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I ,  INTRODUCTION 

The US national Microwave Landing  System (MLS) program has as i t s  goal 

the development of the system which i s  t o  become 'the common civi l /mil i tary 

international standard for  the remainder of this century. The extensive 

deliberations of the RTCA Special Committee SC-117 led to  the selection o f  

two a i r  derived concepts (scanning beam and Doppler scan) which were devel- 

oped i n  a jo in t  DOT DOD/NASA program, w i t h  the time reference scanning beam 

emerging as the winner of the U.S. MLS phase I1 assessment. 

several a l ternat ive systems ( b o t h  a i r  derived and ground derived) are under 

consideration by the International C i v i l  Aviation Organization (ICAO) for  

adoption as the new international standard. 

I n  addition, 

The resistance t o  coherent interference, i . e ,  , multipath has proved t o  

be a key technical issue i n  assessing the relat ive and absolute capabili t ies 

of the various systems. A l t h o u g h  a l l  the proposed MLS techniques are  gener- 

a l ly  more resis tant  to multipath than is  the ILS, MLS i s  expected t o  provide 

guidance over much wider coverage i n  an environment characterized by con- 

t i n u i n g  construction of b u i l d i n g s  near the approach and landing zone and the 

increased use of wide bodied a i r c ra f t  (both potentially s ignif icant  mu1 t i -  

path sources). There has been considerable operational experience w i t h  

MLS equipment, especially scanning beam systems [l-151, b u t  i t  has n o t  been 

practically possible to  address the many issues involved i n  m u l t i p a t h  per- 

formance solely by f i e l d  t e s t s .  

T h i s  report summarizes the m u l t i p a t h  studies performed by MIT Lincoln 

Laboratory for  the FAA MLS off ice  d u r i n g  the MLS phase I1 e f fo r t .  

stone of this Lincoln e f fo r t  has been the development of r e a l i s t i c  models 

The corner- 
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for  ; I )  the multipath i n  representative real world airport  environments, and 2 )  

the mu1 t ipath character is t ics  of candidate MLS techniques. 

and system models are used i n  a comprehensive simulation t o  assess the 

potential strengths and  weaknesses o f  the various systems as  well1 as t o  

I 

These multipath 
l 

I 

I 
1 optimize the performance of a given system, 

Referring to  F i g .  1-1,  the user-specified program i n p u t  (denbted by 

trapezoids) consists of the desired f l i g h t  p rof i le ,  location and description 

of the MLS equipment and scat terers  ( e ,g . ,  b u i l d i n g s ,  a i r c ra f t ,  runway h u m p s ) ,  
I 

I 

and the a i r c ra f t  f l i g h t  control system. The program then "flies"1 l the a i r -  

c r a f t  down the desired p a t h  making computations a t  discrete  "evaluation 

point!;" 

At 

s cat  t t?r 

which correspond to  a desired data ra te ,  e.g., the ICAO 5iHz ra te .  

each evaluation point, the multipath signals from a l l  of the various 

ng and shadowing objects a re  computed for  each of the MLSIfunctions 
I 

(azimuth,  elevation, D M E ) .  These multipath resul ts  are  then usedlas an i i n p u t  

t o  a second computer program which i s  a mathematical model for  the particular 

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

immediately and/or i n p u t  t o  a mathematical model of an a i r c r a f t  f i i g h t  control 

I 

system model so as t o  examine the impact of the multipath on the path following 

performance and control surface ac t iv i ty  , 

hensive m u l t i p a t h  diagnostics , permitting the user t o  ascertain t i e  causes 

of the computed errors .  

I 
The program output incliudes compre- 

I 

In addition, we have developed various su,pport 
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S I h P L L F I E U  BLOCK DIAGRAM 

Multipath 
Computat ion 

, 

Y 

Evalua t ion  - P o i n t s .  4 1  

I 

' Angle anL DME 
S y s t e m  Model 

(TRSB, Doppler, DLS) Computat ion I Error A 

I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

i 
V 

Graph ic  and  IATC-63 V I  1-1 I 

Fig .  1-1. S impl i f i ed  block diagram o f  MLS computer s imula t ion .  
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The remainder of the report i s  organized i n  chapters which l j  I describe 

the algorithms and validation of various portions of the program, land 2 )  a p p l i -  

cations of the simulation (or selected portions thereof) t o  addressing various 

key multipath-related MLS issues.  

model and  some of the Val ida t i  on by comparison w i  t h  theoreti cal calculations 

I 
Chapter I1 describes the multi4ath scattering 

I 

and f i e ld  d a t a ,  Specific algorithms are presented for :  

1 . Specular ground ref 1 ect i  on 

hangars, trucks 
3. Diffuse scattering from ground 
4.. Runway hump shadowing , 

E;. Shadowing due to  a i r c r a f t  approaching l ine  of sight 

i! , Scattering from obstacles such as a i r c r a f t ,  buildings, I 
I 
I 
I 
I 
I 

An important p a r t  of the multipath model development i n v o  ved c r i t i ca  
I 

analyzing the work t h a t  had been accomplished i n  the m u l t i p a t h  ar(a i n  thle 

US andl other countries. Table 1-1 summarizes the major data sourdes used 

i n  t h e  model development. 

A,fter reviewing the mu1 t ipath data available a t  the commencement of the 

Lincoln MLS ac t iv i ty ,  i t  was determined that  insuff ic ient  f i e l d  data existed 

t o  def ini t ively address many impor tan t  modeling issues. 

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

For examp’le, l i t t l e  

(e.g., as a t  terminals),  o r  w h i c h  objects a t  an a i rpor t  would yiel  

cant MLS mu1 t ipath.  Therefore, a ser ies  of channel characterizati  

rnents were carried o u t  a t  Logan International Airport (Boston, Mas 

the technical direction of Lincoln Laboratory to  address these kej 
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I 
m 

Qual i t a t i  ve 

~~ 

Ref 1 e c t i  ons from: 

Other Runway 
Bui 1 dings A i r c r a f t  Sources A i r c r a f t  Humps Bui 1 dings 

1 - 1 6 A  6 16 A 6 8 A  6 9 1 0 1 1 1 2 1 6 A  1 6 8 1 0  6 1 0 A  

~ 

I 

Charac ter is t i cs  

Ouanti t a t i  ve 

14 15 E 8 1 0 A E  5 1 0 E  2 7 9 1 2 1 3 E  11 13 / A  
10 E 11 13E 

Charac ter is t i cs  
Ref 1 e c t i  on 
coef f i  c i  en t  

--- 8 10 14 16 A 14 A E 
8 10 13 14 15 E 10 A E 

~~ ~ 

Spa t ia l  extent 

Size, distance 3 6 8 10 16 A 6 8 10 14 16 A 6 10 13 16 A 10 11 13 A 10 A E 
factors I 1 0 E  8 10 E 13 E 11 13 E 

1 - 16 A 6 8 10 14 16 A 10 E 6 10 13 16 A 10 11 13 A 6 

i o  15 E 8 10 15 E 2 7 9 1 2 1 3 E  11 13 E 10 A E 

10 A Secondary paths 10 A E 10 A E 10 A 10 A 
1 2 1 5 E  --- I 1 3  A E 13 A E 

1 - 1 6 A  1 - 1 6 A  --- 

13 15 

Spati  a1 
coherence 

10 16 A 10 A 10 A E 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Bendix TACD ( re f .  34) 
8endix MLS Phase I1  re f .  22) 
Calspan ( re f s .  23-25 I 
FAA tes ts  a t  NAFEC ( re fs .  1-8) 
FAA c i v i  1 i an a i r p o r t  mas. (ref.  9) 
Hazel t ine TACD ( r e f .  33) 
Hazel t i n e  MLS Phase I1 ( re f .  30) 
I T T / G I l f i l l a n  TACD ( re f .  18) 16. ELAB ( r e f .  40) 

9. I T T / G I l f i l l a n  MLS Phase I 1  ( re f .  31) 
10. MIT L inco ln  Laboratory ( re fs .  36,66) 

12. Texas Inst./Thompson CSF MLS Phase I 1  
11. Texas Inst./Thompson CSF TACD ( re f .  26 

13. Uni ted Kin dom ( re f .  27) 
14. U.S. Army ?ref. 37) 
15. USAF/IITRI ( re f .  28) 

A = ana ly t i ca l  studies 
B = experimental studies ( f i e l d  measurements) 

TABLE 1-1 

MAJOR SOURCES OF MULTIPATH ENVIRONMENT DATA FOR MULTIPATH MODEL DEVELOPMENT 



I 

I 

Chapter I11 descr ibes these Logan measurements i n  t h e  context  o f  

v a l i d a t i o n  of t he  mu1 ti path model. A lso descr ibed i n  Chapter 1111 a r e  t h e  

r e s u l t s  o f  comparing t h e  m u l t i p a t h  model p r e d i c t i o n s  w i t h  US MdS phase I 1  

f i e l d  r e s u l t s  from NAFEC and Wallops I s l a n d  as w e l l  as w i t h  exp\eriments a t  

Wright Pat terson A i r  Force Base (Ohio). I 
I 

I n  Chapter I V ,  we descr ibe t h e  mathematical models developed f o r  t h e  
I 

scanning beam (frequency and t ime reference) ,  Doppler scan ( c o k u t a t e d  and 

beam p o r t )  , and DME systems developed by t h e  US MLS phase I 1  co 

Alslo descr ibed a r e  models f o r  severa l  v a r i a n t s  on these systems 

t h e  scanning beam m u l t i p a t h  c o n t r o l  technique (MCT) and t h e  t h i  

ar ray.  

An i m p o r t a n t  feature o f  the dynamic MLS performance i s  the 

of reducing e r r o r s  by choosing a s igna l  format  w i t h  measurement 

s i r e d  data r a t e  so t h a t  a number of i n d i v i d u a l  measurements can 

toge the r  t o  y i e l d  a s i n g l e  ou tpu t  data p o i n t .  Since the  i n d i v i  

l t r a c t o r s .  

such as 

ined Doppler 

poss b i  1 i ty  

r a t e  > de- 

be averaged 

lual measure- 

menl; e r r o r s  t y p i c a l l y  o s c i l l a t e  i n  s i g n  along the  f l i g h t  path,  t h e r e  a r i s e s  

t h e  p o s s i b i l i t y  o f  s i g n i f i c a n t  improvement by t h i s  "motion averaging" process. 

This  mot ion averaging improvement i s  a p a r t i c u l a r l y  impor tan t  f a c t o r  i n  reduc- 

i n g  e l e v a t i o n  system e r r o r s  due t o  r e f l e c t i o n s  f rom v e r t i c a l  s tTuctures.  
j 

Chap- 
I 

t e r  V presents  a general ana lys i s  o f  expected b e n e f i t s  f rom moti,on averaging .', 

I 

which i s  a p p l i c a b l e  t o  a l l  MLS techniques which have been propo{ed t o  ICAO.  

Chapter V I  descr ibes the  v a l i d a t i o n  o f  the computer prograds f o r  t he  
* 

I 
va r i ous  MLS techniques. The v a l i d a t i o n  process f o r  the angle r d c e i v e r s  i s  

shown i n  F ig .  1-2. For the DME systems, bench t e s t  data i s  n o t  !avai lab le,  

so the  v a l i d a t i o n  has cons is ted  o f  comparison o f  the r e c e i v e r  s i / nu la t i on  w i t h  
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EXPERIMENTS 
BY CALSPAN S I MULAT I ON 1 I 

- 
I 

DOPPLER 
CALSPAN PHASE I 1  

RECEIVERS RECEIVERS 

~ 

DWELL GATE 
L I N E A R I Z E D  MODEL 

* 1 1 * 1 1 * 1 1 1 1 1 1 1 , 1 1 1  

PEAK LOCATION, 
I D E A L  S P L I T  GATE 

1 1 1 1 1 1 1 1 1 1 , , , , , , , ,  

T I M I N G  J I T T E R ,  
BOUND ON MOTION 
AVERAGE FACTOR 

F ig .  1-2. Val ida t ion  process f o r  MLS system models. 

EXTENSIPN OF 
WHEELER S 
FORMULAE, 
L I N E A R I Z E D  
MODEL 
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I 

t h e o r e t i c a l  r e s u l t s .  A lso discussed 

s imu la t i ons  based on runways a t  Logan 

n Chapter V I  a re  t h e  r e s u l t s  o f  f u l l  

and JFK a i r p o r t s .  I t  i s  

the re  i s  a good correspondence between t h e  observed r e s u l t s  and 

theory  f rom Chapters I V ,  V and V I ,  

An impor tan t  goal  i n  t h e  computer s imu la t i on  development h 

hown t h a t  

t h e  system 

s been t o  

y i e ' l d  a f i n a l  product  which can be used by  i n t e r e s t e d  p a r t i e s  (e.g., t h e  

FAA, DOD, i n t e r n a t i o n a l  c i v i l  a v i a t i o n  a u t h o r i t i e s ,  con t rac tors ,  e t c . )  

as i in a i d  i n  s i t e  se lec t i on ,  system op t im iza t i on ,  e t c .  Thus, the  program 

has been w r i t t e n  i n  a g e n e r a l l y  a v a i l a b l e  computer language (Fohtran)  and 
I 

s t r u c t u r e d  t o  f a c i l i t a t e  t r a n s i t i o n  t o  o t h e r  computer f a c i l i t i e s .  

t e r  V I 1  b r i e f l y  descr ibes t h e  computer program o rgan iza t i on  as w e l l  as t h e  

Chap- 
I 

suppor t  programs which augment t h e  a b i l i t y  t o  address var ious aspects of  

t h e  t o t a l  m u l t i p a t h  performance (a  more d e t a i l e d  d e s c r i p t i o n  of1 t h e  usle of  
I 

I t h e  f u l l  s imu la t i on  w i l l  appear separa te ly ) .  I 

The l a s t  t h r e e  chapters demonstrate t h e  a p p l i c a b i l i t y  o f  t h e  mul t ' ipath 
l 

and system models t o  severa l  m u l t i p a t h  r e l a t e d  MLS issues.  Chapter V I I I  
I 

summarizes t h e  pre1iminar.y r e s u l t s  on t h e  c r i t i c a l  areas needed! f o r  the  TRSB 

system so as t o  avo id  excessive r e f l e c t i o n  e f f e c t s .  

est imates w i l l  be combined w i t h  est imates o f  t h e  areas required1 t o  avo id  

shadowing e f f e c t s  and summarized i n  a separate ATC r e p o r t .  

Considerable cont roversy  has a r i s e n  i n  t h e  U.S. MLS program over ,the 

I n  t h e  n e x t  phase, these 
1 

I 

~ 

I 

cho ice o f  p o l a r i z a t i o n  for the TRSB system, The L i n c o l n  c o n t r i b u t i o n s  i n  

thi! ;  area a r e  summarized i n  Chapter IX, which presents  some systems ca'l- 

c u l i i t i o n s  together  w i t h  t h e  r e s u l t s  o f  an a i r p o r t  survey t o  be tber  assess 

t h e  expected b u i l d i n g  m u l t i p a t h  l e v e l s  i n  t h e  r e a l  wor ld  w i t h  t h e  var ious  
I 

po la l r i  z a t i o n  choices.  

1- 8 
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Chapter X prov ides an example o f  the  use o f  the  MLS s imu la t i on  program 

f o r  an ac tua l  s i t i n g  problem a t  Ba l t imore  runway 15. 

s imu la t ions  presented i n  Chapter V I  a re  p r i m a r i l y  concerned w i t h  a i r c r a f t  

and b u i l d i n g  r e f l e c t i o n s ,  Chapter X considers the  case where i r r e g u l a r  up- 

s lop ing  t e r r a i n  i s  the  c h i e f  t h r e a t  f o r  the  proposed TRSB system. 

Whereas the  f u l l  

1-9 





11. DESCRIPTION OF MULTIPATH SCATTERING MODELS 

The purpose of this chapter i s  to  present a brief description of the a l -  

gorithms which have been used to  determine the multipath components which 

occur due to  obstacles which are found i n  typical a i rport  environments. A 

more detailed description of these subroutines will be given i n  a subsequent 

report. 

Descriptions are presented of  the models employed to  compute the effects  

due to  specular ref lect ion,  as well as diffuse scattering, from the ground 

located near the transmitter antenna. In addition, a description is  given o f  

the algorithms used to  determine the e f fec t  due t o  scattering from buildings, 

or hangars, and a i rc raf t .  

t o  runway humps, and a i r c ra f t  or buildings which are near the l ine of s i g h t  

between transmi t t e r  and recei ver , are a1 so discussed. 

The methods fo r  t reat ing the shadowing ef fec t  due 

I t  should be noted tha t  these models involve two rather d i s t inc t  steps: 

1.  the very complicated real world objects are represented by 
certain simpler objects which more readily lend themselves 
t o  practical computation routines. 
f use1 ages are model ed as metal 1 i c cy1 i nders 

As an example, a i r c ra f t  

2. a feasible computation algorithm i s  used t o  give a quanti- 
t a t i ve  expression of the scattered signal.  
tradeoff is between accuracy and the computational speed. 
To achieve this, we typically have used a mixture o f  
physical optics and geometric optics a1 gori thms as opposed 
to  full  solutions of the boundary value problem 

Here, the 

In this chapter, a limited amount of  validation data will  be presented t o  

provide some perspective on the magnitude of the various scattered signals. 
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The next chapter will provide much more extensive validation daia drawing 

heavi ly on the measurements accompl ished a t  Logan International /Airport. 

(Boston, MA) as a p a r t  of the Lincoln Laboratory phase I1 MLS act ivi ty .  

2.1 Specular Ground Ref1 ec t i  on I I 

The magnitude and phase of the multipath component due to  s'pecular re- 

f lection from the ground is  computed by u s i n g  the Fresnel-Kirchoff diffraction 

fomiul a c48, 49, 511. An i l lus t ra t ion  of the geometry required for  determining 

the effects  due to  specular reflection from the ground is  given ; i n  F ig .  2-1. 

The terrain i n  the vicinity of  the transmitter antenna i s  physically modeled 

as a ser ies  of rectangular and triangular plates.  These plates can be 

oriented i n  arbi t rary directions,  and each has i t s  own character is t ic  dielec- 
i 

I t r i c  and roughness properties. 

The complex reflection coefficient due to  specular reflection from the 

ground i s  obtained by means of a numerical integration o f  the Fresnel-Kirchoff 
I 

diffraction integral , over the rectangular and triangular plates ,  1 as follows 

, 
first  two I 

i 
Fresnel zones  I 
and o n e - t h i r d  i 

COS et, + COS e r  
* R  2 dS I eq 

I where A i s  the wavelength of the incident radiation, k is the wayenumber 

(= 27r /X) ,  ah i s  the root-mean-square roughness height of an apprdpriate 

surface element , and R i s  the equivalent Fresnel reflection coefficient eq 
I 
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IATC-63 V I  2-1 I 

Receiver 
antenna 

- 
6 4  

0 Point T hre s hold 
0 

I stop 

Standard 0 

10- 0 - F I  I- I _ _ _ _ > . - _ I .  

tend r 
/ 

' 0  

L 0  
Image 

transmitter 

Rt = IRtl, Rr = IRJ 
S is specular point of reflection - -  p z ,  py, j, are unit vectors in x,y,  z directions, respectively - 
N is unit vector normal to sruface element 

cooruinare 
system 

Fig.  2-1. Geometry for  specular reflection from the ground. 
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which takes into account the f i n i t e  d ie lec t r ic  and conductivity qroperties 

of an appropriate surface element, as well as i t s  arbi t rary orientation. 

The amplitude and phase of the multipath component due t o  specular 

reflection from the ground can be obtained as 

v, = IPS1 

= ARGIp,) + k(r10 + r20 - ro) . 
(2-2) 

(2-3) 

In addition to  these quant i t ies ,  computations are also performed, for  the 

planar azimuth and elevation angles for the direction o f  propagation of a 
I 

mu1 ti path component re1 a t i  ve t o  the transmitter the re1 a t i  ve time delay , 
and the Doppler frequency, cf. F ig .  2-2. These planar angles are computed 

according to  the vector direction between the transmitter and the specular 

point on the ground, as shown i n  F ig .  2-2, i . e . ,  
1 

velocity vector w i t h  the u n i t  vector from receiver position t o  the 
I 

point, as shown i n  F ig .  2-2, i . e . ,  I 

I 
-+ + +  I 

I 
I %D = k VA Rr/lRrl = k VA COS y I 

~ 

+- + 
where VA i s  the vector a i r c r a f t  velocity, and VA = I V , l .  The time 

I 

The receiver Doppler frequency is given as the dot product of t h b  receiver 

specular 

(2-6 1 

de1a.y of 

the specular ground reflection relat ive to  the d i rec t  wave is  ot 

2-4 

t a  ned by 



IATC-63 V I  2-2 I 

- 
__c 

PX 

Standard 
coordinate 

stop T hre s hold system 
end 

-., 
VA is aircraft velocity vector 

-. are unit vectors in x, y, z directions, respective i ix* 3 y ’  Pz 

Rt = R&FX + Rty  ry + Rtz T Z  
4 

Fig .  2-2. Method for computing p lana r  angles and Doppler frequency. 
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assuming that th i s  multipath component arrives a t  the receiver a1,ong the !  

direction defined by the specular point of ref lect ion,  so tha t  
I 

\ 
I 

D I (2-7)  

A number of computer validation resul ts  have been obtained for  the sub-  

routine which computes the characterist ics of the multipath component due t o  

the specular reflection from the ground.  

T h i s  figure depicts the computed and theoretical [631 values of the magnitude 

One such resu l t  i s  shown i n  F ig .  2-3. 

of the Fresnel-Kirchoff diffraction integral vs the number of  Frdsnel zones 

used i n  the integration region, f o r  a f l a t ,  smooth, perfectly conducting 

surface. 

resul ts  of the computation and the theoretical curve. 

I t  i s  seen t h a t  there i s  a re la t ively good agreement between the 

I 

2.2 Scattering From B u i  1 d i  ngs  

In order to compute the effects  due to  scattering from buildings, a 
I b u i l d i n g  wall i s  physically modeled by one, o r  more, vertical  recitangular , 

surfaces as shown i n  F ig .  2-4. Each surface i s  characterized by a re la t ive  

complex d ie lec t r ic  constant and root-mean-square roughness height!. T h u s ,  

f o r  example, a building w i t h  a l o n g  glass window which i s  framed by brick 

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

The amplitude and phase of the multipath components due t o  scattering 
from a single surface are computed by making use of Babinet's principle [5,631 

so tha t  we may consider the equivalent problem o f  diffraction by a rectangular 

opening i n  an opaque screen. 

the multipath component due t o  scattering from a single rectangular surface 

? 

I 

Thus, the complex reflection coeffikient of 
I 

, 

is  given by 
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IATC-63 V I  2-3 I 

Theoretical  I 

\\ I 
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Fig .  2-3. Comparison of computed and theoretical values o f  magnitude 
of Fresnel-Kirchoff diffraction integral vs number of Fresnel zones 
used i n  integration region, for a f l a t ,  smooth, perfectly-conducting 
surface . 
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T r a n  s mitte r 
an tenna  

Fig.  2-4. 
o f  mu1 t i p a t h  components due t o  s c a t t e r i n g  from bu i ld ings .  

Geometry employed for ob ta in ing  c h a r a c t e r i s t j c s  
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c 

3 (2-8) - - 
'Ba 'Be 'R 'r Req pB 

where R i s  the equ iva len t  Fresnel r e f l e c t i o n  c o e f f i c i e n t  which takes i n t o  
eq 

account t h e  f i n i t e  d i e l e c t r i c  and c o n d u c t i v i t y  p r o p e r t i e s  of  t he  b u i l d i n g  
i 

su r face  as w e l l  as i t s  a r b i t r a r y  o r i e n t a t i o n ,  pr i s  the a t tenua t ion  f a c t o r  

due t o  t h e  b u i l d i n g  surface roughness, given by 

1 4Tr 2 
2 X  h - -(-o COS et )  

= e  
p r  ¶ 

(2-9) 

pR i s  a d is tance f a c t o r  which takes i n t o  account t h e  f a c t  t h a t  a power l o s s  

occurs due t o  the  g rea te r  path d is tance of t h e  m u l t i p a t h  s igna l ,  and i s  given 

r 
bY 

pBe i s  t h e  e l e v a t i o n  f a c t o r  computed as 

h / 4  
PBe = E (F(Utop)  - F('bot) 

where 

F 

2 - j n x  /2 
(u )  = dx 

0 

(2-10) 

S (2-11) 

(2-12) 

(2-1 3) 

(2-14) 

Rt Rr 
Rf = J (2-15) 
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hs i s  the height of the specular point above the ground, and pBa ,is the 

azimuthal factor computed as 

where 

'right = ( W e  - Ws)Z sin y/Rf ¶ 

= -Us sin y/Rf '1 e f t  9 

I (2-16) 

(2-1 7 )  

(2-18) 

and kls i s  the directed distance between the specular point and the left-hand 

edge of the b u i l d i n g .  
I 

I 

The amplitude and phase of the multipath component due to  scattering 

from each building surface can be obtained as 

'B = 9 

QB 
= ARG{pB) + k ( R i  + R C  - Rt  - R f )  

In th i s  

re1 a t i  ve 

the n i u l t  

The 

from the 

I (il-19) 
I 

I (-;I - 20 ) 
9 1 

ase the computations for  the planar az m u t h  and elevation angles, 

time delay and Doppler frequency are similar t o  those presented fo r  

path component due to specular reflection from the ground. 

computations presented previously refer  t o  a ray path wkich extends 

transmitter t o  the obstacle, and then to  the receiver. :This path 

I 

I 

1 

may be denoted as X-0-R. 

performed for  three other ray paths which involve ground reflections.  

In addition t o  this ray path, computations are 
1 

One 

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

s t ac l e ,  denoted as X-G-0-R, the second ray path involves a ground reflection 

between obstacle and receiver, denoted as X-0-G-R, and the t h i r d  iray path 
1 
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inc ludes ground r e f l e c t i o n s  between t r a n s m i t t e r  and obs tac le  and between 

obstac le and rece ive r ,  denoted as X-GTO-G-R. 

i n  much t h e  same manner as the  X-0-R path by us ing  appropr ia te combinations 

These o t h e r  paths are computed 
r' 

o f  t r a n s m i t t e r ,  image t r a n s m i t t e r ,  rece ive r ,  o r  image r e c e i v e r  p o s i t i o n s .  

Various computer Val i d a t i o n  r e s u l t s  have been obta ined f o r  the subrou- 

t i n e  which computes the c h a r a c t e r i s t i c s  o f  t he  m u l t i p a t h  component due t o  

s c a t t e r i n g  from b u i l d i n g s .  One p a r t i c u l a r  example geometry i s  shown i n  

Fig. 2-5a. 

methods above w i t h  computations by I T T  G i  1 f i  11 

geometric theory o f  dif fract ionE6' ' .  

I n  F i g -  2-5b, we compare the r e s u l t s  us ing the  computational 

, who employed the  

I t i s  observed t h a t  there i s  reasonably 

good agreement between the data given i n  F ig .  2-5b. I n  a d d i t i o n ,  we mention 

t h a t  the present  computational technique requ i res  much l e s s  computer t ime 

than t h a t  based on the geometr ical  theory o f  d i f f r a c t i o n .  

2.3 S c a t t e r i n g  From A i  r c r a f t  

A d iscuss ion i s  now presented o f  t h e  a lgor i thms used t o  compute the  

c h a r a c t e r i s t i c s  o f  the m u l t i p a t h  components due t o  s c a t t e r i n g  from t h e  a i r -  

c r a f t .  I t  has been assumed' t h a t  t he  major c o n t r i b u t i o n  t o  the sca t te red  

energy i s  due t o  the  fuselage and t a i l  f i n  of t h e  a i r c r a f t .  

i s  assumed t h a t  t he  fuselage can be p h y s i c a l l y  modeled as a h o r i z o n t a l  c y l i n -  

I n  a d d i t i o n ,  i t  

der, and the  t a i l  f i n  as a sec t i on  o f  a c y l i n d e r ,  as depic ted i n  Fig. 2-6. 

These cy1 i n d r i c a l  surfaces are considered t o  be p e r f e c t  conductors w i t h  zero 

roughness. 

-'There i s  a1 so considerable phys i ca l  evidence t o  support  t h i s  assumption. 

These monostat ic r e s u l t s  can be d i r e c t l y  
Measurements o f  t he  radar  cross sec t i on  of  a i r c ra f tC591  show the  l a r g e s t  r e t u r n s  
are f rom the fuselage and t a i l  f i n .  
r e l a t e d  t o  t h e  b i s t a t i c  case o f  i n t e r e s t  f o r  MLS C603. 
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IATC-63 V I  2-6 1 

"F = fuselage length entered in computer table 

IF (= lk - IT) = fuselage length used in computations 

Fig.  2-6. 
mu1 t ipath components due to scattering from a i r c ra f t .  

Geometry used for  obtaining characterist ics o f  
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The amplitude and phase of the multipath components due to  scattering 

from a i r c ra f t  are computed by employing Babinet's principle,  so tha t  we may 

consider the equivalent problem o f  diffraction by a rectangular opening i n  

an opaque screen. \ T h i s  procedure i s  similar to  tha t  described previouslly 

for  the corresponding problem i nvol ving b u i  1 d i  ngs .  

case, when dealing w i t h  a i r c r a f t ,  a correction factor c521 i s  applied t o  

However , i n  the present 

take into account the divergence o f  rays from the cylindrical surfaces used 

to  model the fuselage and t a i l  f i n .  I 

The complex reflection coefficient o f  the multipath component due t o  

scattering from a i r c r a f t  i s  computed as I 

P R  PA - 'Aa 'Ae R eq 
- I 

((2-21 ) 

where R is  the equivalent Fresnel reflection coefficient which, takes into 

account the depolarization loss due to near-specular reflection from the curved 

surf,ace of the cylinder, pR i s  the distance factor given previously i n  

Eq* (2-10), and PAa¶ PAe are the azimuthal and elevation factors ,  respectively, 

We f i r s t  consider the case of  the fuselage, so that  the factor p i a  corre- 

sponds to  the azimuthal factor fo r  a bui1d;ng. 

eq 

In t h i s  computation the length 

of  the fuselage, +-, plays the role of  W B ,  which was defined previously as the 

w i d t h  of the b u i l d i n g .  

i l a r  to t h a t  for pBa given previously i n  Eqs. (2-16)-(2-18). 

T h u s ,  the computation of pAa i s  done i n  a manner sim- 

The factor pAe 
& 

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

Since the factor pAa accounts for  the f i n i t e  length of the fuselage, pAle i s  
I 

computed as i f  the fuselage were a cylinder.which i s  i n f in i t e  i n !  extent. 

i 2-1 4 



I n  t h e  case o f  the t a i l  f i n ,  the f a c t o r  pAe i s  computed i n  a manner 

s i m i l a r  t o  t h a t  g iven p r e v i o u s l y  f o r  the e l e v a t i o n  f a c t o r  f o r  a b u i l d i n g  i n  

Eqs. (2-11)-(2-15). 

gence o f  rays due t o  the curved surface of the t a i l  f i n .  

