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VIII. CRITICAL AREAS STUDIES PART 1: REFLECTION EFFECTS

One of the prime applications to date of the Lincoln Laboratory MLS

multipath model has been determining the critical areas for TRSB operation.

These are the areas in which restrictions must be placed on vehicle/aircraft

movement to avoid excessive azimuth or elevation errors. The first phase of

the work has concentrated on determining restrictions required to avoid ex-

cessive errors due to reflection effects; in the next phase, the restrictions

needed to avoid excessive shadowing effects will be determined.

For purposes of this study, we have defined the critical areas to be

those points on the airport surface from which parked or taxiing aircraft and

vehicles should be excluded as to avoid out-of-tolerance perturbations in the

MLS guidance signal quality. This def"inition essentially coincides with that

advanced by Rondini and McFarland [38J for conventional ILS.

It is recognized that conventional ILS divides the above zone into

"critical" and "sensitive" areas where aircraft/vehicles may be taxiing, but

not parked. The basis for this division has not clearly been set down.

Since it seems to hinge on a number of operational considerations which need

*to be closely reexamined in the MLS context, we (like McFarland) have chosen

not to match the current ILS practice, but rather to present the basic

"physics" data from which one could attempt such a division.

*For example, MLS is intended to provide cat II autoland capability
for all of the "basic" configurations whereas this capabil ity exists at a
very small number of current ILS runways.
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One possible approach to determining the critical areas would be to run

a full scale simulation with a given scatterer at each possible location at

which an error might be generated. However, there is a sufficiently large

number of performance-related issues which need to be studied parametrically,

e. g. ,

(a) multipath scatterer parameters

trucks - sizes
aircraft - type

(b) transmitter antennas

patterns in both elevation and azimuth planes
siting (including height)

(c) receiver parameters

velocity
airborne antenna patterns,

that the total volume of computer runs and data analysis would clearly be

prohi bi ti ve.

Therefore, we opted for the following two step approach to quantify the

errors for a given reflector with given system parameters:

1. Step 1: Identify the airport surface areas of greatest concern by

determining contours of the "wors t case" static dynamic error

as a function of scatterer location on the surface for fixed

transmitter and receiver locations (e.g., cat I and II

decision heights). Repeat this for a variety of receiver

locations to identify the areas of greatest concern.
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2. Step 2: Run full system simulations with a given reflector

located at representative points identified in step 1, so

as to exami ne :

(a) changes in multipath amplitude and separation angle

from a fixed scatterer as receiver moves (in step 1,

the scatterer orientation at a fixed location changes

when the receiver position changes),

(b) raw error histories as well as flight control system

model outputs (path following filters, etc.),

(c) effects of several scatterers being simultaneously

present.

The next section describes the method used to determine the "wors t case II

error contours. Secti on 8.2 descri bes the results of the "error contour"

*program for the TRSB Basic Wide Aperture and Basic Narrow Aperture systems.

In Section 8.3, the method of making full system runs is described,

while Section 8.4 gives the results for some representative full runs. In

Section 8.5, we draw some conclusions as to the critical areas required by

TRSB to avoid significant reflection errors.

*To permit lower cost, the TRSB configuration at most airports will be
chosen from two basic configurations: "wide" or "narrow.1I The basic wide
system with a 60)" aperture in the scanned plane is intended for the more
demanding applications (e.g., long runways and/or low glide slopes) while
the basic narrow (with 30-40)" apertures) is to provide a lower cost solution
at the less demanding sites. Thus, differences in critical areas may be a
prime factor in choice of system for a given runway.

8-3



8.1 Determination of "Worst Case" Error Contours

This section describes the technical approach taken in the critical area

study error contours computer program. This program generates and plots con

tours of constant static or dynamic TRSB error in either azimuth or elevation

for scattering by a single building or aircraft. Either an omni or a forward

looking airborne antenna pattern can be selected.

For fixed transmitter and receiver locations, the program initially

evaluates the "vwrs t case" static error arising from the placement of a

scattering obstacle (building or aircraft) at each point on a rectangular

grid in the runway plane. Worst case error is characterized by two condi

tions; first of all, the obstacle is oriented so that the specular reflection

point is horizontally centered upon it. Secondly, the phase relationships

among the received signal components are selected in a manner which gives

rise to peak error. Following the static error calculation, the user may

opt for a dynamic error plot which shows the effects due to motion averaging.

The scattering properties, with the exception of the ground reflection

(see Section 3), are computed by the programs incorporated in the full MLS

simulation. The TRSB errors are estimated using an error approximation

derived in Appendix C.

(a) Obstacle Grid

Separate grids are used for AZ and EL, since they have distinct trans

mitter locations and greatly different in-beam coverage zones. As shown in

Fig. 8-1, a grid is specified as follows. A rectangle (two sides parallel

to centerline) in front of the transmitter is designated by two opposite
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.<t.

Fig. 8-1. Obstacle placement grid for critical area study.

8-5



corner points (X . , V . ), (X ,V). The grid area consists of allm1n mln max max
points common to the rectangle and an angular sector ranging over t8max
relative to a half-line (directed towards threshold) emanating from the

transmitter and parallel to centerline. For elevation, 8max = 40°; in

azimuth, emax = 2 BW (BW is the antenna beamwidth, an input parameter).

The actual obstacle locations constitute a rectangular grid with specifiable

increments Xinc ' Vinc '

(b) Obstacle Orientation

The scattering obstacle may be either a building or a parked aircraft.

Buildings are centered on the grid point. Orientation for specular reflec

tion is accomplished by rotating the building to an angle a., where (see

Fig. 8-2)

a. = 8 - l/J

2 (8-1)

For parked aircraft, the fuselage center lies on the grid point. Angular

orientation is the same as for buildings, which is equivalent to approximating

the fuselage cylinder by a flat plate. This approximation is accurate except

for cases in which the specular point lies on a tangent plane which is in

clined appreciably with respect to the vertical. In such cases, a search

procedure is used to rotate the fuselage so that the specular point lies near

the fuselage center. The tail end of the aircraft is towards the stop end of

the runway, the intent being to simulate an aircraft which is taxiing towards

threshold end for take-off.
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Receiver

Line parallel to runway
center line

Fig. 8-2. Obstacle orientation for critical area study.
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Placement of the fuselage specular point at the fuselage center is

chosen to maximize the fuselage multipath. In doing so, it is "important to

ensure that the tail fin multipath is not inadvertently eliminated or mini

mized, since the tail fin center can be quite removed from the fuselage

center (~90 ft for a B747). However, since the tail fin is modeled as a

section of vertical circular cylinder rather than a flat plate, its specular

poi nt wi" not be the same as that of the fusel age. Due to the curvature of

the tail, its specular point will migrate along with it as the tail is dis

placed horizontally in the vertical plane defined by the fuselage axis.

Thus, even though the tail fin center is displaced somewhat from the grid

point, it will still exhibit specular reflection in most cases.

The above argument was checked experimentally with the program prior

to performing the runs reported later on. From looking at contour plots of

fuselage and tail fin errors separately, under conditions of both fuselage

and tail fin centering of the specular point, it was found that tail centering

reduced the fuselage component far below the values attained for fuselage

centering, whereas fuselage centering did not reduce the tail fin errors

significantly.

(c) Ground Reflection Multipath Computation

As indicated previously, the building and AIC multipath computations are

done by the programs used in the ~lLS simulation. For the critical area study,

the ground reflection routine, which uses a time-consuming numerical integra

tion, has been replaced by a simpler algorithm which treats the ground as an

infinite flat plate. The multipath amplitude is taken to be the Fresnel
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reflection coefficient for vertical polarization, a formula for which is

given in [47J. This formula depends only on the relative complex dielectric

constant, £r' and the conical incidence angle relative to the surface normal,

8
0

, The latter is given by

(8-2)

where (see Fig. 8-3)

ht = transmitter height

hr = recei ver hei ght

ro = x-y plane distance from transmitter to receiver

Phase is computed by assuming 1800 phase change at reflection and a differen

tial path length of 2h t hr/ro' The phase increment is 2n/A times the differen

tial path.

(d) Computation of Static TRSB AZ and EL Errors

For the initial critical area study, the TRSB static errors are obtained

from an approximation formula rather than the TRSB simulation subroutines.

This is done primarily for economy in computation time. In Appendix C, an

approximate TRSB error formula is derived. The essential assumptions in the

approximation are (1) Gaussian beam pattern and (2) small-to-moderate multi

path amplitude. The result covers the case of multiple small amplitude

scattering components. The details of the derivation are presented in

Appendix C, but the result is simple -- the error is simply the algebraic

sum of the single component errors. The error is given in beallMidths and
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Fig. 8-3. Geometry for computation of specular ground reflection.
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converted to degrees using the input beamwidth parameter. The formula has

been compared to exact calculations in Section VI where we saw (see, e.g.,

Figs. 6-1 to 6-4) that for moderate multipath levels the formula compares

quite well with the subroutine output and is quite adequate for the intended

use.

The multipath levels are preprocessed prior to the error computation.

The nature of the preprocessing depends on whether the system is AZ or EL

and on whether the scatterer is a building or an aircraft. Each case is

discussed in turn.

Building - AZ

Since the building surface is assumed to be perpendicular to the runway

plane, all building multipath components emanate from the transmitter at a

common azimuth angle, or equivalently, they all have a common separation

angle from the direct path. By the same token, the ground reflection has 0°

separation from the direct. Therefore the building components are combined

coherently into a single effective multipath component; likewise, the direct

and ground reflection are combined into an effective direct. The multipath

amplitude p entered into the error formula is the ratio of the magnitudes

of these:

) p.expj[¢. - WT.]
L-J , , C ,

P = bldg (8-3)

L p.expj[¢. - WT.]
J J c J

dir,gnd
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The relative phase need not be computed; worst case error is obtained by

entering phase = 0° into the formula.

Aircraft - AZ

For aircraft scattering, multipath computations are made for both the

fuselage and tail fin. It is assumed that all fuselage components are at

one separation angle (this may not be the case when the fuselage is close to

the transmitter), and that the tail components are at another. The fuselage

components are combined coherently, as are those of the tail, and the re

sultants are normalized to the effective direct signal defined above and used

in the two component error formula. Phase of both components is set to zero

for maximum error.

Building - EL

In elevation, only the X-O-R multipath is considered, it being the

principal one which can arise from in-beam scattering. Although the X-O-G-R

component could be in-beam, it is generally small and is neglected here.

The two components which have a ground reflection between transmitter and

obstacle are neglected on the grounds that they are well out-of-beam. The

two components which have a ground reflection between transmitter and ob

stacle are neglected on the grounds that they are well out-of-beam. The

specular ground reflection is treated similarly. Thus the single component

error formula (with ¢ = 0°) is used.
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Ai rcraft - EL

This case is perhaps the most complicated of the four. Three multipath

*components are used: tail fin (X-O-R) and fuselage (X-O-R and X-O-G-R).

All others are neglected. Separate errors for the fuselage and tail fin are

computed and then combined in a manner specified below to yield a net error.

The tail fin error, eT, is computed on the basis of the X-O-R term

alone; again, zero phase is assumed for worst case error. For the fuselage,

separate error magnitudes are computed for the two components, but the errors

are combined in phase. Let eF,XOR and eF,XOGR stand for the peak values of

these two errors. The net fuselage error is taken to be

(8-4)

where ~¢ is the differential phase between the two components:

(8-5)

Generally, eF,XOR and eF,XOGR will be negative, due to negative conical

separation angle. t Also, eF,XOR will usually be the larger of the two (in

magnitude) because the corresponding multipath amplitude is larger. No matter

what the value of ~¢, then, eF will generally be negative as well. By similar

*The fuselage X-O-G-R term may be in-beam and of appreciable amplitude,
unlike the corresponding case for building reflections.

tFor vertical planar reflectors, this will always be true unless the
geometric specular point lies off the reflector and is artificially II pinned ll

to one of its sides. When, however, the scattering fuselage is near the
transmitter, the multipath could be at greater elevation than the direct.
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argument, eT is also negative, resulting in a total error

which represents the largest negative error. In cases where eF > 0, the

largest positive error is computed:

(8-7)

(e) Motion Averaging

Upon completion of a static error calculation and contour plot, dynamic

errors for the same geometries can be calculated. An aircraft speed v is

input (velocity assumed parallel to centerline) from which a scalloping fre

que ncy fsis ca 1cu1ated:

(8-8)

where 8d and 8mare the arrival angles (projected into the runway plane for

simplicity) of the direct and multipath components relative to the Ale velocity

vector. If N uniformly spaced samples are taken over interval T, the static

error is reduced approximately by the motion averaging factor

(8-9)

Near scalloping frequencies fs = nIT (n not a multiple of N) the averaging

factor is quite small, implying almost complete cancellation of errors. As-

sumptions not well satisfied in practice regarding unbiased estimates and
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sinusoidal variation of error with multipath phase are involved in obtaining

this result. To avoid optimistic predictions of error cancellation, the

motion averaging factor is pinned at the random error averaging levell/IN

whenever the previous expression falls below that value. Thus the general

relationship between static and dynamic error is

edyn = max 1~ , Af Iestat (8-10)

Three exceptions to the above are allowed. For elevation only, the

sin x/x factor is reduced by 0.85 when the scalloping frequency is in the

vicinity of the first grating lobe, (N-l)/T ~ fs ~ (N+l)/T. This factor ac

counts for jitter in the EL-l pulse spacing and was obtained from jitter

spectra computations.* In both AZ and EL-l, the averaging factor Af is set

equal to l/!N when fs > 85 Hz. For these large scalloping frequencies, the

multipath persistence is expected to be too short for coherent averaging of

all the scans. For azimuth, averaging between the to-and-fro scans yields

an additional multiplicative factor of jcos(rrfsTz)I , where Tz = time between

0° point on to-and-fro scans (which is assumed to be coherent for all scallop

ing rates), thus yielding

= (8-11 )

(f) Airborne Antenna Pattern

A forward-look; ng Gauss i an beam is assumed. The user enters a 3 dB

*These reductions were based on spectra for the scanning beam working
group signal format [67J. It now appears that l/IN should be used for the
TRSB system for all fs ~ 5 Hz.
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beamwidth Gab and the multipath amplitude is adjusted by the ratio of multi

path signal gain to direct signal gain:

k = 2 ln2 (8-12)

If the scattering obstacle is a parked aircraft, the value of 8mentered

corresponds to the fuselage specular point.

