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. I. INTRODUCTIONl 
T~le US national Microwave Landing System (MLS) pr·ogram has as its goal 

. the development of the system which is to become the common civi1/~i1itary 

t international standard for the reMainder' of this century. ThE: extensive,/ 

de1iberatiCJns o~ the RTCA Special Comdttee SC-l17 led to the selection ofI · 
i two air derived concepts (scanning beam and Doppler scan) which were deve1

I opeL in a joint DOT. DOD/NASA progr;jm. with tt:e tima reference scanning beam 

I
 
emergir>:, as the winner of the U.S. ML$ phase II assessment. In addition,
 

several altemative systems (both air derived and ground V:er~ved) are under 

I
 consideration by the International Civil Aviation Organization (leAO) for
 

adoption as the ne'll intemational standard.J 
Th·~ resistance to coherert interference. i.e. t multi path has proved tot 

I 
! 

be a key technical issue in assessing the r~lative and absolute capcbi1ities 

of the various systems. A1thou lJh all the proposed MLS techniques are gener-

I 
~ 

ally more resistant to multipath tha~ is the ILS, MLS is expected to provide 

gui d?nce over ..uch w'i der coverage in an envi ronment characteri zed by con

tinuing construction of buildings near the aprroach and landing zone and the 

increased use of wide bodied aircraft (both potenti~lly ~ignifican~ multi-' 

path s.ources). There has been considerable operational exoerience 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-
j 

formance solely by field tests. -;;
; 

·t 
1 

This r~port sum~ar1zes the mu1tipath studies performed by MIT Lincoln 
!,

'I 

Laboratory for the FAA MLS office dul'ing the HLS phase II effort. The corner

stone of this Lincoln effort has been the dev,-,lopment of realistic models 

J1-1 1 
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for 1) the multipath in representat~ve real world airport environment~ and 2) 

the multipath characteristics of candioate HLS te~hniques. These multipath 

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

potentiAl strengths and weaknesses of the various systems as weli as to 

oPtimiZ~ the performance of a given system. 

Refert'i ng to Fi g. 1-1. the user-spec; fi ed program input (denoted by 

tr~pezoids) consists of the desired flight profile. location and descr~ption 

of the MLS equipment and scatterers (e.g .• buildings. aircraft. 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 d desired data rate. e.g•• the leAD 5 Hz rate • 

. At each evaluation point. the multi path signals from all of the var~ous 

scattel'i ng and shadowi ng objects are computed for cac.h of the MLS functi ons 

(azimuth. elevation. DM!:). These mu1tipath results are then used as an input 

to a second computer program \vhich .is a mathematical mode"j for the particular 

MLS technique under study. The resulting raw errors can then be plotted 

immediately and/or input to a mathematical model of an a·'·craft flight control 

system model so as to examine the impact of the multi path on the path following 

performance and control surface activity. The program output inc1udes compre

hensive multipath diagnostics. permitting che user to ascertain the causes 

of the computed errors. In addition. \.,e have devE:loped various support 

packages which allow detailed study of the multi path reflections from individ

ua1 scatterers and their effect upon specific receiver implementations. 

1-2
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The remainoer of the report is organized in chapt(!rs which 1) describe 

the algorithms and validation of various portions of the program, and 2) appli 

cations of the simu1~tion (or selected portions thereof) to addressing various 

key rnu1tipath-re1ated rfLS issues. Chapter II de~cribes the mi.J~..;ipath scattering 

model and some of the vaiidJtion by compilrisoT' u'ith theoretical calculations 

and field data. Specific algorithms are presented for: 

1.	 Specular ground reflection 
2.	 Sc~ttering from obstacles such as aircraft. buildings.
 

hangars. trucks
 
3.	 Diffuse scattering from ground 
4.	 Runway hump shadowing 
5.	 Shadow~ng due to aircraft approaching line of sight 

An important ~art of tile multipath model development .invo'lved critically 

analyzing the work that had been accomplished in the multipath area in the 

US and other countries. Tab1p, 1-1 sunmarizes the major data sources used 

in the model development. 

After reviewing the mu1tipath data avai1ao1e at the commencement of the 

lincoln r~LS activity. it was determin(:d that insufficient field data existed 

to defi ni ti ve iy address many impor'.;ar. 1:. ('''''1r~e 1i ng issues. For example. 1itt1 e 

data existed to suggest appropriate C-band models for complicated buildings 

(e.g .• as at terminals). or which objects at an airport would yield signifi 

cant MLS multipath. Therefore, a series of channel charact,arization expeT'i· 

ments were carried out at Logar International Airport (BostJn, Mass.) under 

the tech~ica1 direction of Linco~n laboratory to address these_key issues. 

1-4 
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Ch3pter III describes these Logan measurements in the context of 

validation of the multi path n:odel. Also described in Chapter III are the 
I 

results of comparing the mult)pathmodel predictions with US MlS ph~~e II 
, 

field results from NAFEC and Wallops Island as well as with experiments at 

Wright Patt~rson Air Force Base (Ohio). 

In Chapter !V. we describe the mathematical models developed for the 

sCanning beam (fr.equency and time referenC'~). Doppler scan (coJTJl1utated and 

beam port). and DMEsystems developed by the US MlS phase II contractors. 

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

the scanning beam multi path control technique (MCT) and the thinned Doppler 

array. 

An important feature of the dyna!llic MlS performance is the possibil ity 

of reducing errors by choosing a signal format with measurement rate> de

sired data rate so that a number of individual measurements can be ave.'aged 

together to yield a single output data point. Since the individual measure

ment errors typi~ally oscillate in sign along the flight path. thp.re arises 

the possibility of significant improvement by this "motion averaging" process. 

This motion averaging improvement is a particu1arly 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 val idation process for the angle receivers is 

shown in ~ig. 1-2. For the DME systems. bench test data is not available. 

so the va1iciition has consisted of comparison of tile receiver simulation with 
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theoretical results. Also discussed in Chapter VI are the results of full 

simulations based or runways at Logan and JFK airports. It is shown that 

there is a good correspondence between the observed results and the system 
• I 
~ne~ry from Chapters IV. V and VI. 

iAn ~~portant goal in the computer simulation developnent has been to 
! 

yield a final pro~ct which can be used by interested parties (e.g., the 

FAA. DOD. international civil aviation authorities. contractors, etc.) 

as an aid in site selection. system optimization. etc. Thus, the program 

has been written in a generally available computer languc.ge ~Fortl"'an) and 

structured to facilitate transition to other computer facilities. Chap

ter VII briefly describes the co~puter 'rogram organization as well as the·-· 

support programs which augment the ability to address various aspects of 

the total multi path perforThance (a rilOl1 e detailed description of the l!se of 

the full simulation will appear separately). 

The last three chapters demonstrate the applicability of the multipath 

and system mode13 to se~ral multinath related MLS issues. Chapter VIII 

summari zec: the pre Iimi nary r'esults on the criti ca1 areas needed for the TRSB 

system sO as to avoid excessive reflection effects. In the next phase. these 

estimates will be combined with estimates of the areas required to avoid 

shadowing effects and surmnarized in a separate ATC r~port. 

Considerable controversy has arisen in the U.S. MlS progr~m over the 

choice of polarization for the TRSB SyStfl". The lincoln contributions in 

this area are summarized in Chapter IX. which presents some systems cal

culations t~;ether with the results of an airport survey to better assess 

the expected building multipath levels in the real world with th2 various 

;I	 polarization choices. 
it
fl	 1-8
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Chapter X provides an example of the use of the MlS simulation program 

for:an actual siting problem at Baltimore runway 15. Whereas the full 
I 

simulations presented in Chapter VI are primarily concerned with aircraft 

and building reflections. Chapter X considers the case where irregular up

sloping terrain is the chief threat for the proposed TRSB system. 
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II.	 DESCRIPTION OF MULTIPATH SCATTERIMG MODELS 

The purpose of thi s chapter is to present ~. bri ef descri pti on of the al 

gorithms which have been used to determine the mult1path compo~ent5 which 

occur due to obstac1eswhidlare found in typical airport environments. A 

more detailed description of these subroutines will be given' in a subsequent 

report. 

Descriptions are presentej of the models employed to compute the effects 

due to specuiar reflco:tion. as well as diffuse scattering, frorrith2 ground 

located near the transmitter antenna. In addition. a description is given of 

the al gorithms used t.o determine the effect due to scattering from buildings. 

or hangars. and aircraft. The methods for treating the shadowin9 effect due 

t.o runway hU/ll>s. and aircraft or buildings w~lich, are near the line of S1giit 

between	 transmitter and receiver. are also disl::lIssed. 

It should be ncted that these roode1s irwo1ve two rather distinct steps: 

1.	 the ve~ complicated real world objects are represented by 

certain simpler objects which more readily lend themselves 

to practical computation 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 computatiorla1 speed. 

To achieve this. we typically have used a mixture ofI . 
phys1ca1 opti cs and geometric opti cs a1 gor'ithms as opposed 

to full sol~tions of the boundary value problem 

In this chapter. a limited amount of validation data will be presented to 

provide SOOle perspective on the magnitude of the various scattered signals. 
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The next chapter will provide much (Oore extensive validation data drawing 

heavi lyon the measurements accompl i shed at Logar. Internal. iona1 Ai rport 

(Boston, MA) as a part of the Lincoln Laboratory phase IJ N.S actfvity~ 
I -.-~-_." 

2.1 :Specu13r Ground Ref1 ~ction_ 

! i
! The magnitude and phase of the multi path component due to specular re
! i 

! flection fl'om the.: ground is computed by using the Fresnel-Kirchoff diffraction
 

fOJ~la[48, 49, 51], An illustr~~~on of the geometry required for determining 

the eff~~ts due to specular reflection from the grc~nd is given in Fig. 2-1. 

lhe terrain in the ~icinity of the transmitter antenna is physically modeled 
\.,. 

: 

as a series of rectallguiar and triangular plates. These plates can be 
", 

oriented in arbitra~ dir~ctions, and each has its own characteristic dielec

tric and roughness pt~perties, 

The complex reflection coefficient due to specular reflection from the
 

~Iround is obtained by nJecms of a numerical integration of the :7resne1-Kirchoff
 
i diffraction integral, over the rectangular and triangular plates, as follows
I 

fi1:S'': two
I, and one-third
 
Fresnel zones I
 

... ~ ---- ! -:::::.... 

cos 6 + cos S,...t (2-1)R --"';"'-:2~--=-dSI eq
 

t
 where A is the wavelength of the incident radiation, k is the wavenumber 

! (= 2n/A), 0h is the root-rean-square roughness height of an, appropriate 

'j surface !lement. and R is the equivalent Fresnel reflection coefficienteq 

I' 
i 
l 

.' 

p = s 

I 
I 

I 
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Fig. 2-1. Geomet~ for'specular reflection f~~ the ground. 
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which takes into account the finite dielectric and condu~tivity properties 

of an appropriate surface element, as well as its arbitrary orientation. 

The amplitude and phase of the multipath component due to spec~lar 

re:lection from the ground can be obtained as 

. ' 

(2-1':) 

(2-3)
 

In addition to these quantities, compuUtions are also performed for the 

planar aZ;~lluth and elevation angles for 'the direction of propagatIon of a' . i 

multipath component relative to the transmitter, the relative time delay, 

and the DOPi'ler frequency, cf. Fig. 2-2. These plc:.nar angJes al'ecomputed 

according to the vecto,' direction between the transmitter and the specular 

point on the ground. as shown in Fig. 2~2, i.e •• '.
" 

(2-4) 

'. (2-5) 

The receiver D)ppler frequency is given as the dot product o~ the receiver 

velocity vector with the unit vector from receiver position to the specular 

I point, as shown in Fig. 2-2, i.e•• 
I 

= (2-6)
.1 + + 

where VA is the vector aircraft velocity, and VA = IVAI. The time delay ofI
'j 

the specular ground reflection relative to the direct wave is obtained byI I 
I2-4 

J 
1' 
r, 

I ' 
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assuming that this multipath component arrives at the receiver along the 

d'i~ctiun defined by the specular point of reflection. so that 

(2-7) 

A liunber of computer val i dation results have been obtained for' the sub

routine which c01i1putes the characteristics of the multipath con,.=onent due to 

the specular reflection from the ground. One such result is shown in Fig. 2-3. 

This figure depicts the cOffi?uted and theoretical [63] values of the magnitude 

of the Fres,el-Kirchoff diffraction integral vs the number ~f Fresnel zones 

used in the integration region. for a flat. smooth • perfectly conducting 

surfac~. It is seen that there is a relatively goodaqreement between t:ltl 

resul ts of the computation and the theoretical curve. 

2.2 Scattering From Buildings 

In orde? to compute the effects due to scattering from buildin~i. a 

building wall is physically modeled by one, or more. vertil.al I~ectanglllal~ 

surfaces as shown in Fig. 2-4. Each surface is characterized by a relative 

comple.x dielectric constant and root-mean-square roughness height. Thus. 

for example. a bu~lding with a long glass wind0w which is framed by briO-', 

on the bottom and metal on the top could be represented by three plates. 

The amplitude and phase of the multi~ath components due to scattering 

from a single surface arE computed by making use of Babinet's principle[5.G3]. 

so that we may consider the eq]ivalent problem of diffractlon by a rectangula~ 

opening in an opaque screen. Thus. the complex reflection coefficient of 

the multipath component due to scatterin9 from a ~ingle ret tangular surface 

is given by 
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Fig. 2-4. C~o!retry employed for obtaining characteristics 
of multipath components due to scattering from buildings. 
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(2-8) 

where R is the equivalent Fresnel reflection coefficient which takes into eq 
account the finite dielectric and conductivity properties of the building 

surface as well as its arbitrary orientation, Pr is ~le attenuation factor 

due to the building surface roughness,9i~an by 

P = er 

PR is a distance factor which takes into account the fact that a power loss 

occurs due to the greater path distance of the multipath signal t and is givell 

by 

(2-10) 

PBe is the elevation facter computed as 

j1T/4 
E (F(utop ) - F(ubot»/1:2 (2-11) 

•
where 

(2-12) 

= (He - h )r'2" /R f (2-13)Ubot s 

_,.i"'" 

/
/ 
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'\ I 

I I,' 

//'
'/, /

II 

, 

(2-14) 

(2-15) 

• 
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h is the height of the specular point above the ground. and PBa is thes 
azimuthal factor computed as 

(2-16) 
, . 

where 
I 

I 

(2-17) 

(2-18) 

and Ws is the directed distance between the specular point and the left-hand 

edge of the building. 

The amplitude and phase of the ffiu1 tipath component due to scatteri og 

from each building surface can be obtained as 

(2-19) 

(2-20) 

In this case the computations for the planar azimuth and elevation angles. 

relative time delay and Doppler freq~ency are similar to those presented for 

the multipath component due to specular reflection from the ground. 

The co~utations presented previously refer to a ray path which extends 

from the transmitter to the obstacle. and then to the receiver. This paj:h 

may be denoted as X-O-R. In a~1ition to thi~ ray path. ~~OI~lItations are 

. performed for three other ray paths which involv~ ground reflections. Or.e 

of these ray paths includes a ground reflection between transmitter and ob

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

between obstacle and receiver. d~"oted as X-O-G-R. and the third ray path 
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includes ground reflections between transmitter and obstacle and between 

obstacle and receiver. denoted as X-G-O-G-R. These other paths are computed
I , 

in ,mu~h the same manner as the X-O-R path by using appropriate conbinatio,ls 

of transmitter, image transmitter, receiver, or image receiver positions. 

Various computer valid~tion results have been obtained for the subrou

tine which computes the r.naracteristics of the multipath compor.ent due to 

scattering from buildings. One particular ex~mple geometry is ~hown in 

Fig. 2-5a. In Fig. 2-5b, we compare the results using the computational 

methods above with computations by ITT Gilfillan[18], who employed the 

geometri~ theory of diffraction[62]. It is observed that there is reasonably 

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

that the ~~~.pnt computational technique requires much less computer time 

than t~at hasej on the geow~trical theory of diffraction. 

2.3 Scatt~ring From Aircraft 

A discussion is now presented of the algorithms used to compute the 

characteristics of the multipath components due to scattering from the air 

craft. It has been assuw~dt 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 

roughness. 

YThere is also considerable physical evidence to support this assumption. 
l"easurements of the radar cross sect; on of a'i rcraft[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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Fig. 2-6. Geometry ~~~d for obtaining characteristics of
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The amplitude and phase of the multipath components due to scattering 

from ~ircraft are computed by employing Babinet's principle, :;0 that we may 

consider the equivalent problem of diffraction by a rectangular opening :~ 

an opaque screen. This procedure 1s sirnila.l' to that descr'fbed previQusly 

for the corresponding problem involving buildings. However, in the present 

case, when dealing with aircraft, a correction f~ctor[52] i5 applied to 

take into account the divergence of rays from the cylindrical surfaces l,;sed 

to model the ~uselage and tail fin. 

The complex reflection coefficient of the multipatn component due to 

scattering from ail~raft 1s computed as 
j 

I (2-21)

I 
where R is the equivalent Fresnel reflection coefficient which takes intoI eq 

··i 
; 
, 
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I account the depolarization los~ due to near-specular reflection from the curved ...... ,.t;-.'__i.: ..' 
V/ . 

surface of the cylinder, ~ is the distance factor gi~en previously in I ~.- '.I I
Eq. (2-10), and PAa' PAe are the azimuthal and elevation factors, respectively. 

We first consider the case of the fu~elage, so thlt the factor PAa corre

sponds to the azimuthal factor for a build~ng. In this computation the length 

of the fuselage~ 9.F' plays the role of Wa, which was defined previously as the 

width of the building. Th'lS, the cOlll>utation of PAa is done in a manner sim

ilar to t ....at for PBa given previously in Eqs. (2-16) (2-18). The factor PAe 

accounts for the divergence of rays due to the curved surface of the fuselage. 

Since the factor PAa accounts for the finite length of the fuselage, PAe is 

computed as if the fusel.ige were a cylinder Which is infinite in extent. 

2-14 

. j 

·~,'1w?:\~ifI~1:~~.i~~>i!£Jif1t~1ijii~;":.'~Z!r;l:Zt;l~'fl.tl:.~j;:;'~lQ;:1i:~s~t~~~'~%f~~~::ff'5;~I:ii;1;;,:-.~: .D;;"·4i.~~·';j.::;··
 
~ ... -. l' 

\ 
"- . I, \\ .-:... 



,) 
! 

.~
 

j In the case of the tail fin, the fuctor PAe is con~uted in a manner
 

similar to tr::, G~ven previously for the elevation factc..:r for a building in 

- Eqs. (2-11)-(2-15). The factorPAa' in this case. accounts for the diver

gence of rays due to the curved surface of the tail fin. 

The amplitude and ~hase of tile mu1tipath component rlue to scattering 

, from aircraft can be obtained as 
•

I	 
1~ 
~ . ----

V = . (2-22) J.A J,. ,. 

(2-23) I
;-I	 = ! f 

I 
I
 The calculations for the planar azimuth and elevation angles, relati~e ti~~
 

I 

i	 delay, and Doppler frequency are similar to those presented previously for
I
 

I
f the !l1ultipath component due to specular reflection from the ground. The
 

computations for both thB f'lselage and tail fin take into accolmt tne four
 

I ray paths X-O-R, X-G-O-R, X-O-G-R, X-G·O-~-R. discussed previously in connec


tion with the calculations for buildings.
 

A number of computer validation results have been obtained for the sub


routine which computes the charactetistics of the mult~path component due to
 

scattering from aircraft. An example geometry is shorln in Fig. 2-7a. In 

Fig. 2-7b. we compare the results using the algorithms above with experimental 

I data ar.d calculations by ITT Gilfillan[l8]. The ITT calculations are based 

I	 on modeling the fuselage and wing engine pod by many small plates. and then 

using the geometric theory of diffraction. It is seen that there is reasona

bly good agreement between these two sets of data. Al so. the al gorithm used 

here is many times faster in computational speed. 
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Z.4	 Diffuse Scattering from Ground 

A description is now given of the computations which were used to obtain 

Ule;multipath components due to diffuse scattering from the growld. 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 

surface area on the ground known as the gl istening surface[48]. In addition. 

the phase angles and amplitudes of these waves cannot be predicted. from a 

practical computational point of view, for any rougn surface which is a 

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

ble to obtain average functionals for tllese values. wh~re, as usual, the 

averages are taken with respect to the ensemble of rough surfaces. 

It is assumed that the ground can be mode-toed a.s a rough surface with a 

Gaussian height distributio,l. with root-mean-square ,·ot:ghness height, O'h' and 

a Gaussian correlation coefficient with correlation length, O'~. In order to 

obtain tractable computations, we have followed KOdis[54]. Barrick[55] and 

HcGarty[56]. in assuming that the surface is very rough. and that it is per

fe~tly conducting. 

The following assumptions are also required in the analysis: 

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

!  (2)	 Multiple scattering effects can be neglected. .~. ~----

(3)	 The root,.mean-square surface height is much greater than 
the wavelength. 
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ihe 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 The 

mean-squar~ value of the scattered field at the receiver, relati~e to the 

directly transmitted field, is 

< I£sl > (2-24) 
2 = a 

2 

t.JJ(R:\} ds 
IEol ground

surfacp. 

where ° is the bistatic radar cross section for the rcug~ surface. It can 

4 sec y (2-25)= 
S2 

where SS' cjlS are the scatteri~g angles, 4li is the incidence angle, all de

picted in Fig. 2-8, and 

2 1/2
(Sin2~i - 2 sin~i sin~s cose + sin ~s) __-=-__~'="""'_-=-_--'=-s ~_, (2-26)tan y =
 

cosQ. + cos4l

. ;) s 

s = 2 , (2-27)°h/0.t 

. 2 
- sin4li sin4ls s~n as + a 2 a 

R(;} ;.: 
3 , (2-28) 

• 2E; 2~
4 s~n cos l; 

.J 

J~
-1,,\ 
~ \ \ 

I \ 
1 \ 
I \
1 
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= cOS9i sin$S + sincP i COS cPS cos6S (2-29)""2 

I a ::: sincP i ccscPS + coscP i sincPS cosOS (2-30)3 

, , cos~ "" J(1 - sincPi sincPS coS6S + cOScbi cos cPS) (2-31)K 

We now define the :hannel spread function, K(6.$), as the power per 

square radian i~;cir1ent ,at the receiver, rf~lative to the directly transmitted 

power, coming from, directions :; in azimuth and cP in elevation, d. Fig. 2-8. 

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

1 < IEs l
2 

> 
K(e,9) = 

2IEo 1 

= (2-32)4n'~M-JJ(;,:\)2 0 dxdy 
S 

where S is the incremental area defined in the xy-pl ane by the increments ll.6, 

6$. It is straightforward to evaluate K(9,eP) from £qs. (2-25) and (2-32) by 
, , d ? ? 

noting th~t dxdy = pdpd6, p = hr tan cP, ~ = hr sec~ cP = Rf~(6,cP), so that 

r 2 a(6 + c(e,cP), cPi 8(e,cP»tancPo
K(6,lfl) = 4tr 

(2-33) 

where ~t has been assllflled that 66, 6$ -+ 0, and where, the dependence of the 

various quantities in Eq. (2-33) on a,eP has been taken into account 'ld Jse 

has been made of the fact that as = 6 + a, cPS ~ cP, cPi =8. cf. Fig. 2-8. 
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The reiative magnitode of the scattered wave coming from the direction 0 

to 8 + 68, in azimuth, and ~ to • + 6~, in elevation, is 

1/2	 1/2 ,= K (8,~) (6864»	 (2-34) 

while the relative phase shift, IjJD(e,~}, is randomly selected from the inter

val (-n,n) for each different pair of angles (8,~).The planar angles, Dop

pler frequency, and time delay for each multipath component is computed in a 

manner similar to that given previously for the multipath component due to 

specul ar refl ecti on from the ground. 

We now present some of the computer results for the subroutine which per

fonns the computations for diffuse scattering from the ground. In Fig. 2-9 

we have plotted max VO(8.<P) for -'IT ~ e, ~ ~ n for a typical linear 3° flight 

path. The fluctuation of the amplitude of this multipath component is ::ieen 

from this figure to be quite rapid along the flight oatn. In addition, the 

level of this multipath component is quite sr.lall, or, the order of -35 dB, and 

less. This behavior appears to be quite ty;:-:cal for the diffuse ground 

scattered multi path component .. It should be observed that the low level of 

this multipath component tends to make it relatively 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 surfaces, or humps, which	 I
, 

. , , 

\~!	 .'occur in a typical airport environment. The diffraction geometry for this	 
''>' 

r'" . 
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problem is assumed to be that shown in Fig. 2-10, ard corresponds to that 

employed by the United Kingdom R~yal Aircraft Establishment(27] to describe 

their experimental data on shadowing due to runway humps. The physical n~del 

for the runway is that of a triangle which coincides with the surfaces lead

ing up to the hump. This model 'jnvo 1'~es the treatment of four .,ray paths as 

shown in F'ig. 2-10.' The first ray path from transmitter to receiver corre

sponds to that of classical knife edge diffractiontheo~.' The other three 

ray paths from image transmitter to receiver; transmitter to;mage receiver. 

and image transmitter to image receiver. ,are required in order to have a ' 

model which yields results that are somewhat in agreement with experimental 

data. 