The f a c t o r  pAa, i n  t h i s  case, accounts f o r  t h e  d i v e r -  

The ampl i tude and phase o f  the m u l t i p a t h  component due t o  s c a t t e r i n g  

from a i r c r a f t  can be obta ined as 

? (2-22) 

(2-23) 

The c a l c u l a t i o n s  f o r  t h e  p lana r  azimuth and e l e v a t i o n  angles, r e l a t i v e  t ime 

delay, and Doppler frequency are s i m i l a r  t o  those presented p r e v i o u s l y  f o r  

the m u l t i p a t h  component due t o  specular r e f l e c t i o n  from the  ground. 

computations f o r  both the  fuselage and t a i l  f i n  take i n t o  account t h e  f o u r  

r a y  paths X-0-R, X-G-0-R, X-0-G-R, X-G-0-G-R, discussed p r e v i o u s l y  i n  connec- 

t i o n  w i t h  the c a l c u l a t i o n s  f o r  b u i l d i n g s .  

The 

A number o f  computer v a l i d a t i o n  r e s u l t s  have been obta ined fo r  t h e  sub- 

r o u t i n e  which computes t h e  c h a r a c t e r i s t i c s  o f  t he  m u l t i p a t h  component due t o  

s c a t t e r i n g  from a i r c r a f t .  An example geometry i s  shown i n  Fig. 2-7a. 

Fig.  2-7b, we compare the  r e s u l t s  using t h e  a lgor i thms above w i t h  experimental 

data and c a l c u l a t i o n s  by I T T  G i l f i l l a n C 1 8 1 .  The ITT c a l c u l a t i o n s  are based 

on modeling t h e  fuselage and wing engine pod by many small  p l a t e s ,  and then 

us ing the  geometric theory of  d i f f r a c t i o n .  

I n  

I t i s  seen t h a t  t he re  i s  reasona- 

b l y  good agreement between these two sets  o f  data. 

here i s  many t imes f a s t e r  i n  computational speed. 

Also, t he  a lgo r i t hm used 
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FiIg. 2-7a. Geometry f o r  ITT measurements [18] on DC-10 a i r c r a f t  fu se l age .  
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Fig. 2-7b. 
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2.4 D i f f u s e  S c a t t e r i n g  From Ground 

A d e s c r i p t i o n  i s  now given o f  t he  computations which were used t o  o b t a i n  

t h e  m u l t i p a t h  components due t o  d i f f u s e  s c a t t e r i n g  from the ground. 

d i f f u s e l y  s c a t t e r e d  waves a r r i v e  a t  t he  a i r c r a f t  r e c e i v e r  antenna from a wide 

These 

range o f  angles i n  both azimuth and e leva t i on ,  due t o  r a d i a t i o n  f rom a l a r g e  

sur face area on t h e  ground known as t h e  g l i s t e n i n g  surfacer481. I n  a d d i t i o n ,  

t he  phase angles and ampli tudes o f  these waves cannot be predic ted,  from a 

p r a c t i c a l  computational p o i n t  o f  view, f o r  any rough sur face which i s  a 

sample f u n c t i o n  f rom t h e  ensemble o f  such rough surfaces. I t  i s  on l y  poss i -  

b l e  t o  ob ta in  average f u n c t i o n a l s  f o r  these values, where, as usual, t he  

averages are taken w i t h  respect  t o  t h e  ensemble o f  rough surfaces. 

It i s  assumed t h a t  t h e  ground can be modeled as a rough sur face w i t h  a 

Gaussian h e i g h t  d i s t r i b u t i o n ,  w i t h  root-mean-square roughness height ,  ah , and 

a Gaussian c o r r e l a t i o n  c o e f f i c i e n t  w i t h  c o r r e l a t i o n  length,  0%. 

o b t a i n  t r a c t a b l e  computations, we have fo l l owed  K o d i ~ [ ~ ~ ] ,  B a r r i ~ k [ ~ ~ ]  and 

I n  order  t o  

M ~ G a r t y ' ~ ~ ] ,  i n  assuming t h a t  the surface i s  very rough, and t h a t  i t  i s  per-  

fec t l y  conduc ti ng. 

The fol l lowing assumptions a re  a l s o  r e q u i r e d  i n  t h e  ana lys i s :  

(1)  The rad ius  o f  cu rva tu re  everywhere on the s c a t t e r i n g  sur face 

must be much g rea te r  than the wavelength o f  t h e  i n c i d e n t  
r a d i a t i o n .  

(2)  M u l t i p l e  s c a t t e r i n g  e f f e c t s  can be neglected. 

(3 )  The root-mean-square sur face h e i g h t  i s  much g rea te r  than 
the  wave1 engt h . 
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The condition given i n  assumption ( 3 )  implies t h a t  the surface i s  very 

rough. 

The geometry assumed for diffuse scattering i s  shown in Fig. 2-8. The 
\ 

mean--square value of the scattered f i e ld  a t  the receiver, re la t ive t o  the 

directly transmitted f i e ld ,  i s  

surface 
1 

where 0 i s  the b i s t a t i c  radar cross section for  the rough surface. I t  can 

be shown t h a t  

whew O s ,  $s are the scattering angles, $i i s  the incidence angle, a l l  (de- 

pictled i n  F ig .  2-8, and I 

2 1/2 
( s i n  2 $i - 2 s i n $ i  s i n + s  + s i n  Os)  

t a n  y = I (2-26) 
cos$i + COSOS 

I (2-27) s = 2 Oh/OR I 

I 
2 I 

1 - 
(2-28) 

- s in$ i  sinQS s i n  O s  + a2 a3 
I 

i 
= 

2 2 4 s i n  5 cos 5 
I 

2-18 
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Unit ve cto r 
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Point (x, y ,  0 )  
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s ys  tern 

Oi = P 
4 s =  4 
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p = $  hr tan4 

Fig.  2-8. Geometry for diffuse scattering from ground. 
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a2 = cos$i sin$S + s i n $ i  cos$s cases I I (2-29) 

a = sin$i  cos$ + cos$i sinQS cases I (2-30) 3 S 

where i t  has been assumed tha t  A 0 ,  A$ -f 0 ,  and where the depend,ence of the 

various quantit ies in E q .  (2-33) on e , $  has been taken i n t o  account andl use 1 

I, r- 

cos5 = J $  J(1 - s in$i  s i n $  S cases + cos$i  COS$^), . i(2-31) 

We now define the channel spread function, K(0 ,$) , as the power per 

square radian incident a t  the receiver, re la t ive  t o  the direct ly  transmitted 

power, coming from directions 0 i n  azimuth and $ i n  elevation, cf .  Fig. 2-8. 

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

I S 

where S i s  the incremental area defined i n  the xy-plane by the increments A 0 ,  

A$. 

noting tha t  dxdy = pdpd0,  p = h r  t a n  $, % = h r  sec $ = Rf ( e , $ ) ,  so tha t  

I t  i s  straightforward to  evaluate K(B,$) from Eqs. (2-25) and (2-32) by 
2 2 '  

(2-33) 

has been made of the f ac t  that  = 0 + a, $s = $I, $i = 6, cf .  F i g .  2-8. 
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The r e l a t i v e  magnitude of t h e  sca t te red  wave coming from the  d i r e c t i o n  e 

t o  8 + A O ,  i n  azimuth, and 9 t o  $ + A $ ,  i n  e leva t i on ,  i s  

(2-34) 

. 
w h i l e  the  r e l a t i v e  phase s h i f t ,  $ D ( O , r $ ) ,  i s  randomly se lec ted  from t h e  i n t e r -  

val ( - T , T )  f o r  each d i f f e r e n t  p a i r  o f  angles (e ,$) .  The p lana r  angles, Dop- 

p l e r  frequency, and t ime delay f o r  each m u l t i p a t h  component i s  computed i n  a 

manner s i m i l a r  t o  t h a t  g iven p r e v i o u s l y  f o r  the m u l t i p a t h  component due t o  

specul a r  r e f 1  e c t i  on from the ground. 

We now present some o f  t h e  computer r e s u l t s  f o r  t h e  sub rou t ine  which per-  

forms t h e  computations f o r  d i f fuse s c a t t e r i n g  from t h e  ground. 

we have p l o t t e d  max V,(e,$) f o r  -T i e, $ 5 IT f o r  a t y p i c a l  l i n e a r  3" f l i g h t  

path. 

from t h i s  f i g u r e  t o  be q u i t e  r a p i d  along t h e  f l i g h t  path. 

l e v e l  o f  t h i s  m u l t i p a t h  component i s  q u i t e  smal l ,  on t h e  o rde r  o f  -35 dB, and 

less.  

s c a t t e r e d  m u l t i p a t h  component. 

I n  Fig.  2-9 

The f l u c t u a t i o n  o f  t h e  ampl i tude o f  t h i s  m u l t i p a t h  component i s  seen 

I n  a d d i t i o n ,  the 

This  behavior  appears t o  be q u i t e  t y p i c a l  f o r  t he  d i f f u s e  ground 

It should be observed t h a t  t h e  low l e v e l  o f  

mportant as f a r  as t h i s  m u l t i p a t h  component tends t o  make i t  r e l a t i v e l y  un 

MLS performance i s  concerned. 

2.5 Shadowing Due To Runway Humps 

A discuss ion i s  now presented o f  t he  shadowing, o r  a t tenua t ion ,  o f  t h e  

d i r e c t l y  t r a n s m i t t e d  s igna l  due t o  the  convex runway surfaces, o r  humps, which 

occur i n  a t y p i c a l  a i r p o r t  environment. The. d i f f r a c t i o n  geometry f o r  t h i s  
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I 

problem i s  assumed t o  be t h a t  shown i n  Fig.  2-10, and corresponds t o  t h a t  

employed by t h e  Un i ted  Kingdom Royal A i r c r a f t  Establ ishment c271 t o  descr ibe 

t h e i r  exper imental  data on shadowing due t o  runway humps. 

f o r  t h e  runway i s  t h a t  o f  a t r i a n g l e  which co inc ides w i t h  t h e  sur faces lead- 

i n g  up t o  the  hump. Th is  model invo lves  t h e  t reatment  of four r a y  paths as 

shown i n  F ig ,  2-10, The f i r s t  r a y  path f rom t r a n s m i t t e r  t o  rece ive r  corre-  

sponds t o  t h a t  o f  c l a s s i c a l  k n i f e  edge d i f f r a c t i o n  theory.  The o the r  th ree  

The phys ica l  model 

r a y  paths f rom image t r a n s m i t t e r  t o  rece iver ,  t r a n s m i t t e r  t o  image rece ive r ,  

and image t r a n s m i t t e r  t o  image rece iver ,  a re  requ i red  i n  o rde r  t o  have a 

model which y i e l d s  r e s u l t s  t h a t  a re  somewhat i n  agreement w i t h  exper imental  

data. 

The r a t i o  o f  the  d i f f r a c t e d  wave t o  free-space s igna l  i s  g iven by  

4 
j ( $ J ~  +k (Di-D1) +$i) 

I (2-35) 
ED - =I pi Ai G(aiIBi)e 

i=l EO 

where t h e  index  i = 1,4 corresponds t o  the  f o u r  r a y  paths shown i n  F ig .  2-10 

and 
1 /2 

- Ai - 

I T 2  ci = C O S ( T  x ) dx 

I 

I 

(2-36) 

(2-37) 

J 
0 
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Fig.  2-10. D i f f r a c t i o n  geometry used f o r  runway hump shadowing problem. 
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. I T 2  si = s i n ( T  x ) dx I (2-38) 
J 
0 

2 Di 

dli 2i 
ui = hi ( j1l2 I (2-39) 

(2-40) 

and the quantit ies k,h are  the wavenumber and wavelength of the free-space 

signal defined previously. 

f i c i en t  due t o  reflection from the ground fo r  the i - t h  ray path, i = 1,4,  cf.  

F ig .  2-10. 

P9P4 = P2, P = 1 9  and 92 = 93 = .IT994 = 2~ = 0 (mod 2 ~ ) .  The quantity p can 

be set t o  a value other than unity i n  the computer program, i f  so desired. 

j 9-i 
The factor pi i s  the complex reflection coef- 

- We have p1 = 1 and $l = 0 ,  and i t  i s  assumed t h a t  p2 p3 - 

The amplitude and phase o f  the direct  wave, a f t e r  the e f fec t  of shadowing 

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

I (2-41 ) 

= ARG{E~/EJ (2-42) @SH 

In actuali ty,  the amplitude and phase of the direct  wave, i n  the MLS computer 

simulation program, are fixed a t  unity and zero, respectively. Therefore, 

the multipath amplitudes are multiplied by l / V s H ,  and the phase angle $SH 

is subtracted from the multipath phase angle. 

computation i s  performed i n  the receiver signal processing subroutines, 

I t  should be noted tha t  th i s  
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since the transmitter radiation pattern,  G(ai , B i )  i s  system-dependent. 

i s  , the runway hump computational subroutine obtains the quanti t i e s  

Ti  (=Ai e 

the receiver subroutines , which then combine them appropriately, according to  

T h a t  

j($, + k ( D i - D 1 )  + + i )  , a i ,  B i ,  i = 1,4, and passes these 12 values to 

the system being considered, t o  determine the shadowing effect .  

A comparison i s  now given of the computational resul ts  obtained for  the 

signal loss due to  runway hump shadowing, as outlined i n  this section, w i t h  

some experimental data due to  the U.K.R.A.E. These data are shown i n  F ig .  

2-11, which depicts the C-band signal loss measured by the U K  along the Bed- 

ford main runway and the corresponding computational resul ts  for  a transmitter 

antenna height of 1 .O feet .  

The agreement between the experimental data and predictions' i s  regarded 

as f a i r .  For other transmitter heights, the computer model shows sizable os- 

c i l l a t ion  i n  VSH as the LOS is  almost blocked which do not appear i n  the 

f i e ld  data. 

the next phase of act ivi ty .  

I 

We will attempt to resolve these differences i n  two,ways d u r i n g  

Discussions are t o  be held w i t h  RAE t o  be t te r  

asceiptain the amount of smoothing used i n  t h e i r  data plots as well a s  ex- 

perimental procedures , f ine grain runway contour, e tc .  

Secondly, we will investigate an al ternat ive computational approach 

I t  is our based on physically modeling the hump as a paraboloidC26y581. 

hypothesis t ha t  the discontinuity a t  the apex of the t r iangle  accounts 

for  niuch of the differences between computed f ie lds  and f i e ld  resul ts .  

Since runway cons t ruc t i  on standards [''l cal l .  fo r  a smooth transition between 

runway sections of differing slope, this a l ternat ive physical rnoqel should be 

mnre r ea l i s t i c .  
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F i g .  2-11. Comparison o f  mult ipa th  model w i t h  UK measurements o f  C-band s igna l  
l o s s ,  due t o  runway hump shadowing, a t  R . H . E .  Bedford (U.K.) main runway. 
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2.6 Shadowing Due To Aircraft  Approaching Line of S i g h t  1 

We now consider the shadowing ef fec t ,  due t o  forward scat ter ing,  when 

an a i r c ra f t  approaches the l ine  of  sight between the transmitting and re- 

ceiving antennas. 

reflections.  

In this case, diffraction phenomena occur, rather t h a n  

The magnitude of  the forward-scattered wave depends, i n  gen- 

eral , on the shape of the a i r c ra f t  projected onto the plane perpendicular 

t o  the l i ne  of sight.  

c i rcu lar  d i s k  of the same area. 

For simplicity, this projected area is taken t o  ble a 

The diffraction e f fec ts  are then assumed 

t o  be due t o  this c i rcu lar  d i s k .  

can be t reated as a multipath signal w i t h  parameters which will be be 

speci fied. 

I t  is  assumed tha t  this diffraction s igna l  

'The geometry assumed for  the forward scattering due to  the a i r c ra f t  

i s  shown i n  F i g .  2-12a. An estimate o f  the projected area may berobtained 

from this figure as 

A =  
P 

L m r F  cos el + s i n  el 

The forward-scattering cross section is taken as 

I 

(il-43) 

(2-44) 

I 

sin $ / A ,  $ i s  the angle between the l ine from blocking alir- where u = 

c r a f t  t o  receiver and the l i ne  of s i g h t  t o  blocking a i r c r a f t ,  as illustralted 

i n  F i g .  2-15b, and 

'DISK 

I 
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The ra t io  of the scattered energy to  that  of the direct  signal i s  then 

(2-46) 

Hence, using Eq. (2-44), the relat ive magnitude o f  the forward-scattered wave 

a t  the receiver i s  

(2-47) 

The relat ive phase-shift, 3,  o f  the forward-scattered wave is  taken as TI 

radians i f  J , (u) /u  is  positive and 0 i f  J l ( u )  i s  negative.  

time delay is assumed to  be 

The relat ive 

? (2-48) 

w i t h  a zero relat ive Doppler frequency. The values of a and 13 used i n  the 

transmitter antenna pattern G(a,B) are taken t o  be those corresponding to  

the direction from the transmitter to the center of the blocking a i r c ra f t .  

I f  for  a given geometry V f  i s  too large (e.g., V F  > 0.5), then the 

assumption of Fraunhofer diffraction which is  implicit  i n  the use of a 
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Fig.  2-12a. Geometry f o r  forward s c a t t e r i n g  due t o  a i r c r a f t  approaching 
the  l i n e  o f  s i g h t .  
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Fig .  2-12b. Disk model f o r  o b t a i n i n g  shadowing e f f e c t  due t o  a i r c r a f t  
approaching the  l i n e  of s i g h t .  
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forward scattering cross section is  no longer v a l i d .  

o f  the computer simulation program will  f l a g  such an occurrence as total  

blockage and attempt no further s igna l  processing a t  that  particular eval- 

uation p o i n t .  

The phase I 1  version 

A more refined Fresnel diffraction model which takes bet ter  account 

of the projected a i r c ra f t  shape i s  under active development and  should be 

operational shortly. The computational algorithms for this model are based 

on the notion of edge rays and obstacle rays somewhat analogous t o  the rays 

used i n  the geometric theory of  diffractionr6']. This edge ray theory (which 

will be described i n  a subsequent report) has been applied successfully t o  

explain some of the shadowing t e s t  data obtained i n  the Discrete Address 

Beacon System (DABS) programC641. T h u s ,  this more refined approach i s  f e l t  

t o  be highly desirable for  determining the shadowing ef fec t  due to  a i r c ra f t ,  

and also b u i l d i n g s ,  approaching the l ine  o f  sight  between transmitter and 

receiver. 
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111. SCATTERING MODEL VALIDATION 

A key fea tu re  o f  t h e  FILS mu l t i pa th  model development i s  v a l i d a t i o n  of t h e  

model by comparison w i t h  appropr ia te  f i e l d  data.' Dur ing t h e  f i r s t  phase o f  

t he  study, t h e  p r i n c i p a l  focus has been on data a t  a c a r r i e r  frequency o f  5.1 

GHz, a l though some comparisons have been made a t  15 GHz and 1090 MHz. 

key p o i n t s  t o  be addressed i n  t h e  v a l i d a t i o n  were: 

The 

(1 )  Does the  phys ica l  model assumed f o r  t h e  sca t te re rs  a t  t h e  

a i r p o r t  make sense? This  invo lves  issues such as whether 

b u i l d i n g s  s c a t t e r  much l i k e  a f l a t  p l a t e  coplanar  w i t h  the  

v e r t i c a l  w a l l s  and whether a i r c r a f t  t a i l  f i n s  y i e l d  specular  

r e f l e c t i o n s  over  a range o f  angles corresponding t o  a sec t i on  

o f  a cy l i nde r .  

o f  s c a t t e r e r s  which need t o  be modeled i n  a g iven environment. 

(2 )  With appropr ia te  s p e c i f i c a t i o n  o f  parameters such as d i e l e c t r i c  

constant  and sur face  roughness , do t h e  q u a n t i t a t i v e  p r e d i c t i o n s  

o f  t h e  model agree w e l l  w i t h  t h e  f i e l d  data? 

Another issue o f  the  same type i s  t h e  number 

To answer these quest ions,  L i n c o l n  made an indepth  ana lys i s  o f  f i e l d  

measurements sponsored by t h e  FAA and var ious o t h e r  o rgan iza t ions .  

f i e l d  measurements i n v o l v i n g  mu l t i pa th  ef fects  on MLS date back t o  t h e  l a t e  

Al though 

'Val i d a t i  on o f  t h e  computati onal a1 g o r i  thms by comparison w i t h  more 
exac t  t h e o r e t i c a l  c a l c u l a t i o n s  was presented i n  Chapter 11. 
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1 9 5 0 ' ~ [ ~ - ~ ~ ~ ,  i t  was found t h a t  only the l a t e r  d a t a  was obta ined  c a r e f u l l y  

enough t o  address  the issues above. T h i s  l a t e r  d a t a  included: 

( a )  NLS c o n t r a c t o r  TACD measurements a s  well as  the MLS phase I1 

measurements a t  NAFEC and Wallops I s l a n d  [18, 22 ,  26, 30-341 

c271 ( b )  United Kingdom measurements a t  RAE Farnborough and Bedford . 
( c )  USAF measurements a t  Wright-Patterson AFB (WPAFB) C28 1 . 

I t  wlas soon r e a l i z e d  t h a t  there was a c t u a l l y  l i t t l e  d a t a  t o  address  p o i n t  (1 )  

above i n the con tex t  of 1 arge ci vi 1 i an a i  r p o r t s  . Consequently , L i  ncol n ac t ed  

a s  t echn ica l  d i r e c t o r  f o r  an ex tens ive  set  o f  mul t ipa th  experiments  a t  Logan 

A i r p o r t ,  the results o f  w h i c h  a r e  discussed i n  s e c t i o n  3.1. The UK and ITS 

c o n t r a c t o r  TACD d a t a  o f  p r i n c i p a l  interest f o r  v a l i d a t i o n  was presented1 i n  

the previous chapter .  In s e c t i o n  3.2, we desc r ibe  some o f  the relevant ;  re- 

sults of  the WPAFB da ta .  Sec t ion  3.3 cons ide r s  the d a t a  ob ta ined  by the MLS 

Phase I 1  c o n t r a c t o r s  a t  NAFEC and Wallops I s land .  

3.1 The Logan MLS Mult ipath Experiment 

The Logan FILS mult ipa th  experiment was performed a t  the Logan In te rna-  

t i o n a l  A i r p o r t  w i t h  the cooperat ion o f  i t s  owner, the Massachusetts P o r t  

Authori ty .  

and the I n s t i t u t e  of Telecommunication Sciences (ITS) , Boulder,  Colorado. ITS 

provided the means o f  t ak ing  and process ing  the C-band d a t a  and Lincoln super-  

I t  was a j o i n t  e f f o r t  (sponsored by the FAA) o f  Lincoln Laboratory 

vised t h e  experiment and analyzed the processed da ta .  The d a t a  were taken 

d u r i n g  two pe r iods ,  from 17  October 1974 t o  26 October 1974 and ,from 8 December 
c291 1974 t o  1 3  December 1974. S ince  this d a t a  has been described elsewhere , 

our  o b j e c t i v e  here will be t o  b r i e f l y  d i s c u s s  some o f  the h i g h l i g h t s .  
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Carrier wave data was taken, b u t  the dominant signal waveform used for 

the experiments was short  pulses (6.67 nsec) so tha t  delays due t o  transmis- 

sion path different ia ls  as small as 7 f t  could be detected. 

sion and incoherent integration were used to achieve the necessary levels o f  

signal-to-noise ra t io .  

f lection can be distinguished from another and each compared t o  the model 

predictions. 

nized as such (none, however, were found). 

Pulse compres- 

Because of  t h i s  f ine resolution, one mu1 tipath re- 

Any reflections unaccounted for  by the model would be recog- 

The choice of a s ix - foo t  parabolic dish as the transmittting antenna 

provided a narrow pencil beam (2" between 3 dB points) so t h a t  usually only 

one object  a t  a time was illuminated. Also, by t i l t i n g  the dish upwards by 

approximately 1.6", the ground reflections could be reduced t o  a level simi- 

l a r  t o  that  which would be encountered by a well designed MLS. This greatly 

helped t o  establish the integri ty  o f  the measured levels and allowed for 

d i rec t  comparisons w i t h  the model results.  

The locations of the transmitter and receiver were b o t h  known t o  w i t h i n  

approximately 15 f t .  

re la t ive t o  some marking on the runway or  some object which could be located 

on the area photograph o f  the a i r p o r t  map. 

provided estimates of the separation between transmitter and receiver , a 

comparison was made w i t h  the estimation provided by the photograph/map tech- 

nique and this resulted i n  excellent. agreement. 

Locations were generally determined by n o t i n g  positions 

In a few cases where the data 

One major purpose of the experiment was to  t e s t  a key hypothesis o f  the 

Lincoln multipath model; namely, that  a building could be reasonably modeled 
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by a few f l a t  p la tes ,  each w i t h  a s u i t a b l e  r e f l e c t i o n  c o e f f i c i e n t .  Th is  was, 

i n  f a c t ,  borne ou t  by the  data. 

For t h e  purposes of  m u l t i p a t h  r e f l e c t i o n s ,  b u i l d i n g s  cou ld  genera l l y  be 

c l a s s i f i e d  i n t o  one o f  two ca tegor ies :  ( 1 )  b u i l d i n g s  w i t h  complex sur faces 

(broken by columns, jetways, e tc . )  and low r e f l e c t i o n s ,  and (2 )  b u i l d i n g s  

w i t h  s imple surfaces. For both,  the model i s  a p l a t e  t h a t  concurs ( i n  s i z e )  

w i t h  t h e  dimensions of  t h e  b u i l d i n g .  

c o e f f i c i e n t  i s  determined from t h e  d i e l e c t r i c  p roper t y  o f  t h e  b u i l d i n g  

sur face  m a t e r i a l ,  w h i l e  f o r  t h e  former case the  r e f l e c t i o n  c o e f f i c i e n t  i s  

chosen t o  be commensurate w i t h  peak measured M/D l e v e l s  and n o t  r e l a t e d  t o  

the  cons t ruc t i on  ma te r ia l .  

sur faces genera l l y  broke up t h e  r e f l e c t e d  s igna l ,  thereby reducing t h e  M/D 

l e v e l s  s i g n i f i c a n t l y  below t h a t  which would be expected f o r  a homogeneous 

p l a t e ,  w h i l e  n o t  producing measurable r e f l e c t i o n s  elsewhere. 

For  t h e  l a t t e r  case, t he  r e f l e c t i o n  

This  was due t o  t h e  f a c t  t h a t  t he  compl icated 

Both s imple and compl icated faced b u i l d i n g s  were used du r ing  t h e  ex- 

per iment.  Typ ica l  f o r  a compl icated faced b u i l d i n g  was P i e r  C, shown i n  

Fig. 3-1. A s e r i e s  o f  measurements were made on P i e r  C f rom runways 4R-22L 

and 4L-22R as shown i n  Fig. 3-2. No r e f l e c t i o n s  t h a t  d i d  n o t  correspond t o  

a specu lar  r e f l e c t i o n  o r  d i f f r a c t i o n  from the  b u i l d i n g  were observed. 

For  example, f rom t r a n s m i t t e r  s i t e  T1 , geometr ic o p t i c s  suggests t h a t  
t 

no apprec iab le m u l t i p a t h  would be observed from P i e r  C f o r  r e c e i v e r  p o s l t i o n s  

anywhere a long runway 4-22L. 

t o  the  d i r e c t  s i g n a l  were observed. 

No r e f l e c t i o n s  as l a r g e  as -32 dB w i t h  respec t  

From t r a n s m i t t e r  s i t e  T2, geometric 
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Fig.  3-1. P i e r  C ( b u i l d i n g  33) a t  Logan a i r p o r t .  
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F i g .  3-2. Location o f  aircraft, transmitters, and receivers for airplane 
a n d  terminal building mu1 t i p a t h  experiments a t  Logan International Airport. 
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optics suggests t ha t  reflections would only be encountered between re- 

ceiver points R2 and R3. And indeed, t h i s  was the case w i t h  the f ie ld  data. 

The measured levels of  multipath often varied rapidly w i t h  the specular point. 

This behavior i s  not represented by the model, b u t  i t  i s  not impor tan t  since 

the largest  reflections were small and the model reflection coefficient can 

be chosen to  correspond to  the peak level observed. 

I t  should be emphasized t h a t  the terminal area was quite active a t  the 

time the measurements were made. 

for the measurements of F i g .  3-2 were from Pier C and from what i s  believed 

to  be an a i r c ra f t  on the taxiway between runway 4-22R and Pier C. This is  an 

important experimental f i n d i n g  since i t  suggests tha t  many of the complicated 

features (delivery trucks, luggage car t s ,  e tc . )  i n  a terminal area may be 

ignored as f a r  as modeling significant multipath is  concerned. 

However, the only measurable reflections 

Similar measurements were performed on the other major buildings 

bordering the runway, i n  par t icular ,  Pier D and the International B u i l d i n g .  

In a l l  cases, the resul ts  were essentially identical t o  those of Pier C 

above. 

The Delta hangar, pictured i n  F i g .  3-3, is  a simple faced building. 

The section t o  the l e f t  i s  metal clad and reflections from i t  can be compared 

quantitatively t o  the model ' s .  

so that  as the receiver antenna height was changed (referred to  as a mast r u n ) ,  

the specular p o i n t  moved ver t ical ly  along the face of  th i s  left-hand section. 

As the specular p o i n t  moved across the lower edge of the large,  metal par t  a t  

The transmitter and receiver were positioned 
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F ig .  3-3. The Delta hangar. 
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t he  top of  t h e  b u i l d i n g ,  edge d i f f r a c t i o n  was observed. 

pared t o  t h a t  o f  the model i n  Fig.  3-4. 

The r e s u l t s  a re  com- 

We see t h a t  t he re  i s  good agreement. 

