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4 1. INTRODUCTION

The US rational Microwave Landing System (MLS) program has as its goal

v; the developﬁent of the system which is to become the common civil/military
- "~ 1international standard for the remainder of this century. The extensive

delibefations of the RTCA Special Committee SC-117 led tu the selection of

W T A N

two air derived concepté (scanning beam and Doppler scan) which were devel-
" ope¢ in a joibt'DOT.DOD/NASA program, with the time,reference'scanning beam
r

emerg1r; as'ihe winner of the U.S. MLS phase II assessment. In addition,

several a1ternat1ve systems (botk air derived and ground uerived) are under

adoption as the new international standard.

Th~ resistance to coherert interference, i.e., multipath has proved to
be a key technical issue in assessing the ra2lative and absolute capebilities
of the various systems. Althouyh all the proposed MLS techniques are gener-
ally more resistant to muitipath than is the ILS, MLS is expected to provide
guidance over .uch wider coverage in an environment characterized by con- o E
tinuing construction of buildings near the approach and landing zone and the

increased use of wide bodied aircraft (both potentizlly significanu multi-’

Bk sl e it v s

path sources). There has been considerabie operational experience with
. MLS equipment, especially scanning beam systems [1-15], but it has not been
' practically possible to address the many issues involved in multipath per-
formance solely by field tests.

b

This report. summarizes the multipath studies performed by MIT Lincoln

Laboratory for the FAA MLS office during the MLS phase Il effort. The corner-

stone of this Lincoln effort has been the devalopment of realistic models

1-1
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consideration by the International Civil Aviation Organization {ICAQ) for B



for 1) the multipath in representétfve'reai world airport environments, and 2)

the multipath characteristics of candidate MLS téchniques. These multipath

"~ and system models are used in a comprehensive simulation to assess the

potentié] strengths and weaknesses of the various systems as.weli,as to
optimizé the performance of a given system.

Referring to Fig. 1-1, the user-specified program input (denbted by
trépezoids) consists of thevdesired fTight profile, location and description
of the MLS equipmént and.scatterErs (g.g.. buildings, aircrafé, runway humps),.
and the aircraft flight control system. The program then “"flies" the air-

craft down the desired path making computations at discrete "evaluation

" points" which correspond to a desired data rate, e.g., the ICAO 5Kz rate.

" At each evaluation boint, the multipath signals from all of the various
scattering and shadowing objects are computed for eaih_of the MLS functicns
{azimuth, elevation, DME), These multipath results are then used as an input
to a second computer program which .§s a mathematical modei for the particﬁlar
MLS technique under study. The resulting raw errors can then be plotted
immediately and/or fnput to a mathematipal modcl of an a vreraft flight control
system model so as to examine thé_impact»of the multipath on the path following
performance and control surface activity,. The program outvut includes compre-
hensive multipath diagnostics, permitting cthe user to ascertain the causes

of the computed errors, In addition, we have developed varicus support

packages which allow detailed study of the multipath reflections from individ-

uval scatterers and their effect upon specific receiver implementations.

1-2
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Fig. 1-1. Simplified block diagram of ILS computer simulation.
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T;e remainger of the réport is organized in chapters which 1) describe

the alQorithms and va]idation of various portiohs of the program, and 2) appli-
cation§ of the simulation {or selected partions thereof) to addressing various
key multipath-related MLS issues. ‘Chapter‘ll deécribes the mu) cipath scattering
mode] aﬁd some of the vaiiddtion by comparisor with theoretical caTéu]ations .
and fie]d data. Specific algorithms are presenfed for: ” v

1. . Specular ground reflection

2. Scattering from obstacles such as a1rcraft bu1]d1ngs.
hangars, trucks :

3. Diffuse scattering from ground

4. Runway hump shadowing

5. Shadowing due to aircraft épproéching line of'sight

An important part of the multipath hodél deve]opmeﬁt_jnvo1ved critically’
ana]yzfng the work that had been accomplished in the multipath area in the
US and other countries. Table i-1 summarizes the major data sources used
in the model development.

After reviewing the multipath data availaple at the commencement of the
Lincoln MLS activity, it was determined that insufficient field data existed
to definitiveiy address many imporiani mazeling issues. For example, little
data existed to suggest appropriate C—band modals for complicated buildings
(e.g., as at termihals). or which objects at an airport would yield signifi-
cant MLS multipath. Therefore, a series of channel charactarization experi-
ments were carried out at Logar International Airport (Boston, Mass.) uﬁder

the techr.ical direction of Linco'n Laboratory to address these key issues.




& Reflections from: o hadowing by:
£ : . Other Runway
o8 Buildings Aircraft Sources Afrcraft Hurps - Buildings
50
E ualitative 1-16A 616 A 68A. 69101112164 16810 6104
) haracteristics 101415 € B10AE §10E[2791213¢E nis |a
£ N 13 10 €
b Quantitative
L Characteristics
4 Reflection 8101416 A BAE . . -
i coefficient 810131415E 10AE
ol spatfal extent | 1 - 16 A 6§8101416A 10E [6101316A . 1011134 6
?;; 1018 E 81015 ¢ 2791213¢E MNI3E 10AE
4 Size, distance 3J681016A 68101416 A e 610 1316 A 1011 13A 10AE
B factors we B0 E 1BE . NI13E
&n Secondary paths | 10 A E 0AE . lwa 10 A 10 A
215 ' 13A¢E v 13AE
Spatial 1-16A 1-16A . {1016A - 104 0AE
coherence
247912 3
1315
1. Bendix TACD (ref. 34 . 9. ITT/GITfillan MLS Phase II (ref, 31)
2. Bendix MLS Phase Il (ref. 22) 10, MIT Lincoln Laboratary (refs. 30,66)
3. Calspan (refs. 23-25 "~ 11, Texas Inst./Thompson CSF TACD (ref. 262
) 4. FAA tests at NAFEC (refs. 1-8) ' © 12, Texas Inst./Thompson CSF MLS Phase II (ref. 32)
5. FAA civilian airport meas. (ref. 9) 13. United Kingd.m (raf. 27)
6. Hazeltine TACD (ref. 33) 14, U.S. Arny ?ref. 3) :
7. Hazeltine MLS Phase II (ref, 30) 15, USAF/IITRI (ref. 28)
! 8. ITT/GINFfilan TACD (ref. 18) 16. ELAD (ref, 40) )
A = analytical studies - S
: B = experimental studfes (field measurements) ‘
P TABLE 1-1 - ; v ;
] ‘

Y ' ' MAJOR SOURCES OF MULTIPATH ENVIRONMENT DATA FOR MULTIPATH MODEL DEVELOPMENT
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Chapter IIf describes these Logan meaﬁurements in the context of
va]%d?tion of the multipath model. Also descfibed in Chapter III are the
results of comparing the multipath model predictions with US MLS phise II
fié]d‘resu]ts from NAFEC and Wallops Island as well as with experiments at
Wright Patterson Air Force Base (Ohio).

In Chapter IV, we describe the mathematical models developed for the

scanning beam (freqUency and time reference), Doppler scan (commutated and

beam port), and DME‘systems developed by the US MLS phase II contractors.

Also described are models for several variants on these systems, such as

~ the scanning beam multipath control technique (MCT) and the thinned Doppler

array.

| An important feature of the dynaﬁic MLS performance is the possibility
of reducing errors by choosing a signal format with méasurement rate > de-
sired data rate so that a number of individual measurements can be averaged
together to yield a single output data point. Since the individual measure-
ment errors typically oscillate in sign along the flight path, thare arises
the possibility of significant improvement by this "motion averaging” process.
This motion averaging improvement is a particularly important factor in reduc-'
ing elevation system errors due to reflections from vertical structures. Chap-
ter V presents a general analysis of expected benefits from motion averaging
which is applicable to all MLS techniques which have been proposed to ICAO.

Chapter VI describes the validation of the computer programs for the

various MLS techniques. ‘he validation process for the angle receivers is
shown in tig. 1-2., For the DME systems, bench test data is not available,

so the valication has consisted of comparison of the receiver simulation with

1-6
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theoretical reéu]ts. A]sovdiscﬁssed in Chapter VI are the results of full
simulations based or runways at Logan and JFK éirports. It is shown that
fhere is a gond correspondence between the observed results and the systém
thebry from Chapters IV, V and VI, ‘
_ 1'An d~portant goal in the computer simulation developrent has been to
yieid a final progyct which can be used by interested parties (e.q., the
FAA, DOD, international civil aviation authorities, contractors, etc.)
as dn aid in site seiectioh. system optimization, etc. Tﬁus, the progfam'
has been written in a generally available computer langu.ge ‘Fortran) and
structured to facilitate transition to other computer facilities. Chap-
ter VII briefly describes the coﬁbutef ?ﬂngram organizatibh as well as the
suppcrt programs which augment the abf]ity to address various aspects of
the total multipath performance {a more detailed de;cription of the vse of
the full simulation will appear separately).

. The last three chapters demonStrate the abp]icabi]ity of the multipath
and system models to sevaoral multinath relatéd MLS issues. Chapter VIiI

o
summarizes the preliminary results on the critical areas needed fer the TRSB

system so as. to avoid excessive refiection effects. In the next phase, these

estimates will be combined with estimatt; of the areas required to avoid
shadowing effects and summarized in a separate ATC report.
Considerable controversy has arisen in the U.S. MLS program over the

choice of polarization for the TRSB systen.. The Lincoln contributicns in

~ this area are summarized in Chapter IX, which presents some systems cal-

culations toucether with the results of an airport survey to better assess

the expected building multipath levels in the real world with the various

polarization choices.
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‘ ; Chapter X provides an example of the use of the MLS simulation program
forian,actual siting problem at Baltimore runway 15. Whereas the full
simqlations prgsénted in Chapter VI are primarily concerned with aircraft
andibsilding reflections, Chapter X considers the case where irregular up-

sloping terrain is the chief threat for the proposed TRSB system.
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report.

11. DESCRIPTION OF MULTIPATH SCAfTERING MODELS
The purpdse of this chapter is to present a brief description of the al-

gorithms which have been used to determine the mul tipath components which

occur due to obstac]es-which'aré fourid in typical airport environments. A

more detailed description of these subroutines will be giveﬁiin a subsequent

Descriptions are presentedi of thé mdde]s employéd'to"computg-thé effects

due to specuiar reflcction, as well as diffuse.scéttering, from the ground

locatad near the transmitter antenna. In addition, a description is given of:

the algorithms used to determine the effect due to scattaring from buildings,
or hangars, and aircraft. The nethods.fof treafing the shadowiné effect due
to runway humps, and aircraft or buildings whichAaré near the line of sight
between transmitter and receiver, are also discussed. '

It should be noted that these models irvolve two rather distinct steps:

1. the very complicated real world ocbjects are represented by
certain simpler objects which more readily lend themselves
to practical homputation routines. As an example, aircraft
fuselages are modeled as metallic cylinders

2. a feasible computation algorithm is used to give a quanti-
"~ tative expression of the scattered signal. Here, the
tradeoff is between accuracy and the computatioiial speed.
To achieve this, we typically have used a mixture of
physical optics and geometric optics algorithms as opposed
to full solutions of the boundary value problem

In this chapter, a 11mitéd amount of validation data will be presented to

provide some perspective on the magnitude of the various scattered signals.
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The next chaptar will provide much nore extensive validation data-drawing
heavily on the measurements accomplished at Logan Internaional Airport
(Boston MA) as 2 part of the Lincoin Laboratory phase 17 M.S activ1fy.

2.1 Sgecuiar Ground Reflaction

The magnitude and phase of the multipath component due to specuiar re-

flection from the ground is computed by using the Fresnei-Kirchoff diffraction

f48, 49, 51]

formala® . An iliustra ion of the geometry requ1red for determining

the effrits due to specular reflection from the ground is given in Fig. 2-1.
1he terrain in the vicinity of the transmitter antenna is physicaiiy modeled

as a series of rectangu;ar and triangular plates. These piates can be

oriented in arbitrary directions, and each has its own characteristic dielec-

tric and roughness properties.

The complex reflection coefficient due to specular reflection from the

around is obtained by means of & numerical integration of the “resnel-Kirchoff

diffraction integral, over the rectangular and triangular plates, as follows

~3k(R_+R _-r )  _1 4= 2
o = ] r, { f 7 1 e r t o e 7(7\— 0, cos Bt)
8 R i .

firsi two
and one-third
Fresnel zones

cos et + cos 6 v :
Regq 3 a , (2-1)

~where X is the wavelength of the incident radiation, k is the wavenumber

(= 21/1), o, is the roat-rean-square roughness height of an’appropriate

surface element, and R__ is the equivalent Fresnel reflection coefficient

eq
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which takes into account the finite dielectric and conductivity properties
of an appropriate'surface element, as well as its arbitrary orientation.
| The amplitude and phase of the multipath component due to specular

relection from the ground can be obtained as
v, o= ol S - (2-2)
= ) - Voo » . ._'
‘A ARG{pS} +k(ryg + rpg - Tl - - o . A(2 3)

In addition to these quantities, computatioﬁsAaré a]so‘perfOrmed fdr_the -
planar az.:auth and elevation angles for fhe‘difecfion of propagation of a
mu]tipaih component relative to the trénsmifter. the relative time delay,
and the Doppler frequency, cf. Fig. 2-2. These planaf.ang]es are'éomputed
according to the>vector direction tetween the transmitfgr and the specular

point on the ground, as shown in Fig. 2-2, i.e.,

= = ] | -
o tan (Rty/Rtx) . _ (2-4)

IR |
By = tan” (R.,/R, ) . (2-5)

The receiver Dappler frequency is giﬁen as the dot product of the receiver
velocity vector with the unit vector from receiver positicn to the specular

point, as shoan in Fig. 2-2, i.e., -
-+ -> hd :
wepy = k Vo Rr/erI = k V, cos.y ' (2-6)

-

-
where V) 1s the vector aircraft velocity, and Vg = |VA|. The time delay of

the specular ground reflection relative to the direct wave is ohtained by
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assuming that this multipath component arrives at the receiver along the

direction defined by the specular point of reflection, so that

tsp - (rig + rpp = ToMc - : (2-7)

A ﬁumber of computer validation resﬁlts have been obtained for the sub~
routine which computes the characteristics of the multipath congonent due to
the Speculaf reflectiqn from the ground. One such result is shown in Fig. 2-3.

This figure depicts the computed and theoretica1[63] values of the magnitude

of the Fresael-Kirchoff diffraction integral vs the number of Fresnel zones
used in the integration region, for a flat, smooth.‘perfecﬁ1y conducting
surfac:.  It is seen that there is a relatively good agreement between the
. . | results of the computation and the theoretical curve. ' |

2.2 Scattering From Buildings

In order to compute the effects due to scattering from buiidiny:, a

building wa'l is physically modeled by one, or more, vertical rectangutar

surfaces as shown in Fig. 2-4. Each surface is characterized by a relative
complex dielectric constant and root-mean-square roughness height. Thus,
for example, a building with a long glass window which is framed by bri.'.
on the bottom and metal on the top could be represented by three plates.

? . ‘The amplitude and phase of the multipath components due to scattering )
lfrom a single surface are computed by making use of Babinet's principle[5’63],

" so that we may consider the equivalent problem of diffraction by a rectangular

opening in an opaque screen. Thus, the complax reflection coefficient of

the multipath component due to scattering from a single rec tangular surface

is given by
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Pg = Pga PBe PR Pr Req , - (2-8)

where Re is the equivalent Fresriel reflection coefficient which takes into

q _
account the finite dielectric and conduttivity'broperties of the building
surface as well as its arbitrary orientaﬁioh, Py is the attenuation factor

due to the building surface roughness, given by

- %(;E'Uh cos et)2

pp =€ , T (2-9) ]
PR is a distance factor which takes into account the fact that a power loss L
~ occurs due to the greater path distance of the mu]tipéth signal, and is giveu iﬁ

by .
'pEe is the elevation féctcr computed as

jn/d
= ¢ (F(u

) = Flu, V2

Pge top bot

wherse

Yeop © (Hyottom * Hp - hs)/f /Rg s

Upot = (Hg = )2 /R¢ ,
U
-jﬂlez .

- F(u) = e dx .
£ ° .

R, R

t Ry
TN RR, '
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hS is the height of the specular point above the ground, and fpa is the

azimuthal factor computed as

. in/d : .
; pBa = e (F(uright) - F(U]eft))//z‘ 1] (2"16)
where | '
Upigns = (Mg - Wg}VZ sin y/R¢ . . - (2-17)
Uyeft W, /Z sin v/R¢ | . . (2-18)

and Hs is the directed distance between the specular point and the left-hand
edge of the bui]ding; |
The amplitude and phase of the multipath component'due to scattering

from each building surface can be obtained as
Vg = logl . o | - (2-19)

-R (2-20)

t f) 0‘

g = ARG{pg} + k(R + R. - R
In this case the computations for the planar azimuth and elevation angles,
relative time delay and Doppler fregquency are similar td those presented for
the multipath component due to specu1af reflection from the ground.

The computations presented pfeviousiy refer to a ray path which extends
from the transmitter to the obstacle, and then to thé receiver. This path
may be denoted as X-0-R. In addition to this ray path, computations are
“performed for three other ray paths which involve grouhd reflections. Ore
of these ray paths includes a ground refiection between transmitter and ob-

stacle, denoted as X-G-O-R, the second ray path involves a ground reflection

- between obstacle and receiver, daroted as X-0-G-R, and the third ray path

2-10
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iﬁéludes ground reflections between transmitter.and obstacle and between
obétap]e and receiver, denoted as X-G-0-G-R. These other paths are computed
1némuph the samé'manner as the X-0-R path by using appropriate combinatioas 3~
of'transmitter, image transmitter, receiver, or image receiver positions. 4

Various computer validation results have been obtained for the subrou- _éiv

tine which computes the cnaracteristics of the multipath comporent due to ": -
‘scattering ffom buildings. _One.particular'example geometry is shown in. :_,,a»\T 
. _ N
Fig. 2-5a. In Fig. 2-5b, we compare the results using the computational 4 o
’ (18] 5.

methods above with computations by ITT Gilfillan » who employed the

_ geometric theory of diffraction[Gz]. It is observed that there is reascnably

Qood agreement between the data given in Fig. 2-5b. In addition, we mention

that the ;re.ent computational technique requires much less computer time
than that based on the geometrical theory of diffraction.

2.3 Scattering From Aircraft

A discussioh is now presented of the algorithms used fo compute the
characteristics of the multipath componeﬁts due to scattering from the air-
craft. It has been assumed’ that the major contribution to the scattered
energy is due to the fuselage and tail fin of the aircraft. In addition, it
is assumed that the fuselage can be physically modeled as a horizontal cylin-
der, and the tail fin as a section of a cylindar, as depicted in Fig. 2-6.
These cylindrical surfaces are considered to be perfect conductors with zero g, _—

roughness. 8.

‘There is also considerable physical evidence to support this assumption.
Measurements of the radar cross section of aircraft{59] show the largest returns
are from the fuselage and tail fin. These monostatic results can be directly
related to the bistatic case of interest for MLS |60]. ' ‘
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1 (= !'F i) = fuselage lencth used in computations

Fig. 2-6. Geometry usad for obtaining charactéristics of
multipath components due to scattering from aircraft.
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: The amplitude and phase of the multipath components dua to scattering
fram aircraft are cbmputed by employing Babinet's principle, so that we may
consider the equivalent preblem of diffractfon‘by a2 rectangular cpening °:
an obaque‘screen. This brocedure is similar to that described previously
for the corresponding pfob}em involving buildings. However, in the present

[52] is applied to

case, when dealing_with aircraft, a correction féctor
~ take into account the divergence of rays from the cy]indricaT surfaces used
to model the Fuselége and tail in. |
The complex reflection coefficient of the multipath component due to

- scattering from aivcraft is computed as

PA = Pnafre PRReq - (z-21)

where Req is the equivalent Fresnel reflection coefficient which takes into
account the depolarization loss due to near-specular reflection from the curved
surface of the cylinder, PR is the distance factor given previously in
Eq. {2-10), and Ppar Ppe 2TE the azimuthal and elevation factors, respectively.
We firsf consider the case of the fuselage, so thit the factor ppa COTre-
‘sponds to the azimuthal factor for a build.ag. In this computétion the length’
of the fuselage, Lo plays the role of HB. which was defined previously as the
‘width of the building. Thus, the computation of PAa is done in a manner sim-
flar to that for pp, given previously in Egs. (2-16) (2-18). The factor Phe
accounts fbr the divergence of rays due to the curved surface of the fuselage.
~ Since the factor Pha accounts for the finite length of the fuselage, Phe is

computed as if the fuselige were a cylinder which is infinite in extent.
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Iﬁ the case of the tail fin, thelfactor Ppe is computed in a manner
similar to th: riven previgus]y-for the elevation factcr for a building in
JEqs. (2;11);(2F15). The f;ctdr-pAa, in‘thisycase, accounts for the diver-
' gehce of rays due to the curved surface 6f the tail fin.

The amplitude and phése of the multipath component dué to scattering

from aircraft cénvbe ohtained as

.V'A = IDA-' ) . [ -A_' - B o (2'22)

wh o
The cailculations for the planar‘azimuth and e]evatiqn angles, relative time
delay, and Dopp]er frequency are sihi]ér to those presented previously Yor

the multipath component due to specular reflection from the ground. The
computations for both the fuseiage and tail fin take into account tneAf0ur

ray paths X-0-R, X-G-0-R, X-0-G-R, X-G-0-G-R, discussed previously in connec-
tion with the calculations for buildings.

A number of compdter validation results have been obtained for the sﬁb-
routine which computes the characteristics of the multipath component due to
scattering from aircraft. An example geometry is shoﬁn in Fig. 2-7a. In
Fig. 2-7b, wé compare the results using the algorithms above with experimental
data ard caiculations by ITT Gilfillan[ls]. The ITT calculations are based
on modeling the fuselage and wing engine pod by-many small plates, and then
using the geometric theory of diffraction. It is seen that thereris reasona-

~ bly good agreement between these two sets of data. Also, the algorithm used

here is many times faster in computational speed.
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Fig. 2-7a. Geometry for ITT measuréments[18] bn DC-10 aircraft fuselaye.
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2.4 Diffuse Scattering #rom Ground ”if
}’ A description is now given of the computations which were used to obtain |
the multipath éomponehts.due to diffuse 5catterin§ from the ground. These
diffusely scattered waves arrive at the aircraft receiver antenna from a wide
- range of angles in both azimuth and elevation, due to radiation from a large -
surfaée area dn.the ground known as the glistening surface[48]. In addition,
the phase ang]eé and émplitudes of these waves cannot be predicted, from a
practical comﬁutationa] point of view, for any rougn surface which is a

sample function from the ensemble of such rough surfaces. It is only possi-

W
e it i
e :

"~ ble to obtain average functionals for these values, where, as usual, the
averages are taken with réspect tb the ensemble of rough surfaces.
| It is assumed that the ground can be modeted as a rough surface with a
Gaussian height distribution, with root-mean—square rbﬁghness height, O and i\
a Gauséian correlation coefficient with correlation length, g In ordgr to 3 -
obtain tractable computations, we have followed Kodis[54]. Barrick[55] and
McGarty[ssj. in assuming that the surface is very rough, and that it is per- ‘}'

fectly cenducting.

The following assumptions are also required in the analysis: : i t h

(1) The radius of curvature everywhere on the scattering surface
must be much greater than the wavelength of the incident
radiation. '

(2) HMultiple scattering effects can be neglected. :._———~—”'

(3) The root-mean-square surface height is much greater than
the wavelength.
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nhe condition given in assumption (3) implies that the surface is very

' rough

The geometry assumed for di*fuse scattering is shown in Fig. 2-8 Thé
mean-square value of the scattered field at the rece1ver, relati«e to the

directly transmitted field

< |egl > : _ S

°| gmwm -
surface ’

where o is the bistatic radar cross section for the rough surface. It can

be shown that

: 4 , 2 '] o
_ sec _ tan 2 _
o(8g, bgr ¢;) = ——7—7—5 exp [ —?J-J IR(EY|C | (2-25)

where 6., $g are the scattering angles, b5 is the incidence angle, all de-
picted in Fig. 2-8, and

2 2 L/2
can y = (sin ¢i -2 siq¢i sin¢s coseS + sin ¢s) | (2-26)
. cos¢j + coscbs

s = 29/, ' | | (2-27)

, . , 2
~-sing. sing. sin“9, + a, a
R(E) = 1 S s 23 , (2-28)

-

4 sinzg COqu
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A, = cOS$; sing, + sin¢; cos¢g cosdg ' : (2-29)

]
|

sih¢i cos¢g + cosé sin¢g cosfg ' (2-30)

il

’1 J(l - sing; sin¢s cosb, + cosé; cosés) . {2-31)

 -cos£

We now define the channel spreaa funct1on, ¥(6,4), as the power per
square radian i~ c1dent at the receiver, relative to the directly transmitted
power, coming from directions c in azimuth and ¢ in elevat1on cf. Fig. 2-8.