The ratio of the diffY'acted wave to free-space signal is given by 

4 

(2-35)=2: 
i=l 

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

and 
.,1/2 

2 2 
5 ) + (2"

1 
- Co)i 1.[3-

2 J , (2-36)=Ai 

f'
u. 

'If 2
Ci = cos{2"x) dx , (2-37) 

0 

2-23
 

I ' 

) 
i _ J 

,.
/ 

\ 
\ 
\ 

I. 

,- ,- -, .: 

I. I' 
.... t J" 

l/~' .. 

I· ,
1,1 • 

/ ,i!' .J'

.t1" 

-- ; 

-; -. 

':'," 

\ 

, 
; 

, .I 



/ 

/ 

/ 

P:lth no. 
II 

I I 
/ I 

/ I 
f 
I :~ .' 

a • • urned rurno-., 
contour 

Top of Knife Edge ,/' ..' 

,
 
I Fig; 2-10. Diffraction geometry used for runway hump shadowing problem.
I 
I 
I 
I -~ .' 

I 
,.. 

I
, 

/ 

j .\/ 

, I
l

" . I .. '<' 
I 

, I 
!
; 

, , 
~' 

2-24 

.....~... 

\ 

~ .' . .-, ./ 



/ 

\: 
. . I 

", -,-.-. ~-- '~'-, '-'~:".7 ~"-. ~.-'" -. • );.,.~. -,;r-''''' >",~.. "' ~,.. "'. -.'.~ "...,. :~ --r-- ."".>t'"_-:, ..;."...~-n·-~""·_4;:--' C:"_~,__ ·,,,~~. 0"," '.'~"-'"'li":"'".~:.-,.,!,~-~~~ 

u. 
J. 

I . (1T 2)S.
J. 

sJ.n "'I x dx (2-38)~I 
0 

Di ) 1/2
= h. (2-39)

J. (A 
2 

d1i d2iI 
ui 

I 1r s. 
I 11" . -If 2" - J.- til· ... tan 1 (2-40)

J. 4' Ll- ei J 
and the quantities k.~ are the wavenumber and ~ave1ength of the free-space 

jet>.
signal defined previou~ly. The factor Pi ' is the cO:ll>lex reflection coefj
 

I, . ficient due to reflection from the ground for the i-th ray path. i ~ 1,4. cf.
 
j
 
i
 
I Fig. 2-10. We have Pi = 1 and $1 :z O. and it is assumed that Ill. = P3 =
 
I
 

P,P4 = p 
2• P = 1 ~ and 412 = ct>3 = 1T.$4 = 21T 0 (rood 21T). The q;J.il.:ltlty P canI: 

I 
be set to a value other than unity in the computer program. if S:I 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 

... , (2-41) 

'SH ... ARG{ED/Eo } (2-42) 

I" actuality. the ampiitude and phase of the direct wave, in the MLS computer 

simulation program. are fixed at unity and zero. respectively. Therefore. 

the multipath amplitudes are multiplied by l/VSH ' and the phase angle et>SH 

is subtracted from the multipath phase angle. -It should be noted that this 

computation is performed in the receiver signal processing subroutines. 
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since the transmitter radiation pattern, G(ai.Bt) is system-dependent. That 

is. the runway hl.lfllp co.'llputat;r.nal subroutine obtains the quantities
 
j(.1 + k(Di-D l ) +.i'·· . _
 

Ti(:Aie ... ' ai- Bi , i .. 1,4. and passes these 12 v~..l::S to 

the receiver subroutines, which then corrbine them appropr'iately. according to 

the system being considered, to detenmine the shadowing effect. 

A comparison is now given of the computational results obtained for the 

signal lross due to runway hump shadowing, as outlined in this section', with 
• some experimental data due to the U.K.R.A.E. These data are shown in Fig. 

2-11. whichoopicts the C-band signal loss measured by the UK along the Bed

ford main runway and the corresponding computational results for a transmitter 

antenna height of 1.0· feet. 

The ag~ement betwaen the experimental data and predictions is regarded 

as fai r. For other transmitter hei ghts. the computer 100de1 shows si zat>1a os

cillation in VSH as t;1e LOS is a1100st blocked which do not appear in the 

field data. We will attempt to resolve these differences in two w~s 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 procedures. fine grain runway contour, etc. 

Secondly, we wi11 investigate an alternative computational approach 

based on physically modeling the hump as a parabo1oid[26.58]. It is o'ar 

hypothesis that the discontinuity at the apex of the triangle accounts 

for much of the differences between computed fields and field results. 

Since runway construction ..tandards[61] call for a smooth transition between 

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

more realistic. 
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2.6	 Shadowing Due To Aircraft Approaching Lina of Sight 

:We now consider the shadowing effect, due to forward scattering, when 
I 

an aircraft a~proaches the line of sight betw~en the transmitting and re
; 

caiving antennas. In this case, diffraction phenomena occur, rather than 

reflection3. The magnitude of the forward-scattered wave depends, in gen

eral, on the shape of the aircraft projected onto the plane perpendicular 

to the line of s:ight. For simplicity, this projected area is taken to be a 

c11~cular disk of the same area. The diffraction effects are then assfnned 

t~ be due to this circular disk. It is assumed that this diffraction signal 

can be treated as a multipath signal with paramt!ters which will be be 

specified. 

The geometry ass~med for the forward scattering due to the aircraft 

is shown in Fig. 2-12a. An estimate of the projected area may be obtained 

from this figure as 

(2-43) 

The	 forward-scattering cross section is taken as 

,	 (2-44) 

where u= DDrSK sin ~/A, ~ is the angle between the iine flom blocking air 

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

in Fig. 2-l5b. and 

D
DISK 

= (! A )1/2
11" P 

(2-45) 
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~he ratio of the scattered p.nergy to that of the direct signal is then 

.	 2 
r 

= o 
4'1f R 2 R 2 

t rIf • 

. ro pA)2 [2J1(u) .]2 . =	 (2-46)
(. R R AU' ..t r 

:i	 Hence. uliing Eq. (2-44), the relative magnitude of the forward-scattered wave 

at the receiver is 

V os
F 

G(a,SJ

I	 
-= •	 (2-47) 

I The relative phase-shift. lIf. of the forward-scattered wave is taken as Tr 

radians if Jl(u)/u is positive and 0 if Jl(u) is negative. The relative. 

time del~ 1s assumed to be 

, (2-48) 

with a zero relative Doppler frequency. The falues of a and 6 used in the 

transmitter antenna pattern G(a.6) are taken to be those corresponding to . 

thP. dir~ction from the transmitter to the center of the blocking aircraft. 

If for a given geometry Vf is too large (e.g•• VF > 0.5). then the 

assumption of Fraunhofer diffraction which is implicit in the use of a 
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forward scattering cross section is no longer val;d. The phase II version 

of the computer simulation program will flag such an occurrence as total 

blockage and attempt no further signal processing at that particular eval

uation point. 

A more refined Fresnel diffraction model which takes better account 

of the projected aircraft shape is under active developrnent and should be 

operational shortly. the computational algorithms for this model are based 

or. the notion of edge rays and obstacle rays sorrewhat analogous to the rays 

used in the geo~etric theory of diffraction[62]. This edge ray theo~ (which 

will be described in a subsequent report) has been applied successfully to 
\ , \

explain some of the shadowing test data obtained in the Discrete Address 

Beacon System (DADS) program[64]. Thus. this more refined approach is felt 
, I 

to be highly desirable for deten!lining the shadowing effect due to aircraft. 

and also buildin~s. approachin~ the line of sight between transmitter and 

receiver. 
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I 
I	 III. SCATTERING '~DEL VALIDATION 

" 

A key feature of the rlLS multi path model development is validation of the 

model by comparison with appr{ipriate' field data. t During the first phase of 

the study, the principal focus has been \... data at a carrier frequency of 5.1 

GHz, although SOII~ comparisons have been made at 15 GHz and 1090 MHz. The 

key points to be addresser. in the validation were: 

(l)	 Does the physical model assumed for the scatterers at the 
f 

airport ~~Ke sense? This involves issues such as whether 

buildings scatter much like a flat plate coplanar. with the 

ver~~cal walls and whether aircraft tail fins yi~ld specuiar 

reflections over a range of angles corresponding toa s,ection 

of a cylinder. A.nother issue of the same type is the n.J!i'oer 

of scatterers which need to be modeled in a given environment. 

(2)	 With appro~riate specification of parameters such as dielectric 

constant and surface roughness. do the quantitative predictions 

of the model agree well with the field data? 

To answer these questions, lincoln w4de 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 

tVa~idation of the computational algorithms by comparison with more 
exact theoretical calculations was presented in Chapter II. 
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,1, ' \.' . ", f',1950'S[l-15], it was found that only the later data was obtained carefully 
,',. ;1" 

I 1 , enough to address the issues above. This later data included: I -; i 

I
 
(a) HlS contractor TACO measurements as well ~s the MLS phase II ~ .'
 

measurenv=nts at NAFEC and Wallops Is1and[l8, 22, 26, 30-34]. j ~" ~
 
I
 (b) United Kingdom weasurements at P~E Farnborough and Bedford[27]. 

I 
"l~" :,, , , [28]

(c) USAF measurements at Wright-Patterson A~J (WPAFB) • 
I ·.,-r
J .... "! , I

It was soon realized that ~~ere was actually little data to address point (1) I! 
; ~] .above in the context of large civilian ail'ports. Consequently, Lincoln acted 

as technical director for an extensive set of mu1tipath experiments at Logan 

Airport, the results of which are discussed in section 3.1. The UK and MlS 
I 

contractor TACD data of principal interest for validation was presented inI 
j,
! , the previous ch~pter. In section 3.2, we describe some of the relevant re-

I , su1ts of the WPAFB data. Section 3.3 considers the data obtained by the rlS

I
 Phase II contractors at NAFEC and Wallops Island. 

I 
j 3.1 'The Logan MlS Mu1tipath Experiment 

I 
The Logan HlS mu1tipath experiment was performed at the Logan Interna

tional Airportw1th the cooperation of its owner, the f1assachusetts Port 

Authority. It was a joint effort (sponsored by the FAA) of Lincoln Labo~atory 

and the Institute of Telecommunication Sciences (ITS), Bou1der t Colorado. ITS 

provided the means of taking and processing the C-band data and Lincoln super

vised the experiment and analyzed the pro:~ssed data. The data were taken 
/' 

durir<i two periods, from 17 October 1974 to 26 October 1974 and from 8 Decent:ler, 
, 

j
i 

1974 to 13 December 1974. Since this data has been described e1sewhere[291, 
, ,, our objective here will be to briefly discuss some of the highlights. 
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Carrier ",ave data was taken, but the domin<::n:: si gn3" waveform use{j for 
I 

the experioE:nts )ias short ~ulses (6.61 nsec) so that delays dl!(; to transmis

: s·ion path differential:> as small as 7 ft could be detected. Pulse compres

sion and incoherent integration were used to achieve the necessary 1eve1s of 

signa1-to-noise ratio. Because of this fine resolution, o~e mult1path re

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

predi ctions. ' Any ref1 ect ions unaccounted for by the mOdel woul d be recog

nized a~ such (none, however, were found). 

The choice of a six-fo0t parabolic dish as the transmittting antenna 

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

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

approximately 1.60 
, the ground reflections could be reduced to a level simi

lar to that which would be encountered by a well designed MLS. This greatly 

helped to establish the integrity of the measured levels and allowed for 

direct comparisons with the lIlJdel results. 

The locations of the transmitte~ and receiver were both known to within 

approximately 15 ft. Locations were genet'any detennined by noting positions 

relative to some marking on the runway or some object \'/hich could be located 

on the area photograph of the airport map. In a few cases 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 t.'1is resulted in excellent agreement. 

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

Lincoln mu1tipath model. namely. that a builjing could be reasonably modeled 
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by d few flat plates~ each with a suitable reflection coefficient. This was. 

in fact. bome out by the data. 

For the purposes of multipath reflections. buildings could generally be 
I 
I 

classified into one of two categories: (1) buildings with complex surfaces 
: 

(brok~n by columns. jetways. etc.) and low reflections. and (2) buildi~gs 

with simple surfaces. For toth. the model is a plate that concurs (in size) 

with the dimensions of the building. For the latter case. the reflection 

coefficient is detennined from the dielectric property of the building 

surface material. while for the former case the reflection coefficient is 

chosen to be commensurate with peak measured HID levels an~notrelated to 

the construction material. This was due to the fact that the comp1'ic:',ted 

surfaces generally broke up the reflected signal. thereby reducing the MID 

levels significantly below that which would be expected for aholTlogeneous 

plate. while not producing measurable reflections elsewhere. 

Both simple and complicated faced buildings were used during the ex

periment. Typical for a complicated faced building was Pier C. sh~1 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 specul ar reflection or diffraction from the building \/ere observed. 

For example. froril tr'ansmitt.er site Ti. geometric optics suggests that 

no appreciable multipath would be observed from Pier C for receiver positions 

anywhere along runway 4-22L. No reflections a£ large as -32 dB with respect 

to the df rect sf gnal were observed. From transmi tter site T2. geauetric 

i '." 
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Pier C (building 33) at Logan airport.Fig. 3-1. 
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Fig. 3-2. Loc~tion of aircraft. trans~tters. and receivers for airplane 
and terminal building multipath experiments at Logan Internationa1 Airport. 
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optics suggests that reflections would only be encountered between fe

ceiver points R2 and R3. And indeed, this was the case with the field data. 

The measured levels of multipath often varied rapidly with the specular point. 

This behavior is not represented by the mace1, but it is not impo,~ant since 
I 

the largest reflections were small and the model reflection (.oefficient can 
I 

be chosen to correspond to the peak level observed. 

It should be emphasized tilat the terminal area was quite active at the 

time the measurements were made. However, the only measurable reflections 

for the measurements of Fig. 3-2 werE from Pier C and from what is believed 

to be an aircraft on the taxiway between runway 4-22R and Pier C. This is an 

.important experimental finding since it suggests that many of the cOfi~licated 

features {deliverY trucks, lU9gagecarts, etc.} in a terminal area wny be 

ignored as far as inDdeling significant multipath is concerned. 

Similar measuren~nts were performed on the other n~jor buildings 

bordering the runway, in partlcular, Pier 0 and tha International Bufldiog. 

In all cases, the results were essentially identical to ~~ose of Pier C 

above. 

The Delta hangar, pictured in Fig. 3-3, is a simple faced building. 

The section to the left i~ metal clad and reflections from it can be :ompared 

quantitatively to the model's. The transmitter and receiver' were positioned 

so that as the receiver antenna height was cilanged (refert"t'd to as a mast run) • 

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

As the specular ooint moved across the lower edge of the large, metal part at 
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./ 
\ 

' 

3-8
 

\ ", 

\ , ./
/ 

i- \. / '. /. \ 



\ ,•.J 
.\ 

--·~--7•. ( " .....;. ....., 

\ 
\ \. . 

;. 
'. \ ; 
\, 

, ) .. 
\ " 

\., 

the top of the building. edge diffraction was observed. The results are com ~:.-"l.: .. ~~. 
_.__ .;.--_ . 

.....,...-,....pared tc that of the model in Fig. 3-4. We see that the~ is good agreement.
~~ .~~.~~~ ..• 

1 
.' IReflections from airplanes were also studied a~d utilized to improve : I 
I' 

1\ .and verify the aircraft mede1s used for mu1tipath cwputations. During the 
!\ 

· .. l",', . 
.~ -; ;experiment it was found that the tail was the mains·;lrce of airplane mu1ti

path ref1!!ction for the geometries used •. The wings .::re not suitably oriented 

to cause reflections for MLS. and the fuselage is doubly curved in' the front 1 
J
J	 and rear and is shadowed by wings and engines in the center~ The ,tail is 

large. oriented for reflections. relatively flat. and because it is angled I 
J slightly upward and is slightly curved. it generates reflections overlarge 

I angles in space. The original model overestimated in both, level and extent 

j the ~eflections from the fuselage and underestimated the vertical extent of 

the tail reflections. By ex.aggerating the tail height. by choosin~ theI 
largest tail fin 1engtn. and by decreasing slightly the fuselage length. 

better agreement bett~en measurement and model are achieved. Alternatively. 

one could tilt the tail of the mu~~l instead of exaggerating i~~Jheight. 

Model fuselage MID levels were generally higher than those observed. but this 

is acceptable because: (1) the measurements were at geometries 
." 

at which 

." 

\. \ 

than underestimate them. 

*In particular. the restricted range of receiver heights. 
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FiglOre 3-5a illustrates the georretry of the transmitter and receiver 

relative to a Boeing 747. Note that the angle of the incoming ray. refer

enced to the centerline of the plane. is 20°. while that of the outgoin~ ray 

is 35°. The curvatur'e of the tail is responsible for this result. A re

ceiver mast 'run was performed and the measured levels are superimposed on 

top of the rodel results in Fig. 3-5b. We see that the data follo"'15 the 

'overall shape of the model curve as well as agreeing in level. Similar 

measurements and results were also obtained for DC-10 and B 727 aircraft • 

. In s UIl11\a ry, it was estab11shed that the 1oca ti on of all important 

. uuilding reflections could be determined by modeling th~ buildinHs by simpl~.'" 

flat plates and using geometrical optics and diffraction theory. Although 

other refelctions occur. they apparer.tly are so far below the direct levels 

tbat they can be readily ignored and. in fact. were not ldrge enough to be 

measured in our experiment. Buildings. therefore, coull! be classified into 

two categories, complicated and si~le. Complicated buildings. such as most 

terminal buildings, appear to be modelable by a single plate with a r'eflection 

coefficient commensurate with peak measured levels. Simple buildings. such 

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

, \ '\ .... 

are determined by the dielectric and roughness properties of the surface "' "v'
" 

construction mat~rial. 

Aircraft reflections are more complicated because of the multitude of
 

curved surfaces involved. The resul t 1:; that there is no single number which
 

tends to characterize reflections as is the case with many buildings. In
 

addition, it is lrore difficult to judge the anguli!'" extent of the reflections
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and one is more dependent on the rTJJdc1 for determi nati on of the range of the 

reflection and the level for any particular geometry. There remains one prin

ciple which we can state. For airplanes on the ground, their tail reflections 
i . . 
~end to dominate over otper reflections for a couple of reasons. First, for 
! 
the geometries that are likely to be found between the transmitter, airplane 

and receiver, the tail is cur'Jed and oriented for reflections over a wider 

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

the wings. 

Good agreement between the model and experiment results was noted. 

There are some deficiencies in the airplane model due.to the necessary sim
I 

I
 plicity of theroode1, but the resulting discrepancies should net be ~mpol'tadt.
 

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

I experiments and in extrapolating to new situations is obvious. 

I 
3.2 The Wright-Patterson Air Force Base Experiment 

In the spring of 1974, an experimental program to measure mu1tipath at 

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

was undertaken by the Illinois Institute of Technology Research I~stitute 

(IITRI). Broad antenna patterns, unlike those proposed for MLS, were used 

through the experiment so that it is difficu1 t to make a di rect comparison 

between the measured 11lJ1tipath levels and fi..S mu1tipath. In addition. the 

broad beams cause ground reflections which contribute significantly to the 

measured MID level as illustrated in Fig. 3-6. Unfortunateiy, IITRI made 

no attempt to account for them or to characterize the ground so that others ~' 

.;::.. 
~ 

:~;>. 
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Fig. 3-~. Role of ground reflections in determining multipath/d1rect
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, I	 might attempt to do so. As a result. the levels of the multipath could not 

be conclusiv~ly interpreted. Only the extent Gyer which the multipath is 00

served has any rea: validity. The results applicable to the computer model 

validation are. therefore. limited. They are: (1) the scalloping patterns due 

, to interaction between direct and reflpcted signals as afun.ction of receiving 

position. (2) the extent of reflections as compared to predictions from ray 

geometry, and (3) the importance of ground reflections in dete,.minin~ the MID 

1eve1. 

Figure 3-7 shows the section ofWPAFB used for the mu1t~path measurC{IIents. 

Unlike Logan Airport. whe're the building visible from the r'.;nways were pri

marily tenr.inal buildings with jet ports, etc., at WPAFB-. the buildings were 

primarily hangars Which opened towards the runway. The surfaces typica11y 

were glass in a. metal frillreW,Jrk or corrugated asbestos with the exception of 

building 485 ~hich was $mooth concrete. The screens were the same as those 

used in the FAA tests at Wallops Island. Si~ce these walls were typically 

quite homogeneous, one would exper.t them to reflect much like flat plates. 

And indeed, it was observed that in all cases the buil ding and screen reflec

tion regions were highly predictable as means of ray geometry. 

The degree of coherence between the direct signal and reflected signals 

is of particular importance for assessing motion averaging* improvement in 

a given situation. It was not possible to investigate this with the measur~

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 illustrated in Fig. 3-8. The mult"?ath mo.::iel described in 

Chapter II assumes that this interaction can be represented as interference 
.'~ 

between the true transmitter and an image tr~nsmitter located as indicated 

in Fig. 3-8a. In Fig. 3-Bb, \'1e see that the model prediction agree:; quite 

. w.:ll with the observed fl uctuati ons. 

Good agreement between predictEd and measured scalloping was obtained 

for most of the other buil di ngs. The report does bri ng into ques ti on the 

cause of t~~' scalloping behavior obse~ved from building 2~ reflections. When 

the receiver wasllX>ved along the runway, the scalloping of approximately 31ft 

is consistent with interference betwp.en reflections from building 22 and the v 

~irect signal andlor reflections from building 485. However~ when the receiver 

was move~ towards building 22 the scalloping was very different. ~"his latter 

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

buil ding 485, but the information p.·ovi ded in the report is insufficient to 

draw any definite conclusions. 

Some of the screen data at WPAFB de~aDnstrates the necessity of incor

*ptJrating the secondary ground reflection paths of Fig. 3-6 in determining 

multipath l~vels. In section 3.• 3.2 of the :iITRI report[28], data is preserited 
.r' 

on screer(multipath for three different receive antenna heights with the geome

try sho~ in Fig. 3-9. The data indicated that at the 20-foot receiver height:, 
; 

the re~i'!ed muaipath signal is near a null. This particular phenomena was 

•
attrib?ted to inhomogeneities in the screen by IITRI since over flat ground 

the qrst null would appear at 64 ft. However, further investigation by 
~ 

*In the parlance of Chapter II, these are the X-O-G-R, X-G-O-R, X-G-O-G-R 
and X-,G-R paths. 
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Fig. 3-8b. Scalloping in received signal ampiitude for WPAFB bldg. 485 measur€~~nt", 
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lincoln determined that the ground between the transmitter and the screen 

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

mitter, screen, and receiver location. and the contour of the ground, one 
I 

finds that the signal reflected directly from the screen to the receiver 

r	 i 
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 scr-een.
 

I To summarize, we conclude that in the limited areas for which the data 
.1 in the report can be used to test the validity 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 computerI	
\ 

I
 simulation model for multipath reflectors. Thp. simulation scenarios dupli \
\
 

\ 

I 
cated the multipath screen and parked aircraft tests that are required by the '. 

Phase II MlS test plan[63J. The ratio of multipath signal to direct (MID) • 

. ob~ined from the simulation, was compared with the measured data from the


! static tests reported by the ~LS contractors. Prima~ emphasis was plac~d on
 

the Bendix data for two reasons: (1) the Bendix reports contained the most


j	 complete documentation of the tests t and (2) the IeAO tests will be conducted 
I at the Bendix sites It NAFEC.I 

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

Table 3-1. The available data on multipath-to-direct (MID) signal ratio was 

,/ 
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Fig. 3-10. Comparison of ground contour and ellipse for a one-wavelength delay. 
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J3;;.:,~ "
MULTIPATH TEST CONFIGURATIONS \BENDIX SITES) " ~lf:;;
 , 

"ReCloctor 
ReClfctol" 

Test Function Tranllmltter Location Locatior Aa&le Multlpath Vertical Probe T~.t 
No. ;.' YT' zTt (ft) "s' Vs (It) (des) , Region PoInt :lr"R' YR (ft) 

I AZ 0, O. 17 xT + 433, 'IT .. Z5C -13. 58 Rollout 5465,0 

2 AZ 0, 0, 18 xT + 433, il'T .. 25C -13.96 Threshold 7465,0 

3 AZ 0, 0, 2Z .. 433, YT + 25t -14.29I xT Glide slope Z465,223 

5 EL-I 7547,255,13 xT + 200, YT + SO + 3,.3 rrhruhold 8555,0,-
6 EL-I 7547,255,18 xT + lOO, YT + 50 -5.7 Glide slope 8455, Z70 

7 EL-2 5547,255,13 xT+bCO, YT+ 150 -I. I Threshold 8065,0 

8 EL~Z 5547,20;5.13 xT + 6 DO, YT + 150 +15.5 Flare 6465,1) 

14 AZ 0,0, 19 R140. ~ Zit +15. I Threahoj~ g:;05,O 

I 

14 EL-I 7547,20;5,14 8416, .211 .. 15. I frhrt ahold R426,O 

t4 EL-2 0;<;47,20;<;. 14 ~'I 46, -211 + I 0;. I rrh~esh~ld 856",0 

•. . 