Re f lec t i ons  from a i rp lanes  were a l s o  s tud ied  and u t i l i z e d  t o  improve 

and v e r i f y  t h e  a i r c r a f t  models used f o r  m u l t i p a t h  computations. 

experiment i t  was found t h a t  t h e  t a i l  was the main source o f  a i r p l a n e  m u l t i -  

path r e f l e c t i o n  f o r  t h e  geometries used. 

t o  cause r e f l e c t i o n s  fo r  MLS, and t h e  fuselage i s  doubly curved i n  t h e  f r o n t  

and r e a r  and i s  shadowed by wings and engines i n  the  center.  

l a rge ,  o r i e n t e d  f o r  r e f l e c t i o n s ,  r e l a t i v e l y  f l a t ,  and because i t  i s  angled 

s l i g h t l y  upward and i s  s l i g h t l y  curved, i t  generates r e f l e c t i o n s  over l a r g e  

angles i n  space. The o r i g i n a l  model overestimated i n  both l e v e l  and e x t e n t  

t h e  r e f l e c t i o n s  f rom the  fuselage and underestimated t h e  v e r t i c a l  ex ten t  o f  

t he  t a i l  r e f l e c t i o n s .  By exaggerat ing t h e  t a i l  he ight ,  by choosing t h e  

l a r g e s t  t a i l  f i n  length,  and by decreasing s l i g h t l y  t h e  fuselage length,  

b e t t e r  agreement between measurement and model are achieved. 

one cou ld  t i l t  the t a i l  o f  the model i ns tead  o f  exaggerat ing i t s  he igh t .  

Model fuselage M/D l e v e l s  were genera l l y  h ighe r  than those observed, b u t  t h i s  

i s  acceptable because: (1 )  t h e  measurements were a t  geometries 

more wing blockage occurs than would occur i n  more r e a l i s t i c  scenar ios,  ( 2 )  i t  

was f e l t  t h a t  a c y l i n d e r  model f o r  fuselages i s  very reasonable p h y s i c a l l y ,  

and (3 )  i t  i s  b e t t e r  f o r  t h e  model t o  overest imate m u l t i p a t h  l e v e l s  r a t h e r  

than underestimate them. 

Dur ing t h e  

The wings are n o t  s u i t a b l y  o r i e n t e d  

The t a i l  i s  

A1 t e r n a t i v e l y  , 

* 
a t  which 

* 
I n  p a r t i c u l  ar ,  t h e  r e s t r i c t e d  range of r e c e i v e r  he igh ts .  
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Figure 3-5a i l l u s t r a t e s  the geometry of the transmitter and receiver 

re la t ive t o  a Boeing 747. 

enced t o  the centerline of the plane, i s  20", while that  of the outgoing ray 

is 35". The curvature o f  the t a i l  i s  responsible for  t h i s  resul t .  A re- 

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

top of  the model resul ts  i n  F ig .  3-5b. We see tha t  the data follows the 

overall shape o f  the model curve as well as agreeing i n  level.  Similar 

measurements and resul ts  were also obtained for DC-10 and B 727 a i r c ra f t .  

Note that the angle o f  the incoming ray, refer- 

In  summary, i t  was established tha t  the location of a l l  important 
e b u i l d i n g  reflections could be determined by modeling the b u i l d i n g s  by simple, 

f l a t  plates and using geometrical optics and diffraction theory. Al though  

other refelctions occur, they apparently are so f a r  below the direct  levels 

that  they can be readily ignored and, i n  f ac t ,  were not large enough to be 

measured i n  our experiment. 

two categories, complicated and simple. 

terminal buildings, appear t o  be modelable by a single plate w i t h  a reflection 

Buildings, therefore, could be classif ied i n t o  

Complicated buildings, such as most 

e b u i l d i n g s ,  such 

ection coefficients 

o f  the surface 

coefficient commensurate w i t h  peak measured levels. Simp 

as hangars, can be modeled by one or two plates whose ref 

are determined by the d ie lec t r ic  and roughness properties 

construction materi a1 . 
Aircraft reflections are more complicated because of  

curved surfaces involved. The resu l t  i s  t h a t  there i s  no 

the multitude of 

single number which 

tends to  characterize reflections as is  the case w i t h  many b u i l d i n g s .  In 

addition, i t  i s  more d i f f i cu l t  to  judge the angular extent of the reflections 
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and one i s  more dependent on the model f o r  determination of the range of  the 

reflection and the level for any particular geometry. 

ciple which we can s ta te .  

tend t o  dominate over other reflections for a couple of reasons. F i r s t ,  fo r  

the geometries tha t  are l ike ly  t o  be found between the transmitter, airplane 

and receiver, the t a i l  i s  curved and oriented for reflections over a wider 

variety of si tuations.  Second, fuselage reflections are often shadowed by 

the wings. 

There remains one p r i n -  

For airplanes on the ground, t he i r  t a i l  reflections 

Good agreement between the model and experiment results was noted. 

There are some deficiencies i n  the airplane model due t o  the necessary sim- 

p l ic i ty  of the model , b u t  the resulting discrepancies s h o u l d  n o t  be important. 

The u t i l i t y  o f  the model i n  helping to categorize and understand data from 

experiments and i n  extrapolating t o  new situations is  obvious. 

3.2 The Wright-Patterson Air Force Base Experiment 

In the s p r i n g  of 1974, an experimental program t o  measure multipath a t  

Wright-Patterson Air Force Base (WPAFB), using a 5.130 GHz car r ie r  signal,  

was undertaken by the I1 1 inois Ins t i tu te  of Technology Research Ins t i tu te  

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

t h r o u g h  the experiment so that  i t  i s  d i f f i cu l t  t o  make a direct  comparison 

between the measured multipath levels and MLS multipath. In a d d i t i o n ,  the 

broad beams cause ground reflections which contribute significantly t o  the 

measured M/D level as i l l u s t r a t ed  i n  F ig .  3-6. Unfortunately, IITRI made 

no attempt t o  account for  them o r  t o  characterize the ground so t h a t  others 
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might at tempt t o  do so. As a r e s u l t ,  t h e  l e v e l s  o f  t h e  m u l t i p a t h  cou ld  n o t  

be conc lus i ve l y  i n t e r p r e t e d .  

served has any r e a l  v a l i d i t y .  

v a l i d a t i o n  are, therefore,  l i m i t e d .  They are: (1)  t h e  s c a l l o p i n g  p a t t e r n s  due 

t o  i n t e r a c t i o n  between d i r e c t  and r e f l e c t e d  s i g n a l s  as a f u n c t i o n  o f  r e c e i v i n g  

p o s i t i o n ,  ( 2 )  t h e  e x t e n t  o f  r e f l e c t i o n s  as compared t o  p r e d i c t i o n s  f rom r a y  

geometry, and (3) the importance o f  ground r e f l e c t i o n s  i n  determining the  M/D 

1 eve1 . 

Only the e x t e n t  over  which the  m u l t i p a t h  i s  ob- 

The r e s u l t s  a p p l i c a b l e  t o  the  computer model 

F igure 3-7 shows the s e c t i o n  o f  WPAFB used f o r  t h e  m u l t i p a t h  measurements. 

Un l i ke  Logan A i r p o r t ,  where t h e  b u i l d i n g  v i s i b l e  f rom t h e  runways were p r i -  

m a r i l y  t e rm ina l  b u i l d i n g s  w i t h  j e t  po r t s ,  etc. ,  a t  WPAFB, t h e  b u i l d i n g s  were 

p r i m a r i l y  hangars which opened towards t h e  runway. 

were glass i n  a metal framework o r  corrugated asbestos w i t h  the. except ion o f  

b u i l d i n g  485 which was smooth concrete. The screens were the same as those 

used i n  t h e  FAA t e s t s  a t  Wallops I s land .  Since these w a l l s  were t y p i c a l l y  

q u i t e  homogeneous, one would expect them t o  r e f l e c t  much l i k e  f l a t  p l a t e s .  

And indeed, i t  was observed t h a t  i n  a l l  cases t h e  b u i l d i n g  and screen r e f l e c -  

t i o n  reg ions were h i g h l y  p r e d i c t a b l e  as means o f  r a y  geometry. 

The surfaces t y p i c a l l y  

The degree of coherence between t h e  d i r e c t  s igna l  and r e f l e c t e d  s i g n a l s  
* 

i s  o f  p a r t i c u l a r  importance f o r  assessing motion averaging improvement i n  

a given s i t u a t i o n .  

ment equipment a t  Logan; however, a t  WPAFB measurements were made o f  t h e  

s c a l l o p i n g  i n  received s i g n a l  power between a d i r e c t  s igna and a b u i l d i n g  

*See Chapter V f o r  a d iscuss ion o f  motion averaging. 

I t  was n o t  poss ib le  t o  i n v e s t i g a t e  t h i s  w i t h  the  measure- 
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ref lect ion,  as i l lus t ra ted  in F ig .  3-8. The multipath model described i n  

Chapter I1 assumes t h a t  t h i s  interaction can be represented as interference 

between the true transmitter and an image transmitter located as indicated 

i n  F i g .  3-8a. I n  F i g .  3-8b, we see that  the model prediction agrees quite 

well with the observed fluctuations. 

Good agreement between predicted and measured scalloping was obtained 

for most of the other buildings. 

cause o f  the scalloping behavior observed from building 22 reflections.  When 

the receiver was moved along the runway, the scalloping of approximately 3 / f t  

i s  consistent w i t h  interference between reflections from building 22 and the 

The report does bring into question the 

d i rec t  signal and/or reflections from building 485. 

was moved towards b u i l d i n g  22 the scalloping was very different .  This l a t t e r  

resu l t  could be due to  the receiver being or moving into the shadow region of 

building 485, b u t  the information provided i n  the report i s  insufficient t o  

However, when the receiver 

draw any def ini te  conclusions. 

Some of the screen data a t  WPAFB demonstrates the necessity of incor- 

of F ig .  3-6 in determining 
* 

porating the secondary ground reflection paths 

multipath levels.  

on screen multipath fo r  three different receive antenna heights w i t h  the  geome- 

t ry  shown in F i g .  3-9. 

the received multipath signal i s  near a null .  

at tr ibuted t o  inhomogeneities in the screen by IITRI since over f l a t  ground 

In section 3.3.2 of the IITRI reportC281, d a t a  i s  presented 

The data indicated that  a t  the 20-foot receiver height 

This par t icular  pher,omena was 

the f i r s t  null would appear a t  64 f t ,  However, further investigation by 
* 

In the parlance of Chapter 11, these are the X-0-G-R, X-G-0-R, X-G-0-G-R 
and X-G-R p a t h s .  
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Fig. 3-8b. Scalloping in received signal amplitude for WPAFB Bldg. 485 measurements. 
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L i n c o l n  determ ned t h a t  t h e  ground between the  t r a n s m i t t e r  and the  screen 

was shaped l i k e  a bowl, as shown i n  F ig .  3-10. By consider ing the t rans-  

m i t t e r ,  screen, and r e c e i v e r  l o c a t i o n ,  and the contour o f  the ground, one 

f i n d s  t h a t  t he  s i g n a l  r e f l e c t e d  d i r e c t l y  f rom the screen t o  the r e c e i v e r  

and the s igna l  r e f l e c t e d  from the  screen t o  the r e c e i v e r  v i a  a ground bounce 

a r r i v e  e s s e n t i a l l y  o u t  of phase fo r  a r e c e i v e r  h e i g h t  o f  approximately 20 ft. 

Therefore, t h e  observed data i s  c o n s i s t e n t  w i t h  the model p r e d i c t i o n s  f o r  a 

f l a t  screen. 

To summarize, we conclude t h a t  i n  the  l i m i t e d  areas f o r  which the data 

i n  t h e  r e p o r t  can be used t o  t e s t  the v a l i d i t y  o f  the m u l t i p a t h  model , the 

data i s  cons i s ten t  w i t h  the  model, 

3.3 Analys is  o f  MLS Phase I1  S t a t i c  Test Data 

The main purpose of t he  e f f o r t  repor ted here was t o  v a l i d a t e  the computer 

s i m u l a t i o n  model f o r  mu1 t i p a t h  r e f l e c t o r s .  

cated the  m u l t i p a t h  screen and parked a i r c r a f t  t e s t s  t h a t  a re  r e q u i r e d  by t h e  

Phase I1 MLS t e s t  planC631. 

obta ined from t h e  s imu la t i on ,  was compared w i t h  t h e  measured data from t h e  

s t a t i c  t e s t s  repo r ted  by t h e  MLS contractors .  

t h e  Bendix data f o r  two reasons: (1) t h e  Bendix r e p o r t s  contained the  most 

complete documentation o f  t h e  t e s t s ,  and (2 )  the ICAO t e s t s  w i l l  be conducted 

a t  t h e  Bendix s i t e s  a t  NAFEC. 

The s i m u l a t i o n  scenarios dupl i- 

The r a t i o  o f  m u l t i p a t h  s i g n a l  t o  d i r e c t  (M/D),  

Primary emphasis was placed on 

A l i s t  of t h e  t e s t s  and p e r t i n e n t  r e f l e c t o r  geometry are presented i n  

The a v a i l a b l e  data on m u l t i p a t h - t o - d i r e c t  ( M / D )  s i g n a l  r a t i o  was Table 3-1. 
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TABLE 3-1 

W 
I 
N 
W 

+ 
T e s t  

No. - 
1 

2 

3 

5 

6 

7 

8 - 
14 

14  

!4 

MU LTIPATH TEST CONFIGURATIONS (BENDIX SITES) 

Function T r a n s m i t t e r  Location Reflector"' Locatior. Angle Multipath 
Ref l ec to r  

Region (de& XTI YTP 'Tt (ft) XS' Ys (ft) 

A 2  0, 0,  17 xT t 433, yT t 25C -1 3. 58 Rollout 

A 2  0, 0, 18 x t 433, yT t 250 -13.98 Threshold  T 

A Z  0, 0,  22 xT t 433, yT t 250 -14.29 Glide slope 

EL-1 7547,255,13  xT -+ 200, yT t 50 t 3.3 T h r  e s hold 

EL-I  7547, 255,18 xT t 200, yT t 50 -5.7 Glide slope 

E L - 2  5547,255,13 xT t 600, yT t 150 -1.1 Threshold  

E L - 2  5547,255,13  xT + 600, yT t 150 C15.5 Flare 

A Z  0, 0, 19 8146, -211 t15 .1  Threshold  

E L - I  7547,255,  14 8416, -211 t15 .1  Threshold  

Threshold  E L - 2  5547,254, 14 $146, -211 t15. I 

6 

'T ransmi t te r  height is r e f e r r e d  to test point ground leve l .  
S c r e e n  r e f l ec to r  is 52 f t  long, 25 f t  high, 2 . 0  ft off ground. 

5465,O ~ 

7465,O 

- 

2465.223 

8555,O 

8455,270 

8065,O 

6465.0 

8565,O 

8426,O 

8565,O 



obtained from the contractor Phase I1 reports. 

which included the direct  and reflected signal levels measured separately, 

was published by Bendix. 

The most extensive material, 

This type of da t a  was very beneficial in analyzing 

the experiments for  effects  that would have been masked in the combined M/D 

r a t i  0 .  
r 

In se t t ing  up the geometry for the computer simulations, the surveyed 

positions a t  NAFEC from the Bendix report were uti l ized. 

tions i n  ground level,  there i s  some uncertainty as t o  the effective ground 

he'ight. 

effective ground plane, and the transmitter height was referred t o  thiis plane. 

In cases where the results seemed t o  be very sensit ive t o  the choice of 

ground level,  a more precise estimate was obtained t o  represent the e%fective 

he'ight of the terrain between transmitter and receiver. 

Because of iindula- - 

The ground level a t  the t e s t  van location usually established the 

Besides the geometric configuration, the computer simulation requires as 

i n p u t  certain parameters describing the properties o f  the scattering surfaces. 

One parameter i s  the surface roughness height which strongly influences the 

reflected signal level. Screen roughness was estimated by FAA personnel t o  

be as high as 5 2 inches. 

da t a ,  i t  was found t h a t  an rms roughness height of 0.75 inch produced good 

agreement with azimuth data taken of NAFEC. Thls value was used for  a11 

siniulations a t  C-band. 1 

For the Ku-band (A = 0.8 in . )  da t a  a t  EL-2, the apparent surface roughness 

By comparing simulation results w i t h  the measured 

1 

height i s  smaller because the scale of the "waviness" of the screen i s  com- 

parable t o  the Ku-band Fresnel radius. The screen surface i s  locally smooth 
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over smal 1 regi ons. 

Ku-band, i s  considerably smaller than  the value used for C-band. A l t h o u g h  the 

local roughness is  l e s s ,  the reflected Ku-band signal i s  scattered over a larger 

angular sector as a resul t  of the different orientations of the different 

reflecting regions. T h i s  divergence phenomenon i s  not incorporated in the 

simul ation model , and hence, correspondence between simulation and experimen- 

tation a t  Ku-band i s  not to be expected. 

W i t h i n  these regi ons the roughness height , appl i cab1 e a t  

In general, the azimuth t e s t  data fo r  both screens and parked a i r c ra f t  

could be quantitatively reconciled w i t h  simulation resul ts .  

involved taking into account the ground bounce component on both the d i rec t  

and reflected paths and the t i l t  of the screen from true ver t ical .  A small 

deviation from vertical causes wide fluctuations i n  M/D when the ground 

bounce is  a s ignif icant  factor.  T h i s  was the case w i t h  the Bendix azimuth 

system as a resu l t  of a slow horizon cutoff i n  the elevation pattern of the 

azimuth antenna. 

The reconciliation 

An i l lus t ra t ion  of this is  provided by the data for  test  1 ,  azimuth 

mu1 t i  path a t  rollout. 

5500 f t  from the azimuth s i t e .  The multipath is  out  of beam by 30' in the 

azimuth plane and is ,  therefore, easi ly  resolved from the direct  signal by 

the direct ivi ty  of the scanning function. 

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

the two required tests. The simulation concurs w i t h  the Bendix data from 

the original Phase I1 t e s t s .  In the supplemental TRS t e s t s ,  the screen was 

apparently misaligned horizontally and vertically.  

The screen i s  oriented t o  produce maximui mu1 t i  p a t h  a t  

Figures 3 - l l ( a )  and 3 - l l (b )  i n d i -  
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Horizontal misalignment causes the multipath region i n  F ig .  3-11 ( a )  t o  

f a l l  further from the transmitter. A s l igh t  vertical misalilgnment is  evident 

from Fig .  3-12 wherein d i rec t  and m u l t i p a t h  signal levels are plotted sepa- 

ra te  y. 

w i t h  the direct  signal a t  a height o f  32.9 f t .  The data seems t o  be tending 

in that  direction. The reflected signal null a t  18.5 f t  fo r  the supplemental 

t e s t s  can be accounted fo r  by a screen deviation from vertical of only 1'. 

Analysis places the f irst  n u l l  produced by ground bounce interference 

Similar behavior also occurred i n  t e s t  2 ,  azimuth m u l t i p a t h  a t  threshold. 

The screen i s  oriented for  a rnultipath maximum a t  7500 f t  from the azimuth 

transmitter. The M/D ra t ios  for  two horizontal and one vertical cuts are 

i l lus t ra ted  i n  Figs .  3-13 and 3-14. The simulation, w i t h  parameters selected 

t o  f i t  the Bendix configuration, concurs w i t h  the original Bendix t e s t s  on 

the horizontal cuts. The vertical cut demands more detailed investigation 

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

The sharp and deep nulls i n  F i g .  3-14(b) are indicative of ground bounce 
* 

on both paths. 

40.5 f t  as compared to 38 f t  for the d i rec t  p a t h  data. 

(20 f t )  from peak t o  null i s  almost exactly as predicted. 

p a t h ,  a deviation o f  0.8' i n  screen t i l t  from true vertical accounts for the 

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

The predicted location o f  the f i r s t  n u l l  i s  a t  a height of  

The measured distance 

On the reflected 

* 
The amp1 itude calibration was a1 tered .during this run  a t  a p o i n t  

coinciding w i t h  a discontinuity i n  f i l e  sequence numbers for  data recording. 
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A t  the peak near 1 7  f t  when both paths are reinforced by ground bounce, 

the M/D r a t io  i s  -2 dB compared to  -3 dB for  the simulation. 

overlap of peaks a t  approximately 51 f t ,  the M/D i s  -5 dB compared t o  s l igh t ly  

less  than -4 dB for  the simulation. The relat ive level of the ground bounce 

can be determined from the r a t io  of peak t o  notch i n  the lobing pattern. 

The notch depth i s  approximately 19 dB for  both curves in Fig. 3-14(b). 

so lv ing  for p i n  20 l o g  [ ( l+p) / ( l -p) ]  = 19 dB, the ground bounce signal level 

i s  found t o  be -2 dB. 

A t  the next 

By 

In contrast  t o  the azimuth tes t s ,  the measured data fo r  elevation d i d  n o t  

concur sa t i s fac tor i ly  w i t h  the simulation. 

attr ibuted to  one of  the following reasons. 

ra t io  requires adequate resolution between direct  and multipath signals. 

the azimuth t e s t s ,  the multipath was suff ic ient ly  out o f  beam to permit 

Most of the disagreement can be 

F i rs t ,  the measurement of FI/D 

In 

separation of direct  and multipath i n  the scan dimension. 

t e s t s ,  the multipath is  i n  beam, and separation could be accomplished i n  only 

the orthogonal azimuth direction. For this purpose, a directional receiving 

antenna was used to  record the direct  and  multipath signals separately. T h i s  

approach was not ent i re ly  successful. 

In the elevation 

Figure 3-15 shows da ta  from t e s t  5 ,  elevation 1 a t  threshold. Detailed 

examination o f  the directional antenna pattern and the t e s t  geometry indicated 

that  the lack o f  angular resolution could account for  the observed da ta .  

The intended M/D ra t io  on a horizontal cut,  as  given by the simulation 

for  the Bendix s i t e ,  i s  indicated i n  addition t o  data from four experiments. 
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None o f  t h e  t e s t s  agrees s u f f i c i e n t l y  w i t h  t h e  s imu la t i on ,  a l though 

Hazel t i n e ' s  data more c l o s e l y  resemble the des i red  shape. 
* 

The data f rom t h e  v e r t i c a l  cu ts  are i n d i c a t e d  i n  Fig. 3-15(b) i n c l u d i n g  

a l s o  ITT. The Bendix m u l t i p a t h  appears t o  have missed t h e  mark. A t  t h e  t e s t  

p o i n t  f o r  t h e  v e r t i c a l  probe (1007 f t  forward o f  EL- l ) ,  t h e  m u l t i p a t h  i s  w e l l  

below i t s  peak. I n  an e f f o r t  t o  r e c o n c i l e  t h e  observat ions w i t h  a model, t he  

d i r e c t  and mu1 t i p a t h  s igna ls ,  measured separate ly ,  were s c r u t i n i z e d  i n  more 

d e t a i l .  

p l  emental Bendix t e s t s .  

F igure 3-16 i l l u s t r a t e s  the data f o r  t he  Phase I 1  o r i g i n a l  and sup- 

Note the pronounced l a c k  of r e p e a t a b i l i t y  between the two sets  o f  ex- 

periments. 

l a r i t y  i n  the f l u c t u a t i o n s  f o r  t he  two tes ts .  The l a t e r  t e s t  has a lower 

dens i t y  of experimental p o i n t s  and l e s s  consistency between adjacent po in ts ;  

I g n o r i n g  t h e  absolute l e v e l  s h i f t ,  t he re  i s  on l y  a s l i g h t  s im i -  

consequently, a t t e n t i o n  was concentrated on t h e  e a r l i e r  data. Analys is  sug- 

gests t h a t  t h e  r i p p l e  i n  s i g n a l  l e v e l s  represents r e f l e c t i o n s  ( o r  d i r e c t  

s i g n a l )  passing through the  s k i r t s  o f  t he  d i r e c t i o n a l  r e c e i v i n g  antenna. 

The second source of  disagreement fo r  t he  e l e v a t i o n  t e s t s  i s  caused by 

screen surface i r r e g u l a r i t i e s .  

t h e  average, a p e r f e c t l y  p lane sur face w i t h  some smal l -sca le roughness. 

roughness i s  taken i n t o  account by a reduc t i on  i n  the r e f l e c t i o n  c o e f f i c i e n t ,  

b u t  i n  o t h e r  respects the  s i m u l a t i o n  u t i l i z e s  a plane sur face specular r e f l e c -  

t i o n  model. 

The s imu la t i on  model t r e a t s  t h e  screen as, on 

The 

The r e a l  screen has i r r e g u l a r i t i e s  t h a t  cause the  m u l t i p a t h  t o  

* 
The two Haze l t i ne  curves a re  before and a f t e r  (A) antenna m o d i f i c a t i o n s  

t o  reduce mu1 t i p a t h  l e v e l s .  
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8 

s c a t t e r  i n  d i r e c t i o n s  o t h e r  than the  angle de f ined by specular  r e f l e c t i o n .  

As a consequence, the  mu l t i pa th  appears over  a w ider  angular  spread and a t  

lower  ampl i tude than pred ic ted .  

t h i s  e f f e c t  than the EL-1 t e s t s  a t  C-band, as i l l u s t r a t e d  i n  F ig .  3-17 which 

shows h o r i z o n t a l  and v e r t i c a l  cu ts  f o r  t e s t  7, EL-2 m u l t i p a t h  a t  threshold.  

To summarize, w i t h  the  except ion o f  t e s t  5 (E leva t ion-1  a t  t h resho ld ) ,  

The EL-2 t e s t s  o f  Ku-band are  more sub jec t  t o  

a reasonab 

s i mu1 a ti on 

t e s t s ,  t h e  

a t t r i  butab 

e exp lanat ion  of t h e  measurements was es tab l i shed.  

model has been c l e a r l y  va l i da ted  from azimuth t e s t  data. 

l a c k  o f  agreement between experiment and s imu la t i on  i s  probably 

e t o  shortcomings i n  t h e  t e s t  methods. 

The computer 

For  EL-1 

For EL-2 t e s t s ,  screen 

imper fec t ions  apparent ly  i n t roduce  e f fec ts  n o t  incorpora ted  i n  t h e  model. 

Al though model Val i d a t i o n  was the  pr imary ob jec t i ve ,  merely understanding the  

exper imental  data was a d i f f i c u l t  task.  

there  i s  subs tan t i a l  v a r i a b i l i t y  from c o n t r a c t o r  t o  c o n t r a c t o r  and between 

t e s t s  conducted a t  d i f f e r e n t  t imes by the  same con t rac to r .  

For a s p e c i f i c  t e s t  con f igura t ion ,  

I n  f u t u r e  mu l t i pa th  experiments, s t a t i c  t e s t s  should serve t h e i r  i n -  

tended purpose o f  assur ing  t h a t  the  mu l t i pa th  s igna l  d i s t r i b u t i o n  i n  space 

i s  as expected and t h a t  a l l  s i g n i f i c a n t  parameters are determined. One such 

parameter t h a t  was n o t  c o n t r o l l e d  o r  measured w i t h  s u f f i c i e n t  accuracy i s  

the screen tilt, an impor tan t  f ac to r  i n  the  e l e v a t i o n  e r r o r .  
* 

The exper ience 

i n  Phase I 1  should be a warning t h a t  t e s t s  conducted f o r  nomina l l y  the  same 

c o n f i g u r a t i o n  cannot be compared w i t h o u t  carefu l  l y  v e r i f y i n g  t h a t  t he  condi  - 
t i o n s  are  a c t u a l l y  t h e  same. 

* 
- - I n  t h e  I C A O  t e s t ,  measurement o f  mu1 t i p a t h  separa t ion  (coding)  angle 

w i l l  pe rm i t  i n d i r e c t  determinat ion of  screen tilt. 
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I V .  SYSTEM MODELS 

e 

The system models c o n s t i t u t e  the s e t  o f  mathematical s p e c i f i c a t i o n s  , 
algor i thms,  and associated sof tware which d e f i n e  the  s imu la t i on  o f  t h e  MLS 

t r a n s m i t t e r s  and rece ivers  f o r  bo th  the  angle and range func t ions .  

model takes as i n p u t  a parametr ic  desc r ip t i on  o f  t he  c u r r e n t  m u l t i p a t h  en- 

A rece ive r  

vironment and supp l ies  as ou tpu t  t he  e r r o r  i n  the associated angle o r  range 

measurement. A f u n c t i o n a l  s igna l  process ing approach has been taken i n  

developing these models -- t h a t  i s ,  t h e  emphasis has been placed on modeling 

the p r i n c i p a l  mul t ipath- induced e r r o r  factors .  Th is  i s  done a t  a l e v e l  which 

avoids d e t a i l e d  component c h a r a c t e r i z a t i o n  , and i t  thereby gains t h e  advantage 

o f  s i m p l i c i t y  and the  necessary computational speed which permi ts  the rece ive r  

programs t o  execute i n  reasonable amounts o f  t ime i n  f u l l  system runs conta in -  

i n g  f l i g h t  paths w i t h  hundreds of  eva lua t i on  po in ts .  

F igure  4-1 i n d i c a t e s  the  scope o f  t h e  r e c e i v e r  models developed du r ing  

the  L i n c o l n  Laboratory  Phase I 1  e f f o r t .  I n i t i a l l y ,  a model f o r  each U.S. con- 

t r a c t o r  system was devised: t he  scanning beam FRS o f  Bendix and T I  and the  

Doppler scan systems of  Haze l t i ne  and I T T / G i l f i l l a n .  When i t  became ev iden t  

t h a t  TRSt was t o  be a s t rong  candidate w i t h i n  t h e  Scanning Beam Working Group, 

t h e  Bendix FRS model was mod i f i ed  t o  s imu la te  t h e  t o - f r o  TRS. A number o f  

TRS beam processors o the r  than the  bas ic  dwel l  gate technique were simulated, 

among them s p l i  t -ga te  t racke rs ,  peak de tec tor ,  and MCTT processors. 

* 

* 
Frequency Reference Sys tern 

'Time Reference System 
+Flu1 t i p a t h  Control  Technique 
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Fig. 4-1. MLS receiver models developed dur ing  f i r s t  phase of Lincoln MLS program. 
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I '  
I :  

8 

A t  the outset ,  each c o n t r a c t o r  system model i nc luded  a two-way l i n k  

DME rep resen ta t i ve  o f  i t s  p a r t i c u l a r  design. Fu r the r  downstream i n  t h e  pro-  

gram, i t  became c l e a r  t h a t  a s e t  o f  canonical  one-way l i n k  models which could 

be combined i n  a r b i t r a r y  manner t o  form a downl ink-upl ink p a i r  would be a 

f a r  more useful t oo l ,  and the DME subrout ines were recon f igu red  accord ing ly .  

The breakdown i n  F ig.  4-1 r e f l e c t s  t h i s  l a t t e r  s i t u a t i o n .  The convent ional  

pu lse DME has a t rapezo ida l  o r  Gaussian waveform and can use e i t h e r  of two 

lead ing  edge detectors :  t h resho ld  o r  delay-and-compare. 

breadboarded a pu lse  compression 

Texas Instruments 

( " c h i r p " )  DME f o r  which a computer model 

a l s o  e x i s t s .  

4.1 General Receiver R e s p o n s i b i l i t i e s  

Fu r the r  explanat ion of t h e  o v e r a l l  funct ion o f  t h e  r e c e i v e r  subrout ines 

and t h e  s p e c i f i c  tasks which they perform i s  given i n  t h i s  sect ion.  The 

f o l l o w i n g  sect ions discuss the mathematical models f o r  each r e c e i v e r  c lass  

i n  some d e t a i l .  