This function may be obta.ned from Eq. (2-24) as

< |Egl?
K(e,¢) = -2~ g
28AG |E |2

. 1l ' ro
= it ff(-R . ) o dxdy , (2-32)
t T

where S is the incremental area defined in the xy-plane by the increments Ae,
Ad. It is straightforward to evaluate K(9.¢) from Eqs. (2-25) and (2—32) by

: - 2 2
noting that dxdy = pdpdé, p = h tan ¢, = hr sect ¢ = Rf“(e.¢). so that

¢
r:c,2 o(6 + (6,0), ¢; B(6,4))tand
K(0,8) = o= / (2-33)
R %(6,9) | L

where it has been assumed that A8, A¢ + 0, and where the dependence of the

various gquantities in Eq. (2-33) on 8,¢ has been taken into account -.d use

has been made of the fact that bg = o + o b = ¢, &5 = B, cf. Fig. 2-8. {
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The reiative magnitudelof the scattered wave coming from the direction 0
to 6 + A8, in azimuth, and ¢ to ¢ + A4, in elevation, is |
| 172 o | |
3 Vp(6,4) = K  (6,6) - (8064¢) ’ S (2-24)
while the relative phase shift, ¢D(8;¢), is randomly se]éﬁted from the inter-
val (-m,n) for each different pair of angles (6,¢). The planar ang]eﬁ. Dop-
pler frequency, and time delay for each multipath component is computed in a
mahner similar to that given previous1y.for the multipath component due to
specular reflection from the ground. _
ke now'present some of th§»¢oﬁpUter results for the subroutine which per-
forms the computations for diffuse scattering from the ground. In Fig. 2-9
we have plotted max VD(6,¢) for -m < 8, ¢ <w fora typical linear 3° flight
path. The fluctuation of the amplitude of this multipath component is seen
from this figure to be quite rapid along the‘f1ight pata. In addition, the
Tevel of this multipath component is quite small, or the order of -35 d8, and
less. This behaQior appears to be quite tyrical for the diffuse ground
scattered multipath component. It should be observed that the tTow level of
this multipath éomponent tends to make it're]ativeTy unimportant as far as

MLS performance is concerned.

2.5 Shadowing Due To Runway Humps

A discussion is now presented of the shadowing, or attenuation, of the
‘directly transmitted signal due to the convex runway surféces. or humps, which

occur in a typical airport environment. The diffraction geometry for this
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Fig. 2-9. Plot of amplitude, in dB, of diffuse ground scattering multipath
component, with largest amplitude, vs altitude, for transmitter at
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and (21000, 0, 600), op = 0.5', 0, = 1.0'.
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probiem is assumed toc be that shown in Fig; 2-10, ard corresponds to that
employed by the Unfted Kihgdom Rhyal Aircraft Estab1ishment[27] to describe
their experimental data onvshadowing_due to runway humps. Tpe physical model
for fhe runway is that of a'triangle which coinéiqes with fhe_surfaccs leaa;
ing up to the hump. Thiénmodel inyo]wes thé treatment of four"ray paths as
shown in Fig. 2-10. The first ray patih from transmitter to receiver éorreQ
spopds to that of classical knife edge_diffraéfioq-theotyf' The other ;hrée.
ray paths from image transmitter td receivef; trdhsmitter_to_image'réceiver.
and image transmitter to image receiver, -are required in'bfder to haQe a
mode? which yields results that are somewhat in agreement with experimental
data. | | ' o |
The ratic of the diffracted wave to free-space signal 55 given by.

4

E j{v, +k(D.=D,)+4.) :
o =D °ph Glogepe T (2-35)
o i=l

where the index i = 1,4 corresponds to the four ray paths shown im Fig. 2-10

and
1/2
1 2 1 2
(- 8.) + (-2¢C.)
A‘ - 7 1 E 1 ' (2'36)
b A 2
-
h N . ’ '
c, = cos(% xz) dx ' [ (2-37)
o]
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can~tl 27 % | (2-40)

-_and the quantities k,A are the wavénunber_and vavelength of the free-space
signal defined prévious]y. The factor piJ¢i is the cqmpiex reflection coef-
ficient dué tc reflection from the ground for the i-th ray path, i = 1,4, cf.
Fig. 2-10. HWe have py = 1 and ¢ = 0, and it ic assumed that 0y S Py =
PPy = pz. p=1, and by = $3 = Wy = 2n = 0 (mod 2n). The quantity p can
be set to a value other than unity in the computer program, if s desired.

The amplitude and phase of the direct wave, after the effect of shadowing

is taken into account, are obtained from Eq. (2-35) as

Veu = IE/EL . (2-41)

¢y = ARG{E/E } . | {2-42)
In actuality, the ampiitude and phase of the direct wave, in the M.S computer
- simulation program, are fixed at unity and zero, respectively. Therefore,
. the multipath amplitudes are multiplied by I/VSH. and the phase angle dey
{s subtracted from the multipath phase angle. - it should be noted that this

computation is performed in the receiver signal processing subroutines,

SRR S
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o e ‘ ; i | B A T - ‘ - g -
LAV e . . N .- R



since the transmiiter radiation pattern._G(ai,Bi) is system-dependent. That
is; the runway hump computaticnal subroutine obtains the quantities

J'(‘pi + k(Di'D]) +-¢1} . . : B
' ' s @4 By i = 1,4, and passcs these 12 va¥ues to

T1(=Aie
the receiver subroutines, which then combine them appropriately, according to
the system being considergd. to determine the shadowing effect. »

‘ A comparison is now given of the computational results obtained for the
zigna] loss due to runway hump shadowing, as outlined in ihis'ﬁecﬁion;'with

some experimental data due to the U.K.R.A.EQ- These détg are shoﬁhiih Fig.v'

2-11, which depicts the C-band signal 1bssrmeasured by the UK along the Bed-
ford main runway and the correspondin§ computationa1 results for a transmitter

antenna height of 1.0 féet.

The agreemeht betwzen the experimental data and'predictions is regarded
as fair. For other transmitter heights, the computer mode] shows sizahla os- /

cillation in VSH as the LOS is almost blocked which do not appear in the

field data. We will attempt to resolve these differences in two ways during
the next phase of activity. Discussions are to be held with RAE to better
ascertain the amount of smoothing used in their data plots as well as ex-
perimental procadures, fine grain runway contour, etc. _

Secondly, we will investigate an alternative computatiocnal approach
based on physically modeling the hump as a paraboloid[zs’sa]. It 15 onr
hypothesis that the disccnfinuity at the apex of the triangle aécounts
for much of the differences between computed fields and field results.

Since runway construction'standards[e]]‘call‘for a smooth transition beatween

runway sections of differing slope, this alternative physical model should be

more realistic.
' 2-2%
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Fig. 2-11. Comparison of multibath model with UK measurements of C-band signal
Toss, due to runway hump shadowing, at R.H.E. Bedford (U.XK.) main runway.
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?% 2.6 ‘Shadowing DuerTc Aircfaft Approaching Line of Sight ‘ ,EQ \\(

fg- 2We now consider the.shadowing effeét, due to forward scattering, when ;'?\:P*ﬁ/f

'3 ' an airc}aft approaches the Tine of sight between the transmitting and re- 31\ i(?;

| ceivingfantennas; In this case, diffracﬁion phenomena occur, rather than '%?:fig/?

reflectioné.’ The magnitude of the forward-scattered wavevdepends. in gen- .é;g‘ \:
eral, on theyﬁhape of the aircraft projected onto the plane perpendicular . ; '3'¥ ;
‘to the line of sight. For simplicity, this projected area is taken to be a .j;fi:;%;'

, circujar disk of tﬁe same area. The diffraction effects are then assumed Ljﬁ%?;f’<

to be due to this circular disk. It is assumed that this diffraction sigral :

can be treated as a multipath signal with paramsters which will be be

_i Specified.
;§ The geometry assumed for the forward scattering due to the aircraft
.E is shown in Fig. 2-1za. An estimate of the projected area may be cobtained
g
; from this figure as

Ap = ﬂer cos 6 + (A, + 2rp ) sin 8, . (2-43)
! . The forward-scattering cross section is taken as

4v a2 23, (w2
o = - P 1 , (2-44)
F 2
A u
where u = Dprsk sin /X, ¢ is the angle between tha iine from blocking air-

craft to receiver and the line of sight to blocking aircraft, as illustrated

»

in Fig. 2-15b, and

AN ‘*\;;"/" i 3;1\ /“f AN AR



2 :
8 = 0 g
2 52 F
|Eo'2 411' Rt Rl’.'
ry A \2 29, (w ¢ o .
= [—2_B. —_— - (2-86)
: Rt Rr A - S T )

Hence, using Eq. (2-44), the relative magnitude'ﬁf the forward-scattered wave

at the receiver is

I . G(Q’B) . | (2'47)

The reiative phase-shift, dt. ¢f the forward-scattered wave is taken as =«
radians if Jl(u)/u is positive and 0 if Jl(d) is negative. The relative

time delay is assumed to be
T ,. '(Rt + Rr.' ro)/c . _ (2-48)

with a zero relative Doppler frequency. The values of a and 8 uséd in the
transmitter antenna_pattern G{a,8) are taken to be those corresponding to
the direction from the transmitter to the center of the blocking aircraft.
If for a given geometry V. is too large (e.q., Vg > 0.5), then the
assumption of Fraunhofer diffraction which is implicit in the use of a-
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forward scattering cross éection is no longer valid. The phase II version
o# the éomputer simulation program will flag such an occurrence as totai
b]ockage and attempt no further signa] proress1ng at that part1cu1ar eval-
uation point.

A more refined Fresne] diffraction model wh1ch takes better account
of the ptoJected aircraft shape is under active development and should be
operationa] shortly. The computational algorithms for this model are based
or the notion of eage rays and obstacle rays somewhat analogous to the rays
used in the genmatric theory of diffraction[szl. This edge ray thecry {(which
will be described in a subsequent report) has_been applied successfully to
explain some of the shadowing test data obtained in fhe Discrete Address
Beacon System (DABS) program[64]. Thus, this more refined approach is felt
to be highly desirable for determining the'shadowing effect due to aircraft,
and also buildings, approaching the line of sight between transmitter and

receiver.
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. 1I1.. SCATTERING MODEL VALIDATION

A key feature of the MLS multipath model development is validation of the

- model by comparisen with appropriatelfield data.f

During the first phase of
the study, the principal focus has been ... data at a ;arrier frequency of 5.1
GHz; although sowe comparisons have been made at 15 GHz and 1090 Miz. The
key points to bé addresser. in the’validation'were:'- | ,‘ ‘
(1) Does the physical model aSirhéd for thé scattérers‘§t’tﬁe>
airport make sense? This involves issues such as whether
buildings scatter muchAlike a flat plate coplanar with the
vertical walls and whether aircraft tdi] fins yiald speéular-
reflections over a range of angles corresponding to a sectidn
of a cylinder. Another issue of the same type is the nusber
of scatterers which need to be modeled in a given environment.
(2) With appropriate specification of parameters such as dielectric
constant apd surface roughness, do the quantitative predictions
of the modél agree well with the field data?
To answer these guestions, Lincoln made an indepth analysis‘of field
measurements sponsored by the FAA and various other organizations. Although

field measurements involving multipath effects on MLS date back to the Tate

tvalidation of the computational algorithms by comparison with more
exact theoretical calculations was presented in Chapter II.
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: 1250's _ » it was found that only the later data was obtained carefully i !,*
= . E 5
~enough to address the issues above. This later data included: ' - "W
(a) MLS contractor TACD measurements as well 2s the MLS phase II 1. -
measurements at NAFEC and Wallops Islandl18s 22 26, 30-34] 1 Loy

(b) United Kingdom measurements at RAE Farnborough and Bedford[27]. f. L

(c) USAF measurements at Wright-Patterson A- (wpaFs)(281,

It was soon realized that there was actually Tittle data to address point (1)
above in the context of large civilian airports. Consequently, Lincoln acted

as technicalvdirector for an extensive set of multipath experiments at Logan _;,“ |

.‘.,“v

_Afrport. the results of which are discussed in section 3.1. The UK and M.S

contractor TACD data of principal interest for validation was presented in

- the previous chepter. In section 3.2, we describe scme of the relevent re- 1
sults of the WPAFB data. Section 3.3 considers the data cbtained by the LS
Phase Il contractors at NAFEC and Wallops Island.

3.1 The Logan M.S Multipath Experiment

The Logan HLS'multipath experiment was performed at the Logan Interna-
tional Airport with the cooperation of its owner, the Hassachusetts Port
Aufhority. .It was a joint effort (sponsored by the FAA) of Lincoln Laboratory
and the Institute of Telecommunication Sciences (ITS), Boulder, Colorada. ITS

providad the means of taking and prucessing the C-band data and Lincoln super-

vised the experiment and analyzed the prozessed data. The data were taken . i
durir; two periods, from 17 October 1974 to 26 October 1974 and from 8 Dacember :
‘g 1974 to 13 December 1974. Since this data has been described e]sewhere[zgl.
| our objective here will be to briefly discuss some of the highlights. ;
.\
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Carrier-wave data was taken, but the dominen: éignaY waveform used for

the experinents was short, 2ulsesb(6.67 nsec) so that delays due to transmis-

E s%on path differentials as small as 7 ft could be detected. Puise compres-

‘sion and incoherent integration were used to achieve the necessary levels of

signal-to-noise ratio. Because of this fine resclution, one multipath re-

_ flection can be distinguished from another and each compared to the model

predictions. Any reflections unaccounted for by‘the mode] would be recog-
nized as such (none, however, were found).
The choice of a six-foot parabolic dish as the transmittting antenna

provided a narrow pencil beam (2° between 3 dB pcints) so that usually only

one object at a time was illuminated. Also, by tilting the dish upwards by

approximately 1.6°, the ground reflections could be reduced to a level simi-
lar to that which would be encountered by a well désigned MLS. This greatly
bhelped to establish the integrity of the measured 1éve]s and ailowed for

direct comparisons with the model results.

The locations of the transmitter and receiver were both known to within
approximately 15 ft. Locations were generally determined by noting positioﬁs
relative to some marking on the runway or scme cbject which could be located
on the area photograph of the airport map. In a few caeses where the data
provided estimates of the separation between transmitter and receiver, a
comparison was made with the estimation provided by the photograph/map tech-
nique and this resulted in excellent agreement.

One major purpose of the experiment was to test a key hypothesis of the

Lincoln multipath model; namely, that a building could be feasonably modeled

7 UMD ST LS, R W S e e e 3 S e
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by a few flat plaies, each with a suitabie ref]ecfion coefficient. This was,
.in fact, borme out by the data. '
for the purposes of multipath reflections, buildings could generaliy be
class%fied into one of two categories: (1) buildings with complex surfaces
(brokén by columns, jetways, etc.) and low reflections, and (é)vbuildings
with simple surfaces. For both, the model is a plate that éoncurs (in size)
with the dimensions of the building. For the latter case, the reflection
coefficient is determined from the dielectfic property of the building
surface material, while for the former case the reflection coefficient is
chosen to be commensurate with peak measured M/D levels and not related to
‘ the construction material. This was due to the fact that the compifc:ted
surfaces generally broke up the reflected signal, thereby reducing the M/D
levels significantly below that which would be expected for a homogeneous
plate, while not producing measurable reflections elsewhere.
Both simple and complicated faced buildings were used during the ex-

periment. Typical for a compiicatéd faced building was Pier €, shown in

Fig. 3-1. A series of measurements were made on Pier C from runways 4R-22L
and 4L-22R as shown in Fig. 3-2. No reflections that did not correspond to
a specular reflection or diffraction from the building were observed.
For example, from transmitter site T1, geometric nptics suggests that
. no appreciable multipath would be observed from Pier C for receiver positions
_énywhere along runway 4-22l.. No reflections as large as -32 dB with respect

to the direct signal were observed. From transmitter site T2, geametric
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Fig. 3-1. Pier C (building 33) at Logan airport.
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Locztion of aircraft, transmitters, and receivers for airplane
and terminal building multipath experiments at Logan International Airport.

Fig. 3-2.




optics suggests that reflections would only be encountered between ie-

ceiver points R2 and R3. And indeed, this was the case with the field data.
The measured leveis of multipath often varied rapidly with the specular pqint,
This bqhavior is not represented by the model, but it is not important since
the laﬁgest reflections were small and the'mode1‘reflection coefficient can “\_'\\"
be chosén to correspond to the peak level observed.

It should be emphasized that the terminal area was quite active at the
time the measurements were made, However, the only measurab]é reflections
for the measurements of Fig. 3-2 were from Pier C and froh vhat is believed
te be an aircraft on the taxiway between runway 4-22R and Pier C. This is an

- {mportant eﬁperimentai finding since it suggeSts that many of the conplicated _ m.u~_1j-* e
features (delivery trucks, luggage-carts. etc.) in a terminal area‘may ba
ignored as far as modeling sionificant multipath is concerned. : o

'Sfmilar measurenents were performed on the other major buildings
bordering the rurway, in particular, Pier D and the International Building.
In all Cases, the results were esﬁentia]ly fdentical to those of Pier C

above.

The Delta hangar, pictured in Fig; 3-3, is a simple faced building.
The section to the 1eft is metal clad and ref1ection§ from it can be compaved | -\
quantitatively to the model's. The transmitter and receiver were positionad
so that as the receiver antenna height was changed {referred ﬁo as a mast run),

" the specular point moved vertically along the face of this left-hand section.

As the specular voint moved across the lower edge of the large, metal part at




Fig. 3-3. The Deita hangar.




thé top‘of the building, édge diffractign was observéd. The results are com-
- pared tc that of the moedel in Fig. 3-4. We see that there is good agrequnt.
Reflections from airplanes were also studied and utilized to improve
and:verify the aircraft mcdé]s.used for mg]tipath cotiputations. During the
experiment it was fouhd that the tail was'the main s urce of airplane multi-
path reflection for the geometries used. - Thg_wings cre not‘suitab1y oriented
to cause reflections for s, and the fuse]age.is'doubiy»ggfved in'the'front
and rear and is shadowed by wings and engines'ihlthe center. Thelfai]'is
large, oriented for reflections, relatively fTat,vénd because it is angled
slightly upward and is slightly curyed, it generates reflections over large
angles in space. The original model overestimated.id both level and exfent
the reflections from the fuselage and underestimated the vertical extent of
the tail reflections. By exaygerating the tail héight, by choosinc the
largest tail fin length, and by decreasing s]ighf]y the fuselage length,
better agreement between measurement and'mode1 are achieved. Alternatively,
one could tilt the tail of»ihe mciz1 instead of exaggerating 11,3Eeight.
Model fuselage M/D levels were generally higher than those cbserved, but this

' -
is acceptable because: (1) the measurements were at geometries at which

more wing blcckage occurs than would cccur in more realistic scenarios, (2) it
was felt that a cylinder model for fuselages is very reasonable physically,
and (3) it is better for the model to overestimate multipath levels rather

than uhderestimate them. 2

*In particular, the restricted range of receiver heights.
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~ceiver mast run was performed and the measured levels are superimposed on

‘two categories, complicated and simple. Complicated buildings, such as most

‘as hangars, can be modeled by one or two plates whose reflection coefficients

- ~ i o~ BRI

_~ N /,;‘f
i ’7u;ii$§g‘.
q
N
' 'j/
4 \ ‘\
. o - 3, M__.‘:__,;, .....
Figure 3-5a illustrates the geometry of the transmitter and receiver Ay
i ot
relative to a Boeing 747. Note that the angle of the incoming ray, refer- 4 }k;)igff
enced to the centerline of the piane, is 20%, while that of the ocutgoing ray ;5 \\x
. RN
is 35°. The curvature of the tail is responsible for this result. A re- % AN

top of the model results in Fig. 3-5b. We see that the data follows the

- overall shape of'the noéel curve as well as agreeing in level. Similar ,i;i.
measurements and reéults were also obtained for DC-10 and B 727 aircraft. t“’
.._In ﬁunnhry, it was established that the location of all important ' f;;;§<:zél;
" building reflections could be determined by modeling the buildings by simple,” %'.;//N\
flat plates and using geometrical optics and diffraction theory. Although ?év;“ %
other refelctions occur, they apparently are so far below the direct levels ‘if’\p\:\7-
that they can be readily ignored and, in fact, were not large enough to be ;;i::§\¥
measured in our experiment. Buildings, therefore, could be classified into 1 Zii
~l

terminal buildings, appear to be modelable by a single plate with a reflection

coefficient commensurate with peak measured levels. Simple buildings. such

are determined by the dielectric and roughness properties of the surface

construction matarial.

Afrcraft reflections are more complicated because of the multitude of
curved surfaces involved. The result i5 that there is no single number which
tends to characterize reflections as is the case with many buildings. In

addition, it is more difficult to judge the angulav extent of the reflections
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Fig. 3-5. Results of B747 tail fin measurements at Logan airport.
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and one is more dependent on the model for determinatioh of the range of the ';5;{' i
reflection and the level for any particular geometry. There remains one prin- 'f§¥':'“€'
_ $ip1e which we can state. For airplanes on the ground, their tail reflections
’ %end to dominate over other reflections for a couple of reasons,' First, for (iﬁyk%;
éhe geometrieé that are 1ikely to be found between the transmitter, airplane 1 5&“:

. and receiver, the tail is curved and oriented for reflections over a wider |

variety of situations. . Second, fuselage reflections are often shadowed by

the wings. | o _

Good agreement between the model and experiment résu]ts was noted.

- There are some deficiencies in the airp]ahe model due. to the necessary sim- ... ..

plicity of the model, but the resulting disckepancies should nct be importaat.

The'utiTity of the model in helping to categorize and understand data from

experiments and in extrapolating to new situations is obvious. afHEEJf

3.2 The Wright-Patterscn Air Force Base Experiment e

In the spring of 1974, an.experimental program %o measure multipath at

Wright-Patterson Air Force Base (WPAFB), using a 5.130 GHz carrier signal,

was undertaken by the Illinqis Institute of Technology Research Iastitute

(1ITRI). Broad antenna patterns, unlike those proposed for MLS, were used
through the experiment so that it is difficult to make a direct comparison
Between the measured multipath levels and MLS mu]tipath. .!n addition, the
broad beams cause ground reflections which contribute significantly to the

measured M/D level as illustrated in Fig., 3-6. Unfortunateiy, II1TRI made

no attempt to account for them or to characterize the ground_so that others
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- might attempt to do so. As a result, the levels of the multipath could not

be conc]usively interpreted. Only the extent ¢ver which the multipath is ob-
served has any veal validity. The results applicable to the computer hode]

validation are, therefore, limited. »They'éfe: (1) the 5ca11oping patterns due

_to interaction between direct and refiected signals as a function of receiving

position, (2) the extent of reflections as compared to predictioné from ray
geometry, and (3) the importance of ground'ref]eétions in determining thé M/D
Tevel. | ‘ ' 4

Figure 3-7 shows the section of WPAFB used for*the hu]tipath measurements.
Unlike Logan Airport, where the building visible from the runways were pri-
marily terminal buildings with jet ports, etc., at wPAFB} the bui1dings were
primar%]y_hangars which cpened towafds thé runway . .The gurfaces typically
were glass in a metal framework or corrugated asbestos with the exception of
buiiding 485 W#hich was smooth concrete. The screens were the same as those
used in the FAA tests at Wallops Island. Since these walls were typically
quite homogeneous, one would expect them to reflect much like flat plates.
And indeed, it was observed that in all cases the building and screen reflec-
tion regions were highly bredictablé as means of ray geometry.

The degree of coherence between the direct signaI ahd reflected signals
is of particular importance for assessing motion averaging* improvement in
a2 given situation. It was not possible to investigate this with the measuras-

ment equipment at Logan; however, at WPAFB measurements were mada of the

scalloping in received signal power between a direct signal and a building

*See Chapter V for a discussion of motion averaging.
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reflection, as jllustrated in Fig; 3-8. The multiizath model described in
Chapter Il assumes thaf this interaction caﬁ be represented as interference
between the true transmitter and an image transmitter located as indicated
in Fig. 3-8Ba. In Fig. 3-8b, we see that the mode} pfediction agrees quite
-ch] with the observed fluctuations.

‘Good agreement between predicted and measured scalloping was obtained

for most of the other buildings. The report does bring into question the oo ;
cause of tho sczlloping behavior observed frem building 22 reflections. When f%;
the receiver was moved along the runway, the scalloping of approximately 3/ft

is consistent with interference between reflections from building 22 and the 14f;3“;;};

. direct signal and/or reflections from building 485. However, when the receiver
was mover towards building 22 the scalloping was very'differgnt. This latter

result could be due to the receiver being or moving into the shadow region of g

building 485, but the information provided in the report is insufficient to

draw any definite conclusions.

Some of the screen data at WPAFB demounstrates the necessity of incor-
parating the secondary ground reflection paths* of Fig. 3f6 in determining
multipath lgveis} In section 3.3.2 of the IITRI report[zsl, data is preserited
on screeq’;ﬁltipath for three different receive antenna heights with the geome-
try shou% in Fig. 3-9. The data indicated fhat at the 20-foot receiver height
the reqéived muitipath signal is near a null. This particular phenomena was

H
attribsted to inhomogeneities in the screen by IITRI since over flat ground

the ftrst null would appear at 64 ft. However, further investigation by
¥

* '
In the parlance of Chapter II, these are the X-0-G-R, X-G-0-R, X-G-0-G-R
and X-G-R paths. :

.
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Lincoln determined that the ground betweenvthe_gransmitter and the screen

" was shaped like a bowl, as shown in Fig. 3-10. By considering the trans-

mitter screen, and receiver location, and ‘the contour of the ground, one
ffnds that the signal reflected darectly from the screen to the receiver
and the signal reflected from the_screen to the receiver via a ground bounce

arrive essentially out of phase for a receiver height of approximately 20 ft.

_Therefore, the observed data is consistent with the model predictions for a

flat screen
To summarize, we conclude that in the 11m1ted areas for which the data
in the report can be used to test the va11d1ty of the multipath model, the

data is consistent with the model.

3.3 Analysis of MLS Phase II Static Test Data

The main purpose of the effort reported here was to validate the computer
simulation model for multipath reflectors. The simulation scenarios dupli-
cated the multipath screan and parked a1rcraft tests that are recuired by the

Phase Il MLS test p]an[63] The ratio of multipath signal to direct (M/D},

"cbtained from the simulation, was compared with the measured data from the

static tests reported by the HLS contractors. Primary emphasis was placed on
the Bendix data for two reasons: (1) the Bendix reports contained the most
complete documentation of the tests, and (2) the ICAQ tests'wili be conducted
at the Bendix sites at NAFEC.