, ~ '.f,..,..-~.-';~.~.j~j 
.>"~\'~t.'l 

;tl~ij 

~:f.l 
Ii.,.:.,:,1t;;- .. 
~~~l; 
i'f\?; 

I 
~~~ 
~;"", 

,,\J~ ,.,'?<.\••'. 
~~~: 
·;h:~ ~,.,

W 
' 

",·,'4
\~""1; I \ .

N~:~~ W 
1'.'" ~ 
f<~~ 

I .',-'-' 

. / .,' "\
 
,
 

i 't"'... "'.J· 

\0/ E•..);~.~t;.~l.I ~: 

~~·;.~..
~~I

"'ji 

f~,:;,~~
~ 

'fM~ 
.ti:.,~t~.':,

,1 0, :t'~;t' 
~, Screen reflector is 5Z ft long, Z~ ft high, 2.0 't off ,ground. 

~p ~i 
, '~ ~:,. trransmitter height iR referred to test point llrollnd level. 
if ' 
~ 

..~)-
':.?1I.... 'll,i.t ">:.«.:' ·~t1i£~J;:j,w.~.:~-..""'· 'i' .,,..n,:...,t,",<,,> .d"i_;;,~~.'}ti.~.:i~~~:·~~t~,·f,-,.-: -,.j;~.~.;.~~

"''::_2£i;~·ji: 

.-_...... i \ \ '''-,- / ~, ~/' 
t ~' 

\ ../ "', . .' 
-.-~. 



-- ~ ~.," .. . . ../ '",,"'-- ---:~~.../~: 
' ' 

' •• -. , •... ~. ''''.'Yr •.•. ·"-- ..,,,- O.;,."f~-""." . ..., ..",_,,_N,~ \::, _.' .. ' ~,"',_ •. .._<,_...,..>"..,._"_~,..~ ,-.-:'""',..,~~.\"~._. 

oot4ined from the contractor Phase II reports. The most extensive mater':al,
 

which included the direct and reflected signal levels measured separately,
 

was published by Bendix. ' This type of d~ta was ve~ beneficiJl in analyzing
 

the ,~xperiments for effects that would have been masked in the coi!Dined MID
 
I 

ratio.: 
:In setting up the gec,..-...etry for the cClI'I')t!ter simulatioos, the surveyed
 

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


tions in ground level, there is sone Utlcertainty as to the effective ground
 

height. The ground level at the test van location usually establish~d the
 

effective ground plane, and the transmitter height was referred to this plane.
 

In cases where the results seemed to be very sensitive to the chotce of "
 

ground level, a ~re precise esti~te w~s obtained to represent the effective
 

, height of the terrain between tranutitter and receiver. 

Besides the geor~tr1c configuration, the computer simulation requires as 

input certain parameters describing the properties of the scattering surfaces. 

One paramet~r is the surface roughness height which strongly influer.ces the 

reflected signal level. Scree" roughness was estimated by FAA personnel to 

be IS high as ~ 2 i"ches. By comparing simulation results with the measured 

data, it was found that an nIlS roughness height of 0.75 inch produced good 

agreement with azimuth data taken of HAFEt. This valu~ was used for all 

simulations at C-band. .. 

For the Ku-band (A • 0.8 in.) data at EL-2, the apparent slJrface roughness 

height is smaller because the scale of the "waviness" of the scree~ is com

parable to the Ku-band Fresnel radillS. The screen surface is locally sflX)oth 

Y 
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An illustration of this i~ provided by the data for test 1. azimuth 

multipa~~ at rollout. The scre~n 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 is. therefore. easily resolved from the direct signal by 

the directivity of the scanning function. Figl'res 3-1l(a) and 3-1l(b) indi

cate MID ratios from computer simulation. and three'contractors' data for 

the two required tests. The simulation concurs with tht" Bendix data from 

the original Phase II tests. In the supplemental TRS tests. the screen was 

apparently misaligned horizontally and vertfcally. 

system as a result of a slow horizon cutoff in the ele\ation pattern of the 

azimuth antenna. 

;
iI . 
I 
! 

'I 
1 

L, ...  - "X .~~ ~ :' .' 
,T<~ , , --~~~,~1. ----~.:...... ....-->..)\., . •

I

: ..~"., . 
I

1
, 

over small regions. Within these regicns the roughness height. applicable at 

KU-b~nd. is considerably smaller than the value used for C-band. Although the 

local roughness is less. the reflected. Ku-band si gnal is scattered OVH a 1arger 

angular sector as a result of the different orientations of the different 

reflecting regions. This divergence phenolTl<!non is not incor'porated in the 

simulation model. and hence. correspondence between simulation end experimen

tation at Ku-band is not to be expected. 

I
 In general. the azimuth test data for both screens and part~J aircraft
 

I
I could be quantitatively reconciled with simulation results. The t'econciliation 

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 small 

I
I .',deviation from vel'tical causes wide fluctuatioo5 in MID when the ground >y'",.,. .... ~. 

bounce is a significant factor. This was the case with the Bendix azimuth . " 
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I 
.J Horizontal misulignment causes the multipath region in Flg.3-11(a) to 

. fan further from the transmitter. A slight vertical misali'gnment is evident 

fr.om Fig. 3-12 wherein direct and mu1tipath signal levels are plotted sepa
l 

rately. Analysis places the first null produced by ground bounce interferEnce 
I 

with the direct s;'gnal at a height of 32.9 ft. The data seems to be tending 

in that direction. The I'eflected signal null at 18.5 ft for the supp1errenta1 

tests can be accounted for by a screen deviation from vertical of only 1°. 

Similar behavior also occurred in te~t 2, azimuth mu1tipath at threshold. 

The screen is oriented for a mu1tipathmaximum at 7500 ft from the azimuth 

transmitter. The MID ratios for two horizontal and one vertical cuts are 

illustrated in Figs. 3-13 and 3-14. The simulation. with paran~ters selected 
'.'; ~ .... 

to fit the Bendi x confi guration, -::oncurs with the 01"1 gina1 Bendi x tes ts on 

the horizontal cuts. The vertical cut demand~ more detailed investigation 

through th~ separate plots of direct and screen reflected signal levels. 

- ....Tile sharp and deep null s in Fi g. 3-14(b) are indi cati ve of ground bounce ,
"'- . 

. . " ./ 
on both paths. * The predicted location of the first null is at a height of i~ 

40.5 ft as compared to 38 ft for the direct path data. The measured distance 

(20 ft) from peak to null is almost exactly as predicted. On the reflected 

path, a deviation of 0.80 in screen tilt from true vertical accounts for the 

null position as well as for the peak-to-nul1 spacing • 

. I 

*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 t\e peak near 17 ft when both paths 

the MID ratio is -2 dB compared to -3 
I .' 

overlap of peaks at approximately 51
 

less than -4 dB for the simulation.
 

can be deternrlned from the ratio o~
 

The notch depth is arproximately 19 dB
 

solving 'for p in 20 log [(l+p)/(l-p)]
 

is found to be -2 dB.
 

In contrast to t~e azimuth tests, the measured data for e1evation did not
 

/' 

t 
j. 

are reinfurced by grcund bounce, 

~a for the simulation. At the next 

ft, the MID i~ -5 dB compared to slightly 

The relative level of the ground bounce 

= 19 dB, the gl"ound bounce signal level 

peak to notch in the lobing pattel~. 

for both curves in Fig. 3-14(b). By 

concur ::iatisfactorily.with the simulation. l10st of the disagreement can be 

attributed to one of the following reasons. First, thl' measurement of WD 
,. 

ratio requires adequate resolution t:etween direct and multipath signals. in 

the azimuth' tests, the multipath was sUfficiently out of beam to permit 

separation of direct and multi path in the scan dimension. In the elevation 

tests, the multipath is in beam, and separation could be ac~omplished in only 

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' resol utfon cOlll d account for the observed data. 

The intended MID ratio on a horizontal cut, as given by the simulation 

for the Bendix site, is indicated in addition to data from four experiments. 
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None of the tests agr-ees sufficiently with the simulation. al'-ugh
I

*i.

Hazel tin,e's data more closely resemble the desired shape. 

The, data from the vertical cuts are indicated in Fig. i 5(b) incl ud~ :J 

also In. The Bendix multipath appears to have missed t' ;;ark. At the'2st
 

point for the vertical probe (l007 ft forward of EL-l).le multi path is \~el1
 

. below its peak. In an effort to reconcile thf~ observC! ons with i'\ model, the
 

direct and mul tipath signals. rreasured separately. we"~ scrutinized in more 

detail. Figure 3-16 illustrates the data for the Pr .~se II original ard sup

plemental Bendix tests. 

Note the pronounced lack of repeatabi l1ty bet'tieen the two Sf' of ex

periments. Ignoring the absolute level shift. t'ere is only a slight simi

larity in the fluctuations for the two tests. The later test has a lower 

density of experimental points and less consistency between adjacent points; 

consequently. ~ttention was concentrated on the earlier data. Analysis sug

ge~ts that the ripple in signal levels represents reflections (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 irregularities. The simulation model treats the screen as. on 

the average. a perfectly plane surface with some small-scale roughness. The 

roughness is taken into account by a reduction in the reflection coefficfeilt. 
-,. 

but in other respects the simulation utilizes a plJne surface specular reflec

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

\.*The two Hazeltine curves are before and after CA) a.ntenna modifications
 
to reduce multipath levels.
 -\

\
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scatter in directions other than the anQ1e defined by specular reflection. 

As a consequence. the multipath appears over '\ wider angular spr-ead and at 

lower amp1 itude than predicted. The EL-2 test~ of Ku-band are more subject to 

thiS effect than the ~L-1 tests at C-band. as illustrated in Fig. 3-17 which 

sho~s hori:onta1 and vertical Cl.ts for test 7. EL-2 mu1tipath at threshold. 

To surrmarize. with the exception of teH 5 (E1evation-1 :'t thresho1 d). 

a reasonable explanation of the measurements was estab1 J c;hed. The computer 
. . . . 

simulation roode1 has been clearly validated from azhlutl': test \.l?ta. For EL-"j 

tests. the lack of agreement between experiment and simulation ,". ~robably 

attributable to shortcomings in the test methods. For EL-2 tests, screen 

imperfections apparently introduce effects not incorporated in the model. 

Although modp.1 validation was the primary objective. merely under~tanding the 

experimental data was a diffi cult task. For a ~pecifi c test confi gurati on, 

there is substantial variability from contractoi' to contractor and between 

tests conducted at different ti~es by the same c~ntractor. 

In future multipath experiments. static tests should serve their ~n

tended purpose of assuring that the multipath signal distribution in space 

is as expected and that all significant parameters are determined. One such 
. - . 

parameter that was not controlled or n~asul~d with sufficient accuracy is 

the screen tilt, an important factor in the elevation error. * Th~ experience 

in Phase II should be a warning that tests conducted for nominally the same 

configuration cannot be compared wfthout carefully verifying that the condi

. tions are actually the same. 

*Ir. the leAD test, n~asuren~nt of multipath separation (coding) angle 
will permit indirect determination of screen tilt. 
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Fig. 3-17. Test 7. Elevation -2 at threshold; horizontal and vertical cuts. 
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IV. SYSTEM ~DDELS 

The system models constitute the set of mathematical specifications, 

algorithms, and associated software which define the simulation of the t-lS 
\ 

transmitters and receivers fOt4 both the angle and range functions. A receiver 

model takes as input a parametric description of the current multipath en

viron!llQnt and supplies as output the error i~ the associated angle or range 

measurement. A functional signal processing approach has been taken ~ri 

developing these models -- that is, the emphasis has been placed on modeling 

the principal multipath-induced erl~r factors. This is done at a level \'1hich 

avoids detailed component char·a.cterization, and it thereby gains the advantage 

of simplicity and the necessary computational speed which permits the receiver 

programs to execute in reasonable amounts of time in full system runs contain

ing flight paths \'/ith hundreds of evaluation points. 

Figure 4-1 indica~:es tlie scope of the receiver models developed during 

the Lincoln Laboratory Phase II effort. Initially, a model for each U.S. con

tractor system was devise~: the scanning beam FRS* of Bendix and TI and thp. 

~ppler scan systems of Hazeltine and· ITT/Gilfillan. When it became evident 

that TRSt was to be a strong candidate within the Scanning Beam Working GrouP. 

the Bendix FRS model lias modified to $imulate the to-fro TRS. A number of 

TRS beam processors other than the basic dwell gate technique were simulated, 

aroong them spli t-gate trackers, peale detector, and Heft proces~ors. 

*tFrequency Reference System
Time Heference System 
tMul~ipath Control Technique 

/' 
/ 

/ 
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Fig. 4-1. MlS receiver moda1s developed during first phase of Lincoln MLS program. 
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At the outset. each contractor system model included a two-way 1ink 

D~~ representative of its particular design. Further downstream in the pro

gram, lit became clear that a set of canonical one-way link ~Ge1s which could 
'. 

be combined in arbitrary manner to form a downlink-uplink pair would be a 

far more useful tool. and the DME sUbroutfnes were reconfigured accordingly. 

The breakdown in Fig. 4-1 reflects this latter situation. The conventional . 
pulse DME has Ii trapezoidal or Gaussi;).n waveform and can use either of two 

'leading edge detectors: threshold or delay-and-compare. Texas Instruments 

breadboarded a pulse compression (lichi rp") DME for which a computer model 

also exists. 

4.1 General Rec~iver 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 mathematical models for each receiver class 

in some detai 1. 

The receiver program ;s called following the calculation of the multi

path parameters for the (nominal) receiver position and the pertinent 

functlon (Al. ELl. EL2 r DME). Although the multlpath has been edited in a 

function-specific manner prior to the receiver call. further editing can be 

done within the receiver routine itself. For example. a particular m1E 

processor may eliminate all components whose relative path delay exceeds 

some threshold del~. 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 muHipath. 
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Having canpleted the multipath calculation, the receiver the~1 generates 

some representatio'l of the total received signal from wh);~h the angle or 

rang~ error can ~e extracted. In multiple scan systems -- this class now 

includes virtually all the angle and DME s~stems of present interest -- each 

scan signa' is represented separately. Ultimately, error outp~ts are produced 

at the MLS data rate (e. g., 5 Hz) by combining data obtained from the indi

vidual SCilns (generally by multiscan we1ghtilig)',For scanning beam an~le 

systems and DME, the signal representation consists ofa set of samples of ' 

an envelope waveform (plus the angle subcarrier for FRS). For Doppler scan, 

the errors can be computed 'frc.1l a knowl edge of the domi nant (i n amp1Hude) 

recei ved component and .the phase functi on of the IF signal. 

The input multipath data is provided at a selectable rate, usually the 

MLS data rate, and the multiscan data is generated by extrapolation on that 

single input. It is assumed that the multipath components are stationary over 

the data frame in amplitude and angles of at'ri val but that the relativ~ 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 

h~.e been intentionally neglected or minimized in the receiver models. Re

ceiver noise is excluded from the IOOdels bc!cause (1) the link budgets and 

avionics specifications indicate that nominal operation occurs at high SNR, 

and (ii) the principal object of the current study has been the effect of 

r001tiPlth upon the operation of various MlS systems. Non-ideal co~onent 

behavior and instrumentation errors are excl uded as well on the grounds that 
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these are not fundamental to the objective. The signal models are simplified 

somewhat by neglecting certain intermodulation products which occur in, for 

example, the detector which mixes the Doppler ref~rence and angle signal or 
I 

the FRS angle subcarrier dE-modulator •. No dptailed roodels of acquisition and 
i 

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

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

are centered on the direct path coordinate); with each successive evaluation 

point, the gates and filters are recentered on the f1.,S indicated position 

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

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

IIbright flash ll anomalies in scanning beam and pulling of the Doppler rejec

ti on fil ters \</itho'Jt maki ng performance strongly dependent upon specHi c 

acquisttion/tracking algorithms. Subsequent versions of the full simulation 

model will be equipped to handle higher order dynamic search anJ tl"ack 

functi OilS •. 

4.2 Scanning Beam Angle System Models 

The essenthl concepts 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 tt;at. the modifications 

required to convert to a TRSB model are given. 

4.2.1 Frequency Reference System 

The FRS angle SUbsystems operate according to the scanning beam princi

ple. A narrow fan bei:m is swept periodically and unidirectional1y through 

the coverage volume. The ~ngle coordinate is encoded on an FM subcarrier 
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whose instantaneous frequency is a monotone function of time. The airborn~ 

receiver determines the dwell period of the scanning beam envelope (dwell 

gate) and rreasures the average frequencyof the subcarrie" over the dwell 

gate in order to estimate the angular coordinate. 

During Phase II, Bendix/Bell [22,34] employed ground system antennas 

'(electronically scanned line arrays) which yield angle encoding that is 

linear in time and sinusoidal in coordinate angle. The natura1 coordinates -.:; 

of the resulting angle subsystems are conical. By contrast, the TI model	 ";k' 
" uses planar coordinates and a uniform scan in angle (mt;,o,anically rotating 

antennas). 

Two sources of measurement error attributable to multipath phenomena 

are modeled. The first is dwell gatp. displaceirent resulting from errors in 

the leading and trailing edge threshold crossi~9 times of the beam envelope. 

This error source is illustrated in Fig. 4-2. The secon~ source of error. 

often dismissed in earlier simulations, arises in the frequency measureroc.:nt 

itsel f. The average angle subcarrier fr'equency is estimated by counting 
"" ..	 both the number of subcarrier zero crossings within the dwell gate and the 

elapsed time from the first to last zero crossing. Sufficiently small mu1ti

path levels will permit the zero crossing counter to be II captured ll by the 

direct path signal. that is, the average rate of crossings will be that of the 

di rect path subcl'rri er frequency. The multi path wi 11 s1i ghtly perturb the 

location, but not the total number, of zero crossings within the dwell gate. 

,. ·1.	 On the other hand, a multipath component which has strength greater than t~e 

, 
" 
!	 

direct c~~onent at certain instants within the dwell gate may capture the 

. ' , 
C" 

4-6". 
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Fig. 4-2. Illustration of scanning beam dwell gate error mechanism• 
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counter. resulting in a frequency esti~~te which corresponds to a highly
 

erroneous angle measurement. Since large angle errors can be caused by
 

either dwell gate displacement or frequency measurement error. both are,
 

inclu~ed ir. the simulation.
 

- \- ,;Transmitter Signal . ... ~. 

IThe angle signal is generated as an FM subcarrier whose frequency changes 

"/ 
I' 

linearly in time. The instantaneous subcarrier frequency is 

(4-1) 
, !-.

and the torresponding complex transmitted waveform is* 
"E(' 
I.(

4 ' 
, , 

whel"e . 

~c = carrier frequency 
!<fic .. carrier p;ldse angle ! ~ 

, .(~' 

/ i'>m.. subcarrier modulation index :. 

W .. subcarrier center frequency s 
w= subcarrier sweep rate 

~s .. subcarrier phase angle 

The phase modulated wave is a~litvde modulated by the scanning antenna 

pattern. p(e.4>.t). \"here e is the rreasured coordinate and ~ is the orthogonal 
• 

. ;., 
( 

c~ordinate. p(e.~.t) is narrow (::1°) in e and wide (anywhere from 8° to 120°) 

in e. p(e.~.t) is written as product of two factors 

i 
*Thi! nlltation expj(') will be used to denote th~ complex exponential ej (·). 

I 

" 
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(4-3) 

The first of these {Pl } describes the scan modulation or beam envelope, as 

observed in direction e. The implied angle scanning is linear in time, 

as in then model. For Bendix 6 is replaced by sin e. For si;rplicity, the 

linear scan notation is retained throughollt. The parameter e is the antenna 

angul~;' velocity (scan'rate). Tne second t~rm (P2' gives the pattern in the 

orthogonal coordinate; note that the orthogonal pattern is independen'.; of the 

lOOasured coordinate in all but the TI azimuth system, in which a spt>cia1
/' 

feature called "hupover" is employed for centerline emphasis at 10w elevation 

ang1es[26,3~]. 

" c'
 

1
 

plane in EL).
 

proportior.J.l
 

f(t) :; P.(~ 

4.2.1.2 

repre

sents 

signal is 

is described by 
I. , . ; 

" 
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The tirre dependence of P2 w'll be dropped henceforth. The 

time origin has been selected to be the instant at which the peak of the 

scanning pattern points in the direction ~ =Oo(center1ine for AZ, rU!lv/ay 

Thus, the complex signal transmitted in directio~ (eo' ~o) is 

to 

- a )P2(e }expjfw t + ell + m expj[w t + t~t3 + $ II (4-4) 
.. 0 0 ceSs 

Re~eived Signal 

The received signal model consists of a sllperposi tion o~ terJ11S. One of 

these represents the direct path component, and the other (M 10 number) 

the multipath propagation components. Each component of the received 

chd~acterized by six par~~eters; specifically, the i-th comporent 

·~; 
,--;.: 

,~ 
~( 

_ ;4 
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Pi =ampl1tude 

wi = carrier frequency 

"[i = path delay 

$i =. change 1n phase angle due to i-th path
reflection 

! ai = transIT.iSsion angle to the specular point •
 
on the i-th reflecto.' in the lreasured coordinate
 

....-..
·1 Q = transmission angle to the s~ecular pointi on the i-th reflector in the orthogonal coordinate {4-5} 

The values of the six parameters are calculated for each reflector in the 

scattering portion of the program {see Chapter 2}. 

The amplitude is computed by the scattering routines as though the trans

mitting antenna had an omnidirection~l pattern o'ler the! coverage volume. In 

the receiver routines. the amplitude (Ai) is weighted by the transmitting 

antenna pattern in the orthogonal coordinate ~i and nonMlized to the received if 

amplitude of the direct component: 

{4-6} 

The in-coordinate pattern is accounted for separately since it is a function 

of time. Omnidirectional airborne antenna patterns are assumed. * 

The received carrier frequency is computed as 

..Va cos Bi )
Wi = W 1 + ....=..__...:- (4-7)o ( C 

-.,..---- 
*An ai rhome antenna factor wi 11 Je incorporated in the more advanced 

system models under development. 
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i 
where 

Va = magnitude of aircraft velocity vector 

Sf = angle between ai rcraft velocity vector 
and arri val angle of i-th path signal . 

i c = speed of light in air 

letting the zero-th component of the received signal be the direct signal 

I
I
I and the remaining Mbe multipath. the total complex RF signal at the receiver 

is 

d M 

ret) = L Pi P, (at - hi - .6i ) expj{wi (t :-. Ti) + ¢;

I ;=0 

(4-8) 

I 4.2.1.3 Receiver Processing 

Figure 4-3 shows a block diagram of an FRS angle processor. The computer 
. 

model starts at t~e ~econd IF output. It is split into two paths; one of these 

detennines dwell gate within which the frequency measurement is to be made. 

and the other consists of the frequency measuring circuitry. 

The dwell gate processor computes the envelope of the received signal. 

In the actual circuitry this is accomplished with a linear envelope detector 

followed by a lowpass filter. The lowpass filter is for rejection of both 

noise and spurious harmonics of the angle subcarrier. The vnfiltered envelope 

can be computed directly from Eq., {4-8} by translating ret} down in frequency 

by an amount W (the recei ved di rect component frequency) and taki ng the o
 
magnitude
 

-jw t
 
e(t) = Ir( t) e 0 I (4-9)
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Fig. 4-3. Bendix/Bell FRS angle processing receiver. 
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previous angle estimate. This is the extent of the tracking 

model in the Phase II simulation. 

4-13 
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'In the FRS simulation. a square law envelope detector is u~ed for convenience 

.• 1 

i 

!in the filtering model, a description of which is omitted here. The f i lter-
I . 
i ' . 

ing al ters the envelope shape somewhat. but does not fundamentally change the 

:processing which follows. The unfiltered envelope is used in the remaining 

discussion. 

On each scan of the beam. three measurements are made on the envelope. 

These are: (1) the amplitude of the peak of e(t). (2) the time at which the 

leading edge crosses a specific threshold. and (3) the time at which the 

trail ing edge crosses the same threshol d. The threshol d for the present scan 