The airborne antenna weighting can be skipped by selecting an OMNI option.

8.2 Results for the "Worst Case" Error Contours

In this section, we present the results of the critical areas error con-

tour program for the wide and narrow aperture TRSB systems. First, however,

a few words are in order regarding the presentation format. The contour pro

gram yields contours at specified increments between specified upper and lower

limits. In Fig. 8-4 we show contours every 0.02° from -0.01° to -0.21° for a

static case, while Fig. 8-5 shows the corresponding contours for dynamic error.

Although the format of Figs. 8-4 and 8-5 allows a very detailed analysis

of the error mechanisms, there are far too many lines to consider superim

posing the contours for various parameter variations. Consequently, in the

remainder of this chapter we have outlined only a single error contour for

each choice of transmitter/scatterer/receiver parameters. In most cases,

this contour is 0.03°, which was chosen as being approximately 50% of the MLS

functional requirement specification for control noise errors. In a few

cases where the error should be rather slowly varying with time, the 0.09°

error contour was used as an approximation to the 0.1° path following error

specification of the MLS functional requirements.
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It should be kept in mind that these error contours assume worst case

scatterer orientations and component summing. Consequently, there is reason

to believe that they are sufficiently conservative to handle the case of sev

eral scatterers being present simultaneously. In Section 8.4, we shall see

that the actual flight path errors for appropriately oriented aircraft are

typically smaller than the corresponding contour values.

(a) Basic Wide Aperture El-l System

This system was considered to have a 1° beamwidth in the elevation plane

with the azimuthal pattern recommended by the scanning beam working group.

The transmitter phase center height was taken to be 10 feet above the local

flat terrain, with the antenna displaced 400 feet from centerline and 200 feet

forward of GPIP (to have the MLS glide slope at 2.86° coincide with an ILS

glide slope).

The first figure considers errors due to trucks or small buildings.

These were modeled as a flat perfect conductor some 15 feet high and 20 feet

wide. Figure 8-6 shows the effect of receiver motion on the error contours

*for a receiver at the cat II minimum guidance altitude (MGA) of 50 feet. We

see that significant errors are generated approximately 350 feet in front of

the antenna and 200 feet to either side. Motion averaging reduces the error

contour size slightly at 100 feet/sec approach velocity and significantly at

200 ft/sec approach velocity. With a directional airborne antenna, the con

tours are essentially eliminated at 200 fps, while at greater heights (e.g.,

100-200 ft) the 0.03° contour is a small ellipse centered within the 50-foot

contour.

*This is also the point at which one might transition from EL-l/DME
guidance to a radar altimeter for cat III flare.
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Next, we turn our attention to scattering aircraft. To be conservative,

we assume a B747 scatterer. Figure 8-7 shows the error contours for a re

ceiver at 50-foot altitude as a function of receiver motion. The tail fin

generates a large region of significant errors for a static receiver. With

motion averaging at 100 fps or 200 fps, the error contours are reduced sig

nificantly. However, a B747 aircraft would not be allowed in much of this

area with existing obstacle clearance criteria. Also, much of the contour

locations correspond to points to the side or rear of the receiver. A di

rectional airborne antenna was found to sharply reduce the contour size,

particularly when combined with motion averaging.

In Fig. 8-8, we show the error contours for various receiver heights.

For receiver heights greater than the tail fin height (~ 60 ft at top), the

significant errors are confined to a rectangle extending 400 feet in front

of the EL-l transmitter and approximately 150 feet to each side.

With ILS, it has been observed that the glide slope errors are sensitive

to receiver lateral displacement. Error contours were calculated for re

ceiver displacements of -0.25° in elevation and + 0.25° in azimuth at the

cat II decision height of 100 feet. It was found that the error contours

are elongated somewhat for a receiver displacement to the side of centerline

away from the EL-l transmitter. This arises because the angle of incidence

on the tail fin increases, thus increasing the multipath levels.

A significant factor in reducing the TRSB EL-l sensitivity to building

reflections is the pattern control in the azimuth plane which rolls off at

wide azimuths so as to reduce building multipath levels. However, this
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pattern control will increase the effective multipath level for scatterers

near zero azimuth when the receiver is at a wide azimuth angle. Thus, there

Illay need to be a sensitive area for the EL-l system in cases where EL-l

guidance is desired at wide angles on curved approaches, etc. Figure 8-9

shows the 0.09° error contours for several azimuths when the receiver is at

a height of 1500 feet at 5 nmi range from GPIP (i.e., the receiver elevation

angle is 2.86°). We see that these contours essentially coincide with the

earlier contours for receivers on final approach, and hence do not represent

a new constraint. For an aircraft at lower angles (e.g., 1.4°), the contours

would extend outward for quite a considerable distance. This is to be ex

pected since the separation angle between the top of the tail fin and the

direct signal reaches 1° at a transmitter tail fin distance of 8300 feet.

(b) Basic Wide Aperture Azimuth System

This system was assumed to have a 1° beamwidth in the azimuthal plane

with an elevation pattern rolling off at 6 dB/degree for elevation angles

below +1.5°. Unless otherwise indicated, the transmitter phase center height

was taken to be 6 feet.

First, we consider the error due to a truck or small building as modeled

by a flat rectangular perfect conductor 15 feet high and 20 feet wide. Such

a scatterer was found to yield errors as large as 0.03° only for cat III

situations (i.e., aircraft altitudes below 50 feet). Figure 8-10 shows the

0.03° error contours for an aircraft nearing touchdown as a function of re

ceiver motion and/or airborne antenna directivity. We see that the error

contours extend out to two beamwidths for positions abreast the end of the
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runway. This is to be expected, since an optimally oriented screen yields

effective multipath levels (p) of close to unity at these points. For air-

craft with a forward-looking horn, these errors probably will not be signif

icant since the multipath region is quite small (:::: 18 feet) for scatter

positions whose x coordinate is less than that of the aircraft. However,

for aircraft with nearly ornni airborne patterns, the multipath region for

truck locations before the runway threshold can be substantial (e.g., 1-2

seconds) .

Reflections from Boeing 747 aircraft also yield the largest error con-

tour region near the end of the runway, as shown in Fig. 8-11. The fuselage

is the dominant source of errors for scatterer locations near the azimuth

transmitter whereas the 60-foot hi gh tail fin is the predominant error source

for scatterer positi ons near the threshol d. ~10tion averaging was found to

make only a small change in the error contours. As in the case of trucks. a

forward-looking airborne antenna can essentially reduce the error contour

region at and beyond the threshold.

Figure 8-11 shows that aircraft scattering effects are substantial only

at low altitudes. The prime reason for this is that at higher aircraft alti-

tudes, the reflections from a tail fin located abreast the threshold pass

beneath the receiver. Although fuselages scatter upwards such that specular

*reflections can be received over very long distances along a flight path,

*e.g .• George Ploussious [68J shows a case of a specular fuselage reflec-
tion from a B747 located abreast the GPIP occurring for some two thousand feet
along the final approach.
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the effective multipath level (p) for scatter locations at the approach end

of the runway is generally very low due to divergence, depolarizaion and

cancellation by the secondary paths involving ground and fuselage reflection.

However, when the transmitter antenna must be elevated so as to clear

obstacles at the end of a rumJay (e.g.) the blast fence: at JFK runway 4L),

then the ground reflections can sharply increase p by causing nulls in the

effective direct signal. Figure 8-12 shows the error contours for a B747

scatterer at the first three nulls in the direct signal. Even though the

transmitter antenna has a sharp cutoff at the horizon, the receiving aircraft

*elevation on angle \'Jith respect to the azimuth transmitter is small (les:~

than 1°). Thus, the error contours are substantially larger than those of

Fig. 8-11.

Receiver lateral and vertical displacements of 0.25° around the nominal

glide slope at the cat II decision height of 100 feet were found to make only

very slight changes in the error contours.

The cases to date have considered only a B747 aircraft, which is known

to be extreme in terms of fuselage and tail fin sizes. Figure 8-13 compares

the error contours at a receiver height of 50 feet for the B747 and the very

common 8727. We see that the B727 contour is very much smaller. For poi nts

near the threshold, the tail fin reflections from the 8727 aircraft pass

*It might be noted that this nulling effect does not arise to the same
degree with the ILS localizer due to the large wavelength (e.g., for a 20-ft
phase center height, MLS has a first null at 0.28° elevation angle whereas
ILS would have a first null at 14° elevation angle).
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under the receiver whereas the B747 tail yields significant multipath. At the

middle of the runwaYt the 8747 fuselage yields errors t but the B727 fuselage

levels are lower due to (1) the smaller fuselage radius (~ 3 dB), and (2)

(2) greater cancellation by ground/fuselage reflections.

(c) Basic Narrow Aperture Elevational System

This system was modeled as having a 1.5° beamwidth in the elevation plane

and the same azimuthal pattern as the basic wide EL-l system. The antenna

phase center height was taken to be 10 feet above the local flat terrain with

a 400-foot offset from centerline and a location 200 feet forward of the GPIP.

Since the basic narrow system is to be used primarily on short runways,

one expects scattering aircraft to be almost exclusively narrow bodi~d.

In Fig. 8-14, we show the 0.03° error contours for a B727 scatterer at vari

ous receiver heights. At 50-foot height, the 0.03° contour is considerably

greater than the EL-l transmitter contours discussed earlier. For greater

receiver heights, we see from Fig. 8-14 that the region of 0.03° error contours

decreases to a small rectangular patch extending some 250 feet forward and

approximately 100 feet to either side of the EL-l antenna. This rapid decrease

occurs because the 8727 tail fin reflections pass below the receiver at the

greater heights even though the tail fin is still inbeam by the conventional

criteria of two beamwidths. As was the case with the wide EL-l antenna, using

a directional airborne antenna sharply reduces the region of significant er

rors to a small region in front of the EL-l antenna.

If, however, large aircraft such as a B747 might be found near the

threshold of a runway with a basic narrow EL-l system, then the critical area
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would probably have to be increased. In Fig. 8-15, we compare the 0.03°

error contours for B747 and B727 scatterers when the recei ver is at 100 feet.

We see that the B747 tail fin generates a very much larger error contour.

Comparing Fig. 8-15 with Fig. 8-8, we see that increasing the beamwidth 50%

has extended the B747 0.03° error contour forward approximately threefold.

This high degree of sensitivity shows the difficulty of extrapolating MLS

multipath performance by simple rules of thumb such as "halving aperture

doubles the errors."

(d) Basic Narrow Aperture Azimuth System

This system was assumed to have a 2° beamwidth in the azimuth plane with

an elevation pattern rolling off at 6 dB/degree for elevation angles below

1.5°. The transmitter height was assumed to be 6 feet, with the equipment

sited 1000 feet behind the stop end of a 7000-foot runway. In all cases, the

landing aircraft was assumed to be on a 2.86° glide slope.

Figure 8-16 considers the case of a truck scatterer for a receiver at

50 feet. Whereas with the wide aperture azimuth system, there were no nonrun

way locations within the 0.03° error contour, in this case there is one region

behind the receiver where the error exceeds 0.03°. Analysis shows that the

peak multipath in this region is approximately -17 dB at a separation angle

of 1 beamwidth, enough to generate errors> 0.03°. If a wide azimuth system

were in use, the separation angle would be 2 beamwidths and the error < 0.03°.

At greater heights, the 0.03° errors due to trucks did not include any off

runway locations.
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Figure 8-17 shows the 0.03° error contours for a receiver at several

heights. The principal error contours at 100 feet receiver altitude are from

positions abreast the scattering aircraft. These evidently arise from fuselage

reflections which are scattered upwards to the receiver. At these locations,

the scattering aircraft is rotated inward ~ 45°, so that the errors would per

sist over ~ 70 feet along the flight path. For a receiver at 50 feet, the

tail fin reflections yield a significant increase in the 0.03° error contour.

Note that although the runway is shorter than in the wide azimuth studies,

the error contours for B727 is almost as large as the wide azimuth B747 con

tour. This is because the wider beamwidth makes twice as large a region in

beam and also makes the errors twice as large at a given normalized separation

angle.

If B747 aircraft could be found near the threshold of a narrow azimuth

system, we see from Fig. 8-18 that a fairly substantial critical area may be

needed for cat 1/11 operation.

8.3 Approach to Full Run Analysis

The objective was to make a preliminary set of full simulations for com

parison with the contour program results. In the next phase of the program,

a much larger number of full simulations will be performed to refine the esti

mates of this initial study. Thus, attention was focused on CTOL approaches

at 200 feet per second approach velocity along a 2.86° (20:1) glide slope.

The evaluation points for azimuth and elevation were spaced every 40 feet,

corresponding to a 5 Hz data rate.
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For the basic narrow studies, the flight path was taken to be a straight

line parallel to the CL passing through the GPIP. For the basic wide studies,

the aircraft flew along the basic narrow path down to 50 feet, and then immed

iately transitioned to a second line segment which terminated 8 feet above

runway CL 1500 feet down the runway from threshold.

The aircraft locations were chosen so as to

(1) yield mu1tipath at a number of different receiver altitudes

(2) have "plausible" locations which lie within or near

appropriate error contours determined in the preceding

section.

In nearly all cases, the "worst case" aircraft orientations were fairly close

to parallel to runway centerline. Such an orientation would at most airports

correspond to an aircraft on a parallel taxiway.

ICAO calls for a 300-fodt separation of parallel taxiways from runway

centerline in all cases, while the FAA permits a 250-foot separation at "local"

*airports with a 400-foot separation required at all larger airports [61]. To

meet the data needs for the leAD submission, the initial phase has considered

primarily aircraft whose center is located at least 300 feet off the runway

centerline. In the case of elevation system critical areas, it was assumed

that scattering aircraft locations whose offset from centerline was less than

that of the EL-1 system would be banned from at least the first thousand feet

in front of the EL-1 transmitter to avoid excessive shadowing errors.