A list of the tests and pertinent reflector geometry are presented in

Table 3-1. The available data on multipath-to-direct {M/D) signal ratio was
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Fig. 3-10. Comparison of ground contour and eliipse for a one-wavelength delay.
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TABLE 3-1 -

MULTIPATH TEST CONFIGURATIONS (BENDIX SITES)

Test Fur;ctlon Tran;mitter Location Retloctor.* Locatioq Rc;‘[::jtor Muitipath | Vertical Probe Test
No. Xpe Yoo z,rT (ft) xg. vg (ft) (deg) .\Reglon Poiot x,, YR (ft)
1 AZ 0, 0, 17 xp + 433, v + 250 -13.58 [Rollout 5465,0
2 AZ 0, 0, 18 X + 433, ¥ + 25G -13.96 Threshold 1465,0
3 Az 0, 0, 22 xp + 433, yo + 250 -14.29  |Glide slope 2465, 223
5 EL-1 7547, 255,13 xp 4 200, yo +50 | 43,3 Threaiold 8555,0
6 EL-1 7547, 255, 18 xp + 200, yo + 50 | =5.7 Glide slope 8455, 270
7 EL-2 5547, 255, 13 X + 600, yp + 150 -1.1 ’rhfq._ﬁoxd 8055, 9
8 EL-2 5547, 255,13 X + 600, y‘,r + 150 +15,5 NFlare (6465,0
14 | az 0, 0, 19 8140, -211 15,1 Threshoid 5365,0
14 EL-1 7547, 255, 14 8416, ~211 +15.1 Thre shold R426,0
14 EL-2 5547, 255, 14 2146, =211 +15,1 Th_;esh(:xd 8565, 0

"Scréen reflector is 52 ft long, 25 ft high, 2.0 ¢t off ground,
7Transmitter height is referred to test point ground level,
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cbtained from the contractor Phase II reports. The most extensive materlial,
which 1ncludéd the direct and reflected signal levels measured separately,

was published by Bendix. This type of data was very beneficial in ana]yzing
the ?xperimenis for effects that would have been masked in the combined ¥/D
ratié. _ | o '
gIn setting up the gewmetry for the ccmtter simulations. the surveyed

positions at NAFEC from the Bendix report were utilized. Because of undula-

tions in ground level, there is some uncertainty as to the effective ground

s 5,.;},\.,',4..&,«;—.,&3

height. The ground level at the test van location usually established the | 3 ~
effectivé ground piane. and the transmitter height'was referred to this plane.
In cases where the results seemed to be very sensitive to the choice of

ground level, a more precise estimate was obtained to represent the effective

“height of the terrain between transmitter and receiver.

Besides the geometric cohfiguration; the computer simulation requires as
input certain parameters describing the properties of the scattering surfaces.
One parameter 1s the surface roughness height which strengly influerces the
reflected signal level. Screen roughness was estimated by FAA personnel to
be as high as + 2 inches. By comparing simulation results with the measured
- data, 1t was found that an nms'ronghness height of 08.75 inch produced good
agreement with azimuth data taken of NAFEC. This value was used for all
simulations at C-band. 4

For the Ku-band (A = 6.8 in.) data at EL-2, the apparent surface roughness
height 1s smaller because the scale of the “"waviness* of the screen is com-

parable to the Ku-band Fresnel radius. The screen surface is Tocally smooth

2
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6v§r small regfons. Within these regicns the foughness height, applicable at

Ku;bqnd. is considerably smaller than the value used for C-band. Although the

1oga1 roughnes§ is less, the reflected Ku-band signal is scattered over a larger

anéular sector as a result of the different orfentations of the different

reflecting regions. This divergence phenomznon is not incorporated in the

simulation model, and hence, correspondence between simulation and axperimen-
~tation at Ku;bandlis not to be expected.

In generai, the azimuth test data for both screens and parked alrcraft
could be quantitatively reconciled with simulation results. The veconciliation

. involved taking into -account the ground bounce component on both the direct
‘and reflected paths and the tilt of the screen from true vertical. A smaill
deviation from vertical causes wide fiuctuations in M/D when the ground
bounce is a significant factor. This was the case with the Bendix azimuth
system as a result of a siow horizon cutoff in the elevation pattern of the
azimuth antenna.

An i1lustration of this is'prdvided by the data for test 1, azimuth
muitipath at rollout. The screen is oriented to produce maximum multipath at
5500 ft from the azimuth site. The multipath is out of beam by 30° in the
azimuth plane and {s, therefore, easily resolved from the direct signal by
the directfvfty of the scanning function; Figeres 3-11(a) and 3-11(b} indi-

1 - cate M/D ratios from computer simulation, and three contractors' data for

the two required tests. The simulation concurs with the Bendix data from
the original Phase II tests. In the supplemental TRS tests, the screen was

apparently misaligned horizontaliy and vertically.
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Horizontal misalignment causes the multipath region in Fig. 3-11(a) to
" fall further from the transmitter. A slighf,verticai misalignment is evident
fnun Fig. 3-12 wherein direct and multipath signal levels are p]ottéd sepa-
raie]y. Analysis places the first null produced by ground bounce interference
: ' wi;h the direct sfgnal at a height of 32.9 ft. The data séems to be tending
in that divection. The reflected Signal null at 18.5 fﬁ for the supplemental
tests cén be accounted for by a screen deviation from vgrtical of only 1°.
_ Similar behavior a]so‘occurred'inbte§t 2, azimuth multipath at threshold.
The screen is oriented for a multipath maximum at 7500 ft from the azimuth
‘transmitter. The M/D ratios for two horizortal and one vertical cuts are
illustrated in Figs. 3-13 and 3-14.. The simu]étion, with parameters selected

. to fit the Bendix configuration, ~oncurs with the original Bendix tests on

the horizontal cuts. The vertical cut demands more detailed investigation

through the separate plots of direct and screen reflected signal levels.

The sharp and deep nulls in Fig. 3-14(b) are indicative of greund bounce

-an bath paths.* The predicted Tocation of the first null is at a height of
40.5 ft as compared to 38 ft for fhe direct path data. The measured distance
(20 ft) from peak to null 1s'a1mostbexact1y as predicted. On the reflected

) path, a deviation of 0.8° in screen tilt from true vertical accounts for the

null position as well as for the peak-to-null spacing.

*
The amplitude calibration was altered .during this run at a point
coinciding with a discontinuity in file sequence numbers for data recording.
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At the peak near 17 ft when both paths are reinforced by greund bounce,
the M/D ratio is -2 dB compared to -3 48 for the simulation. At the next
oyer]ap of peaks at approximately 51 ft, the M/D 1s -5 dB compared to slightly
lés; than -4 qB for the simulation. The relative level of the ground bounce
can be determﬁned from the ratio oF peak to notch in the lobing pattermn.

The potch depth is approxfmate]y 19 dB for both curves in Fig. 3-14(b). By
solving for p in 20 log [(¥+p)/(1-p)] = 19 dB, the ground bounce signal level
is found to be -2 da. |

In contrast to the azimuth tests, the measured data for elevation did not

concur setisfactori]yyﬁith the simulation. Most of the disagreement can be

~ attributed to one 6f‘the following reasons. First, the measurement of }/D

ratio requires %dequate resolution between direct and multipath signals. in
the azimuth tests, the multipath was sufficiently out of beam tu perait
separation of direct and multipath in the scan dimension. In the elevation
tests, the multipath is in beam, and separation could be accomplished in oniy
the;orthogonal azimuth direction. For this purpose, a directional receiving
antenna was used to record the direct and multipath signals separately. This
approach was not entirely successful. ’

Figure 3-15 shows data from test 5, elevation 1 at threshold. Detailed
examination of the directional antenna pattern and the test geometry indicated
that the lack of angular‘resoiution could account for the cbserved data.

The intended ¥/D ratio on a horizontal cut, as given by the simulation

for the Bendix site, is indicated in addition to data from four experiments.




i ! : : '-\ : / ) - /
x 10 T [ATC-63 vI 318
, | .
oL . : _
H/D . . ../ . .
(dB) _ o /.-\,.\.
T I, S ’{"\ /: 'I\-\'.-\ .
e et o '*' Py ~/ A \
-10.L PR . X NS
// ‘ _./ /' N
P 4 /" \
/
~20 | 4 f— s
0.5 0.6 0.7 0.8 0.9 1.0 1.0 _

x ~ Distance (k ft)

a) Horizontal cut at h = 50 ft Bendix Phasc 11

. s o ow um oo = we Benidiz Supplemental
10 1 - omse ommea ITT/G

ot ap e 00 simeo mee HBZELIL IR -
— e+ e Simulation
4] e ..‘,."_‘n——..._...——~"—'
l" °
. P~ 4 ——
H/D _"-_-..--.-..’
N ——
(dB) P
. A R —;_-._..'_.--—.u‘—-_/_.— « - —---_-..-.-
~10 - g
1 -
20 . 3 L ) L 1 _
30 35 40 45 30
Height (ft) . .

b) Vertical cut at x = 1008 ft

Fig. 3-15 Test 5. Elevation -1 at threshold; horizontal and vertical cuts.




None»qf the tests agrees sufficiently with the simulation, al- .ugh
Haze1£ine's data mbré closely resemble the desired shape.*
| The data froh the vertical cuts are indicated in Fig. 15(b) includ: j
~also iTTL Thé Bendix multipath appears to have missed t' mark. At the ‘ost
point for the vertical probe (1007 ft forward of EL-1), e multipaﬁh is well
" below its peak. In an effort to reconcile the obsefvé ons with a modei, the
direct and mu]fipath sfgna!s. measured separately, wer: scrutinized in more
detail. Figure 3-16 illustrates the data for the Pr:se II original ard sup-
plemental Bendix tests. |
-the the pronounced lack of repeatability between the two se¢ of ex-
pefiments.' Ignoring the absolute level shift, tere is only a slight simi-
larity in the fluctuaticns for the two tests. The later test hés a lower
density of experimental peints and less consistency between adjacent points;
consequently, ittention was concentrated on the earlier data. Analysis stg-
gects that the ripple in signal levels represents reflecticns (or direct

signal) passing through the skirts of the directional receiving antenna.

The second source of disagreement for the elevation tests is caused by
screen surface frregularities. The simulation model treats the screen as, on
_the average, a perfectly plane surface with some small-scale roughness. The
roughness s taken {nto account by a reduction in the reflection coefficieant,
but in other respects the simulation utilizes a pline surface specular reflec-

tion model. The real screen has irregularities that cause the multipath to

k3 .
The two Hazeltine curves are before and after (A) antenna modifications
to reduce multipath levels.
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scatter in directions other than the an§1e defihed by specular reflection.
As a consequence, the multipath appears over 1 wider angular spread and at
lower amplitude than predicted. The EL-2 test: of Ku-band are more subject to
thi{ effect than the SL-1 tests at C-band, aé illustrated in fig. 3-17 which
shoﬁé horizontal and vertical cits for test 7, EL-2 multipath at ﬁhreshold.

; To summarize, with the excepfion of tesc 5 (Elevation-1 >t threshold),
a reasonable explanation of the measurements was establ”shed. The computer
simulation model has been é]early validated from azinuth téét axta, Fér EL-1
tests, the lack of agreemeﬁt between experiment ahd simulation iz probably
attributable to shortcomings in the test methods. For EL-2 fests, screen
imperfections apparently introduce effects not incorporétéd'invfhe model.
Although model validation was the prihary objective, merely understanding the
experimental data was @ difficult task. For a specific test configuration,
there is substantial variability from contraétor to contractor and between
tests conducted at different times by the same contractor.

In future multipath experiments, static tests should serve their *n-

'tended purpose of assuring that the multipath signa]idistribution in space
is as expected and that all signifiéant parameters are determined. One such -
parameter that Qas_not controlled or heasted wifh sufficient accuracy is
the screen tilt, an important factor in the elevation error.* The experience
in Phase II should be a warning that tests conducted for nominally the same
configuration cannot be compared without carefu]]y'&erifying that the condi-

_tions are actually the same.

*
Ir the ICAO test, measurement of multipath separation (coding) angle
will permit indirect determination of screen tilt.
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IV.  SYSTEM MODELS

L The system models constitute the set of mathematical specifications,
a1gqy1thms, and associated softWare which define the simulation of the MLS-
tranémitters and receivers for both the angle and range functiois. A receiver
mode] takes as 1nput a parametric description of the current mu1»1path en-.
vironmant and suop11es as output the error in the assoc1ated angle or range
measurement. A functional signal processxng approach has been taken in-
developing these models -- that is, the emphas1s has been placed on’ modeling
the principal multipath-induced error factors.v This is done at a level which
avoids detailed component charactérizaaion. and it thereby gains the advantage
of simplicity and the necessary computational Spéed which permits the receiver
programs to execufe in reasonable amounts of time in fﬁ]} system runs cchtain-
ing flicht paths with hundreds of evaiuation points.

Figure 4-1 indica%es tii2 scope of the receiver models developed during
the Lincoln Laboratory Phase II effort. Initially, a model for each U.S. con-
tractor systeﬁ was devised: the §canning beam FRS" of Bendix and TI and the
Noppler scan systems of‘Hazeltine and-ITT/Gi1fillan. When it became evident
that RSt was to be a strong candidate within the Scanning Beam Working Group,
the Bendix FRS model was modified to simulate the to-fro TRS. A number qf
TRS beam processors other than the basic dwell gate technique were simulated,

amcng them split-gate trackers, peak detector, and MCT¥Aproéessors.

+Frequcncy Reference System
Time Heference System
¥Multipath Control Technique

d-1"
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Fig. 4-1. MLS receiver models developed during first phase of Lincoln MLS program.
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At the outset, each contractor sysiem model included a two-way 1ink
. . DMEirepresentative of its particular design. Further dowﬁstream in the pro-

gram, 'it became clear that a set of q?nonica] one-way.link mocdels which could
be combined in afbitrary manner to fo;m'a downTink-uplink pair would be a

~ far more useful tool, and the DME subrout%hes were reconfigured accordingly.
The breakdoWh in Fig. 4-1 reflects this latter situation. The conventional
pu]se DME has a trapezoidal or Gaussian waveform and can use either of two
‘Jeading edge deteétor§: fhreshold or delay-and-compare. Texas Instruments
bfeédboarded a pulse compression ("chirp") DME for which a computer model
also exists.

4.1 Gehera] Receiver Responsibilities

Further explanation of the overall function of the receiver subroutines
and the specific tasks which they perform {is given in this section. The
following sections discuss the mathématica} models for each. regeiver class
in some detail.

The receiver program is called following the calculation of the multi-
path parameters for the (nominai) receiver position and the pertinent
function (AZ, EL1, EL2, DME). Although the multipath has been edited in a
functionQSpecific manner prior to the receiver call, further editing can be
done within the receiver routine itself. For example, a particular DME
processor may_e]iminate all comonents whose relative path delay exceeds
some threshold delay. Each receiver program also applies the transmitter

elevation and azimuth beam patterns to the input multipath amplitudes, and

‘further editing could be done on the basis of weighted hultipath.
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. Having completed the multipéth calculation, the receiver the: generates
somé representatibn of the total received signal from whi~h the angle or
rangﬁ error can be extracted | In mu1t1p1e scan systems -- this class now
includes virtually all the angle and DMF svstems of present interest -- each
scan signa' 1is represented separately. Ultwmately, error outputs are produced
at the MLS data rate (e.g., 5 Hz) by combining data obtained from the indi-
vidual scans (generally by multiscan weightiﬁg). ﬂFor’scanning beam angle |
systems and DME, the signal represéntation Eonsiéts_of:aAset of éamples.of
an envelope waveform (plus the éng]e subcarrier for FRS). For Dobp]ér scan,
the errors can be computed frem a knowledge of the dominant (1n amp11tude)
received component and the phase function of the IF signa] » ‘

The input multipath data is provided at a selectable rate, usua]]y the
MLS data rate, and the multiscan data is generated by extrapo]ation on that
single input. It is aésumed thét the multipath components are stationary over
the data frame in amplitude and angles of arrival but that. the relative phase
and delay change as a function of the transmitter-specular point-aircraft _
locations. The aircraft velocity vector is assumed constant over the frame.

A number of effects which are of.real importance in hardware receivers
have been intentionally neglected or minimized in the receiver models. Re-
ceiver‘noise is excluded from the models because (i) the 1ink budgets and
avionics specifications 1ﬁdicate that nominal operation occurs at high SNR,
and (i1) the principal object of the current study has been the effect of
multipath upon the operation of various MLS systems. Non-ideal component

behavior and instrumentation errors are excluded as well on the grounds that
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-example, the detector which mixes the Doppler refzrence and angle signal or

system is placed in track (i.e., scan gates or nultipath rejection filters

implemented. This level of modeling has proved to be sufficient to detect

these are not fundamental to the objective. The signal models are simplified
somewhat by neglecting certain intermodulation pfoducts which occur 1n, for
!
the FRS angle subcarrier demodulator. - No detailed models of acquisition and
, |

i : .
tracking have been implemented. At the initial point on the flight path, the

are centered on the direct path coordinate); with each ;uccessive evaluation
peint, the gates and filters are recentered on the M.S indicated position

(not the true signal coordinate). No track smoothing or reacquisition is

"bright flash" anomalies in scanning beam and pulling of the Doppler rejec-

~ tion filters without making performance strongly dependent upon specific

acquisttion/trackihg aloorithms. Subsequent versions of the full simulation
model will be equipped to handle higher order dynamic search and track

functions.

4.2 Scanning Beam Angle System Models

The essential conéepts of the basic FRS model upon which the Phase II
Bendix and TI simulations were based are presented first. Those areas in
which the two differ are noted in passing. Following that, the modifications
required to convert to a TRSB nnde] are given,

4.2.1 I"requency Reference System

The FRS angle subsystems operate according to the scanning beam princi-

ple. A narrow fan beezm is swept periodically and unidi%ectiona]]y through

the coverage volume. The «ngle coordinate is encoded on an FM subcarrier




whosé 1nstantaneous frequency is é monotone function of time. The airborne
receive; déteﬁmines the dwell period of the scanning beam envelcpe (dwell
gate) aﬁd measures the average frequency”ofvthe subcarrie~ over the dwell
gate in order to estimate the angular coordinate. | |

1[22,34]‘

During Phase II, Bendix/Bel emplioyed ground system anternas

- . : ‘(e1ectfdnical]yvsc§nned 1ine arrays) which yield angle encoding that is

<

Tinear in time and sinusoidal in coardinate angle. The natural coordinates
of the resulting angle subsystems are conical. By contrast, the TI model
uses planar coordinates and a uniform scar in angle (meshanically rotating
antenhas), | S A |
Two sources of meashrement error attributable to multipath phenomena
are modeled. The first is dwell gate displacement resulting from errors in
the leading and trailing edge thresheld crossirg timeé of the beam envelope.
This error sdurce is illustrated in Fig.i4-2. The second source of error,
i ~ often dismissed in earlier simulations, arises in the frequency measurement

itself. The average angle subcarrier frequency is estimated by counting

AT

~ both the number of subcarrier zero crossings within the dwell gate and the

R

elapsed time from the first to last zero crossing. Sufficiently small muiti-

path levels will permit the zefo crossing counter to be "captured" by the

divect path signal; that is, the average rate of crossings will be that of the

Ll N
O T GV R AU

direct path subcarrier frequency. The multipath will slightly perturb the
Tocation, but not the total number, of zero crossings within the dwell gate.

On" the other hand, a multipath component which has strength greater than the

e, v

direct comgonent at certain instants within the dwell gate may capture the
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counter, resulting in a fréqﬁency estimate which corresponds to a highly
errongous angle measurement. Since large angie errors can be caused by
either'dwe]] gate displacement or frequency measurement error, both are:
included ir the simulafiun. | '
4.2.1.1 Transmitter Signal

The angle signal is generated as an FM subcarrier whose frequency changes
linearly in time. The instantaﬁeous subcarrier frequency is

Weuplt) - wg twt o . | (8-1)

*
and the corresponding complex transmitted waveform is
s(t) = expjl’wct + ¢, + m expj[wst +§wt; + ¢S]] _ o (4-2)
wheve ' |
w_ = carrier frequency

¢c = carrier pnese angle

3
]

subcarrier modulation index
w_ = subcarrier center frequency

subcarrier sweep rate

€
u

_ ¢ = subcarrier phase ang]e.
The phase modulated»wéve is'amplitUde modulated by the scanning antenna
pattern, P(6,¢,t), where 6 is the measured coordihate and ¢ is the orthogonal

ccordinate. P(8,4,t) is narfow (=1°) in 98 and wide (anywhere from 8° to 120°)

in 6. P(6,0,t) is written as product of two factors

%‘;i,' 14
| - ; 4/ -
*The notation expj(°) will be used to denotc the complex exponential eJ('). 5
%:
¥ BN
- %’}: ;é’_.
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P(0,8,t) = P (6t - 6) p?_'(qs,ét) | - (8-3)

The first of these (P]) describes the scan modulation or beam envelope; as

observed in direction eQ The implied angle scanning 1s linéar fn tine,

as in the TI model. For Bendix 6 is replaced by sin 8. For simplicity, the
Tinear écan,notation is rgtained throughout. The parametver § is the antenna
ahgula: velocity (scan rate). Tne second t=rm (P2) gives the pattern in the
orthogoﬁa} coordiﬁate; note that the orthogonaT pattern is independent of the

measured coordinate in all but the TI azimuth system, in which a special

- feature called "hopover" is empioyed for centerline emphasis at low elevation

anglestzs’sz]. The time dependence of P2 w11 be drobped henceforth. The
time origin has been selected to be the instant at which the peak of the
scanning pattern points in the direction # =0°(center!iné for AZ, runway
plane in EL). Thus, the tomp]ex signal transmitted in direction (eo, ¢°) is

proportionil to
£(t) = Py(o - eo)PQ(eo)expjfmct t¢ . tm éxpj[mst + dat3 + d’_s]} O (4-8)

4.2.1.2  Received Signal

The received signal model consists of a superposftion oF terms. One of
these represents the direct path component, and the other (M in number) repre-
sents the multipath propagation components. Each component of {he received
signal is characterized by six parcmeters; specifically, the i-th component

{s described by




‘p. = amplitude
w; = carrier frequency
L 14 = path delay

' ¢; = change in phase angle due to i-th path
reflection

. 9. = transmission angle to the specular point
: on the i-th reflector in the measured coordinate

”¢1 = transmission angle to the spvecular point”
- on the i-th reflector in the orthogonal coordinate (4-5)

.The values of thé.six parameters are calculated for each reflector in the
scattering bortion of the program (see Chapter 2).

‘The amplitude is computed by the scattering routines as though the trans-
mitting anténna had an omidirectional pattern over tha coverage volume. In
the receiver rdd;ines. the amplitude (Ai) is weighted by the transmitting.
antenna pattern in the orthogonal coordinate ¢; and normalized to the received

amplitude of the direct component:
P,(3;) . ' o :
Di - ..___.___..-. ’ (4-5)
Aon(ao)
The in-coordinata pattern is accounted for separately since it is a function
*
of time. Omidirectional airborne antenna patterns are assumed.

The received carrier frequency is computed as

v, cos Bi .
m,l = (.00 1+ ———'c———'— (4-7)

: *An airborne antenna factor will »a incorporated in the more advanced
system models under development.

i o




v_ = magnitude of aircraft velocity vector .

= angle between aircraft velocity vector
and arrival ang]e of i-th.path signal

™.
L e
|

c = speeu of 1lght in air .
LettJng the zero—th component of the rece1ved s1gna1 be the direct s1gna]
and the remaining M be mult1path, the_tota1 complex RF‘s1gna1 at the rece1ver‘

is

r(t) = TS‘ P; P](et - er - 8, ) epr{w (t i)'+ ¢4 o
i=0 - |
tm exns‘[ws(t "'Ti) + %«B(t - ri)_z to ) . (8-8)

4.2.1.3 Receiver Processing

Figure 4-3 shows a hlock diagram of an FRS éngle processor. The computer .

model starts at the second IF output. It is sﬁlit into two paths; one of these
determines dwell gate within which the frequency measurement is to be made,
and the other consists of the frequency measur1ng circuitry.

The dwell gate processor computes the envelope of the received s1gna]
in the actual c1rcu1try this is accomp11shed with a linear envelope detector
followed by a lowpass filter. The 1owpass filter is for rejection of both
noise ane spurious harmonics of the anglé subcarrier. The unfiltered envelope
can be computed directly from Eq.-(4-8} by translating r(t) down in frequency

by an amount W (the received direct component frequency) and taking the

magnitude _
. -jw t )
e(t) = |r(t) e ©| ' : - (4-9)
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" Fig. 4-3. Bendix/Bell FRS angle processing
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‘lIn the FRS simulation, a:squére law envelope detector is uée& for convenience %- -
iin the filtering méde1. a description of which is omitted here. The filter- ’ é )
1n§ alters thg enVelope shape somewhat; but does ndt fundamentally change the: %»
‘processing which follows. The unfiltered enve1opé is used in'the remaining é_:::f =
) discussion. | ' | »g.l)';//.
Onwéach sgén of the beam, three measurements are made on the enve]opé. ) %'jii"”
‘These are: (1)} the amplitude of the peak of e(t), (2) thévtime at which the 'gf“
- leading edge érosseﬁ_a specifié threshold, and (3) tﬁe time at which the g :;//
trailing edge crosses the same threshold. The threshold for the present séan ?
can be computed from either the present peak va1ue.or the stored value of the 'ff;e—mf _—
previous peak. . _ j )
The two threshold crossings are uéed to find the beam dwell gate. Nei- 3':
.ther the threshold crossings nor the peak can be determined from closed form 3;//5/,/'
expressions; instead, they must be calculated by a triai-and-error procedure 'g/ )
which involves evaluating e(t) at a number of points. The number of points 1f'f;; ’
is chosen in such a way that the error in computing the thresho.d crossing B ?ﬁ:/~~ -
times is small compared to the dwell gate displacement dug to multipath. '  /"
Since the frequency estimate uses the first and last zero crossings within - i
the dwe]] gate, the crossings need bnly be locited to within, for example, ?sz“’:ff
? a cycle of the subcarrier. . ' ' giﬁ
i . : The specifics of the dwell gate procedures differ for the two models, 7  ff‘;ﬁ
;: but the essential ingredients are: é’///
';f ) 1. A tracker scan gate is set up. The gate is centered at the f“:;ﬁ/’
i‘ previous.angle'estimatE. This;isfiﬁé'extgnt of the tracking o "

model in the Phase u‘smu]-ati'oﬁ;_“
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} ' | i 2', The réceived envelope is calculated at a number of points uni-
g . formly sba;ed”over the scan. gate. The calcu}ated values. are
‘ stored. - ' .‘
3. The enVe]ope samples are searched to find fhe'peak value, which
| is used to set either the presehf or néxt threshold at users’
option. | ‘ o _ | |
4, The envelope samples are searched to find the times at whizh
the Ieading and trailing edge thresho]d croséiﬁgsvoccur..vThese
times define the dwell gate. Fbr5pré¢i§ion in'the dwe11’§até :
: determihatfon,”a.fine grid search bethen_the thei0be éﬁmpieé
‘which straddle the thresho]d_c&n be ﬁsed.‘
 Let E] and 22 deéiqnate the ﬁominal threshold chssing times in the;db-
sence of hultipath, and let %l and ﬁz-be.the times determined by the dell -
gate brocessdr. In the absence éf frequéncy measuremeﬁt error,.the ahgle

error, 6 - eo, due to dweli gate displacement is given in terms of the édge

displacements
R - T ' o s . : (4-10)
as fol]ows:i _
6-6 =6 —-—2——-—) ' (4-11)
o ‘ _ .