can be computed from either the present peak val ue or thE! stored val ue of the 

previous peak .. 

The two threshold crossings are used to find the beam dwell gate. Nei

ther the threshold crossings nor the peak can be determined from closed form 

expressions; instead. they must be calculated by a trial-and-error procedure 

which involves evaluating e(t) at a numbe'r of points. The number of points 

is chosen in such a way that the error in computing the threshOld crossing 

times is small compared to the dwell gate displacement due to multipath. 

Since the frequency estimate uses the first and last zero crossings within 

the dwell gate, the crossings need only be loc~ted to within. for example, . 

a cycle of the subcarrier. 

The specifics of the dwell gate procedures differ for the two models, 

but the essential ingredients are: 

1. A tracker scan gate is set up. The gate is centered at the 

I 

1 /
!, 

.,i 
1· 
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2. The t"eceived envelope is calculated at a nurmer of points uni· 

fonnly spaced over the scan gate. The calculated values are 

stored•. 

. 3. The envelope samples are searched to find the peak value. which 

is used to set either the present or next threshold at users· 

option. 

4. The envelope samples are searched to find the times at ",hi::h 

the leading and trailing edge threshold crossings occur. Tnese 

times define the <tHell gate. For preci:sion in the dwell gate 
. . . . 

determination, a fine grid search between the envelope samples 

which straddle tht~ threshold can be used. 

Let t l and t 2 designate the nominal threshold crossing times in theab

sence of inultipath, and let t1 and t2 be the times determined by the dwell . 

gate processor. In the absence of frequency measurement error • the angle 
... 

error, e - eo' dl.'e tu dwell gate displ acement is ,given in tenns of the edge 

displacements 

(4-10) 

as follows: 

(4-11 ) 

Having determined the dwell gate, the actual receiver measures the 

average frequency within the dwell gate in a manner similar to the counting· 
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and-timing method cll'4'loyed in Doppler scan. That i~. the angle subcarricr 

is demodulated. and the number of zero crossings .as well as the time interval 

between the first and last zero crossings within the g~tP.. is measured. 

Assume that k crossings occur and that the first am': last are at tiires t l " and 
I 
1;2". respecti vely. Then a reasonable estimate of the frequency at the dwell 

lgate center is 
i 

" (k-1 }n ; ,"(4··12) 
(1.\ .., tilt II	 :-..~~::::~_. #._

2 - 1 
., j"f~:~'~ 

In the simulation model. the steps leading to (4-12) are followed quite ~ /~-:~~-
"! --- .~.-? 

literally. The procedure rests strongly upon the following two observations: 
, . 

j '~f;:.-' 

i ...~ ..--... ~, 
; .-.;  .. 

.. (1)	 The FM strong signal capture effect is' invoked. It is 
assumed that when the di rect component of the recei ved 
signal sufficiently dominates the mu1tipath components. 
~he 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 
mul ti path component is domi nant in ampli tude. its average 
frequency capt~res the zero crossing counter. 

I (2) The times at which the first and last zero crossings occur 
within the dwell gate ilre somewhat displaced by the cumulative 

I 
multipath return. These times are approximated by computing 
the times (t and t ') at which the endpoint zero crossingsI 

would have olcurred ~n the absence of multipath and perturbing 
them. The perturbation is Calculated by evaluating the net 

. phase of the deroodulator output at t ' and t '. and linearly 
. extrapo1 ating time backwards (or forhards) t6 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 l 

l and t 2'. 

". The mathematical support for the preceding is sketched below. Without 

mu1tipath. the angle signal phasor is equal to* 
.[ 1 • 2 ]eXPJ W	 t + '[ wt + cPs (4-13)s

*The direct signal delay is set equal to zero; all mu1tipath delays are 
measured relative to the direct. 
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timP.s an amplitude term dependent upon the beam pattern. Neglecting any 

phase contribution from the beam pattern. the subcarrier zero crossings are 
.,. :~l~-?

those of the above expre5sion. In terms of the phase argumentI 
i . . . ',;Z~i 

j Z
arg(t) =w t + ~ ,'" t + q; (4-14) 

s· s 

..1 '. _I The net phase accu~ulated by the direct angle subcarrier across the dwell
 

! gate is.
 
...I arg(tl ) 

'" '" ,.. ." .(tl + t2 .)= (tZ-tl ) W +w 2. (4-15)s 

The greatest possible number of full half cycles of subcarri~r represented by 

(4-15) is 
-ll,~ 1

. C = Integer Part L1-R 
1f • 

Either C or C + 1 crossings can occur in the gate. and it is easy to determine 
i 

which is the case. A zero crossing of the subcarrier phasor occurs at thoseI 

I
 times for which its argument equals 0 or 1f. i.e.
 

sin[arg(t)] = 0 (4-16) 

If sin[arg(tl )] and sin[arg(tz)] have the same algebraic sign. the number of 

zero crossings within the dr/ell gate can only be even. If their signs are 

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

! 
a simple rU.le for computing the number of crossings k based on the values of
 

....
. 

!
!
 

A1• AZ' and C. where
 

A1 =sin[arg(t1)]
 
(4-17)'" sin[arg( tZ)] 

4-16 
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The rule is sU"lIlarized in Table 4-1. 

C A1A2 k 

even + C 
. odd + C + 1 
even - C + 1 
odd C 

Table 4-1. Rule for computing nunber of zerocrossirigs k. 

Havi ng detenuined the number of subcarri er zero crossings caused by the 

dir-ect wave. the instants of the Jirst and last crossings of the direct wave 
. . 

wi thin the dwell gate must b: :omputed. The parameters ql and qZ' defi ned ~" 

follows. 

q1 = arg(tl }(mod TT) 

q2 = arg~t2) (mod TT) 

represent the direct subcarrier phase excess over 1T at the dwell gate end

pvi~ts. Thus the endpoint zero crossings of the subcarrier occur at times 

tll and t 2 ' given in tenns of q1. q2' and the endpoint instantaneous fre

quencies wo(tl ) and wo(tz): 

. 11' - q1 
t ' = + x (4-19)1 t 1 

lIl {t )o 1

, qz
= - x (4-20)t 2 t z 

. lila(t2) 

,.
'. ~_ .... 

" . 
----~.. 

.....~ ...........
 
i. 
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By definition. the phase of the direct signal subcarrier is zero at the 

However. this is not necessarily true of the 
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total demodulated subcarrier in the presence of multipath. That signal has 

I 
. ,

"':- .. -.-... - ...-. 
nearest zero cross ings at times t 1" and t 2" given approximately by 

i 
I 

t II 
4>mu1t(t1 ')

= t 1' 1 
wo(t1 ') 

(4-21)
r , 

i ... .,. ~ .4>mult(t2 ')I \ . ' 
\ 

~u = t 2' - ," ',~ 

j w (t2' ) ... .~ ...... 
; o

where 4>mu1t(t) represents the phase of the total derrodu1ated subcarrier (de

rived below). Times t 1"and t 2" are substituted into (4-12) to obtain the 
,. ..... 

frequency estimate Wi the corresponding angle error is found by subtracting _\~~~~ 
~. ....:. 

the true center frequency woe 8 /8) from ~ and mu1 tipl.yingby. a/w: .
0

. error =H~ -tooGo)1 . . . 
; I ..... 

.j .l:~;=_.::;;~ 
The angle subcarrier is derrodu1ated by a iimiter-discriminator. It is 

.. :-\~: ·r> 

.~~~--~-:- .possible :~ write an expression for the phase function of the output of this 
~: ~ ... 

circuit which includes the lIiultipath effects. but it is currbersome 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 deroodu1ated subcarrier is a superposition of the individual subcarriers 

weighted by the antenna beam pattern factor and the mu1tipath amplitude Pi: 

M 

(4-22) 

yet) = l 
i=O 

I 
Equation (4-22) is not to be interpreted as a mathematical roode1 of a 1imiter

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

.1 
4~18 



the implications of the earlier assumption that the signal with the largest 

l

a~litude dominates the frequency estimate. The intention was to replace this
 

phase function with a more exact analysis at a later date. The need never 
I 

arose, however, once the rM angle code was al);liidoiied in the U.S. scanning 
"

. beam program in favor of TRSB. 
r 

. Acceptin; (4-22) as the formula for the output yields a phase function 

I.. 
I.I 

L 
M 

pNet-&r j - e\)s;nh[.,s+~(t . }\)]! tI - -1 i=O 
"'\;!a.= tan 

M

L PiPl (at-aLi-Si )cos Iri [Ws+~(t - tri)] t 
i=O. . \ 

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

. cOlTPonent dominates (po =1> Pj). When this is not the cuse, an inverted 

version of the above analysis is appl ied. Let Pm' ~O, be the dominant multi

path amplitude. Then the m-th subcarrier component will dominate the fre~ 

quency estimate. The number of zero crossings is computed on the basis of ".....~	 L~ • 

..... " .... ! 
the phase function arg(t - T }, and the endpoint perturbation argument goes -'" '. ~'" 

m	 ',- .... 

through exactly as before, except that the phase differential ~mult(t) is .... i.~ 

evaluated relative to the siJr-a1 yet} expj[~arg(t ~ Tm)]. Essentially, the . i 
. -. --=-----. 

analysis from (4-10) on is uup1icated with Lm and Sm replacing TO(=O) and So. 

· .. ~ This concludes the FRS angle receiver analysis. 
· , 

4.2.2	 Time Reference System 

The basic scanning beam angle system model contains the essential ingred~ 
I . :r-. , 

· ~" tents for a time i"efe·rence scanning be'lm (TRSB) ·model of the type adopted by \- ;" 
'
\ ,

", 
.- . ~ .~ -.. ~'-~.:!t:-, 
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the FAA as the U.S. ICAO candidate. The major distinctions between TRSB and 

the FM angl e coded system are: 

1. The FM angle subcarrier is no longer transmitted. 

2. An angle measurement is made from two consecutive. 
oppositely directed scans (the so-called to-fro}. ,. Although no synchronization signal is transmitted. 
the airborne receiver can determine angle I)y the 
spacing between received scans. . 

:3.	 The antenna'scan rates are increased to obtain 
several measw'ements within the basic 5 Hz frame. 
the objective being to capitalize upon multipath
(or motion) averaging. 

It is interesting to ~ote that TRS is in many respects the dual of the bi

direction scan Doppler ~LS (see section 4.3). Those systems similarly employ 

multiple scans/frame for the purpose af multipath error reduction via aver

aging. 

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-l and f.L-2 assumes, 8 to-fro scan pairs are averaged 

for each data point with the time differences between scans varied in accord

ance with Fig. 4-4. These time differe~ces are cycled on successive 200 msec 

data frames. e.g .• if the first EL scan of ~,equence 1 is the beginning of a 

data frame. then the last EL scan of sequence 1 (i.e •• the ninth El scan in 

a IIfull cycle") starts the next data frame. 

For simplicity. three AZto-fro scans are assigned to each 200 msec 

data frame. The time difference-s between these are varied in accordance 
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with Fig. 4-4 and cycled between data frames as was done for the EL and 

fl are functions. 

4.2.2.1 Si !Ina1 and Recei verMode1 

Extension of the FRS n~del to the TRS case involves dropping the angle 

code in the phase term (its effect has already been discarded iff the ampli- . 

tude term), and adding a pl1ase term to account. for motion averaging. In ."t.
 

accounting for the to-fro scali pair. let theanten.ria scan rate be positive
 

(e > 0) on the to-scan. negative (-6 < 0) on the fro as illustrated in·
 

Fig. 4-5. T:,e complex RF si!)nal on the n-th to-scan can be written as
 
j 
, 

. M . . . . . .'
 

r1n (t") =I~ P'pl[8{t - Ti{t) -(n-l)Td)]exPj{wc{t-Tr{t}) + <Ili l }
 
1=0 ·(4~24) 

in which the time varying delay due to Ale ootion ,,is indicated explicitly, 

{4-25} 
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(a) Typical Pulses Received by 
TRS' Receiver as Beam Scans TO and FRO 
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(b) Relation Between Time 
Difference and Angle-in-Space 

Fig. 4-5. Time reference angle measurement. 
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,The envelope for the fro-scan is found in much the same way. In the 

beam;envelope term. e is replaced by -8 to indicate the change of scan direc
'I 

tion. rind the envelope delay is increased by an amount T • which is thez 
elapsed time between 0° boresight on the to-scan and 0° boresight on the fro-

scan (see f"ig. 4-5). Thus. the env~lope is 
M-

e2n (t} = I?PiPl[-O(t - 'ti)-6i ] 
. 1=0 . ' 

(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 sc~n 

peaks or the current peaks. Within a single slot. the threshold for the fro

pulse can beset independently or can be the same as for the to-pulse. 

Let T1ln and t 12n be the dwell gate edges for the to-scan. and t 2ln and 

t 22n be the edges for the fro-scan. The time scale has bean set up so that 

the two dwell gates should be approxilT'.ately synmetric about t=V. From (4-26) 

and (4-27) we see that the direct path envelope maximum occurs at t = ~ 8 1 e
0

(+ for to, - for fro). The proposed angle estimator operates in a manner 

which i~ equivalent to finding the two dwell gate centers and subtracting 

their values to estimate sin 8
0

, 

The dwell gate centers are
 
t 11n + t 12n
= 2Tln 

(4-28)t 2ln + t 22n 
= 2T2n 

4-24 

,:-. 

, 
I \ 



If both gate centers occurred at the direct path envelope peak~ their differ

ence WJuld satisfy 

2 eo 
- = ---.~-Tln T2n 

e 

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

scan angie estimate is 

.. (4-30) 

and the fralOO error is found by averaging over N such estimates: 

N 

err =k 2: (;on - 6 ) . (4-31)
0 

n=l 

4.2.2.2 Multipath Control Technique 
, ' 

The U.S. lRSB system intends to employ a multipath control technique (l1<:T) 

to minimize the effects of ground reflection and other low elevation multipath 

sources in the flare system and, for some configurations~ the primary elevation 

as well. Mel operation[21,22] consists of scann~ng the elevation beam down to 

some stop angle and subsequently de,creasing the transmitted power according to 

a power program which will, in the absence af multipath, yield the correct 

trailing. edge dwell gate threshold crossing 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 HCl,the direct path signal envelope seen by a receiver at ele

vation e is given in tenns of the in-coordinate beam pattern as Pl(-et - e). 

'.
'J
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With MeT the scan terminates at boresight. angle estop {equivalently, 

tirre t = -e e}, and an amplitude taper function f(t) is applied:stop stopl 

(4-32) 

The taper function is determined by the condition that the tapered waveform 

should cro::>sthe trailing edge dwell gate threshold at the same time as the 

untapered. For a fixed receiver coordinate, thts is only a conditi on on the 

value of f{t} at a single point. The fact that it must hold for all e > estop 

constrains the entire functio:l. _The taper function depends upon the threshold 

level or. more precisely. upon the angular oisplacefr.ent of t~,e beam at which 

the crossing occurs. Denote this displacement as v deg. Then 

f(t} = (4-33) 

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

sumed that PI(·) is an even function in deriving Eq. (4-33). 

The taper need only last for vIe sec if only receivers above stop angle 

are to be provided accurate guidance. After t = t + ~/et the beam is cutstop
 
off. Withow~ mu1tipath, the trailing edge crossing will occur at cutoff
 

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

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

(estop - e}/2. Thus if the dwell gate angle estimate ecomes out below estop'
 

it is corrected upwards by
 
-

error is due to trailing edge

an amount (estop - e)/2 on t~e assumption that the

Thus the final estimate e
~ 

iscutoff. 
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e > a 
. 
....
'" 
B = (4-34 ) 

a + estop .. 
2 ' 

MeT is incorporated in the TRSBmadel by. replacing the function 

Pl [6(t - Ti) - af ] in Eq. (4-26) by A(t - T1'61), with a si.milar substitution. 

being !'.lade for the fro-scan envelope. The thresholdc!,,· ;sings are then 

found ~s before and then the MeT correction applied (if desired). 

4.2.2.3 Alternative TRSB Processors 

Brief consideration was given to TRSB receivers G\ther than the dwell-

gate processor d1 scussed in Secti on 4.2.2.1. The work was in part motivated 

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

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

lar error ""; RF phase between direct and multipath revealed the phenomenon 

exemplified in Fig. 4-7. The error has a nearly' constant level for small 

phases followed by a sharp discontinuity. This behavior is explainable with 

reference toF1g. 4-8 which shows a multipath signal at positive separation 

and hence arri ving 1ater than the di recto At zero phase, the multipath adds 

coherently to the direct, thereby broadening the pulse and causing a large 

dwell-gate shift. Because of the time displacement of the two signals, the 

direct signal primarily determines the leading edge crossing and the mUlti

path defines the trailing edge. Therefore, the dwell gate position is near

ly independent of the phase until the phase progresses to the point where 

the mult1path reduces the resultant 1>0 as to create a notch between the two 
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pulses. When the notch depth falls below the threshold. the dwell gate 

. I .	 jumps to a position more nearly centered 011 the direct signal. The error is 

then correspondingly smaller and changes only slightly with phase thereafter 

. as the pulse is narrowed due to cancellation of the ~irect by the multipath. 

A processor that responds to pulse peak position rather than threshold 

crossings would be less susceptible to this type of mul tipath interference. 

A theoretical analysis of an ~deal peak locator confirmed this expectation as 

indicated by the curve labeled "theoretical ideal peak detector -3 dB" in 

F1 g. 4-7. 

A j;ractical approach to pulse peak locatl0n 1s the split-gate discrimina

tor well known in tl~e radar literature. Two foms (if split-gate processor have 

been considered. In one. shown in Fig. 4-9a. the split':'gate multiplies the 

pulse envelope and the product is integrated to yield an estimatP. of how far· 

the gate is off-center frum the pulse. Since the intqral is pr-oportional to 

pulse amplitude as well as gate offset. a correction derived from pulse peak 

is applied to the estimate. The off-center measurement is employed in a 

feedback loop to drive thp gate toward t.he pulse peak for the next pulse 

-_...~. 
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center reading to the gate timing. 

is the convolution of pulse and gate as sketched in Fig. 4-9b. passes1hrough 

The output of the filter whichresponse duplicates the split-gC\te waveform. 

zero at one instant of time corresponding to the arrival of pulse peC'i< plus a 

A -second split-gate processor implements the operations of multiplication 

period. Theinstantaneo~ls pulse position 1s obtained by adding the off-

and integration by a convolution. The pulse is fed to a filter whose impul~e 

'. 
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fixed delay. The zero crossing time is, therefore, a measure of pulse (josi

tion. The zero-crossing processor does not require pulse amplitude correction 

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

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

threshold crossing. 

A limited number of simulation runs were carried out to compare the per

fonnance of tne two split gate and dwell gate processors. Th~se are dis--

cussed in Chapter .6. 

This concludes the scanning beam system model analysis. 

4.3	 Doppler Scan Angle System Models 

Operation of the Doppler s(..~" MlS rodel is presented primarily in terms 

of the ITI/GIlfillan simulation. Although there is greater fundarrental dif 

ference between the two Doppler models (ITI/G and Hazeltine) than between the 

two FRS models, the ITI/G was used as the basis for a model of the U.S. Dop

pler Working Group system. In Section 4.3.Z, certain aspects of the Hazeltine 

signal generation technique are explained as an alternative Doppler antenna 

mechanization. Following that, a third antenna technique based upon United 

Kingdom work is discussed. The latter has multipathproperties 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 

The angle subsystems under consideration operate according to the Doppler 

scan principle. In a Dopplt!r system, angle information is transmitted via a 
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CW signal radiated into the coverage volume. This signal i!:l spatially modu

lated so that the frequency transmitted towards a particular point in space 

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

counteract the effect of A/C-inducp.d Doppler shift, c: CW reference tone is 

transmitted simultaneously at. a neighb,Y'ing frequency. The airborne re

ceiver measures the difference in frequency between the two received signals 

(the difference frequency is essentially free of any depenuence on aircraft 

motion) in order to estimate the angular coordinate. 

During Phase II, ITT/Gilfillan employed ground system antennas (elec

tronically cOl1lllutated line arrays) which generate the Doppler' signal by simu

lating the motion of an RF source. The ang"le encoding varies sinusoidally. 

with angle, and the array beanwidth increases in proportion to the sine of 

the-off-b0resight angle. The natural coordinates of the resulting angle sub

. systems are conical. 

During an angle data frame, the commutated source makes se'f'eral scans 

across the antenna aperture. These scans are bidirectional, that is , the 

source motion is first in one direction, then in the ·opposite. The number 

of scans/frame varies with ang1 e function. The angle receiver makes use of 

all these scans in deriving an angle estirmte and in doing so it can incur 

the benefits of motion averaging. 

The primary source of angle measurement error attributable tomu1tipath 

phenomena derives from the method of frequency estimation employed by the 
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inc~ming signal and thus operates synchronously with it) establishes a scan 

.~ 

The receiver (which derives timing information from thea rbome recei ver. 
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gate over whi ch it observes each recei ved scan; -the! gate has a duration 

which is a fraction of the transmitted scan duration. "Ine average angle 
J .••

signal frequency is estimated 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 
\	 

the received signal captures the counter and controls the average frequency. 

The total multipath signal perturbs the location of th~ endpoint crGssings. 

causing the estirnate~ frequency to differ from the dominant frequency. 

4.3.1.1' Transmitted Signa'l 

The reference signal is anRF tone of frequency wr (:: 5 GHz}. The angle 

s1 gna1 differs from the reference by an offset woff(=< 100 kHz) and may_take.. _ 

on either value w ~ the sign of woff being governed by the scan direcr woff' 

tion. The cOll1llutation process is modeled by assuming that the source roves 

at a constant velocity (v ) over the duration of a scan (T ) and traversess s 

the antenna aperture L = VsTs ' A total of 2N scans are transmitted. On the 

- fi~t of these it is assUmed that the carrier takes on the upper sideband 

value w" + woff and that it alternates between lower and upper sideband on 
- .. 

successive scans. The sequence consisting of an upper followed by a lower 

sideband scan constitutes a bidirection scan (duration 2T )' At the midscan s 

transition (or turnaround) of the conmutated signal, the Rf waveform is con

_.,1
tinuous as the frequency changes from w" + woff to w - w It is assumedr aff ' 

--. 

.. 
This alternation of sidebands preserves the angle coding at a fixed 

angular direction when the scan reverses. i.e .• the rec~ived frequency 
alternates between two values which are equidistant from w ' At basebandr
this appears as a constant frequency. 

4-35 

" 

I 
i 



\ 

\ 
\ 
!, 

\ * 
tl:tat each of th~ N bidirectional s..:.antransmissions is identical. Byadvanc

i~g the time origin an \::~.:'.!~t ?T: for e;lch scan pair, a single fonnula which 

. is independent of the bidi rectional scan nUnDer can be written for the signal 

transmitted by the moving source~ 

I

expj[(wr + woff lt] o < t < T
 - - s 

set) = (4:-35) 

expj[ (w -woff)t + 2woff ~ s·]· •. Ts < t <2Tsr 

The reference signal is simply 

s' (t) = expj (w t) i 0 < t < 2T . .(4-36)r - - s 

A stationary observer located on the radial defined by the conical coor

dinates (e.~), wtlere a is the rreasured coordinate angle (e.g .• azimuth in the 

AZ system, etc.) and ~ is the orthogonal coordinate. sees a linear combination 

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

the tr¥!smitting antenna pattern in the direction (e,~li these patterns are 

desginated as p'(e,~) and p(e.~). respectively. Each of these patterns is 

assumed to factorintc a product of an azimuth and an elevation pattern just 

as for the scanning beam case: 

p(e,t} = Pl(a) P2(~} 

p'(e,~} = Pica) Pi(~) 

*The process known as phase cycling (or stepping or digitization) which 
is employed at the angle transmitter is intentionally neglected in the model. 
This feature is employed to reduce granu1arity error in the angle estimate. 
but since this is an instrumentation-related, not a multipa.th-related problem, 
it need not be of concern here. Phase cycling also helps to averag~ out 
filter transient effects. . 
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In a square-law envelope detector the relative value of the angle and 