*IILocal" airports serve local service routines of the short haul variety
normally not exceeding 500 miles.
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8.4 Full System Run Results

(a) Basic Wide Aperture System Runs

Figure 8-19 shows the computer generated airport map for a basic wide

aperture critical areas run with eight B747 aircraft scatterers. In Fig. 8-20,

we relate these aircraft positions to the basic wide aperture system error

contours. The information plotted out below the computer ~ap in Fig. 8-19

shows that the peak multipath levels were encountered at the expected heights.

Figures 8-21 and 8-22 plot the level and separation angle of the largest

six multipath components everywhere along the flight path. In the case of the

azimuthal multipath, aircraft Al and A5 do not appear on these plots because

their levels were lower than that of aircraft A7 and A8. We see that all the

aircraft have azimuthal separation angles of at least 1.5 beamwidths and multi

path levels below -10 dB; hence we can expect the errors to be fairly small.

In the case of the elevation multipath, we see that the aircraft reflec

tions are generally inbeam with levels between -8 dB and -16 dB. The abrupt

changes in separation angle occur when the largest component from an aircraft

switches from being a fuselage reflection to being a tail reflection. For

aircraft which are quite close to the EL-l transmitter (e.g., aircraft A6 and

A7), fuselage reflections appear at positive separation angles even with the

conical beams because the surface curvature causes most of the reflections to

occur at the fuselage midpoint independent of the receiver position.

The angular errors along the flight path are shown in Fig. 8-23. The

azimuthal errors are seen to be quite small. This suggests that the error

contour plots are conservative with respect to the azimuth errors. This
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is felt to arise from the "worst case" summation of the various multi path

components.

On the other hand, the elevation errors encountered agree much more close

ly with the contour plots. The nearly constant error at altitudes above 180

feet is due to aircraft A6. From the airport map data, we note that the scal

loping rate for this aircraft reaches 5 Hz at 150-foot altitude. This suggests

that the reduction in error near 180-foot altitude represents the commencement

of effective motion averaging (or, the end of the first grating lobe). The short

duration EL-1 error near 60 feet is believed to be a higher order grating lobe.

In Fig. 8-23b, we show the result of passing the elevation error signal of

Fig. 8-23a through the "path follo\'Jing" and "control motion ll filters used in

the U.S. MLS program to emulate aircraft flight control systems. The path fol

lowing output is a factor of 2 below the current MLS requirement of 0.1°, while

the control motion errors are fairly close to the requirement of 0.05° 20. It

is worth noting that with an ILS, the errors in this situation would have a

spatial frequency (1/15) of that for TRSB and hence, be primarily path follow

ing as opposed to control motion.

In view of the quite low azimuthal errors when the scattering aircraft

were at the outer boundary of the 0.03° error contour, a second azimuth full

run was made with three scattering aircraft located in the middle of the error

contours, as shown in Fig. 8-24. Since there were significant error contours

only for aircraft altitudes < 50 feet, this second run commenced at 60-foot

altitude. Figure 8-25 shows the airport map for this case, while Fig. 8-26

shows the azimuthal multipath amplitude and separation angles. We observe

substantially higher multipath levels with separation angles less than 1 beam

width. Thus, we expect substantial errors in the azimuth function.
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Figure 8-27 shows the azimuth errors at zero aircraft velocity and with

a velocity of 200 ft/sec. Also shown is the path following filter (expressed

as lineal displacement) and contro'l motion filter output. The very large error

that occurs at an altitude of 12 feet is due to a fuselage reflection from

aircraft Al. The error is quite large because the various ground reflection

paths have nulled the direct signal more than the fuselage reflection,* so that

the effective MID is increased by ~ 6 dB over that shown in the multipath diag

nostic. At this point~ motion averaging was quite ineffective; however, in

the remainder of the region, the motion averaging appears to have reduced the

errors by the expected factor of 11/3 .

On the basis of run #W2, it seems clear that a substantially larger beam

width (e.g., 3°) could probably yield ~uite large errors even for aircraft with

a 300-foot offset. Thus, it does not appear that the wide basic azimuth beam

width could be increased by a large factor (e.g., 3).

(b) Basic Narrow Aperture System ~un

Figure 8-28 is the computel~ gen0rated map for a basic narrow aperture

critical areas run with eight B727 aircraft scatterers, while Fig. 8-29 shows

the relationship of the aircraft positions to the narrow basic error contours.

Agai n we see that there is good correspondence between the peaks with the de

sired peak amplitude altitudes.

The multipath levels and separation angles of the six largest components

are plotted in Figs. 8-30 and 8-31. The azimuthal levels are noticeably lower

*This phenomena is disc.lSSI=d in some depth in Cfl. 9 of this report.
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and of shorter duration than those from the 8747 in the previous study, but

the elevation levels are fairly similar. As was the case earlier, abrupt

changes occur in the elevation separation angles as the plotted component from

a given aircraft changes from the tail fin (at close to zero separation angle)

to the fuselage (at close to 3° separation angle).

The angular errors al~e shovm in Fig. 8-32. Again the azimuthal errors

are small, primarily because the multipath durations were so short that "wors t

case" phase conditions did not occur and motion averaging was more effective

than lion the average. II

The elevation multipath was of considerably longer duration, so that the

errors are more nearly comparable to the error contours. The errors above 200

foot altitude arise from reflections from aircraft A8, while the errors below

90 feet represent the error due to simultaneous specular reflections from

aircraft A5, A7 and A8.

8.5 Tentative Conclusions Regarding Critical Areas for Reflection Effects

In thi s secti on, we gi ve some tentati ve esti rna tes for the TRSB criti cal

areas needed to avoid significant reflection effects. The basic criteria used

here has been the 0.03° error contours as tempered by the full run results of

the preceding section. In particular, for those cases (azimuth in particular),

in which the contours seem overly conservative, we have used engineering

judgement and the full contour plots (such as Figs. 8-8 and 8-14) to arrive at

proposed boundaries.

Our basis for this was as follows:
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(1) Although the error contour value of 0.03° is less than

the MLS functional requirement specification of 0.05°

for control noise, there are certain equipment errors of

currently unspeci fi ed magnitude VJhi ch must al so be con

sidered. (i .e., the "propagation contribution" will be

less than 0.05°). Also, more than one scatterer will

probably be present at most future airports where critical

areas would be of concern to the airport operator.

(2) It can be dangerous to rely too heavily on the results of

one or two runs at C-band due to the very rapi d changes in

error characteristic which can occur at C-band with small

*lateral and vertical displacements of the receiving aircraft.

(3) The results of the preceding sections clearly suggest that

MLS "folklore" such as "multipath < 10 dB down can be ignored,1I

"ai rcraft refl ecti ons wi 11 occur over a fl i ght path segment =

twice aircraft length" and/or extrapolations based on ILS

behavior cannot be reliably used to define the critical areas.

We recognize that the criteria used here are not as well defined as those used

in the ILS studies [38J, but they are believed to be appropriate for the amount

of quantitative data available at this time.

*During the next phase, we plan to explore the spatial inhomogeneity
problem in considerable depth using an improved perturbation smoothing envel
ope. Also, a number of other scattering aircraft locations will be investigated.
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(a) Basic Wide Aperture Azimuth Critical Areas for Reflectors

In Fig. 8-33, we show the preliminary specification for the wide aperture

azimuth critical areas. We will address each of the various regions in turn,

including a discussion of how the deficiencies in the current estimates will be

rectified in the coming months.

The cat 1/11 specification is based on the contour maps together with the

observation that the errors which occur at 50-foot altitude typically do not

extend far up the flight path. This is because for aircraft altitudes at or

above the scattering aircraft tail fin, the multi path levels and errors drop

off sharply for scattering aircraft located near the threshold. This leaves a

residual area extending several thousand feet in front of the azimuth trans

mitter. The extent away from centerl ine was kept at 100 foot to avoid near

field effects where the beam pattern is not yet well formed.

The additional area denoted by arrows for cat III operation is based on

the contour maps and the results of the two full runs. At a 300-foot offset,

the full run errors were inconsequential with or without receiver motion; how

ever, the errors at lSO-foot offset were quite large. Thus, the area shown is

inside the error contours, but outside the positions in run #W2.

The relatively poor correspondence in some cases between the "wors t case"

azimuth error contours and the full run azimuth errors will be investigated in

detail in subsequent runs using (improved) perturbation sampling. Another area

to be investigated concerns multipath received from behind the aircraft which

is scattered by trucks near or forward of the threshold; it was assumed in

Fig. 8-33 that a cat III aircraft would restrict coverage to at most + 120 0
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on either side of the nose. In that respect, if a more highly directional

aircraft antenna can be assumed, the region forward of the runway threshold

can be eliminated.

For an elevated transmitter, the "wors t case" errors at the 2° boundary

were close to 0.12°. Thus, it seems likely that the critical area boundary

would have to be extended outward as indicated by the dashed line. Full runs

will be made for this case during the next phase.

The analysis in the preceding sections has focused exclusively on the

"inbeam" aspect for critical areas. However, one must also consider the possi

bility of very large out-of-beam levels persisting for long periods. In terms

of critical areas, this might occur with trucks near the azimuth transmitter

(e.g., with positions analogous to the MLS screen tests). The dotted line

indicates a region where trucks might have to be excluded to avoid generating

MID ratios greater than unity due to Fresnel integral overshoot effects that

occur when the 5ubtended truck dimensions are approximately two Fresnel zone

radii. Also, one might have excessive SLS signal levels being reflected into

the desired coverage zone such that guidance would be denied to aircraft on

final approach. These points vii" be investigated in the next phase by plot

ting out contours of effective multipath level (p) for truck and aircraft

positions near the transmitter.

For ILS, the term "critical area" has always been associated vlith an

aircraft on final approach in part because ILS only furnishes proportional

guidance over a fairly narrow angular sector centered on the centerline.

Since MLS is intended to furnish wide angle proportional guidance, there
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arises the possibility that additional areas may need to be kept clear in

order to insure adequate guidance.

For the azimuth system, there does not seem to be any additional require

ment for receivers on curved approaches insofar as reflection effects go (how

ever, shadowing probably will necessitate a region). This statement is based

on running contour maps analogous to those of section 8.2 for an aircraft at

ranges of 5-10 nmi and elevation angles of 1°_3°. In no case were there error

contours> 0.03°, whereas errors as large as 0.10° could probably be tolerated.

(b) Basic Wide Elevation #1 Critical Areas for Reflectors

Figure 8-34 shows the preliminary estimates of the critical areas re

quired for the EL-l system to avoid reflection errors. These regions are based

primarily on the error contours inasmuch as they seem to agree well with the

full runs. The region shown for cat III assumes:

(1) B747 scattering aircraft

(2) omni aircraft antenna

(3) need for high quality guidance down to 50 feet

If either smaller scattering aircraft (e.g., B727) or a directional airborne

antenna (beamwidth 2 30°) may be assumed, the region then decreases to that

indicated by triangles.

The cat 1/11 region also assumed B747 scatterers and an omni airborne

antenna. However, it is assumed that high quality guidance need only be pro

vided down to 75-foot altitude. If only B727 type aircraft are present,

there are no 0.03° error contours for receiver altitudes ~ 100 feet. Use of

a directional airborne antenna would not significantly change these regions.
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Also shown in Fig. 8-34 is a region that almost certainly will be kept

clear of aircraft to avoid shadowing and/or obstruction clearance violations.

Thus we see that much of the area required to avoid reflection effects would

also be kept clear for other reasons as well.

No allowance has been made in Fig. 8-34 for the clearances needed to

avoid reflection errors when not on final approach. From the contour maps in

Fig. 8-9, we conclude that for receiver elevation angles ~ 2.86°, specular

reflections on curved approaches would not necessitate any increase in the

critical areas beyond that shown in Fig. 8-34. If aircraft elevation angles

as low as 1° were of concern, one would have to extend the regions forward

(i.e., along runway CL) 1000-2000 feet. However, in such a case one could

anticipate an even larger region which must be kept clear to avoid shadowing

errors as well.

(c) Basic Narrow Aperture Azimuth Critical Areas for Reflectors

Fi gure 8-35 shows the prel iminary estimates of the critical areas for

the narro\'1 aperture azimuth array. 5i nce the operati ona1 util i zati on of thi s

system is not yet well defined, we have attempted to show how the critical

area varies with the major operational choices.

The cat 1/11 outline with 6's assumes B727 type scatterers and a require

ment for guidance down to the cat II MGA of 50 feet. The region shown is

based on the contour maps with a substantial reduction near the threshold

based on the narrow basic full run. This reduction is operationally signif

icant since the most conservative specification would include many taxiways

near the threshold. Thus additional full runs will be made in the next phase

to further confirm this narrow strip near threshold.
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If guidance need only be provided down to lOa feet, then the x extent of

the cat III! region may be terminated by the inverted triangles. This is based

on the contour maps and the full run simulation.

For the short rum'Jays contemplated as narrow azimuth sites, it seems

unlikely that B747 aircraft would be present. However, if the trend to short

fuselage, wide-bodied aircraft continues, one might have B747 type aircraft

present in the future. The cat 1/11 region indicated for B747 is based on the

contour maps of section 8.2. If guidance do~n to 200 feet is all that is re

quired, the region near the threshold can be eliminated as indicated by the

solid squares. It is expected that these B747 regions can be reduced somewhat

when full run results are available.

(d) Basic Narrow Aperture Elevation Critical Areas for Reflectors

Figure 8~36 shows the preliminary specification for the narrow aperture

elevation system critical areas. This specification was based primarily on

the contour maps inasmuch as they agreed fairly well with the full system runs.

The area indicated with open squares assumes that high quality guidance

is desired down to 50-foot altitude and that B727 type scatterers are present.

However, in many cases, high quality guidance may only be required down to

100-foot altitude. For such cases, the critical areas extent can be sharply

reduced as indicated by the 6 1 S.

With B747 type scattering aircraft, the critical area must be extended

outward as indicated by the solid squares, even when the MGA is 100 feet.