Having determined the dwell gate, the actual receiver measures the

average frequency within the dwell gate in avménner similar to the counting-

4-14




and-timfng ﬁethod emp]oyed in Doppler scan. That is, the angle subcarricr

is demodulated, and the number of zero crossings,-as.we11 as the time interval
between the first and last zero cfossings'within the oate, is measured

Assume that k crossings occur and that the first anc last are at tlﬂES t]" and
tz“, respect1ve1y. Then a reasonable estimate of the frequency at the dwell

gate center is
i

; . k-1 - _ o (4-12)
t [} - t 1] )
2 1

In the simutation model, the steps leading to (4—32) are fol]dwed quite

' literally. The procedure rests strongly upon the fol‘owing two observations:

(1) The FM strong signal capture effect is invoked. It is
assumed that when the direct component of the received .. . . _ .
signal sufficiently dominates the mul tipath components,
the average frequency of the FM demodulator output signal
is that of the direct component. In particular, the number
of zero crossings of the signal is that which would have
occurred in the absence of multipath. Conversely, if a
multipath component is dominant in amplitude, its average
frequency captures the zero crossing counter.

(2) The times at which the first and last zero crossings occur
within the dwell gate are somewhat displaced by the cumulative
multipath return. These times are approximated by comput1ng
the times (t,' and t,') at which the endpoint zero crossings
would have’ olcurred ?n the absence of multipath and perturbing
them. The perturbation is carculated by evaluatlng the net

* phase of the demodulator output at t.l and t,', and linearly

" . extrapolating time backwards (or forwards) tg the nearest
instant of zero phase (i.e., nearest zero crossing). The
extrapolation is based upon the instantaneous frequency of
the dominant component at times t]' and tz‘.

The mathematical support for the preceding is sketched below. Without
multipath, the angle signal phasor is equal to"
expilugt + 7 ut? + 1 ' - (4-13)

*The direct signal delay is set equal to zero; all multipath delays are
measured relative to the direct.
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times an amplitude term dependent upon the beam pattefn. 'Neglecting any

'phase contr1but1on from the bean pattern, the. subcarr1er zero crossings are

those of the above expre;51on. In terms of the phase argument
i : . . .
arg(t) = mst+ %."t +-¢s - o _ " (4-14)

The net phase accurulated by the direct'ang1e subcarrier across the dwell

gate is

Ad, = arg(ty) -Aarg(tl)

A A WANE R A o | |
The greatest possible number of full half cycles of subcarrier represented by

(4-15) is

-&-1

.C= Integer Part LT

>

Either € or C + 1 crossings can occur in the gate, and it is easy to determine
which is the case. A zero crossing of the subcarrier phasor occurs at those

times for which its argument equals O or w, i.e.

sin[arg(t)] = 0 S o (a-18)
1f sin[arg(t])] and sin[arg(tz)] have the same algebraic sign, the number of
zero crossings within the dwell gate can only be even. If their signs are ‘

opposite, an odd number of zero crossings occurs. This observation leads to

a simpie rule for computing the number of crossings k based on the values of

vAi, A,, and C, where

Al = 51n[arg(t B!

(a-17
Ay = s1n[arg(tz)]. , )

4-16




The rule is sumarized in Table 4-1;

C A]A2 k
. even + C
- odd o+ C+1
-even . . - C+1
odd - - - C

_Tab1e14-1. Rule for computing'nunber of zero crossings k.

Having determined the number of subcarrier zero érossings caused by the

"~ direct wave, thé_instants of the firsf'anqslast érosﬁings of the direct wave

within the dwell gate must b. zomputed. The pafametefslq]'ahd'qz.'dgfined ae
follows, | ' S -
qy = arg(%])(mod m)

: (4-18)
q2 = arg{tz)(nnd m)

represent the d1rect subcarrier phase excess over n at the dwell gate end—
poiats. Thus the endp01nt zero crossings of the subcarrxer occur at times

t]' and t2 given in terms of a5 qz, and the endpoint instantaneous fre-

quencies w (t1) and w (tz)

T-q : ' ’ '
ty + e | - (4-19)
mo(t]) ’ . .

f0 =t - 12 4-20
2".2-—-?"" . ) (")

CALY

t'l v

. d N
wo(t) * arg(t) = wg * wt
By definition, the phase of the direct signal subcarrier is zero at the

times t]' and tz‘ given above, However, this is not necessarily true of the

4-17




- , | | TIN
total demodulated subcarrier in the presence of multipath. That signal has ’ §
nearest zero crossings at times t;" and t," given approximately by fi;:ﬁ‘

eon o g mane(®)) :
i ] ‘l wo(t‘n) | K . .,3-. |
Ve ' ) O a o
' [} . . E . . L1259
. l . (.Oo(tz ) . . - . ) "_. e
: : . = 1
. . o Sob
where ¢mu]t(t) represents the phase of the total demodulated subcarrier (de- N 4
- » : - o A
rived below). Times t1"'and tz“ are substituted into (4-12) to obtain the _ ,9§L.rw.
' frequency estimate ;; the corresponding angle error is found by subtracting _{fff&

the true center frequency we(eolé) from w and multiplying by 6/m: .
‘ . . . e - . e e e .o e e . . - - - - P - »‘ -, - .
error = 2-[w -w <79)] ' . N
- (5) . .

The angle subcarrier is demodulated by a iimiter-discriminator. It is

possible %o write an expression for the phase function of the output of this
circuit which includes the multipath effecté9 but it is cumbersome to use in
the stated framework. In order to get a simple expression for the phase
function used in the zero-crossing perturbation argument, it was assumed that
the demodulated subcarrier is a‘superposition of the individual subcarriers

weighted by the antenna beam pattérn factor and the multipath amplitude Py

M .
Y(t) = 2 by P](et - éT.i - ei) expi[ws(t-'ri) + %":’(t"l'i)z + ¢Sj
1=0 | (4-22)

- Equation (4-22) is not to be interpreted as a mathematical model of a limiter-

discriminator output signal. It is merely a convenient artifice to carry out




thelimplications of the eaf]ier'assuhption that‘the signal with the largest
amplitude dominatés fhe frequency estimate. The intention was to replace this
Phase function with a more exact analysis at a 1atér date.. The need never
arose, howéver, once the'FM ang]é_codg was ahandoned in the U.S. Eéannfng
?_bbeam program in favor of TRSB. _
Acceptlng (4 22) as the formula for the output yields a phase function

"

D, oiPy(Bt-bry - o, L‘""? [“’s‘*‘*’(t - %"1)] ;

' -1/ i=0 '
(t) = tan (4-23)
mu]t "

}5 piP](ét-éri-ei)coszri[w§+é(t - %*i)]%

In the above description, it has always been assumed that the direct

‘ " component dominates (po =1> pi)‘ When this is:not,the case, an inverted

version of the above analysis is epplied. Let O m£0, be the dominant multi-

path amplitude. Then the m~-th subcarrier component will dominate the fre-
quency estimate. The humber of zero crossings is computed on the basis of
the phase function arg(t - Tm), and the endpoint perturbation argument goes

through exactly as before, except that the phase differential ¢ (t) 1s

*mult

evaluated relative to the sijral y(t) éxpj[aarg(t.f Tm)]. Essentially, the
analysis from (4-10) on is uuplicated with T, and 6 _ replacing r°(=0) and 6.

| This concludes the FRS angle receiver analysis.

4.2.2  Time Reference System

The basic scanning beam angle system model contains the essential ingred-

fents for a time reference scanning beam (TRSB) model of the type adopted by

JUBE TIPSR P SR
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i the FAA as the U.S. ICAQ candidate. The major distinctions between TRSB and

" the FM angle todedrsyétem are:

1. Thé FM ahgle subcarrier is no ionger transmitted;
‘2. An angle measurement is made from two consecutive,
~ oppositely directed scans (the so-called to-fro).
- A1though no synchron1zat1on signal is transmitted,
the airborne receiver can determine angle hy the
spacing between received scans, _
3. The antenna scan rates are increased to obtain
several measurements within .the basic 5 Hz frame,
the objective being to cap1tal1ze upon mu1t1path
- {or motion) averaging. - , ,
1t is interesting to note that TRS 1s,1himény»resbects'the ddé?,of'the'bi-
direction scan Doppler MLS (see sectioh 4;3).  Those systems similarly employ
multiple scans/frame for the purpose of muItipath error reduction via aver-
2ging. ‘ . v ‘ |
Figure 4-4 shows the TRSB signal format used in the Phase 11 computer
model. The format uses time division multiplex within a full cycle of 592 msec.
The system model for EL-1 and CL-2 assumes- 8 to-fro scan pairs are averaged
for each data pointbwith the time differen;es between scans varied in accord-
ance with Fig. 4-4. These time differences are cycled on successive 200 msec
data frames, e.g., if thé first EL scan of cequence 1 is the beginning of a
data frame, then the last EL scan of sequence 1 (i.e., the ninth EL scan in

a "full cycle") starts the next data frame.

For Simpligity, three AZ to-fro scans are assigned to each 200 msec

data frame. The time differences between these are varied in accordance
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0
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I 1
FLARE] EL ' I GAOWTH l EL ]FI.AREi

. i"‘““’ APPROACH
. AZIMUTH g |
6 16 15 20 25 30 35 14 a5 50 55 60ms

BASIC
BATA
WORD
#1(3)

(c) Subsequence #2

AUXILIARY DATA (1 WORD) OR MISSED APPROACH ELEVATION
360° AZIMUTH OR AUXILIARY DATA (2 WORDS)

larc-63 vi 4-4 |

OR BETWEEN SEQUENCES

Fig. 4-4. TRSB function format.
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with Fig. 4-4 and cycled between data frames as was done for the EL and
f]afe-functions. | B |
4.2.2.1 signal énd Receiver. ModéT

~ Extension of the FRS model to the TRS case involves dropping the ang]e :
code in the phase term (its .effect has already'been discarded 1n‘the ampl1f{

tude term), and adding a phase term to ac»ount for motlon averaglng. In'

“accounting for the to-fro scan pa1r Tet the: antenna scan rate be pos1t1vn

(8 > 0) on the to-scan, negative (-e < 0) on the fro as 111ustrated:1n

Fig. 4-5. Tae complex RF signal on the n-th to-scam can be written as

Mo S S
ryp(t) = 2 piP [t - 738 - (n-1)Tg)Jempifuc(t - 5(t)) + &1

| (4-24)
in which the tine_varyfng delay due to A/C motion is indicéted explicitly,
v, €05 R
1(t) =1y - 2—Tt (4-25)
If the time scale is shifted so that each scan starts at t=0 (i.e., t is
replaced by t + (n-])Td), the scan delay shows up in the phase term as a
scalloping frequency. With this time scale change and multiplication by

expj(-mot),'the-envelope of r]n(t) becomes

| eyp(t) =

M
D, osPylBlt - 15)-9;1
iw0 -

, . ..
expj{(mi - wo)t - wc[Ti - —E—E;i——l (n-l)Td] + ¢1}l (4-26)
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, iThe envglope for the fro-scan is found in much_the same wéy. In the
beamienvelqpevterm.,é is repiaced by -évto indicate the change of scan direc-
tion; dnd the enve1opé'de1ay is increased by an amount T,, which is the
elapSeq time betweén 0° boresight on the to-écan and O° boresight on the fro-

scan (see Fig. 4-5). Thus, the envelope is

. M .
'<e2n(t)*él EgpiP][-é(t - 14)-6;]
: i=0 .

[ v, cos B;
T

exPjJ(”i' EOLIICN 3 (n-1)7g + Tz)] * ¢i}l (4-27)

On each scan, the receiver generates a dwell gate for both to and fro.

The thresholds for the dwell gate can be derived from either the previous scan

beaks or the current peaks. Within a single slot, the threshold for the fro-
pulse can be set independently or can be the same as for the to-pulse.
let Tnn and t12n be the dwe]l_gate edges for the to-scan, and t21n and

t22n be the edges for the>froFscan. The time scale has been set up so that

" the two dwell gates should be approximately symmetric about t=0. From (4-26)

and (4-27) we see that the direct path envelope maximum occurs at t = 1_60/ 8
(+ for to, - for fro). Tﬁe prdposed’angle estimator operates in a manner
which is equivalent to finding the two dwell gate centers and subtracting
their'values to estimate sin 0.

The dwell gate centers are

Y * Yion
2

Tln

, | (4-28)
1 o fom* fom
2n 2
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If?both gate centers occurred at the direct path envelope peak, thefr-differ-

ence wauld satisfy

T

In

8 S ’

independent of the actual scan arrival times at the aircraft. Thus, the n-th

scan angle estimate is

Son = gQ(T]ﬁ - TZn), o :;.- .5;  | . ;}1' 1’_; | 1(4;30)

and the frame error is found by averaging over N such estimates:
LN L
= b L ' ' :
ere =5 D (9, - ) T )
. . n=1 : .

4.2.2.2 Multipath Control Technique | o

The U.S. TRSB syStem intends to employ a mUitipath contréT techniéue (MCT)
to minimize the effects-of ground reflection aéd.other Tow elevation multipath
sources in the flare system and, for some configurations, the primary elevation

r21,22]

as well. MCT operation* consists of scanning the elevation beam down to

some stop angle and subsequently decfeasing the transmitted power according to
a power prograﬁ which will, in the absence of multipath, yield the correct
trai]ing:edgé dwell gate threshold crassing in all receivers located above
the stop angle. The mirror image procedure is used on the up-scan. This
section discusses.the implementation of MCT in the MLS simulation.

Without MCT, the direct path signal envelcpe seen by a receiver at ele-

vation & is given in terms of the in-ccordinate beam pattern as P](-ét - 9).
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it is corrected upwards by an amount (g

4T Uy g 3 ST e e e

With MCT the scan terminates ‘at boresight angle 6 (equivalently,

stop

time tstop = 'estop/ 8), and an amplitude tapér function f(t) is ;pp1ied:
: _ P (Bt ~ B . : _
i o P]‘ et - 8) tﬁg tStop
! A(t,8) = o (4-32)
\ .~ ' f(t) Pl(estop‘ 8); t> ts-top

The taper function is determined by‘the condition that fheftapered waveform

should cruss the trailing edge dwell gate threshold at the,same time as the

qntapered. For a fixed recéiver codrdinate, this is only a condition cn thé

value of f(t) at a single point. The fact that it must hold for all 6 > % top

constrains the entire function. The taper function dépends»gpqn the threshold

level or, more precisely, upon the angular displacément of the beam at which

4the crossing occurs. Denote this 61sp]acement as v deg. Then

P](V)
- v+ ét)

- LY .
f(t) s tstop <t 5-tstop + : (8-33)
1% stop

The taper varies inversely with the scanning beam pattern. It has been as-

sumed that P](') is an é#en function in deriving Eg. (4-33),

‘The t&per need only last for v/é sec if-only receivers above stop angle

are to be provided accurate guidance. After t =‘tsto + /8, the beam is cut

_ P _
off. Withort multipath, the trailing edge crossing will occur at cutoff

time for receivers below 6 (see Fig. 4-6). As & decreases, the dwell gate

stop
narrows and its center is tao high (i.e., too early in time) by an amount

(estop - 8)/2. Thus if the dwell gate angle estimate 6 comes out below estop’

stop " 8)/2 on the asSumEtion that the

error is due to trailing edge cutoff. Thus the final estimate & is
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P [e(t - Ty ) - ei] in Eq (4-26) by A(t - 11,91), with a similar subst1tut1on o

whose amplitude exceeds the dwell-gate threshold. Eariy simulations of angu-

...
@y
v _
@

8= 1 o o o (a-3)
: stop .. 14
. ——-2————2__. 9‘ estop

MCT s 1ncorporated in. the TRSB model by rep]ac1ng the function

being made for the fro-scan envelope. The thresho]a ores s1ngs are then
found as before and then the MCT correct1on app11ed (1f des1red)
4.2.2.3 A]ternat1ve TRSB Processors _ _

Brief consideration was given to TRSBgreceiVersvdthef fhan-the dwef]-
gate processor discussed in Sectioh 4.2.2.1. The work was in part motivated

by the behavier of the dwell-gate processor in the presence of mu1tipath

lar error = RF phase between direct and multiﬁath revéa]edvthe phenomendn
exempiified in Fig. 4:f.. fhe error has a nea;Ty'constant Tevel for small
phases'fbllowed by a sharp discontinuity. This behavior is explainable with
reference to Fig. 4-8 which shows a multipath signa} at positive separation
and hence arrivingllaier than the'direet. At zero phase, the multipath adds
coherentTy tevthe direct, thereby broadening the pulse and causing a large
dwe}‘-gate shift. Because of the time disp1acement of the two signals, the
direct s1gna] pr1mar11y determines the leading edoe crossing and the mu1t1-
path defines the trailing edge. Therefore, the dwell gate position is near-
1y independent of the phase until the phase progresses to the point where

the multipath reduces the resultant so as to create a notch between the two
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- beam system, separation angle = 1.5°,
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Fig. 4-8. Dwell gate behavior for large multipath. .
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K jumps to a position more nearly centered on the divect signal. The error is

_ pulse envelope and the product is integrated to yield an estimate of how far .

pulses. When the netch depth falls be]ow the threshold, the dwell gate

then correspondingly.smaller'and changes on]y slightly with phase thereafter
-as the pulse is narrowed due to cancellat1on of the d1rect by ‘the muitipath,
A processor that responds to pulse peak pos1t10n rafher than threshold
crossings would be less suscept1b1e to this type of mu1t1path interference.
A theoretical analysis of an ideal peaP locator conf1rmed th\s expectat1on as
indicated by the curve labeled "theoret1ca1_1dea] peak Qetectcr 53»dB"v'n
Fig. 4-7. | T
A practical epproach to pulse peak. 1ocationvis»the sp1it-gate discrimina-
tor well known in the radar literature Two forms of split- gate processor have

been eonsidered. In one, shown in Fig 4-9a, the sp1it gate mu1t1p11es the

the gate is off-center from the pulse. _ance the integral is proportional to
pulse amplitude as well as gate offset, a correction derived from pulse peak
is applied to the est1mate The of f-center measurement is employed in a
feedback 1oop to dr1ve the gate toward the pulse peak for the next pulse
period. The,instantaneous pulse position {s obtained by adding the off-
center reading to the gate timing. _- ’

A second split-gate processor implements the operations of multiplication
and integration by a cenvolutﬁon. The pulse is fed to a fj]ter.whose impulse
response duplicates the split-gate waveform.: The output of the filter which
is the convolution of pulse and gate as sketched in Fig. 4-9b, passes through

zero at one instant of time corresponding tu the arrival of pulse pesk plus a
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fixed delay. The zero crossing time is, therefore, a measure of pulse posi-
tion. The zero-cfossing processor does not require pulse amplitude correction

in its estimate. However, to avoid confusion by other zero crossings, the
] . . . .

measuremght must be enabled at the proper time by a time gate or amplitude

‘threshold crossing. o o . f:ii;/:}
| ’A_Iimited nuﬁber of simulation runs were carfied out to compare the per- ';éig)
formance of tne two split gate and dwell gate processors. These are dis- g\‘ffi
cussed in Chapter 6. »Z;??;j
This concludes the scanning beam system model anajysis. : f
- 4.3 Qgppier Scan Angle System Models | o : {éy: ;4

Operafion of the Doppler scan MLS model is presented pfimarily in terms .

of the ITT/GI1fillan simulation. Although there is greater fundamental dif-

 ference between the two Doppler models (ITT/G and Hazeltine) than between the
two FRS mode]s, the ITT/G was used as the basis for a model of the u.s. Dop-
pler Working Group system.‘ In Section 4,3.2, certain aspects of the Hézeltine
signal generation technique are explained as an alternative Doppler antenna
mechanization. Following that, a third ahtenna technique based upon United
Kingdom work is discussed. The latter has multipath properties which differ
substantially from those of the more conventional designs. To date, the U.K.
Doppler system has not been simulated.

4.3.1 Basic System Model

k& ATt s e o e -

The angle subsystems -under consideration operate according to the Doppler

scan principle. In a Doppler system, angle information is transmitted via a
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1 W signal radiated into the coverage volume. This s1gna1 is spatially modu-
{ lated s0 that the frequency transm1tted towards a particular point in space  -~f ‘

is a ‘monotone funct1on of the angular coordinate of that point. In order to

t counteract the effect of A/C-1nduced Doppler sh1ft, a CW reference tone is ;
i . transn1tted 51mu1tareously at a ne1ghbo*1ng frequency ~ The airborne re- S
:  ceiver measures the difference 1n_frequency between the two received signals {bﬁ
| (the difference frequency is essentia]ly free of any dependence_on aircraft o ;//%
motion) in order to estimate the angu]ar coord1nate.‘ | | ' _ /H/ﬂ
During Phase I, ITT/G11f11]an emp]oyed ground system antennas (e]ec-  ¥3
}_ tronically commutated line arrays) wh1ch generate the Doppler 51gna1 by simu- »ﬁitfé
lating the motion of an RF source. The angle encoding varies s1nu501da11y. . A i;
with angle, and the array beanwidth increasecrtn proportion'to the»sine of . |
‘the of f-boresight angle. The natural coordinates of the resulting angle sub- - ff

 systems are conical.
During an angle data frame, the commuteted source makes several scans » ’riwﬁ '

across the antenna aberture. These scans are bidirectional, that'is,rthe
source motion is first in one direction, then in the'opposite. The number

of scans/frame varies with angle function. The angle'receiver makes use of

all these scans in deriving an angle estimate and in doing se it can incur:

the benefits of motion averaging; S ' é'i,
The primary source of angle measurement error &ttributab]e to multipath E' o

phenomena derives from the method of frequency estimation employed by the

‘a rborne receiver. The receiver (which derives timing information from the

\
\

incoming signa]'and thus operates synchronously with it) establishes a scan : f;;r‘:
, - : DS
RO E
S
’ ,
. : P il
; . oy N
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gate over which it obsgrves‘éach réceivéd scan; the géte has a duration
s . which is a ffaction of:the transmitted‘scan.duration; Ine average angle
‘ signal frequency is éstinated.by counting both the number of zero crossings
~within the scan gate and the elapsed time from the first to last zero

crossing. As in the scanning beam FRS systems, the dominant component in . j Cai

~ the received signal captures the counter and contrqls the average frequency. ? ;,;;7
The total multipath signal perturbs the location of the endpoint cressings,
caus1ng the estimated frequency to d1ffer from the dominant frequency.

4.3.1.1 Transmitted Signal - |

‘The reference signal is an RF tone df frequency “r(= 5 GHz). The angle

. - Signal differs ffom the reference by an offset wéff(z 100 kHz) and may. take. ..

- on e1ther value Wp * Woees the sign of ”off being governed by the scan direc-
tion. The commutation process is modeled ty assuming that the source moves ;
at a constant &elocity (vs) over the duration of a scan (TS) and traverses é
the antenna aperture'L = VsTs‘ A total of 2N scans are transmitted. On the %‘ i

" first of these it is assumed that the carrier takes on the upper sideband
value @, + w,¢e and that it alternates between lower and upper sideband on
successive Scans.*AThe sequence consisting of an upper'followed_by a Tower
sideband scan constitutes a bidirection scan (duration ZTS). At the midscan
transition (or tUrnafound) of the commutated signal, the RF waveform is con-

tinuous as the frequency changes from w0 o ff to We - WoFge It is assumed , é i

* {
This alternation of sidebands preserves the angle coding at a fixed 3

i _ angular direction when the scan reverses, i.e., the received frequency .