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

term is retained in the angle measurement. In 1inear envelope or other 

qetectors, additional intermodulation (1M) products are generated. As a 

p~rtial validation of the decision to employ a square-law detector, a study 

o;f the intenoodu1ation distortion created by a multi path signal in a linear' 

envelope detector was carried out. This is reported in Appendix B. The 

principal finding is that although the 1inear detector 'exhibits some small 

m'Jltipath suppn~ssion, the reduction is at the expense of the introduction 

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

is at least 6 dB above the angle sideband signal, the 'smalrmultipath charac

teristics of linear and square-law detectors nearly coincide. 

The fractional Doppler shift experienced by the sideband signal set) ::.
'. 

depends only on the conical angle a 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 

vect~.. points in the direction e = +90" on the upper sideband scan and e :: -900 

on the lower. Therefore, the angle frequency observed at coordinate e is 

(4-37) 

th~ + or - sign depending upon the scan direction. 

The proportionality constant in the angle-to-frequencymapping is 

called the coding factor and is denoted by K; from (4-35) it is evident 

that 
WrvsK:: .---c-- (rad/sec)/rad 
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(to within :t. 2 ppm). A roore readily understandable expression for K can
 

/
be given in terms of the scan duratiori and the aperture size in wavelengths,! . . 

. orSilppler yet, the antenna beanwidth in degrees (Sew)' defined by the 

apert~re in wavelengths in the familiar way: 

.. . 'If (L) 1 
K = l~O 1 I =sBWTs Hz/deg

s 

4.3.1.2 Received Signal 
;.......
 

The received signal IOOdels for angle and sideband consi.st 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 paralreters
 

characterize the reference signal; these are deslgnated by primes (e.g ••
 

pi '" i-th reference mu1tipath amplitude). The values of the 12 parameters
 

are calculated for each reflector in the scattering portion of the program.
 
-,• ~ :.r

For the initial runs it was assumed that the reference and angle antennas \ !
 
f
 

are colocated. and in the case of AZ, have identical antenna patterns. In ,, .
 

those cases for which the patterns are·identical, the multipath parameters
 

will be identical as well (the received frequencies Wi and Wi t will not of
 

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

':.OJmlutated source Doppler, but~heir Ale-dependent Dopplers will be the
 

same). More recently the simu1 atiun I'fOgr...,1 haj been rewri tter. to accommo


date non-co1ocated reference and sideband antennas and t.o pe orm a sepa


rate multipath computation for each.
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The received frequencies are a function of the angle between the aircraft 

velocity vector and the arrival direction of theincomirig component. For the 

angle signal they also depend upon the angle between the commutated source 

velocity vector and the vector from the trans~itter to the specular point 

on the reflector. These two situations are shown in Figs. A-10 and 4-11. In 

the multipath signal case, the geometry is given in terms of an image trans

mitter and image source velocity vector. For the direCt components., the 

refelctors are absent and the propagation path is rectilinear. Doppler infur: f 
mation is computed in terms of the fractional frequency changes (va cos Bil/c 

and {vs cos Yi}/c. 

In order to complete the received signal calculation. the time dependent.' 

delays along each of the paths must be evaluated. For the angle signal. 't i 

represents the path delay at the beginning of the frame (t::C). The time 

dependent delay for the first scan is 

( V cos B.) '(V .ccos Yi) .tLf{t> :: 'i - a c 1 t _ _s ~ {4-38} 

It is assumed that cos 6i > 0, i.e., that the aircra~t is approaching the 

transmitter. Since the sense of the source velocity vector reverses at each 

scan transition, cos Yi will take on both signs. Equation (4-30) can be 

modified to yield the delay for the n-th scan by acconmodating the changes 

in scan direction and updating the delay corresponrling to the aircraft 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=O at the beginning of each scan: 

I

1/\,/' .; ,//'. 
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In (4-39)~ yi is assumed to retain the value it takes on at the first scan 
. \ 

I ~ ,~ .. 

.. "' /',
. (n=l). The delay formula for the reference signal is simpler since there is )' 

no source' Doppler component: (' /~. 
.~<
". . 
/.~ :.. '(4-40) 

,/ . '."" ~" 

. " \. /./
The total received signal can be written in terms of the parameters 

* 
it;··: .' 
./' .....::,.

defined above. The i-th angle component of the n-th scan is PiYin{t} ~ where 

(4-41) 

The corresponding reference compone.nt is pi yin (t): 

(4-42) 

, \

Since the commutated ,And reference signals are transmitted simultaneously~ \. 
the n-th scan received signal is the sum rn(t}: 

M 

rn(t} = I [PiYin(t) + pi yin (t)] (4-43)
 
i=O
 

,,-i'"
/ 

*The right-hand side of (4-4l) should also contain a term equal to w T
 
on the even scans (see Eq. (4-35), but it is dropped under the assumptionoff s
 
that it is a multiple of 2~.
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From (4-39)-(4-42) we can identify the n-th scan frequencies win and win 

ot the received angle and reference signals. respectively: 

St n Vs cos Yt]
-:-( ~ 1) - c' (4-44) 

(4-45) 

4.3.1.3 Receiver Processing 

Figure 4·12 shuNs a block diagram of the iTT/G angle processor[ls.3l]. 

The input sum signal is translated through two IF stages. The second IF 

output is applied to the final square-law detector. The video output of 

this signal contains J term proportional to the product of the angle and 

reference signals centered in the vicinity of wr ' and this is essentially 

the signal upon which the angle measurement is based. 

Prior to angle measurement, the signal is'subjected to mu1tipath re

jection filtering. The rejection filter is embedded ina tracking loop which 

attempts to VCO the direct component of the signal to a fixed frequency \o'here 

the filtering takes place. After the filtering. the signal is returned to . 

the original frequency band using the same veo. eliminating the possibility 

of residual frequency offset in the angle signal. Following the rejection 

filter loop is a scan gate generator which blanks out the initial segment of 

each scan. The gate generator controls the operation of the zero-crossing 

counter (ZCC) and time interval counter (TIC) which follow. These count both 

the number of zero crossings within the scan gate and the elapsed time between 

, I 
. -, ,7,,1 

'\ 
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- the first and last crossings. This occurs on all ZN scans and the angle 

~stimate is essentially proportional to the ratio of total nu~,~er of crossings 
i
 

to the total elapsed time measured by· the TIC. The length of the scan gate,
 

rc~ is chosen by a compromise between blanking the filter transients due to
 

the scan reversals and eliminating large portions of the signal. *
 

The analog multip3.th rejection filters employed by ITT/G during thp.
 .........
 

Phase II tests were narrowband and hence have transients which can persis~
 

longer than a scan duration. The sharp roll off of such a filter character


istic will permit it to achieve good multipath rejection when properly
 

centered; this feature is useful in rejecting multipath returns from reflec~
 

_tcrs at in-beam or nearly in-beam an9les whic~1 are ill Uillinated with angl e 

code only slightly different from that of the di rect path. However, a large 

portion of the received signal must be scan-gated out for transient suppres

sion. 

The filters employed by Hazeltine[30,33} during the Phase II trials
 

were wideband and have fairly shallow rolloff. Their transient response is
 

short relative to the scan time, which permits d 'large portion of the scan
 

to be used for frequency Ineasurement. 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 conjunct.ion with ground system antennas which C!.re
 

*Roughly, the error in a Doppler scan system is proportional to TslT • 
the ratio of scan duration to scan gate durati,)n. O!)Viously then, thiS snould 
be as large as possible while eliminating most of the rejection filt~r trans
sients • 
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designed, for example, to have a sha!"p horizon rolloff in elevation which would 

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

The angle processor model described below incorporates the following 

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

All the modulation products betwe~n the'angle and reference 
signals are retained. Thus effects due to multipath on both 
signals should emerge. 

I • 

2.	 Scalloping of both the angle and reference signals is . 
included by representing the scan-to-scanphase coheren~e 
of each recei ved component. . . . . 

3.	 An a:nplitude check for reference signal. fading is included. 

4.	 An elementary mod~l of the tracker dynamics is included. 
By tracking on the previous angle estimate rather thaa the 
trua Ale position, the "pulling" effect of in-beam multipath 
will be observed. This effect tends to give higher and more 
realistic errors than would othen-lise be ~redicted using 
fixed gate .tracking. 

In the simulation, a steady state IOOdel for the filter output is assUlred; . 
that is, rather than characterile the filtering in the time domain where 

the output would be computed by convolving the input with an impulse response, 

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

obtained by multiplying each term of the complex signal by the filter transfer 

functi on evaluated at the appropri ate 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 Dopp1-'r
 

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

durati on impulse responses, so that, with proper scan gating, no performance
 

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

steady state rodel is rigorously accurate. Because of the finite duration
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of the impulse response, the frequency. response of the filter will exhibit 
,I 
i 

~ 
a sidelobe structure which allows some Uout of beamu components through with 

less than the desired rejection. 

I We recognize that many of the rejection filters implemented to date are 

analog. Experiments by the U.K.[39] and otners indicate that if the actual 
I 

anllo9 filter transfer function is used in a mdel such as ours, the errors 

I'/hich are predicted tend to be too s,na1l, especially as the multipath sepa·· 

ration angle increases beyond a beamwidth. This is attributable 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 

I	 model. one needs a transfer function which has sidelobe structure of the 

I	 sort that naturally occurs in a finite impulse response (FIR) filter. This 

suggests that an appropriete first order ;rodel for the analog filter may beI, 
an FIR with approximately the Sdme in-band response as the analog filter andI 

. I i

". 

. 

sidelobe structure which arises from truncatir.g the impulse response to a 

duration equal	 to the scan gate.j 
The square-law detector output contains a term proportional 

reference cross product: 

M M 
yn(t) y~*(t) = '2 L PiPj Yin(t) Yjn*(t) 

i=O j=O 

This signal can be written 

I ~1 
; 
j 

yn(t) y~*(t) =	 2: 
i=O 

as. 

M

2: PiPj cos{wijnt + aijn) 
j=O 
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where the frequency and phase of the (i.j) component are given by 

: - - - [Va(COS Si - cos 13i) n-1 1:5 cocS Yi]
wi' = w· - w~ = w ~- + (-1)- - In 1 n In r c 

n-1 - [ -Va COSB; n Vs cos Bi 1 
+ (-1) "'off 1 + e + (-1) __ _ c - J (4-48) 

Va(COS a· - cos B~) 1 
1 J (n-1)T"u" • wr ['j - 'i + c - s J 

(n-1)T ] + $. - $. + o. (4-49)+(_1)" woff r'i S 1 J 1n 

o 
; odd n 

(4-50) 

Let H{w) be the rejectiOl: fi 1tpr characteri sti c. The functi on is cen

tered at w=O. Assume that the tracking loop centers the filter on the fre

quency measured during the previous frame, ~old' Then t~e signal out of 

the rejection filter loop is modeled as 

M H
L L H(w'i (4-5l)

l ..n 
i=O j=O= 

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

the scan. allowing zero-crossing counting to be done only over the interval 
1 1 t 

t [i<Ts - Tc )' ~Ts + Tc)]' 

tThe centered scan gate is employed because the filter model as posed is 
unrealizable. For a realizable filter only the, leading segment contains tran
sient behavior which must be deleted. In the simulation, the gate location is 
of no consequence other than to systematically shift the phase relationships 
among the multipath cJrnponents. 
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The data obtained by an actual receiver on t~.e n:"th scan consists of 

the nunber of zero-crossings k and the intervals T~ between the first and n 

last zero-crossings within the gate. The angle estisrate is obtained as 

follows: 

2N

2(kn-1) 

ll) = n=l 
2N 

' 
(4-52) 

"L Tiln 
n=l 

which is nothing more than the ratio of the phase accumulated across the dwell 

gates to the total time measured' by the TIC. 

- The intervals r~ are detennined by the phase perturbation method de- .. 

scribed in the scanning beam. Section 4.2. The'method is more readily just

ified here because the sinewave bursts, are not alr.p1itude modulated. 

It should b~ noted that the phase perturbation method of ana1y!:is is not 

neWi it can be traced to the rfATO-NIAG simulation by ELAB[40] t and has been 

used by both U.S. Doppler con~ractors as we1l-D8.JO.31.33]. The mathematical 

support for the angle estimation model is detailed below. 

Three separate cases can be considered in developing the mathematical 

IIDde1s for the procedure just described. In the first of these (Case A), it 

is assumed that the direct component is sufficiently strong to capture the 

zero clJssing counteri in the second (Case B). a multi path component is 

larger than the direct and c?pttlres the counter. A third (Case C) includes 

those intermediate situations in which, although one component has amplitude 

greater t~an all others. it may not be sufficiently large to guarantee that 
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I
I its frequency dominates the zero crossing process. * The treatment of Case C 
I 
i involves direct zero crossing counting of the angle waveform ar.d has not been 

I
 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 IJcomponent are 

I 
i'll, j 'I J (4-53) 

and 
K M 

(4-54)~L 
i=O j=O 
·i.jtI.J 

where 

(4-55) 

Condition (4-54) states that the amplitude of the dominant component exceeds 

the sum of the remaining·tot- + 2M arrplitudes. This is a rather stringent condi

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 mul tipath component. one needs the condition .. 

Po W > Pl· wl .o 
as well as p > P to insure that no false zero crossings are generated.
The practicaY implct of this condition is that reliance on capture effect 
for wide-band Doppler signals to accomplish signal dcquisition may be 
unreliable when the dit'ect signal Doppler is substantlally less than 
that of multipath even though the direct signal has a larger amplitude. 
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terms could be corrbined into a single term. If no (i ,j) pair satisfies {4-54}, 

then the receiver should be in Case C. For the prese'lt, the default option i~ 

to assign I,J to the co:nponent with t.he maximum value of Pijn' In either 

event, the testes) need on1y be done for one ~ven and one odd scan (e.g., 

n=l,2), since the mu1tipath environn~nt is constant over the frame (aircraft 

motion causes the post-filtered amplitudes to differ on the even and odd 

scans). Thus Case A corresponds to (I,J) = (0,0). 

The net phase accumulated by the dominant component across the n-th
 

scan gate is
 

(4-56) 

-, -where 

are the scan gate edges (the gate pi cks up the midd1 eTc sec of each scan). 

The greatest number of full half cycles represented by the phase increment 

(4-56) is 

en = Integer Part (wIJnTc ) (4-57) 
1£ 

The Runner of crossings k is either C or C +1 and is determined using then n n

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

is si~ly 
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Hc1v;ng detennined the nunber of zero crossings caused by the dominant 

. wave. the instants of the first and last crossings of the wave v/ithin the 

scan gate must be computed.· Define qln and q2n as folll)ws: 

! 

(4-58) 

",.j. , 

./ 

/ 

.... 

These parameters represent. the phase excess over ~ of the dominant wave phasor . 

.~.at the two ends of the scan gate •. The endpoint zero crossings tin and tin 

are found by extrapolating time to the next z:ro crossing. At.the leadjng edge 

of the gate. time is extrapol ated forward - at the tr~il ing edge backward.· 

Due to the sideband alternation of the commutated signal, the phasor rotates 

counterclockwise on the first scan and reverses direction at each n€lN scan. 
;; ( .. 

"...Hence separate projection fonnulas are needed, depending on the parity of n. 

~ - qln
t1 + odd n 

IwIJnl 
=tin (4-59) 

qlnt1 + even n 
IWIJn l 

qZn 
- oddnt 2
 

IW1Jn l
 
(4-60)tin = 

1T - q2 
evenn~-

IWIJn l .. 
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, By definition. the phase of the dominant component is zerc at times 

t l -t' However. this is not necessarily true of tile total angle signal inIn· 2n' 
I 

the presence of mu1tipath. That signal has nearest zero-crossings at times 

til and til which can be approximated by- comrlu.ting the phase angle of the net1n: _ 2n "'r 

signal phasor referenced to the dominant component phase and projecting the 

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

_above is 

. M l 
2.2 "Ijn Sfn[("'ljn - "'rJn)t+ aljn - alJnl ) 
i=C	 j=O
 
M M
 

2 I 
1=0 j=O	 \ 

(4-61 ) 

and the zero crossing projections are 

til = t l (4-62)1n 1n 

t 
4>n (t2 

1 n) 
il - t' (4-63)-2n - 2n  wIJn 

The alteration in direction of rotation of the dominant phasor is taken into 

account by the sign of wIJn ' 

The values of k and T~. wheren 

Til = t U _ t U	 (4-64)
n 2n 1n 

4-&2
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: are substituted into (4-52) to derive the frequency estimate w. This value 
i A 

',is stored as wold to be used in the next frame tracking filter loop. The cor

responding angle estimate is easily found in terms of~, woff and the coding 

factor 1<, Eq. (4-37): 

-1 [W - WOff)e = sin ' --:':"'~""- (4-65). K 

The angle error is simply 

err = 
A 

e - eo· 

I 
4.3.1.4 Reference Signal Fading 

One condition hhich can cause significant error in Doppler MLS is fading 

: ! of the reference signal. The received reference co""onents have only the small 
I 

:I frequency differences induced by aircraft motion, and hence c~n con'bine into a 

.. 
slowly fading reference signal. We have already discussed the necessity for 

·'1'
reference strength equal to or greater than the angle signal strength with 

regard to operation of a linear cetector, so it is important to flag those 

instances in which the" net arrplitude sinks below some threshold value. This 

I 

Ais siq:Jly accomplished by a check on the referencp. amplitude at a single ',)'\,' 

point, the midscan point. , ?;--'~Y" " 
The composite reference signal is , '\,, \ 

'! 1\ " 
M ,., \

V ~ i \, 
o " II
 I expJ"[ (1 + ca cos yjl)t + "'Jl ] (4-66) ;.
Pj wr · 'I' 

i ~''''' ...... '/j=O 
, /
'/ 

.. / 
. -; 

I --.
, j 

.. !-./
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with arrpl itude 

M
 

A(t) =
 (4-67) 
j=O 
2: Pj expj(wr *cos Yjt + .pj) 

I 
A(NT ) is evaluated and compared to a threshold which is a parameter of thes

siJulation model. If the amplitude is below threshold. no angle measurement 

is taken for the corresponding frame. 

4.3.2 Alternative Doppler Antennas 

4.3.2.1 The Circular Array 

i The Doppler azimuth antenna implemented by Hazeltine during Phase II of 
! 
I 

I the MLS program consists of a circular array of radiating elements. The 

I structure naturally produces a planar beam because of its circular sYll1l1etry. 

The surfaces of constant Doppler are vertical planes in contrast to the coni

cal surfaces formed by the linear array. The circular array provides an 

advantageous implementation when wide angle or full 3600 coverage is desired. 

Due to the uTillsl;al design of this ant-:!nna. its properties were not well 

understood by the K.S community. Explanations of its behavior were offered 

from various points of View. but none was satisfactory. Since a treat~ent of 

the circular array by conventional antenna theory had not appE:ared. such an 

analysis was undertaken to gain further insight on the properties of the "n

tenna design. The mathematical, derivations are reported in Ap,pendix E and 

will not be repeated here. 

Starting from fundamental prir:cip1es. the antenna far field was deY-he-d 

for the array angle-dependent aperture element excit:stion. thE'! field was 
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I 
I shown to have the desired average Doppler shift as a function of the azimuth
i . . 

~ngle to the observation point. The field is modulated by a time varying 

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

.. chirp confinned the formula derived earlier by less dirp.ct methods. An 

explicit expression for the elevation angle dependence of the chirp was also 

obtained. It was sho~m that the "moving bri ght spot" on the aperture coul d 

not serve as the heuristic basis of the average Doppler. However. a moving 

bright spot could be ~sed to explain the chirp phenomenon. 

The analysis yields an expression for an incidental amplitude modulation 

as a function of scan tine which causes the radiated signal to depart from a 

constant envelope. Due to the effect of finite aperture cutoff. the ampli

tude is dependent on the observation angle as well. Both amplitude variations 

had been observed in simulat~ons by Hazeltine and are n~1 substantiated by a 

we11-founded theo ry • 

4.3.2.2 Beamport Antenna 

The Doppler elevation antenna~ implemented by Hazeltine during Phase II 

of the'MlS program consist of multiple feed beamport reflectors. These an

tennas can generatE planar beams with any desired angle encoding. for example. 

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

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

sion of ground reflecti on mul tfpath. This feature was found to be of particu

lar importance in the Ku-band f1ar.~ guidance system. 

:. : I 
f.~1 
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A single RF source is divided into several feed lines, each containing a 

digital or analog phase shifter. The composite phase shifter characteristics 

'.(deg/sec) detennine the angle encoding function. The feed outputs are a set 

of coherently related frequencies which simultaneously illuminate the reflector. . ---' ..... 

Because of the coherence, one can envi sion a '''spot'' on the t'efl ector surface 

at which all the feed Clutputs are in phase; this spot will" migrate acrl"ss the 

reflector during the scan, thus providing a moving source analogy to the com

mutated array impl errentation. The horizon roll off achieved with the Hazeltine 

, array (up to 23 dB/deg) is much steeper than that achievedbya typical, com


mutated array element (5 dB/deg) which has little vertical aperture.
 

I

i 
In tenns of system model ing,. the antenna pattern of the bearr~~()rt array
I 

I is incorporated by weighting the received signal dmplit~de by an appropriate'
 

I
 antenna weighting factor Pl (e). The remainder of the model .thenproceeds as , .,, I· " ".\". \i.
, 
!
I in the case of the ITT/G model described ear11er. '\ 

, I
 \'.
 

\,: I 4.3.3 Thinned Arrays 

\ 

concept is a "thinning out" of the azimuthal sideband array coupled with a 

connutated finely spaced reference array. By doing this, a quite significant 

reduct"ion in the nurrber of radiating elements and switches, etc. can be 

achieved without introducing ~ny grating lobes (Le., false courses) in the 

One of the key chang~s proposed by the U.K. to the basic Doppler scan 

c· 

absence of multipath. 
" 

~I In this section, we show that the transform of the received Doppler. - . --/" 

, I 

:i signal with a periodically thinned sideband (offset) array and commutated /

f/
I-

reference differs significantly from the spectrum of a full sideband array 
"j 

:,' ! 
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i 
with fixed reference when there is a multipath component present. Thus, theI 

, 
test results for a full array (e.g.• In Gilfillan at NAFEC[31]) cannot simply
 

I be app1 ied to the case of a thinned array (e.g., USAF azimuth at WPP:FB[42]
 

land U.K. azimuth by RAE[27), and vice versa. SOffle general observations re
i' 
;garc!ing the result are made at the end.
 

i The "thinned" Doppler arl'ay shown in Fig. 4.. 13 operates as fol1ows:
 

initially the "coarse'· art'ay element nearest the reference array and the
 

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

successive reference arra~' el~ments are excited in turn whil e the radiating
 

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

finished radiating. the next coarse array element and the initial reference -~- -


array element commence radiating.' This pattern is repeated until the end
I 
:j of the coarse array is reached, at which point t~e scan pattern is usually 

I 
-L

reversed (to give a bidire(.~iona1 scan).' 
" //'f 

/ 
...Since the distance between the reference element and coarse array e1enent ! 

,.I
radiating increases with time in the same manner as :s achieved with a full /

i - /