8-68



~
n
I

0'\
W

All distances in feet

-- - - __ region of probable exclusion for
shadowing

~,~ Ii. Ii. ~ ~ MGA ~ 100 feet, B727 scatterer

- - - - - MGA =50 feet, B727 scatterer

- . - . - coverage limits

••••••••• MGA ~ 100 feet, B747 scatterer

I
1600

\

\
•

I \ I
800· 1200\

\
•
\

I
400

I
o

I

I
/

EL-1 I
XMTR •

\

~4'------:

~~ I
/f ~ I
~ ~r------I

. ~ I I
\'p ~t I I

\' ~t I I
A t I
\' t I I

.,\ I I
\~~- II

\ - - - - - .4-l....-+--4......;I;

\ .
\

•
GPIP

700 -

600 _

500 -

400 -

300 -

200 -
CO
I

0'\
\.0 100 -

0-

-100 -

-200 -

-300 -

-400 -

Fig. 8-36. Preliminary specification of narrow basic EL-l critical areas. CO
I

W



IX. POLARIZATION STUDIES

Considerable discussion has arisen in the U.S. over the choice of

polarization for MLS (see e.g., references[37,68-79]). The principal

claim made by the proponents of a change in polarization is that MLS

multipath performance may be unacceptable with vertical polarization (VP),

but would be acceptable if horizontal polarization (HP) or circular

polarization (CP) were adopted as the MLS standard. The Lincoln studies

during the first phase of the Lincoln MLS program have focussed on two

issues:

1. which aspects of TRSB multipath performance are most

likely to be marginal with VP,

2. what level of multipath performance can be expected with

HP or CP in existing airport environments.

To address the first issue, a series of systems analysis studies were made,

the results of which are summarized in Section 9.1.

The results of Section 9.1 highlights the importance of several factors

not addressed in depth in many studies to date. One of these, the distribu

tion of building surfaces facing the runways at representative airports, has

been studied in a survey of eight major U.S. civilian airports. The results

of this airport survey are briefly summarized in Section 9.2. In Section 9.3,

we summarize some of the conclusions reached to date in this area and identify

the key areas still to be resolved.

9-1



9.1 Assessment of Expected TRSB Multipath Performance

In this section, we summarize the results of some systems studies to

identify those aspects of TRSB multipath performance which are of greatest

concern. The key tool in this analysis was a "multipath power budget" akin

to the usual signal-to-noise ratio power budget. The idea is that one com

putes the multi path to di rect (rVD) rati 0 as the sum of a number of di fferent

factors and then compares it to the MID ratio required for the TRSB system

to operate satisfactorily in the given environment.

The prime concern is with specular reflections from aircraft and build-

ings. It follows from Chapters II and III that the effective MID level can

be written as the product of seven factors:

p = R x C x C xC. x C x Ceq distance roughness Slze secondary gnd ant

x Calc ant

where:

(9-1)

= Fresnel reflection coefficient which is a function of surface
dielectric properties, angle of incidence and polarization
(=l for metallic surfaces with either linear polarization,
otherwise < 1)

C = ratio of direct path distance/multipath distance (<l always)distance

Croughness= coefficient taking into account surface roughness (=l for
perfectly fl at surfaces, 1 otherwi se) . For corrugated
surfaces, this factor is typically less than one in any
single reflection direction; however, reflections come off
at a number of discrete angles. The magnitude between the
various components depends on polarization, corrugation
type and dimensions.
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C .slZe = coefficient related to the building size. In Fig. 9-1,
we show this size factor as a function of normalized
building size for the special case where the building
height = subtended width and the specular point is located
at the building center. The values for other combinations
of height and width can be obtained as the geometric mean
of the values in Fig. 9-1 for the height and subtended
width, respectively. For aircraft, the loss (typically at
least 8 dB) due to ray divergence is regarded as a part of
this coefficient.

C = factor accounting for the influence of the various secondary
secondary paths involving building/aircraft reflections and ground

reflections, as was illustrated in Fig. 3-6.

Cgnd ant = ratio of ground antenna gain toward multipath specular
point versus that toward the direct path where this
difference arises in the plane of the scan (e.g., by
power programmi ng), the di fference is termed "coverage
control". When the gain difference arises in the plane
orthogonal to the scan plane. we have "pattern control"
Pattern control is of greatest direct aid for elevation
arrays since the specular point and receiver are typically
at very similar elevation angles in most azimuthal multi
path situations. However. the elevation pattern of the
azimuth array does enter into the Csecondary factor. as
will be discussed subsequently.

Calc ant = ratio of airborne antenna gain toward multipath source
relative to the gain toward the ground transmitter.

Since Eq. (9-1) involves the product of seven dimensionless factors, we can

add up the various contributions in dB relative to unity to determine the

value of p.

Next we turn to the required MID ratio. In the case of out-of-beam

multi path, the answer may be determi ned ina strai ghtforward manner from the

characteristics of the receiver acquisition/validation circuitry. For cur-

rent TRSB processor, this circuitry has the following characteristics:

9-3



l ATC-63 II 9-1 1_

Size
Factor

2.0

1.5

1.0

0.5

0.0

transmitter

. subtended width ~ Wsin a

R ~eiver
r

o 1.0 2.0 3.0 4.0

Height in Fresnel zone radii

Building height = H = subtended width
Specular point located at building center
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Peak Out of Beam M/D Level

Pm < 0.707 (-3 dB)

0.707 2. Pm .s. 0.9 (-1 dB)

0.9 <p <1.1 (+1 dB)- m-

1.1 < Pm

Effect on:

Acquisition

none

delays acquisition

no acquisition

false acquisition

Tracking

none

no effect

causes track loss
after 7 seconds

loss of track
after 7 seconds

From the above, we see that only out-of-beam levels above +1 dB are of the

highest concern with levels above -1 dB causing operational inconvenience in

terms of missed approaches. Also, it should be noted that these values re-

flect the specific receiver implementation used in the field tests. Next,

generation receivers are expected to tolerate much higher multipath levels

(e.g., +5 dB) when in track.

For inbeam errors, it is convenient to make some approximations to yield

a formulation analogous to that for the M/D ratio. It follows from the

results of Chapter VI that

E: rms ~

-1.0782/8B
2

p 0.7e e f(8,p)
---~M/D antenna receiver

level factor factor
motion averaging
improvement factor

(9-2)

Equation (9-2) is essentially Eq. (6-3) specialized to the case of -3 dB

threshold with an additional term to take into account certain TRSB receiver

validation features which reduce the error slightly to a level below that

expected by /ladding up the envelopes/l as in Fig. 4-1. From Chapter VI, it

appears that this factor is typically 0.8 to 0.9. The leading term of 0.7

represents the rms value of a sinusoid.
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The error given by Eq. (9-2) must be related to the error criteria for

the MLS. This necessarily involves assumptions regarding the spectral content

of the error signal. Here, we make assumption akin to that of Chapter 5: the

errors given by (9-2) are taken to be independent white random variables

corresponding to the average of Mcontiguous to-fro scans. If these variables

are generated at a 5 Hz data rate, their spectrum is then flat over the range

o to 2.5 Hz. The TRSB error specifications are defined in terms of the rms

output of certain analog filters. Thus, we have the relationship

(9-3)

as the relationship between allOl"!able rms error and the 20 error specifica-

tion C. For the assumed error model the limiting specification is the

~ontrol noise specification since it has the smallest value of C and the

largest val ue of the integral. Taking H(f) ~ 1.6/lf2 + 2.533 as an upper

bound to the specified control motion filter, we obtain

0.78 E: s < C/2rm - (9-4)

Given a control motion error specification for a given operational category,

one can then use (9-4) to determine E rms . Then, Eq. (9-2) may be inverted

to yield an upper value for p.

In Table 9-1, we show the results of one set of such calculation for the

two cases of greatest concern in the polarization area. No allowance was made

for airborne antenna gain due to the paucity of information regarding C-band
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Table 9.1 Example of "Multi path Power Budget" for TRSB

Azimuthal Out of Beam Elevation in Beam

Fresnel refl ecti on -1 to - 3 dB
coefficient

Roughness factor o dB

Size factor o dB

Path distance factor o to -1 dB

Ground lobi ng + 3 dB

o dB

?

-9.6 dB

-26 dB 0.05° control motion

-3.9 dB

+11 .5 dB 1 ° beamwi dth, 0.5°
separation angle

+2 dB

+8 dB vN where M= 8 samp1es

-8.4 Desired MID at receiver

Marc!i n +1.4 dB

pa ttern contro1

Transmi tter
coverage control

Airborne antenna gain

MID at receiver

Error spec (20 in dB re 1°)

E:rm/ error spec.

Antenna factor

Receiver factor

Motion averaging factor

Desired MID at receiver

Margin

o dB

o dB

?

+2 to -8 dB

-1 to -4 dB

+7 to -6 dB

dielectric (wood, glass,
etc.), angle of inci
dence "'10°

smooth surface

large vertical surface

aircraft at 5-10 miles

ale at 1° elev., 7 dBldeg
e1ev. pattern slope at
horizon (SBWG "0" con
figuration ant.)

(incorporated in
ground lobing)

no power programming
with azimuth angle

Bendix receiver
characteristics

-4 dB

a dB

a dB

-1.6 dB

a dB

-4 dB

dielectric, angle of in
cidence is > 20°

aircraft near threshold
on 3° glides10pe with
mu1tipath at -2.5°

ground reflections are
out of beam

SBWG pattern differ
ential gain at angles
> 20°



antenna patterns on actual aircraft. In Figs.9-2 and 9-3, we show the L-band

beacon antenna patterns measured on B727 and Cessna 150 models[71]. In both

cases, we see that there could be several dB of multipath enhancement for

(a) direct signal at nose and multipath at an angle> 10° from

the nose (e.g., as might occur on final approach)

and/or

(b) direct signal not at nose and multipath within 5° of direct

signal azimuth (as might occur during a curved approach)

Figures 9-2 and 9-3 have been included here simply to sho\tJ there could be a

problem [the L-band antenna locations (fuselage underside) are an unlikely

choice for MLS C,-band antennas]. A number of studies are in progress to de

termine good C-band antenna locations. Figures 9-4 and 9-5 illustrate pat.

terns for C-band antenna locations under active study. These patterns seem

quite flat in the region of greatest interest. On the other hand, there is

great interest in obtaining near omnidirectional MLS airborne coverage from

a single antenna, which may compromise the pattern flatness as a function of

azimuth.

If we assume these ga'ins are 0 dB, then fy'om Table 10-1 we see that the

performance margin could be very small (or negative) for the conjectured en-

vironment. We would stress, however, that even if the margin is negative for

some aircraft, the aiy'craft should not get into an unsafe position.

1. the out-af-beam multipath would either prevent acquisition

or (at worst) generate an unflyable false course.
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Fig. 9-2. Cessna 150 L-band antenna pattern in XV-plane (flaps up).
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Fig. 9-3. Boeing 727 antenna pattern in XV-plane (antenna on
fuselage underside midpoint; gear down).
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Fig. 9-4. Scale model measurements of 8737 antenna pattern by NASA.
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Fig. 9-5. Boeing measured pattern for horn antenna inside B707 radome.
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2. in-beam elevation multipath would generate a noisy signal

for a few seconds.

Nevertheless, neither of the above situations represents a desirable situation

for 'Inormalll I~LS operati on.

We wi 11 exami ne several factors in greater detail to see what coul d be

accomplished by polarization change and/or TRS feature changes, such as

antenna pattern specifications or coverage control. Before doing this, we

want to show why azimuthal inbeam and elevation out-of-beam were considered

lesser problems. This argument is summarized in Table 9-2.

At this point, it is useful to explore the sensitivity of the power

bUdget to various factors in the budget. First we consider the factors re

lated to choice of polarization.

1. Fresnel Reflection Coefficient and Roughness

These two are considered jointly here because measurements are made of

both factors simultaneously and because it is difficult to separate them in

the case of corrugated surfaces. In Table 9-3, we summarize the results of

the data review in this area.

The data for dielectrics and smooth metal is well understood, and changes

relatively slowly with changes in dielectric constant and/or frequency (e.g.,

L-band to Ku band). However, the corrugated metal sensitivity to surface

changes and frequency (especially C vs Ku band) is not as well understood at

this point. Thus, the values given in Table 9-3 for corrugated metal should

not be regarded as definitive or even "representative" (except in the case of

CP) •
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Table 9.2 Additional Example of "Multipath Budget" for TRSB

Azimuth In Beam (B727 aircraft
reflections at cat 1/11 DH for

basic narrow system)
Elevation Out of Beam
(vertical surface)

Fresnel reflection
coefficient

Roughness factor

Size factor

Path distance factor

Ground Lobing

pattern control

XMTR
coverage control

Airborne antenna gain

MID at receiver

Error specification
(20 in dB re 1 deg)

Erms/error spec.

Antenna factor

Receiver factor

o dB

o dB

-17 dB

o dB

-3 dB

-3 dB

o dB

?

-26 dB

-22.7 dB

-3.9 dB

+6.4 dB

+2 dB

metal surface

smooth metal

divergence of rays from
B727 fuselage

aircraft near threshold

typically, ground re
flections attenuate
fuselage reflections

when near decision
height. scatterer is
at a lower elevation
angle than receiver

2.1° separation angle,
2° beanrwidth

- 4 dB

o dB

o dB

-3 to -9.5 dB

-4 dB

o dB

?

-11 to -17.5 dB

dielectric surface

smooth metal

large hanger

sep. angle = 2°
aircraft at elev. angle of 6°
and 3°, respectively

to yield out-of-beam,
hanger must be near
decision height and
hence be at azimuth> 20°

Motion averaging factor +4.8 dB ,!A where M=3

Desired MID at receiver

Margi n

-13.43 dB

+13 dB

-1 to -4 dB

Margin +7 to +16.5 dB

Bendix receiver
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Angle of incidence: 5° < ei < 10° 10° < ei < 20° 20° < ei < 600

Surface Polarization Theory Meas. Theory Meas. Theory Meas.