NERS - alternates between two values which are equidistant from w At baseband

. re
R : this appears as a constant frequency.
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1 : o : - - '
~ that each of the N bidiréctiona] stan'transnﬁssions is identical.* By advanc-
: ihg the time origin an amunt 2T, for each scan pa1r, a single formula which
vxs independent of the b1d1rect1ona1 scan number can be written for the s1gnal
transm1tted by the mov1ng source: ' | |
expj[(ar +'woff)t} _' s 0 <t<T
s(t) = S L o (4-35)
| expillop - wopelt + 2ugee Tl 5 To <t 2Ty
The reference signal is simp]y_

s'(t) = expilot) 50t <o o S (4-36)

A stationary observer located on the radial deftned by the conical coor-
dinates (0,%), where 6 is the measured coordinate ang1e (e g., azimuth in the
AZ system, etc.) and ¢ 1s the orthogona] coord1nate sees a linear comb1nat1on

of s'(t) and a Doppler sh1fted version of s(t). Each signal is weighted by

-~ the trgpsmitting antenna pattern in the direction (6,9); these patterns are

Besginated as P'(s8,%) and P(e,%), respectively. Each of these patterns is
assumed to factor 1ntc a product of an azimuth and an elevation pattern Just

as for the scann1ng beam case:
P(e,8) = P(0) Py(e)

P‘(e,e) = Pi(e) .Pé_(tb)

The process known as phase cyc11ng (or stepping or d1g1tizat1on) wh1ch
is employed at the angle transmitter is intentionally neglected in the model.
This feature is employed to reduce granularity error in the angle estimate,
but since this is an instrumentation-related, not a multipath-related problem,
it need not be of concern here. Phase cyc11ng also he]ps to average out
filter transient effects. ‘
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~-In a sqhare-]aw envelope»detector the relative value of the angle and

reference signal amplitudes is of no'concerh, since only the cross-product

. term is retained in the angle measurement. In linear envelope or other

ietectors, additional intermodulation (IM) products are generated. As a
ﬁprtial validation of fhe decision to employ a'square-]aw'detector, a study
of the intermodu]ation_distOrtion_created by a muTtipath'signai in a linear
envelope detector was carried out. This is reported in Appendix B. The

principal finding is that although the linear detector'éxhibitsjsomé small

-mul tipath suppression, the reduction is at the expense of the introduction

of equally bothersome IM products. If, however, the received carrier level

"{s at least 6 dB above the angle sideband signal, the small multipath charac-

teristics of linear and square-law detectors nearly coincide.

The fractional Doppler shift experienced by the sideband signal s(t)

depends only on the cohical angle 6 and the commutated source velocity vector.

The coordinate system is the same as for scanning beam, i.e., centerline in

AZ, parallel to the ground in EL-1 and EL-2. The commutated source velocity

~ vector points in the direction 6 = +90° on the upper sideband scan and & = -90°

on the lower. Therefore,vthe ané]e frequency observed at coordinate 0 is
o Ve ' : -
(op o xEsine) o _- - @)

the + or - sign depending upon the scan direction. 7
The proportionality constant in the angle-to-frequency mapping is
called the codirg factor and is denoted by K; from (4-35) it is evident
that
wpVg
I3

K= (rad/sec)/rad
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f(toiwithin +2 ppm). A more readily understandable expression for K can

be given in terms of the scan duration and the aperture size in wavelengths,

' or_%impler yet, the antenna beamwidth in degrees (BBN)? defined by the

apeftgre in wavelengths in the familiar way:
R | Ly, 1 "
K= gy (3) = g Herdes
S BW's
4.3.1.2 'Re;eiVed Signal
The received signal models for ang]e>and sideband consist of a super-

position of the direct path component and the multipath propogation com-

ponents; Each component of the sideband signal is characterized by 6 param~

eters (see Section 4.2.1.2 for details).. A similar set of 6 parameters
charactérize the reference signal; these are designated by primes (e.g.,

p; = i-th reference multipath amplitude). The values of the 12 parameters
are calculated for each reflector in the scattefing portion of the program.
For the initial runs it was assumed that the reference and angle antennas
are colocated, and in the case of AZ, have identical antenna patterns. In
those cases for which the patterns are identical, the multipath parameter§

will be identical as well (the received frequencies w; and w;' will not of

course be equal due to the difference in transmitted frequency and the

comnutated source Doppler, but cheir A/C-dependent Dopplers will be the

same). More recently the simulation progr.a hzs been rewritter to accommo-
date non-colocated reference and sideband antennas and to pe. orm a sepa-

rate multipath computation for each.




" on the reflector.

_ The'receiéed frequeneies are a function of the angle between the aircraft
velocity vector and the_arrive] direction of the ‘incoming component. For the.
angle signal they’a150>depend'upon the;anglekbetween the commutated.sourCe

velocity vectorvand.the vector from the teaﬁsmitter totthe specular point

These two situationttare shown in Figs. 4-10 and 4-11. In
the multipath signal cese, the geometry is g1ven in-terms of an- 1mage trans-
mi tter and'image sodrce ve1bcity Vectort For the divect components the
refelctors are absent and the propagat1on path 1s rect111near. Doppler infor-
mation is computed in term; of the fract1onal frequency changes (v cos B )/c

and (v cos Y1)/C

In order to complete the rece1ved s1gna1 ca]cu]at1on. the t1ne dependent

delays along each of the paths must be evaluated. For the angle s1gna1, T,

i
represents the path delay at the beginning of the frame.(t=0). The .time
dependent delay'for the first scan is )
. v, Cos B, [V, €OS Y.
_ a i (s ¥y _
ri(t) = Ty -(————-——-C )t (—-———-—-C )t (4 _33)

'" transmitter.

It is assumed that cos Bi >0, i.e., that the aircraft is approaching the
Since the sense of the source velocit}"veetdf reverses at each
scan transition, €os Y4 will take on both signs.' Equation (4-30) can be
modified to yie!d-the delay for the n-th scan by accommodating the changes
in scan direetion and updating the delay corresponding to the eircraft posi-~
tion at the beginning of the n-th scan. This is done in such a way that the

time reference is reset to t=0 at the beginning of each scan:




obstruction

" transmitter - ]atc-63 vt a-10]

Fig. 4-10. - Geometry for received reference frequency'calculation.

image transmitter

obstruction

v, ¥

plc

Ve
v
—S
transmitter | ~ TTATc-63 VI 4-11)

Fig. 4-11. Geometry for received angle frequency calculation.
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o v, cos Biy ' v €05 Y t ; n=odd
: EENOEE --(———5-—-—) [t + (n-1T ] - 2]
X . | | Ay | - (T,-t); n=even
' | | (4-39)
In (4-39), Y{ is assumed to retain fhe value it takes on at the first scan
_— o '(n%]). ‘The delay formula for the reference signal is simpler since there is
no source Doppler component: ‘

(v cos B;

T, (t) = ————c———)[t + (n-1)T, ] N  (4-40)

The total received signa] can be written in terms of the parameters

defined above. The i-th angle component of the n-th scan is piyin(t)’ wheke*
Yin(t) = ewi{lop <D apeed [t - (01« o) (4-41)
The corresponding reference component is p% y{n(t):
y{;(t) = expj{ [t - r (t) + 63 } _ (4-42)

Since the commutated and reference signals are transmitted simultanéous]y,

the n-th scan received signal is the sum rn(t):

. ralt) = Ztmﬁ4n+pym(n] | (8-43)
. ’t/_‘//
. *The right-hand side of (4-41) should also contain a term equal to R .
on the even scans (see Eq. {4-35), but it is dropped under the assumption® -
that it is a multiple of Zv. L
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Ffom {4-39)-(4-42) we can identify'the n-th scan frequencies Wip and “%n

of the received angle and reference signals, respectively:

= Y n . a 1 - n's }

Yin [wr (-1) woff]_['|‘+ — -( ,'l) —-—-————-c - :} | (4-24)
| . ,va,cos‘s%, o ‘ : . v

Wip =@ |1+ = T oL

- 4.3.1.3 Rece1ver Process1ng ‘ _
Figure 4-12 shows a block d1agram of the ITT/G angle processor[.'8 31]
The input sum signal is transltated through two IF stages. The second IF

output is appiied to the Tinal square-law detector. The video output of

this signal contains 1 term proportional to the produét of'the'angle and
referesnce signals centered in the vicinity of Wy and this is essent1a1|y ;' ://;/

the signal upon which the ang]e measurement is based : A . - ' 2 &f"j

oy
Ny
. N

Prior to angle measurement, the signal is subjected to multipath re- i —_—

Jection filtering. The rejection filter is embedded in a tracking loop which :’7‘ g
attempts to VCO the direct component of the signal to a fixed frequency where 'rti;;\\h
the filtering takes place. After the filtering, the signal is returned to - i f
: . - R md
the original frequency band using the same VCO, eliminating the possibility f-\ R
of residual frequency offset in the angle signal. Following the rejection —:.,”
filter loop is a scan gate generator which blanks out the tnitial segment of %
each scan. The gate generator controls the operation of the zero-crossing ' ~"3%;;'
: counter (ZCC) and time interval counter (TIC) which follow. These count both ; E;;*F
/ ; the number of zero crossings within the scan gate and the elapsed time between :',/Af>,,
,- 4. K .:“ \\':./_.
4-42 {
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3
: RF Front :
| —s] oy 18t IF nd IF
- T ’ ) 3
i 2
YCO
Loop sl
| | |
| ' ) '“r
] Square Multipath Scan
Law BPF Rejection 7] Gate ?::Ched X
Detector Filter Generatos ier )
it "By
. el Angle
zce TIC. ) Estimate

Fig. 4-12. ITT/G angle processing receiver.
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. . _ . _
: the first and iast croésings; This oécurs on all ZN scans‘and'ﬁhe angle
estimate is essent1a]1y proport1ona1 to the ratio of tetal nurhar of crossings
-.to the total elapsed time measured by- the TIC. The length of the scan gate,
Tc, is chosen by a compromlse between b]ank1ng the filter transients due to
the scqn reversals and eliminating large portions of the signa].
The-analog_multipath rejection filters employed by ITT/G during the
Phase II tests were'ngrrowband and nence have transients which can persist
longer than a’gcah duration. The sharp rolloff of such a filter character-
istic will pefmit it to aéhieve good multipath rejection when properly

centered; this feature is useful in rejecting myltipath returns from reflec-

- tors at in-beam or nearly in-beam angles which are illuminated with angle

code only slightly different from that of the direct path. ’However, a large
.portion of the received signal must be scan-gated out for transient'suppres-
sion. ‘
| The filters employed by Haze]tine[30'33} during the Phase II trials
were wideband and have fairly shallow rolloff. Their transient responsé is
short relative to the scan time, which permits a l1arge portion of the scan
to be used for frequency measurement. On the other hand, significant multi-
path suppression. at the receiver is achieved only at far-out-of-beam separa-
tion angles. Of course, it must be emphasized that Hazeltine employed this

receiver configuration in conjunction with ground system antennas which are

Rough]y, the error in a Doppler scan system is proportional to T /T
the ratio of scan duration to scan gate duration. Obviously then, thid sﬁou.d
be as large as possible while eliminating most of the rejection filter trans-

sients.

4-44
S AN

ERPRPRIPS
i b

Yem e e ek
-

e

P . :
B e At T e <4 AR+ . P T AR
- . .

i AR M b
P oA
R DY
\ - .
e R T [
\ | Vi
SN AN
. L ‘3
FERE ¥ I N

,“M,‘_k.__
>
F
!|
' .

L



P

f designed. fer exaﬁple; to have a sharp horizon rolloff in elevation which would

'Z suppress ground reflection multipath at the transmitter end of the system.

-The angle processor model described below incorporates the fo]]oWing A

. features which were deemed necessary to achieve representative error models:

A1l the modulation products between the angle and reference
signals are retained. Thus effects due to multipath on both

signals should emerge.

L)

2. Scalloping of both the angle and reference signals is
included by representing the scan-to-scan phase coherence
of each received component .

3. An amplitude check for reference s1gna] fadlng 15 1nc1uded
4. An elementary model of the tracker dynam1cs is included.
By tracking on the previous angle estimate rather than the
truz A/C position, the "pulling" effect of in-beam multipath

will be observed. This affect tends to give higher and more
realistic errors than would otherwise be rredicted us1ng

fixed gate tracking. o o
In the Simulation, a steady state model for the'filter output is assumed;

that is, rather thanﬁcharacterize the fi1te;ing in the time domain where
the output would be computed by convolving the input with an impulse response,

we 100k only at the steady state residual of the filtering. This is

- obtained by mu1t1p1y1ng each term of the complex signa] by the filter transfer

function eva]uated at the appropr1ate frequency.

This type of model is most appropriate to scan-gated delay line proces-

sors, a type of processor which is-thought by many to give the best Doppl-r

. performance. - Transversal delay line fiTters_(feed-forward only) have finite

duration impulse responses, so that, with proper scan gating, no performance

degradation due to scan turnaround transients need occur. In this case the

steady state model is rigorously accurate. Because of the finite duration
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‘sort that naturally occurs in a finite impulse response (FIR) filter, This

of the impulse response, the frequency response of the filter wi11 exhitit
- a sidelobe structure which allows some “out of beam" components through with

" less than the desired rejection.

[ We recognize that many of the rejection filters implemeﬁted to date are
a?a7og. Experiments by the U.K.[39] and 6thers indicate that if the actual
aﬁulog filter transfer function is used in a ﬁndei such a§ ours, the errors
thch are predicted tend.to be tod'small, especially as-the multipath sepa-

ration angle increases beyond'a'beanwidth.. This is attributéble to the

transient effects which are not accurately modeled by the steady state ap-

proach. ‘In order to properly account for filter effects in a steady state

model, one needs a transfer function which has éidelobg_strgqtgre»af the

suggests that an appropriateifirst order model for the analog filter may be
an FIR with approximately the same in—band_fesponse as the analog filter and
sidelobe structure which arises from truncatirg the impulse response to &
dﬁration equal to the scan gate.
The square-law detector output contains a term proportional to the angle-
reference crossproducf:
MM ~
) ) = D D el v (t) yi, (D) (4-46)
i=0 j=0 , ' :

. This signal can be written as.

: M M
* ~ .
¥o(t) vy (t) = :E :i °i°3 c°5<“ijnt + “ijn) : (4-47)
i=0 j=0 R
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where the frequency and_phase of the (1,j) component are given by

o v {cos B-.-'coﬁ g%) 9 V. €OS ¥,
wl = a I J + (-])n 1 ._s____.l_jl

50 T %in T Yn T Pr c c

cos B - v cos 8, ]

. n-1 v
T g [‘ + A ()" fEf'E?f'“'J (4-48)
. v (cos 8; - cos BJ) 1 .
%50 = W, [Tj - Tyt . c (n- 1)T ‘
I v, cos B, ' |
N wpgs [}Ti e (n-NTg |+ 65 - 05 + 6y, (4-49)
0 S
- ’ . - ; odd n
Sin = S - (4-50)
‘1 w v, cos vy V. COS v.
-Lf‘——c-————-i— Tg +wff<1-fs—c—-l)Ts;evenn

Let H{w) be the rejection filter characteristic. The Function is cen-
tered at w=0. Assume that theAtracking loop centers the filter on the fre-
quency measurgd during the previous frame, aold' Then the signal out of

the rejection filter loop is modeled as

H M .

——— . -~ *

2 2 Hluggy - aygdegeiyn(t) vi, (t) (4-51)
i=0 j=0= .

on the n-th scan. The scan gate removes a leading and trailing segment of

the scan, allowing ZeTO-CFOSSIHQ count1ng to be done only over the 1nterva1

t[ﬁT -T), ﬁT +T)]

tThe centered scan gate is employed because the f11ter model as posed is
unrealizable. For a realizable filter only the leading seqment contains tran-
sient behavior which must be deleted. In the simulation, the gate location is
of no consequence other than to systematically sh1ft the phase relationships
among the multipath components.
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., The data obtained by an actual réceiverydn the n-th scan consists of L IR o
. ,5 the number of zero-crossings kn and the intervals T; between the first and Jii/{a

last zero-crossings within the gate. The anglé estimate is obtained as

f.f0110ws: 5;
X , N | l;'
z.(kn'],)‘ o . , ‘ ‘
@ = -g—;—‘-f-——- S () '\
n=1 _ e , :ig*-x%
which is nothing more than the ratio of the phase accumulated across the QWell S i;?
gates to the total time measured by the TIC. o ' -/ i\
% - The iﬁtervals_T: are determined by the phase pertdrbaﬁioh method de- fligﬁfﬁ
é ~ scribed in the scanning beam, Sectioh 4.2. The'mefhod_is:moré readily just- ij;?§#4
| ified here because the sinewave bursts are not arplitude hodulated. | B %Tsfg%*
It should b2 noted that the phase perturbation method of analycis is not g rﬂ
new; it.can be traced to the NATO-NIAG simulation by ELAB[4O], and has been | Af?;
used by both U.S. Doppler édnf}actors as ﬁe]l,[]8'3°'3]’33]. The mathematical ; _%1.
: support for the an§1e estimation model fs detailed below. ‘ g;%f"j
; Threevséparate‘cases éan be considered in developing the mathematical '“i;”Zs
fl models for the procedure just described. In the first of these (Case A), it ! f?ﬁ*ﬁ
;1 is agsumed that the direct component is sufficiently strong to capture the i v'“f;
? zero ¢iassing counter; in the second (Case B), a multipath component is v. 'i;;rzi
; larger than the direct and captures-the.counter. A third (Case C) includes v E{ %-
? those intermediate situations in which, although one component has amplitude ‘ -{;;//%/
: greater than all others, it may not be sufficiently large to guarantee that ; f"i
: 4-48
‘. : N,




its frequency dominates the zero crossing process.* ‘The treatment of Case C

involves direct zero crossing counting of the angle waveform arnd has not been
included in the present version of the simulation. |
Cases A and B are treated together, as A is really just a special

‘instance of B. Sufficient conditions for dominance of the 1J component are

the sum of the remaining M2 + 2™ auplitudés. This is a rather stringent condi- -

PiNn 2 Pygne TF 13739 R - (4-53)
! and
| °Ln 7 E Z Pijn S o (4-54)
: i=0 j=0 : . {
; i,3¢1,J kS
- . e . i
where » o o ;
Pipollogg - Gigl) - T
Ps:. = A ~ » ) - &
HN - popgH( Jwgon ~wp1dl) fOrsis
‘ o , PV
‘ Condition (4-54) states that the amplitude of the dominant component exceeds g;?;

tion, especially since at low scalloping frequencies the reference frequency

: *Certain Doppler contractors claimed that the direct component would
- always capture the zero crossing counter if it were larger than the other
* components. However, it has been shown [41] that in the simplest case of

a single multipath component, one needs the condition

' : Pg Yo > Py 9
. ’ as well as p, > p; to insure that no false zero crossings are generated.
The practica? 1mplct of this condition is that reliance on capture effect

B Rd b Ad s s AR St S g

for wide-band Dopﬁler_signals to accomglish signal acquisition “ﬁﬁ be
, unreliable when the direct signal Doppler is substantially less than
- , that of multipath even thougii the direct signal has a larger amplitude.

B i

UL
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terms could be combined into a single tefm. If no (i,j) pair satisfies (4-54),
then the receiver should be in Case C. For the present, the default option is

to assign I,J to the cosponent w1*h the maxxmum value of pxan In either
event, the test(s) need only be done forvone aven and one odd scan (e.g.,
ﬂn=],2), since the multipéfh environnent is constant over the frame (aircraft
motion causes the past-filtered amp]itudes to differ on the even and-odd o
scans) Thus Case A corresponds to (I, J) (0, 0) |

The net phase accumu]ated by the don1nant component across the n-th
scan gate is | _ _ __' _ | _
ty=w, T. - ~ (4-56)

Wpgn{ts - 1an Tc

-where

= e

= E{Ts -

b, = HT 4T | o
2 s c 4 .

are the scan gate edges (the gate picks up the middle T, sec of each scan).
The greatest number of full half cycles represented by the phase increment
(4-56) is | |

C, = Integer Part (wIJnTc ) B B (4-57)
—t .

Thebnunber of crossings kn is either C, or Cn+1 and is determined using the

rule given in Table 4-1, Section 4.2.1.3; in this case the argument function

is simply |
arg(t) = Wignt * %ron




Having determined the number of zero crossings caused by the dominant
- wave. the_iﬁstants of the first and last ckossings of the wave within the
Sﬁan gate must be computed. Define Un and Qpp 25 follaws:

i‘_ Ay = (gt *oaggn) (mod‘n)
. o (4-58)

on = Wity + aggn) (mod m)

These parameters represent the phésé excess over w of the dominant wave phasor

at the two ends of the scan gate. :The endpoint zero crossings tin and tén

_ are found by extrapolating time to the next zcro crossing.” At the leading edge

_ of the gate, timé is extrapolated forwafd - at the trziling edge backward.-: - -~ -
- Due fo the sideband alternation of the commﬁtated signal, the phasor rotates

. counterclockwise on the first scan and reverses direttion.at each new scan.

Hence separate projecticn formulas are needed, depending on the parity of n.

T-q
t1 + —In H odd n
oo loggl . .
In . _ : : _ ' (4-59) -
q ) o _ o
bt F —n__ 4 even n
lopgn!l
- ﬁn S
t,- — . oddn | |
¢! = IwIJnI ) . (4-60)
2n v : _
T-q . . '
- ——————jéf H even n
foranl ‘
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{ By definition, the phase of the dominant component is zefc at times
tinﬁtén' Howevér..this is 6ot nece;sarily true of the total angle signal in
_the}prESence of muitipath. That signal haé nearest zefo-crcssihgs ﬁt times
t;n and t2n which'can be»qpproximated by compufing the phase angle of the net
signal phasor referenced to the dominant component phase and projecting the

times of the nearest zero crossings. The n-th scan phase function described

" abave is

n STnllogsn = wpgn)t + og5, = agg,]

N=

2?

-1 i=

O
Ko

#
(=2

¢n(t) = tan

pijn

 WE

Cost(wijn - wpgplt + ‘ﬁan - opgpd
| (4-61)
and the zero crossing projections are

$nltypn)

ty = t; - - (4-62)
In In ®idn

¢ (ta,)

(4-63)
“Lan

n - ]
tan = 1t
The alteration in direction of rotation of the dominant phasor is taken into

account by the sign of ®rin®

The values of kn and Té,-where

Th = -ty (4-64)
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Eare.substituted intoA(4?52) to dériQe the freqUency.estimate o. This value
iis stored as ao]d to be used in the next frame tracking filter loop. The cor-
'responding angle estjmate~i; easily found_in terms of 5, WoFf and the coding
factor K,-Eq. (4-37): | . | o

The angle error is simply

err =6 - 6,

4.3.1.4 Reference Signal Fading -

One condition which can cause significant error in Dbpp]er ML$ is fading

of the reference signal. The received reference components have only the small

frequency differences induced by aircraft motion, and hencelcan combine into a
slowly -fading reference Signai. We have already discussed the necessity for

| referen;e strength equal to or greafer than the angle sigﬁal strength with
regard to’operation of a linear detector, so it is important to flag those
instances in which the net amplitude sinks below>sohe threshold value. This
is sinbly ac;bmpiished by a check.on the reference amplitude at a single
point, the midscan point.

The composite reference sigral is

Mo _ _
;E; p} expiluw (1 + 39 cos vyt + 51 _ (4-66)
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with anplitude - -

: M o |
_ . v . ' . L g X
A(t) = p; expilw. ¢ cos yjt + ¢3) | __  (4-67)
_ B | _
. | . _ . »
- A(NT,) is evaluated and compared to a threshold which is a parameter of the

si£u1ation model. If the amplitude is below threshold, no angle measurement

is taken for the corresponding frame.

4.3.2  Alternative Doppler Antenras
4.3.2.1 The Circular Array

.1'9 - - The Doppler azimuth antenna implemented by Hézeltihe during Phase II of

_structure.naturally produceé a planar beam bécause of its circular symmetry.
The surfaces of constant Donpler are vertical plﬁnes'in-contrast to the coni-
cal surfaces formed by the }inear.array. The circular array provides an
advantageous imp1emenfation when wide arngle or full 360° coverage is-desired.
Due to the uﬁusua] design‘of'this antenpa, its propérties were not well

understoori by the M.S cqmmunity. Explanations ofvits. behavior were offered
frcm‘Various points of View, but none was satisfactory. Since a treatment of
thé circutar array by convéntional antenna théory had not appeared, such an
analysis was'undértakén to gain further'insight on the properties of the an-

- tenna design. The mathematica]_derivitions are reported in Appendix E and
will not be repeated here.

Starting from fundamental principles, the antenna far field was derived

for the array angle-dependent aperture element excitation., The field was
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the MLS program consists of a circular arfay of radiating elements. The - - - -
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. shown to have the desired average Doppler shift as a function of the azimuth

' angle to the observation point. The field is modulated by a time varying
‘._Ch1rp confirmed thé’formu]a derived earlier by less direct methods. An

| obtained. It was shown that the "moving brigﬁt spot" on the aperture could

~ can be shaped to provide rapid elevation rolloff near the horizon for suppres-

frequency or chirp independent of azimuth angle. The derivation for the.

kSR i

explicit expressioh for the elevation angle dependence of the ch1rp was also

e

not serve asvthe heuristic basis of the average Doppler. However, a moving
bright spot.cohld be used to explain the chirp phenomenon. ‘
The analysis yieids.an expression for an incidenta1 amplitude modulation
as a function of scan time which causéé the radiated signal to départ from a
cbhstantvenvelope, Due to fﬁé effect of finite aperture cutoff, the ampli-
tude is depeﬁdent on the observétion angle as well. Both amplitude variations .3:, e

had been observed in sinulations by Hazeltine and are now substantiated by a E }, 7

well-founded theory.

4.3.2.2 Beamport Antenna _

| The Doppler elevation antennas implemented by Hazeltine during Phase.II V
of the MLS progfam consist of multiple feéd beamport reflectors. These an-
tennas can genefafe planar beams with any desired angle encoding, for example,

the linear encoding actually employed. In addition, the beamport reflector

sion of ground reflection multipath. This feature was found to be of particu-

lar importance in the Ku-band flare guidance system.



A single RF source is divided’into severalvfeed lines, each containing a

. digital or analog phase shifter. The composite phase shifter characteristics
' (deg/sec) determine the angle encoding function; The feed outputs are a set

of coherehtly re]ated‘frequehcies which simultaneous]y'i]]uminate the reflector.

Because of the coherence, one can envfsibn a "spot” on the reflector surface
at‘which all the feed_oetputs‘are in phase; this spot wf]T’migrate acrrss the
reflector during‘the scan, thus proViding-a moving‘scurce analdgy to the cdn—
mutated array implenentation. The horizon ro]loff ach1eved w1th the Hazeltine
“array (up to 23 dB/deg) is much steeper than that ach1eved by a typ1ca1 com-
mutated array element (5 dB/deg) which has 11tt1e vert1ca1 aperture,

In terms of system modeling,. the antenna pattern of the beamwort array
is incorporated by weighting the received signal amp]itude by an appropriate
antenna weighting factor P](e), The remainder of the model,then‘proeeeds as

in the case of the ITT/G model described earlier.
4.3.3 Thinned Arrays

‘One of the key chanQesbproposed by the U.K. to'the basic Doppler scan
concept is a "thinning out" of the azimuthal sideband array coupled with a
comutated finely spaced.reference.array. By doing this, a quite significant
reduction in the number of radiating elements and switches, etc. can be
achieved withbut introducing any grating lobes (i.e., false courses} in the
absence of multipath.