The r e c e i v e r  program i s  c a l l e d  f o l l o w i n g  t h e  c a l c u l a t i o n  o f  t h e  m u l t i -  

path parameters f o r  t he  (nominal) r e c e i v e r  p o s i t i o n  and the  p e r t i n e n t  

f u n c t i o n  (AZ, EL1, EL2, DME). 

f u n c t i o n - s p e c i f i c  manner p r i o r  t o  the  r e c e i v e r  c a l l ,  f u r t h e r  e d i t i n g  can be 

done w i t h i n  the  r e c e i v e r  r o u t i n e  i t s e l f .  

Although t h e  m u l t i p a t h  has been e d i t e d  i n  a 

For example, a p a r t i c u l a r  DFlE 

processor may e l  iminate a l l  components whose r e l a t i v e  path delay exceeds 

some t h r e s h o l d  delay. 

e l e v a t i o n  and azimuth beam pa t te rns  t o  the i n p u t  m u l t i p a t h  ampli tudes, and 

Each r e c e i v e r  program a l s o  app l i es  t h e  t r a n s m i t t e r  

f u r t h e r  e d i t i n g  cou ld  be done on t h e  bas i s  o f  weighted mu l t i pa th .  
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Havi ng compl eted the mu1 t i  path cal cul ation, the recei ver then generates 

some representation of the total  received signal from which the angle 01” 

range e r ror  can be extracted. 

includes vir tual ly  a l l  the angle and DME systems of present in te res t  -- each 

scan signal i s  represented separately. U1 timately, e r ror  outputs are produced - 

a t  the MLS data ra te  (e.g., 5 Hz) by combining data obtained from the i n d i -  

vidual scans (general ly by mu1 ti scan wei g h t i  ng )  . 
systems and DME, the signal representation consists of a s e t  o f  samples of 

an envelope waveform ( p l u s  the angle subcarrier for  FRS). 

the errors can be computed from a knowledge of the dominant ( i n  amplitude) 

received component and the phase function of the IF signal. 

In multiple scan systems -- this class  now 

For scanning beam angle 

For Doppler scan, 

The i n p u t  m u l t i p a t h  data is  provided a t  a selectable ra te ,  usually the 

MLS data r a t e ,  and the multiscan data i s  generated by extrapolation on tha t  

single i n p u t .  

the data frame i n  amplitude and angles of arrival b u t  that  the relat ive phase 

and del ay change as a function of the transmi tter-specul a r  point-ai r c r a f t  

locations. The a i r c r a f t  velocity vector is  assumed constant over the frame. 

I t  i s  assumed that  the multipath components are stationary over 

A number of effects  w h i c h  are  of  real importance i n  hardware receivers 

Re- have been intentionally neglected or minimized i n  the receiver models. 

ceiver noise i s  excluded from the models because (i) the l i n k  budgets amd 

avionics specifications indicate t h a t  nominal operation occurs a t  h i g h  SNR, 

and ( i i )  the principal object of the current study has been the e f fec t  of 

mu1 t i  path upon the operation of various MLS systems. Non-ideal component 

behavior and instrumentation errors are excluded as well on the grounds tha t  
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these are n o t  fundamental t o  the objective. The signal models are simplified 

somewhat by neglecting certain intermodulation products which occur i n ,  for 

example, the detector which mixes the Doppler reference and angle signal or 

the FRS angle subcarrier demodulator. 

tracking have been implemented. 

system i s  placed i n  track ( i . e . ,  scan gates o r  multipath rejection f i l t e r s  

are centered on the direct  p a t h  coordinate); w i t h  each successive evaluation 

point, the gates and f i l t e r s  are recentered on the MLS indicated position 

(not  the true signal coordinate). No track smoothing o r  reacquisition i s  

implemented. 

" b r i g h t  flash" anomalies in scanning beam and pulling o f  the Doppler rejec- 

tion f i l t e r s  without making performance strongly dependent upon specific 

acquisttion/tracking algorithms, Subsequent versions o f  the ful l  simulation 

model will be equipped t o  handle higher order dynamic search and t rack.  

functi o m .  

4.2 Scanning Beam Angle System Models 

The essential concepts of the basic FRS model upon which the Phase I1 

No detailed models of  acquisition and 

A t  the i n i t i a l  point on the f l igh t  p a t h ,  the 

This level of modeling has proved t o  be suff ic ient  t o  detect 

Rendix and TI simulations were based are presented f i r s t .  Those areas in 

which the two d i f f e r  are noted i n  passing. 

required t o  convert t o  a TRSB model are given. 

4.2.1 Frequency Reference System 

Following t h a t ,  the modifications 

The FRS angle subsystems operate according t o  the scanning beam princi- 

A narrow fan beam i s  swept periodically and unidirectionally through ple. 

the coverage volume. The angle coordinate i s  encoded on an FM subcarrier 
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whose instantaneous frequency is  a monotone function of  time. The airborne 

receiver determines the dwell period o f  the scanning beam envelope (dwell 

gate] and measures the average frequency of the subcarrier over the dwell 

gate i n  order to estimate the angular coordinate. 

During Phase 11, Bendix/Bell c22'341 employed ground system antennas 

(e1ec:tronically scanned l ine  arrays) which yield angle encoding that  i s  

linealr i n  time and sinusoidal i n  coordinate angle. The natural coordinates 

of the result ing angle subsystems are conical. By contrast ,  the TI  model 

uses planar coordinates and a uniform scan i n  angle (mechanically rotating 

antennas). 

Two sources of measurement e r ror  a t t r ibutable  to mu1 t i  path phenomena 

are modeled. The f irst  is  dwell gate displacement result ing from errors i n  

the leading and t r a i l i ng  edge threshold crossing times o f  the beam envelope. 

This e r ror  source is  i l l u s t r a t ed  i n  Fig. 4-2. The second source of e r ror ,  

often dismissed i n  e a r l i e r  simulat 

i t s e l f .  The average angle subcarr 

b o t h  the number of subcarrier zero 

ons, ar ises  i n  the frequency measurement 

e r  frequency is  estimated by counting 

crossings w i t h i n  the dwell gate and the 

elapsed time from the f irst  t o  l a s t  zero crossing. Sufficiently small m u l t i -  

path levels wil l  permit the zero crossing counter to  be "captured" by the 

d i rec t  path signal;  tha t  i s ,  the average rate  o f  crossings will be that  of  the 

d i rec t  p a t h  subcarrier frequency. The mu1 t i  path w i  11 s l igh t ly  perturb the 

location, b u t  not the total  number, of zero crossings w i t h i n  the dwell gate. 

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

d i rec t  component a t  certain instants w i t h i n  ' the dwell gate may capture the 
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F i g .  4-2. Illustration o f  scanning beam dwell gate error mechanism. 
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counter, resulting i n  a frequency estimate which corresponds to  a h ighly  

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

e i ther  dwell gate displacement or frequency measurement e r ror ,  both  are 

included in the simulation. 

4.2.1 .l  Transmi t t e r  Si gnal 

The angle signal i s  generated as an FM subcarrier whose frequency changes 

l inearly i n  time. The instantaneous subcarrier frequency is  

Wsub(t) = ws 4. wt 

* 
and the corresponding complex transmitted waveform i s  

- 2  
s ( t )  = expjfw,t + @c + m expj[w t + + w t  + @,I3 S 

where 

w = car r ie r  frequency 

@c = car r ie r  phase angle 
C 

m = subcarrier modulation index 

= subcarrier center frequency 

h = subcarrier sweep rate  

@s = subcarrier phase angle 

The phase modulated wave i s  amplitude modulated by the scanning antenna 

pattern, P ( e , @ , t ) ,  where 8 i s  the measured coordinate and @ i s  the orthogonal 

coordinate. 

in 8.  P ( e , @ , t )  i s  written as product o f  two factors 

P ( 8 , @ , t )  i s  narrow ( = l o )  i n  0 and wide (anywhere from 8" t o  120") 

(4-2)  

j(.) * 
The notation expj ( ' )  will be used to denote the complex exponential e . 
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P 

The f i r s t  of these ( P 1 )  describes the scan modulation o r  beam envelope, as 

observed i n  direction 8. 

as i n  the TI model, 

l inear  scan notation is  retained throughout. 

The implied angle scanning i s  l inear  i n  time, 
I 

For Bendix 8 i s  replaced by sin 8. For simplicity, the 

The parameter 6 i s  the antenna 

angular velocity (scan ra te ) .  

orthogonal coordinate; note that  the orthogonal pattern i s  independent of the 

The second term ( P 2 )  gives the pattern i n  the 

measured coordinate i n  a l l  b u t  the TI azimuth system, i n  which a special . 

feature called "hopover" is  employed for  centerline emphasis a t  low elevation 

an gl es c269321. The time dependence of P2 will be dropped henceforth. The 

time origin h%s been selected t o  be the i n s t a n t  a t  which the peak of  the 

scanning pattern points i n  the direction 8 =OO(centerline for AZ,  runway 

plane i n  E L ) .  

proportional t o  

T h u s ,  the complex signal transmitted i n  direction (eo, 6,)  is  

4.2.1 .2 Recei ved Signal 

T h e  received signal model consists o f  a superposition o f  terms. One of 

these represents the direct  path component, and the other ( I4  i n  number) repre- 

sents the mu1 tipath propagation components. Each component of the received 

signal i s  characterized by six parameters; specif ical ly ,  the i - t h  component 

i s  described by 
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pi = amplitude 

w = car r ie r  frequency 

T = path delay 

'i ref1 ec t i  on 

i 

i 
= change i n  phase angle due to  i - t h  path 

ei = transmiSsion angle to the specular point 
on the i - t h  ref lector  i n  the measured coordinate 

@i = transmission angle to the specular point 
on the i - t h  ref lector  i n  the orthogonal coordinate (4-5) 

The values o f  the s i x  parameters are calculated for  each ref lector  i n  the 

scattering portion of  the program (see Chapter 2 ) .  

The amplitude i s  computed by the scat ter ing routines as though the trans- 

m i t t i n g  antenna had an omnidirectional pattern over the coverage vol ume. 

the receiver routines, the amplitude ( A i )  i s  weighted by the transmitting 

antenna pattern i n  the orthogonal coordinate ai and normalized to  the received 

amp1 i tude of the di rect  component: 

In 

The in-coordinate pattern i s  accounted for separately since i t  i s  a function 

o f  time. Omnidirectional airborne antenna patterns are assumed. 
* 

The received car r ie r  frequency i s  computed as 

3 

- * An airborne antenna factor wi l l  be incorporated i n  the more advaniced 
system model s under development. 
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where 

. 

= magnitude of a i r c ra f t  velocity vector 

and arrival angle of i - t h  path signal 

'a 
Bi = angle between a i r c ra f t  velocity vector 

c = speed of l i g h t  i n  a i r  

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

and the remaining M be multipath, the total  complex RF signal a t  the receiver 

is 

M 
r ( t )  = 1 pi p l ( i t  - i.ci - e i )  expj(wi(t - T i )  + $i 

i =O 

+ m expj[ws(t - T i )  + p(t - Ti) '  + 6,1) 1 .  

4.2.1.3 Receiver Processing 

Figure 4-3 shows a block diagram o f  an FRS 

model s t a r t s  a t  the second IF output. I t  i s  sp 

(4-8) 

angle processor. The computer 

i t  into two paths; one of these 

determines dwell gate w i t h i n  w h i c h  the frequency measurement is 

and the other consists of the frequency measuring circui t ry .  

The dwell gate processor computes the envelope of  the rece 

I n  the actual c i rcu i t ry  this i s  accomplished w i t h  a l inear  enve 

to  be made, 

ved signal. 

ope detector 

followed by a lowpass f i l t e r .  The lowpass f i l t e r  i s  for  rejection of both 

noise and spurious harmonics o f  the angle subcarrier. 

can be computed direct ly  from Eq. (4-8) by translating r ( t )  down i n  frequency 

by an amount wo ( the received d i rec t  component frequency) and t a k i n g  the 

The unfiltered envelope 

magnitude 

e ( t )  = Ir(t)  e -jwot I (4-9) 
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Fig. 4-3. Bendix/Bell FRS angle processing receiver. 
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In the FRS simulation, a square law envelope detector i s  used for convenience 

i n  the f i l t e r ing  model, a description of which is  omitted here. 

ing a l t e r s  the envelope shape somewhat, b u t  does n o t  fundamentally change the 

processing which follows. 

discussion. 

The f i l t e r -  

The unfiltered envelope is  used in the remaining 

On each scan of the beam, three measurements are made on the envelope. 

These are: (1 )  the amplitude of  the peak o f  e ( t ) ,  ( 2 )  the time a t  which the 

leading edge crosses a specific threshold, and (3)  the time a t  which the 

t r a i l i ng  edge crosses the same threshold. The threshold for the present scan 

can be computed from e i ther  the present peak value or the stored value of the 

previ ous peak. 

The two threshold crossings are used t o  find the beam dwell gate. Nei- 

ther the threshold crossings n o r  the peak can be determined from closed form 

expressions ; instead, they must be cal cul ated by a t r i a l  -and-error procedure 

which involves evaluating e ( t )  a t  a number of points. 

i s  chosen i n  such a way tha t  the error  i n  computing the threshold crossing 

times i s  small compared t o  the dwell gate displacement due t o  multipath. 

Since the frequency estimate uses the f i r s t  and l a s t  zero crossings w i t h i n  

The number of  points 

the dwell gate, the crossings need only be located to  w i t h i n ,  for  example, 

a cycle of the subcarrier. 

The specifics of  the dwell gate procedures d i f fe r  for  the two models, 

b u t  the essential ingredients are:  

1. A tracker scan gate is  se t  up. 

previous angle estimate. This is  the extent of the tracking 

The gate is  centered a t  the 

model i n  the Phase I1 simulation. 
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2 .  

:3. 

4. 

The received envelope is  calculated a t  a numbe.r of points u n i -  

formly spaced over the scan.gate. The calculated values are 

stored. 

The envelope samples are searched t o  find the peak value, which 

i s  used t o  s e t  e i ther  the present o r  next threshold a t  users' 

option. 

The envelope samples are  searched to  f i n d  the times a t  which 

the leading and t r a i l i ng  edge threshold crossings occur. 

times define the dwell gate. For precision i n  the dwell gate 

determination, a f ine  g r i d  search between the envelope samples 

which straddle the threshold can be used. 

These 

- .., 
Let tl and t2 designate the nominal threshold crossing times i n  the ab- 

sence of multipath, and l e t  ^tl and i2 be the times determined by the dwell 

gate processor. In the absence of frequency measurement e r ro r ,  the angle  

error, 0 - e,, due to  dwell gate displacement is  given i n  terms o f  the edge 

displacements 

A 

A 

A t l  = tl - fl 

h 

At2 = t 2  - f2 

as follows: 

(4-10) 

A 

0 
(4-11) 

Having determined the dwell gate, the actual receiver measures the 

average frequency w i t h i n  the dwell gate i n  a manner similar t o  the counting- 
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and-timing method employed i n  Doppler scan. 

i s  demodulated, and the number of zero crossings, as well as the time interval 

T h a t  i s ,  the angle subcarrier 

between the f i rs t  and l a s t  zero crossings w i t h i n  the gate, i s  measured. 

Assume that  k crossings occur and that the f i r s t  and l a s t  are a t  times t l"  and 

t2", respectively. 

gate center i s  

Then a reasonable estimate of  the frequency a t  the dwell 

(k-1 )IT (4-1 2 )  

In the simulation model, the steps leading to  (4-12) are followed quite 

1 i t e r a l ly .  The procedure rests strongly upon the following two observations: 

( 1 )  The FM strong signal capture e f fec t  i s  invoked. I t  i s  
assumed tha t  when the direct  component of the received 
signal suff ic ient ly  dominates the mu1 tipath components, 
the average frequency of the FM demodulator output s igna l  
i s  that of the d i rec t  component. 
of zero crossings o f  the signal i s  that  which would have 
occurred i n  the absence of rnultipath. Conversely, i f  a 
mu1 tipath component is dominant i n  amp1 i tude , i ts  average 
frequency captures the zero crossing counter. 

In  par t icular ,  the number 

The times a t  which the f i r s t  and l a s t  zero crossings occur 
w i t h i n  the dwell gate are somewhat displaced by the cumulative 
mu1 t ipath return. These times are  approximated by computing 
the times ( t  I and t ' )  a t  which the endpoint zero crossings 
would have olcurred -- ?n the absence of multipath and perturbing 
them. The perturbation i s  c a l c u l a t g  by evaluating the net 
phase o f  the demodulator o u t p u t  a t  tl ' and t ' , and linearly 
extrapolating time backwards (or  forwards) t$ the nearest 
instant  of zero phase ( i .e .  , nearest zero crossing). The 
extrapolation is  based upon the instantaneous frequency of 
the dominant component a t  times t l '  and t2 ' .  

The mathematical s u p p o r t  for  the precedi ng i s sketched bel ow. W i t h o u t  
* 

multipath, the angle signal phasor is equal t o  
1 . 2  

+ $,I e x p j h s t  + u t  (4-1 3)  

* 
The d i rec t  signal delay is s e t  equal t o  zero; a l l  multipath delays are 

measured relative to the d i rec t .  
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times an amplitude term dependent upon the beam pattern. Neglecting any 

phase contribution from the beam pat tern,  the subcarrier zero crossings are 

those of  the above expression. In terms of  the phase argument 

arg(t) = t t %;j)t2  t 4 
S s 

(4-1 4 )  

The net phase accumulated by the direct angle subcarrier across the dwell 

gate i s  

The greatest possible number of f u l l  ha l f  cycles o f  subcarrier represented by 

(4-15) i s  
-Wo c = Integer Part  1-1 . L . r r  J 

Either C or C + 1 crossings can occur in the gate, and i t  i s  easy t o  determine 

w h i c h  i s  the case. 

times for which i t s  argument equals 0 o r  T, i.e. 

A zero crossing of the subcarrier phasor occurs a t  those 

sin[arg(t)] = 0 (4-1 6)  
h A 

I f  sin[arg(tl)] and sin[arg(t2)] have the same algebraic sign, the number of  

zero crossings within the dwell gate  can only be even. If their signs are 

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

a simple rule for  computing the number o f  crossings k based on the values of 

A1 , A 2 ,  and C, where 

(4-1 5) 

*’ 

= sin[arg(il)] 

A2 = sin[arg(t2)] 
A (4-1 7) 
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The r u l e  i s  summarized i n  Table 4-1. 

k 
C 

A1 *2 C 
even + 
odd + c + 1  
even - c + 1  
odd - 

Table 4-1. Rule f o r  computing number o f  zero crossings k.  
C 

Having determined t h e  number o f  s u b c a r r i e r  zero crossings caused by t h e  

d i r e c t  wave, t he  i n s t a n t s  o f  t h e  f i r s t  and l a s t  crossings 

w i t h i n  t h e  dwel l  gate must be computed. The parameters q 

f o l l o w s  5 

q1 = arg($)(mod IT) 

h 

42 = arg(t2)(mod d 

o f  the  d i r e c t  wave 

and q2, de f i ned  as 

(4-1 8) 

represent  t h e  d i r e c t  s u b c a r r i e r  phase excess over  IT a t  t h e  dwel l  gate end- 

po in ts .  Thus t h e  endpoint  zero crossings o f  t h e  s u b c a r r i e r  occur a t  t imes 

tl I and t2' given i n  terms of q1 

quencies uo(tl) and u o ( t 2 ) :  

q2, and t h e  endpoint  instantaneous f r e -  
h h 

(4-19) 

(4-20) 42 
t 2 1  = t2 - h 

u o ( t 2 )  

u o ( t )  = d a r g ( t )  = us + i t  

By d e f i n i t i o n ,  t h e  phase o f  t he  d i r e c t  s i g n a l  s u b c a r r i e r  i s  zero a t  t he  

However, t h i s  i s  n o t  necessa r i l y  t r u e  o f  t h e  t imes tl' and t2' given above. 
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total  demodulated subcarrier i n  the presence of multipath. That signal has 

nearest zero crossings a t  times t," and t2" given approximately by 

(4-21 ) 

where @mult(t) represents the phase of the total  demodulated subcarrier (de- 

rived below). 

frequency estimate w; the corresponding angle e r ror  i s  found by subtracting 

the t rue center frequency w ( e  /;) from w and multiplying by ;/h: 

Times t l I 1  and t 2 I 1  a re  substi tuted into (4-12) t o  obtain tlhe 
A 

A 

- 0 0, 

er ror  = 1; - J 
w 

The angle subcarrier i s  demodulated by a limiter-discriminator. I t  i s  

possible t o  write an expression fo r  the phase function of the output o f  t h i s  

c i r cu i t  which includes the multipath e f f ec t s ,  b u t  i t  i s  cumbersome t o  use i n  

the s ta ted framework. In order t o  get a simple expression for  the phase 

function used i n  the zero-crossing perturbation argument, i t  was assumed that  

the demodulated subcarrier i s  a superposition of the individual subcarriers 

weighted by the antenna beam pattern factor and the multipath amplitude pi :  

M 

(4-22) i =O 

Equation (4-22) i s  not to  be interpreted as a mathematical model of a l imiter-  

discriminator output signal. I t  i s  merely a convenient a r t i f i c e  t o  carry out 
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the implications of the e a r l i e r  assumption t h a t  the signal w i t h  the largest  

amp1 i tude dominates the frequency estimate. 

phase function w i t h  a more exact analysis a t  a l a t e r  date. 

arose, however, once the FM angle code was abandoned in the U.S. scanning 

The intention was to  replace this  

The need never 

beam program i n  favor 

Accepting (4-22) 

of TRSB. 

as the formula for  the o u t p u t  yields a phase function 

In the above description, i t  has always been assumed tha t  the direct  

component dominates (po = 1 > p i ) .  When this i s  not the case, an inverted 

version of the above analysis i s  applied. 

path amplitude. 

quency estimate. 

the phase function a rg ( t  - T ~ ) ,  and the e n d p o i n t  perturbation argument goes 

through exactly as before, except that  the phase different ia l  O m u l t ( t )  i s  

evaluated relat ive to  the s igna l  y ( t )  expj[yarg(t - im)]. 

analysis from (4-10) on is  duplicated w i t h  T~ and 8, replacing ~ ~ ( ' 0 )  and 8,. 

T h i s  concludes the FRS angle receiver analysis. 

4.2.2 Time Reference Sys tern 

Let p,, m f O ,  be the dominant multi- 

Then the m - t h  subcarrier component will dominate the fre- 

The number o f  zero crossings is  computed on the basis o f  

Essentially, the 

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

ients for a time reference scanning beam (TRSB) model o f  the type adopted by 
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the FAA as the U.S. ICAO candidate. The major distinctions between TRS:B and 

the FM angle coded system are: 

1 .  

2.  

The FM angle subcarrier i s  no longer transmitted; 

An angle measurement i s  made from two consecutive, 
oppositely d i  rected scans ( the so-call ed to-fro) . 
Although no synchronization signal i s  transmitted, 
the airborne receiver can determine angle by the 
spacing between received scans ; 

3. The antenna scan rates are increased t o  obtain 
several measurements w i t h i n  the basic 5 Hz frame, 
the objective being t o  capi ta l ize  upon mu1 t ipath 
(or motion) averaging. 

I t  i s  interesting t o  note tha t  TRS i s  i n  many respects the dual of the Iii- 

direction scan Doppler MLS (see section 4.3). Those systems similarly employ 

mult,iple scans/frame for  the purpose of mu1 t i p a t h  

agi n g  . 
Figure 4-4 shows the TRSB signal format used 

The format uses time division multiplex w model. 

e r ror  reduction 

i n  the Phase TI 

t h i n  a ful l  cyc 

via aver- 

computer 

e of 592 msec. 

The system model for EL-1 and EL-2 assumes 8 to-fro scan pairs are  averaged 

for  each data point w i t h  the time differences between scans varied i n  accord- 

ance w i t h  F i g .  4-4. These time differences are  cycled on successive 200 msec 

data frames, e.g. , i f  the f i rs t  EL scan of sequence 1 i s  the  beginning of a 

data frame, then the l a s t  EL scan of sequence 1 ( i .e . ,  the n i n t h  EL scan i n  

a "ful l  cycle") s t a r t s  the next data frame. 

For simplicity, three AZ to-fro scans are assigned t o  each 200 msec 

data frame. The time differences between these are varied i n  accordance 

4-20 
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c 

EL GROWTH LARE AzI~JUTH FLARE EL FLARE 
1 

293 592 ms 

F U L L  CYCLE = 592 mr 

I C  

(a) Full C y c l e ' o f  Func t ions  

0 5.2' 10.2 26 31 36.2 48 53.0 59.0 64.0 i n s  

0 5 10 15 20 25 30 35 40 45 50 55 . 60 mr 

1- 64 nir 

( b )  Subsequence W1 

0 5 i o  15 2r 25 30 35 45 50 55 60 ins 

BASIC 
DATA 
WORD 
#I (3) 

( c )  *Subsequence # 2  

NOTES: (1) AUXILIARY OATA (1 WORD) OR MISSED APPROACH ELEVATION 
(2) 360' AZIMUTH OR AUXILIARY DATA (2 WORDS) 

OR BETWEEN SEQUENCES' 

IATC-63 VI 4-4 I 
(3) BASIC DATA WORD # 2  TRANSMITTED EITHER IN GROWTH 

Fig.  4-4. TRSB func t ion  format. 
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w i t h  F i g .  4-4 and  cycled between data frames as was done for  the EL and 

f la re  functions. 

4.2.2.1 Signal and Receiver Model 

Extension of the FRS model t o  the TRS case involves dropping the angle 

code i n  the phase term ( i t s  e f fec t  has already been discarded i n  the ampli-  

tude term), and a d d i n g  a phase term to account for  motion averaging. 

accounting fo r  the to-fro scan pa i r ,  l e t  the antenna scan ra te  be positive 

( 6  > 0 )  on the to-scan, negative ( - 6  < 0)  on the fro as i l lus t ra ted  i n  

F ig .  4-5. The complex RF signal on the n - t h  to-scan can be written as 

I n  

i n  which the time varying delay due to  A/C motion i s  indicated explicitl.y, 

va cos Bi 
'+) = T i  - t 

C 
(,4-25) 

I f  thle time scale i s  shif ted so tha t  each scan s t a r t s  a t  t = O  ( i . e . ,  t i s  

replalced by t + (n-l)Td), the scan delay shows up i n  the phase term as a 

scalloping frequency. W i t h  thi.s time scale change and mu1 t i p 1  ication by 

expj(-wet), the envelope o f  r l n ( t )  becomes 

I M 
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I 
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‘2 ‘1 start of _. - -- /’ 
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scan 

+a 

t 
ELEVATION 

ANSLE 

00 

- TIME 4 

(a) Typical Pulses Received by 
TRSS Receiver as Beam Scans TO and FRO 

TIME DIFFERENCE (tz-ti) 
_c 

(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 i s  found i n  much the same way. I n  thle 

beam envelope term, 6 i s  replaced by -6  t o  indicate the change of  scan direc- 

t ion! ,  and the envelope delay i s  increased by an amount T,, which i s  the 

elapsed time between 0" boresight on the to-scan and 0" boresight on t h e  fro- 

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

M 

i =O I 

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

The thresholds for  the dwell gate can be derived from e i ther  the previous scan 

peaks o r  the clcrrent peaks. Within a single s l o t ,  the threshold for the fro- 

pulse can be s e t  independently o r  can be the same as fo r  the to-pulse. 

Let T l l n  and t,2n be the dwell gate edges for  the to-scan, and t2,,, and 

be the edges for the fro-scan. The time scale has been s e t  up so tlhat %2n 
the two dwell gates should be approximately symmetric about t = O .  From (4-26) 

and (4-27) we see t h a t  the d i rec t  path envelope maximum occurs a t  t = 2 1 4 ~ 1  6 
(+ for  t o ,  - for f ro) .  The proposed angle estimator operates in a manner 

which i s  equivalent t o  finding the two dwell gate centers and subtracting 

the i r  values t o  estimate sin 8,. 

'The dwell gate centers are 

- 2 
- + 5 2 n  

(4-28) 
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I f  both gate centers occurred a t  the direct  path envelope peak, the i r  differ-  

ence would sa t i s fy  

e 
(4-29) 

independent of the actual scan arrival times a t  the a i rc raf t .  T h u s ,  the n - t h  

scan angle estimate is  
A 

(4-30) 

and the frame er ror  is found by averaging over N such estimates: 

N 

(4-31) 
n = l  

4.2.2.2 Mu1 t ipath Control Technique 

The U.S. TRSB system intends t o  employ a multipath control technique (MCT) 

t o  minimize the effects  o f  ground reflection and other low elevation m u l t i p a t h  

sources i n  the f la re  system a n d ,  for some configurations, the primary elevation 

as well. MCT operationLz1 s221 consists o f  scanning the elevation beam down to  

some stop angle and subsequently decreasing the transmitted power according t o  

a power program which wil l ,  i n  the absence of-multipath, yield the correct 

t r a i l i ng  edge dwell gate threshold crossing i n  a l l  receivers located above 

the stop angle. The mirror image procedure i s  used on the up-scan. This 

section discusses the implementation of MCT i n  the MLS simulation. 

Without MCT, the direct  path signal envelope seen by a receiver a t  ele- 

vation 8 i s  given i n  terms o f  the in-coordinate beam pattern as P 1 ( - b t  - e ) .  
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W i t h  MCT the scan terminates a t  boresight angle estop 
/ 6 ) ,  and an amplitude taper funct - 

time tstop - -%top 

(equivalently, 

on f ( t )  i s  app  ied:: 

(4-32) 

The taper function is  determined by the condition that the tapered waveform 

should cross the t r a i l i ng  edge dwell gate threshold a t  the same time as the 

untapered. 

value of f ( t )  a t  a single p o i n t .  

constrains the en t i re  function. 

level o r ,  more precisely, upon the angular displacement of the beam a t  which 

the ci-ossing occurs. Denote this displacement as v deg. Then 

For a fixed receiver coordinate, this is  only a condition on the 

The fac t  that  i t  must hold for  a l l  8 > estop 
The taper function depends upon the threshold 

(41- 33) 

The taper varies inversely w i t h  the scanning beam pattern. 

sumed that  p , ( * )  i s  an even function in de r iv ing  E q .  (4-33).  

I t  has been as- 

lhe taper need only l a s t  for v /6  sec i f  only receivers above stop angle 

are to  be provided accurate guidance. After t = tstop + v / 6 ¶  the beam i s  cut 

off .  Without multipath’, the t r a i l i ng  edge crossing will occur a t  cutoff 

time for  receivers below estop (see Fig. 4-6) .  As 8 decreases, the dwell gate 

narrows and i t s  center i s  too h i g h  ( i . e .  , too early i n  time) by an amount. 