sideband array and fixed reference, it is not surprising that in the absence 

of multipath, the two systems are equivalent. What is not so obvious is the 

impact on multipath perforlnance of jumping around in effective antenna phase,,-- 

center during the scan progression. Regl~ttably, a clear statement of this 

impact has only been achieved by the mathematical derivation outlined below. 

Taking the zero-th coarse element as reference for the "thinn.ed" array 

shown in Fig. 4.. 13, the signal at the receiver from the k-th coarse element 

I can be wri tten 
I 

, ,, 

, 

\ 
j 

....... 
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'~ r+

d 

Ref~rence(fine) array Main (coarse) array 

i 
I' 

d .. fine element spacing" 0.236). for system at WPAFB [42] 
.. 0.232). for UK system (27) 

Nfd =coarse element spacing" 1.89). for system at WPAFB 
.. 1.86). for UK system 

Ne .. number of coars~ elements =64 for system at WPAFB and UK system 

~TC-63 VI 4-131-

Fig. 4-13. IIThinned ll Doppler array. 
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I 
1 
I 

-j(2lff.t) jw - j~ - j(2nfot) 
a e 1 [e c + pe c] e _ (4-68)
k 

while the signal at receiver from the n-th fine element is 

when!: 
. - . . 

'c 

f i = offset frequency between coarse and fine (i .e•• reference 
and sideband) arrays 

an = magnitude of fine element direct'signal before mixer 

ak = magnitude of coarse element direct-signal before mixer 

a f = excitation shape -for a single fine element 

p -= mui tipnth magnitude/direct magnitude -

= phase of direct signal at coarse element 

= phase of mu1tipath signal at coarse element 

I 'c 
= phase of direct signal at fine element 'f
 

J = phase of multipath signal at fine element
 Wf
 

By simple calculation:
 

'f = -2n(n+l)"d sin 6d!A + ~ =-(n+1) B + ~
 

.c = 2nk Nf d sin ed/A + £ = kN f B + £
 

.- 'f = 2rr(n+l} d sin 6m1A + Em = -(n+l) 8 + ~m
m

'c = 2knN f d sin arnfA + Em = kN f Bm+ Em 

.. when: 

d = separation between fine elements 

£ = initial phase of direct component at coarse element 0 

4-59 



- , 

1 
j £m = initial phase of multipath component at coarse element 0 
I

Od = direct component arrival angleI. Om = multipath component arrival angle 

Modeling the mixer as a multiplication of the k-th coarse element signal x 

n-~h fine element signal followed by low pass filtering, the mixer 
i 

output is 
I i 
I 
1
I snk(t) = a..a a j21Tfitr j{cPc-4Jf ) j{41c-~f) j{;c-<Ilf ). 2 j(;C-¢f)]

r-n k e .~. + P e . + e + p e 

. .. (4-j'0) 

where 

~c-<Pf = (Nfk +. n+1 )B 

-
<Pc-<P f = Nfk B + (n+1)B + £-zn m ...,
 
<Pc-<Pm = NfkB + (n+1)B + Em-E
m- = . (Nfi< + 1l+l)B<Pc-~f m
 

'I
 
. I We now want to compute the Fourier transform of the signal into the zero
 
·1
 
: I crossings counter assuming an and ale are constant: 

I \... 
\ 

IH(f) = \\ 
. -' \ 

(4-71) 

Each of the terms Hdd • Hdm, can be readily determined by straightforward ~ I.j;~-Hmd ,,-::- j, . 
calculation. The a~1itudes are as follows: .. 
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sln[N Nf (B-A)/2]c= 
~ ..	 !. 

Hdd sin (B-1\}/2 Pf 
, 
i 

sin[NcNf (B -A)/2] sin Nf(B-A)/2m'= 
i; Hmd sinLNf {B -A)/2J sin (B-A}72 Pfm

sin[NcNf (B-A)/2] sin[Nf (B -A)/2]m.."Hdm sin[Nf (B-A)/2] sin[{B -A)/2] 
. Pfrn

sin[NcN f (Bm~A)/2] 
,=Hom .sin[(B -A)/2] Pfm

where
 

A 21T't(f-fl )
II 

't l/rate at which fine elements are switchedII 

Pf	 .. transform of the fine element excitation waveform af 
.. 2[s1n A/2]/A for "ha.rd switching" 

Next, we compute the transform of the input to the zero crossir.g counter 

of a full sideband array and fixed reference for the same multipath environ

ment. In doing so, it is' convenient to take the zero-th sidehand element as 

reference and have NcNf "fine" el ements. For this case. 

'c	 .. E: ... 
+c	 .. E:m 

, +f	 .. -kB + E: k II 1,2, •.•• NfNc 
".' ... 

4Jf	 .. -kBm+ E: k" 1,2••••• NfNcm 
The mixer output for the k-th element is then 
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with transfonn: 

H(f) = 

(4-72) 

Proce.;;!ding CiS before, it is trivial to .show ~hat the amplitudes a~ 

sin[NC~f (B-A)/2] 
=Hd sin[(B-A)/2] 

Comparing (4-71) with (4-72), we see that the thinned array output has 

b/o tenns (Hmd arid H~) in addition to those 'obtained with the full array. 

These additional terms represent mu1tipathgenerated by the grating 

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

scanning beam array. '"To illustrate, when sin em = s1n ed ,!.>../d Nf cort-espond

. lng to an "out of beam" condi ti on, Umd peaks at the sane frequency as Hdd 

and thus is equivalent to "'Inbeam" mul tipath. 

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

more recent proposals have suggested randomized thinning of the main array[38].'. 
No concrete proposals have yet been made. so it has not been possible to 

perfonn an analysis of the type above to detennine the improvement by such 

" 

r'~' 
..-~ 

/.
 

\ 

,.. \. 
j , '.\ 

I 
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I 
I 

schemes. It is hypothesized on ~~e basis of ge~era1 estimation theoretic. j 
I	 considerations that the performance of such a syster:1 can

·oJ 
I	 considering the beam pattern of the total Doppler arra),I and main arrays treated as a single array). 
I 
l This pattern is of the form.
 

\
 
~, . I 

= i Gthin (e)
 

where
 

be upper bounded by 

\ i.e., reference 

(4-73) 

= reference array (voltage) pattern = sin (Nf n)/sin n 
assuming equal amplitude weighting 

Vm(a) =' (voltage) pattern of main array 

i n = n(d/A) sin e 
If the main array has N equally weighted elements, then standard antenna c 

theo~ arguments (see Chapter 6 of ref. [43)} suggest thati 
1.	 the beam pattern 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 -2010910 (l + Nc/Nf )rdown from the main lobe. 

and 

2.	 on the average, the sidelobes are approximate1y {l-r}/(N +Nf } '. 
.~c

= (f - l}/Nf down in power from the main beam peak where r is 

the! thinning ratio (= nunber of elements in the thinned arrayl 
nutrber of elements in full array of the same length) and Nf = 
nunber of elements in a full array. 

For a 60A full array, Nf - 120, so that a thinning factor of 0.5 would 

suggest -20 dBside10bes. Since contemporary l4..Sdesigns typically try 

to achieve sidelobes better than -20 dB; it seems unlikely that large 

, 
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thinning factors can be realized by the scheme above without generating un~ 

acceptable sidelobe performance. 

'Two caveats should be noted regarding the above conclusions. nrst, it 

is not clear that practical Doppler processors can achieve ,the performance 
/ 

suggested by ""s timati on theory cons i derations due -to the nonoptima1 process
. 

, . 
/'. ~;-

ing in the receivers'•. On the other hand, by very clever synthesis and/or . 

exhaustive search, it may be possible to find a thinning pattern which is 

sUbstantially better than the "average" thinning •. ' 

4.4 Distance Measuring Equipment Models 

The distance measuring equipment (~'E) systems operate on the principle 

of round-trip time delay measurement. An airborne interrogator transmits a 

pulse coded wavefonn which is receivedata transponder on the airport sur

face. The transponder estimates the arrival time of the int~rro9ation and 

after a known fixed delay transmits a reply signal. The airborne interro

gator. upon receipt of this signal, estimates its arrival time and computes 

the range on the basis of an adjusted round-trip delay. 

In the systems which have been erodeled, time of atrival estimation is 

based upon detection of the leading edge of the first pulse (the usual pulse' 

code consists of a pulse pair). The intent is to sense the leading edge 

arrival as early as possible in order to minimize the effect of multi path 

ethoes which have small differential delay. 

Each one-way DME link moael consists of (i) a¥ulse wavefonn and 

(11) a processor a~gorithm. These can be chosen independently; the com

binations which constitute the downlink and uplink may differ. Three wave

form rodels (trapezoidal, Gaussian, and chirp) and three processor models 
/

X4-64 ....\ . .!j 
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(fixed threshold, real time threshold, and delay and compare) art' available. 

Others can be prepared with ease. The "'wnlink and uplink DHEfs are specified 

separately. 

4~4.1 Wavefonns and Transmitted Signal 
, . 

4~\4.1.1 Trapezoidal Pulse
 

The trapezoidal pulse waveform is defined as
 

L	 
.

\
\ 

; O<t<t·t - - rr
 

pet) = 1 t < t < T-t
 r - - r 
T-t T-t	 < t < Tt	 ; r- r 
0 ; otherwise 

where T	 is the pulse durati on and t the 0% - 100% risetime.r 

4.4.1.2	 Gaussian Pulse
 

The Gaussian l1u1se waveform is
 

t 2
-B{- }t rP(t). =	 e 

where B is a scaling constant which allows for various definitions of risetime. 

Much of the literature dealing with DME; e.g., lCAO Annex 10[44], uses 10%-90% 

definition of t • in which case B .. 1.423.r 
4.4.1.3	 . Chirp Pulse 

The chirp DME model is somewhat more complicated than the other two in 

that what the simulation model requires is a representation of the pulse at 

the range prccessor~ and that waveform is not proportional to the transmitted 

one. The difference is the n~tched filtering which occurs in the receiver. 
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The transmitt~d pulse has a rectangular envelope and a quadratic phase 

(Ti,near FM) character-tstic: 
2 

, , " j 2" (t - 2') 
r,P(t)- = '1'"e , ' (4-74) 

o ; otherwise 

In Eq. (4-74), l.1is the chirp parameter (rad/sec)•. After matched filtering 

the pulse has amplitude proportional to 

I Itl ~ T (4-75) , , P(t) 
1
2l.1t T 

and zero phase. Because of the tirre-frequency coupling 1n the 1inear FM 

pulse. a Doppler shift ~~ affects the amplitude of the filter output and in

troduces a linear phase tenn as well. The amplitude and phase terms are 

, 1 
sin t<llt + wd) (T - It\) 

~l.1t + wd)T 

4.4.2 Received Signal 

As in the angle systems, the DME multipath calculation is finalized in 

the DME routine itself. For each multfpath component, a normalized amplitude 

is computed by weighting the MID ratio by the ratio of the ground antenna 

azimuth and elevation pattems: 
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Ai P'i(ei)P2(~i) 
=. (4-76) 

A P1 (eo)P2(~o)o
 

The DME data rate is 40 Hz, andeightunifonn1y spaced returns are
 

,.averaged to obtain 5 Hz range data. A phase retardation term of the sort de .\ 

'. ; i '"scribed for the multiscan angle systems is introduced on each scan. for this 

Du~pose. Other multi path para~ters are used as befor:!. The n-th scan re

ceived envelope is 

M' .
 

= "p.p(t - "t., w·-w )' expj t(w.-w }t·, w·"t i
~	 1 110 101 
i~O	 .'.1 . (4-77) 

c (0-1) Td '\+~(t-Ti' wt'~c) +~i} I 
I 

....},--_.' 
r	 --,~here Td is the delay between pulses. For the trapezoidal and Gaussian 

,'t ". 

pulses, assume that pet"~ wd) = set), ~(t.wd) ='0.	 
:~ 

~. 

The chirp DME was proposed and bench tested by Texas Instruments. In the 
:Z '/ 
iactual receiver a hard 1inrlter is used in front of the matched filter for AGe; '. , 

j'" 
,: 

the resultant loss of aq,litude information is not especially critical to the 
, ~ 

---~ 

matched fnter'~ng. The introduction of the hard limiter considerably compli " 
. :-~-

.J"cates analytic modeling of the total multipath signal, however, and was 

omitted from the simulation effort. 

,4.4.3	 Receiver Processing ..." 

The three processor types which have been modeledenc~~pass all the 
.} 

processing techniques used by the Phase II contractors. Two of these are 

thresho1 d processors; the threshold level is either fixed at a constant level 
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-~. ;'--' , of set at a constant percentage of the peak amplitude of. the received pulse 

(the latter is called real time thresholding). Theforrrer was used by
 

Hazeltine, and the latter serves as a model for at least one link of each of
 ) 

the remaining systems. , Both Bendix/Bell and ITI/G used the third type, ,',' i 

I 
delayLand-compare. on one link. 

, 
-,,> , 

4.4.3l1 'Threshold Processors .,: 

. -_.....The receiver routine computes the tirre at tlhich the received envelope .. ' . 

. . 
, crosses a threshold level. This is done by a straightforward search procedure 

\\ 
. \. Iover a set of stored envelope samples. For a fixed threshold processor the 

\'\: : 

equation to be solved on the n-th scan is 

.." 

". 

In the real time processor the peak value enl max is found by searching the 
/ 

envelope samples. and the crossing occurs at the solution of 

',Of ~;-- _." 

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 t (inde

pendent ofn): 

p(t.o) =B fixed -p(t.o) .. BPnl max real time . 

For the trapezoidal and Gaussian pulses. t can be detennined analytically. 

For chirp, the crossing is found by search. 
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I Then-th scan arrival time error is
 
,ri

:... 
I (; = t -tn n 

-~ , 

I , I 

/':4.4.3.2 De1ay-and-Compare Processor 

The de1ay-and-compare processor is shown in Fig. 4-14. Arrival time is 
/

estimated by detecting coincidence of the received envelope and a delayed. "---. 

amplified replica. It is a se1f-AGC'ed processor since no absolute levels 
• -<1.....<
"f__ •• 

". ,--are involved.' By adjusting the value of gain (G) and comparator delay ('td)' 

I
; \ 

one can adjust the crossing point anywhere from low on the unde1ayed pulse -.:~ \ , 

leading edge to a point on the peak. or plateau. region of the pulse. 

The processor equations are 

"pet) = G P{t-'td) perturbed crossing - "- --
j 
.I 

en(in) =G en(in- d} nominal crossing '.:. /
'i-Once again. for the trapezoid and Gaussian pulses. expressions for t can be 

-
derived. The remaining combination. chirp pul se with delay-and-compare re- , / \" 

.: ,I 
ceiver has not been implemented; if it were. the value of t would be found by 

search or table lookup. 

4.4.4 Range Error 

Individual TOA errors are computed for each link by averaging N unifonn1y 

spaced errors (H = 8 for 40 Hz -+ 5 Hz conversion). Denote these by Ed and £u 

(down1inkand uplink. respectively): 
N 

,Ed .. i ·I E:do ,
.',

0=1 

" 
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Fig. 4~14. Delay and compare "thresholding. 
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I 

1,N= N L 
n=l . 

. . 
. .. 

,The two way range error in feet is found by averagi ng £d and £u arid multiplying 
, . . . 

o 'by the speed of light in air (ft/sec):. 
I 
I 
! 

. "f 

.; 

This concludes the DME system model description. 
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v. MOTION AVERAGING 

The MLS achieves high accuracy and data rates over a wide coverage by 

- 'use of two narrow fan beams. one for azimuth and another for elevation. 
I 

: M~ltipath problems are avoided by not illuminating the aircraft and potential 

reflectors "simultaneously" (e. g.• in time for scanning beam and in frequency 

for Doppler). When this is achieved. multipath errors should. in most cases 
·i

of practical significance. be very low for a system if appropriate receiver l .. 
-processing is .emp10yed. .--.

However. cases rray arise where "simultaneous" illumination occurs. 

Examples of this include: 

(a) the fan beam is not narrow enough in the coordinate system 

. being	 transmitter (e.g .• taxiing aircraft too near the 

approach end of a long runway. rising terrain in front of an 
\ 

\
elevation array).	 \ 

\~ 

(b)	 a scattering object lies within the fan beam in its wide 

plane (e.g.• hangars or aircraft tails within the elevation 
.;~ 

system coverage. the ground in front of azimuth systems). 

For a cons i derab1y peri od of time. it was not fully appreci ated in the MLS 

community that problem (b) above could be a significant problem for any MLS 

providing elevation information over a wide azimuth coverage sector. However. , . 
.: 

.. 
\/

~/;?:stlJdies of existing airports have shown that hangars andail"Craft would be :r 
present in the contemplated coverage sectors. Thus. it is important to see '. 

\
 

if the resulting errors could be reduced by rreans other than coverage re


duction.
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i ' 
:We have seen that on a single measurement, the resulting error i~ a 
i 

function of several multi path characteristics. 

'(a) multipath level relative to direct signal level 
l 

(b) multipath- angle coordinate reliltive to direct path, 

angle '(i.e .• the "separation angle"} 

(c) multipath path delay. rf phase relative to di~ct signal' 

(d) rate of change of path delay in (c) due to aircraft motion. 

The, last item leads to the possibili~' of motion averaging which is the central 
, ' , 

topic of this section. ' Systems having a signal format which yield ,masur-ements 

more rapidly than the required data rate maytak~ advantage of mot1on averaging 
, '*', ' 

to reduce the degradation due to inbeam multipath. Since the signal format 

is generally a fairly flexible feature of most f1..S systems. motion averaging 

represents an attractive means of substantially reducing the errors. The 
, ..,-- , " 

primary object~ve of the initial motion averaging stUdies was to determine 
, 

under what ci rcumstances ~oti on averagi ng ,:,oul d be effective in reducing 

multipath error. 

In the next section. thb improvement in accuracy due to averaging a 

sequence of samples is derived 'by means of correlation analysis on the measure

II1!nt time series. The analysis also'leads to a general expression for the," ' ~... 
beam noise spectrum of the output data samples as a function of the spectrum 

, I • 

or correlation functioh of the individual measurerr~nts and the averaging 

*It should be c~hasizedthat the treatment here makes no distinction 
as to air derived Systl~ms versus ground derived systems. Thus, the basic 
results may be applied to ~1l ground derived systems whose signal format 
yields a measurement sequence Gf the type r.onsidered here. 
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·paralreters. These results are then specialized to the usual case where the 

error is a sinusoidal function of the Rf phase between direct ard multipath, 

and the improvelrent due to averaging is dependent on the rate-of-change of 

Rf phase, the so-called scalloping frequency, f . s 

I. The average improvement factor for a fixed scalloping frequency f has s 

\"grating lobes" where the improvement reverts to the value unity it had at 

. 'fs=O. Section 5.2 assesses the importance of grating lobes by determining the 

time required to fly through these regions of poor motion averaging as a 

function of f and ref1ector/fli ght path geometry. In section 5.4, the theorys
 
used in sections 5.1 and 5.3 is· refined to consider items such as motion aver

.. aging between to-and-fro TRSB scans as well as jittered time formats.
 

The remainder (;f the chapter deals with the existence of muitipath -and- - "
 

its scalloping frequency in relation to aircraft position and ve10city and the
 

location, height and orientation of reflecting surfaces. In-beam multi path
 

;! for e1e~ation systems due to buildings is treated explicitly•
 
. I 

I 5.1 Motion Averaging Improvement 
...-' 

In this section a general formulation is presented of the effects of 

·averaging individual neasurements on the error at the output of the MLS system 

where it interfaces with the flight control system. The measurement errors 

will be represented by a sequence of samples {eil. Each sample pertains to a 

periodi c lIEasurerrent e:tent such as a pai r of up-dO'tin Dopp1 er scans or a to-fro 

scanning beam sweep.+ 

+Focusing on the lreasurement events is done here to obtain basic charac
teristics of motion averaging improvement. In a later section, we consider 
sarre refinelrents such as motion averaging between to and fro £weeps and the 
effect of time jittered lreasurement formats. 

., 

'.':'- ~ 
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The saJl1l1es occur at a uniform rate with spacing T as shown in Fig. 5-1 • 

A contiguous sequence of Mof the high rate sa~les is averaged. The averaging 
; 

process is repeated eve~ N high rate samples resulting in anew sample 
II sequence \'/ithspacing NT. The averaged samples are denoted Ek where the in

. ,I :dices are related by i=Nk. Le••. ! , 
H-1 

'E = (5-1 ) k H 
1 2: ekN+j 

j=O 

This roode1 retains the time relationship of all the sample instants 

and encompasses 3ituations where averaging is applied over part· of a TDM 

frame. 

The correlation function of the basic time serie,; is defined as the 

statistical or time average of the product of two samples separated by j 

saJl1lHng instants: 

Stationarity has been assumed in that the average is independent of the 

index 1. 

The correlation function of the averaged ti~~ series is 

H-l 

MR(nlN) + 2: (M-p)[R(mN+p) + R(mN-p)] (5-2) 

I
p=1 

i
I
 
I
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This expression may be evaluated for any correlation function of the 

basic ~rocess. Especially interesting is the periodic correlation associated 

with a scalloping frequency w :s
 

R(i) = R(O) cos(w Ti}
s 
I 

Inserting the period'ic correlation function into Eq.' (5.2) gives\ 
! 

sin2{rtu T/2)S
E~ Ek+ = R(mN)m (!5-3)rt sin2(w T/2)s

We observe that the correlation function of the averaged process 'is pro

portional to the correlation function of the basic process. The proportionality 

factor 15 the square of, the averagi ng improvement. 

It is instructive also to examine the beam-noise spectrum SB(w} defined 

as the discrete Fourier transform of the output sampled-data .;orrelation 

function. It can be shown that 

(5-4) 

where Sew) is the noise power densit.v spectrum of the continuous noise process 

underlying the basic mea~urement time series before averaging. The last 

expression shO'I#~ the saq;ling spectral sidebands at multiples of the output 

sampling frequency lINT. Each spectral zon-e consists of the measurement error 

spectrum ft 1tered through the averagi ng fil ter. When the s i 9n1fi cant bandwi dth 

of Sew) extends beyond ~/NT. spectral foldover or aliasing will occur. 
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For example. if lIT = 40Hz. error components at all multiples of 40 Hz """,\ 

will be a1 iased down totero frequency. It should 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 .hi gh frequency error. 

signals "/hich could be filtered out with -a cw system such as ILS may be al iased 

'.(down to a frequency within the ai rcraft f1 i ght control system passband. ' ' ... , 

The periodic correlation functi on discussed above leads to a 6 funeti on 

at the scalloping freq~ency 

\ 
In the b6..lm noise spectrum. each sampling sideband is then attenuated by a 

common 'improvement factor 

Sin2(~wS T/2) 
'.;. 

(S- 5) 
.f'fsin2!w T/2)s 

1.e •• A(ws ' is the rIllS reduction in error at the frequency ws ' 

This expression places into clear focus all the parametric relationships 

of motion averaging with a fixed scalloping frequency ws = 2nf s ' For very low 

'\ 
" ' 

i 
.! 

scalloping frequency. the improvement factor goes to one as expected. The 

factor goes to zero. resulting in no errors, when the scalloping frequency 

goes through ona or more ccr:;plete cycles in the averaging time ~rr. The factor 

returns to unity whenever fsis an integermu1tiD1e of lIT. These points. 

hereinafter ctllled grating lobes; are the al iasing frequencies of the basic 

sampllng rate. 1/
l' 
! ' 
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The averaging improvement factor is shown in Fig. 5~2 for M=4, 16 and 25 

as a function of the productfsT. It is evident that an increase in the basic 

salJllling interval T has the disadvantage of bringing the al iasing, frequencies 

, closer together in terms of f ' but has the beneficial effect of narrowing 
I' 

s 
" , 

the !,lobes of the function around each aliasing point. 

\ 
! 

5.2! Persistence of Grating Lobes 

Statistical considerations suggest that the average motion averaging 
, -1/2 * ' " ' 

i~rovement should be M'. However, we have seen that the "average" 

improvement is not obtained for error frequencies near the grating lobes. 

Thfs lack. of improvement is quite important in system design and comparison. 

Thus, it is necessary to examine in greater detail the practical significance 

of the gratill9 lobes. A key issue here is h()t1t long in time the poor motion 

averaging condition will pel'Sist. 

Following the lead of the U.K. Doppler stud1es[27,45], we con~ider the 

persistence P 

sec/Hz 

Given P, one then has the estimate ' 

AT ., PAt 

as the tirre required to fTy through a grating lobe whose frequency \.,idth
 

1s Af Hz.
 

*This follows by considering Ek to be the sum of Mindependent random
 
variables with zero mean and identical distributions.
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Fig. 5-2. Averaging factor versus normalized scalloping 
frequency. 
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We now want to relate P to the geometry of a mul tipath situation. A ., .... : 
, ' 

convenient way to do this is to obtain a power series in t for the path 

length difference between direct and multipath assuming a constant aircraft 

velocity vector. Thl'! pertinent geometry 1s shown in Fig. 5-3. 

Taking derivatives, vIe finl1 

(5-6) 

~ 2" . 
.SlnSIV) . 

(5 -I). R , . " . 
., .~,.I 

The distance R to the image 'is not a very meaningful quantity since itI 
depends on the reflectot' location and its rotation with respect to the direct !

I 

.;. ,
line of sight. An upper bound on persistence in terms of more useful parameters ........./ 

j 

has been derived, viz. 
I 

..........
 

(5-8)f >s 

-where P denotes upper bound on persistence. 

Multi plying the persistence by tOe width of a grating. lobe of the aver": 