Smooth dielectrics VP -1 -1 to -2(])@ -2 to -3 -2 @ -6 to -10 -3 to -10 @@
{WOOd asbestos, } HP -3 to -7 -1.5 to -7@@ -7 to -15 -9 to -20Ql@; -15 to -30 -9 to -15 ®®

concrete, glass CP* -2 to -5 -5 to -9 -10 to -20- - --
Smooth metal VP, HP 0 +3 (2) 0 0- --

CP* -20 -20 -20- - --

Corruga ted meta1 VP -1 @ o to -1 (DQ) -2 to -3 G> -6 (J) -3 to -6~ -5 (J)

{max spec. -15 @ -1. 5 to -1500 -5 (g) -15(1) -3 @ -10(1)
HP max any -3 @ -5 <Z> -5 <9> -5 (i) -3 @ -5 Q)angle

CP'" -20 -20 -20- - I --

Physical AZ, El at long range only Az Az
Occurrence (not common) El at medium range El at DH

Notes:

three cases numerically calculated
UK corrugated metal [27]

" brick and concrete

by J. Mink

and fibre [18]
corrugated asbestos

concrete
brick
metal

" concrete

* z 3 dB ellipticity
CD ITTG corrugated metal
~ concrete, brick,
Q)

@)

®
@

(f)

®
®

TABLE 9-3
FRESNEL REFLECTION FACTORS AT C-BAND (in dB)



Practically, it is quite difficult to achieve perfect circula~ polariza

tion, so an ellipticity ratio E: = +3 dB "'las assumed in generating these plots

(£ = a or -3 dB would yield lower CP levels in most cases).

Comparing the three polarizations, we see that both HP and CP offer an

improvement over VP in nearly all cases. However, whether or not this im

provement is "si gnificant" depends heavily on the assumed environment. If

the threat is dielectric surfaces, then in Table 9-1 we would have an iso

tropic margin of ~ 3 to 15 dB for azimuth out-of-beam and 4 to 15 dB for

elevation inbeam multipath with an isotropic airborne antenna.

On the other hand, with smooth metal and many cases of corrugated metal,

HP evidently would not provide a significant advantage over VP. And, from

Tables 9-1 and 9-3, we see that there is a need for additional margin in the

cases of greatest concern.

Circular polarization provides such an improvement for these metallic

surface reflections that they should cause no trouble for either situation in

Table 9-1. Unfortunately, for dielectrics, CP does not provide such dramatic

improvement. However. as long as 8i > 10, Tables 9-1 and 9-3 suggest that CP

would provide an adequate margin for both of the key MLS multipath situations

as long as the airborne antenna factor can be held to less than +3 dB.

We see that much of the advantage or lack thereof hinges on the surfaces

that may be encountered in the "real \'1orld". In Section 9.2, we will get a

better handle on the expected distribution of surface types.
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Next, we consider some factors under the control of the system designer

which represented "soft" numbers in Tabl es 9-2 and 9-3.

2. Azimuthal Ground Lobing Factor

It will recall from Chapter III (see Fig. 3-6) that this arises because

the observed azimuth MID level depends on ground reflections as well as the

two paths considered classically. If, for example, the "direct" signal is

reduced by ground reflections when the multipath is enhanced, it is clear

that a problem could arise.

The need for a substantial rolloff in the elevation pattern of the azi-

muthal array at the horizon is a basic tenet of good MLS design to avoid

ground lobing. Additionally, the contractors have all advocated siting the

antenna close to the ground to avoid nulls at low angles. Thus, it might be

thought that this was a nonexistent problem.

However, it was observed that:

(a) the elevation pattern proposed by some MLS contractors
could yield significant lobing at low angles. Also, it
was not clear that this rolloff (which evidently is based
on a phased array of column radiators) would be achieved
by the doubly curved reflector which is to be the "basic"
TRS azimuth array.

and
(b) although the azi lTluth antenna may be sited fai rly close to the

the centerline runway surface* (e.g., phase center at 41~51),

when the aircraft is off centerline, the antenna phase
center could be 7'-10' above the reflecting terrain since
the terrain to the side of the runway often is 31 -5' below
the runway CL elevation. This height differential also
leads to the possibility of ground reflections enhancing
the multi path.

*There exists some question as to how easily a low siting can be
achieved in practice when lights (see ref r~.70]) etc., are considered.
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Thi s factor does not represent a propagati on "i nvari ant", but rather it

is a cost/performance tradeoff decided by the system chooser. To give some

feeling for the numbers involved, Fig. 9-6 shows an upper bound to this

ground lobing factor as a function of horizon pattern rolloff.

3. Airborne Antenna Gain

Presumably a close to isotropic airborne antenna pattern could be

achieved by use of several antennas, etc., by all users if they were willing

to pay the price. However, it seems unlikely that this will occur in prac

tice. The question that must be faced by the ground system designer is how

much margin should be allocated to this factor in the "multipath" budget.

A key parameter in assessing this for an actual airborne antenna pattern

is the separation angle between the multi path and direct path as seen from

the airborne antenna. For an aircraft far away from the hangar and trans

mitter (e.g., as during acquisition and/or the curving portion of an approach):

Yoffset
~sep ~ R (cos a - sin a/tan e)

where Yoffset = hangar offset from centerline

R = range of aircraft from transmitter

a = azimuth of aircraft relative to centerline

e = azimuth of hangar relative to centerline

To get some feeling for the numbers involved, we consider two examples:
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"Worst case" enhancement of out-of-beam
mulltpath by ground reflections (dB)

8

Fig. 9-6. Ground reflection enhancement of out-of-beam multipath for
several azimuthal antenna elevation pattern slopes.
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Case 1

Parallel hangar at +30 0 azimuth with 1500-foot offset generating
mu1tipath for aircraft at -30 0 azimuth.

R(nmi)

5
10
20

Ctsep(deg)

4.9
2.4
1.2

R( nmi )

Case 2

Nonparallel hangar located at +14 0 azimuth with 1sOOO-foot
offset generating multi path at -40 0 azimuth

Ctsep(deg)

5
10
20

6.3
3. 1
1.6

In Figs. 9-2 and 9-3 we observed several dB changes in airborne antenna

gain over 50 intervals. Thus s there could be a problem if patterns no

better than Figs. 9-2 and 9-3 are realized with MLS antenna installations.

On final approach, the direct signal is generally with + 100 bearing

with respect to the aircraft nose, while mu1tipath could be expected at all

bearings up to ~ 60°.

9.2 Properties of Building Surfaces at Civilian Airports

In the preceding section, we have seen that the building surface compo

sition plays a key role in deter-mining the mu1tipath level for a given polar

ization. Aircraft of a given type are quite uniform in this respects but

buildings differ quite substantially. To obtain a better handle on the ex-

pected mix of surface types, a sllrvey vias made of the buildings posing
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multipath threats at eight major civilian airports (JFK, PHL, ORD, LAX, SFO,

MIA, TUL, MSP). The results are summarized in Table 9-4 (drawn from ref [36J).

We see that corrugated surfaces are by far the most common with nonmetallic

dielectrics comprising the bulk of the remaining buildings.

Periodic corrugated surfaces have the peculiar property of yielding

specul ar refl ecti ons at severa"1 angl es of refl ecti on for a gi ven angl e of

incidence[72-75J. The angles of reflection related to the angle of incidence

by

sin 8r ,k = sin 8i + k A/d k=O, ~ 1, ~ 2 (9-5)

where d/A is the spatial period of the corrugation in wavelengths and k, the

mode number, assumes values for which the right-hand side of (9-5) is less

than uni ty.

The power reflected in a given mode depends on the angle of reflection,

polarization, corrugation type and mode. For metallic surfaces, the sum of

the reflected power in the various modes is equal to the incidence energy,

but the distribution of power between the various reflected modes can differ

significantly for the various polarizations. In Figs. 9-7 to 9-9, we show

the results of calculations made by Dr. J. Mink (ECOI1) for the sinusoidal

and rectangular corrugations encountered most commonly in the airport survey.

For circular polarization, it was found that virtually all the power re

flected had reverse sense polarization, so that the effective reflection

coefficient would be less than -20 dB for a 3 dB ellipticity ratio.
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TABLE 9-4

SURFACES CATEGORIZED FOR EACH AIRPORT IN FAA SURVEY [66]

Corru- Cinder Smooth
Airport Buildings Surfaces gated Block Brick Concrete Metal

JFK 19 28 13 3 7 1 4

PHL 12 17 11 3 2 1

ORD 14 19 14 1 4

LAX 11 15 9 1 4 1

SFO 4 4 3 1

MIA 17 20 10 6 1 3

TUL 10 12 9 2 1 1

~fSP 6 8 5 1 1 1

93 123 74T 17 16 11" 6

-l-

124% essentially flat (and are expected to reflect similar to flat surfaces)

12% sinusoidal with spatial period 2.75 inches and height 0.25 inches

15% trapezoidal with spatial period 8.0 inches, top and bottom segments
2.0 inches wide and height O. 75 inches

8% rectangular with spatial period 6.0 inches, top width = 4.0 inches
and height 1.5 inches

remainder requires 17 categories, most of which appeared at one or two airports.
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Fig. 9-7. Computed power in various reflection modes for the most common
sinusoidal corrugation in the airport survey.

\.0
I

N
W

1.0

~

111
3o
0-

"'0
111
~ 0.5...,...,
ttl
U
VI

.......,..~~ P+l(VP)

Q
r, -1

30

Angle of incidence, Qi

d
r=1.116

R
r = 0.106

::I:>
-l
n
I

£10 0'>
W

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

\.0
I

""-.l



1.0

....
<ll
~
0

0..
'"0
<ll....
<ll 0.5....

u::> ....
oj

I U
N Ul
~

<l)

>........
'".-<
<l)

0:::

Fig. 9-8. Computed power in various reflection modes for the second most
common sinusoidal corrugation encountered in the airport survey.

30
Angle of incidence, 1\

60 90
):>
--I
("")
I

0'1
W

............
10
I

00



1.0 T---- ~P~o~(v:P~)-------------r

~ = 2.54

~ = 0.64

A = 1/3

60

k = +1

30

P_ 2(HP)

I4:::::X -0-.
~ -0-- _--a-x... x :=---__x-x-x_.><-x_ X -0

, ."-x.......x--

~
Q)

~ 0.50
0-

"'C
Q)
~
Q)

\.0 +-'
I +-'

"V '"()"1 u
V'l

Fig. 9-9. Computer power in the various reflection modes for the most
common rectangular corrugation encountered in the airport survey.

P+2(HP) Angle of incidence

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



Figures 9-7 to 9-9 suggest that HP generally yields less power in the

zero-th order mode than does VP; but it is not clear at this point whether

the increased power in the other modes for HP would lead to new problems.

Preliminary studies suggest that often the HP power goes into a (relatively

harmless) mode in which the reflection goes back towards the transmitter;

however, a much more detailed study considering representative bu·i1ding lo

cations is in order.

It appears from Tables 9-1 to 9-4 that a change from vertical polari-

zation to horizontal polarization would produce 3 to 6 dB or reduction in

received MID ratio for 80% of the surfaces encountered in the airport sur

vey as long as only the zero-th order mode from a corrugated surface is of

greatest concern. However, in the 20% of cases which should reflect much

like a flat, metal plate and hence represent the greatest problem, only

circular polarization would yield a substantial reduction in MID levels.

And, in the remaining corrugated surfaces (46% of the sample), CP would also

yield a very large (e.g., 20 dB) improvement.

For the remaining 36% of the cases, CP would furnish some improvement

(3 to 6 dB) over VP, but not as much as HP. Thus, if the objective is to

achieve the greatest lower bound on received MID ratio reduction for the

surveyed airports by a change of polarization, it seems that circular polari

zation represents the best choice.
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9.3 Preliminary Conclusions and Issues to be Resolved

As a result of the systems studies reported in this chapter together with

the critical areas studies of the preceding chapter, we have drawn the fo11ow-

ing preliminary conclusions:

(1) the only possibly important multipath challenges to successful

TRSB operation are building reflections yielding inbeam elevation

multipath or out-of-beam azimuthal multipath.

(2) for the nominal case, there is generally a positive multipath

margin; however, several factors could conceivably vary enough

from the "nominal" case to result in negative multipath margins.

(3) if a greater margin is to be obtained by change of polari-

zation, circular polarization appears to offer the greatest

benefit since it yields an improvement over vertical polar-

ization in all cases whereas horizontal polarization yields

no improvement for cases involving flat or nearly flat metal

surfaces [these essentially flat surfaces yield the worst

multipath challenge and are relatively common (20% of the

cases in a survey of 8 major airports)].

(4) the principal remaining uncertainties are:

(a) airborne antenna pattern differential gain characteristics

(b) quantifying the likelihood of surfaces with worse than
"nominal" reflection characteristics also having bad
geometrical orientations

(c) the extent to which system purchasers will incorporate
system options such as greater elevation array center
line emphasis and/or azimuthal coverage control in
thei r equi pment.
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Most of the conclusions above follow in a straightforward manner from the

results of the preceding sections. A few comments should be made, however,

about the TRSB options involved in point (4). Concerning pattern control,

i,t is fairly straightforward with SOrTIE! antenna implementations to obtain an

increased centerline emphasis and/or a nonsymmetrical antenna pattern with

less gain on the side toward the offend"ing hangar. Although this might be

thought to be at the expense of usable guidance near the coverage limits, it

should be noted that reflections from a given sector necessarily imply shadow

ing in that same sector. We have not addressed the cost required to achieve

several more dB of pattern control.

For the azimuth out-of-beam-case, coverage control in the sense of

coverage limitation always represents a viable possibility. An interesting

alternative for the problem described here is to utilize power programming as

a function of azimuth angle as was done with the Texas Instruments hopover

feature. This invol ves smoothly reducing the power in the "bad" sector by

several dB (e.g., 6-10 dB) and then increasing the transmitted power once past

the bad sector. The level of complexity is less than that for MeT and it

has the advantage of continuing to furnish usable guidance in the "bad" sector.

We have not addressed the integrity aspects (monitoring) of power programming.
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X. STUDY OF TRSB "D" ELEVATION SYSTEM AT FRIENDSHIP INTERNATIONAL AIRPORT

One of the principal applications for the computer simulation described

in the earlier chapters is its use in site studies to determine the appropri

ate r~LS configuration (e.g. ~ basic IIwide" or IInarrow") and siting. In this

chapter~ we describe the results of such a study in support of proposed tests

of the Texas Instruments TRSB IID II elevation system at runway 15 at Friendship

International Airport (Baltimore~ Md). Our objective here is to provide a

concrete real world example of

1. using the receiver test programs to give an initial optimi
zation of the performance of the installed system,

and 2. performing full system simulations using a model for the
airport environment (buildings~ aircraft. and ground terrain)
developed from FAA furnished airport maps and building plans.