- 8)/2.  Thus i f  the dwell gate angle estimate e” comes out below € l s t o p ,  (estop 

i t  is corrected upwards by an amount (estop - e) /2  on the assumption that  the  

e r ro r  i s  due t o  t r a i l i n g  edge cutoff. 
A 

T h u s  the final estimate $ i s  
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Fig.  4-6. Elevation patterns w i t h  MCT. 
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h h 

e =  

A 

e 
l 
I 

h 

A 

; e > e  - 

e + % t o p  . h 

2 ’ 5 %top  

(4- 34) 

MCT i s  incorporated in the TRSB model by replacing the function 

P 1 [ b ( t  - - t i )  - O i l  in E q .  (4-26) by A ( t  - - t i , B i ) ,  with a similar substi tution 

being made for  the fro-scan envelope. 

found as before and then the MCT correction applied ( i f  desired). 

4.2.2.3 

The threshold crossings are then 

A 1 tern a t i  ve TRSB P roces so rs 

Brief consideration was given t o  TRSB receivers other t h a n  the dwell- 

gate processor discussed i n  Section 4.2.2.1. 

by the behavior of the dwell-gate processor in the presence of multipath 

whose amp1 itude exceeds the dwell-gate threshold. 

l a r  error  vs RF phase between direct  and multipath revealed the phenomenon 

exemplified in Fig. 4-7. The e r ror  has a nearly constant level for small 

phases followed by a sharp discontinuity. 

reference t o  Fig. 4-8 which shows a multipath signal a t  positive separation 

and hence arriving l a t e r  t h a n  the direct .  

coherently t o  the direct ,  thereby broadening the pulse and causing a large 

dwell-gate sh i f t .  Because of the time displacement of the two signals,  the 

d i rec t  signal primarily determines the leading edge crossing and the multi- 

path defines the t r a i l i n g  edge. 

ly independent of the phase until the phase progresses t o  the point where 

the multipath reduces the resultant so as t o  create a notch between the two 

The work was in pa r t  motivated 

Early simulations o f  angu- 

This behavior i s  explainable with 

A t  zero phase, the multipath adds 

Therefore, the dwell gate position i s  near- 
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a) Multipath i n  phase with d irec t  

threshold 

t 

threshold 

b)  Multipath out of phase with d irec t  

IATC-63 VI  4-8 I 
Fig. 4-8. Dwell gate behavior f o r  large multipath. 
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pulses. 

jumps to a position more nearly centered on the direct  signal. The e r ror  is  

then correspondingly smal l e r  and Changes only s l  i ghtly w i t h  phase thereafter 

as the pulse i s  narrowed due t o  cancellation of the direct  by the multipath. 

When the notch depth f a l l s  below the threshold, the dwell gate 

A processor that  responds t o  pulse peak position rather t h a n  threshold 

crossings would be less  susceptible to  this type of multipath interference. 

A theoretical analysis of an ideal peak locator confirmed th i s  expectation as 

indicated by the curve labeled "theoretical ideal peak detector -3  dB" in 

Fig.  4-7. 

A practical approach to pulse peak location i s  the spl i t -gate  discrimina- 

Two forms of spli t-gate processor have to r  well known i n  the radar l i t e ra ture .  

been considered. In one, shown i n  F ig .  4-9a, the spl i t -gate  multiplies the 

pulse envelope and the product is integrated to  yield an estimate of how f a r  

the gate is off-center from the pulse. Since the integral i s  proportional t o  

pulse amplitude as well as gate of fse t ,  a correction derived from pulse peak 

is  applied to  the estimate. The off-center measurement is  employed i n  a 

feedback loop to drive the gate toward the pulse peak for the next pulse 

period. The instantaneous pulse position i s  obtained by adding the off-  

center reading t o  the gate t iming .  

A second spl i t -gate  processor implements the operations of mu1 t i p 1  ication 

and integration by a convolution. 

response dupl icates the sp l  i t-gate waveform. 

is  the convolution of pulse and ga te  as sketched i n  F ig .  4-9b, passes t h r o u g h  

zero a t  one instant of time corresponding to  the arrival of pulse peak plus a 

The pulse is  fed to  a f i l t e r  whose impulse 

The output of the f i l t e r  which 
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fixed delay. 

tion. 

i n  i t s  estimate. However, t o  avoid confusion by other zero crossings, the 

measurement must be enabled a t  the proper time by a time gate or amplitude 

threshold crossing. 

The zero crossing time i s ,  therefore, a measure o f  pulse posi- 

The zero-crossi ng processor does not require pulse amp1 itude correction 

A limited number of simulation runs were carried out t o  compare the per- 

's. These are dis- formance of the two s p l i t  gate and dwell gate process0 

cussed in Chapter 6. 

T h i s  concludes the scanning beam system model ana ys i s .  

4 . 3  Doppler Scan Angle System Models 

Operation of the Doppler scan MLS model i s  presented primarily i n  terms 

A 1  though there i s  greater fundamental d i  f-  of  the ITT/GIl f i  11 an simul a t i o n .  

ference between the two Doppler models (ITT/G and Hazel t ine)  than between the 

two FRS models, the ITT/G was used as the basis for  a model of the U.S. Dop- 

pler  Working Group system. 

signal generation technique are explained as an a1 ternative Doppler antenna 

mechanization. Following tha t ,  a t h i r d  antenna technique based upon United 

Kingdom work is  discussed. The l a t t e r  has multipath properties which d i f f e r  

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 

In Section 4.3.2, certain aspects of the Hazeltine 

The angle subsystems under consideration operate according t o  the Doppler 

scan principle. In a Doppler system, angle information i s  transmitted via a 
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CW signal radiated into the coverage volume. T h i s  signal i s  spa t ia l ly  modu- 

lated so that  the frequency transmitted towards a particular point i n  space 

is  a monotone function of the angular coordinate o f  tha t  point. 

counteract the effect  of A/C-induced Doppler sh i f t ,  a CW reference tone is  

transmitted simultaneously a t  a neighboring frequency. 

ceiver measures the difference i n  frequency between the two received signals 

(the difference frequency is  essent ia l ly  free of any dependence on a i rc r la f t  

motion) i n  order to estimate the angular coordinate. 

In order to  

The airborne re- 

Duri ng Phase I I ,  ITT/Gi 1 f i  1 1 an empl oyed ground sys tem antennas (el  ec- 

tronically commutated 1 ine arrays) which generate the Doppler s igna l  by !;imu- 

la t ing the motion of an RF source. The angle encoding varies sinusoidally 

w i t h  (angle, and the array beamidth increases i n  proportion to the sine of 

the off-boresight angle. 

sys teins are conical . 
The natural coordinates of the result ing angle sub-  

During an angle data frame, the commutated source makes several scaris 

across the antenna aperture. 

source motion i s  f i r s t  i n  one direction, then i n  the opposite. 

of scnns/frame varies w i t h  angle function. 

a l l  these scans i n  deriving an angle estimate and i n  d o i n g  so i t  can incur 

the benefits of motion averaging. 

These scans are bidirectional,  t ha t  i s ,  the 

The number 

The angle receiver makes use of 

The primary source o f  angle measurement e r ror  a t t r ibu tab le  to  mu1 t ipath 

phenonlena derives from the method of frequency estimation employed by the 

airborne receiver. The receiver (which derives t i m i n g  information from the 

incoming signal and  thus operates synchronously w i t h  i t )  establishes a sc:an 
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gate over which i t  observes each received scan; the gate has a duration 

which is  a fraction of the transmitted scan duration. 

signal frequency i s  estimated by counting both the number of zero crossings 

w i t h i n  the scan gate and the elapsed time from the f i r s t  t o  l a s t  zero 

crossing. 

the received signal captures the counter and controls the average frequency. 

The total  multipath signal perturbs the location of the endpoint crossings, 

causing the estimated frequency to  d i f fe r  from the dominant frequency. 

4.3.1 . l  Transmitted Signal 

The average angle 

As i n  the scanning beam FRS systems, the dominant component i n  

The reference signal i s  an RF tone of frequency w r ( =  5 GHz). The angle 

signal differs  from the reference by an offset  doff(= 100 kHz) and may take 

on e i ther  value wr 

tion. 

a t  a constant velocity (v,)  over the duration of a scan (T,) and traverses 

the antenna aperture L = vsTs. 

f i rs t  of these i t  is  assumed that  the car r ie r  takes on the upper sideband 

value wr + uoff and that  i t  alternates between lower and upper sideband on 

successive scans. The sequence consisting of an upper followed by a lower 

sideband scan consti tutes a bidirection scan (duration 2Ts) .  A t  the midscan 

transit ion (or turnaround)  of the commutated signal,  the RF waveform i s  con- 

tinuous as the frequency changes from wr + woff t o  wr - woff .  I t  i s  assumed 

w o f f 3  the s ign  of uoff being governed by the scan direc- 

The commutation process i s  modeled by assuming t h a t  the source moves 

A total  of 2N scans are transmitted. On the 

* 

* 
T h i s  al ternation of  sidebands preserves the angle coding a t  a fixed 

angular direction when the scan reverses, i . e  
alternates between two values which are  equidii tant from wr.  A t  baseband 
this appears as a constant frequency. 

the received frequency 
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* 
that  each of  the N bidirectional scan transmissions i s  identical .  By advanc- 

i n g  the time origin an amount 2Ts for each scan p a i r ,  a single formula which 

is  independent o f  the bidirectional scan number can be written for  the signal 

trarismi t t ed  by the moving source: 

(4- 35) 

The reference signal is  simply 

s ' ( t >  = expj(wrt) ; o - -  < t < ZT, (4-36) 

A stationary observer located on the radial defined by the conical coor- 
' 

dinates (e,@), where 8 is  the measured coordinate angle (e.g. ,  azimuth i n  the 

AZ system, e t c . )  and CP is  the orthogonal coordinate, sees a l inear  combination 

of s ' ( t )  and a Doppler shif ted version of s ( t ) .  Each signal i s  weighted by 

the t r ansmi t t i ng  antenna pattern i n  the direction (e,@); these patterns are  

desginated as P'(8,CP) and P ( 8 ¶ @ ) ,  respectively. Each o f  these patterns is  

assumed to  factor intc.  a product of an azimuth and an elevation pattern just 

as fo r  the scanning beam case: 

- * 
The process known as phase cycling (or stepping or d ig i t iza t ion)  which 

i s  einployed a t  the angle transmitter i s  intentionally neglected i n  the model. 
T h i s  feature i s  employed t o  reduce granularity error  i n  the angle estimate, 
b u t  since this i s  an instrumentation-related, n o t  a multipath-related problem, 
i t  need not be of concern here. 
f i l t e r  t ransient  effects .  

Phase cycling also helps t o  average o u t  
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In a square-law envelope detector the relat ive value of the angle and 

reference signal amplitudes i s  of no concern, since only the cross-product 

term i s  retained i n  the angle measurement. 

detectors, additional intermodulation (IM) products are generated. As a 

partial  validation of the decision to  employ a square-law detector, a study 

of the intermodulation distortion created by a multipath signal in a l inear  

envelope detector was carried out. 

principal f i n d i n g  i s  that although the l inear  detector exhibits some small 

multipath suppression, the reduction i s  a t  the expense of the introduction 

of equally bothersome If9 products. 

i s  a t  l ea s t  6 d6 above the angle sideband s ignal ,  the small multipath charac- 

t e r i s t i c s  of l inear  and square-law detectors nearly coincide. 

In l inear  envelope o r  other 

This i s  reported i n  Appendix B. The 

I f ,  however, the received car r ie r  level 

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

depends only on the conical angle 8 and the commutated source velocity vector. 

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

AZ, parallel  to  the ground i n  EL-1 and EL-2.  

vector points i n  the direction 8 = +90" on the upper sideband scan and 0 = -90" 

on the lower. 

The commutated source velocity 

Therefore, the angle frequency observed a t  coordinate 8 i s  

(ur  2 uoff)( l  2 c vS sin 8) 9 (4-37) 

the + o r  - s i g n  depending upon the scan direction. 

The proportionality constant i n  the angle-to-frequency mapping i s  

called the coding factor and is denoted by K ;  from (4-35) i t  is evident 

tha t  

K =  - urVS (rad/sec)/rad 
C 
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(to w i t h i n  2 2 ppm). 

be given i n  terms of the scan duration and the aperture s ize  i n  wavelenlgths, 

or simpler ye t ,  the antenna beamwidth i n  degrees (e,,,,), defined by the 

aperture i n  wavelengths i n  the familiar way: 

A more readily understandable expression for  K can 

= 1% (9 = egWTs Hz/deg 

4.3.1.2 Received S i  gnal 

The received signal models for  angle and sideband consist of a super- 

position of the d i rec t  path component and the mu1 tipath propogation COIYI- 

ponents. 

e t e r s  (see Section 4.2.1.2 f o r  de ta i l s ) .  

characterize the reference signal ; these are designated by primes (e.g. , 
p i  = i - t h  reference mu1 t ipath amplitude). 

are calculated fo r  each ref lector  i n  the scattering portion of the program. 

For the i n i t i a l  runs i t  was assumed that  the reference and angle antennas 

are colocated, and i n  the case of A Z ,  have identical antenna patterns. In 

those cases for which the patterns are ident ical ,  the multipath parameters 

will be identical as well (the received frequencies wi and wi' will not o f  

course be equal due t o  the difference i n  transmitted frequency and the 

commutated source Doppler, b u t  t he i r  A/C-dependent Dopplers will be the 

same). 

date non-colocated reference and sideband antennas and t o  perform a sepa- 

ra te  mu1 t ipath computation for  each. 

Each component of the sideband signal is characterized by 6 param- 

A similar s e t  of 6 parameters 

The values of the 1 2  parameters 

More recently the simulation program has been rewritten t o  accommo- 

r 
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The received frequencies are a function of the angle between the a i r c ra f t  

velocity vector and the arrival direction of the incoming component. 

angle signal they also depend upon the angle between the commutated source 

velocity vector and the vector from the transmitter t o  the specular p o i n t  

on the reflector.  These two situations are shown i n  F igs .  4-10 and 4-11. In 

the multipath signal case, the geometry i s  given i n  terms o f  an image trans- 

mitter and image source velocity vector. 

refelctors are absent and the propagation path i s  rect i l inear .  

mation is computed i n  terms of the fractional frequency changes (va  cos Bi)/c 

and ( v s  cos y i ) /c .  

For the 

For the direct  components, the 

Doppler infor- 

In order to  complete the received signal calculation, the time dependent 

delays along each of the paths must be evaluated. 

represents the path delay a t  the beginning o f  the frame ( t = O ) .  

dependent delay for  the f i rs t  scan i s  

For the angle signal,  - T ~  

The time 

( 4- 38) 

I t  i s  assumed that cos Bi > 0 ,  i .e. , that  the a i r c ra f t  i s  approaching the 

transmitter. Since the sense of the source velocity vector reverses a t  each 

scan t ransi t ion,  cos yi will take on both signs. 

modified t o  yield the delay fo r  the n - t h  scan by accommodating the changes 

i n  scan direction and updating the delay corresponding to  the a i r c ra f t  posi- 

t i o n  a t  the beginning of the n - t h  scan. This is  done i n  such a way t h a t  the 

time reference is  reset  to  t = O  a t  the beginning o f  each scan: 

Equation (4-30) can be 

4- 39 



obs t ruc t ion  

3 

t r a n s m i t t e r  IATC-63 V I  4-101 

F i g .  4-10. Geometry f o r  received r e fe rence  frequency c a l c u l a t i o n .  

image t r a n s m i t t e r  

t r a n s m i t t e r  IATC-63 VI 4-111 

F i g .  4-11. Geometry f o r  received angle  frequency c a l c u l a t i o n .  
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. 

vs cos y t ; n=odd 

( T s - t )  ; n=even 

(4-39) 
i I  v cos Bi 

C 
( t )  = Ti - ( a 'in 

In  (4-39), yi i s  assumed t o  retain the value i t  takes on a t  the f i r s t  scan 

(n= l ) .  

no source Doppler component: 

The delay formula for  the reference signal i s  simpler since there i s  

(4-40) 

The total  received signal can be written i n  terms o f  the parameters 

defined above. 
* 

The i - t h  angle component of the n - t h  scan i s  p i y i n ( t ) ,  where 

The corresponding reference component is  p i  y;,(t) :  

Since the commutated and reference signals are transmitted simultaneously, 

the n - t h  scan received signal i s  the sum rn( t ) :  

M 

i =O 
(4-43) 

* The right-hand side of (4-41) should also contain a term equal t o  uoffTS 
on the even scans (see Eq. (4-35), b u t  i t  i s  dropped under the assumption 
that  i t  is  a multiple of 27r. 
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Froin (4-39)-(4-42) we can identify the n - t h  scan frequencies win and w i n  

of the received angle and reference signals,  respectively: 

v cos yi 
-(# C 

i va cos f3 

i n  (4-44) 

c 

(4-45) 

4.3.1.3 Recei ver Processi ng 
Figure 4 - 1 2  shows a block diagram o f  the ITT/G angle processor C18!,311 

The i n p u t  sum signal i s  translated through two IF stages. The second I:F 

output i s  applied to the final square-law detector. The video output of 

t h i s  signal contains a term proportional t o  the product of the angle arid 

reference signals centered i n  the vicinity o f  w r ,  and this is  essentia1;ly 

the signal upon which the angle measurement i s  based. 

Prior t o  angle measurement, the signal i s  subjected t o  multipath re- 

jection f i l t e r i n g .  The rejection f i l t e r  i s  embedded i n  a tracking loop which 

attempts t o  VCO the  d i rec t  component of the signal t o  a fixed frequency where 

the f i l t e r i n g  takes place. After the f i l t e r i n g ,  the signal i s  returned to  

the original frequency band using the same VCO, eliminating the possibiility 

of residual frequency of fse t  i n  the angle signal. 

f i l t e r  loop i s  a scan gate generator which blanks out the i n i t i a l  segment of 

each scan. 

Following the rejection 

c 
The gate generator controls the operation of the zero-crossing 

counter ( Z C C )  and time interval counter (TIC)  which follow. These count both 

the number of zero crossings w i t h i n  the scan gate and the elapsed time between, 
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TC-63 VI 4-12 

- Square 
Li lW BPF 
Detector 

- 

I 

Multipath = Scan - 
-, Matched 

Rejection Gate 
Filter Generator Filter 

-4 !sFront 
I 

1st IF 2nd I F  

F i g .  4-12. ITT/G angle processing r e c e i v e r .  
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the f i r s t  and l a s t  crossings, This occurs on a l l  2N scans and the angle 

estimate is  essent ia l ly  proportional to  the r a t io  of total  number of  crossings 

t o  the total  elapsed time measured by the TIC. 

T,, is chosen by a compromise between blanking the f i l t e r  transients due t o  

the scan reversals and eliminating large portions of the signal. 

The length of the scan gate,  

* 

The analog multipath rejection f i l t e r s  employed by ITT/G d u r i n g  the 

Phase I1 t e s t s  were narrowband and hence have transients which can pers is t  

longer than a scan duration. 

ist- ic will permit i t  t o  achieve good multipath rejection when properly 

centered; this feature is  useful i n  rejecting mu1 t ipath returns from reflec- 

tors; a t  in-beam or nearly in-beam angles which are illuminated w i t h  angle 

code only s l igh t ly  different  from that  of the d i rec t  path. However, a large 

porttion of the received signal must be scan-gated out for  t ransient  suppres- 

sion. 

T h e  sharp rol loff  of  such a f i l t e r  character- 

, 

The f i l ters  employed by H a ~ e l t i n e ~ ~ ~ ’ ~ ~ ~  d u r i n g  the Phase I1 t r i a l s  

were wideband and have f a i r ly  shallow ro l lof f .  

short  re la t ive to  the scan time, which permits a large portion of the scan 

to  be used for  frequency measurement. On the other hand, s ignif icant  multi- 

path suppression a t  the receiver i s  achieved only a t  far-out-of-beam selpara- 

tion angles. Of course, i t  must be emphasized that  Hazeltine employed t h i s  

rece.iver configuration i n  conjunction w i t h  ground system antennas which are 

Their t ransient  response i s  

- * 
Roughly, the e r ror  i n  a 

the r a t io  of scan duration to  
be as; large as possible while 
s i en 1;s . 

Doppler scan system i s  proportional t o  T ,’T , 
scan gate duration. 
eliminating most of the rejection f i l t e r  trans- 

Obviously then, t h i ! ?  sfiould 

c 
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designed, for  example, t o  have a sharp  horizon rol loff  i n  e 

suppress ground reflection multipath a t  the transmitter end 

The angle processor model described below incorporates 

evation which would 

o f  the system. 

the following 

features which were deemed necessary t o  achieve representative error  models: 

1 .  All the modulation products between the angle and reference 
signals are retained. 
signals should emerge. 

Thus effects  due t o  m u l t i p a t h  on both 

2. Scalloping o f  both the angle and reference signals i s  
included by representing the scan-to-scan phase coherence 
of each recei ved component. 

3. An amplitude check for reference signal fading i s  included. 

4. An elementary model of the tracker dynamics is  included. 
By tracking on the previous angle estimate rather than the 
true A/C position, the " p u l l i n g "  e f fec t  of in-beam multipath 
will be observed. T h i s  e f fec t  tends t o  give higher and more 
r e a l i s t i c  errors than would otherwise be predicted u s i n g  
fixed gate tracking. 

In the simulation, a steady s t a t e  model for  the f i l t e r  output i s  assumed; 

that  is ,  rather than characterize the f i l t e r ing  i n  the time domain where 

the output would be computed by convolving the i n p u t  w i t h  an impulse response, 

we look only a t  the steady s t a t e  residual of the f i l t e r ing .  T h i s  i s  

obtained by multiplying each term of the complex s igna l  by the f i l t e r  transfer 

function eval uated a t  the appropriate frequency. 

T h i s  type of  model i s  most appropriate t o  scan-gated delay l ine  proces- 

. sors ,  a type of processor which i s  thought by marry t o  give the best Doppler 

performance. Transversal delay l ine  f i l t e r s  (feed-forward only)  have f i n i t e  

duration impulse responses, so that ,  w i t h  proper scan g a t i n g ,  no performance 

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

steady s t a t e  m,del is rigorously accurate. Because of the f i n i t e  duration 
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of the impulse response, the frequency response of the f i l t e r  will exhibit 

a sidelobe structure which allows some “out of beam” components through with 

less  than the desired rejection. 

We recognize that many of the rejection f i l t e r s  implemented to  date are 

analog. Experiments by the U.K. c391 and others indicate tha t  i f  the actual 

analog f i l t e r  transfer function i s  used i n  a model such as ours, the eirrors 

w h i c h  are predicted tend t o  be too small, especially as the mu1 t i  path sepa- 

r a t i o n  angle increases beyond a beanwidth. T h i s  i s  a t t r ibutable  to  the 

t ransient  effects  which are  not accurately modeled by the steady s t a t e  ap- 

proach. In order t o  properly account fo r  f i l t e r  effects  i n  a steady s t a t e  

model, one needs a t ransfer  function which has sidelobe structure of the 

sort. that  naturally occurs i n  a f i n i t e  impulse response (FIR)  f i l t e r .  T h i s  

suggests t ha t  an appropriate f i r s t  order model for the analog f i l t e r  may be 

an F I R  with approximately the same in-band response as the analog f i l t e r  and 

sidelobe s t ructure  which ar ises  from truncating the impulse response t o  a 

duration equal to  the scan gate. 

The square-law detector output contains a term proportional t o  the angle- 

reference crossproduct: 

M M 

This signal can be written as 

M M 

- 
(4-46) 

(4-47) 
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where the frequency and phase o f  the ( i  , j )  component are given by - 

L 

C 
vs cos 

va cos Bi 
+ (-1yl + (-1ln-l Uoff [l + e 

(n-l)Ts + $i - $ .  + 6 i n  I J  va cos Bi n 
+ (-1) uoff [-Ti C 

; odd n 

(4-48) 

(4-49) 

(4-50) 

Ts; even n 
v cos y i  S WrVs cos y i  

C Ts + oJoff(l - c 

Let H(w)  be the rejection f i l t e r  characterist ic.  The function i s  cen- 

tered a t  w=O. Assume that  the tracking loop centers the f i l t e r  on the fre- 
A 

quency measured d u r i n g  the previous frame, uold. Then the signal o u t  o f  

the rejection f i l t e r  loop i s  modeled as 

M M  
(4-51 ) 

on the n - t h  scan. The scan gate removes a leading and t r a i l i ng  segment of  

the scan, allowing zero-crossing counting t o  be done only over the interval 
i 1 1 t - T c ) .  + T c ) l .  

i 
unreal 
s i en t  
of no 

‘The centered scan gate i s  employed because the f i l t e r  model as posed i s  
izable. 
behavior w h i c h  m u s t ,  be deleted. 
consequence other t h a n  t o  systematically sh i f t  the phase relationships 

For a realizable f i l t e r  only the leading segment contains tran- 
In the simulation, the gate location i s  

among the mu1 t ipath components. 
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The data obtained by an actual receiver on the n - t h  scan consists of 

the number of zero-crossings kn and the intervals T: between the f i r s t  and 

l a s t  zero-crossings w i t h i n  the gate. 

fol 1 ows : 

The angle estimate i s  obtained as 

which is 

gates t o  

The 

scr-i bed 

(4-52) 
- 

nothing more than the ra t io  of the phase accumulated across the dwell 

the total  time measured by the TIC. 

intervals  T; are determined by the phase perturbation method 

n the scanning beam, Section 4.2. The method is  more readi 

i f ied  here because the sinewave bursts are not amplitude modulated. 

de- 

y jus t -  

I t  should be noted t h a t  the phase perturbation method of analysis i s  n o t  

new; i t  can be traced t o  the NATO-NIAG simulation by ELABC401, and has been 

usedl by both U.S.  Doppler contractors as well. c18y30931 9331. 

support  for  the angle estimation model is  detailed below. 

The mathematical 

Three separate cases can be considered in developing the mathematical 

models fo r  the procedure just described. In the f i r s t  of these (Case A ) ,  i t  

i s  assumed that  the d i rec t  component i s  suff ic ient ly  strong t o  capture the 

zero crossing counter; i n  the second (Case B ) ,  a multipath component i s  

, larger  than the d i rec t  and  captures the counter. A t h i r d  (Case C )  includes 

those intermediate s i tuat ions i n  which, a1 though one component has ampli tude 

greater than a l l  others,  i t  may not be suf f ic ien t ly  large to  guarantee that  
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* 
i t s  frequency dominates the zero crossing process. 

involves d i rec t  zero crossing counting of the angle waveform and has n o t  been 

included i n  the present version of the simulation. 

The treatment of Case C 

Cases A and B are  treated together, a s  A i s  really ju s t  a special 

instance of B. Sufficient conditions for  dominance of the IJ component are 

(4-53) PINn 2 pi j n '  i # I ,  j # J 

an d 

where 

(4-54) 

(4-55) 

Condition (4-54) s t a t e s  tha t  the amplitude o f  the dom nant component exceeds 

the sum of the remaining M + 2M amplitudes. 

tion, especially since a t  low scalloping frequencies the reference frequency 

2 T h i s  is a rather stringent condi- 

* 
Certain Doppler contractors claimed that  the d i rec t  component would 

always capture the zero crossing counter i f  i t  were larger than the other 
components. However, i t  has been shown [41] t h a t  i n  the simplest case of 
a single multipath component, one needs the condition 

as well as p > p 
The practicay impact of this condition is t h a t  reliance on capture e f fec t  
for  wide-band Dop l e r  signals to accom lish signal acquisition may be 

that  of niultipath even though the direct  signal has a larger amplitude. 

Po wo > p1 W1 
t o  insure tha t  no fa l se  zero crossings are generated. 

unreliable when t R e direct  signal Dopp 7 e r  i s  substantially l e s s  than 
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terms could be combined i n t o  a single term. 

then the receiver should be i n  Case C. 

to assign 1,J t o  the component w i t h  the maximum value of p i jn .  In e i ther  

event, the t e s t ( s )  need only be done for  one even and one odd scan (e.g. ,  

n=l,2) , since the multipath environment is  constant over the frame (a i r c ra f t  

motion causes the post-fi l tered amplitudes t o  d i f fe r  on the even and  odd 

scans)..  Thus Case A corresponds to  (1 ,J)  = (0,O). 

If  no ( i , j )  pair  s a t i s f i e s  (4-54:),  

For the present, the default option i s  

The net phase accumulated by the dominant component across the n - t h  

scan gate i s  

WIJn(t2 - '1) = WIJn Tc (4-56) 

whe ire 

are the scan gate edges ( the gate picks up the middle T, sec of each sc:an). 

The greatest  number of fu l l  half cycles represented by the phase increment 

(4-56) i s  

T C, = Integer Part (WIJn c ) .. IT 
(4-57) 

r 

,. 

The number o f  crossings kn  i s  e i ther  Cn o r  Cn+l and i s  determined u s i n g  the 

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

i s  simply 

c 

a r g ( t )  = WIJnt ' aIJn 
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Having determined the number of zero crossings caused by the dominant 

wave, the instants o f  the f i r s t  and l a s t  crossings of the wave w i t h i n  the 

scan gate must be computed. Define q l n  and qZn as follows: 

These parameters represent the phase excess over IT of the dominant wave phasor 

a t  the two ends of the scan gate. 

are found by extrapolating time t o  the next zero crossing. 

of the gate, time is  extrapolated forward - a t  the t r a i l i ng  edge backward. 

Due to the sideband alternation o f  the commutated s i g n a l ,  the phasor rotates 

counterclockwise on the f i r s t  scan and reverses direction a t  each new scan. 

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

The endpoint zero crossings tin and tin 
A t  the leading edge 

Y odd n 

Y even n 

Y odd n 

9 even n 

(4-59) 

(4-60) 
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By d e f i n i t i o n ,  the  phase o f  the dominant component i s  zero a t  t imes 

tin,tin. However, t h i s  i s  n o t  necessar i l y  t r u e  of  the t o t a l  angle s igna l  i n  

the presence o f  mu l t i pa th .  That s igna l  has nearest  zero-crossings a t  t imes 

and t;,, which can be approximated by computing the  phase angle o f  the n e t  t in  

s igna l  phasor referenced t o  the  dominant component phase and p r o j e c t i n g  the - 

t imes of  t h e  nearest  zero crossings. The n- th  scan phase func t ion  descr ibed 

above i s  

and the  zero c ross ing  p r o j e c t i o n s  are 

(4-62) 

(4-63) 

The a l t e r a t i o n  i n  d i r e c t i o n  o f  r o t a t i o n  o f  the  dominant phasor i s  taken i n t o  

account by t h e  s ign  o f  wIJn. 