In this section, Qe show that the transfofﬁ of the received Doppler
signal with a periodical]y thinned sideband (offset) array and commutated

reference differs significantly from the spectrum of a full sideband array




with fixed beférence.whén,thoré is a multipath comoonent present. Thus, the

test results for a full afray (e.g., ITT Gilfillan at NAFEC[3T])'Cannot simply

be app11ed to the case of a thinned array (e.g., USAF azimuth at WPPFB[qz]

and U.K. azimuth by RAE[27]) and vice versa. Some generdl observations re-
garding the result are made at the end

o f The "thinned" Doppler arvay shown in Fig. 4-13 operates as foliows:

initially the “coarse" array e?ement nearest the reference array and the

reference array element nearest the coarse array are radiating. Next,

succesoive reference array elements are excited in turn while the Eadiating

‘coarse element does not change. When the last reference array element has

finished radiating, the next coarse arfay element and the inittal reference--- --

array element commence radiating. This pattern is repéated until the end
of the coarse array is feached, at whioh poﬁot the scan pattern is usually
reversed (to give a pidirec:ional soan). _
Since the distance between the reference element and coarse array elenent
rodiatino increases with tiﬁe in the same manner-as .s achieved with a full
sfdeband array and fixed reference, ft is not surprising that in the absence
of multipath, the two systems are eduiva]ent. What is not so obvious is the
impact on multipath'performance or jumping‘around in effective antenna phase
center during the ocan progression. Regrettably, a clear statement of this
~ impact has only been achieved by the mathematical derivation outlined below.
Taking the»zero-th coarse element as refereoce for the "thinned" array
shown in Fig. 4-13, the signal at the receiver from the k-th coarse element:

can be written
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fine element spacing = 0.236) for system at WPAFB [42]

= 0,232\ for UK system[27]

coarse element spacing = 1.89A for system at NPAFBV
‘= 1,86\ for UK system

number of coarse elements = 64 for system at WPAFB and UK system
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Fig. 4-13. "Thinned" Doppler array.
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while the signal at reeeiver from the n-th fine element is i

o e flert)
| af'an[eJ¢f_+ pe ] e o

and s1deband) arrays L
= magnitude of fine element d1rect 519na1 before mixer .
= magnitude of coarse e]ement‘d1rect signal before mixer
= excitation shape for a single fine element

‘= muitipath magnitude/direct magnitude -

= phase of direct signal at coarse element

= phase of multipath signal at coarse element
= phase of direct signal at fine element

= phase ofbmultipath signal at fine element

By simple calculation:

when:

-(n#]) B +e

= -2n(n+1) d sin 64/% + ¢

27k Nedsiney/ri+e=kNeB+e
= 2ﬂ(n¥l) d sin e"/x te, = -{n+1) Bm + €
anNf d ein em/x tey* ka Bm + ¢

m

= gseparation between fine elements

= 1initial phase of direct component at coarse element 0
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offset frequency between coarse and f1ne (i e., reference :

(4-68)

1(4-695
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fnitial phase of multipath component at coarse élement 0

€n = |
84 = direct component arrival angle
Bm = multipath component arrival angle

Modeling the mixer as a multiplication of the k-th coarse element signal x
n-th fine e1ement signal followed by low pass f11ter1ng, the m1xer

output is

C o semft[ e~ 3(e.-de)  (6.-0) j(&-é)]
snk(t) aga 2, o i [;. cf o e crf e C £, pze ¢ f

Ca (4-70)
where |
¢c-¢.f = (ka + n+1)B
¢c-5f = Nk B + (nH )Bn te-g, : L L
’5c’¢m = Nek By + (n+1)B + e -c - |
-0p = (Nek + n+1)B |

We now want to combute the Fourier transform of the signal into the zero

crossings counter assuming a, and ay are constant:

N N .
. -jenft
H(F) = f [Z 2 snk_(t):[ e dt
g tktonslo |
o (4-71)
= clHgg * g + W) + o) |

Each of the terms Hdd' Hdm' Hmd can be readily determinéd by'straightforward

calculation. The amplitudes are as follows:
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sinN N (B-A)/2]

e inmi

‘
AN

. Had STn (B-A)/2 -+ Pe
- sin[NNg (8,-A)/2] sin N(B-A)/2
od = STRIN, (B-K)7ZT - SWERIZ. Pt =
. sin[N N, (B-A)/2] sinlN, (B_-A)/2] ’74
Mim = sinlN¢ (B-A)/2] : sin[(B -A)/2] " Pg v}" .
; N .sin[NcNf (BmfA)/z] . R i
cmm o sial(B -RY2T f -
_ R I
where ‘ i.
B
A = 2n t(f-f) 3
't = 1/rate at which fine elements are switched %
Pf = transform of the fine element excitation waveform as lé f
= 2[sin A/2]/A for "hard switching" i/
‘Next, we compute the transform of the input to the zero crossinrg counter é;{
. : P
of a full sideband array and fixed reference for the same multipath environ- i
ment. In doing so, it is convenient to take the zero-th sidetand element as %;
reference and have N N¢ “fine" elements. For this case. ¥
i ¢c = € j
. 3c = e _
b = -KBre  k=1.2,..., NN, i
o o = -kBpte. k=12, NN |
B The mixer output for the k-th element is then '
.74 R
4-61 ;
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o 7 j2uf,t+e j(ev-s) jkB J(kB_+e-¢ )
st =2y e e e ™ e Ctpe o™
lwith trans form:
NN, NN S )
) ef & gt g lee)

H(T) = J/. - ZS- sk(t) e - dt = a, 2, e ‘[I+e ] ',][Hd +p Hm]

k=1 _ » ) o
0 .

, (4-72}
xProceading as before, it is trivial to sﬁbw that thé'aﬁplitddeé are  |
. sin[NcNf (B-A)/2]
d sin[(B-A)/2]

: sin[NcN: (Bm-A)/Z]
H = - - e Pf
m sin(B -A)/2 :

. Compa;ing (4-71) with (4-72), we see that'the thinﬁed array output has

two - terms (Hmd and Hdﬁ) in addition to those ‘obtained with the fﬁll array.
These additional terms represent multipath generated by the grating

lobes of the main (coarse) array, and are ahaiogousvto a 0 dB sidelobe in a

scanning beam array. "To illustrate, when sin B = sin ed‘:;A/d N¢ correspond-

"ing to an "out of beam" condition, "md peaks at the same frequency as Hdd

and thus is equivalent to “inbeam” multipath.

The deficiencies of this scheme have been recognized by the U.K., and

[38],

more recent'pboposals_have suggested randomized thinning of the main array
No concrete proposals have yet been made, so it has not been possible to

perform an analysis of the type above to determine the improvement by such
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schemes.l it is hypothesized on the bésis of general‘estfmation theoretic
considerations that the performance of éuch a system can be upper bounded by
considering the beam pattern of fhe'total Coppler array {i.e., reference

and main arrays treated as a single array). »

This pattern is of the form
| o dele) 2 |
Gipinl®) = [V (0) +e Voled - | (4-73)

whére _ i}
' Vr(e) = reference array (voltage) pattern = sin (Nf n)/sin n
assuming equal amplitude weighting
Va(e) =" (voltage) pattern of main array

n = u(d/}) sin 6

If the main array has Nc equaITy weighted elements, then standard antenna

theory arguments (see Chapter 6 of ref. [43]) suggest that
1. the béamvpattern near boresight drops off initially as a
filled-in array of the same length and then flares out to
follow V _(6) at a level approximately -20,10910,(1 + Nc/Nf)
down frofi the main lcbe. ‘
and
2. on the average, the sidelobes are approximately (I—r)/(Nc+Nf)

= (%~- l)/Nf down ‘in_power from the main beam peak where r is
the thinning ratio (= number of elements in the thinned array/
number of elements in full array of the same length) and Nf =
number of elements in a full array.
For a 60X full array, Nf ~ 120, so that a thinning factor of 0.5 would
suggest -20 dB sidelobes. Since contemporary MLS designs typically try

to achieve sidelobes better than -20 dB; it seems unlikely that large
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»thlnning factors can be rea]1zed by the schene above without generating un-
acceptab1e sidelobe performance. ‘

‘Two caveats should be noted regarding the above»tonclusions.. First, it
is not c]eér that practicaT Dbpplér proceSSors'¢an'ach{eve_the performance
suggeﬁted by estimation theory considerations due to the nonoptimal protessf
ing in the receivers. 6n the othef hand; By very clever synthesis and/or
exhaustive search, it may be possible to findAavfhinning pattern which is

substantially better than the "average“ thinning.,r

4, 4 Distance Measuring Equipment Models

The distance measur1ng equ1pment (DME) systems operate on the pr1nc1p1e
of round-trip time delay measurement. An airborne 1nterrogator transm1ts;a
pulse coded wavefofm which is received'at'é transponde? on the airport sur-
face. The transponder estimates the a}riva} time of thé interfogation and
after a known fixed delay transmits a reply signalf The aifborne interro-
gator, upon receip; of thiﬁ\signa1, estimates its érrival time and computes
the range on the basis of an adjusted round-trip delay.

In the systems which havé been modeled, time of arrival estimation is
based upon detect1on of the leading edge cf the first pulse (the usual pulse -
code consists of a pulse pair). The intent is to sense the leading edge
arriva],as early as possible in order to minimize the effect of multipath
echoes which have small differential delay.

‘Each one-way DME 1ink model consists of (i) a pulse waveform and
(if) a processor algorithm. These can be chosen independently; the com-
binations.which constitute the downlink and uplink may differ. Three wave;

form models (trapezoidal, Gaussian, and chirp) and three processor modets
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(fixed threshold, real time thresho!d. and delay and compare) are availab]e.
Others can be prepared with éase. The -~wnlink and uplink DME's are specified
~ separately. |

4@4.1 Waveforms and Transmitted Signal

44.1.1 Trapezoidal Pulse

The trapezoidal pulse waveform is defined as

& sosten
P(t) = (1 Pt <t 2Tt |
'\ c ; otherwise

where T is the pulse duration and t. the 0% - 100% risetfme.
4.4.1.2 vaussian Pulse
“The Gaussian pulse waveform is
2
t
-8(3=)

Pit) = e T

where B is a $caling constant which allows for various definitions of risetime.
Much of the literature dealing with DME, e.g., ICAO Annex 10L%], uses 10%-903
definition of t., in which case B = 1.423. B
4.4.1.3 " Chirp Pulse -

B The chirp DME model is somewhat more complicated than the other two in
that what the simulation mddel requifes is a representation of the pulse at
the range ﬁrocessor. and that waveform is not proportional to the transmitted

one. The difference is the matched filtering which occurs in the receiver.
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The transmittzd pulse has a rectangular envelope and a quadratic phase
(Tinear FM) Cha'r_ac:ter?sticf - '
L - g
o (s3e-d
Rt - (e |

ws

0<t<T | (4-74)
0 N 3+ otherwise | |
In Eq. (4_-74), u is the chirp parameter (rad/sec). . After matched filtering

- the pulse has ampljtude proporticnal to

sin [Jiut(T-']t[ﬂ' |

P(t) = ;] <7 | (4-75) -
, %-ut T . - .

and zero phase. Because of the time-frequency coupling in the linear FM

.pulse, a Doppler shift ug affects the amplitude of the filter output ard in-

trdddces a linear phase term as well. The afnpl*itude and phase terms are

sin %(ut + wd) (T - [t])
%—(ut + md)T 7

| P(t.md) =

¢(tywd) .=‘ %‘ mdt

4.4.2 Received Signal- _

As in the angle systems, the DMf multipath calculation 1s finalized in
the DME routine itself. For each multipath component, a normalized amplitude
is computed by weighting the M/D ratio .by' the ratio of the ground antenna

~ azimuth and elevation patterns:

. 4-66




Ay P (6,)P,(2;)
A, P1(85)P,(2,)

(4-76)

' Tﬁe DHE data rate is_40'Hi; andvéight.unifdnm1y spaced returns are
aVeraged to obtain 5 Hz range dqta. A ﬁhase retardation term of the sort de-
Ascr1bed,for the multiscaﬁ angle systems is introduced on éaCh scan. for this
ou“pose

Other mu]tipath parameters are used as befor The_neth scan re-

Leived envelope is.

eq(t) = Z pip(t - ,'. Wy, ) expJ {(w ugdt - 0Ty
1=0 . (4-17)
wy V, cosd, '
e —""_c""'_ (n‘]) Td + ¢(t" i mi'w ) +- ¢’1}‘

vihere Td 1s.the delay between pulses.' For the trapezoidal and Gaussiah
pulses, assume that b(t..wd) = s(t), ¢(t.wd) =0

The chirp DME was propdsed and bench tested by Texas Instruments. In the
actual receiver a hard limiter is used in front of the matched filter for AGC;
the resultant loss of amplitude information is’not especially critical to the
matched filtering. The 16troductioﬁ of the hard 1imiter considerably compli-
cates analytic modeling of the total multipath signa] however, and was

omitted from the s1mu1ation effort.

4.4.3 Receiver Processing
The three processor types which have been modeled encompass all the'
processing techniques used by the Phase II contractors. Two of these are

threshold processors; the threshold level is either fixed at a constant level




"of set at a conétant gércentage of the peak'émplitude of~thevreceived pulse
(the latter is calied real time'threéholding)f Thé'former was used by
Hazeltine, and.the latter serves as a nndéiifor at least one link of éach of
the remaining systems. Both Bendix/Bell and ITT/G used the third type, '

| :
delayL;nd-compare, on one link.

4.4.3;1 “Threshold Procéssors o
fhe receiver Eoutfne computes.the tine-at ﬁhich the reCeiVed envelope
_crosses a threshold level; This'i§ ddne by a straightforward search procedure
over a set of sfoied énveioﬁe'samples; bFor a fixed threshoid processor.the“

equation to be solved on the n-th scan is
e (8) = a e I

In the real time processor the peak value e

max is found by searching the
envelope samples, and the crossing occurs at the solution of

'en(tn) = *nlmax

In order to find the errors, the time at which the crossings would have
occurred in the absence of multipath must be found.. Call this time ; {inde-
pendent of n): . ‘ A v v

p(t,0) =a  : fixed

P(;.o) = apnlmax : real time

_For the trapezoidal and Gaussian phlses, ; can be determined analytically.

For chirp, the crossing is found by search.
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‘The n-th scan arrival time error is S : S ﬁ? kf;.“
Y i : g, = “t\n-t

%4.4.3.2 Delay—and-Compare Procéssor o : S | v ’ ‘f.- -

 The delay-and-compare processor is shown in Fig; 4-14. Arrival time is

estimatéd by detecting coincidence of the received envelope and a delayed,
amplified replica. It is a self-AGC'ed processor since no absolute levels
are involved. By adjusting the value of gain (G) and comparator delay (tg)» '2}"¥ o
one canradjust the crossing point anywhere from low on the undelayed pulse
leading edge to a point on the peak, or plateau, region of the pulse. : "f‘-; e

~ The processor equations are

p(z)‘ = G p(E-rd) : .perturbed crossing - _ %3 RN
en(%n) = G en(fn- ) I nominc1 crossing : é;ﬁ /
Once again, fcr the trapeioid and Gaussian pulses, expressions for E can be 3 -
derived. The remaining combination, chirp pulse with delay-and-compare re- o ; / \3
ceiver has not been implemented; if it were,'the vaijue of E would be found by
search or table lookup. |
4.4.4 Range Error _
Individual TOA errors are computed for each link by averaging N uniformly
spaced errors (M = 8 for 40 Hz = § Hz conversion). Denote these by €q and g

(downlink and uplink, respectively):

N
1
€4 ° N 2 €dn
- n=1

469 3 o ;;5 \
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'Fig. 4-14. Delay and compare thresholding.
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. n=1_

!
1
|

by the speed of light in air (ft/sec):
1 o .
|

The two way range ervor in feet is found by aVeraging €4 aﬁd €, and multiplying

e = 'g'(edn‘+ €un)

This concludes the DME_system model description.
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' V. MOTION AVERAGING

i C.

. ?,7 ' A : _ The MLS achieves high éccurécy and data rétes over a wide coverage by | 3. A"‘
e ’gu%e of two nabfow_fan beams, one for azimuth and @nother for glevation.
qultipath'pE6b1ems are avoided by not illuminating the aircraft and potentia1
.. ;reflectors "simu]tanebus]yJ (e.g., in tfme'for scanning be&m and in‘fréquency
. for Dobp]er). .Nhen this is achieved, mpltipath errors should, in most cases
of(pracfical signifiqanée. be very low for a §y$tem if appropriate receiver
'proéessing is‘ehployed. ' » |
However,'céses may arise where "Simu]taheous" illumination occurs.

Examples of this include:

{
O P ITIE W T O P YT NI RTeN
" 3

~ {a) the fan beam is not narrow enough in. the coordinate system

- being transmitter {e.g., taxiing aircraft too near the

Vf ' approach end of a long runway, rising terrain in front of an 1

, {5' - elevation array). _ ' v j \\.
'%} | (b) a scattering bbject lies within the fan beam in its wide ~§¥

! .;g ptane {e.g., hangars or éircraft tails within the elevation ;

;; : . system coverage, the ground in front of azimuth systems).

For a considerab]y'period of time, it was not fully appreciated in the MLS j
community that problem (b) above could be a significant problem for any MLS ‘? .
providing elevation information over a_wide azimuth coverage sector. However, ,;»:1

studies of existing airports have shown that hangars and aircraft would be

_ bresent in the contemplated coverage sectors. Thus, it is important to see

if the resulting errors could be reduced by means other than coverage re-

duction,




Ne have seen that on a szngle neasurement the resu1t1ng error i= a
funct1on of several mu1tipath character1st1cs.

i(a)’multipath Tevel relative to direct signal level

(b) mu]tipatﬁ”angle'coordinatevre]ative to direct path

angle-(i.e., the “Separation aﬁg]ef) .

(c) mu1tipatﬁ path delay, rf phase re]ative to direct signal -

(d) rate of change of path delay in {(¢) due to aircraftlmotion. ‘
The last item leads to the possibility of mot1on averag1ng whwch is the central
topic of this section. . Systems having a eignal format which’ yxe]d measurements
more rapidly than the required data rate may take advantage of motjon.averaging
to reduce the degradation due to inbeam multipath. Since the signal format
is genera1ly a fairly flexible feature of most MLS systems motion averaging
represents an attractive means of SUaitantia1]y reduc1ag.the errors. The

primary objective of the initial motion averagipg studfes was to determine

‘under what circumétances motion averaging would be effective in reducing

v multipath error.

Ih the next section, the 1mproﬁément tn aceuraty due to averaging a
sequence of samples is derived'ﬁy means of correiation analysis on the measure-
ment time series. .The analyeis also Teads to a general expression for the .
beam noise spectrum of the output data samples as_a function of the spectrum

or corre]atlon functioﬁ of the individual measurements and the averaging

*It should be cmnhasized that the treatment here makes no distinction
as to air derived systoms versus ground derived systems. Thus, the basic
results may be applied to all ground derived systems whose signal format
yields & measurement sequence cf the type considered here.

o
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:parametérs; These results are then specialized to the usual case where the.
error is a sinusoidal functiQnAOf the RF phase between direct ard multipath,

‘and the improvement due to averaging ié'depéndent on the rate-of-change of

b i i

_RF phase, the so-called scal]oping frequenéy, f . _
_ i ~ The average 1mprovement factor for a fixed scalloping frequency f has
E - \”grating lobes" where the 1mprovement reverts to the value unity it had at
| '. fs-o. Section 5.2 assesses the importance of gratfngnTobes by determining the
~ time required to fly through these regions of poor motion éveraging as a
funct1on of f and reflector/f11ght path geometry. In section 5. 4’ the theory

used 1n sect1ons 5.1 and 5.3 1s refined to consider 1tems such as motion aver-

-aging between to-and-fro TRSB scans as well as jittered time formats.

The remainder ¢f the Chépter deals with the existence of muitipath and- - -

i,

its scalloping frequency in relation to aircraft position and velocity and the

s b

location, height and orientationof reflecting surfaces. In-beam multipatn
'iﬁ _'for elévation Systemﬁldue to buildings is tréated'explicitly. ,
| : . :
5.1 | Motion Averaging Improvehent ?ﬁ
. In thié section a general formulation is presented of the effects of | 1.
N 'averagfng.ihdiVidua]‘neasuremeh;s on the error at the outpuf of the MLS system i
-where it interfaces with the flight control system. The measurement errors %

will be represented by a sequence of samples {e1}. Each sample pertains to a }
periodic measurement event such as a pair of up-down Dopp]er scans or a to-fro '

scanning beam sweep. U

Focus1ng on the measurement events is done here to obtain basic charac-
teristics of motion averaging 1mprovement. In a later section, we consider
some refinements such as motion averaging between to and fro sweeps and the
effect of time jittered measurement formats.
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The famples occur at a unifbrm rate with spac1ng T as shown in Fig. 5-1.

’ A contiguous sequence of M of the high rate sanp1es is averaged. The averaging
process is repeated every N high rate samples resu]ting in a new sample
se&uence w1th spacing NT. The averaged samp]es are denoted EP where the in-
dices are related by i=Hk, i.e., |

| M-1 1L
B o= 4% EE LT - (5-1) - ?"\
~ This mdde] retains the time relationship of all the sample instants

and encompasées situations where averaging is applied over part of a TOM

frame.
. | The correlation function of the baéic time series is defined as the 1
‘é ' statistical or time average of the product of two samples separated by j . 5 )
sampling instants: ' :

€ Ci4j ~ R(3)

Stationarity has been assumed in that the average is independent of the .

index 1.
The correlation function of the averaged tire series is f
Mo ]
B B =7 MRON) ¢ 21 (H-p) [R(mi+p) + R(mN-p)] (5-2)
: p= ]
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This expression may be evaluated for any torrelation function of the
basic process. Especiaf]y;interesting is the periodié cbrre1ation associated

with a scalloping frequency W
R(i) = R(0) cos(ws Ti)
¥.. Inserting the periodic correlation function into Eq. (5.2) gives

_— sin?(iu_T/2) S
Ep Epepp = R(mA) ?—TS“‘_ o (5-3)
S M sin®(wT/2) S M
He 6bservevthat the-correlation function of the averaged process is pro-
port1ona1 to the correlation function of the basic process. The proportionality
factor is the square of. the averaging improvement.,
It is instructive also to examine the beam-noise spectrum SB(m) defined
as the discrete Fourier transform of the output sampled-data correlation

function. It can be shown that

»sB(m) S" s( g (e - )] 12

2 . 2 2mn
W sin [1( - 2m) /2]

(5-4)

where S(w) is the noise power density spectrum of the continuous noise process
- underlying the basic meacurement time series before averaging. The last

expression shows the sampIing spectral sidebands at multiples of the output

'sampling frequency 1/NT. Each spectral zone consists of the measurement error
spectrum filtered through the a\-'er'agi ng fﬂter When the significant bandwi dth

of S(w) extends beyond w/NT, spectral foldover or aliasing will occur.
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§ For example, if 1/T = 40 Hz, error components at all multiples of 40 Hz
will be aliased down to-zero frequency. It Shoqu be emphasized that this
aliasing iS“a‘property of sampled data systems which did not occur with ILS

because ILS furnishes data continuously in time. Thus, high frequency error.

signals which could bé‘fi]tebed out with a cow éystem-such,as ILS may'be aliased

down to a frequency within the aircraft f]ight control system passband;'
The periodic correlation function discussed above leads to a § function

at the scalloping frequency

S(w) = G(w-ws)

In the beim noise spectrum, each sampiing sideband is then attenuated by a

common “improvement factor

» 2
sin“(Mo_ T/2)
Az(ws) = S

i.e., A(ws)iis the rms reduction in ervor at the frequency wg .

This expression places fnto-c1ear focus 511 the parametric re]atiénships
bf motion averaging wifh a fixed scalloping frequency wg = Zﬂfs. “For very 1ow
scaIIobing freqbehcy. the improvemeht factor goes to one as expected. The
factor goes'tobzero; resulting in no errors, when the sca]]oping frequency

~ goes throﬁgh on2 or more corplete cycles in the averaging time MT. fhe factor
retums to unity whenever fs is an integer mﬂltip]e of 1/T. These points,

hereinafter called grating lobes, are the aliasing frequencies of the basic
sampling rate.

| o | . (55)
| -?sinz(ws 1/2) | :




The averagfﬁg 1mprovement factor 1e‘shown in Fig, 5-2 for M=4, 16 and 25 |
as a fﬁnction of the product:f T. AIt 15 evident that an increase in the basic
sampling intervel T has the disadvantage of bringing the a11a51ng frequenc1es
" closer together in terms of f but has the beneficial effect of narrowing

I
the'! lobes of the ‘unction around each a]iasing point

‘ .
5.2 ' Persistence of GratinQ-Lobes

Statistical considerations suggest that the average motion‘averaging

1mpfuvenent should be M’1/zf* However, we have_seenithat“the "average"

1mprovement fs not obtained for error frequencies near the grating lobes.

This lack of improvement is qu1te important in system design and comparlson.

Thus, 1t is necessary to exanﬁne in greater detail the pract1cal s1gn1f1cance
of the grating Tobes. A key issue here is how long in time the poor motion

averaging condition will persist.

following the lead of the U.K, Dopp]er studies[27 45]

s WE con$1der the
pefswstence P
P = [d £ rdt)! sec/Hz

Given P one then has the estimate -
AT = PAf

as the time required to fly through a grating lobe whose frequency width
is Af Hz. |

, *This follows by considering E, to be the sum of M independent random
variables with zero mean and identical distributions.
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Fig. 5-2. Averaging factor versus nohna'l'ized scalloping
frequency. :
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{ We now want torrélate Prto:the geometry of a mn]tipath situation. A
contenient way to do this is to obtain d'power series in t for the path
length dlfference between direct and multipath assuming a constant aircraft
ve]ocity vector. The pertinent geometry is shown in F1g. 5 3.