The objective of the proposed tests was to demonstrate the ability of

MLS to function well at a site which would be very difficult for an ILS

glideslope due to the limited terrain available. The T.I. system has a

beamwidth 2-3 times larger than that contemplated for phase III prototype

equipment; thus it was proposed to use MCT to yield better low angle accuracy.

However~ this use of MCT differs somewhat from that considered in flare

studies in that no receiver correction is to be made for the MCT truncation

error.

The next section describes the optimization of MeT parameters for the

T.I. D system. Section 10.2 describes the airport terrain model.
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The results of three representative system runs are given in Section 10.3.

It appears that with an appropriate choice of transmitter location, adequate

accuracy would be achieved on the 2.86° glideslope with ground reflection

multipath yielding predominantly a path following error ;0.06° which is well

within the MLS functional requirement specification of 0.1°. However, at

lower angles (e.g., 2°) on a transmitter location in front of rising terrain,

very large errors (0.r-0.4°) may occur due to ground reflection multipath.

10.1 Optimization of Texas Instruments' "Oil System r~CT Performance

A model for the Texas Instruments demonstration 0 ELl system (using MCT)

*was developed so as to optimize its performance in scenarios based on runway

15 at Friendship Airport (Baltimore, MO). Figure 10-1 shows the beam pattern

for this antenna with no r~CT. Since the beamwidth is approximately 2.9°, the

general rule of thumb that ground reflection multipath should be kept 2 beam

widths away from the direct signal suggests that significant ground reflection

errors would be encountered for aircraft elevation angles below 2.9°. To

achieve useful guidance down to the desired angle of 1.3°, Texas Instruments

proposed using MeT to reduce the ground reflection multipath effects. Figure

10-2 shows received envelopes in absence of multipath for several receiver

elevation angles.

This system differs from that considered in flare studies in that the

receiver probably will not apply a low angle correction to reduce scan trunca-

tion effects. Consequently, a study of the multipath characteristic was

needed to determine the best choice of MC'r initiation angle. Figure 10-3

*The "development ll consisted of changing the beam pattern in the general
TRSB model described in Chapter II and disabling the MCT correction feature.
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gives the peak multipath error for zero degrees rf phase for a single multi

path component as a function of separation angle and the MCT initiation angle.

Figure 10-3 clearly shows the tradeoff between MCT truncation error and

ground reflection multipath error. When the MCT initiation angle is above

the aircraft angle, the multipath error has essentially been eliminated, but

there is a large truncation error. For MCT initiation angles at or below

the aircraft angle, the truncation error is negligible, but there is an ap

preciable multipath error for separation angles up to ~ 2 bearr~idths.

Texas Instruments has proposed using the system with MCT starting at an

elevation angle of 1.65°. From Figure 10-3, we see that:

(a) for an aircraft at low elevation angles (e.g., 1.4°)

over flat terrain, using an MCT stop angle of 1.65°

reduces the peak error due to a -6 dB ground reflec

tion from ~0.5° to ~0.25°.

(b) for an aircraft on a glideslope of 2.86° over flat ter

rain, an MCT stop angle of 1.65° reduces the peak error

due to a -6 dB ground reflection from ~0.02° to ~0.000.

In the full system simulations, it was assumed that the MCT initiation angle

was 1.65°.

The azimuthal pattern assumed for the array is shown in Figure 10-4.

The phase center of the array was taken to be 6 feet above the local ground.

Although the airborne antenna on the OC-6 under consideration is a for

ward looking horn inside the radome, for the purposes of this simulation it

was assumed that the airborne antenna was omnidirectional. Since the
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elevation mu1tipath predominantly came from ground at this location, there

should be little difference between directional and omni aircraft antenna

performance.

10.2 Airport Multipath Environment

Figure 10-5 is a map of the end of runway 15 at Friendship Internation

al Airport, Baltimore, Maryland. The FAA suggested an MLS site on the op

posite side of the runway from the present ILS glides10pe. We see that this

site is next to a very steep dropoff into a gully paralleling the runway,

and thus would be impractical for ILS glideslopes which rely on the terrain

to generate the beam. This flexibility of MLS is of aid here in that it

places the MLS on the opposite side of the runway from the holding area, so

that aircraft waiting to take off should be able to hold much closer to the

runway threshold during IFR conditions.

A site survey by FAA personnel found that:

1. hill #1 is heavily vegetated, such that (based on experience

in the DABS program), negligible mu1tipath is expected from

it.

2. the buildings in area #1 are not visible from the contemplated

ELl site.

3. the buildings in area #2 have brick walls approximately 12 feet

high. Hand calculation showed they will yield negligible mu1ti

path levels.

These features of the actual airport were not represented in the simulation.

Building drawings obtained from the Westinghouse Corp. showed that:
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1. although the hangar is fairly high (~50 feet), the side

which would yield ELl reflections for an aircraft making

a straight-in approach is a cylindrical section whose angu

lar span is 64°. Since all points on this are inclined at

least 58° with respect to the vertical, it turns out that
'II

the reflections will pass well over the top of the hangar.

2. the penthouses on the aerospace building are visible from

the ELl site and are fairly high (50 feet). One penthouse

is wood covered with fiberglass, while the other is metal

covered with fiberglass. To be conservative, the entire

building was represented as a smooth metal surface.

3. the other buildings in the Westinghouse area are either too

low to be visible and/or are shielded by the hangar and aero-

space building penthouses.

No information was available regarding the location of aircraft during

IFR conditions. To be conservative, three B747 aircraft were positioned on

the taxiway in the positions shown in Figure 10-6.

The ground near the ELl antenna is rather complicated in that portions

slope upward toward the threshold and/or sideways toward the gully. For pur

poses of the computer simulation, the ground was modeled by five rectangular

plates and two triangular plates shown in Figure 10-6. The coordinates of

the various plate corners are given in Table 10-1. This rather large number

of surface elements was used because the T.T. Dsystem is rather sensitive
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TABLE 10-1

PLATE LOCATIONS FOR GROUND TERRAIN
'..

corner 1 corner 2 corner 3

Rectangle x y z x y z x y z

1 0 -75 5 0 75 5 2000 75 10
(132.5) (132.5) (137.5)

2 1200 125 5 1200 260 0.0 1350 260 2.5
(132.5) (127.5) (130)

3 1350 260 2.5 1350 125 7.5 2000 125 7.5
(130) (135) (135)

4 1025 75 5 1025 125 4 1300 125 7.5
(132.5) (131.5) (135)

5 1300 125 7.5 1300 75 105 2000 75 10
(135) (137.5) (137.5)

Tri angl es

1 912 175 2.5 1200 260 2.5 1200 175 5
(130) (130) (132.5)

2 912 175 2.5 912 260 -2.5 1200 260 2.5
(130) (125) (130)

x is distance along centerline in feet (runway end = 2000 1
)

y is distance from centerline in feet
z is distance above 127.5 1 field elevation

( ) denotes field elevation
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*to upsloping terrain for an aircraft on a 3° glideslope; for instance, an

upslope of 5 feet in 3,000 feet could reduce the separation angle from 60 to

4°, which in turn (see Figure 10-3) would yield quite substantial errors.

The terrain off the runway is currently 6-inch high grass, which should

yield rather low reflections (the UK measurements suggest a reflection co

efficient of ~0.35). However, to be conservative, it was assumed that the

ground might be covered with flat, fresh snow whose dielectric constant was

E = 3 + jO.6. The runway was taken to be flat concrete with dielectric con-

stant £ = 7 + jO.O.

10.3 Simulation Results

Two full scale simulation runs were made: a standard ~pproach on a

2.86° glideslope (20:1) which is the current ILS glideslope at runway 15 and

a straight-in level flight at 2,000 feet covering elevation angles from 1.3°

to 8°. Each of these will be described in some detail below.

The location along the runway was dictated by the desire to have the

MLS glideslope coincide with the current ILS glideslope. The ILS is located

at x = 900 at a field elevation of approximately 130 feet, which yields a GPIP

on the runway of 900 + 2.5 x 20 = 950 feet (since the runway is at field ele-

vation 132.5). Two possible locations for the D system were considered:

(1) on the 130-foot field elevation contour, which yields

x = 1020 and y = 225 for coincident glideslope

*An MLS basic system would not be sensitive to this, since the beamwidths
are on the order of 1 to 1.5 0 versus the 2.9 0 of the T.l. D system.
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(2) with an offset of y = 250 at the 127.5-foot field elevation,

which yields x = 970 for coincident glideslopes

For the glideslope runs, runs were made for both transmitter locations s while

the level flight simulation only considered position (1).

(a) Simulation of Final Approach Along a 2.86° Glideslope

*An aircraft approach velocity of 200 feet/second was assumed with the

multi path being computed every 40 feet along the glideslope from (9950, 0,

455) to (1950, 0, 55). Figure 10-7 shows the computer drawn airport map of

the runway environment for transmitter position 1 (x = 1020, y = 225). The

aircraft are denoted by the symbols Al, A2, A3 while the Westinghouse build-

ing is symbol Bl. The various ground terrain plates, rectangular and tri

angular, are denoted by the symbols Rand T, respectively.

The table below the airport map gives the peak multipath amplitude of

the direct signal (in dB) wrt to each scatter (G = ground), the altitude (in

feet) at which this occurred and the scalloping rate (in Hz) at the peak

amplitude point.

Figure 10-8 gives a more detailed view of how the multipath amplitude

(p) and separation angle (¢sep) varied along the flight path. There is a

small contribution from the building at 450 feet altitude, but that the

ground reflections are much larger throughout the flight. The aircraft re

flections never exceed -40 dB and hence are not shown in Fig. 10-7. The

ground reflection characteristics are essentially constant because the specu-

lar point hardly varies for an aircraft on a constant glideslope.

*The error was hardly affected by aircraft velocity since the dominating
ground reflections have a very low scalloping rate.
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Figure 10-9 shows the elevation error in degrees along the flight path.

We see that there is a very slowly varying error that increases from 0.04° to

O.O~ as the aircraft approaches threshold. This error change is probably

due to a change in rf phase between the direct and ground reflected signal

as the aircraft nears threshold since p and ¢ are essentially constant.sep
Figure 10-3 suggests a worst case peak error of (0.05°) (1.414) = 0.707° for

p = -3 dB and ¢sep ~4°, which agrees quite well with the results in Figure

10-7.

Since the error in Figure 10-9 varies so slowly (50 feet in altitude

correspond to 5 seconds of flight time), the error would be principally a

path following error, for which the MLS functional requirement specification

is 0.1°. Thus, the error on glideslope for this particular flight path and

transmitter location would probably be viewed as acceptable.

It should also be noted that a MLS basic wide or narrow system at this

same location should yield essentially zero error since with the narrower

beamwidth, the ground reflection would be completely out of beam.

Figures 10-10 to 10-12 are analogous to Figs. 10-7 to 10-9 except now

the transmitter is located at x = 970 and y = 250. We see that the peak mul-

tipath level is increased somewhat and, more importantly, the ¢sep is now

approximately -3.6° versus the _5° with the other location. This difference

arises because with an extra site further out from the runway and further

back, one gets a substantial reflection off a terrain plate which slopes up-

ward and outward;

slope in y direction 3.37°

slope in x direction 0.95°
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since

~ = alc elevation angle - 2x terrain slope
~sep

we see that the change in separation angle is consistent with the change in

local terrain slope.

With the reduced separation angle, it is not surprising that the e1e-

vation errors in Fig. 10-12 are significantly larger than those of Fig. 10-9.

The peak errors on the order of 0.3° are probably unacceptable from the view

point of the MLS functional requirements .. The magnitude of the errors is

consistent with Fig. 10-3: taking p = -6 dB and ¢sep = -3.7°, Fig. 10-3

yields a worst case error of 0.3°.

Although the TI 0 system emerges as being quite sensitive to system

siting in this case, it should be emphasized that the TRSB basic systems

(narrow or wide) should be able to function satisfactorily at either X~1TR

location since the separation angle exceeded 3° in both cases.,

(b) Simu1ation·of Level Flight Path

In view of the large errors encountered on a 3° glides10pe with trans

mitter location 2 (y = 250), a level flight simulation was done only for

transmitter location 1 (x = 1020, Y = 225). To avoid problems with the

plotting routine, the profile used was a linear segment from (88980, 0, 2010)

to (15080,0, 1990), which corresponds to elevation angles from 1.30 to 8°.

The aircraft velocity was taken to be 200 ftlsec, but the mu1tipath and sys-

tem errors were computed at points separated by 720 feet since the mu1tipath

was expected to be slowly varying along the path.
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The airport map was essentially identical to that of Fig. 10-7.

Figure 10-13 shows the variation in p and ¢ along the path. Since thesep
aircraft is flying an essentially level inbound path t the aircraft elevation

angle and ¢sep increases steadily in magnitude. The ground reflection magni

tude represents a complicated interaction of the different plates and Fresnel

reflection coefficient which occasionally reaches +1 dB. Since the highest

levels occur at the smaller separation angles t it is not surprising that large

angular errors occur in Fig. 10-14. The large errors above 2008 ft represent

a combination of MCT truncation error (receiver elevation angle is -0.750 wrt

MCT scan stop angle) and ground reflection mult"ipath t whereas the other errors

represent primarily ground reflection multipath. Without MCT t Figs. 10-3

and 10-13 suggest that the error above 2008 feet would have been on the order

of 1.0°.

10.4 Summary and Conclusions

The Texas Instruments "D" system is sensitive to ground reflection multi-

path from rising terrain for conventional aircraft approach angles due to its

large beamwidth. The use of MCT reduces t but does not eliminate t this sensi

tivity if adequate guidance is to be furnished down to 1.3° elevation angle.

At the proposed Friendship International Airport runway 15 site t there

could be problems with rising terrain. However t it is possible to find a

site on the preferred side of the runway which yields adequate multipath
,....

performance for approaches at or above the current ILS glideslope of 2.86°.