‘The values o f  kn and TA, where 
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are substituted 
A 

nto (4-52) t o  derive the frequency estimate 2. This value 

i s  stored as wold  to  be used 'in the next frame tracking f i l t e r  loop. The cor- 

factor K, E q .  (4-37): 

h 

A 

e -  - s in- l  [ - K Woff] 

h 

responding angle estimate is easi ly  found i n  terms of w, uoff and the coding 

(4-65) 

The angle e r ror  i s  simply 

A 

eo e r r  = 8 - 

4.3.1.4 Reference Signal Fading 

One condition which can cause s ignif icant  e r ror  i n  Doppler MLS 

The received reference components have on of the reference signal. 

i s  fading 

y the sma 1 

frequency differences induced by a i r c ra f t  motion, and hence can combine into a 

slowly fading reference signal. 

reference strength equal to  o r  greater t h a n  the angle signal strength w i t h  

regard to  operation of a l inear  detector, so i t  is  important t o  f l a g  those 

instances i n  which the net amplitude sinks below some threshold value. 

i s  simply accomplished by a check on the reference amplitude a t  a single 

point, the midscan point. 

We have already discussed the necessity for  

T h i s  

The composite reference signal i s  

M 
'a 2 p i  expj[wr(l + cos yl.)t J + J 

j=O 
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w i t h  amp1 i tude 

A ( t )  = 

M 

I 1 p j  expj(wr V cos y!t + 
J J 

j=O I 
(4-67) 

A(NTs)  i s  evaluated and compared to  a threshold which is  a parameter of the 

simulation model. 

i s  taken for  the corresponding frame. 

If  the amplitude i s  below threshold, no angle measurement 

4.3.2 

4.3.2.1 The Circular Array 

A1 ternat i  ve Doppler Antennas 

The Doppler azimuth antenna implemented by Hazeltine d u r i n g  Phase I1 o f  

the MLS program consists of a c i rcular  array o f  radiating elements. 

structure naturally produces a p l  anar beam because of i t s  c i rcu lar  symmetry. 

The surfaces o f  constant Doppler are vertical  planes in contrast  t o  t he  coni- 

cal surfaces formed by the l inear  array. 

advantageous implementation when wide angle or  ful l  360" coverage i s  desired. 

Thle 

The  c i rcu lar  array provides am 

Due to  the ur,usual design of this antenna, i t s  properties were not well 

understood by the MLS community. 

from various points of view, b u t  none was sat isfactory.  

the c i rcu lar  array by conventional antenna theory had not appeared, such an 

analysis was undertaken to  gain further i n s i g h t  on the properties of the an- 

tenna design. 

will not be repeated here. 

Explanations of i t s  behavior were offered 

Since a treatment of 

The mathematical derivations are  reported i n  Appendix E and 

Starting from fundamental principles, the antenna f a r  f i e ld  was derived 

for  the array angle-dependent aperture element excitation. The f i e ld  was 
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shown t o  have the desired average Doppler shift  as a function of the azimuth 

angle to the observation point. 

frequency or chirp independent of azimuth angle. 

chirp confirmed the formula derived ea r l i e r  by less  direct  methods. 

expl ic i t  expression for  the elevation angle dependence of the chirp was also 

obtained. 

n o t  serve as the heuris t ic  basis of the average Doppler. 

b r i g h t  spot could be used to  explain the chirp phenomenon. 

The f i e ld  i s  modulated by a time varying 

The derivation for  the 

An 

I t  was shown t h a t  the "moving b r i g h t  spot" on the aperture could 

However, a moving 

The analysis yields an expression for  an incidental amplitude modulation 

as a function of scan time which causes the radiated signal t o  depart from a 

constant envelope. 

tude is dependent on the observation angle as well. 

had been observed i n  simulations by Hazeltine and are now substantiated by a 

well -founded theory. 

Due to  the e f fec t  of f i n i t e  aperture cutoff,  the ampli- 

Both amplitude variations 

4 . 3 . 2 . 2  Beamport Antenna 

The Doppler elevation antennas implemented by Hazeltine d u r i n g  Phase I1 

of the MLS program consist of multiple feed beamport ref lectors .  

tennas can generate planar beams w i t h  any desired angle encoding, for  example, 

the 1 inear encoding actually employed. 

can be shaped to  provide rapid elevation rol loff  near the horizon for suppres- 

sion of ground reflection multipath. T h i s  feature was found to be o f  particu- 

l a r  importance i n  the Ku-band flave guidance system. 

These an- 

In addition, the beamport ref lector  
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A s i n g l e  RF source i s  d i v i d e d  i n t o  several  feed l i n e s ,  each conta in ing  a 

d i g i t a l  o r  analog phase s h i f t e r .  The composite phase s h i f t e r  c h a r a c t e r i s t i c s  

(deg/sec) determine the  angle encoding func t ion .  

o f  coherent ly  r e l a t e d  frequencies which s imultaneously i l l u m i n a t e  t h e  r e f l e c t o r .  

Because o f  t h e  coherence, one can env is ion a “spot”  on the  r e f l e c t o r  surface 

a t  ‘which a l l  t h e  feed outputs are i n  phase; t h i s  spot  w i l l  migrate across t h e  

r e f l e c t o r  dur ing  t h e  scan, thus p r o v i d i n g  a moving source analogy t o  t h e  com- 

mutated ar ray  implementation. 

a r ray  (up t o  23 dB/deg) i s  much steeper than t h a t  achieved by a t y p i c a l  com- 

mutated ar ray  element ( 5  dB/deg) which has l i t t l e  v e r t i c a l  aperture.  

The feed outputs are a s e t  

& 

/ 

The hor izon r o l l o f f  achieved w i t h  t h e  Hazel t i n e  

I n  terms o f  system modeling, the antenna p a t t e r n  o f  t h e  beamport alrray 

i s  incorporated by we igh t ing  t h e  received s i g n a l  ampl i tude by an appropr ia te 

antenna we igh t ing  f a c t o r  P1(0). The remainder o f  t h e  model then proceeds as 

i n  the  case o f  the  ITT/G model descr ibed e a r l i e r .  

4.3.3 Thinned Arrays 

One o f  the  key changes proposed by t h e  U.K. t o  the bas ic  Doppler scan 

concept i s  a “ t h i n n i n g  out’ ’  of  the  azimuthal sideband a r r a y  coupled w i t h  a 

commutated f i n e l y  spaced reference array.  

reduc t ion  i n  t h e  number o f  r a d i a t i n g  elements and switches, e t c .  can be 

achieved w i t h o u t  i n t r o d u c i n g  any g r a t i n g  lobes (i .e., fa lse  courses) i n  t h e  

absence o f  mu1 t i  path. 

By doing t h i s ,  a q u i t e  s i g n i f i c a n t  

I n  t h i s  sect ion,  we show t h a t  t h e  t rans form o f  t h e  received Doppler 

s i g n a l  w i t h  a p e r i o d i c a l l y  th inned sideband ( o f f s e t )  a r ray  and commutated 

reference d i f f e r s  s i g n i f i c a n t l y  from t h e  spectrum o f  a f u l l  sideband ar ray  
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w i t h  fixed reference when there i s  a multipath component present. T h u s ,  the 

t e s t  resul ts  for  a full  array (e.g. ,  ITT Gilf i l lan a t  NAFEC C3'1) cannot simply 
c42 1 be applied to  the case o f  a t h i n n e d  array (e.g. , USAF azimuth a t  WPAFB 

and U . K .  azimuth by RAE [273) and vice versa. Some general observations re- 

garding the resu l t  are made a t  the end. 

The "thinned" Doppler array shown i n  F i g .  4-13 operates as follows: 

i n i t i a l l y  the "coarse" array element nearest the reference array and the 

reference array element nearest the coarse array are radiating. 

successive reference array elements are excited i n  turn while the radiating 

coarse element does not change. 

finished radiating, the next coarse array element and the i n i t i a l  reference 

Next, 

When the l a s t  reference array element has 

array element commence radiating. 

of the coarse array i s  reached, a t  which point the scan pattern is usually 

reversed ( t o  give a bidirectional scan). 

T h i s  pattern is  repeated u n t i l  the end 

Since the distance between the reference element and coarse array element 

radiating increases w i t h  time i n  the same manner as i s  achieved w i t h  a fu l l  

sideband array and fixed reference, i t  is  not surprising tha t  i n  the absence 

o f  multipath, the two systems are equivalent. What i s  n o t  so  obvious i s  the 

impact on mu1 tipath performance of j u m p i n g  around in effective antenna phase 

center d u r i n g  the scan progression. 

impact has only been achieved by the mathematical derivation out1 ined below. 

Taking the zero-th coarse element as reference for  the "thinned" array 

shown i n  F ig .  4-13, the signal a t  the receiver from the k - t h  coarse element 

can be written 

Regrettably, a c lear  statement of this 
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Y yy rr YLLY Y Y +  Y r 
--k* d +Nfd --+I 

Reference ( f i n e )  a r ray  Main (coarse) a r r a y  

d = f i n e  element spacing = 0.236X f o r  system a t  WPAFB[42] 
= 0.2329 f o r  UK system[27] 

Nfd = coarse element spacing = 1.89X f o r  system a t  WPAFB 

= 1.86X f o r  UK system 

Nc = number o f  coarse elements = 64 f o r  system a t  WPAFB and UK system 

bTC-63 V I  4-13 I 

Fig. 4-13. "Thinned" Doppler a r r a y .  
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while the s i g n a l  a t  receiver from the n - t h  f ine element i s  

where: 

f i  = offset  frequency between coarse and f ine ( i  . e . ,  reference 
and s i  deband) arrays 

= magnitude o f  fine element direct  signal before mixer an  
ak = magnitude of coarse element direct  s igna l  before mixer 

af = excitation shape for  a single fine element 

p = mu1 t ipath magnitude/direct magnitude 

@c = phase of direct  signal a t  coarse element 

6, = phase of multipath s igna l  a t  coarse element 

@ f  = phase of d i rec t  signal a t  f ine element 

@f = phase o f  multipath signal a t  f ine element 

-3 

- 
By simple calculation: 

@ f  = 
= 

Qf = 

0, = 

- h ( n + l )  d sin ed/h + E = - (n+l )  B + E 

2nk N f  d sin 8d/h + E = kNf B t E 

2n(n+l) d sin 0,/X + E,,, = - (n+l )  Bm + 

2k.rrNf d sin 0,,.,/h + cm = kNf B, + cm 

+C - 
- 

when : 

d = separation between fine elements 

E = i n i t i a l  phase of direct  component a t  coarse element 0 
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= i n i t i a l  phase o f  multipath component a t  coarse element 0 

8d = d i rec t  component arr ival  angle 

8, = multipath component arr ival  angle 

Modeling the mixer as a multiplication o f  the k - t h  coarse element signal x 

n - t h  fine element signal followed by low pass f i l ter ing,  the mixer 

o u t p u t  i s  

(4-70) 

where 

$c-$f = (Nfk  + n + l ) B  

$c-$f = Nfk B + (n+l)Bn + E - E ~  

$c-$m = Nfk Bm + (n+l)B + E,,,-€ 

OC-$, = (Nfk  + n+l)Bm 

- 
- 
- 

We now want t o  compute the Fourier transform o f  the signal i n t o  thl, = zero 

crossings counter assuming an and ak are constant: 

1: 4- 71 ) 

Each of the terms Hdd, Hdm,  Hmd can be readily determined by straightfoiward 

cal ctrl a t i  on. The amp1 i tudes are as fol 1 ows : 
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s i  n[NcN (B-A) / 2 ]  - 
Hdd - s i n  (B-A)/2 

sin[NcNf (B-A)/2] - 
Hdm - s i  nLNf (B-A)/2] 

s i  n[NcNf (Bm-A)/2] - .  - 
Hmm sinL(Bm-A)/2 J 

p f 

s i n  Nf(B-A)/2 
s i n  (B-A)/2 * pf 

sin[Nf (Bm-A)/2] 

s i  nL (B,-A) /2  J pf 

pf 

where 

A = 2~ T ( f - f i )  

T = l / r a t e  a t  which f i n e  elements are switched 

P f  = t ransform o f  t h e  f i n e  element e x c i t a t i o n  waveform af 
= 2[s in  A/2]/A f o r  "hard swi tch ing"  

Next, we compute t h e  t ransform o f  t h e  i n p u t  t o  t h e  zero c ross ing  counter 

o f  a f u l l  sideband a r ray  and f i x e d  reference f o r  t h e  same m u l t i p a t h  environ- 

ment. I n  doing soy  i t  i s  convenient t o  take t h e  zero- th  sideband element as 

reference and have NcNf " f i n e "  elements. For t h i s  case. 

oc = E 

+c - Em 

@f 

% - 

NfNc 

N f N C  

= -kB + E k = 1,Z ¶ . . . ¶  

@ f  = -kBm + cm k = 1,2, ..., - 

The mixer  output  f o r  the k - t h  element i s  then 
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w i t h  transform: 

Proceeding as before, i t  i s  t r i v i a l  t o  show tha t  the amplitudes are 

sin[N,N, ( B - A ) / 2 ]  
L I  

pf 
- 

si n [ ( B- A )  / 23 Hd - 

- si n[NcN (B,-A) /2] 

s i n ( 6,- A ) / 2 pf Hm - 

Comparing (4-71) w i t h  (4-72),  we see that  the thinned array output has 

two 1;erms (Hmd and Hdm) i n  addition t o  those obtained w i t h  the fu l l  array. 

These additional terms represent mu1 t i p a t h  generated by the grating 

lobes of the main (coarse) array, and are analogous to  a 0 dB sidelobe iin a 

scanning beam array. To i l l u s t r a t e ,  when sin 8, = sin 0d - + X/d N f  correspond- ' 

i n g  t o  an "out o f  beam'' condition, Hmd peaks a t  the same frequency as Held 
and thus is equivalent t o  "inbeam" multipath. 

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

more recent proposals have 

No concrete proposals have 

perfcm an analysis of the 

suggested randomized t h i n n i n g  of  the main array ~ 3 8 1  . 
yet  been'made, so i t  has n o t  been possible t o  

type above to  determine the improvement by such 
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schemes. 

considerations tha t  the performance o f  such a system can be upper bounded by 

considering the beam pattern of the total  Doppler array ( i  .e. 

and main arrays treated as a single array). 

I t  i s  hypothesized on the basis of general estimation theoretic 

reference 

This pattern is  of the form 

(4-73) 

where 

Vr(e) = reference array (voltage) pattern = sin ( N f  n)/sin n 
assuming equal amp1 i tude weighting 

Vm(e) = (voltage) pattern of main array 

rl = .rr(d/X) sin 0 

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

theory arguments (see Chapter 6 of ref .  [43]) suggest t h a t  

1 .  the beam pattern near boresight drops off i n i t i a l l y  as a 
f i l l ed- in  array of the same length and then f la res  out t o  
follow V (e)  a t  a level approximately -20 loglo (1 + N , / N f )  
down froh the main lobe. 

and 

2.  on the average, the sidelobes are approximately (1-r)/(N,+Nf) 

= (+ - l)/Nf down i n  power from the main beam peak where r i s  
the thinning r a t io  (= number of elements i n  the thinned array/ 
number of elements i n  fu l l  array o f  the same length) and N f  = 
number o f  elements i n  a f u l l  array. 

For a 60X ful l  array, N f  - 120, so tha t  a t h i n n i n g  factor  of 0.5 would 

suggest -20 dB sidelobes. 

to achieve sidelobes be t te r  than -20 dB; i t  seems unlikely tha t  large 

Since contemporary MLS designs typically t r y  
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t h i n n i n g  factors can be realized by the 

acceptable side1 obe performance. 

Two caveats should be noted regard 

scheme above w i t h o u t  

ng the above conclus 

generating un- 

ons. F i r s t ,  i t  

i s  not c lear  t h a t  practical Doppler processors can achieve the performance 

suggested by estimation theory considerations due t o  the nonoptimal process- 

i n g  .in the receivers. On the other hand ,  by very clever synthesis and/or 

exhaustive search, i t  may be possible to  f i n d  a t h i n n i n g  pattern which -is 

substantially bet ter  than the "average" t h i n n i n g .  

4.4 Distance Measuring Equipment Models 

The distance measuring equipment (DME) systems operate on the principle 

of ro tund- t r ip  time delay measurement. An airborne interrogator transmits a 

face. The transponder estimates the arrival time of the 

transmits a reply signal. The 

pulse coded waveform which i s  received a t  a transponder on the a i rpor t  sur- 

interrogation and 

airborne interrio- a f t e r  a known fixed delay 

gator, upon receipt o f  t h  

the rcange on the basis of 

:In the systems which 

s signal ,  estimates i t s  arriva time and computes 

an adjusted round-trip delay. 

have been modeled, time o f  arrival estimation i s  

based upon detection of the leading edge of  the f i r s t  pulse ( the  usual pulse 

code consists o f  a pulse pa i r ) .  

arrival as early as possible i n  order t o  minimize the effect  o f  multipath 

The intent i s  t o  sense the leading edge 

echoes' which have small different ia l  delay. 

E:ach one-way DME l i n k  model consists of ( i )  a pulse waveform and 

These can be chosen independently; the com- ( i i )  a processor algorithm. 

binations which consti tute the d o w n l i n k  and u p l i n k  may d i f fe r .  

form models (trapezoidal , Gaussian, and chirp) and three processor models 

Three wave- 

n 

t 
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(fixed threshold , real time threshold, and delay and compare) are available. 

Others can be prepared with ease. The downlink and uplink DME's  are specified 

separately. 

4.4.1 Waveforms and Transmitted Signal 

4.4.1 . 1 Trapezoidal Pulse 
,. 

The trapezoidal pulse waveform i s  defined as 

P ( t >  = { 1 ; tr  5 t 5 T - t r  

\ o  ; otherwise 

where T i s  the pulse dura t ion  and tr the 0% - 100% risetime. 

4.4.1.2 Gaussian Pulse 

The Gaussian pulse waveform i s  

2 t 
- B ( r  > 

r P ( t )  = e 

where B i s  a scaling constant which allows fo r  various definit ions of risetime. 

Much of the l i t e r a tu re  dealing w i t h  DME,  e .g. ,  ICAO Annex uses 10%-90% 

definit ion of  t ry i n  which case B = 1.423. 

4.4.1.3 C h i r p  Pulse 

The chirp DME model i s  somewhat more complicated t h a n  the other two i n  

t h a t  what the simulation model requires i s  a representation of the pulse a t  

the range processor, and t h a t  waveform i s  n o t  proportional t o  the transmitted 

one. The difference i s  the matched f i l t e r i n g  which occurs i n  the receiver.  
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The transmitted pulse has a rectangular envelope and a quadratic phase 

(1 iriear FM) characterist ic:  

(4- 74) 

( 0  ; otherwise ... 

In E:q. (4-74), 1-1 i s  the chirp parameter (rad/sec). 

the pulse has amplitude proportional to 

After matched f i l t e r i n g  

(4-75) 

and zero phase. Because of the time-frequency coupling i n  the l inear  FM 

pulse, a Doppler sh i f t  W d  affects  the amplitude of the f i l t e r  output and i n -  

troduces a l inear  phase term as well. The amplitude and phase terms are 

As i n  the angle systems, the DME multipath calculation is  finalized i n  

the DME routine i t s e l f .  

i s  computed by weighting the M / D  r a t io  by the r a t io  of the ground antenna 

azimuth and elevation patterns: 

For each multipath component, a normalized amplitude 
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' 1  
(4- 76) 

The DME data ra te  is  40 Hz, and eight uniformly spaced returns are 

averaged t o  obtain 5 Hz range data. A phase retardation term of the sor t  de- 

scribed for the multiscan angle systems is  introduced on each scan for  this 

purpose. The n - t h  scan re- 

ceived envelope is  

Other m u l t i p a t h  parameters are used as before. 

(4-77) 

where Td is  the delay between pulses. 

pulses, assume t h a t  p ( t , . q )  = s ( t ) ¶  $ ( t ¶ w d )  = 0. 

For the trapezoidal and Gaussian 

The chirp DME was proposed and bench tested by Texas Instruments. In the 

actual receiver a hard l imiter  i s  used i n  front o f  the matched f i l t e r  for  AGC; 

the resultant loss of amplitude information i s  not especially c r i t i ca l  to  the 

matched f i l t e r ing .  The introduction o f  the hard l imiter  considerably compli- 

cates analytic modeling of the total  mu1 t ipath signal, however, and was 

omitted from the simulation e f for t .  

4.4.3 Receiver Processing 

The three processor types which have been modeled encompass a l l  the 

processing techniques used by the Phase I 1  contractors. 

threshold processors; the threshold level is e i the r  fixed a t  a constant level 

Two of these are 
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of s e t  a t  a constant percentage of the peak amplitude o f  the received pulse 

(the l a t t e r  i s  called real time thresholding). 

Hazeltine, and the l a t t e r  serves as a model for a t  l ea s t  one l i n k  of each of 

The former was used by 

the remaining systems. Both Bendix/Bell and ITT/G used the t h i r d  type, 

delay-and-compare, on one l i n k .  

4,4.3.1 Threshol d Processors 

The receiver routine computes the time a t  which the received envelope - 

crosses a threshold level.  T h i s  is done by a straightforward search procedure 

over a set of stored envelope samples. 

equation t o  be solved on the n - t h  scan i s  

For a fixed threshold processor the 

= a 

In the real time processor the peak value enlmax is found by searching the 

envelope samples, and the crossing occurs a t  the solution of 

I max 

In order t o  find the errors ,  the time a t  which the crossings would have 

Call this time t (inde- 
- 

occurred i n  the absence o f  multipath must be found. 

pendent o f  n ) :  

p ( i , o )  = a : fixed 

p ( t , o )  = apn~ma, : real time 
5 

- 
For the trapezoidal and Gaussian pulses, t can be determined ana1yticall.y. 

For chirp, the crossing i s  found by search. 
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The n - t h  scan arrival time error is  

A -  

En = t,-t 

4.4.3.2 Delay-and-Compare Processor 

The delay-and-compare processor i s  shown in Fig. 4-14. Arrival time i s  

estimated by detecting coincidence of the received envelope and a delayed, 

amplified replica. I t  i s  a self-AGC'ed processor since no absolute levels 

are involved. 

one can adjust the crossing point anywhere from low on the undelayed pulse 

By adjusting the value of gain ( G )  and comparator delay ( T d ) ,  

leading edge to  a point on the peak, or  plateau, region of the pulse. 

The processor equations are  

.., 
P ( i )  = G P ( t - T d )  : perturbed crossing 

en($,) = G en($- d )  : nominal crossing 
- 

Once again, for  the trapezoid and Gaussian pulses, expressions for  t can be 

derived. 

ceiver has not been implemented; i f  i t  were, the value of t would be found by 

The remaining combination , chirp pul SO w i t h  del ay-and-compare re- - 
search or tab1 e 1 ookup. 

4.4.4 Range Error 

Individual TOA errors are computed for  each link by averaging N uniformly 

spaced errors (N  = 8 for  40 Hz * 5 Hz conversion). 

(downlink and u p l i n k ,  respectively): 

Denote these by E d  and tzu 

N 
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I ZERO CROSSING t- 

7 

'd 

F i g .  4-14. Delay and compare thresholding.  
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N 
- -11 

& U  N 'un 
n= 1 

The two way range e r ror  i n  feet  i s  found by averaging &d and cu and multiplying 

by the speed of l i g h t  i n  a i r  ( f t / sec) :  

This concl udes the DME system model description. 

c 
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5- 1 

V .  MOTION AVERAGING 

The MLS achieves h i g h  accuracy and data ra tes  over a wide coverage by 

use of two narrow fan beams, one fo r  azimuth and another for elevation. 

Multipath problems are avoided by n o t  illuminating the a i r c ra f t  and potential 

ref lectors  "simultaneously" (e.g. , i n  time for scanning beam and i n  frequency 

for Doppler). 

of practical  significance,  be very low for a system i f  appropriate receiver 

processing i s empl oyed. 

When th i s  i s  achieved, multipath errors  should, i n  most cases 

However, cases may a r i se  where "simul taneous'l illumination occurs. 

Examples of t h i s  include: 

( a )  the fan beam i s  not narrow enough i n  the coordinate system 

be ing  transmitter (e.g., taxiing a i r c r a f t  too near the 

approach end of a long runway, rising terrain i n  front of an 

el  evati on array).  

(b) a scattering object l i e s  w i t h i n  the fan beam in i t s  wide 

plane (e.g., hangars o r  a i r c ra f t  t a i l s  w i t h i n  the elevation 

system coverage, the ground in f ront  of azimuth systems). 

For a considerably period o f  time, i t  was not fu l ly  appreciated in the MLS 

community tha t  problem ( b )  above could be a s ign i f icant  problem fo r  any MLS 

p r o v i d i n g  elevation informati on over a wide azimuth coverage sector.  

studies of existing airports  have shown that  hangars and a i r c r a f t  would be 

present in the contemplated coverage sectors.  

i f  the resulting er rors  could be reduced by means other than coverage re- 

ducti on. 

However, 

T h u s ,  i t  i s  important t o  see 



We have seen t h a t  on a s i n g l e  measurement, t h e  r e s u l t i n g  e r r o r  i s  a 

f u n c t i o n  of several  mu1 ti path c h a r a c t e r i s t i c s .  

( a )  m u l t i p a t h  l e v e l  r e l a t i v e  t o  d i r e c t  s i g n a l  l e v e l  

(b)  m u l t i p a t h  angle coord inate r e l a t i v e  t o  d i r e c t  path 

angle (i .e., the  "separat ion angle") 

( c )  m u l t i p a t h  path delay, rf phase r e l a t i v e  t o  d i r e c t  s i g n a l  

(d)  r a t e  o f  change of path delay i n  ( c )  due t o  a i r c r a f t  motion. 

The ' last  i t e m  leads t o  the  p o s s i b i l i t y  o f  motion averaging which i s  t h e  c e n t r a l  

t o p i c  of t h i s  sect ion.  Systems having a s i g n a l  format which y i e l d  measurements 

more r a p i d l y  than the requ i red  data r a t e  may take  advantage of mot ion averaging 

t o  reduce the  degradation due t o  inbeam mul t ipa th .  Since t h e  s i g n a l  f o r m a t  

i s  genera l l y  a f a i r l y  f l e x i b l e  fea ture  o f  most MLS systems, mot ion averaging 

represents an a t t r a c t i v e  means o f  s u b s t a n t i a l l y  reducing t h e  e r r o r s .  

pr imary o b j e c t i v e  o f  the  i n i t i a l  mot ion averaging s tud ies  was t o  determine 

under what circumstances motion averaging would be e f f e c t i v e  i n  reducing 

mu1 ti path e r r o r .  

- 

* 

The 

I n  t h e  nex t  sect ion,  t h e  improvement i n  accuracy due t o  averaging a 

sequence o f  samples i s  der ived  by means o f  c o r r e l a t i o n  ana lys is  on t h e  mc. 'asure- 

ment t ime ser ies.  

beam noise spectrum o f  t h e  output  data samples as a f u n c t i o n  of t h e  specLrum 

o r  c o r r e l a t i o n  f u n c t i o n  o f  the  i n d i v i d u a l  measurements and t h e  averaging 

The ana lys is  a l s o  leads t o  a general expression f o r  t h e  

It should be emphasized t h a t  t h e  t reatment  here makes no d i s t i n c t i o n  * 
as t o  a i r  der ived  systems versus ground der ived  systems. Thus, t h e  bas ic  
r e s u l t s  may be a p p l i e d  t o  a l l  ground der ived  systems whose s i g n a l  format 
y i e l d s  a measurement sequence of t h e  type considered here. 
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b 

parameters. These resul ts  are then spec 

e r ror  i s  a sinusoidal function of the RF 

"grat  

f ,=o. 

alized t o  the usual case where the 

phase between direct  and mu1 t i p a t h ,  

and the improvement due t o  averaging i s  dependent on the rate-of-change of 

, RF phase, the so-called scalloping frequency, f,. 

he average improvement factor for a fixed scalloping frequency f s  has 

ng lobes" where the improvement reverts t o  the value unity i t  had a t  

Section 5.2 assesses the importance o f  grating lobes by determining the 

time required t o  f l y  through these regions of poor motion averaging as a 

function of f s  and ref lector / f l ight  path geometry. In  section 5.4, the theory 

used i n  sections 5.1 and 5 . 3  i s  refined t o  consider items such as motion aver- 

aging between to-and-fro TRSB scans as well as j i t t e r e d  time formats. 

The remainder of  the chapter deals w i t h  the existence of multipath and 

i t s  scalloping frequency i n  relation t o  a i r c r a f t  position and velocity and the 

location, height and orientation of reflecting surfaces. In-beam m u l t i p a t h  

for elevation systems due t o  buildings i s  treated expl ic i t ly .  

5.1 Motion Averaging Improvement 

I n  this  section a general formu ation i s  presented of the effects  of  

averaging i n d i v i d u a l  measurements on the e r ror  a t  the o u t p u t  o f  the MLS system 

where i t  interfaces w i t h  the f l igh t  control system. 

will be represented by a sequence of samples {ei). 

The measurement errors 

Each sample pertains t o  a 

I periodic measurement event such as a p a i r  of up-down Doppler scans or  a to-fro 

scanning beam sweep.t 

Focusing on the measurement events i s  done here t o  o b t a i n  basic charac- t 
t e r i s t i c s  of motion averaging improvement. In a l a t e r  section, we consider 
some refinements such as motion averaging between t o  and fro sweeps and the 
e f fec t  of time j i t t e r e d  measurement formats. 
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The samples occur a t  a uniform rate with spacing T as shown i n  Fi 'g .  5-1. 

A contiguous sequence of M of the high rate samples i s  averaged. 

process i s  repeated every N h i g h  rate samples resulting in a new sample 

sequence w i t h  spacing NT. The averaged samples are denoted Ek where the in- 

dices are related by i=tJk, i .e. s 

The averaginq 

M- 1 

t 

j = O  

This model retains the time relationship of a l l  the sample instants 

and encompasses situations where averaging i s  applied over par t  of a TDlM 

f rame . 
The correlation function o f  the basic time series i s  defined as thle 

s tatist ical  o r  time average o f  the product o f  two samples separated by ,j 

sampl ing instants : 

Stationarity has been assumed in t h a t  the average i s  independent of the 

index i . 
The correlation function of the averaged time series i s  

M- 1 
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M 
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l l  l H l I  t t t t t  

Fig.  5-1. Time sequence o f  measurement samples. 
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T h i s  expression may be evaluated f o r  any correlation function o f  the 

basic process. Especially interesting i s  the periodic correlation associated 

w i t h  a scalloping frequency us: 

R ( i )  = R(0) cos(wS T i )  

Inserting the periodic correlation function into E q .  (5.2 ) gives 

si n2 ( MwsT/2) 
2 14' sin (wsT/2) 

= R ( m N )  Ek  Ek+m (5-3) 

We observe that the correlation function of the averaged process i s  pro- 

portional t o  the correlation function of the basic process. The proportionality 

factor is  the square of the averaging improvement. 