- Taking derivatives, we find -

fg =+ (cos By - COS elv) o S -(5-6)
L 2. - 2. .

. df - - ¢ [sin®8 sin"o

f = L] O LiJ - - lv oo ' (5-/)

s a T3 Ry Ry '

_ The distance RI to the image is not a very meaningful quantity since it
depends on the reflector location and its rotation with respect to the direct
tine of sight. An upper bound on persistence in termS‘bf more usefu]ﬂparameters

has been derived, viz.

L2 .2 - (By-)
” [s1n GIV cos(eIv + eVT) - sin GVTJ = (P) (5-8)
where P denotes upper bound an pers1stence.
Multiplying the pers1stence by the width of a ‘grating. lobe of the aver-

aging factor, determines the length of time, T, required to pass through the

lobe. The width is approximately 2/MT where Mpis the number of sample: being

~averaged and T is the interval between them. ' : |
By eliminating er between fs and 5, one obtéins a relation between

Scalloping frequency and the bound on persistance with v; X, RT and Byt as

parameters. This relation can be expressed as a normalized curve of
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Fig. 5-3. Geometry for scalloping frequency calculations.
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oA
P ( )(——) vs f -\7
It is p]otted in Fig 5-4 for several values of Byr

+ The above ana1ysis may be used to determine the persistence bound for

- . the grating lobes app11cab1e to the contending signal" formats. Typical

values are:

" Scanning Beam Dua] Subchanne1
EL- 1 primary | o 10 Hz
Flare, EL-1 primary and secondary 20 Hz

Time Reference Scinning Beam _ _ ' ey

© EL-1, EL-2 S 40 Hz
~ FDM Doppler [38] o 80 Hz
TDM Doppler [38] - 500 Hz

Except for the TDM Doppler each format has a single 5 Hz sampling
sideband aésociated with each grating Tobe. A TOM Doppler frame of 200 msec
has an averaging time of 44 msec per function aﬁd hence a grating lobe width
of 46 Hz comprising 9 aamp11ng sidebands. '

For those formats witii only a single sampling sideband w1th1n a grating '
lobe, the critical frequencies of the flight control system determine the '

time to pass through a grating Tobe. This band of frequencies is + 1.6 Hz v

g around each sampling sideband. Therefore, the persistence (sec/Hz) is multi-

B plied by 3.2 Hz to obtain the time of passage T, through the band of critical

p
frequencies around each sampling sideband.

FARRLIRT TN

oo e+ vawd
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Fig. 5-4. Upper bound P on persistence vs scalloping frequency.
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Table 5-1'11s£s-T'

- ‘_ o offset angles &yt appropriate to the'ranges‘from the elevation transmitter.

. The persistence is nearly:proportional to v'!, so that a reduétibn in
$e10c1ty by a factor of twc will approximately double the persistence For
example. at v = 100 ft/sec A = 0. 02; the pers1stence at the 40 Hz gratlng
'1obe at 5000 ft is 2.24 sec compared to 1.1 sec in Table 5-1.

p for the first few grating lobe frequéncies‘at sev-

eral different ranges RT to the transmitter. Also indicated are the maximum Cf o

TABLE 5-1 4.

TIME T (sec) T0 PASS THPOUGH CRITICAL FREQUENCY BAND

OF 3 2 Hz, v = 200 ft/sec, A = 0.2 ft - S e e

. Ry Oyr

GRATING LOBE FREQUENCY (Hz)

! | (feet) 10 20 30 40 60 80 120 160
2500 10° 2.32 1.2 .8 0.61 0.42 0.3 0.24 0.2
5000 5° 7.6  2.12 1.44 1.1 0.76 0.6 0.43 0.35
10000 10° 9.28 4.8 3.2 2.44 1.68 1.3 0.9 0.8
5-14
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5.3 Refinements to Simple Moticn Averaaing Model for TRSB

In this Seétion we present some refinements fd the first order model

' presented above for the t1me reference scann1ng beam signal format.

1.»’ Averaging Between the To-and-Fro Scans’

4 Since the rf phase between direct and reflected signals 1s changing
over the time Ts'between‘to-and-fro scans, mot{on'averaging can occur within
a scén. ‘This effect can be incorporated into the eariier development by

weieing the averdged‘érror_in.Eq. (5.1)"as

M-
2
J=0

1

i=1
where = T/Ts

Following through the development, it can be shown that improvement

factor becomes

sianfsT

| A(”b) = ——2— . |cos ¥ fe Tsl | | : (s-10) - -

ﬂ sinnfsT

The cosine term represents to-fro averaging. For the TRS EL-1 system,

T ~ 0.3 msec in which case the cosine term is < 0.9 (= 1 dB reduction) only

wher fs > 480 Hz. We shall see that such rates are geometrically fairly -

- 1ikely. On the other hand, for the TRS azimuth system, Ts ~ 6.0 msec, and

tSimilar motion averaging effects occur between the to-and-fro scans
of a typica] Doppler systems. However, additional error terms also appear
in such cases such that one ends up with an error expressaon more closely
akin to that of section 5.1.
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the cosine term becomes < .707 (3 dB reduction) when f = 4] Hz. Such rates

do occur in certain practica] cases (e.g,, scattering aircraft near the end

x
Ve el s e O
’ R

of a runway as the landing aircraft nears threshold).

I2..‘ Time Jittering
The greting lobes arise from the synchroneus nature,of the signal format
in Fig. 5-1. ¥ To avoid the possibility of 1ong-teni data-loss due to propeller ?
| biockage, the TRSB 51gna1 format has been modified to introduce a tine jitter
bbetween succeSSive data frames; such was shown in F1g 4- 4 » _‘
For a Jittered time sequence, the improvement depends on the starting
point within the jitter sequence‘ Figure 5-5 presents a statistical summary

of the TRSB EL-1 averaging factors where the averaging is over Jitter starting :

Alw) =95 > A )

point, . g

t

Lo e

e
L]
-
bos

_ /1 24
A () = EZ.;%» A (o)

Ai(m)='averaging factor for starting at the i

TR

th boint in the sequence. .1

In Fig. 5-6, we compare the rms improvement for jittered TRSB signal format

with the improvement factor for a non-jittered format and with the results of - /(’:

+A similar problem arises in MTII detectors for skin tracking radars,
where a similar solution (staggered prf) is employed to aveid "blind veiocities




s
»
1« ’ _ statistics averaged over starting point of jitter s -uonce.
1.00f T L] 1 T 1 T 1 [ B T 1
3 ; : improvement with regul"u'l
~@—— TS iBprovement with - . i
0,90 ,: jitt;red format spaced format . .
‘. ';‘. 0. 80 |4 —®—0— pean improvement with peak (worst case) '
8 - jittered format improvement with 3
f: = : jittered format ?j
W0, 70 F ~ 3
g - 4
- | 1-
4 0,60~ r’ v
2 -
- f—
. -
'g 0.50" -
¥ O E P |
- ¥ 4
T H 0.40 < X ] i Y ;
v = ‘ y 3 £
> L ' B -
< [~ P Y
8§ o.30f - A \ 9
, 5 L 1 )
Ny 8 - :
= = : Q
G 0.20f~ % '
=
4 -
s 0. 10 i
E
:' 0,0 I 5 : r ! - . A I
g : o . 10, 20, 36, . 40, s0. 60, 70, - 80, 90, 100,
| . ‘

Frequency (Hz) : . ETC-63 vVl 5-5 |

- Fig. 5-5. TRSB motion averaging improvement with jittered format.
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ibench tests by Céispan on a Bendii airborne receiyertzsl.' Also shown in
{Fig. 5-6 is the rms improvement for pure1y7randoﬁ'efrors of M2,

o ﬂe conclude that the proposed jitter sequence has a significant bene-

i ficial effectlin reducing the grating lobes of the averaging 1mprovement.r
The EL-1 40 Hz énd BO:Hz grating lobesihave been reducéd-tovthe random error
level and no significant new grating Tobes ﬁave been generated. The large
valués shown'in Fig. 5-5 for the peak averaging factor are similar to what

.wou1d be expeétgd from averaging eight samples of a White.noise process.

‘Finally, the good agreement between the bench tests and theoretical analyses

'syggest that the TRSB dynamic error phenqmena can be adequately characterized R

'.by the relatively simple models used in this section.

5.4 Reflectdr Geometry for Elevation Multipath from Buildings

The objéctive of this sectioh is to intorporate geometric constraints
such as aircraft position and obstacle restrictions to the existence of multi-
path errors an& theif scalloping frequency. The problem is difficult due to
- the many variables. Hence, the results will be presented in several steps:

(1) can substantial multipath exist, f.e., is a specular |
reflection ffom theibuildings possible?

(ii) is the multipath in-beam for the angular coordinate
system used? . 7

(iii) will an appreciable motion averaging improvement be obtained?
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(a) Location of Specular Point

Con§ider a vertical reflector surfécé rotated an angle & from being
parallel to the L.0.S. between'transﬁitter and receiver.b The.géometry in
the plane of reflection is shown in Fig. 5-7, The projections onto the two

, vertical p]aneﬁ through the L.0.S. and perpendicular to it are also shown.

The specular reflection point is indicated by S. An arrowhead denotes the

normal to the reflecting surface which projects as a horizontal line in
each vertical plahe.‘ We define £ as the angle of tilt away from horizontal
of the line from the specular point perpendicular t5 the L.0.S. Upon examina-
tion of the projections it follows that - o
 tan § sina =sing . ’ (5-11)
b The height hp and planar elevation angle ak of the specular point may now
be found usfng the coordinates (XR, YR) of the point in the horizontal plane
¥ .- : hg = Yptanop = Yp tana+ X, tan g (5-12)
tana, = tana + — tan & (5-13)
R YR ;
For g%ven values of a, 6, Eqs. (5.11) and (5.12) may be used to delin-
eate the regions where the specular point lies below the obstruction limits.

A family of such boundaries is given in Fig.5-8 for the special case a = 3°

and the transmitter located on centerline. ,
The critical regions tend to grow with decreasing § above C.L. ahd with
e ' increasing 6 below. However, other limitations come into play to reduce the

threat. In particular, in the plane of reflection (Fig.5-7 )



Vertical
plane

Plane of
reflzction

TR Vi 5.7

VYertical
plane

Fig. 5-7: Geometry for

rotated reflector.
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whfch‘implies eiT'> -2§. When 6 = -15? we have 8y, > 30°, a value for which
thé sta]loping.frequencies are generally high enough to produée adequate motion
avefaging. AIn the specific cases to follow, & = -15°’has'been used to deter-
mine_the tiunds on height fimitation. Aithough this is not the worst possible
rotation, itlis a.cbnservatfve choice for makiﬁg system.comparisons.

(b) Angular Separation of Multipath

We turn ne*t to the question of in- or out-cf-beam multipath. Toward _
that end the previously derived expression for the e]evation'angle op of the
.reerétor will be evaluated. It shou]d be recalled that d and ap are planar
elevation angle§ in a coordinate sysfem aligued with the L.,0.S. rather than

the runway C.L. What follows is abprdximate}y correct for p]anar beams hinged

“perpendicular to the C.L. to the extent that the cosine of the angle between
L.0.S. and C.L. is approximately one. Substituting Eq. (5;1]) and (5.14} in

(5.12) and using the small angle approximation tan £ = sin £ gives

. tan.op = tan o + tan(eiT + 28) tan & sin a ' (5.15)

‘This equation is b}otted in Fig. 5~9 as-a famf]y of curvés of an VS & with
a = 3.0° and eIT as a parameter, If we-se]ect a sepafatidn'bf i;5° as the
boﬂndary between in-beam and out-of-beam, we find the multipath is in-beam
for>a11bbut extreme values of 6, and/or large positiVebrotation angles.
§1nce neither of these conditions can be counted upon, the mﬁ]tipath must

in general be regafded as in-beam. )
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Fig. 5-9. Planar elevation angle of specular point 3-deg glidestope.
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- The op above was'defined as a planar elevation angTe and hence in-beam
'applies to planar beams. Using the same approximations that gave Eq. (5.15),
the_conica]‘elevation angle.aRc of the specular point is given by

. Y, tan a,-. o
S R Ly
. , | cps_(eIT + 26) _

whence

tan o

RC * cos(e]r + 25) tan o +'s..1‘n(e'1T +'26)t&n-6 sin a

Using tan a = sin @ this can be simplified to

'tan e tan,[cos'QtT - sin o5y tan 6] o (5ae)

*Equation (5.16) is plotted in Fig. 5-10. Comparing with Fig. 5-9 shows
that the dependence on reflectsr ratation is quite dissimilar. But neither
for planar nor conical beams does the specu]ér reflection move substantially
out-of—beam until & and/or eIT rgach iarge values. In making comparisons as

to the relative merits of planar and conical beams, it is important to include
the'coverage limits. From Eq. (5.14)»the azimuth-coverage angle wc musf satisfy
_wé >0pp + 28 | | |
: r ,. | . .fhfs Timit is drawn on Fi§s.5-9 and 5-10 for wc'¥ 20° aﬁd 60°; One observes

that planar beams have a somewhat greater potential for creating out-of-beam

multipath.







One other factor should be noted. Planar beam muTtipath'goes out-of-
' beam upward, which may confuse etevation processors that treat the higher coded

:s1gnal as the valid one.

(c) Evaluation of Motion Averaging Based on Ref1ector rhreat Locations

The results of the preced1ng two sect1ons will now be. comb1ned to

' assess the benefits of mot1on averagvng for the two compet1ng systems 1n
re]at1on to the obstruct1on height timits and ;overageuareas. In F1g;,

'5-11 to 5-14, different scenarios are depicted for EL-1 sites off‘sét 400 ft
from runway centerline. In each case thé aircréft is‘10cated oﬁ the extehded
C.L. on a 3° gl1de slope with respect to EL-1 and at a speciflc d1stance from:
the transmitter. 7 T o

The angle of the velocity vector is variéd_acco%dfhg to the angle bé-
tween L.0.S. and C.L. with an additional perturbation due to»tourse de&iation
from a CVL. approachr The extreme values of eQT are used to compute a.
correspond1ng eIT for each of two scalloping frequencies: 5 Hz and 25 4z.v
The 5 Hz pertains to the 0'th grating lobe of the TRSB system, and 25 Hz
applies to one version of TDM Dopp]er._ The 811 angles define the d1rect1on,
referenced to the a1rcraft position and L 0.S., in which an appropriateiy
orfented reflector would produce the indicated scalloping frequencies. The
5 Hz and‘25 Hz directions are bounds that limit thé region of potentiél re-

flector threats where motion averaging is ineffective.

n - The diagrams show the 817 limits for the seleéted situations. Also
.1ndicated in each figUre are two sets of boundaries where the specular point

passes through the obstruction height 1imits. ‘One set is derived from the height
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Fig. 5-11. Reflector location diagram.

5-28




i .
}
' a=3° v 200 ft/sec A =0.2ft
P . Specular Point Above Obstruction Limit
. o TTT 1 Anywhere on L.0.S. § = -15°
6—w——y For Specific Alrcraft Location
4 . -~
L1 . A= 2.3 7.7°
10 12
N v
KFT & —
} 00® \ pTc-63 VI 5-12|
- cov _ _ ~
Fig. 5"12.

Reﬂec'tbr location diagram.

R S el




e i

EL -1

-1

-2Fr

é? ) . "i i . a3 v = 200 ft/sec 1= 0.2¢t

:ﬁy & - .( B Specular Point Above Ubstruction Limft

§ ,59' - ' FTTT™ Anvhere on L.0.S. 4 - -15°
:° ; ' ' ' -#+—t+—  For Specific Afrcraft Location

1 < .
=3 l;z i - . ik - - KFT) <
fgo 25tz L o
Ay
= Sy
)
R, 200
Co‘,&
’ Ry
L[‘\h};
" 60°

RTC- 1
TOov. C-63 VI 5-13|

Fig. 5-13. Reflector 1ocatfon diagram,

5-30




a=3% v=+200ft/sec 1+0.2ft
.Specular Point Above Obstruction Limit

FT T Amwhere on L.0.S. 6 = -15°
; 8=w—w—set For Specific Afrcraft Location
|
{
t

i




= e

B et T T T P S SR PR

.ibdunds computed above. taking into aécbunt the rotatibn of the L.0.S. with
@respect to runﬁay C.L. ‘These bounds app]y.for an aircraft anywhere aiong the
iL.O.S; indepen&ent-of its distance froﬁ the transmitter. For the specific

’§chpice of airéraft location, a someWhat tighter-bound can be obtained by.
fihding the specular height from the ratio of distances multiplied by the

aircraft'height hyes i.e.

. where Rllis distance from transmitter to reflector and R2 the distance from
reflector to aircraft. When hR is equated to the obstruction height limits
“in the transitional surface, the dotted-line bounds ere formed. The * 20°
and + 60° coverage limits for EL-l:are indiéated. It is interesting to note
that illumination coverage less tﬁan 20° nearly excludes all reflectors that
meet the obstruction height limits.
In comparing the two contending systems one must examine the size of

the angular sector between the 5 Hz and 25 Hz lines, Reflectors located be-
tween the two lines would be suppressed by motion.averaging for the TR system,
We observe that this sector 1s largest for small 8yt and tends to decrease as
the velocity vector deviates in angle from the L.0.S. The region of definite

advantage for TRS has almost disappeared entirely Byt = 9°4 1° in Fig. 5-13.
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VI. SYSTEM MODEL VALIDATION
"In order to provide some measure of confidence in the results cbtained

from the receiver simu]ationS'and the conclusions drawn from them, it was

" necessary to accomplish a program of mocel validation. Validation is a

checkout procedure which begins with verification that the'computer_code
properly represenfs‘the mathematical models of the systéms.and ends only
when it'is_eVident_that the modé110utputs are in some sense. “correct.”  This

section summarizes the receiver model validation process.

6.1 Methods of Validation

Validation is accomplished by comparing the mod=1 output to data from
other sources which should yield equivalent or similar results. .Ffom among
these, theoretipal studies based ob idealized hqdelsfof thé fransmittefs and
receivers and bench test experiment§ on hardware receivers have beén ihcdr;
porated into the validation proceés. These sources répresent reasonab]j-well
controlfer'situations'that can rather easily be replicated by the computer
simulation. '

Figure-G-l shdws the scopé of the angle system validation effort. The
three basic inputs to the comparison process are the Calspan bench teéts.
simulation data (from both test programs and'full'simu1ations), and theoreticél
multipath performance caIcu]atibns. The emphasis in this report will be on
the scanning beam validation effort. Besides TRSB. some results for the two
Phase Il FRSB systemé are included in cases.where their behavior‘is’énvelope-
only depehdent'and essentially identical to that of TRSB., Both static and

dynamic validation tests have been conducted. Static tests are those for which
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the recaiver position is fixed. UDynamic tests are those in which the receiver
. ) ! is assumed te be in motion with respect tb the transmitter and the multipath
environment. In the latter. the phase relationships amung the received multi-
f path coﬁponents are time§varying and are of interest in tpose multfscan systems
which can potentially benefit from motion averaging. In all cases the valida-
tiénjdata'consists of graphs of angle error vs scme multipath parameter (e.gh,
“relative phase, separation anglé, etc.). In some tests, mean, peak, and rms
error (witﬁ respect to RF phase) are presented.

The DME validation follows a similar pattern, except that cemparisons are

made solely against theory due to lack of adequate experimenta] data. T

In those cases for whiéh noticeable disagreement among the results is
evident, an attempt to ascertain cause has been madé. Occasionally, the dis-
crepancies are attributable to differences in receiver proceésing techniqueslor
parameters. Especially for fhé'experimenta] data, there are sporadic anomaiies

for which no expianation can be found. Despite some areas of disagreement or

. . uncertainty, the receiver validation results generally show good agreement with

pertinent theory and experiment.

Sections 6.2, 6.3 and 6.4 deal with TRSB, Doppler, and DME, respectively.
Each section begins with a summary of the theoretical resuits used in the com-
parisons. Derivations are relegated to appendices. Following that,ACurves of
static error vs multipath phase or separation angle are presented. Next,

dynamic simulation results are compared to both theory and bench tests. The

¢ e AR S S A ok e o e et

bench tests were conducted by Calspan employing an MLS signal simulator and

hardware receivers of their own design. At a later date, Calspan coupled

their signal simulator with actual contractor receivers used in the MLS Phase

6-3 .
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I1 feasibility test program. The Lincoln simulation was used tn conduct

"parallal tests and the corparative results are reported. In the final set

‘of tests, Section £.5, the full simulation. program was run for two airport

configurations and the outputs analyzed using the program's multipath diag-

nostics and the thesretically predicted verrormance.

6.2 Time Reference Scanping Beap

S 6.2.1 Tﬁeory

It'is assumed that the'traﬁsmitiing.aﬁténpa‘hés é Gaussign‘béam;hape
P(x), where x stands for angular displaéeﬁent.fh'units of 3 dBibeamujdths:
P(x) - RS « s 2m2 (s
In the ébsencé of multipath, the ]eading and'traiiing edge ﬁ?oss{ngs in a
dwell gate processor will occﬁr symmetrically on either side of the beam
peak (center), at displacement v beamwidths. The value of v is selectatle;
for éxamp]e; if the threshold setting is -3 dB with réépect to ihe nominaT
peak value,.v = O.S.T Multipath of relative amplitude.p perturbs the cross-
iﬁgs from nominal. If p is not toc large, the true crossing yoints can be
approximated by linearly expanding the combined envelope about the nominal
cfossings. The dweil gate displacement is the average of the two threshold
crossing errors. The indicated computation is carried out in Appendix B; in
terms of notation given in Table 6-1, the sfhg]e scan pair angle error which

results is

&% .
- For the Gaussian beam, v is proportional to the square root of the thres-
hold in dB: v = ¢ -Vyp/12. '




TABLE 6-1

HOTATION
Symbo ) Units Dafinition
o} Ratio of multipath to direct umplitude
v Ratio of scanwning beam threshold to envelope
peak :
VdB ¥ in decibel units
Te sec . Scan duration .
T3 " Doppler scan gate duration (coun ing interval)
T Ty “ Spacing between bidirectional scar pairs
T, " tlapsed time betwren (° boresight for bi-
directional scan pair
Tk " Spacing between first and k- th scan palr
-fs' Hz Scalloping freguency
wg rad/sec 2nfg
e " Carrier freguancy
Wy “ Subcarrier (or oifset) freqguency
r (wotws 1wg
BW deg Beamwidth _
Om .deg/EH "Separation between multipath and direct in scan
: coordinate (fractional peanwidths) '
v BY - Beam displacement at threshold crossing
6 B8d/sec TRS antenna scan rate
e deg . Doppler midscan relative phase (direct and multi-
path reference) for fg=0
ém " Doppler midscan re]ative phase {direct and multi-
: path sideband) for fg=0
¢! " TRS relative phase (d1rect and mu]tlpath‘ for fg=0
nm " Arbitrary phase between sampling instants and
periodic scalleping error
n Scan index
M Number of scans per averaging interval
E B

Angle error for m-th scan pair
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o {sinh(Zkemv) (msv> (wSTz> cosh(2k8_v) (»Sv\ _ <w512)}
‘e § ———————— COS - cos | J 4 ————— sirj—— sin|\ =3 .
; 2k0mv » 3 ' 2 &8 v - 8

~In near]y é]l cases of interest, the term msv/a, which corresponds to
scalloping across the dwell gate of a single pulse, is small enough to be
neglected (msv/O = D), thus yielding a simple formula which relates all the

key'TRSB multipath parémeters to the error after motion averaging of M suc-

.. cessive scan pairs:

o T M1
2 . X cos( )
C -ké T vo

E = p 8 e B iiiEiJﬁ— _TWE_“ cos (¢ + wTy)

. 2kv8 k=1

, K
multipath - separation —————r— i T e
level angle and choice of motion averag-ng and
xutr beamwidth threshold rf phase

(6-3)

The analytical mode] of;the dwell gate processor prbvides censiderable
insight into the performaice of scanning beam systems, but fails to predict
the bias error resuffing from the asymnetry of multipath errér vs RF phase.
An alternative model is a beam peak lTocitor, Although more appropriate as
an idealization of a split-gate discriminator, the model cerresponds closely

to a dwell gate processor for small separation angies and moderate multipath

levels.
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Appendix C derives the multipath error of a beam peak locator. Ho closed

form expression can be extracted, and one must resort to numecical methods to .

obtain an answer. The me thod is _applied in Section 6.2.2 to generate graphs

of error vs multipath phase for comparison with simulation dats.

6.2.2 Static Tests. ‘
In the tests of the receiver rqutiﬁe$ ccﬁdhcted'under static conditions,

1.e., in the ébsence of receiver motiqn;_tﬁe:RF_pHasé befweén dfré;t and multi-
path signal was varied in steps over a fu]IfcycTéLi ﬁété‘wésitakén'for various
multipath amplitudes, separation sng1es. énd RF phase shifts. For the scan-
ning beam tests, experimental %esults from Ca]span[23‘24] were available,
and the simulation was run undér ihe same conditions. Figure_é-z_shaws ex-
perimental data, simulation resu1£s and theoretical results for erior versus
separation angle for the tibe reference system. The experimentai databat
0.5% and 1.0° separation angles are in reasonable agreement with the simula-
t{on. _ ' | | |

The tHeoretiCal error formula {6-3) also agrees weil at the -10 dB lzval;

however, at the -6 dB level, there is a noticeable deviation near 90° which

arisos from the fact that terms 1n.o2 were ignored in obtaining (6-3). When

‘the multipath amplitude exceeds the threshold level, the error is a markedly

non-sinusoidal function of rf phase which, although it can be'explained (see
Fig. 4-8), does not emerge from the first order theory used to obtain Eq.
(6-3). |

Figures 6-3 and 6-4 compare the experimental, simulation and theoretical
results as a function of separation angle at fixed rf phase. The experimental

results were obtained in the inftial Calspan tests[zjl in which threshoiding

6-7
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ey not have been as’tightly controlled as in iater‘testsf The data at -1 dB
multipzth level shows the very sharp chénges in error performance that'0ccur
when the multipéth level is comparable to er above the thireshoid level.