For angles below the ILS glideslope t significantly larger ground reflection
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errors will occur. The errors due to building and aircraft reflections were

negligible.

Based on fact that in all cases the separation angle of the multipath

is at least 2.8°, it appears that either of the TRSB basic elevation systems

would perform well at the preferred transmitter location for aircraft ele

vation angles down to 1.4°.

The results of three representative system runs are given in Section 10.3.

It appears that with an appropriate choice of transmitter location, adequate

accuracy would be achieved on the 2.86° glideslope with ground reflection

multipath yielding predominantly a path following error ~ 0.06° which is well

within the MLS functional requirement specification of 0.1°. However, at

lower angles (e.g., 2°) on a transmitter location in front of rising terrain,

very large errors (0.7° - 0.4°) may occur due to ground reflection multipath.
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APPENDIX A

MULTI PATH ERROR IN DOPPLER MLS

A.l Introduction

This appendix presents an anlaysis of the effect of multipath on Doppler

MLS. Precise models of the Hazeltine and ITT/Gilfillan methods of signal

generation are developed, including, in particular, the bidirectional scan

reversals. The analysis derives the measurement error for a single multipath

in the absence of receiver filtering. For the case of small to moderate

multipath, a final results is obtained that incorporates averaging over a

succession of up-down scans.

A.2 Signal Models

We begin with signal models, which are slightly different for the two

U.S. Phase II systems.

A.2.l Hazeltine

In the Hazeltine system, upper and lower sidebands are generated by

mixing an independent 100 kHz oscillator with a 47.2 MHz reference. The

upper and lower sidebands are extracted by filters and then selected by

switches on alternate scans. Reference and selected sideband are translated

to RF by a common oscillator. The reference is transmitted directly via a

broad coverage antenna. The sideband is transmitted via a multiple feed

beamport array that imposes time varying phase shift at each element or port

with the result that the sideband frequency observed in the far field varies

with observation angle.
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The total sideband phase during an upper sideband, up-scan interval is

(w + w )t + ¢ + k8 d(t - nT )coo s (A-l)

where wc and Wo are reference and sideband frequency respectively; ¢o is an

arbitrary sideband phase, k8 d is the angle dependent frequency for the direct

path and nTs is the midscan time for the nth scan. The corresponding phase

for the lower-sideband (n + l)th scan is

(A-2)

The reference and sideband oscillators run continuously and either the

upper or lower sideband is gated to the array. The Doppler scan phasing al

ternates direction at each scan and passes through zero at midscan.

In general, the sideband signal for the nth scan may be represented as

(A-3)

The reference signal is

cos(wct + ¢n) (A-4)

where at the nth scan ¢n is the digitization phase accumulated on the refer-

ence in the Hazeltine system.

At the receiver, a square-law envelope detector effectively forms the

product of reference and sideband to yield the subcarrier signal:

(A-5)
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Since cos is an even function, (_l)n can be factored out and dropped, whereby

the sign reversal is transferred to the digitization phase, giving

(A-6)

We observe that there would be no need for digitization in the Hazeltine

system if the subcarrier frequency Wo were not a multiple of the scan rate.

If the midscan phase wonT (mod 2n) varies with n from scan to scan, the effect

of digitization is accomplished. However, this is not the case since the

sideband osc"illator also provides timing for scan generation.

Before proceeding to mult"ipath considerations, the signal model for the

other Doppler system will be developed.

A.2.2 ITT/Gilfillan

The sideband generator in the ITT/G system consists of a digital phase
,

shifter that advances (retards) the phase of the reference during ~e up (down)

scan. The reference is radiated from a fixed antenna and the sideband is com-

mutated along a linear array. The direction of commutation reverses every scan

and a digitization phase step is applied at the beginning of every up scan.

During the O·th scan, the sideband phase is

wct + wot + (wc + wo)tk sin 8d
Ts t <

Ts- '2 < '2

After the first scan reversal the phase is

w t + (T - t)w + (w - w )(T - t)k sin 8d
Ts t 3
'2< < '2 Tsc soc 0 s

(A-7)

(A-B)
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The phase shift due to commutation is referred to zero at midscan or

center of the array. The phase due to Wc and Wo is continuous across the

scan transition. In general, the sideband signal is

cos{w t + (_l)n(t - nT)w + (-l)n(t-nTs)wck sin ed + (t - nT )w kc s 0 s 0

(A-g)

The accumulated digitization phase ¢n is included.

The Doppler shift represented by the term (t-nTs)wok sin ed does not

referse direction at scan reversals. It introduces a proportional error with
-5ratio wo/wc ~ 3 x 10 . This can be neglected and the term will henceforth

be omitted. The omission corresponds to the usual narrowband assumption in

which the Doppler shift is treated as a simple spectrum translation. A

similar assumption is implicit in the Hazeltine transmitter design.

After square-law detection, the subcarrier output is

(A-10)

Comparing this result with the corresponding one for Hazeltine shows that both

can be represented as

cos{(t - nTs)(wo + wd) + (-l)n~n

where

ked for Hazeltine

A-4
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for Hazel ti ne
(A-13)

for ITT/G

A.3 Reference Phase Error Due to Multipath

The reference signal will be perturbed by multipath in both amplitude

and phase. The amplitude fading may cause measurement error due to low SNR

or due to deviation from desired operating levels for the square-law detector

and angle processor. The amplitude effects will not be treated here but the

reference shift will be included as a potential source of error at high scal

loping rates.

The sum of direct and multipath reference is

(A-l4)

where Pc is the amplitude, LC the delay and ~c the reflection phase of the

multi path. The resultant reference is

J 2 I ~ 1 Pc sin(~c-wcLc) ]
1 + Pc + 2pc cos(~C-WCLC) cos LWct + tan- 1 + Pc cos(~C-WCLC)

(A-15)

The reference phase shift will be denoted ~c and after detection will

appear as a phase shift on the direct and the multipath subcarrier.

A.4 Subcarrier Phase Error Due to Multipath

The sum of direct and multipath sidebands is

..
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+ pcos[W (t-T ) + (-l)n(t-T -nT )(w + W) + ~ + ¢ ]c m m s 0 m n m (A-16)

Here p is the amplitude, Tm the relative del1ay, ¢m the reflection phase and

~ the Doppler frequency of the multipath signals.

After detection the sum of subcarriers is

+ pcos[(-l)n(t-T -nT )(w + W) + ~ + ¢m - ~c - LmWc]m s 0 m n

The res ul tant subcarri er phase is

(A-l7)

psin[(-l)n(t-nTS)(wm-Wd)-(-l)nTm(ws+wm)+¢m-Tmwc ]

l+pcos[(-l)n(t-nT )(w__-wd)-(-l)nT (w +w )-¢ -T W)sm m s m m m c
(A-18)

nThe (-1) to-fro scan dependence may again be factored out leaving

cos { (t-nTs)(wo+wd) + (_l)n ("n -"c)

pSin[(t-nTs)(wm-wd)-Tm(wo+wm)+(-l)n(¢m-Tmwc)] l,
+ tan- l

1+ cos[(t-nTs)(wm-wd)-Tm(wo+wm)+(-l)n(¢m-Tmwc)]
(A-19)

A.5 Frequency Measurement Error

The frequency measurement error incurred due to Illul ti path is gi ven by the

ratio of the phase difference over the measurement interval to the length of

A-6



the interval. Denoting the end points of the interval as tnl and t n2 , the

subcarrier frequency error (radians/sec) is

(A-20)

.".

where the time dependence of the reference phase ~c has been made explicit

and Xn denotes the tan- l function above.

A.5.l Reference Phase Contribution to Frequency Error

The reference phase contribution is found by evaluating ~c(t) at the two

end points. From Section 3

(A-2l)

where the last step invokes the usual small-to-moderate multipath assumption.

The path delay phase difference for linear aircraft motion can be ex

pressed as

(A-22)

where Ws is the scalloping frequency and the phase is referred to an arbitrary

time 0 ri gin.

Defining the scan duration Ts and scan gate Tg, we have

= T
g

A-7
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The frequency error is then

(A-24)

The argument of the cosine factor is the midscan phase of the nth scan. Recal

ling the (_l)n factor in Eq. (A-20), one may compute the average Ec over two

successive scans, the first one being odd.

(A-25)

The argument of the last sinusoid may be recognized as the phase at the

transition between the odd- and even-numbered scans. It is the cyclic varia

tion of the last factor that leads to motion averaging improvement.

When Mbidirectional scans separated by a sample spacing T=2Ts are

averaged, the improvement is

(A-26)

Applying this factor to Ec ' the resulting error is
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(A-27)

The last sine factor accounts for the arbitrary phase relation between sampling

instants and scalloping frequency.

A.5.2 Frequency Error Due to Subcarrier Multipath

In this section we derive the error due to multipath of the subcarrier,

in contrast to the carrier multipath error derived above. Again assuming small

multipath: the expression to be evaluated at the two end points is:

Inserting

WcTm(t) = wst

and the previous definitions of Tg and Ts gives

(A-28)

(A-29)

(A-3D)

Xn(tn2 )-Xn(tn1)

Tg

(A-3l)
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Averaging over two bidirectional scans, the first one being odd t we get

for the multipath error Es :

Es = ~P sin[Tg(wm-Wd)/2-rwSTg/2]COS(wSTg/2)
9

cos [rws(n+})Ts+wsTs/2 ] cos[rws~s/2+ws(n+})Ts-¢m]

+ ~P COS[Tg(wm-wd)/2-rwsTg/2] sin(wsTg/2)
g

sin[rws (n+})Ts+wsTs/2] sinlrwsTs/2+ws(n+})Ts-¢m] (A-32)

The sinusoidal variation of the error due to the changing phase ws(n+})Ts '

is the so-called scalloping effect which permits a reduction of the error by

averaging over a succession of scans.
-5The ratio r of subcarrier to carrier freqeuncy is on the order of 10 .

Terms of the type rwsTs are obviously negligible. Even those of the form

nrwsTs are not significant since the scan index n for each averaging interval

ranges from 1 to at most 50 and the interesting values of wsTs are 2TI or less.
-3It follows that nrwsTs < 10 .

Setting r=O and multiplying Es by the averaging factor from (A-26) gives

(A-33)
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The phase nm accounts for the arbitrary phasing between sampling instants and

scalloping frequency.

The Doppler IIbearrwidth li in radians is defined as the inverse of the side

band antenna effective aperture in wavelengths (AIL). The separation angle

between direct and multipath expressed in fractional beamwidths is

(A-34)

Adding in the carrier phase error and letting nc = nm, the total multi path

error, also expressed in fractional beamwidths, is

sin(MwsTS ) {sin[rr6mTg/Ts] cos(wsTl2) cos nm
2M sin(wsTs

/2)

[1-cos(rr6mTg/Ts)] sin(wsTg/2) sin nm

cos(wsT/2)
(A-35)

When Tg = Ts ' this result is essentially equivalent to Wheeler's multi

path error formula [33]. Because of differences in phase reference definitions,

Wheeler's short wave factor corresponding to nm depends on the separation

between direct and multipath.

, .
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APPENDIX B

INTERMODULATION DUE TO ENVELOPE DETECTION OF SSB SIGNAL

In the Doppler MLS signal format a reference carrier is'transmitted from
'~'

a fixed antenna while an offset carrier is transmitted from a simulated

moving source. The signal in space then consists of a carrier and single-

side-band whose frequency relative to the carrier is the offset plus the

doppler shift produced by the projection of the moving source velocity onto

the line-of-sight to the observer. Considering the offset frequency as a

subcarrier, the subcarrier is FM1d in accordance with the angular position of

the observer with respect to an axis defined by the source motion.

The objective at the observer is to determine the frequency of the sub

carrier. This is accomplished in most direct fashion by envelope detecting

the SSB signal to extract the subcarrier followed by filtering and frequency

measurement. Other, more elaborate, schemes exist for demodulating the SSB

signal. One of these is described in the Hazeltine Phase TACO report [33J and

is mentioned later on. The purpose of this appendix is to indicate the effects

on SSB envelope detection when multipath components of both the reference car

rier and Doppler sideband are present.

The direct path signal is represented as

(B-1)
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The reference carrier multi path signal is a cos w (t-T) whereupon the resulta

ant reference is

21 + a + 2a cos w T cos (wct + ~ )c c (B-2)

The multipath Doppler signal is a2 cos [(wc + w2)t + ~2J. Note that the

multipath from the fixed antenna gives rise to reference carrier fading,

whereas the moving source multipath produces a doppler sideband distinct

from the direct path. Because of the changing geometry, reference and side

bands can be affected independently. This is in contrast to the normal com-

munication situation where carrier and sidebands fade together as long as

the signal bandwidth is less than the coherence bandwidth of the channel.

Subsequent equations omit phase angles that becloud the analysis and are

irrelevant to the present investigation of intermodulation in envelope detec

tors. The total signal at the detector input is

For narrowband signals the envelope is uniquely determined as

E(t) =JI 2(t) + Q2(t), where s(t) = I(t) cos wot + Q(t) sin wot and I(t), Q(t)

are the in-phase and quadrature components of the bandpass signal referred to

an arbitrary in-band carrier. Equivalently, the squared envelope can be

derived by squaring s(t) and applying a low-pass filter. The latter approach

is somewhat easier to pursue especially when the phase modulation defined as

tan-1CQ(t)/I(t)] is of no interest. Squaring and eliminating second harmonics

of we leaves

B-2



If a square-law envelope detector were employed, this would be the total low-

pass output. The desired Doppler signal at w1 can be filtered to remove the

mu1tipath at w2 as well as the intermodu1ation term at (w1-w2). The latter

would tend to fall into the data band around the reference carrier. The inter-

mod would interfere with data detection if the Doppler scan and data are

pres~nt simultaneously. A converse interference of data with Doppler would

also occur. The data, being normal DSB AM modulation on the reference carrier,

will fade together with the carrier. The parameter A above can then be inter-

preted as including the AM, i.e.,

A =)1 + c/ + 2a cos wct [1 + mf(t)] (B- 5)

where data modulation f(t) is imposed with modulation index m. We observe

from Eq. (B.4) that the AM appears on the Doppler subcarriers.