I t  i s  instruct ive also to examine the beam-noise spectrum SB(o) defined 

as the discrete Fourier transform of the output sampled-data correlation 

function. I t  can be shown that 

2 sin [MT ( w  - F)] / ,j 
MZ sin2 [ ~ ( w  - ?)/ 21  

S B ( W )  = y  s(W - ?)- 
r? 

(5-4 1 

wherle S(W)  i s  the noise power density spectrum of the continuous noise process 

underlying the basic measurement time series before averaging. The l a s t  

expression shows the sampling spectral sidebands a t  mu1 t i p l e s  of the output ,- 

sampling frequency 1/NT. 

spectrum f i l t e r ed  through the averaging f i l t e r .  

o f  S(u) extends beyond IT/NT, spectral foldover o r  a l ias ing will  occur. 

Each spectral zone consists o f  the measurement e r ror  

When the s ignif icant  bandwidth 
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For example, i f  1 / T  = 40 Hz, error  components a t  a l l  multiples of 40 Hz 

will be aliased down to  zero frequency. 

aliasing is  a property of sampled da ta  systems which did not occur w i t h  ILS 

because ILS furnishes data continuously i n  time. 

signals which could be f i l t e r ed  o u t  w i t h  a cw system such as ILS may be aliased 

down t o  a frequency w i t h i n  the a i r c ra f t  f l i gh t  control system passband. 

I t  shou ld  be emphasized t h a t  th i s  

Thus, h i g h  frequency error  

The periodic correlation function discussed above leads t o  a 6 function 

a t  the scalloping frequency 

S(w) = 6(w-us)  

In the beam noise spectrum, each sampling sideband i s  then attenuated by a 

common improvement factor 

(5- 5) 

i . e . ,  A(ws) i s  the rms reduction i n  error  a t  the frequency us. 

This expression places into clear focus a l l  the parametric relationships 

of  motion averaging w i t h  a fixed scalloping frequency us = 2nfs. For very low 

scalloping frequency, the improvement factor goes t o  one as expected. T h e  

factor goes t o  zero, result ing i n  no errors ,  when the scalloping frequency 

goes through one or more complete cycles i n  the averaging time MT. 

returns to unity whenever f s  i s  an integer multiDle o f  1/T.  

hereinafter called grating lobes, are the aliasing frequencies of the basic 

sampling rate. 

The factor  

These points, 
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The averaging improvement f a c t o r  i s  shown i n  F ig.  5-2 f o r  M=4, 16 and 25 

It i s  ev ident  t h a t  an increase i n  t h e  bas ic  as a f u n c t i o n  o f  the product fsT. 

sampling i n t e r v a l  T has t h e  disadvantage o f  b r i n g i n g  t h e  a l i a s i n g  frequencies 

c l o s e r  together  i n  terms of fs, b u t  has the  b e n e f i c i a l  e f f e c t  o f  narrowing 

the ‘lobes of t h e  f u n c t i o n  around each a l i a s i n g  po in t .  

5.2 Persistence of Grat ing Lobes I 
S t a t i s t i c a l  cons iderat ions suggest t h a t  the  average mot ion averaging 

improvement should be M-’12.* However, we have seen t h a t  t h e  “average” 

improvement i s  n o t  obta ined f o r  e r r o r  f requencies near t h e  g r a t i n g  lobes. 

Th is  l a c k  o f  improvement i s  q u i t e  impor tant  i n  system design and comparison. 

Thus!, i t  i s  necessary t o  examine i n  g rea ter  d e t a i l  t h e  p r a c t i c a l  s i g n i f i c a n c e  

o f  t h e  g r a t i n g  lobes. 

averaging c o n d i t i o n  w i l l  p e r s i s t .  

A key issue here i s  how l o n g  i n  t ime t h e  poor motion 

Following t h e  l e a d  of the  U.K. Doppler s tud ies  [279451, we consider  t h e  

pers is tence P 

P = [d f S / d t ] - l  sec/Hz 

Given P, one then has the  est imate 

*AT = Phf 

as t h e  t ime r e q u i r e d  t o  f l y  through a g r a t i n g  lobe whose frequency w i d t h  

i s  A f  Hz. 

r t  
This  f o l l o w s  by consider ing Ek t o  be t h e  sum o f  M independent random 

var iab les  w i t h  zero mean and i d e n t i c a l  d i s t r i b u t i o n s .  
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We now want t o  re la te  P t o  the geometry o f  a multipath s i tuat ion.  

convenient way t o  do this is  t o  obtain a power ser ies  i n  t for  the path 

length difference between d i rec t  and mu1 tipath assuming a constant a i r c ra f t  

velocity vector. The pertinent geometry is  shown i n  F ig .  5-3. 

A 

Taking derivatives, we find 

V fS = - (cos eVT - cos e I v )  x 

(5 -7) - RI 2 ,  

2 sin 8yT sin eIv - - - -  dfs - -E( 
A RT +S d t  

The distance RI t o  the image i s  not a very meaningful quantity since i t  

depends on the re f lec tor  location and i t s  rotatian w i t h  respect to  the d i rec t  

l ine  of sight.  

has been derived, v i z .  

is > 

An upper bound on persistence in terms of  more useful parameters 

2 1 = (p ) - l  (5-8) [sin eIv  cos(eIv + evT) - sin e 2 2 
VT J 

ART 

where ! denotes upper bound on persistence. 

Plultiplying the persistence by the w i d t h  o f  a grating lobe o f  the aver- 

aging fac tor ,  determines the length of time, T , required t o  pass through the 

lobe. The w i d t h  i s  approximately 2/MT where M i s  the number o f  samples be ing  
P r 

averaged and T i s  the interval between them. a* 

By eliminating eIV between fs  and P,  one obtains a relation between 

scalloping frequency and the bound on persistence w i t h  v ,  A ,  RT and en as 

pararneters. This relation can be expressed as a normalized curve o f  

5-10 
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I t  i s  p l o t t e d  i n  Fig. 5-4 f o r  several  values o f  OVT. 

The above ana lys is  may be used t o  determine t h e  pers is tence bound f o r  

the g r a t i n g  lobes appl i cable t o  t h e  contending s i g n a l  formats. 

values are: 

Typica l  

Scanning Beam Dual Subchannel 

EL-1 pr imary 10 Hz 

Flare,  EL-1 pr imary and secondary 20 Hz 

Time Reference Scanning Beam 

EL-1 , EL-2 40 Hz 

FDM Doppler [38] 80 Hz 

TDM Doppler [ 38) 500 Hz 

Except f o r  the  TDM Doppler each format has a s i n g l e  5 Hz sampling 

sideband associated w i t h  each g r a t i n g  lobe. A TDM Doppler frame of 200 msec 

has an averaging t ime of 44 msec per  f u n c t i o n  and hence a g r a t i n g  lobe w i d t h  

o f  46 Hz comprising 9 sampling sidebands. 

For those formats w i t h  o n l y  a s i n g l e  sampling sideband w i t h i n  a g r a t i n g  
r 

lobe, t h e  c r i t i c a l  f requencies of the  f l i g h t  c o n t r o l  system determine t h e  

t ime t o  pass through a g r a t i n g  lobe. 

around each sampling sideband. Therefore, t h e  pers is tence (sec/Hz) i s  mu1 ti- 

p l i e d  by 3.2 Hz t o  o b t a i n  the  t ime o f  passage T through t h e  band o f  c r i t i c a l  

f requencies around each sampling sideband. 

This  band o f  f requencies i s  + 1.6 Hz - - 

P 
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Table 5-1 l i s t s  T f o r  t h e  f i r s t  few g r a t i n g  lobe frequencies a t  sev- 
P 

era1 d i f f e r e n t  ranges RT t o  t h e  t r a n s m i t t e r .  

o f f s e t  angles eVT appropr ia te t o  the ranges from t h e  e l e v a t i o n  t r a n s m i t t e r .  

Also i n d i c a t e d  are t h e  maximum 

The pers is tence i s  n e a r l y  p ropor t iona l  t o  v- I ,  so t h a t  a reduc t ion  i n  

v e l o c i t y  by a f a c t o r  o f  two w i l l  approximately double t h e  persistence. 

example, a t  v = 100 f t /sec X = 0.02; t h e  pers is tence a t  the  40 Hz g r a t i n g  

lobe a t  5000 ft i s  2.24 sec compared t o  1.1 sec i n  Table 5-1. 

For 

TABLE 5-1 

TIME Tp (sec) TO PASS THROUGH CRITICAL FREQUENCY BAND 

OF 3.2 Hz, v = 200 f t / s e c ,  X = 0.2 ft 

RT 'VT 
GRATING LOBE FREQUENCY (Hz) 

120 160 ( f e e t )  10 20 30 40 60 80 

2500 1 0 "  2.32 1.2 .8 0.61 0.42 0.34 0.24 0.2 

5000 5 "  7.6 2.12 1.44 1.1 0.76 0.6 0.43 0.35 

10000 10" 9.28 4.8 3.2 2.44 1.68 1.34 0.96 0.8 

c 
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5.3 Refinements t o  Simple Motion Averaging Model for  TRSB 

In this  section, we present some refinements t o  the f i r s t  order model 

presented above for  the time reference scanning beam signal format. 

1, Averaging Between the To-and-Fro Scanst 

Since the rf phase between direct  and reflected signals i s  chang 

over the time Ts between to-and-fro scans, motion averaging can occur 

a scan. This e f fec t  can be incorporated i n t o  the ea r l i e r  development 

wri t ing the averaged er ror  i n  E q .  (5.1) as 

M-1 2 

kNL+ j Lti E k -  - 2M cc e 

ng 

w i t h i n  

by 

(5 '9) 

where L = T/Ts . 
Following through the development, i t  can be shown t h a t  improvement 

factor becomes 

si n h f S T  

M sin.rrfsT 
N u s )  - -  COS IT f s  Tsl  

The cosine term represents to-fro averaging, For the TRS EL-1  s 'S t 

(5-1 0 )  

Ts - 0 . 3  msec i n  which case the cosine term i s  < 0.9 (= 1 dB reduction) only 

when fs  > 480 Hz. We shall see t h a t  such rates are geometrically f a i r l y  un- 
- 

l ikely.  On the other hand, for  the TRS azimuth system, Ts -+ 6.0 msec, and 

?Similar motion averaging effects  occur between the to-and-fro scans 
of a typical Doppler systems. However, additional e r ror  terms also appear 
i n  such cases such tha t  one ends up with an error expression more closely 
akin to  tha t  of  section 5.1. 
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the cosine term becomes < .707 ( 3  dB reduction) when f = 41 Hz. 

do occur i n  certain practical cases (e .g . ,  scattering a i r c r a f t  near thle end 

Such rates 
5 - 

of a runway as the landing a i r c ra f t  nears threshold). 

2 .  Time J i t t e r ing  
n 

The g r a t i n g  lobes a r i se  from the synchronous nature of the signall format; 

i n  Fig.  5- l . t  To avoid the possibi l i ty  of long-term data loss due t o  propeller 

blockage, the TRSB signal format has been modified t o  introduce a time j i t t e r  
c 

between successive d a t a  frantes; such was shown i n  F i g .  4-4. 

For a j i t t e r e d  time sequence, the improvement depends on the s t a r t i ng  

p o i n t  w i t h i n  the j i t t e r  sequence. Figure 5-5 presents a s t a t i s t i c a l  summary 

of the TRSB EL-1 averaging factors where the averaging i s  over j i t t e r  s t a r t i ng  

point, e.g.:  

i =1 

i = l  

r 

A i ( w ) =  averaging factor for s ta r t ing  a t  the i th  p o i n t  i n  the sequence. *. 

In  F i g .  5-6, we compare the rms improvement for  j i t t e r e d  TRSB signal format 
.-E 

w i t h  the improvement factor for  a non-jittered format and w i t h  the resul ts  of 

- 
tA s imilar problem ar ises  i n  KTI detectors for '  skin tracking radars, 

whe1.e a similar solution (staggered pr f )  i s  employed to  avoid "blind velocit ies." 
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bench t e s t s  by Calspan on a Bendix a i rborne  receiverC251. A lso shown i n  

F ig .  5-6 i s  the  rms improvement f o r  pu re l y  random e r r o r s  o f  M- 1 / 2  , 

We conclude t h a t  the proposed j i t t e r  sequence has a s i g n i f i c a n t  bene- 

f i c i a l  e f f e c t  i n  reducing the  g r a t i n g  lobes o f  t he  averaging improvement. 

The EL-1 40 Hz and 80 Hz g r a t i n g  lobes have been reduced t o  the  random t- v r o r  

l e v e l  and no s i g n i f i c a n t  new g r a t i n g  lobes have been generated. The l a r g e  

values shown i n  Fig.  5-5 f o r  the  peak averaging f a c t o r  a re  s i m i l a r  t o  what 

would be expected from averaging e i g h t  samples o f  a wh i te  no ise  process. 

F i n a l l y ,  the good agreement between the bench t e s t s  and t h e o r e t i c a l  analyses 

suggest t h a t  t h e  TRSB dynamic e r r o r  phenomena can be adequately charac ter ized  

by t h e  r e l a t i v e l y  s imple models used i n  t h i s  sec t ion .  

5.4 Re f lec to r  Geometry f o r  E leva t i on  M u l t i p a t h  f rom Bu i l d ings  

The o b j e c t i v e  o f  t h i s  sec t i on  i s  t o  incorpora te  geometric cons t ra in t s  

such as a i r c r a f t  p o s i t i o n  and obs tac le  r e s t r i c t i o n s  t o  t h e  ex is tence o f  m u l t i -  

path e r r o r s  and t h e i r  s c a l l o p i n g  frequency. 

the  many var iab les .  

The problem i s  d i f f i c u l t  due t o  

Hence, t h e  r e s u l t s  w i l l  be presented i n  severa l  steps: 

( i )  can s u b s t a n t i a l  m u l t i p a t h  e x i s t ,  i . e . ,  i s  a specular  

r e f l e c t i o n  f rom the  b u i l d i n g s  poss ib le?  

(if) i s  t h e  m u l t i p a t h  in-beam f o r  the angular  coord inate 

system used? 

( i i i )  w i l l  an apprec iab le mot ion averaging improvement be obtained? 

F 

5-18 



1.N 

0. c 

0.E 

a 

0 0.7C 
Q 

e 
Y 

g 0.30 - 
I- 
O 
I 

0.M 

0.10 

0.0 

X CALSPAN BENCH TEST 
(p,  - 0.5, 8,, - 1.0) I 

RANDOM PHASE IMPROVEMENT 

10 20 30 

I 

COMPUTED IMPROVEMENT 
'WITH NO JITTER IN'FORMAT 

RMS IMPROVEMENT 
COMPUTED BY LINCOLN 
LAB, FOR JITTERED 
FORMAT 

-- 
' \  

x \  
I 

r' 
I 
I 

40 50 70 

FTC-63 V I  5-6 

1.- - -!b 

P 
X 

!!lh 90 100 

SCALLOPING FREQUENCY (Hz) 

Fig. 5-6. Motion averaging improvement f o r  j i t t e red  TRSB s igna l  format 
( e l eva t ion  and f l a r e  func t ions) .  

5-19 



( a )  Location of Specular Point 

Consider a vertical  ref lector  surface rotated an angle 6 from being 

parallel  to  the L.O.S. between transmitter and receiver. The geometry i n  

the plane of reflection is  shown in Fig. 5-7. 

vertical  planes through the L.O.S. and perpendicular t o  i t  are also shown.  

The projections onto the two 

The specular reflection point i s  indicated by S. An arrowhead denotes the 

normal t o  the ref lect ing surface which projects as a horizontal l i ne  i n  

eacih vertical  plane. We define 5 as the angle of t i l t  away from horizlontal 

of the l ine  from the specular point perpendicular t o  the L.O.S. Upon examina- 

3 

tioii of the projections i t  follows that  

t a n  6 s in  c1 = sin 5 (5-11) 

The height hR and planar elevation angle aR of the specular point may now 

be found using the coordinates ( X R ,  Y R )  of the point in the horizontal plane 

h R  YR tan aR YR t a n  a + XR t a n  5 (5-12) 

xR 
yR 

tan aR = tan a + - t a n  5 (r5-13) 

For given values of a, 6 ,  Eqs. (5.11) and (5.12) may be used to  delin- 

eate  the regions where the specular point l i e s  below the obstruction l'imits. 

A family o f  such boundaries is  given i n  Fig.5-8 fo r  the special case (X = 3" 

and the transmitter located on centerline.  

The c r i t i ca l  regions tend to  grow with decreasing 6 above C . L .  and with 

However, other l imitations come in to  play to  reduce the increasing 6 below. 

threat .  I n  par t icular ,  i n  the plane of reflection (Fig.5-7 ) 
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Fig.  5-7. Geometry fo r  rotated ref lector .  
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Fig. 5-8. Ref lector  l o c a t i o n s  f o r  specular p o i n t  a t  o b s t r u c t i o n  
h e i g h t  l i m i t .  
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w h i c h  imp 

J, = B I T  + 26 (5.14) 

ies eIT > - 2 6 .  When 6 = -15" we have B I T  > 30", a va lue  f o r  which 

the sca l lop ing  frequencies are;  gene ra l ly  h i g h  enough t o  produce adequate motion 

averaging. 

mine the bounds on he igh t  l i m i t a t i o n .  

r o t a t i o n ,  i t  i s  a conserva t ive  choice f o r  making system comparisons. 

(b )  

In the specific cases  t o  fo l low,  6 = -15" has been used t o  de t e r -  

Although this is  not  the worst  poss ib l e  

Angular Separa t ion  of Mu1 t i p a t h  

We t u r n  next t o  the  ques t ion  of i n -  o r  out-of-beam m u l t i p a t h .  Toward 

t h a t  end the previous ly  derived express ion  f o r  the e l eva t ion  angle  aR of the 

r e f l e c t o r  w i l l  be eva lua ted .  I t  should be r e c a l l e d  t h a t  a and aR a r e  p lanar  

e l e v a t i o n  angles  i n  a coord ina te  system a l igned  w i t h  the L.O.S. r a t h e r  than 

the runway C.L. What fo l lows  i s  approximately c o r r e c t  f o r  p l ana r  beams hinged 

perpendicular  t o  the C.L. t o  the extent t h a t  the cos ine  o f  the angle  between 

L.O.S. and C.L. i s  approximately one. S u b s t i t u t i n g  E q .  (5.11) and (5.14) i n  

(5.12) and u s i n g  the small angle  approximation t an  5 = sin 5 gives  

t a n  aR = t a n  a + t a n ( e I T  + 26) t a n  6 sin a (5.15) 

This equat ion  i s  p l o t t e d  i n  F i g ,  5-9 a s  a fami ly  of curves of aR vs 6 wi th  

a = 3.0" and BIT a s  a parameter. I f  we select  a s e p a r a t i o n  of 1.5' a s  the 

boundary between in-beam and out-of-beam, we f i n d  the mul t ipa th  i s  in-beam 

f o r  a l l  bu t  extreme values o f  B I T  and/or l a r g e  posi t ive r o t a t i o n  ang le s .  

Since neither of these cond i t ions  can be counted upon, the mul t ipa th  must 

i n  general  be regarded a s  in-beam, 
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aPP 

the 

The aR above was defined as  a planar  e l eva t ion  angle  and hence in-beam 

i e s  t o  p lanar  beams. 

conical  e l eva t ion  angle  aRC of the  specu la r  po in t  i s  given by 

Using t h e  same approximations t h a t  gave E q .  ( 5 . 1 5 ) ,  

whence 

tan  a = coS(8I-r + 26) t a n  a + s in (e IT  + 2 6 ) t a n  6 sin a 
RC 

Using tan  a =: sin CY. t h i s  can be s impl i f i ed  t o  

t an  aRC = tan [cos eIT - sin 8,IT tan  6 1  (5 .16)  

Equation (5.16)  i s  p l o t t e d  i n  F i g .  5-10. Comparing w i t h  F i g .  5-9 shows 

i s  quite d i s s i m i l a r .  B u t  n e i t h e r  t h a t  t h e  dependence on r e f l e c t o r  r o t a t i o n  

f o r  planar  nor conical  beams does the specu la r  r e f l e c t i o n  move s u b s t a n t i a l l y  

out-of-beam u n t i l  6 and/or e IT  reach l a r g e  va lues .  In making comparisons a s  

t o  t h e  r e l a t i v e  mer i t s  of p lanar  and conical  beams, i t  i s  important t o  inc lude  

t h e  coverage l i m i t s .  From Eq.  (5 .14)  the azimuth-coverage angle  qc must s a t i s f y  

+ 26 $c ' 'IT 
This l i m i t  i s  drawn on Figs ,  5-9 and 5-10 f o r  qC = 20" and 60'. One observes 

t h a t  p lanar  beams have a somewhat g r e a t e r  po ten t i a l  f o r  c r ea t ing  out-of-beam 

mu1 t i  path.  
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P 

One other factor should be noted, P lanar  beam m u l t i p a t h  goes out-of- 

beam upward, which may confuse elevation processors that  t r e a t  the higher coded 

signal as the valid one. 

(c)  Evaluation of Motion Averaging Based on Reflector Threat Locations 

The resu l t s  of the preceding two sections will now be combined t o  

assess the benefits o f  motion averaging for  the two competing systems i n  

relation t o  the obstruction height limits and coverage areas. 

5-11 to  5-14, different scenarios are depicted for EL-1 sites offset  400 f t  

In Figs. 

from runway centerline. In each case the a i r c ra f t  is located on the extended 

C.L. on a 3" glide slope w i t h  respect t o  EL-1 and a t  a specif ic  distance from 

the transmitter. 

The angle of the velocity vector i s  varied according to  the angle be- 

tween L.O.S. and C . L .  w i t h  an additional perturbation due t o  course deviation 

from a C.L.  approach. 

corresponding O I T  fo r  each of two scalloping frequencies: 5 Hz and 25 Hz. 

The 5 Hz pertains t o  the O'th g r a t i n g  lobe of the TRSB system, and 25 Hz 

applies t o  one version o f  TDM Doppler. 

referenced t o  the a i r c r a f t  position and L.O.S., i n  which an appropriately 

oriented ref lector  would produce the indicated scalloping frequencies. The 

5 Hz and 25 Hz directions are bounds tha t  limit the region o f  potential re- 

f l ec to r  threats where motion averaging is ineffective. 

The extreme values o f  6"T are used t o  COtnpUte a 

The B I T  angles define the direction, 

The diagrams show the 8IT limits for the selected s i tuat ions.  Also 

indicated i n  each figure are two se t s  of boundaries where the specular p o i n t  

passes through the obstruction height l imits.  One s e t  i s  derived from the height 
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Fig .  5-11. Reflector location diagram. 
r 
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Fig.  5-12. R e f l e c t o r  l o c a t i o n  diagram. 
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Fig. 5-14. Reflector ro ta t ion  diagram. 
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boundls computed above, taking into account the rotation of  the L.O.S. with 

respect t o  runway C . L .  

L . O . S .  independent of i t s  distance from the transmitter. 

These bounds apply for an a i r c ra f t  anywhere along the 

For the specif ic  

choice of a i r c r a f t  location, a somewhat t ighter  bound ca,n be obtained by 

finding the specular height from the r a t io  of distances multiplied by the 

a i r c ra f t  height hac ,  i , e .  

- R1 
R1 + R2 hR - 

where R1 i s  distance from transmitter t o  ref lector  and R 2  the distance from 

ref lector  to  a i r c ra f t .  When hR i s  equated to  the obstruction height l imits 

i n  the transit ional surface, the dotted-line bounds are formed. 

and - + 60" coverage l imits  f o r  EL-1  are indicated. I t  i s  interesting t o  note 

t h a t  illumination coverage less  than 20" nearly excludes a l l  ref lectors  t h a t  

meet the obstruction height l imits .  

The - + 20" 

In comparing the two contending systems one must examine the s i ze  of 

the angular sector between the 5 Hz and 25 Hz l ines ,  

tween the two l ines  would be suppressed by motion averaging for  the TR system. 

we observe tha t  t h i s  sector i s  largest  fo r  small 

the velocity vector deviates i n  angle from the L.O.S. 

Reflectors located be- 

and  tends to  decrease as 

The region of def ini te  

advantage for  TRS has almost disappeared ent i re ly  BVT = l o  i n  F ig .  5-13. 
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- _  

V I .  SYSTEM MODEL VALIDATION 

I n  o rder  t o  p rov ide  some measure o l  con idence i n  t h e  r e s u l t s  obtained 

from the  r e c e i v e r  s imu la t ions  and the  conclusions drawn from them, i t  was 

necessary t o  accomplish a program o f  model v a l i d a t i o n .  

checkout procedure which begins w i t h  v e r i f i c a t i o n  t h a t  t h e  computer code 

p roper l y  represents the  mathematical models o f  t he  systems and ends o n l y  

V a l i d a t i o n  i s  a 

" co r rec t .  'I This when i t  i s  ev iden t  t h a t  the model outputs a re  i n  some sense 

sec t i on  summarizes the  r e c e i v e r  model v a l i d a t i o n  process. 

6.1 Methods o f  V a l i d a t i o n  

V a l i d a t i o n  i s  accomplished by comparing t h e  model outpu t o  data f rom 

o t h e r  sources which should y i e l d  equ iva len t  o r  s i m i l a r  r e s u l t s .  

these, t h e o r e t i c a l  s tud ies  based on i d e a l i z e d  models o f  t he  t r a n s m i t t e r s  and 

rece ive rs  and bench t e s t  experiments on hardware rece ive rs  have been inco r -  

porated i n t o  the v a l i d a t i o n  process. 

c o n t r o l l e r  s i t u a t i o n s  t h a t  can r a t h e r  e a s i l y  be r e p l i c a t e d  by t h e  computer 

s imu la t ion .  

From among 

These sources represent reasonably w e l l  

F igure  6-1 shows t h e  scope o f  the  angle system v a l i d a t i o n  e f f o r t .  The 

th ree  bas i c  i npu ts  t o  the  comparison process a re  t h e  Calspan bench t e s t s ,  

s imu la t i on  data ( f rom both t e s t  programs and f u l l  s imu la t i ons ) ,  and t h e o r e t i c a l  

m u l t i p a t h  performance c a l c u l a t i o n s .  The emphasis i n  t h i s  r e p o r t  w i l l  be on 

on e f f o r t .  Besides TRSB, some r e s u l t s  f o r  t h e  two 

inc luded i n  cases where t h e i r  behavior i s  envelope- 

a l l y  i d e n t i c a l  t o  t h a t  o f  TRSB. Both s t a t i c  and 

dynamic v a l i d a t i o n  t e s t s  have been conducted. S t a t i c  t e s t s  a re  those f o r  which 

the  scanning beam v a l i d a t  

Phase I 1  FRSB systems a r e  

o n l y  dependent and essent 

6- 1 



THEORY 
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Fig. 6-1. Elements of angle receiver validation process. 

c 
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the receiver position is  fixed. 

i s  assumed to  be i n  motion w i t h  respect t o  the transmitter and the multipath 

environment. 

p a t h  components are  time-varying and are o f  in te res t  i n  those multiscan systems 

which can potentially benefit from motion averaging. In a l l  cases the v a l i d a -  

tion data consists of graphs of angle error vs some multipath parameter (e .g . ,  

re la t ive phase, separation angle, e t c . ) .  

error  ( w i t h  respect to  RF phase) are presented. 

Dynamic tests are those in which the receiver 

In the l a t t e r ,  the phase relationships among the received m u l t i -  

In some t e s t s ,  mean, peak, and rms 

The DME validation follows a similar pattern, except t h a t  comparisons are 

made solely against theory due t o  lack of adequate experimental d a t a .  

I n  those cases for  which noticeable disagreement among the resul ts  i s  ' 

Occasionally, the d i s -  evident, an attempt t o  ascertain cause has been made. 

crepancies are a t t r ibutable  t o  differences i n  receiver processing techniques or 

parameters. Especially for  the experimental data, there a re  sporadic anomalies 

for which no explanation can be found.  

uncertainty, the receiver validation resul ts  generally show good agreement w i t h  

pertinent theory and experiment. 

Despite some areas o f  disagreement or 

Sections 6:2, 6 . 3  and 6.4 deal w i t h  TRSB, Doppler, and DME, respectively. 

Each section begins w i t h  a summary of the theoretical resul ts  used i n  the com- 

parisons. Derivations are relegated t o  appendices. Following t h a t ,  curves of  

s t a t i c  error  vs multipath phase or separation angle are presented. 

dynamic simulation resul ts  are  compared to  both theory and bench t e s t s .  

bench t e s t s  were conducted by Calspan employing an MLS signal simulator and 

hardware receivers o f  the i r  own design. 

their signal simulator w i t h  actual contractor receivers used i n  the MLS Phase 

Next, 

The 

A t  a l a t e r  date, Calspan coupled 
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I 1  f e a s i b i l i t y  t e s t  program. The L inco ln  s imu la t i on  was used t o  c0nduc.t 

p a r a l l e l  t e s t s  and the  comparative r e s u l t s  are repor ted.  I n  the  f i n a l  s e t  

o f  t e s t s ,  Sect ion 6.5, t h e  f u l l  s imu la t i on  program was run  f o r  two a i r p o r t  

con f i gu ra t i ons  and t h e  outputs  analyzed us ing the program's mu1 t i p a t h  cliag- 

n o s t i c s  and the  t h e o r e t i c a l l y  p red ic ted  performance. 