A comoarfSOn was also made between the ¢well-gaté processor.and thé spiit
gate processors described in Chépter'IV;‘ The resultﬁlare’shown in Table 6-2.
Ke see that the more nearly “"cptimal® processiny afforded by the split gate
Systemsryields a substantial improvement against high level multipath.

Figure 6-~ compares the error statistics.as averaged over rf phace for
the scanni-g'oeam system as'arfunct%on_of sepératjnn angle for several multi-
path 1eve]s. The experimenta1 dati yields ervors somewhat smaller than those
for the computer simulation. It fs believed that these differences-arise -
because thé;ectta] receiver has several features {2.0., dwell gate qualifi-
cation circuits) which limit the wicening of the dwéll Jate associated with

N .
multipath , but are not incorporated in the first phase computer nodel. It

“is planned to incorporate these features into a more refined medal to be

developed during the next chase.
As expected, the theoretical error formula (6-3) gives results that com-
pare favdrab]y with the exéerlnenta] and computer simulation results for small

multipath levels and/or separaticr angles.

6.2.3 Dynamic Tests

Comparisons between the computer simulation, theorv, and Calspan bench
tests of the Bendix Phase Il receiver for.dynamic situations (i.e., fs # 0)
are reported in this section. Comparisons were also made between the com-

puter model and earlier Calspan bench tests; however, it was subsequently

= . .
. For example, Calspan has shown [25] that varying the reset times can yilel
a2 50% reduction in error.
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TABLE 6-2

PEAK ERROR COMPARISOM FOR RF PHASE 0°

SPLIT RATE
{(theoretical)

MULTIPATH AMPLITUDE DWELL-GATE

(ﬁinuTation) OFF~CENTER ZERQ CROSSING

-i0 48 . 0.15 0.1 0.13
-6 dB 0.24 0.16 0.2
.3d8 : 0.60 0.21 0.32
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learned that the recéivers used for the ini&ia] bench tests had a rumber of
hardware errorﬁ wﬁich were correctzd in the later versions,
Figures 6-6 and 6-7 compare the EL-1 erfor as a function of sa2paration
-angle for §ca]1oping.frequencies of 20.32 Hz and 40.32 Hz, respectively. The

experimental data and corputer simulation agree reasonably well. Again. the

‘differences are fe]t to arise from certain dwell gate features of the Bendix

receiver ythich were not in the initial TRSB model.

_The final EL-1 plat (Fig. 6-8) is of error Versus scalloping at fixed

.'separation angle. Here we see quite good agreement as to the characteristic

averaging factor. 1t should also be notéd that Fig. €-8 agrees quite we]l
with the theoretical predictions of averaging factor (cf Fig. 5-6).
A similar set of tests were carried out for the AZ system and these had

resuits comparable tu those found for EL-7.
6.3 Doppler Scan
6.3.1 Theory
A theoretical analysis of Doppler error due to a single multipath com-
ponent is giver in Appendix A. Assumptions underlying the analysis are:
small to moderate multipath amptitude, no multipath rejection filter, and scan

gate centered on midscan. The error in fracticnal beamwidths averaged over

M bidirectional scans is

A N R TR A R A T LTRSS
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sin(Mo_T )
74

w

sin(ng ’I;F/T )cos(m T /2)cos "

1 ) . pT
fe : l B, = 7T SJn(u /2)

m

e

®

: ‘; ,‘ [1- cos(ne /T )]s1n(m Tg/2)s1n n ]. o
; : ' (6-4)

. - - cos (w T _/2)

The notation was defined in Table 6-1. A
For the speciaT case of 100% scan gate'(Tg=T'), the last eXpressfon is
equ1va1ent to Wheeler's nu1t1path error formu]a[30]

We observe that E = ( when the mult1path angle code equa]; that of the
direct. Furthermore, for small separation angles the error is independent

!  of the ratio TS/Tg. The peak error is then
m b 8 << : . ’ - (6-5)

wnich interestingly is identical to that for TRSB in the same situation.

At the grating Tabes of.the averaging féctor. where mST = mw, m an
[ integer, motion averaglng is generally ineffective. However, a special siti-
uation arises when the scan gate is 50% of the scan 1nterva1 For future

reference we note that when Tg=TS/2. the error at the grating lobes is

20 . )
. 51n(ﬂ6m/2) cos(mr/4) cos Ny P m even

g‘ - | ' ' _ (6-€)

-E-[cos(ﬂem/Z)-l] sin(mﬁ/4) sin nm; n odd

) In particular-E;éo at w T = 2.

P ' 6-18
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-3 dB, -6 dB and -10 dB without mitipath rejection filter. A theoretical

6.3.2 Static Tests

Using the ITT/G vercion §f'the Doppler system simu}ation..a plot
(Fié. 6-G).of error vs multipath phase was generated for three ﬁditipath
amplitudes at a fixed separatiph ahgle of 1.5°. The thgoretical behavior
from Eq. 6-4 (ws=6) is a simple sinewave Em VS b the midscan phase:

on = b T T - . . (6'7)

The figure shows simulation results for a value 6 = 0.5° and amplitudes

curve fs given for -10 dB qn1y. ‘Deviation from a sinewave is more pronounced
at higher amplitudes due to the decreasing validity of tha linearized theory.
Although the.simu1ation curves become prdgressive]y more asvmmetrical as the
amplituce increases, the mean value remains zero. Figure 6-10 shows error vs
phase when the multipath rejection filter whose characteristics are depicted
in Fig. 6-11 is used; again, the separation angle is 1.5°.

R series of computer simulations were run to duplicate the conditions of

" Calspan tests on a Doppler receiver. The appropriate theoretical curve of

error vs separation angle was calculated from Eq. 6-4 and plotted along with
the simulation error and theAexperimental results. The three sets of data in

Figs. 6-12 and 6-13 are in excellent agreement, considering the potential

sources of discrepancy, such as experimental error and model inaccuracies.

Figure 6-14 illustrates the EL-1 error vs separation angle for sepafations
up to 3°. The direct signal is at 3° elevation and the multipath is between

0° and 3°. Peak, mean, and standard deviation error.for the SiwuiaiiC. are
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Fig. 6-11. ITT/G ang?e system multipath rejection filter characteristics.
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6.3.3 Dynamic Tests

shown. The Calspan measurements are rms error. The agreement is quite good,

except for the unexplained slight discrepancy at 2° separation. The small

multipath thecfy indicates that the 50% scan gating used in the simulation

should drive the error to zero at 2'(1;e..‘;S/Tg) beamwidths, which is what

s observed. The Calspan data, which is also stated to have 50% scan gating,

is small but nonzerc at 2° separation.

. Two types of tests were run for the Dcppler system. Cne iﬁ simply
meascrement error vs scalloping frequency for a given set o conditions
specified by amplitude, separation angle, and myltipath pﬁase. Two set§
of thfs type are shown in Figs, 6-15 ard 6-16. The theoretical (solid) line
is from.éq. (6-4}'wfth nm=0 and cos(usTs/2)= 1. The paraimeters were chosen

to resemble corresponding Calspan tests, but direct comparison is not possi-

- ble because the scan timings are not equivalent. Reverthaiess, the peak

values at the grating lobes, including O Hz, may be compared. These are sum-

marized in Table 6-3.

TABLE 6-3 7
PEAK DOPPLER ERROR VS SCALLOPING FREQUENCY
Scalloping
Freq. (Hz? Simulation Theory Calspan
0 +0.145 +0.132 -0.15, +0.17 -
2590 +0.276 -0.27, +0.25
500 0,145 £0.132  -0.16, +0.17
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Fig. 6-15. Error vs scalloping frequency, Doppler systeﬁ without filtzr,
mul tipath amplitude -6 dB, separation angle 0.76°, phase -143.3°.
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The agreément between =imulation, theory, and bench tests iS—considered
quite good. _ A |

Figure 6-17 shows the results of 2 dynamlc tect at a scalloping fre-
quency of 103 Hz. Th1s frequency is not near any gracing lobe of the aver-
aging factor and is, therefoxe, a case in wh1ch motion averag1ng shou1d be
effective. The gréph:shows that it is,:wfth errof redﬁétion-by at.1east a

factor of. 10. The actual improvement dependé on the fine Strdcfure’of the

averaging factor near 103 Hz. The Ca]span‘data‘exceeds the simﬁTatidn data’
by about a factor of two, but the depéndencé on separation‘arjln is uﬂa]i-
tatively similar. ko explanation has been found for why Calspan <h(ns non- -
zero mms error at 0° separation. o } ‘ |
The next dynamic test (Fig. 6-18) is at 480 Hz, which is the first
grating lobe of the averag1rg factor (I/ZT , where TS = 1.04 msec). Again,

good agreement is found, except at C° separation. Both experimental and

ATDT RN o OAVIS TN (OB P M TAPRA AT IO IR Ay e

simuiation data exhibit a bimodal crror curvé in which there are two local
maxima. Ho particu]aﬁ reason for this behévior is known, but the correspond-
ence is quite‘cTose. The error levels are similar to the static results,
indicating Tittle motion averaging.

E'avation error vs scalloping frequency is shbwn in Fig. 6-19 for 1°
separation and -3 dB multipath. In this caﬁef the Calspan data is one half
the peak-to-peak error, whith corresponds to tﬁe simulation peak ervor curva,
The agreement at the‘Calspanrdata points is excellent. Simulation shaws a

minor lobe centered at the grating lobe subharmonic of 240 Hz, but unfor-

tunately Calspan took no corresponding data.
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similar tests were run for the ITT/G AZ system and the MHazeitire EL-1

a?d AZ, resulting in data of comparable validity.

6.4 DME Validation _
i

'VaTidatfdn of the DME models is a more difficult task.than is angle re-
ceiver validation. The major difficulty is the ]aék of én experimental Jata
Base agaihst which %o éompare model outputs. Durfng Phase I, the M.S con-
tractors performed tests of their C-band DME unité, but the resuits are large-

-ly inconciusive because the scenarios were designed for AZ system mul tipath,

not DHE. Additionaily, there"is_the more recent complication arising from - - -

‘the intent to propose L-band DME to ICAD. This decision has generated in-
terest in new signal formats and processing techniques.

In view of the daficit in experinental data, the validation must be
accomplished by comparing the model outputs to theoretical caiculations. As
was done for the angle systems, approximéte formulas have been derived for
the single multipath- component performaﬁce of various DME'S; Results are
shown {n this section fcf Gausskan and trapezoiﬁal puises and the three pfo-

Cessors describéd in Section 4.4;
6.4.1 Muitipath Error Formulas

The folloﬁing formulas have been derived for the s%ng]e multipath com-
ponent performance of fhe indicated DME's. They are approximations which are
valid for small-to-moderate multipath levels (p 5_-107d3). The pulse and
processor parameters appearing in them are all defined in Sections 4.4.1 and

4.4.3. These formulas ave used in any of the subsequent comparisons.
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6.4.2 Ervor vs Amplitude

Each of the preceding error fofmuTas shows ‘error directly pfopertiona]
to multipath amplitude (p). The computed errors when piotted‘against p
genera]ly have thé same slope at p = 0 as the error.formula, but then the
error increases s119ht1yvs1ower'than linearly. Figufes 6-20, 6-21 and 6-22
show comparisens of theoretical and computed errors, each for a different
processor. For this comparison the parameters haQeAbeén chosen to make the
initial error>s1ope identica?_(except for algebraic sign) in all cases; near
p = 0, the error magnitude varies as 50p nsec. As p approaches 1, the

1inear approximation overestimates the errbr'by about a factor of 2.
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6:4.3 Error vs fhase -

The error formulas predict that the DMZ errcr should vary cosinussidally
with rf phase difference. - At small encugh multipath levels this”is-nearly
true, but for‘1arger values of p *he behavior is qufte different, as Fig. &-23
shows. It contains a plot of error vs'pﬁase for real timé“tﬁreéholding of 2

Gaussian pulse and 0 dB multipath level. The largest error magnitude occurs

at 180° phase., For phase angles more than 30° away from 18C°, the error

reaches a plateau. Figure 6-24 shows similar curves %or smaller values of p.

In all cases, however, averaged over 360° there is little bias in the error

(theory shows that bias varies in proportion to pz). This situation is anale-

gous to error vs phase in Doppler scan angle systems. Figure 6-25 shows the
corresponding data for a trapezoidal pulse.
6.4.4 Error vs Delay

Figufes 6-26 and 6-27 contain curves of error vs time delay for Gaussian

band trapezoidal pulses, réspective]y. Each graph contains three curves --

'simUTated mean error, simulated standard deviation error, and theoretical

standard deviation error. The simulation data is obtained by averaging the

error over 24 uniformly spaced values of relative phase (15° increments?.

.The theoretical étandard deviation is the error formula evaluated at

cos ¢ = 1//2, the rms value of the sinusoidal phase term. In each case the
multipath level is -10 dB, and the agreement in the standard deviation curves

is gbod. The simple theory generally predicts unbiased estimates, which is

what the computed means iadicate.
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6.5

Comlete Simulation Runs

1 The simulation data prasented in the preceding séctions was derived from

special test pfcgrams that exercised the receiver routines. In order to vali-

- date the angle receivérs while iwdedded in the complete simulation program,

simple sceénarios were run us?ng the multipath scattering mode} applied tc
se]eéted airpbrt'configurations. The results of two such scenaiios are de-
scribed. |

6.5.1 EL-] and Logan International Terminal

In this configuration.the EL-1 site is placed‘betwe&n two taxfways on
the side of'runwayvi5R upposite'the present.location nf the iLS alideslope
as shown.in Fig. 6—28.* Such a placement is not unreasonabie since the two
syétems may co-exist for & period b% time. The.major source of ref1ectfon
for EL-1 signals is the Internatibnal Terminal situated beside the vrunway.

fhe simd]aticn flew an aircraft,d&wn the extended runway centerline on
a 1:20 (2.85°) glidesiope. To accohﬁt far the 10-ft high phase center of thz
EL-1 array, the antenna isflocéted 200 ft in front of the GPIP.T As_a func~
tion of altitude a]o@gntﬁé flight path, a computer output plot gives the
amplitude of ;hf;ﬁéglding reflection and the muitipath separation angle as
shown n g 6-29. |

,,/"' Two points along the flight path are of particular interest. One is the
point of maximum ampiitude (-6 dB) which occurs at altitude 176 ft. The scallop-

ing frequency at this point is 91 Hz assuming an aircraft speed of 260 ft/sec.

*A map of Logan Airport was shown in Fig. 3-2.

fg]ide Path Intercept Epint;
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Th; other ppiniﬂproduces a sca1lop%ng'frequancy of 40 Hz, a TRSB greting 1obef
at»aA altitude of 280 ft. The amplitude of this refiection is -15 dB.

| A piot 6f #éak arror along the flight path is given.in Fig. 6-30 for the
TRSB syﬁtem and Fig. 6-31 for the depler System. In thé formar, the grating
1obe errofhregicns are clearly evident at 190 ft-and 280 ft. The simulation
error entries in Table‘ 6 -4 are taken from these plots. The "Static Error”
pertains to mot{on.at zero velocity along the flight path, and "Dynamic Error"
is for 2 speed of 200 ft/seé. | |

The theoretical static errors are taken from Eq. (6-4) for Doppler and

- from Eq. (6-3) for TRSB. The theoretical dynamic error and averaging factor

for Doppler also come from £q. (6-4). However, the scalloping frequencies and

separation angles are sufficiently small that the Doppler error comporents that

vanish at w0 may be ignered. The simulated TRSB system had a jittered signal

format whose averaging factor is always less than unity, even at a grating lobe.

The thegretical dynamic srror iS'obtafned by multipiying the static error by
the appropriate averaging factor.

The égreement between theory énd simulaticn for TRSB is excellent. Re-
garding the Doppler systém where the simulation error is somewhat smaller than
than theory predicfs, we recall that the theoretical model does not incorpor-
ate the effect of a multipath rejection filter, whereas the simulation dces.
At 2 separation of over a half degree, the filter has a noticeable influence

on the error.

*This particular sfmu]ation was conducted with the TRSB signal format
generated by the scanning beam working group [67]. With this format, the TRSB

first grating lobe was not reduced as much as with the format shown in Fig. 4-4.
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Afrcraft Altitude
Multipath Amplitude
Separation Angle
Static Error (peak)
Scalloping Freyuency
Dynamic Errcf {peak)

Averaging Factor

TARLE 6-4
LUGAN AIRPORT INTERNATIONAL BUILDING
Time Reference System Dcppler System
! i .
Simulation | Theory Simulationgj Theory | Simuiation | Theory | Simulation | Thenry
176 ft 280 ft 176 ft 260 ft
-6 dB 215 48 -6 dB -15 d8
0.6° 0.6° 0.6° 0.6°
0.14° 0.18° | 0.01° 0.087° | 0.17° 0.26° | 0.06° 0.09°
91 Hz Nz 91 Hz 40 Hz
0.06° 0.045°] 0.08° 0.07° " | 0.02° 0.023°] 0.01° 0.018°
.25 | 0.88 0.65 | 0.12 0.09 | 0.17 0.2
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16.5.2 EL-1 and JFK with One Building Reflection

A second scenario, shqwn in Fig. 6-32, consists of 2 §in91e building ‘
taken from the JFK environmenﬁ in the vicfnity of a hybothetical EL-1 site.
The peék reflection:émplitdde from thié'building is -9 dB bcéurring at an
altitude of 273.9 ft on & 2.86° glideslope. The reflection - rameters cal-
culated for this building are giveﬁ in Tébje 6-5 afoﬁg with the thegretica!_
and simulated errors. o _A

The agreement between theory and ﬁimulatibn is:good-fdr tﬁis s;édario

also. The maximum difference of 0.02° for static Doppler error in Table 6-4

is attributab]e to both difference eotwe:n analytical model and simulation

and to inaccuracies in determining parameters thatventér in the thecretical

calculations. - : =
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Aircraft Altitude

Mu1tipath Amp1itude
Separation Angle
Static Error (peak)
Scalloping Frequency

Dvnamic Error (peak)

Averaging Factor

e

i \ T .~
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TABLE 6-5
~ JFK AIRPORT SINGLE BUILDING N
TRS Doppler
Simulation | Theory Simulation | Theory
274 Tt 274 ft R
-9 dp -9 dB
0.07° | 0.07°
0.035° 0.025° 0.045° 0.025°
23 Hz 23 Hz
0.005° 0.003° 0.004° 0.0025°
0.14 0.13 0.69 . 0.1
L
|
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VII. COMPUTER PROGRAM OPERATION

This sectioh providés a srief summary of version 1.0 of the M.S simuia-
tfon computer pruéram;  A:more'éomp]gte>descrip;ion of‘the progréns‘is coﬁ-
tained in the-usef's-manua] whiéh Qi]i-appear separately. The MLS s1mu]4tion
program is written in FORTRAN IV and has been succesrfu11y comp11ed on IBH
370 and STL 86 mach1nPs. It has three ﬂaJ(‘ parts mu1t1path computations,
receiver computations, and error plotting

The multipath sect1on takes an. a1rpowt env1ronment spec1‘1ed by the user
(irn a block data subrout1ne) and computes the mul tipath charactertst1cs
(1evel, separation angle, eté ). Two-segnent Tinear f119h+ pathc are com-

- puted from waypoints supplied (in the blocL data subroutine), With tre cor-
responding perturbation smoothing points. For a g1vep.f11ght path, a loop

over all the evaluation points is established to calcuiate the receiver

¥

coordinates. At each eva]uatibn point; the program loops through all trans-
mitter locations, e.q., élf'anQTe fun@tions such as azimuth, elevation, and
DME. Rgference transmitters, where appropriate, are included with their
associgted angle transmitter. | |

Fdr.a fixed iransmittei»receiver geometry, a second iobp is estabiished
to calculate the muTtipathvparameters for éach scattering object in the air-
port model;'AMu]tipath amh]itude levels are determined as-though the trans-
mit .er antenna pattern were omnidfrectional. -Thé multipath informaticn to
be passed{to the'receiQer subroutines consists of the relative multipath
. amp1itudé, phase, time delay, azimuth andrelevation planar ancies specifyino
the direction of propagation for the mﬁltipath components, as well as the

direction of propagation of the direct wavé. and fracticnal Doppler shift.
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Editing fo}]ows, se-as to remove minor components. A digital tape with

these multipath characteristics is then writron. Mu]tipath diagnosticsnare 
plotted aluag with en airport map showing the placement of cbstacles. The

multipath brograms requirg 320k byfes of storage on the Linco]h 370 computer.
The amount ¢f computer time used depends on the-numger of aobstacles and data

points used; for a 'typical' 200 point run-with 10 scatterers and no pertur-

bation smoothing, 2 minutes of tpu (computer) time is required on the Lincoln

370'computeh.

The receiver part of the sirulation takes system parameters (initialized
in the block data subroutine), reads in the multipeth data from the tape gen-
erated by the multipath routines, and computes the resulting errcrs. [f
static errbrs are desired, the receiver routines ave cal}ed again with zero-
Doppler componernts. The program takes these errors au& writes them out on a
digital tape, a]ong.with scaling data, to be used by the ihird part. For a
'typical'wrun with 200 points, no perturbaticn smoothing or static errors,
and 10 scatterers, it takes about three minutes of cpu time for the TRSB EL-1
system to be processed. This fime.is high]y'dependent on the number of mul-
tipath components. The TRB azimuth system typ?cé11y runs 25% faster than
the EL-1 system. The DME systems tend to run abcut 25% siower than the TRSB
EL-1 sysfem. The receiver programs req&ire about 176k bytes of étorage on
the Lincoln 370 computer.

The plotting program takes the error and scaling data generated by the

réceiver routines, asks which specific plots are'desired, and plots them.

7-2
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! The plotting on a Stromberg Carlson 4060 plotter typ1cal1j requires 30

+ seconds of cpu t1me

‘The graph1ca] rout1nes used *J the simulation are from the Integrated

:Graph1d< Systeni of the Datagraphix Company with some mod1f1catxons by the

o Lincoin_Laboratory supporu staff.

The §1mulat1on program"generates these
graphical outputs on either Tektronix storage scopes or on a Dafagraphix
4060 microfilm plotter, The mu?tipatﬁlpéft qf:the‘simqlation:producésAa
printcout of the pafameters used in the.simufatfpn»run, aniaifpert mdp lo-
cating the obstacles and transmitters, and muffipatﬁ didgﬁostidﬁ‘ These

diagnostics contain information abcut the multipath asplitude and separa-

tion angles along the flight path, indicating which obstéciés»fenerﬁte sig- -

nificant multipath components. The receiver part'of the simulation itself

generates rnio plots. The.plotting program writes out a.titie pagevidantify-
ing the run, and then plots for a specific system the azimuth,
vation errors aldng the flight path on one.page; and the x, y, 2 pdsitiona]
errors for fhe corresponding system on the next pége. Plots of the means,

standard deviat1ons, and peak errcrs can be obta1ned if perturbation smooth-
ing was used. The static errors ‘are p]otted over the dynam1c ervrors w1th a
différent symbol. Also, if des1red, the error histories may be passed

through digital filters to givae the "path following" and “"control moction"
error characteristics. _
These plotting routines exist in separate subroutineé in all except a

few cases. No multipath or receiver routine directly'cails any plotting

DHE, and ele-
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routine. Thus the program may be readily adaQted to other . installations not
having the Lincoln graphical routines;

The simulation routines involved with the computation of mu]tipath re-
deiver errors.were written to be as independent as possib?e. That is, they
%ssentia]lv do not depend on the calling routine. In order fbr.routines to
work faster and more efficiently, especially when do‘ng perturbation smooth-
ing, some routines do have knowiedge of the structure of the calling routine.
However, the complexxty this introduces 1is fairly sma]l and, as a result,
‘these routines can be used independently for a variety of other studies. For
1nstance. the rout1nes were useﬁ Nlth very few chcnﬂes for the critical areas
studies described ir Chapter VII..V T o

Similarly, test programé have been written which can check out the vari-
ous multipath and receiver routines and/or be used as.a tool in'mu?tipath
measurement test desion, system optimization, etc. Sbecific test programs
inciude multipath frem a single multipath obstacle (TESTMLT), nerformance of
a specific receiver when a single multipath component 1s p?esent (RCYTST),
or received énvelopes’when'a sing]e multipath component is present (RCVENV).
These routines are highly interacti?e and generate gfaphiéal output so spe-
cific cases can be examined easily and in great detail.

The multipath routines in version 1.0 of the prograa are "GREFC" (specu-
lar ground reflection}, “DIFFUS" (di<fuse ground ref1ection}. *BREFC" {build-

ing reflection), “FREFC" (fu;e:aqe ref1ect1ons). and “TREFC™ (tail fin re-

flections). 7The recexver routines avai1ab1e are “TRSB* (time reference

scanning beam) and "ITTG" (a Doppier routine based ¢n the ITT/Gil1fitian
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zero-crossing counter processor). Routines using the Yazeltine Doppler pro-
i T . ;
cessor and the TI frequency reference system were written, but are not being

fSUpporte& curreht]yQ_ A wide variéty of DME's are available with many system

- options avaiiable. The pulse shapes available are Gaussian, traperzeidal,

and,chirped (as proposed by TI). Fixed thresholding, adaptive taresholding,

or delay-and-compare processors can be applied to these pulse shapes, ard
different'DﬁE!s can be used en down.and up linkﬁ. Beampatterns (both trans-
mitter and'receiver) afe_written in subprograms for easy changing. Since
the wavelength is also user-specif.ed (in the block data subprogrem), DHE
systems at different frequencies may be ea§11y comdared with respect to

multipath performance.
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