aging factor, determines the length of time, Tp ' required to pass through the 
\ 

lobe. The width is appr_oximately UMT where Mis the number of sample!: being \ 
\. 

,averaged and T is the interval between them. \ . 
i 

By eliminating elY between fs and P, one obtainS a relation between , " 

scalloping frequency and the bound on persistence with v. A, RT and 8vr as 

parameters. This relation can be expressed as a nonnalized curve of 

-_.
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around each sampling sideband. 

plied by 3.2 Hz to obtain the time of passage T

frequencies around each sampling sideband. 

~ 

I· 
I 

It is plotted in Fig. 5-4 for several values of evr. 
I I The above analysis may be used to determine the persistence bour'ld for 

the grating lobes applicable to the contending signal formats. Typical 

values are: .. 
/

/ 

:~ 

Scanning Beam Dua~ Subchannel
 

EL~ 1 pri"","y 10 Hz
 

Fl are. EL--l pl';mary and secondary 20 Hz
 

Time Reference SClnning Beam 

EL-l. EL-2 40 Hz
 

FDM Doppler [38] 80 H2:
 

TOM Doppler [38] 500 Hz
 

Except for the TDH Doppler each format has a single 5 Hz sampling 

sideband associated with each grating lobe. A TOM Doppler frame of 200 msec 

has an averaging time of 44 ms~c per function and hence a grating lobe width 

of 46 Hz cooprising 9 sampling sidebands. 

For those formats with only a single sampling sideband within a grating 

lobe. the critical frequencies of the flight control system determine the 

time to pass through a grating lobe. This band of frequencies is .:t. 1.6 H4: 

Therefore. the persistence (sec/Hz) is multi

through the band of criticalp 
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T:lble 5-llists T for the first fel.,. grating l~be frequencies at sevp
 
eral different ranges RT to the transmitter. Also indicated are the maximum.
 

offset angles evr appropriate to the ranges from the elevation transmitter.
 

The persistence is nearly proportional to y-l, so that a reduction in
 

~e10c1ty by a factor of two will approximately double the persistence. For
 
I ..' . 

~xample. at y =100 ftlsec A =0.02; the persistence at the 40 Hz grating 
; 

. lobe at 5000 ft is 2.24 sec compared to 1.1 sec in TableS-l. 

:'TABLE 5-1 
j 

. TIME Tp (sec) TO PASS TtlP.OUGH CRITICAL FREQUENCY BAND 

OF 3.2 Hz. v= 200 ft/sec. A= 0.2 ft 

GRATING LOBE FREQUENCY (Hz) 
..R.r evr 
", 

..' 
(feet) 10 20 30 40 60 80 120 160 

2500 10 0 2.32 L2 .8 0.61 0.42 0.34 0.24 0.2 :, 

5000 50 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 1.34 0.96 0.8 

., 
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I . 5.3 Refinements to Simple Motion AveraQing Model for TRSB
J 

.;:. ~~., 

In this section. we present some refinements to the first order model 

pre;sented above for the time reference scanning beam signal fonnat. 

1. ' Averaging Between the To-and-Fro Scanst 

Since the rf phase between direct and reflected signals is changing 

over the time Tsbetween to-and-fro scans. motion averaging can occur within 
'..... 

it scan. This effect can be incorporated into the earlier development by 

w,'; ~in9 the averaged error. in Eq. (s.l) as 
:. ---.-._- .......... 

\M-1 2 - -::::-.--:' ~-~,----:..-

'. 
(5'9)2:2: 

j=O i=l 
" .< 

where l c TITs' 

Following through the deve'loprnent. it can be shown that improvement 

factOr becomes 

si nHnf T s 
(5-10) 

MsinTl'fsT 

,C! '.. 

The cosine term represents to-fro averaging. For the TRS El-1 system,
 

Ts - 0.3 msec in which case the cosine term is ~ 0.9 (= 1 dB reduction) only
 

wher f s > 480 Hz. We shall see that such rates are geometrically fairly unO'
 

. likely. On the other hand, for the TRS azimuth system. T - 6.0 msec. and s 
:' . 

tSiml1ar motion averaging effects occur between the to-and-fro scans /
I,·1 of a typical Doppler systems. However, additional error terms also appear / 

, .) 
, I in such cases such that one ends up with an error expression more closely
•. 1 akin to that of section 5.1. 

;~< 
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the cosine term becomes .:s .707 (3 dB reduction) when f ;. 41 Hz. Such rates 
'/ 

5 

do occur in certain practical ca.:es (e.g., scattering aircraft neJt· the end 

of a runway as the landing aircraft nears threshold). 

2. Time Jittering 

The grating lobes arise from the synchronous nature of the signal for:n:lt 

in Fig. 5-1. t To avoid the possibility of long-tenndataloss due to propeller 

blockage, the TRSB signal format has been modified to introduce a. time jitter 

between successive data franes; such was shown :in Fig. 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-l aver~ging factors where the averaging is ov~r jitter starting 

-.~"'. 

. 

'·'f. 

point, e.g.: 

24
 

A(w) = i4 I Ai (w)
 
i=l
 

= /1 ~4 
J"24 L. 

. i=l 

Ai (w)= averaging factor for starting at the i th point in the sequence. 

In Fig. 5-6, we compare the rIllS improvement for jittered lRSB signal format 

with the improvement factor for a non-jittered format and with the results of 

t A similar problem arises in MIl detectors for skin tracking radars. 
where a similar solution (staggered prf) is employed to avoid "blind velocities." 
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fig. 5-5. TRSB motion averaging improvement with jittered format~ 
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.bench tests by Cal span on a Bendix airborne receiver[25]•. Also shown in 

!Fig. 5-6 is the nns improvement for purelyrando~ errors of M- l / 2• 

We conclude that the proposed jitter sequence has a significant bene-

I·
 . i fidal effect in reducing the grating lobes of the averaging improvement.
 

The EL-l 40 Hz and 80 Hz grating lobes have been reduced to the random error
 

I	 1evelanJ no significant new grating lobes have been generated. The large
 

values shown in Fig. 5-5 for the peak averaging factor are similar to what
i 

would be expected from averaging eight samples of a white noise process. 

Fine-lly, the good agreement between the bench tests and theoretical analyses 

suggest that the TRSB dynamic error phenomena can be adequately characterized 

by the relatively simple models used in this section.j 

I 5.4 Reflector Geometry for Elevation Multipath from Buildings 

I . . 

The objective of this section is to incorporate geometric cons.traints 

I	 such as aircraft position and obstacle restrictions to the existence of multi 

path errors and their 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, i.e., is a specular 

reflection from the buildings possible? 

(ii)	 is the multipath in-beam for the angular coordinate 

system used? 

(iii) will an appreciable motion averaging improvement be obtained? 
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(a) L~cation of Specular Point 

Consi cler a verti ca1 reflector surface rotated an angle Ci frol!! being 

parallel to the L.O.S. between transmitter and receiver. The gt>ometry 1n 

the plane of reflection is shown in Fig. 5...7. The projections onto the two 

vertical p1ar.es through the L.O.S. and perpendicular to it are also shown. 

The specular reflection point is ind'icated by S. An arrowhead denotes the 

normal to the reflecting surface which projects as a horizontal line in 

each vertical plane. We define f; as the angle of tilt away from horizontal 

of the line from the specular point perpendicular to the L.O.S. Upon examina

tionof the projections it follows that 

tan 0 sin a = sin f; (5-11 ) 

The height h and planar elevation angle CtR of the specular point may nowR 

be found using the coordinates (XR, YR) of the point in the horizontal plane 

hR = YR tan ~ = YR tan a + XR tan ~ 

X 
= tan a + yR tan ~ (5-13) 

R 

For given values of a, 0, Eqs. (5.11) and (5.12) may be used to delin

eate the regions where the specular po.int lies below the obstruction limits.' •. ,:J'. 

A family of suchboundarles 1s given in Fig.5-8 for the special case a = 30 

and the transmitter located on centerline. 

The critical regions tend to grow with decreasing 0 above C.L. and with 

increasinq 0 below. However, other limitations COll!e into play to reduce the 

threat. 

, 
/ ; 
: j 

f I 
H 
tl 
i;,l 

In particular, in the plane of reflection (Fig.5-7 ) 
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Fig. 5-8. Reflector loca~ions for specular point at obstruction 
height limit. 
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11' =6 - _- IT + 26 (5.14) 

whict;, illlllies en > -2 O. When 0 = -150 we have en > 300 
• a va1uc? for which 

the scalloping frequencies are generally hilJh enough to produce adequate motion 

averaging.. In the specific cases to follow, 0 = -150 has been used to deter

mine the ~)unds on heiyht limitation. Although this is not the worst possible 

rotation, it is a conservative choice for making system comparisons. 

(b) Angular Separation of Mu1tipath 

We turn next to the question of in- or out-cf-beam multipath. Toward 

that end the previously derived expression for the elevation angle aR of the 

reflector will be evaluated. It should be recalled tha~ a and OR are planar 

elevation angles in a coordinate system aligned with the L.O.S. rather than 

the runway C.L. What follows is approxirr.ately correct for planar: beams hinged 

perpendicular to the C.L. to the extent that the cosine of the angle between 

L.O.S.and C.L. is approximately one. Substituting Eq. (5.11) and (5.l4) in 

(5.12) and using the small angle approximation tan ~ =sin ~ gives 

, tan"aR = tan 0. + tan(6n + 2o} tan osin a (5.1S) 

... < 

for all but extreme values ofe IT and/or large positive rotation angles. 

Since neither of these conditions can be counted upon. the multi path must 

ThisE;quation is plotted in Fig. 5-9 as a fa;::~ly of curves of aR vs 0 with 

a = 3.00 and aIT as a parameter. If we select a separation of l.se clS the 

boundary between in-beam and out-of-beam. we find the multipath is in-beam 
" ' 

- r , 
, 

in general be regarded as in-beam. ) 
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The aR above was defined as a planar elevation angle and hence in-beam 

applies to planar beams. Using the same approximations that gave Eq. (5.15), 

the conical"elevatioi1 angle aRC of the specular point is given by 

YR tan aRC"
 

c~s(Sn + 26)
 

whence 

tan aRC = cos(Sn + 2-5) tan a +sin(eIT + 26)tan6 sina 

Using tan a ~ sin a this can be simplified to 

tan aRC = tan [COSS sin eIT tan 0] (5.16)n 

E.quation (5.16) is plotted in Fig. 5-10. Comparing with Fig. 5-9 sh<:>ws 

that the dependence on reflect~:- rntation is quite dissimilar. But neither 

for planar nor conical bet/.ms does the specular reflection lI10ve substantially 

out-of-beam until 6 and/or 6IT rea~h large values. In making comparisons as 

to the relative merits of planar and conical beams. it is important to include 

the coverage limitS. Ft'om Eq. (5.14) the azimuth-coverage angle tPc must satisfy 

This limit is drawn on Figs. 5-9 and 5-10 for tP : 20° and 60°. One observes c 
that planar beams have a somewhat greater potential for creating out-of-beam 

multipath. 
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One other factor shoold be noted~ Planar beam multi path goes o~t-of-

beam upward, which may confuse elevation processors that treat the higher coded
 

signal as the valid one.
 

(c) Evaluation of Motion Averaging Based on Reflector Threat Locations 

The results of the preceding two sections will now be combined to
 

assess the benefits of motion averaging for the two competing systems in
 

relation to the obstl'uction height limits and cciverageareas. In Figs.
 

·5-11 to 5-14, different scenarios	 are depicted ·fo·r. EL-l sites offset 400 ft 

from runway centerline. In each case the aircraft is located on the extended 

C.L on a 30 glide slope with resped til EL-l and at a specific distance from
 

the transmi tter.
 

The angle cif the velocity vector 1s varied according to the angle be


tween L.O.S. andC.L. with an additional perturbation due to course deviation
 

from a C.L. approach. The extreme values of SVT are used to compute a
 

corresponding SIT for each of two scalloping frequencies: 5 Hz and 25 ~z.
 

The 5 Hz pertains to the Olth grating lobe of the TRSB system, and 25 Hz
 

applies to one version of TO,.., Doppl.er. the SIT angles define the direction,
 

referenced to the aircraft position andl.O.S., in which an appropriately
 

oriented reflector would produce the indicated scalloping frequencies. The
 
\ 

5 Hz and 25 Hz directions are bounds that limit the region of potential re

flector thl"eats where motion averaging is ineffective. 

'rhe diagrams show the SIT limits for the selected situations. Also 

indicated in each figure are triO sets of boundaries where the specular point 

passes through the obstruction height limits. One set is derived from the height 
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I 

.bounds computed above, taking into account the rotation of the L.O.S. with 
" 

I
I 

, 

i
I lrespect to runway C.L. These bounds apply for an aircraft anywhere along the 

LO.S. independent of its distance from the transmitter. For the specific 

ichoice of aircraft location,'a sOl'leWhattighterbound can be obtained by 

finding the specular height from the ratio of distances multiplied by the 

aircraft'height hac' Le. 
. .....-. 

R 
h -"""~1-=-_R -, p. + R hac

l 2
 

, where R1 is distance from transmitter to reflector 'lnd R2 the distance from
 

I reflector to aircraft. When hR is equated to the obstruction height limits
 

I , in the transitional surface, the dotted-line bounds ~re formed. The ~ 20°
 
, I 

and.:!:. 60° coverage limits for EL-1 are indicated. It is interesting to note 

that illumination coverage less than 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 It,ould be suppressed by motion averaging for the TR system. 

We observe that this sector is largest for small 6YT and tends to decreuse as 

the velocity vector deviates in angle from the L.O.S. The region of definite 

advantage for TRS has almost disappeared entirely 9YT = go.:!:. 1· in Fig. 5-13. 
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i VI. SYSTEM IoI)DEL VALIDATION 
..' l 

In order to provide some measure of confidence in the results obtained 

from the recei"er simulations and the conclusions drawn from them. it was 
. .' .. 

necessary to accomplish a program of moC:~l va1id_~.tion. Validation is a 

checkout procedur~ which begins with verification that the computer code 

properly represents the mathematical models of the systems and ends only 
/.when it is evident that the model outP.uts are in some sense "correct." . This
 

I
 
I sec:tion summarizes the receiver model validation process. 
I 
! 6. 1 Methods of Val; dati on . 

I
Validation is accomplished by comparing the mod~l output to data from 

other sources which should yield equivalent or similar results. From among 
'.' . . 

I these. theoretical studies based on ideal)zed mode1s'of the transli1'ittersand 

receivers and bench test ex~~riments on hardware receivers have been incor

poratedinto the validation process. These sourtes represent reasonably well 

controller situations that can rather easily be replicated by the computer 

simulation. 

Figure 6-1 shows the scope of the angle system validation effort. The 

three basic inputs to the comparison process are the Ca1span bench tests, / 
'. / 

" /

simulation data (from both test programs and full simulations), and theoretical 

multipath performance calculations. The emphasis in this report will be on 

the scanning beam validation effort. Besides TRSB. some results for the two 
...-/Phase II FRSB systems are included in cases where their behavior is enve1ope

~/.// 

only dependent and essentially identical to that of TRSB. Both static and . I 

dynamic validation tests have been conducted. Static tests are those for which 
. \.. 
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I

th~ receiver position is fixed. Dynamic tests are those in which the receiver 

is ilssu;r."",d to be in motion wit~j respect to the transmitter and the ITIultipath 

environmer.t. In the latter", the phase relationships among the received :nu1ti

path components are time-varying and are of interest in those multiscan systems 

which can potentially benefit from motion averaging. In all cases the valida

tion data consists of graphs of angle error vs some !1iult.ipath parameter (e.g., 

.. relativ,= phase, separation angle, etc.). In some tens, mean, peaK, and rms 

error (with respect to RF phase) al'e presented. 

The OME validation follows a similar pattern, except that comparisons are 

made solely against theory due to lack of adequate experimental data. 

In those cases for which noticeable disagreement among Hie results is 

evident. an attempt to ascertain cause has been made. Occasionally, the d"is

crepancies are attributable to differences in receiver processing techniques or 

parameters. Esp€cially for the experimental data, there are sporadic anomalies 

for which no explanation can be found. Despite some areas of disagree~ent or 
~ 

uncertainty, the receiver validation results generally show good agret>ment with 

pertinent theory and experiment. 

j
i

I
I 
i
I, i

i 

Sections 6.2, 6.3 and 6.4 deal with InSB. Doppler, and DME, respectively. 

Each section begins with a summary of the theoretical results used in the com

parisons. Derivations are relegated to appendices. Following that, curves of 

static error 'IS l'Ilult"ipath phase or separation angle are presented. Next, 

dynamic simulation results are canpared to both theory and bench tests. The 
~ 

I
I

l
{
i

:- bench tests were conducted by Calspan employing an MLS signal simulator and 

hardware receivers of their own design. At a later date. Cal span coupled 

their signal simulator w1th actual contractor receiverS used in the MLS Phase 
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II feasibility test pl"ogram. The Lincoln simulation was used to conduct 

; parallel tests and the conwarative results i1r'e rep.."'lrted. Irl the fin,)] set 

'of teHs. Section 5.5. the full simulationprcgramwils run for two airport' 

configurations and the out.puts analyzed Llsing the program's multipath diag

nostics and the theoretically predi~ted gerionn~nce. 

6.2. 1 Theory 

It is assumed that thetransmittinlJar:te~~a has a GGussian bE:drnshape 

P{x), where J( stand!> for angula,- displacement in unit~ of 3 d8bea~idths: 

P(x) k = 2 ln 2 (6-1) 

In the absence of multipath. the leading and trailing edge crossings in a 

dwell gate processor ~<till occur symnetrically on either s~de of the beam 

peak (center). at displac~Tlent ~v beamwidths. The value of v is selectable; 

for example. if the threshold setting is -3 dB with respect to the nominal 

*peak value, v -:: 0.5. _ ~1ultipath of relative amplitude p perturbs the crO$$

ings from nominal. If p is not too large, the true crossing points tan be 

approximated by linearly expanding the combined envelope about the nominal 
, 

\crossings. The dwell gate displacement is the average of the two threshold 
\ 

\ 
crossing errors. The indicated computaticli is carried out in Appendix D;in 

\ 

tenns of notation given in Table 6-1. the single scan pair angle error which 

results is 
>1' 

I
For the Gaussian beam. v is proportional to the square root of the thres

hold in dB: v::,1 -V /12.dB

i 
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Sym.")ol 

p 
V 

VdB 
Ts
T3
T.Td 
Tz 

BW 
em 

't 
6 

. ~c 

n 
M 

Units 

sec· 
.. " 
" 

" 

Hz 
rad/~.ec .. 

.. 

deg 
. de9/8W 

BW 
BW/sec. 

deg . 

II· 

It 

It 

BW 

TABLE 6-1 

NOTATION 

Definition 

Ratio of multipath to direct ~mplitude
 

P.atio of seaMing beam threshold to envelope

peak


V in decibel units
 
Scan duration
 
Doppler scan gate dur'ation'(counting interv31).
 
Spacing between bidirectional scar pairs
 
Elapsed time bet~-en 0° boresight for bi
directional scan pair
 

Spacinq between first and k-th scan pair
 

Scalloping frequency
 
lrrfs
 
Carrier freqlJ~nl:'y
 

SlIbcarrier (or offset) frequency
 
(IUo+w:; )/ Uc
 

Beamwidth 
. Separation between mu1tipath and direct in scan 

coordinate (fractional oeallwidths)
 
Beam dis~lacement at threshold crossing
 
TRS antenna scan rate
 

Doppler midscan relative phase (direct and multi

path reference) for fs=O
 

Doppler midscan relative phase (direct and multi

path sideband) for fs=O
 

TRS relative phase (direct and multipath) for f 5=0
 
Arbitrary phase between sampling instants and
 

periodic scalloping error 

Scan index
 
Number of scans per averaging interval
 

,) 

P.ngle ert'or for m-th scan pair 
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'" 
-ke" t w T 1 

E p e em, co, S ¢' ~'~Jn g m z 

Jsinh(Zk8mv) w v ') .. (w T ) cosh(2k8mv) '.. wsv\ . (wsTz)J
cos ( -T cos ': z. + SH:' (T Sln -2l 2kfi v 2k6mv 

m 
(6-2) 

In neady all cases of interest. the term wsv/e. which corresponds to 

scalloping across t'he ttNell gate of a single pulse, is small enough to be 
. 

neglected (wsv/o ~ 0), thus yielding a simple formula which relates all the 

key TRSB mu~ ti pa'th pararrl€ters to the error after moti on iiveragi og of tot suc~ 

',cessive Scan pairs: 
, lisTz !·{-l 

cos (-Z-) ~-ke 2 sinh(ZkvC )
III l!l --------- cos(¢ + w T ) E :: p e e 2M s s k

k .. l - ... -- 2kve m 
mul tipath -III ---_-----...-_. separation ~ 

level angle and choice of IOOtion averag'ng F.nd 
ntr beamwidth threshold rf phase 

(6-3) 

The analytical model of the dwell gate processor provides ccnsiderable 

ins i ght into the performa,lce of scaMi ng beam sys terns, but fa il s to predi ct 

the bias error resulting from the asymmetry of multipath error vs RF phase. 

An alternative model is a beam peak lOLitor. Although more appropriate as 

an idealization of a split-gate discriminator, the model c('rresponds closely 

to i'I. dwell gate py'ocessor for small separation angles and moderate multi path 

• t levels . 
I 
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Appendix C derives the ffiultipath error of a beam peak locator. No closed 

form expression can be extracted, and one must resort to nurroe,'fcal methods to 
. . 

obtain an answer. The method is .applied in SectIon 6.2.2 to generate graphs 

of errOl· vs multipath phase for comparison' with simulation datiL 

6.2.2 Static Tests 

In tr~ tests of the receiver r~utines ccnductcdunder static co~ditions, 

'I.e., in the absence of receiver motion, the RF phase between direct and multi

path signal was varied in step::;· over a full cycle. Data was :taken for various 

multfpath ~mplitudes, separation angles, and RF phase shifts. For the scan
. r23241ofng beam tests~ experimental results from Calspan l 

•• were available,· 

and the s'fmulatiol!1 WllS run under the same conditions. F1 gure 6-2 shows ex.

perimental data, simulation resul ts and theoreti~:al results for en"tlr vel"SUS 

separation angle for thp. time reference system. The exper~mentiJl data at 

0.50 and 1.00 
se~aration angles are in reason~ble agreement with the simula

tion. 

The theoretical error formula (6-3) also agrees weil at the -10 dB lzv~l. 

how~ver. at the -6 dB level, there is a noticeable deviation ne~r 90' which 

t arisus from the fact that terms inp2 were ignored in obtaining (6-3). When 

, the multipath amplitude exceeds the threshold level, the error is a markedly 
I non-sinusoidal function of rf phase ~1hi<:ht although 'it car. be explained (seeI 

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 asa functfon of separatio~ angle at fixed rf phase. The experimental 

results \!\'ere obtained in the initial Calspall tests [23] in ~hidl thresholding 
/ 
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n"..c)Y not have been as tightly controlled as, in later tests. The data at -1 dB 

mu1tipath level sh~#s the very sharp changes in error performance that occur 

when the multipath lp.vel is comparable to or above the thl-eshaid level. 

A c~~drison was also ~~de between the dw~ll'gate processor ~nd the s~.lit 

gate processors described in Chapter'IV,' The results are shown in Table 6-2. 

We see that the mor'enearly "optimal" proC€Ssin9 afforded by the split gate 

systems yields a sUbstantial improvement agi::~ilst high le...el multipath, 

Fi gure 6- '5 C("llpdres the error s ta tis tics as averag.ed .;,verrf p~a ~e for 

the scann; ueam system asa fJnctionof separation angle for several multi-

path levels. The expe,'imental dat,l yields errors somewhat smaller than those 

fO!' the corrputer simulation. It is believed that these differences "arhe -

because thei'ctr.:il I'ece'iver has several features (?f! .• elwell gate qualifi

cation circuits) which limlt ~he wioening of the &~ell ~ate associated with 

mult"ipath * • but are not incOI'porated in the first phase computer model. It 
, 

1 

. is planned to incorpOl'ate these featu~esinto a more refir'led ffi(''1el to be

! developed during the next phase. 

As expected. the theor'etical en'or formula (6-3) gives results that com

pare favorably with the exper ::tJental and compJ,:er simulation r'esults 'for small 

multipath levels and/or separatiop angles. 
J 

6.2.3 Dynamic Tests 

t Comparisons between the computer simulation, theory. and Calspan bench 

test3 of the Bendix Phase II receiver for dynamic situations (i.e., f ~ 0)sI -I 
are reported in this section, Comparisons were also made between the com

puter model and earlier Calspan Dench tests; however, it was subsequently 

I I *For example, Ca1span has shown [25] that varying the reset times can yiel,
t t a 50% reduction in error. 
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TABLE 6-2 

0 0PEAK ERROR CO~1PAR!SON FOR RF PHASE 

--.----,-----1------------- 

MULTIPATH AMPLITUDE DWELL-GATE 
(simulation) 

SPLIT r.."\TE 
Uheoret'ical) 

GFF-CENTE;---I-----lE-~---C-R-O-SS--I-N-G-----4 

- iO dB 0.15 0.11 0.13 

--6 dB 0.24 0.16 0,21 

- -3 dB 0.60 0.32 

__ _ __,,0l~ J 

- ! 
I

6-12
 

t 
