately in successive scans

(-dd and even numbered) and the simulated moving source is

bidirectional on alternate scans; moving away from positive

r g~es in odd scans or toward such angles in even scans. The

offset frequency (f ) is chosen to be 100 kHz such that a

lkrmonic relationship is available between the scan time and

thp offset frequency in order to ccntrol the repetition of

function times required for phase cycling. The phase cycling

is implemented to provide 180 degrees of phase shift during

cne function time.

14-8
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Freq uency Code. The frequency codes have been chosen so that

each function (AZ and EL) utilizes the full available angle

bandwidth recommended by SC-117 for the maximum required

coverage angle. THis is 40 kHz in azimuth and only 20 kHz in

elevation, since one half the elevation spectrum represents

negative angles into the ground which are not used. This

procedure results in different codes for AZ, EL-i and EL-2,

but each utilizes the maximum bandwidth available to provide

guidance accuracy and, of course, each individual function

has the same code at all airport configurations. The frequency

codes were chosen such that a multiple of whole numbers can be

usea in c 'ing from one code to another. This requirement is

added tc simplify the normalization procedure in the airborne

processors. These codes are:

Az: 333-1/3 Hz per degree

BC Az: 333-1/3 Hz per degree

EL-1: 1000 Hz per degree

FL-2 2000 Hz per dogree

Tone Data Format. The auxiliary data format includes a functional

identification scheme and an auxiliary data signal format. Both

signals are transmitted as amplitude modulation on a reference

carrier by multiple tone codes, and the modulation depths of

the individual tones are 25 percent. The characteristics of

the auxiliary data signal is such that during the first 300

microseconds a reference carrier only signal is transmitted

followed by 1.7 ms of all applicable AM tones. However,
during the angle guidance transmission only the function

identificatioi AM tones are transmitted.

19
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We have adopted a different function identification coding

scheme than was presented by SC-117. The purpose of the change

is to increase the integrity of the function identification

tones. The Coding scheme adopted has two salient features

that increase integrity: (11 identification is made always

using an odd number of tones A. B. C. & D; and (2) two tones

are changed when identifying a new function. This coding scheme

is summarized in figure 14-3.

The auxiliary data signal format was refined from that suggested

in SC-117 and the Hazeltine propoz..!l. In SC-117, four tones

were used to transmit auxiliary data, but all tones were trans-

mitted from the AZ reference antenna. The refineC format retains

all the information in the SC-I17 concept but place6 two tones

on AZ and two on EL-i. This approach permits the use of only

two tones. When used in conjunction with the AZ and EL-l ident

signals, it performs the function of the original four tones.

The orgainziation of the tone cycle is shown in figure 14-4.

It consists of two basic formats; a Morse Code format and an

Auxiliary data format. The Morse Code Format is transmitted

wYith an "I" letter start followed by the Morse code one character

(mark or space) per AZ function time by modulating tone E.

The auxli:-v data format is a constant word which consists of a

10 bit preamble followed by four 15 bit words. Each word

cnntains 11 information bits and 4 bits for Hamming Code

dett ction.

On the EL-I function changing data, such as facility status,

wind vector, and wind shear, are transmitted both on tones E

and F. In this way, the data rate of these functions are

increased to once per five seconds. This approach also has

an integrity feature in that should the "E" tone generator

fail, the information can still be derived from the tone F EL-I

signal.

14-10
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Scan Cycle. The scan cycle consists of several time multiplexed

slots. Each slot contains format followed by a number of dual

scan pairs of the angle guidance frequency (multiscan) and a

1 msecond buffer period. This total period is called a function

time and the number of different function times make up the

scan cycle.

The minimum number of scans per function time is related to the

phase cycling granularity reduction and power requirements. By

using two successive function times to reso've the granularity

with phase cycling, a relationship 16 times the Doppler beam-

width (one over the scan time) is required to satisfy granularity

requirements for manual control operations.

Relative timing between functions is chosen to establish a

specific function length for each function (AZ, EL-l, etc.) at

all facilities. This approach permits the receiver to establish

its own time interval which reduces the complication in the

division process. In addition, the receiver has a cross check

on the function identification (additional integrity). The

baselinc function times are indicated in figure 14-1.

DME. The signal format for DHE is virtually unchanged from that

described in SC-117. The only refinement was in the inter-

rogation rate requirements as a result of the studies conducted

during the TACD program. The refined interrogation rates are

40 PPS during search and 20 PPS during track.

Integrity. The major integrity features incorporated in the

signal format have been indicated in figure 14-1. They include

a ground test signal transmission, odd tones for function

identification, a one millisecond buffer time after each

multiscan, and a sidelobe suppression (SLS) signal. The first

three features were mentioned in the previous paragraphs so

only the SLS signal is discussed here. This signal is an AMed

(14-13
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signal containing the AZ function identification and tone G

and is transmitted on a separate antenna during the same time

slot as the AZ function. The antenna pattern of the SLS antenna

is a cardiod with a null in the front course. Upon detection

of this combination of signals the AZ data is not processed.

Confusion in the front AZ course does not exist since the SLS

signal is less than the AZ signal in this region and the dynamic

tone detection threshold in the receiver would discriminate

against this tone G signal.

Summary. The above discussion can be summarized in a time-

frequency diagram which indicates the spectrum utilized for each

element of the scan cycle. Figure 14-5 shows the baseline

format for configuration D ground stations and figure 14-6

shows the baseline format for a configuration K ground station.

1.1.5.2 FORMAT GROWTH POTENTIAL

The major areas in which growth is envisioned for MLS are:

o to provide larger attenna apertures

o to provide 360 degree AZ coverage

o to provide additional auxiliary data words and

o to permit additional functions to be added to the

TDM scan cycle.

Features for each of the above growth areas are included in

the signal format and are summarized in figure 14-7. Larger

antennas require longer scan times which reduces the number

of scans per multiscan. At first glance it appears as though

the granularity is increased. However, since granularity is

related to the Doppler beazwidth (one over the scan time), as

the apert~ire size increases the Doppler beamwidtli decreases so

granularity is not increased.
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360 degrees coverage in AZ is accommodated by locating the

angle sideband frequency at 100 kHz ( this reduces spectral

control requirements when considering tone contamination)

and scanning half of a 360 circular array in one time slot

(AZ) and the other half of the array in another time slot (BC

AZ). In this way angle coding and the corresponding angle

frequency bandwidth need only cover +90 degrees during any one

transmission.

The ability to send more auxiliary data is provided on tones

E and F where a 30 bit growth word can be accommodated.

In addition, users that require EL-l/H and EL-2 angle guidance

can have special auxliary data words added to the EL-I/H and

EL-2 reference antennas and decode these words in the receiver.

his technique does not interfere with other messages, since

the receiver must decode the function before determining

what the auxiliary word represents.

In addition to the above features, a time slot is left vacant

in the scan cycle at all facilities for growth potential. One

possible use for this time slot is one way DME growth potential

and antoher is to permit a Time Ordered Ranging System (TORS).

I4-
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