The mutual interference is eliminated by not transmitting data and Doppler

sidebands simultaneously. This is the approach selected in the optimized

doppler format.

Practical envelope detectors are more nearly linear rather than square

law. To find the additional spectral components in that case, the square

root of Eq. (B.4) must be found. It is assumed that no data modulation

accompanies the Doppler signal. Applying the binomial expansion of the

d 1 . R A2 2 2 .square root an ettlng = + a1 + a2 glves
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=

(B- 6)
+OC, out of band and higher order products.

From Eq. (B.6) it is apparent that the multipath-to-direct ratio at the

linear detector output is

I~/D = aZ[1
a l

1

-~]
a 2
1

2R

(B .7)

If the angle signal is small relative to the carrier (al«l), MID is approxi

matelyequal to p, as is the case for square law. If carrier and sideband

B-4



are equal (a l = 1) the linear detector exhibits multipath suppression on the

order of 2.5 dB for small p. However, this reduction is at the expense of

the introduction of the other modulation products shown in Eq. (B.6). For

carrier at least 6 dB above sideband, the small multipath characteristics of

linear and square law detectors nearly coincide.

B-S



APPENDIX C

SCANNING BEAM PEAK LOCATION ERROR DUE TO MULTI PATH

There are a number of different methods for processing the detected sig-

nal envelope in a scanning beam receiver so as to determine the beam, i.e.,

pulse, position. The mean of leading and trailing edges is one candidate; a

split-gate discriminator is another. As a first approximation, the split

gate discriminator can be represented by an equivalent filter followed by a

differentiator. For multipath interference in the absence of noise, the fil

ter plays a secondary role and will be neglected in this analysis.

The problem is now to find the point of zero derivative on the envelope

of the sum of direct signal plus multipath. The resultant squared envelope

is

222A (e) + p A (e-em) + 2pA(e) A(e-em) cos W (C-1)

where A(e) is the beam envelope vs angle, em is the multipath separation,

p is the relative multipath referred to the peaks of the two beams and Wis

relative phase between the two signals.

For the sake of analytical tractability, the beam pattern is taken as

Gaussian with a half-power (-3 dB) beamwidth, BW:

A(e) = eXP[-k (~/]

The pertinent derivatives are

k= 2 1n 2

C-l

(C-2)



dA(e)
de

2k eA(e)
(B~J) 2

(C-3)

(C-4)

Differentiating the envelope and setting the result equal to zero gives

a : A2(e) + p2(e_e ) A2(e-e ) + pA(e) A(e-e )(2e-8m) cos W (C-5)m m m

\'/hence

p2[A(e-8m)/A(8)]2 + p cos ~[A(8-em)/A(e)]
:-.......-------;:;------------

1+p2[A(e-em)/A(e)]2 + 2p cos ~[A(e-em)/A(e)]

Inserting the beam pattern yields

(C-6)

=
2 2p y + Y cos 1jJ (C-7)

(C-8)

The solution to this nonlinear equation is a point of zero derivative of the

envelope. Assuming that only one such solution exists, it corresponds to the

peak of the envelope.

The above equation is solved numerically by a one-point iteration of the

form

(C-9)
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For input parameters BW, p and 8m, a curve of 8 vs \jJ is generated. The i ni

tial value is 8 = 0 at \jJ = O. The iteration proceeds until Ixn+l-xnl <

0.01 xn+l . Iterations for subsequent increments of \jJ use the preceding solu

tion of 818m as the initial value.

The theoretical curves in Fig. 6.3 were produced by this method. The

theoretical peak location error is less than the simulation error, substan

tially so when the dwell gate broadening occurs as explained in Fig. 4-8.

Split gate discriminators that are approximations to peak location would not

be subject to the large dwell gate broadening errors.
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APPENDIX 0

MULTIPLE COMPONENT TRSB ERROR FORMULA

A formula for TRSB static error in the presence of several small

amplitude multipath components is derived. This result proves useful in the

critical area study program.

With the i-th of Mmultipath components, 1 ~ i ~ M, associate relative

amplitude Pi' separation ei(BW) and phase angle ~i' The assumed antenna

pattern, A(x), is Gaussian:

A(x) k = 2 ln 2 (0-1 )

where x is angle in BW's. With all the multi path components present, the

squared envelope (as a function of scan angle) is

A(x) +

M

2:
i =1

2
H·

p.A(x-e.) e 1
1 1

(0-2)

When the right-hand side is expanded out and second order terms in amplitude

(i .e., Pi Pj) are dropped, the equation may be written as

[
M ]

2 2 2ke.x
e (x) = A (x) 1 + 2 .2: lli e 1 cos ~i

1=1

0-1

(0-3)



where ni is the "effective" multipath amplitude:

-ke~
ni = Pi e ' (0-4)

The objective is to solve for the leading and trailing edge threshold cross-

ings, i.e., solutions of

-2ki
e (0-5)

v being the nominal threshold crossing location in beamwidths. Taking loga

rithms in (0-3), and using the small argument approximation In(l + y) ~ y,

the equation becomes

~1 2ke.x
ki = kV2 - L ni e ' cos <». (D-6 ),

i =1

For the 1eadi ng edge crossing, repl ace x by

x = -v + E: Q,
(0-7)

where E:Q, is the leading edge error. In the exponential term, x can be re

placed by the nominal value (-v) alone. Retaining only the linear term in

E:Q, yields a solution

(0-8)

Similarly, for the trailing edge crossing, replace x by

0-2



and solve for the trailing edge error, which is

M 2kve.
= 1 Lni e ' cos cp.Et 2kv ,

i =1

The average of E£ and Et is the error made by a dwell gate processor:

(0-9)

(0-10 )

r~

= L
i =1

-ke~ sinh 2kve,.
e e 'p. . 2k e, , v i cos CPi (0-11 )

Although (0-11) is a single scan error result, it applies equally to the

to-fro error in the static case since the scans yield mirror-image waveforms.

Note that the multiple component result is merely the sum of the single com-

ponent errors.

The criteria used for the threshold crossing [Eq. (0-3)J assumes a

threshold ~Jith respect to the unperturbed beam maximum, as might occur with

a slow acting AGe and high scalloping rates. If a real time thresholding

system is used, then one seeks solutions of

-2kl 2
e2(x) = e [e (x)Jmax

-2kl
::: e e2(O)

0-3
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It turns out that, making the same approximations as above, that (0-12)

yields the error expression (0-11). This result suggests that in the pres

ence of "small" multipath with high scalloping rates, slow acting AGe and

real time thresholding will yield essentially identical performance.
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APPENDIX E

SEMIRIGOROUS TREATMENT OF DOPPLER SCANNING FROM A CIRCULAR ARRAY

This appen~ix presents a mathematical analysis from the point of view

of conventional antenna theory of the Hazeltine circular array for gener
ating MLS doppler signals in space. The principles of operation of the
array are explained in a more direct way than any of the previously offered
analyses. In particular, the work provides a finn mathematical foundation
for the notion of a moving "bright spot".

In addition to the basic doppler coding, the chirp phenomenon and its
elevation angle dependence are derived. The behavior of the received signal
amplitude as a function of observation angle and scan time is also predicted.
Amathematical explanation of the latter phenomena has not previously been
reported. The theoretical results are consistent with computer simulations
conducted by Hazeltine during Phase I studies.

E. 1 Far- Fie1d Formu1at ion

With reference to Fig. E-l, let A(w) be the complex excitation
along a continuous circular line aperture. Then the far field pattern
in the plane of the circle is given as a function of azimuth angle e by

E(e)
+,Jic

= f A(~) exp[j

-~c

2nr
A

cos (w - e)] d~

The equation results from geometrical considerations using the center
of the circle as a phase reference. For example, the radiation from
the element at ~ = e is advanced by riA wavelengths with respect to
the elements on the diameter normal to e (1jJ = e ~ n/2).
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The excitation specified by Hazeltine as a function of angle along
*the aperture is

A(~) = exp(j 2rrfda ~t)

This represents a frequency offset from the carrier proportional to the
angular position of the aperture element.

Inserting for A(~) in the integral and making a change of vari
ables x= ~ - e gives

~c-e

E(e) = J exp[j2rrfdat(x + e)] exp[j 2~r cos x] dx

-~c-e

The factor independent of x may be taken outside the integral.
Defining a = 2rrr/X and u = 2rrfda t/a leaves

~c-e

E(e) = exp(j2rrfdaet) f exp[ja(u + cos x)] dx

-~c-e

Except for the limits of integration, which we return to later, the
remaining integral is independent of e. As advertised, the far-field
pattern has a linearly time-varying phase, i.e., constant frequency
directly proportional to the azimuth angle e. There is an additional
time-varying factor due to the integral that is eliminated byappro
priately modulating the common excitation to all aperture elements.

E.2 Azimuth-Independent Modulation

The common modulation can be found by evaluating the integral
using the method of stationary phase. [76] This is a method for approxi

mating integrals of the form

*The time-dependent excitation common to the entire aperture is not
included here but will be derived shortly.

E-3



I = f A(x) exp[j ag(x)] dx

when a is large.

The stationary phase points are those where the phase a g~ )
rotates slowly resulting in maximum contribution to the integral.
Elsewhere the phase changes rapidly, the integrand is highly oscil
lating and the net contribution to the integral is small. Assume
that the slope of g(x) is zero at only one point Xo between the limits
of integration.*

It can be shown that the integral asymptotically approaches the following
value for a .... 00.

For the problem at hand

g(x) = ux + cos x
.
g(x) = u - sin x = 0

Xo = sin- l u

g(x 0) -/1 2= -cos x 0 = - u

Hence

The exponent in this expression is the time-varying phase or
chirp independent of azimuth. The amplitude variation over the scan
cycle of the form (1 - u 2f l / 4 has been observed in computer simulations
performed by Hazeltine during Phase I [331.

*The existence of a second stationary phase point is discussed subsequently.
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The time-varying phase can be eliminated by appropriately phase
modulating the aperture excitation. Ignoring the constant phase at
u= 0, the compensating phase can be expanded in a power series

( ) a (2 u
4

<pu =-'2 u +"'j2+",)

Using only the quadratic phase term as Hazeltine suggests imposes
a linear FM on each aperture element in addition to the constant fre
quency offset that produces the angle coding. The resultant excitation
frequency is a displaced FM ramp, with displacement varying according
to position along the aperture. This behavior is shown in the diagram
of frequency vs time for a few elements in the circular array (Fig. E-2).

Expressed in terms of the original coordinate system, the stationary
phase point's location on the aperture is

. -1= S1n u + 8

It is seen to move as a function of scan time u, reaching a point in line
with the direction of observation 8 at midscan u=O. The apparent motion
of this so-called IIbright spot ll produces the chirp derived above. However,
the motion of the stationary phase point cannot be used to explain the
basic doppler angle coding. A simple heuristic model similar to the moving
source of the commutated linear array is still lacking.

E.3 Aperture Cut-Off Considerations

Returning to the question of integration limits, it has been assumed
thus far that the stationary phase point lies within the limits. This
need not be the case. If the range of integration is restricted so as
not to encompass the desired stationary phase point, the radiation from

the aperture is reduced.

The commutation of the array during the scan as described by Hazeltine
will be examined from this point of view. Aperture cut-off angles that
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vary with normalized scan time u lead to limits of integration defined
as

Lower = _750 + sin- 1 u

Upper = +750 + sin- 1 u

These limits as well as the fixed limits ± 1200 are plotted vs u in
Fiq. E-3 along with a graph of the stationary phase point ~n(u)=sin-l u+8

The scan time is assumed to reach a maximum of u = sin 45°. This ismax
close to the value derived from the Hazeltine parameters.

As long as the limits of integration encompass the stationary phase
point ~o(u), the desired output is obtained. As ~o(u) changes due to
the azimuth viewing angle e, part or all of it will fall outside the
limits and the radiation is correspondingly reduced. With the commutated
array the limit lines are parallel to sin-1u and the radiation disappears
suddenly beyond lei ~ 750 . With fixed limits, the radiation gradually
reduces at the end (beginning) of the scan for positive (negative) e.
This behavior is evident from Hazeltine's simulation results reproduced
in Figs. E-4 and E-5.

E.4 Elevation Angle Deperdenc~

The preceding derivation pertained to the far field in the plane
of the aperture circle. When viewed from a conical elevation angle a~O

the relative phase from the aperture elements changes. The expression

for the pattern generalizes to

~c
E(e) = ~ A(~) exp[j 2~r cos a cos(~ - e)J d~

-~c

Comparison with the previous derivation reveals that a is simply replaced
by a . cos a. The compensating phase modulation - tu2 valid for zero
elevation is longer correct and there remains a residual chirp viz.
(cos a - 1) u2/2. This phenomenon was also observed during Hazeltine
Phase I simulation and its consequences discussed. It leads to a
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broadening of the Doppler band and a consequent widening of filters
at the higher elevation. The average frequency over the scan remains
unchanged.

E.5 The Second Stationary Phase Point

Further examination of the stationary phase integral reveals that
there exist two solutions to the equation

g(x) = u - sin x = 0

They are Xo = sin-lu already used and

xl = . -1
'IT - Sln u

The asymptotic value of the integral corresponding to xl is

The contributions from the two stationary phase points must be added to
obtain the total integral.

The relative contribution from the second stationary phase point de
pends on the amplitude pattern of the individual aperture elements. Thus
far, omnidirectionality has been assumed, but in practice the array ele
ments tend to be directive outwards. The portion of the aperture associated
with the second stationary phase point is 1800 removed from the first,
i.e., ~1 = ~o + 'IT - 2 sin-1u, whereas the direction of observation is on
the side of the array corresponding to xo. The elements contributing to
xl are either non-existent or they are effectively shielded towards the
observer.

Observe that the second stationary point produces a frequency offset
with respect to the first one through the factor

E-ll



For 333 Hz/deg angle coding, nfda = 60 kHz. The unwanted signal falls
outside the passband (± 20 kHz relative to the angle carrier) and can
there be removed by filtering.

For the reasons cited in the two preceding paragraphs, the effect
of the second stationary phase point may be ignored.
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