t 
! 
l .. 



~. ~. ~ _~ .:l-~.,.~___..."*-.¥..-' ........ .... •.._._...__• __._-..-...__.... •. .... -'.....~.... .........-.......•._ .. ....
 

.......----,- r 
n. ~ 

.. O. I 

t..
 
A 

o 

o 
o 
o 
o 

'" 

-0. t 

Pm = 0.107 (.) dB) 

- __----L.... L -L' . J 
0.0 a.~ 1.£' 1.5 1." 

S8'pA... tiOD .ftll.. (BG... n....l~th.aJ 

c-, 

·--------.~~~~~~~h ~~=Ul'~:~ Bo.4~ m.~ .. 
-- Lincoln Laborawry compvl4o... 81f'n1lJ.16tO;oa 

o? 

iO.2 r-;ote: Aldenna p.&.tteJ'itli u.e:.d .ore t:.cA id4-~.t r 
-5 to, I 

-
:2•
i 
o'I 
0 
0 
0 0.0 

j 
W 

J 

I
I 

I I 
, 

-J" 

0•• o. s 1.0 I. S Z.O 

r SeraJ':tti,i".In "DI•• In be&rnwldtlut 

(b' 

,I Fig. 6-5. TRSB static error vs separation ang1~, 

! 

i
j' 

I
i I 6-13I 

I 

\ 
I 

I 
~.. 

I 
i, \i. 

p "' • G. ~ (-f, dB) 

http:�.._._...__�__._-..-...__....�


: . 

I
 

I

1 

t 
I r
 
t 

1 

learned that the receivers used for the initial bene'" te:sts had a number of 

haY·dware error's which were correct~d in the later versions. 

Figures 6-6 Cind 6-7 compare the EL-l error as a function of s;~paration 

angle for ~calloping frequencies of 20.32 Hz and 40.32 Hz. respectively. 7he 

experimental data and c~puter simulation agree reasonably well. Again. the 

differences are felt to arise from certain dwell gate features of the Bendix 

receiver lIhich were pot in i:he initial TRSB model . 

. The final EL-l plot (Fig. 6-8) is of error Versus scal10ping at fixed 

separation angle. Here w( see quite good agreement cs to the characteristic 

averagirlg factor. it should also be noted that Fig. €-8 agrees quite well 

with the theoretical predictions of averaging factor(cf Fig. 5-6f. 

A si~ilar set of tests Were carried out f0r the AZ system and these had 

results comparable tu those found for EL-l. 

6.3. 1 Theory 

A theoretical analysis of Doppler error due to a single multlpath com

ponentis giver. in Appendi.x A, Assumptions u"derlybg the anal):>ls are: 

small to moderate multipath amplitude. no multipath rejection filter, and scan 

gate centered on midscan. The error infr3cticnal beam~idths averaged over 

Mbidirectional scans is 
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r-·~-

pT	 sin(MAl T) rsin(nO TIT )cos(w T 12)cos 11I _	 mE 5 5 S IDJi Sse 
In =	 'ITT -211'- sinew T /2)

g ~	 S 5 

[1-cos(nS T /T )]sin(w T 2)sin n· ]. m g S 5 . m 
(6-4) 

The	 notation was defined in Tab1e 6-1. 

For the s~ecial case of 100% scan gate. (Tg=T )' the last expression iss
equivalent to Wheeler's multipath error form~la [30J 

We observe that t; = 0 when the multipath ang1e code equals that of the 

di recto Furthermore. for small separati on angl es the error is independent 

of the ratio Ts/Tg. The peak error is then 

(6-5)
 

wilieh interestingly is identfcal to that for TRSB in the same situation. 

At the grating 'lobes of the averaging factor. where w T = ron. m an s s 

integer. motion averaging is generally ineffective. However, a special sil 

uation arises when the scan gate is 50% of the scan interval. For future 

reference we note that when T =T /2. the error at the grating lobes is g s

m even 
" 

(6-6) 

;P [cos(1Tem/2)-1] sin(mn/4) sin 11m" m odd 
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6.3.2 Static Tests 

Using the ITTIG ver:ion of'th£ Doppler system simulation. a plot 

I {Fig. 6.9) of er~or vs mu1tipath phase was generated for three ~ultipath 
I 
:~mplitudes 
! 

at a fixed separation angle of 1.5 0 
• The theoretiGal behavior 

'. I from Eq. 6-4 (w =0)s is a simple sinewave E vs m <fl • the midscan phase: m ' ' 

ljJ
ill 

= 4>. 
1 

Jr 116 m (6-7) 

The figure shows s'imu1ation results for a value 6 =0.5° and amplitudesm , 
. -3 dB. -6 dB and -10 dB without mu1tipath'rejection filter. A theoretical 

curve is given for -10 dB onl~/. Deviation from a sinewave is more pronounced 

at higher amplitudes due to the decreasing validity of the 1ineariz':2d theory. 

Although the simu'latioi1 curves become progre5sively more asymmetrical as the 

amplitu~e increases. the mean value rerr.a°jns zero. FigurE 6-10 shows error vs ...;" 

, .. -"" 
/' 

jJhase when the multipath rejection filter whose characteristics are depicte<:: 

in Fig. 6-11 is used; again. the separation angle is 1.5°. 

A series of c~TIputer simulations were run to duplicate the conditions of 

Ca1span tests on a Doppler receiver. The appropriate theoretical curve of 

error vs separation angle was ca1cu1atej from Eq. 6-4 and plotted along with 

I
. I' sources of di screpancy. such a5 expel'i menta1 error and model i naccuraci es. 

the simulation error and the experimental results. The three sets of data in 

Figs. 6-12 and 6-13 are in excellent agreement, considering the potential 

Figure 6-14 illustrates the EL-1 error vs separation angle for separations 

up to 3°. The direct signal is at 3° elevation and the mu1tipath is between 
,. 

I 0° and 30 
• Peak. mean, and standard deviation error. for the sillluiai;;o.. are 
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shown. The Calspan measurements are rms error. The agreement is quite good, 

except for the unexplained slight discrepancy at 2° separation. The sma.ll 

i multipath thecry indicates that the 50% scan gating used in the simulation 

: should drive the err'or to zero at Z'(1.e"-'slT) bearrwidths. which 1s what9 , 
is observed. The Calspan data. which is also stated to have 50% scan gating. 

is small but nonzero at ZO separation. 

6.3.3 Dynamic Te~ts 

Two types of tests were run for the Dctppler system. One is simply 

meascrenent error vs scalloping frequency for a given set o~ conditions 

specified by amplitude, separation angle. and multipath phase. Two sets 

of this type are shown in Figs. 6-15 ar.d 6-16. The theor'etical (solid) line 

is from Eq. {6-4} with nm=O and COS (os i/Z)::: 1. The parau1'eters were chosen 

I

I
i
I

i ,
 
I
 

~ J
 

to resemble corresponding Calspan tests. but direct comparison is not possi

, ble because the scan timings are not equivalent. Neveri:r.dess, the peak 

values at the grating lohes. including 0 Hz. may be compared. T-hese are SII1l

I
I
 marized in Table 6-3. !
 ~ 

r

TABLE 6-3
 

PEAK DOPPLER ERROR VS SCALLOPING FREQUENCY
 

Scal10piny
 
~_()..;.H.:.::z:.Ll__..:::S:..:.i;.;.:.m=-ul;..:a::..::t:..;.i.=o.:.:.n__..:..T.:.:.he:;.:.o:..;.r."y ..:::Ca.::..:.;1s::.J;p:..:a:c.:n~
 

o to.145 to.132 -0.15, +0.17 ' 

250 to.276 -0.27, +0.25 

500 ~O.145 ±0.132 -0.16. +0.17 
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The agreement l:1etween "imulation, theory. and bench t.ests iscollsidered 

qui te good. 

Figure 6-17 sh~/$ the results ofa dynamic test at a scalloping fre

quency of 103 Hz. This frequency is not near any gra~ing lobe of the aver

aging factor and is, therefot-e, a case in which rrotion averaging should be 

effective. The graph shows that it is, with error reduction by at.least a 

factor of. 10. The actual improvewent depend~ on tre fine structure of the 

averaging factor near 103 Hz. The Calspandata exceeds the simulation data 

by about a factor of two. but the dependence on separation arjle is ~uali

tatively similar. t\o explanation has been found for why Calspan ~hc.,s non

zero nus error at 0° separation. 

The next dynamic test (Fig. 6-l8) is at 480 Hz. which is the first 

grating lobe of the averaging factor (l/2Ts,~here T :: 1.04 msec). A~ain,s 

good agreen~nt is found, except at CO separation. Both experi~ntal and 

simulation data exhihit a bimodal error curve in which there are two local 

maxima. No particular reason for this behavior is known, but the correspond

ence is quite close. The error levels are si~ilar to the static results. 

indicating little motion averaging. 

E:evation error vs scalloping freQ~ency is shown in Fig. 6-19 for 1° 

separation and -3 dB mu1tipath. In this case.· the Calspan data is one ht!lf 

the peak-to-peakerror. which corresponds to the sim~lation peak error cur~a. 

The agreement at the Cal span data points is excellent. Simulation shows a 

minor lobe centered at the grating lobe subharmonic of 240 HZ, but unfor

tunately Calspan took no corresponding data. 

/ 

\ 

\ 

/ 

I·" 1
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Similar tests were run for the ITI/G AZ syst~m and the Hazeltir.e EL-l 

aid AZ. resulting in data of comparable validity. 
-

Validation of the 11-1E rrodels is a more difficult task than is angle re

ceiver validation. The major difficulty is the lack of an experimental Jata 
\ 

\' 
~-:.\ :~

base	 against ~hich ~o compare model outputs •. During Phase II. the MLS con \
I 

l tractors performed tests of their C-band DME units, but the results are large / ---.. 

ly inconclusive because the scenarios were designed for AZ system mu1tipat~.~
 
t 
J, 

i
 not mIL Additionally. there is the more recent compl ication arising from , 
the	 intent to propose L-band DME to ICAD. This decision has generated 1n

, 
i
I
I
I

I
I

I 

' 

I

I
I
I 

terest in n~i signal fonnats and pro~essing techniques. 

In view of the deficit in experinentaT data. the val idation must be 

accomplished by comparing the model outputs to theoreticJl calculations. As 

was done for the angle sY:iteJr~. apilroximate fcmulas have been derived for 

the single rnultipathcomponent perfonnanc~ of various DME's~ Results are 

shown in this section for Gaussian and tt"apezo"jdal pulses and the three: pro
I,
I

!
I
I 

cessors described in Section 4.4. 

6.4.1	 Multipath Error Formul~s 

The following formulas have been derived for the single multipath com

ponent performance of the indicated DME's. They are approximations which are 

valid for small-to-r.nderate multipath levels (p < -10 dB}. The pulse and 

I

proces~or parameters appearing in them are all defined in Sections 4.401 and
~
 

4.4.3. These formulas are used in any of the subseq~ent compadsons. 
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6.4.2	 Error vs Amplitude 
\:\ .

Each of the pr~ceding error formulas ;;ho\'/serror dit'ectly proportional 

to multipath amplitude (p). The computed errors Nhen plotted against p 

-. :. generally have the same slope at p = 0 as the error formu1 a, but then the 

error increases sli.ghtly slO'I'Ier than linearly. Figures 6-20. 6-21 and 6-22 

show corrparisons of theoretical, and computed errors, each for a different 

P "'C cos ¢ 

I
processor. For tilis comparison the parameters have been chosen to make the 

initial error slope identical (except for algebraic sign) in all cases; near /; 
i 
t	 p = O. the error magnitude varies as 50p nsec. As p approaches 1. the 

I
 .:<~.'
 

I	 linear approximation overestimates the error by about a factor 'of 2. 

I 
\ 
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, 
6.4.3 Error \/S r'haseJ 

f'~ 

!
 The error formu1as predict that the OME error should vary cosinusoidany
 

with rf phase difference. At small enough mu1tipath levfls this is nearly

I i. true. but for l"rger values of p ';.he behavior is quHe different. as Fig. 6-23 
r \ shows. It contains a plot of error vs phase for real time thresholding of a 

f Gaussian pulse and 0 dB multipath level. The largest error magnitude occurs 
i 

at 180° phase. For phase angles more than 30u away from 180°. the error 

reaches a plateau. Figure 6-24 shows similar curves for smaller values of p. 

In all cases. hOl'iever. averaged over 360° there is little bias in the error 

(theory shows that bias varies in proportion to p2). This· situation is analo

gous to error vs phase in Doppler scan angle systems•. Figure 6-25 shows the 

c~rresponding data for a trapezoidal pulse. 

6.4.4	 Error vs Delay 

Figures 6-26 and 6-27 contain curves of error vs time delay for Gaussian 

and trapezoidal pulses, I'espectively. Each graph cuntains three curves - 

simulated me~n error. simulated standard devi~tion error. and theoretical 

standard deviation error. The simulation data is obtained by averaging the 

error over 24 uniformly spaced values of relative phase (150 increments). 

The theoretical standard deviation is the error formula eval ua,ted at 

cos $ = 1/12. the (ms value of the sinusoidal phase tel1n. In each case the 

multipath level is ~lO dB. and the agreement in the stand~rd deviation curves 

is good. The simple theory generally predir.ts unbiased estimates. which is 

what the computed means indicate. 
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6.5 Complete Simulation R~ns 
I • 

,J 

I The si~u1ation data pr2sented in the prec~ding sections was derivrd fi~m 

i
I ~pecia1 test prcgr'ams that exercisedtr.ereceiver routines. In order to vali

I
I 

date the angle receivers while illiOedded in the complete simulation prc.gram. 

si~le scenarios were r'un using the multi path scattering model applied to 

I selected airpart configurations. The results of two such scenai"ios are de

scribed. 

f 
i 6.5.1 EL-l and Logan International Terminal 

In this configuration the EL-1site is placed betwe£'n two taxiways on' 

the side of rum'iay 15R opposite the pr-esent location ~f the ILS glides10pe 

1 * as shown in Fig. 6-28. Such a placen-ent is not unreasonabie since the twoI 
,I 

systems may co-exist for a period of time. The major source of reflection 

for EL-l signals is the International Terminal situated beside the l·unway. 

The simulation flew an aircraft .dO'lIIn the extenaed runway centerline on 

a 1:20 (2.86°) glideslope. To ar~ount f~r the 10-ft high phase center of the 

El-1 array. the antenna is l~cated 200 ft in front of the GPIP.t As a func

tion of altitude a1ong,.tt-Ie flight path. a co~uter output plot givE:s the 

amplitude of th~i~i1ding reflection and the multipath separation angle as 
,"/' 

shown i
/ 

D--..;-tg::·6-29. 
/./"/TWO points along the flight path are of particular interest. One is the 

"r'" point of maximum ampiitude (-6 dB) which occurs at altitude 176 ft. The sca11op
I" /" . /'" ing frequency at this point is 91 Hz assuming an aircraft speed of 200 ft/sec. 

*A map of Logan Ai rpo rt was shown in Fig. 3-2.t 
t~lide .!:ath Intercept faint.r, 6-45 
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Th~ other poi r ': produces " scallopi ng frequency of 40 Hz. d TRSB grati n9 1abe: 
i 

at an altitude of 280 ft. The amplitude of this reflection is -15 dB. 

A plot of peak error along the flight path is given -in Fig. 6-30 for the 

TRSB system and Fig. 6-31 for the Doppler System. In the forn~r.the grating 
-_.~ 

" 

' 

lobe error regions are clearly evident at 190 ft- and 280 ft. The sim!1)ation 

error entries in Table 6 -4 are taken from these plots. The "Static Error" I 

pertains to lootion at zero velocity along the fl ight path. and "Dynamic Error" 

is for a speed of 200 ft/sec. 

The theoretical static errors are taken from Eq. (6-4) for Doppler and 

from Eq. (6-3) fo}' TRSB. The theoretical dynamic error and averaging factor 
'

, for Doppler also come from Eq. (6-4). However. the scalloping frcqu2r.cies and
 
I
 

i
i separation angles are sufficiently small that the Doppler error componen_ts that 

I I 
- I 

I
! ve;r:ishat ws~O may be ignored. The simulated TRSB system had a jittered signal 

format whose avel~aging factor is always less than unity. even at a grating lobe. 
t I 

The theoretical dynamic error isobtuined by multiplying the static error byI I 
t.he appropriate averaging factor. 

The agreen~nt between theory and simulation for TRSB is excellent. Re-' 

garding the Doppler system where the simulation error is some\'Ihat smaller than 
i 

than theory predicts, He recall that the theoretical model does not incorpor

at.e the effect of 0, multipath ,'ejection filter. whereas the simulation does.I I .,"-~-----. 

At a separation of over a half degree. the filter has a noticeable influence
 
-,
 
i on the error.
 
I 
I
 
I
 

*This particular simulation w~s conducted with the TRSB signal format 
generated by the scanning beam working group [5?J. With this fonnat. the TRSB 
first grating lobe was not reduced as much as wlth the fonw~t shown in Fig. 4-4. 
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TABLE 6-4·
 

LUGAN AIRPORT INTERN~TIONAL BUILDING
 

SystemTf,. "f,","" Sy,t,. ~ O,ppl" S 

.~/ 

~51"",1'" '" I TReo'Y 

176 ft 

-6 dB 

0.60
 

0.14° 0.18°
 

Simulation51., '.:.:'-'" 51 .,1 '" '" "eo 'yI Theo ';1 
280 ft 

~15 dB 

0.6" 

0.01· 0.087° 

40 liz 

0.08° 0.07" 

0.88 0.&5 

176 ft 2SO
 

-6 dB
 

ft

-15 dB 

0.60 0.6° 

0.17° 0.06· 0.09° 

91 ~ 40 Hz 
",,\" ~ 

0.02° 0.01· 0.018° 
I 
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'6.5.2 EL-l and JFKwith One Building Reflectio~ 

l\ second scenario. shown in Fig. 6-32. consists of a single building 

taken from the .JFK environment in the vicinity of a hypothetical EL··1 site. 

The peak reflection amplitude from this building is -9 dB occurring at an 

altitude of 273.9 ft on i1 2.86 0 glideslope. The reflection 'r"ameters cal \
\ 

culated for this building ate given in Table 6-5 along with Ct''.! theoretical 

and simulated errors. 

Th.:: agreerrent bet~'/een theory and simulation is good for t'h~s scenario 
,I
 
I
 
i also. The maximum difff:t'ence of 0.02 0 

. for static Dop::>ler error in T~ble 6-4 
I 
I
 is attributable to both difference' etwe.~n analytical model and simulation
 

I
I. ...and to inaccuracies ;n determining parameters that enter in the theoretical .. 

I \calculations. \. 
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Aircraft Altitude 

Multipath Amplitude 

Separation Angle 

Static Error (peak) 

Scalloping Frequency 

Dynamic Error (peak) 

Averaging Factor 

',. 

\ 
\ 

/ 

TABLE 6-5 

JFK AIRPORT SH:GLE BUILDING. -. 

274 ft 274 ft 

-9 dB -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.OO25c 

TRS Doppler 

Simulatio;' Theory Simulation ITheory 
._-

\, \0.14 0.13 0.09 0.1 
fI, 

\' • J. 

• 
., 

• 

.•.. 
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VI!. COHPUTER PROGRAM OPERATI01l 

This section provides a .:Jrief sUlTiTl3.ry of version 1.0 of the ~t.S simuia

tion computer program; Amore complete description of the programs is con
I'

tained in the user's manlJa1 ~ihich wili -appear separately. The MLS simulation 

program is written in FORTRAN IV and has been successfully compiled on IBH .1.--- . 

370 and SEL 86 machines. It has threemajl ~ parts; mu1tipath computations. 

receiv~r computations, and error ,plotting. 

The mu1 ti path section takes an al rpol't envi ronment 'specified by the user 

-(in a block data subroutine) and computes the mu1tipath characteristics 

(level. separation angle. etc.). Two-segment linear flight paths are com

puted from waypoints supp1i~d(in the block data,subrGlJtine). with the cor

responding perturbation smoothing points. For a given flight path. a loop 

over all the evaluation points is established to calculate the receiver 
," 

coordinate~. At each evaluation point. the program loops thl-Jugh all trans

mitter locations. e.g .• all angle functions such as azimuth. elevation. and 

DME. Reference transmitters. where approj)riate. are included with their 

associated angle transmitter. 

For a fixed transmitter-receiver geometry. a second ioop is estabiished 

to calculate the multipath parameters for each scattering object in the air

port model. t1ultipath amplitude levels are determined asthCiugh the trans

mit ..t:f' antenna pattern were or.midirectiona1. -The mu1tipath information to 

/ 

11

be passed to the receiver sUbt'outines consists of the t'elative multipath 

amplitude. phase. time delay. azimuth and elevation planar an.~les specifying 

the directior. of propagation for the mu1tipath components. as well as the 

direction of propagation of the direct wave. and fractional. Doppler shift. 
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Editing follows. so as to remove minor- components. A di gital tape \"ith 

these multipath characteristics is then writ~~n. Multipath diagnostics are 

plotted alfl;lg with (',n airport map showing the placement of obstacles. The 

multipath programs require 320k bytes of storage on the Lin.:oln 370 computer. 

The amount c'f computer time used depends on the number of obstacles and data 

points used; for a l typical ' 200 point nAn-·",ithlO scatterers and no pertur

bation smoothing. 2 minutes of cpu (computer) tiwe is required on the Lincoln 

370 compute r. 

The receiver part of the sir,iulation takes system pararr.eters (initialized 

in the block data subroutine). reads in the multip~th data from the tare gen

erated by the multipath routines. and computt:!sthey,esultingerrcrs •. If-

static errors are desired, the receiver routines are o .. ned again with zeri)

Doppler cor,lponcnts. The ~rogt'am takas theseerr'ors and \Vri-;;~s them out on Ii 

digital tape, along with sea.ling d{).t.:t. to be used by the thi,d part. For a 

r' -: ~ • 

. " 
t\:" . 

I 

I, 
! . 

j 

I 

1 
I 
I 

i 
I 

I 
1 
I 
I 
I 

I 
I 
I 
I 

i 
I 
I 

L 

'typical'run with 200 points, no perturbation smoothing or static errors. 

and 10 scattere\~s. it takes about three minutes of epu t~:Tl2 for the TRSB EL-l 

system to be processed. This time is highly dependent on the {lumber of lTlul

tipath components. The rR~B azimuth system typically runs 25% faster than 

the EL-l system. The DME systems tend to run about 25% slower than the TRSB 

EL-l system. The receiver programs require about l76k bytes of storage on 

the Lincoln 370 computer. 

The plotting program takes the error and scaling data generated by the 

receiv~r routines. 'iSks which specific plots are desired. and plots them. 
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seconds of cpu time.
 

The graphical routines used by the simulation are from the Integrated
 
. ' 

. Graph; cs System of the Datagraphi x Company wi th sorre modifi cations by the 

Lincoln Laboratory support staff. The simulation program gener'ates these 

graphical outputs on either Tektronix storage scopes or on a Datagraphix 
. .' . . 

4050 microfi:m plotter~ The mu1tipath part of the simulation pro~uces a 

printout of the pararreters used in the simulation run. an airport map lo

cating the obstacles and transmi tters ,and multipath diagnostics. These 

diagnostics contain information about the multi path a~l itude and separa

tion angles along -.;he flight path, indicating which obstacles r~nerate sig

nificant multipath components. The receiver part of the simulation itself 

generates no plots. The plotting program writes_ o,ut a titie page 'identify

ing the run. and then plots for a specific system the azimuth, DME, and ele

vation errol"S along the flight path on one page, and the x, Y. z positional 

errors for the corresponding system on the next page. Plots of the means, 

stand:lrd deviations: and peak er'rcrs can be obtained if pel'turbation smooth

ing was used~ The static errors are plotted over the dynamic errors with'a 

different symbol. Also, if desired, the error h:stories may be passed 

through digital filters to give the "path following" and "control motion" 

error characteristics. 

These plotting routines exist in separate SubiOutines in all except a 

few cases. No multipath or receiver routine directly calls any plotting 
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routine. Thus the pl~gram may be readily ada~ted to other installations not 

having the lincoln graphical routines. 

The simulation routines involved with the computiltioo Jf multipath re
I	 , 1

.... / Iceiver Erro~s were written to be as independent as possi&~e. That is, they 
I ..	 ./
I .	 . 

essentially do not depend on the calling routine. In o:'der for routines to	 I 
I 

work faster and more efficiently. especially when doing perturbation smooth
,£I; 

~_ i"/ing, some routines do have knowiedge of the structure of the calling routine. 

However, the complexity this introduces is fairly small -and. as a result, 

these routines C,ll1 be used independently for a variety of other studies. For 

instance. the routines were usee with very few chanl"es for the critical areas 

studies describedir. Chapter VIE. 
\!.\ 

Similarly. test programs have been written which car. check out the vari  . \, t·;\'i ,,..\ 
ous mu1tipath and receiver routines and/ot be used as a tool in muitipath '·1\measurerrent test design, system optimization, etc. Specific test programs	 .1 

I' \;\ \. 
I \ \include multipath from a single multipath obstacle (TESTIlLT). perfonnance of . (..,-

a specific receive!'" when a singlemultipath cOl1{.lonent is present (RCVTST), 
! \ 

or received envelopes when a single multipath con-ponent is present (RCVENV). 

These routines are highly interactive and 9?nerate graphical output so spe

cHic cases can be examined easily ai:d in great detail. 

The multipath routines in-version 1.0 of the progrc~ are "GREFe" (specu

Iar ground reflection), "DIFFUS" (d; ifustf ground reflection}, "BREFC" (build

ing reflection), "FREre" (fuselage t'eflections), and "TREFC· (tail fin re

flections). Yhe receiver routines available are "TRSB" CUrlE reference 

scanning beam) and "ITTG" (a DopP'ler routine based on the ITT IG11 fill an 
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~~ i" zero-crossing counter pro~essor}. Routines using the l1azeltine Doppler pro


i
 
cessor and the Tl frequency reference system were written, but are not being 

I 
i
t 

r 

supported currently •. A wide variety of DME's are aval1able with many system
i 

, options avafiable.· The plilse shapa:s iivzlilable are Gaussian, trape:,:oicial. 

and chirped (as proposed by TI). Fixed thresholding. ada~tive thresholding._ 

0.4 cielay-and-compare processors can be applied to these pulse shapes. Ilr:d 

different DME1s can be used l'n down and up links. Beampatterns (both trans

mitter and receiver) are written in subprograms for easy changing. Since 

the wavelength is also lIser.,.specif·:cd (in the bloc~ data SUbprogram), ll1E 

systems at diffel-ent frequenc'ies may be easily corr\'>ared with respect to 

multipath performance. 
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