I 

6.2 Time Reference Scanning Beam 

6.2.1 Theory 

It i s  assumed t h a t  the t r a n s m i t t i n g  antenna has a Gaussian beamshape 

P(x:l, where x stands f o r  angular displacement i n  u n i t s  o f  3 dB beamwidths: 

2 
: k = 2 l n 2  (6-1 ) -kx P(x)  = e 

I n  the  absence o f  mu l t i pa th ,  t he  lead ing  and t r a i l i n g  edge cross ings i n  a 

dwel l  gate processor w i l l  occur symmetr ica l ly  on e i t h e r  s ide  o f  the  be,am 

peak ( cen te r ) ,  a t  displacement f v  beamwidths. 

f o r  example, if the th resho ld  s e t t i n g  i s  -3  dB w i t h  respec t  t o  the  nominal 

peak value, v = 0.5. 

ings  from nominal. I f  p i s  n o t  too  la rge ,  the  t r u e  c ross ing  p o i n t s  can be 

approximated by 1 i near l y  expandi ng the  combined envelope about the  nomi na l  

cross ings.  

c ross ing  e r r o r s .  The i n d i c a t e d  computation i s  c a r r i e d  ou t  i n  Appendix D; i n  

terms o f  n o t a t i o n  g iven i n  Table 6-1, t he  s i n g l e  scan p a i r  angle e r r o r  which 

r e s u l t s  i s  

The va lue o f  v i s  'se lectab le;  

* 
M u l t i p a t h  o f  r e l a t i v e  ampl i tude p pe r tu rbs  the  cross- 

The dwel l  gate displacement i s  t he  average o f  t he  two th resho ld  

* 
For the  Gaussian beam, v i s  p ropor t i ona l  t o  the  square r o o t  o f  the  th res -  
I- 

h o l d  i n  dB: v = J-VdB/12.  
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TABLE 6-1 

NOTATION 

Symbo 1 Un i ts  D e f i n i t i o n  

sec 
11 

I 1  

I1 

11 

HZ 
rad/sec 

I I  

II 

deg 
deg/BW 

BW/sec 

deg 

BW 

I1 

I I  

I 1  

BW 

Rat io  o f  m u l t i p a t h  t o  d i r e c t  ampl i tude 
Rat io  o f  scanning beam thresho ld  t o  envelope 

V i n  dec ibe l  u n i t s  

Scan d u r a t i  on 
Doppler scan gate du ra t i on  (count ing i n t e r v a l )  
Spacing between b i d i r e c t i o n a l  scan p a i r s  
Elapsed t ime between 0" bores igh t  f o r  b i -  

Spacing between f i r s t  and k - t h  scan p a i r  

peak 

d i r e c t i o n a l  scan p a i r  

Sca l lop ing  frequency 

C a r r i e r  frequency 
S u bca r r i e r ( o r  o f f  s e t  ) f req  ue ncy 

2Tfs 

(WO+WS )/uc 

Beamwi d t h  
Separat ion between m u l t i p a t h  and d i r e c t  i n  scan 

Beam displacement a t  th resho ld  c ross ing  
TRS antenna scan r a t e  

coord i  nate ( f r a c t i o n a l  beamwi dths ) 

Doppler midscan r e l a t i v e  phase ( d i r e c t  and m u l t i -  

Doppler midscan r e l a t i v e  phase ( d i r e c t  and m u l t i -  

TRS r e l a t i v e  phase ( d i r e c t  and mu l t i pa th )  f o r  fs=O 
A r b i t r a r y  phase between sampling i n s t a n t s  and 

pa th  reference)  f o r  f s = O  

pa th  sideband) f o r  f s = O  

p e r i o d i c  s c a l l o p i n g  e r r o r  

Scan index 
Number o f  scans per  averaging i n t e r v a l  

Angle e r r o r  f o r  m-th scan p a i r  
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2 -kern 
En = p ern e 

s inh (2 k 8,v) w v  
cos (%) cos (+, + 2kernv 

2kernv 
(6- 2:) 

In nearly a l l  cases of i n t e re s t ,  the term wsv/O,  which corresponds to  

scalloping across the dwell gate of a single pulse, i s  small enough t o  be 

neglected (wsv /e  % 0 ) ,  thus yielding a simple formula which relates  a l l  the 

key TRSB multipath parameters to  the error  a f t e r  motion averaging of M suc- 

cessive scan pairs:  
WsTz M - 1  

em e 2kv0, k = l  

l eve l  angle and choice of motion averaging and 
xmtr beamwidth threshold rf phase 

cos (-) 1 + 

-ke sinh(2kvOm) 2 
2M m E %  P 

+ 
multipath separation - w-- 

(6-3) 

The analytical model o f  the dwell gate processor provides considerable 

insight into the performance of scanning beam systems, b u t  f a i l s  to  predict 

the bias error  result ing from the asymmetry of multipath error  vs RF phase. 

An a l ternat ive model i s  a beam peak locator,  Although more appropriate as r 

an idealization o f  a sp l i t -ga te  discriminator, the model corresponds closely 

to  ;I dwell gate processor for  small separation angles and moderate mul-tipath 

1 eve1 s. 
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Appendix C derives the multipath e r ror  of a beam peak locator. No closed 

form expression can be extracted,  and one must resort t o  numerical methods t o  

obtain an answer. 

of e r ror  vs multipath phase for  comparison w i t h  simulation data. 

The method i s  applied i n  Section 6.2.2 t o  generate graphs 

6.2.2 S t a t i c  Tests 

In the tests of the receiver routines conducted under s t a t i c  conditions, 

i . e . ,  in the absence of receiver motion, the RF phase between d i rec t  and mu1 t i -  

path signal was varied i n  steps over a fu l l  cycle. 

multipath amplitudes, separation angles, and RF phase shifts .  

Data was taken f o r  various 

For the scan- 

ning beam tests, experimental results from Calspan [23 241 were avai 1 ab1 e ,  

and the simulation was run  under the same conditions. 

perimental data, simulation results and theoretical  results for  error versus 

separation angle for  the time reference system. 

0.5" and 1.0" separation angles are  i n  reasonable agreement with the simula- 

tion. 

Figure 6-2 shows ex- 

T h e  experimental data a t  

T h e  theoretical  e r ror  formula (6-3) a lso agrees well a t  the -10 dB level; 

however, a t  the -6 dB level, there i s  a noticeable deviation near 90" which 

a r i ses  from the f a c t  tha t  terms i n  pz were ignored i n  obtaining (6-3). When 

the multipath amplitude exceeds the threshold level, the e r ror  is  a markedly 

non-sinusoidal function of rf phase which, although i t  can be explained (see 

F ig .  4-8), does not emerge from the f i r s t  order theory used t o  obtain Eq. 

(6-3). 

Figures 6-3 and 6-4 compare the experimental, simulation and theoretical  

resu l t s  as a function of separation angle a t  f ixed rf phase. 

results were obtained i n  the i n i t i a l  Calspan tests [231 i n  which th re sho ld ing  

The experimental 
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may n o t  have been as t i g h t l y  c o n t r o l l e d  as i n  l a t e r  t e s t s .  

m u l t i p a t h  l e v e l  shows t h e  very sharp changes i n  e r r o r  performance t h a t  occur 

when the mu l t i pa th  l e v e l  i s  comparable t o  o r  above the  th resho ld  l e v e l .  

The data a t  -1 dB 

A comparison was a l s o  made between the  dwel l  gate processor and the  s p l i t  

The r e s u l t s  a re  shown i n  Table 6-2. gate processors descr ibed i n  Chapter IV, 

We see t h a t  the more near l y  "opt imal"  processing a f fo rded  by the  s p l i t  gate 

systems y i e l d s  a subs tan t i a l  improvement aga ins t  h igh  l e v e l  mu l t i pa th .  

F igure 6-5 compares the  e r r o r  s t a t i s t i c s  as averaged over rf phase f o r  

t he  scanning beam system as a f u n c t i o n  o f  separat ion angle f o r  several  m u l t i -  

pa th  l eve l s .  The exper imental  data y i e l d s  e r r o r s  somewhat smal ler  than those 

f o r  t he  computer s imu la t ion .  

because the  ac tua l  r e c e i v e r  has severa l  fea tures  (e.g., dwel l  gate q u a l i f i -  

c a t i o n  c i r c u i t s )  which l i m i t  the  widening o f  he dwel l  gate associated w i t h  

m u l t i p a t h  , b u t  a re  n o t  incorpora ted  i n  the  f r s t  phase computer model. It 

i s  planned t o  incorpora te  these fea tures  i n t o  a more r e f i n e d  model t o  be 

developed dur ing  t h e  nex t  phase. 

It i s  be l ieved t h a t  these d i f f e rences  a r i s e  

* 

As expected, the  t h e o r e t i c a l  e r r o r  formula (6-3) gives r e s u l t s  t h a t  com- 

pare favorab ly  w i th  the  exper imental  and computer s imu la t i on  r e s u l t s  f o r  small 

m u l t i p a t h  l e v e l s  and/or separa t ion  angles. 

6.2.3 Dynamic Tests 

Comparisons between t h e  computer s imu la t ion ,  theory,  and Calspan bench 

t e s t s  o f  t he  Bendix Phase I1 rece ive r  f o r  dynamic s i t u a t i o n s  ( i .e . ,  fs f 0) 

a re  repor ted  i n  t h i s  sec t ion ,  

pu te r  model and e a r l i e r  Calspan bench tes ts ;  however, i t  was subsequently 

a 50% reduc t i on  i n  e r r o r .  

Comparisons were a l s o  made between the  com- 

* 
For example, Calspan has shown t h a t  vary ing  t h e  r e s e t  t imes can y i e l d  
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TABLE 6-2 

PEAK ERROR COMPARISON FOR RF PHASE 0' 

- 
S P L I T  GATE 

(theoretical  ) 
MULTIPATH AMPLITUDE DWELL-GATE 

(simul a t i  on) 0 F F - C E N TE R ZERO CROSSING 

-10 d B  0.15 0.11 0.13 

-6 dB 0.24 0.16 0.21 

-3 dB 0.60 0.21 0.32 
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learned tha t  the receivers used f o r  the i n i t i a l  bench tests had a number of 

hardware e r rors  which were corrected i n  the l a t e r  versions, 

Figures 6-6 and 6-7 compare the EL-1  e r ror  as a function of separation 

angle for  scalloping frequencies of 20.32 Hz and 40.32 Hz, respective1.y. 

experimental data and computer simulation agree reasonably well. Again, the 

differences a re  f e l t  t o  a r i s e  from cer ta in  dwell gate features of the Bendix 

receiver which were not i n  the i n i t i a l  TRSB model. 

The 

The f ina l  EL-1 p lo t  ( F i g .  6-8) i s  of e r ro r  versus scalloping a t  fixed 

sep'aration angle. 

averaging factor .  

Here we see quite good agreement as t o  the charac te r i s t ic  

I t  should also be noted tha t  Fig .  6-8 agrees quite well 

with the theoretical  predictions of averaging fac tor  (cf F i g .  5-6). 

A similar set  of tests were carried o u t  fo r  the AZ system and these had 

results comparable t o  those found fo r  EL-1. 

6.3.1 Theory 

A theoretical  analysis of Doppler e r ror  due t o  a single multipath com- 

ponent i s  given in Appendix A.  

small t o  moderate multipath amplitude, no multipath rejection f i l t e r ,  and scan 

gate centered on midscan. 

M bidirectional scans i s  

Assumptions underlying the analysis are:  

The e r ro r  i n  fractional beamwidths averaged over 

6.3 Doppler Scan 

6-1 4 



c3 w n 

multipath level = -6 dB 
scalloping frequency = 20.32 HZ 

multipath elevation angle (deg) 

Fig.  6-6. TRSB dynamic EL1 e r r o r  vs separat ion angle. 

6-1 5 



peak 

error for simulation 
0 as 

t 
2s 
LT w 

error in Calspan bench test [ZS] E " "  
multipath level = -6 dB 

scalloping frequency = 40.32 Mz 

' 1 1  l 1 1 1 1 1 1 1 1 1 1 l 1 1 l 1 1 1 1 1 , 1 1 1 1 1 1 1 ! 1 1 1 1 1  LI, 
1 ee I 25 1 50 1 75 a m  2 25 a se a x  3 8 8  

JEGGGTl multipath elevation angle (deg) 

Fig. 6-7. TRSB dynamic EL1 error vs s e p a r a t i o n  angle .  

c 

I 

6-1 6 



TRS EL ERROR US SCALLOPIINC FREOUENCY 
c - I  I I I 1  I I I 1  I I I I f I I I I 1 4  t 0 .  a e  

8.158 
S 

M 

TRSB simulation error 

mean I 

u Calspan bench te s t  1251 

multipath level  = -6 dB 

separation angle = 0.75' 

frequency (Hz) IATC-63 V I  6-8 

Fig. 6-8. TRSB elevation error vs sGalloping frequency. 

6-1 7 



pTs sin(EilwsTs) sin(nemT /Ts) cos(wsT /2)cos '1, 

s i n  (wsTS/2) 
- E = -  

m ITT 2M 
g 

The n o t a t i o n  was de f ined i n  Table 6-1. 

For the  spec ia l  case of 100% scan ga te  ( T  =T ), t h e  l a s t  expression i s  
9 s  

equ iva len t  t o  Wheeler's m u l t i p a t h  e r r o r  formula [30 I , 

We observe t h a t  5 = 0 when the  m u l t i p a t h  angle code equals t h a t  of the  

d i re lc t .  

o f  t he  r a t i o  T /T The peak e r r o r  i s  then 

Furthermore, f o r  smal l  separa t ion  angles the  e r r o r  i s  independent 

s 9'  

3 

(6-5) 

which i n t e r e s t i n g l y  i s  i d e n t i c a l  t o  t h a t  f o r  TRSB i n  the  same s i tua t i on . ,  

A t  t he  g r a t i n g  lobes o f  t h e  averaging f a c t o r ,  where wSTS = m, m an 

in tege r ,  mot ion averaging i s  genera l l y  i n e f f e c t i v e .  

ua t i on  a r i ses  when the  scan ga te  i s  50% o f  t he  scan i n t e r v a l .  

re fe rence we no te  t h a t  when T =T /2, t h e  e r r o r  a t  t he  g r a t i n g  lobes i s  
9 s  

However, a spec ia l  s i  t- 

For f u t u r e  

[-$ E c o s ( T ~ ~ / ~ ) - ~ ]  sin(m1~/4) s i n  n,,,, m odd 

I n  p a r t i c u l a r  <=o a t  u s ~ S  = ZIT. 

6-18 



6.3.2 S ta t ic  Tests 

Using the ITT/G version of the Doppler system simulation, a plot  

( F i g .  6-9) of error  vs multipath phase was generated for  three multipath 

amplitudes a t  a fixed separation angle of 1.5". 

from Eq. 6-4 (wS=O) i s  a simple sinewave Em vs $m2 the midscan phase: 

The theoretical behavior 

+. + nem 
1 (6-7) 

The figure shows simulation resul ts  fo r  a value em = 0.5" and amplitudes 

-3  dB, -6 dB and -10 dB without multipath rejection f i l t e r .  

curve is  given for  -10 dB only. Deviation from a sinewave i s  more pronounced 

a t  higher amplitudes due to  the decreasing val idi ty  of the linearized theory. 

A1 though the simulation curves become progressively more asymmetrical as the 

amplitude increases, the mean value remains zero. 

phase when the multipath rejection f i l t e r  whose character is t ics  are depicted 

i n  F ig .  6-11 i s  used; again, the separation angle i s  1.5". 

A theoretical 

Figure 6-10 shows error  vs 

A ser ies  of computer simulations were run t o  duplicate the conditions of 

Calspan t e s t s  on a Doppler receiver. 

error  vs separation angle was calculated from Eq. 6-4 and plotted along w i t h  

the simulation error  and the experimental resul ts .  

The appropriate theoretical curve of 

The three se t s  of d a t a  i n  

Figs .  6-12 and 6-13 are  i n  excellent agreement, considering the potential 

sources of discrepancy, such as experimental error  and model inaccuracies. 

Figure 6-14 i l l u s t r a t e s  the EL-1 error  vs separation angle for  separations 

The d i rec t  signal i s  a t  3" elevation and the multipath i s  between up t o  3". 

0" and 3". Peak, mean, and standard deviation error  for  the simulation are  
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shown. 

except f o r  t he  unexplained s l i g h t  discrepancy a t  2" separat ion.  The small  

m u l t i p a t h  theory i n d i c a t e s  t h a t  t h e  50% scan g a t i n g  used i n  t h e  s i m u l a t i o n  

shoulld d r i v e  t h e  e r r o r  t o  zero a t  2 (i .e., Ts/T ) beamwidths, which i s  what 

i s  observed. 

i s  small  b u t  nonzero a t  2" separat ion.  

The Calspan measurements are rms e r r o r .  The agreement i s  q u i t e  good, 

9 
The Calspan data, which i s  a l s o  s t a t e d  t o  have 50% scan gat ing,  

6.3.3 Dynamic Tests 

Two types o f  t e s t s  were r u n  f o r  t h e  Doppler system. One i s  s imply  

measurement e r r o r  vs s c a l l o p i n g  frequency f o r  a given s e t  o f  cond i t i ons  

s p e c i f i e d  by ampli tude, separat ion angle, and m u l t i p a t h  phase. 

o f  t h i s  type a re  shown i n  Figs.  6-15 and 6-16. The t h e o r e t i c a l  ( s o l i d )  l l ine 

Two se ts  

i s  from Eq. (6-4) w i t h  vm=0 and cos(wsTs/2) = 1. 

t o  resemble corresponding Calspan t e s t s ,  b u t  d i r e c t  comparison i s  n o t  possi  - 
The parameters were chosen 

b l e  because t h e  scan t im ings  a re  n o t  equiva lent .  

values a t  t h e  g r a t i n g  lobes, i n c l u d i n g  0 Hz, may be compared. 

marized i n  Table 6-3. 

Nevertheless, t h e  peak 

These a r e  sum- 

TABLE 6-3 

PEAK DOPPLER ERROR VS SCALLOPING FREQUENCY 

Scal 1 op i  n 
Freq. (Hzg Simulat ion Theory Cal span 

0 +0. 145 +O. 132 -0.15, +0.17 

250 50.276 -0.27, +0.25 

500 +O. 145 20.132 -0.16, +0.17 
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The agreement between simulation, theory, and bench t e s t s  i s  considered 

quite good. 

Figure 6-17 shows the resu l t s  of a dynamic tes t  a t  a scalloping fre- 

quency of 103 Hz. This frequency i s  not near any grating lobe of the aver- 

aging factor  and i s ,  therefore, a case i n  which motion averaging should be 

effect ive.  The graph shows tha t  i t  i s ,  w i t h  e r ro r  reduction by a t  l e a s t  a 

fac tor  of 10. The actual improvement depends on the fine s t ructure  of the 

averaging fac tor  near 103 Hz. 

by about a fac tor  of two, b u t  the dependence on separation angle i s  quali- 

t a t ive ly  similar.  

zero rms e r ro r  a t  0" separation. 

The Calspan data exceeds the simulation data 

No explanation has been found f o r  why Calspan shows non- 

The next dynamic tes t  ( F i g .  6-18) i s  a t  480 Hz, which i s  the f i rs t  

grating lobe of the averaging fac tor  (l/2Ts, where Ts = 1.04 msec). 

good agreement is  found, except a t  0" separation. 

simulation data exhibi t  a bimodal e r ro r  curve i n  which there a re  two local 

maxima. 

ence is  qui te  close. 

indicating l i t t l e  motion averaging. 

Again, 

Both experimental and 

No par t icu lar  reason fo r  this behavior is  known, b u t  the correspond- 

The e r ro r  levels are similar t o  the s t a t i c  results, 

Elevation e r ro r  vs scalloping frequency is  shown i n  F ig .  6-19 f o r  1" 

separation and -3  dB multipath. 

the peak-to-peak e r ro r ,  which corresponds to  the simulation peak e r ro r  curve. 

The agreement a t  the Calspan data points i s  excellent.  

minor lobe centered a t  the grating lobe subharmonic of 240 Hz, b u t  unfor- 

tunately Cal span took no corresponding data. 

In this case, the Calspan data i s  one half 

Simulation shows a 
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Similar tests were run  for  the ITT/G A Z  system and the Hazeltine EL-1 

and AZ,  resulting i n  data of comparable validity.  

6.4 DME Validation 

Validation of the DME models is  a more d i f f i c u l t  task than i s  angle re- 

The major d i f f icu l ty  i s  the lack of  an experimental data ceiver validation. 

base against which t o  compare model outputs. 

t ractors  performed tests of  t h e i r  C-band DME units, b u t  the resul ts  are  large- 

l y  inconclusive because the scenarios were designed fo r  AZ system mu1 t ipa th ,  

not DME. 

the intent t o  propose L-band DME t o  ICAO. 

terest i n  new signal formats and processing techniques. 

During Phase 11, the MLS con- 

Additionally, there is  the more recent complication ar is ing from 

T h i s  decision has generated in- 

In view o f  the  d e f i c i t  i n  experimental data,  the validation must be 

accomplished by comparing the rode1 o u t p u t s  t o  theoretical  calculations. As 

was done fo r  the angle systems, approximate formulas have been derived for 

the s ingle  multipath component performance o f  various DME's. 

shown i n  this section for  Gaussian and trapezoidal pulses and the three pro- 

cessors described i n  Section 4.4. 

Results are 

* 

6.4.1 Mu1 t ipath Error Formulas 

The following formulas have been derived for  the single multipath com- 

ponent performance of  the indicated DME's. 

valid f o r  small-to-moderate multipath levels  (p  -10 dB).  The pulse and 

processor parameters appearing i n  them are a l l  defined i n  Sections 4.4.1 and 

4.4.3. 

They are  approximations which are  

These formulas are  used i n  any o f  the subsequent comparisons. 
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- Gaussian Pulse: 

Fixed Threshol d: 

+(e)+ + 2v)  

- - - -  e r tr cos @ pt r 
‘fi x 28v 

Real Time Threshold: 

Delay and Compare: +(e)(+ + 2v + 1 T 

tr r r  
= p r e  ‘dc 

- Trapezoi dal Pulse: 

Fixed Threshold: 
-P(atr-T) cos @ : T - < a tr 

( 
‘fix 

0 : v a t r  

1 

i 

cos cp 
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Real Time Threshold: 

Delay and Compare: 

6.4.2 Error vs Amplitude 

Each o f  the preceding e r ro r  formulas shows e r ro r  d i rec t ly  proportional 

t o  multipath amplitude (p). 

generally have the same slope a t  p = 0 as the e r ro r  formula, b u t  then the 

error increases s l i gh t ly  slower than l inear ly .  Figures 6-20, 6-21 and 6-22 

show comparisons of  theoretical  and computed e r rors ,  each fo r  a d i f fe ren t  

processor. 

i n i t i a l  e r ro r  slope identical (except for  algebraic s ign )  i n  a l l  cases; near 

p = 0,  the e r ro r  magnitude varies as 50p nsec. 

l inear  approximation overestimates the e r ror  by about a fac tor  of 2. 

The computed errors  when plotted against  p 

For this comparison the parameters have been chosen to  make the 

As p approaches 1 ,  the 
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Fig. 6-20. DME e r r o r  vs mu1 t i p a t h  ampl i tude- f ixed threshold ing.  
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hTC-63 V I  6-21 I 
Fig. 6-21. DME e r r o r  vs mult ipa th  amplitude - r e a l  time threshold ing .  
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F i g .  6-22. DME error vs multipath amplitude - delay and compare,, 
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6.4.3 Error vs Phase 

The error  formulas predict that  the DME error  should vary cosinusoidally 

w i t h  rf phase difference. 

true,  b u t  for larger values of p the behavior is  quite different ,  as F i g .  6-23 

shows. 

Gaussian pulse and 0 dB multipath level. 

a t  180" phase. 

reaches a plateau. Figure 6-24 shows similar curves for  smaller values of p.  

In a l l  cases, however, averaged over 360" there is  l i t t l e  bias i n  the error  

A t  small enough multipath levels this is  nearly 

I t  contains a plot  of e r ror  vs phase for real time thresholding of a 

The largest  error  magnitude occurs 

For phase angles more t h a n  30" away from 180", the error  

(theory shows that  bias varies i n  proportion t o  p 2 ).  This si tuation i s  analo- 

Figure 6-25 shows the gous to  error  vs phase i n  Doppler scan angle systems. 

corresponding data for a trapezoidal pulse. 

6.4.4 Error vs Delay 

Figures 6-26 and 6-27 contain curves of e r ror  vs time delay fo r  Gaussian , 

and trapezoidal pulses, respectively. Each graph contains three curves -- 
simulated mean error ,  simulated standard deviation e r ror ,  and theoretical 

standard deviation error .  

error over 24 uniformly spaced values of re la t ive phase (15" increments). 

The theoretical standard deviation is the e r ror  formula evaluated a t  

cos 9 = l/Z, the rms value of the sinusoidal phase term. 

multipath level i s  -10 dB, and the agreement i n  the s tandard  deviation curves 

is  good. 

what the computed means indicate. 

The simulation data i s  obtained by averaging the 

In each case the 

The simple theory generally predicts unbiased estimates, which i s  
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Fig. 6-23. GME error vs mult ipa th  phase - l a r g e  amplitude. 
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F i g .  6-24. DME e r r o r  vs mult ipath phase - small amplitude.  
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Fig .  6-25. DbIE e r ro r  vs multipath phase. 
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SSS = standard deviat ion 
MMM = mean 

- =  theore t ica l  

(a) delay and compare 
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0 

PTC-63 V I  6-26 I 
F i g .  6-26. DME e r ro r  vs multipath time delay: comparison o f  
simulation and theory for Gaussian pulse. 
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F i g .  6-27. DME e r r o r  vs mult ipa th  time delay: comparison o f  
s imula t ion  and theory f o r  t rapezoida l  pulse. 
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6.5 Complete Simulation Runs 

The simulation data presented i n  the preceding sections was derived from 

In order to vali-  special t e s t  programs t h a t  exercised the receiver routines. 

date the angle receivers while imbedded i n  the complete simulation program, 

Y simple scenarios were run using the multipath scattering model applied t o  

selected a i rpor t  configurations. The resul ts  of two such scenarios are de- 

- scribed. 

6.5.1 EL-1 and Logan International Terminal 

In this configuration the EL-1 s i t e  is placed between two taxiways on 

the side of runway 15R opposite the present location of the ILS glideslope 

as shown i n  Fig.  6-28. 

systems may co-exist for a period of time. The major source of reflection 

for  EL-1 signals i s  the International Terminal si tuated beside the runway. 

* 
Such a placement is  not unreasonable since the two 

The simulation flew an a i r c ra f t  down the extended runway centerline on 

a 1:20 (2.86') glideslope. 

EL-1 array, the antenna is  located 200 f t  i n  f r o n t  of the GPIP.' 

t i o n  of a l t i tude  along the f l i gh t  p a t h ,  a computer o u t p u t  plot gives the 

amplitude of the building reflection and the multipath separation angle as 

shown i n  F i g .  6-29. 

To account for the 10-ft h i g h  phase center of the 

AS a func- 

Two points along the f l i g h t  path are of par t icular  in te res t .  One is  the 

point of maximum amplitude (-6 dB) w h i c h  occurs a t  a l t i tude  176 f t .  The scallop- 

i n g  frequency a t  this point is  91 Hz assuming an a i r c ra f t  speed of 200 f t /sec.  

* 
A map o f  Logan Airport was shown i n  F ig .  3-2. 

'G1 - i de - Path Intercept - P o i n t  . 
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Fig .  6-28. A i r p o r t  map, Logan scenar io .  

!4 

A1 = Aircraf t  1 
R 1  = Building 1 

*DME = DME s i t e  
*A2 = A2 s i t e  

*EL1 = E L 1  s i t e  
*EL2 = E L 2  s i t e  

*GPIP = Glide path in te rcept  Point 
C L  = Centerline 
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F i g .  6-29. 
multipath signals for  Logan scenario. 

Relative amplitude and separation angle of 
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Th 
* 

ther p o i n t  produces a scalloping frequency o f  40 Hz, a TRSB grating lobe, 

a t  an a l t i tude  of 280 f t .  The amplitude of this reflection is  -15 dB. 

A p l o t  of peak er ror  along the f l i g h t  path is given i n  F ig .  6-30 fo r  the 

TRSB (system and F i g .  6-31 for the Doppler System. In the former, the grating 

lobe e r ror  regions are c lear ly  evident a t  190 f t  and 280 f t .  

error  en t r ies  i n  Table 6-4 are taken from these plots.  

pertains t o  motion a t  zero velocity along the f l i gh t  path, and "Dynamic Error'' 

i s  for a speed of 200 f t /sec.  

'. 
The simulation 

The "Stat ic  Error'' 
I - 

The theoretical s t a t i c  errors are taken from E q .  (6-4) for  Doppler and 

from Eq. (6-3) fo r  TRSB. The theoretical dynamic e r ror  and averaging factor  

for Doppler also come from E q .  (6-4). However, the scalloping frequencies and 

separation angles are suff ic ient ly  small tha t  the Doppler e r ro r  componerits that  

vanish a t  w,=O may be ignored. The simulated TRSB system had a j i t t e r e d  signal 

formtit whose averaging factor  i s  always less  than unity, even a t  a grat'ing lobe. 

The theoretical dynamic e r ror  is obtained by multiplying the s t a t i c  e r ror  by 

the appropriate averaging factor. 

The agreement between theory and simulation for  TRSB i s  excellent. 

garding the Doppler system where the simulation e r ror  i s  somewhat smaller than 

Re- 

than theory predicts,  we recall tha t  the theoretical model does n o t  incorpor- 

a te  the e f fec t  of a m u l t i p a t h  rejection f i l t e r ,  whereas the simulation does. 

A t  EL separation of over a half degree, the f i l t e r  has a noticeable influence 

on the error .  
-. * 

T h i s  particular simulation was conducted w i t h  the TRSB signal format 
W i t h  this format, the TRSB generated by the scanning beam working group [67]. 

f i r s t  grating lobe was n o t  reduced as much as w i t h  the format shown in F ig .  4-4. 
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Fig.  6-30. TRSB error vs a l t i t u d e  for  Logan scenar io .  
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F i g .  6-31. Doppler scan e r ror  vs a l t i t ude  before motion averaging. 
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A i r c r a f t  A1 ti tude 

Mu1 ti path Amp1 i tude 

Separati on Angle 

S t a t i c  E r r o r  (peak) 

Scal loping Frequency 

Dynamic Error (peak) 

Averaging Factor 

Time Reference System 

Simulat ion 1 Theory 1 Simulat ion I Theory 

TABLE 6-4 

LOGAN AIRPORT INTERNATIONAL BUILDING 

Doppler 

Simulat ion I Theory 

176 ft 

-6 dB 

0.6" 

0.14" 0.18" 

91 Hz 

0.06" 0.045" 

0.25 

280 ft 

-15 dB 

0.6" 

0.01 " 0.087" 

40 Hz 

0.08" 0.07" 

0.88 0.85 

.I76 ft 

-6 dB 

0.6" 

0.1 7" 0.26" 

91 Hz 

0.02" 0.023" 

0.12 0.09 

iystem 

Simulation 1 Theory 
~ ~~ 

280 ft 

-15 dB 

0.6" 

0.06" 0.09" 

40 Hz 

0.01" 0.018" 

0.17 0.2 

I I I 



I 

6.5.2 EL-1 and JFK w i t h  One B u i l d i n g  Re f lec t i on  

A second scenar io,  shown i n  Fig.  6-32, cons is ts  o f  a s i n g l e  b u i l d i n g  

taken f rom the JFK environment i n  the v i c i n i t y  o f  a hypothe t ica l  EL-1 s i t e .  

The peak r e f l e c t i o n  ampl i tude from t h i s  b u i l d i n g  i s  -9 dB occu r r i ng  a t  an 

a l t i t u d e  of 273.9 f t on a 2.86" g l ides lope.  The r e f l e c t i o n  parameters c a l -  

cu la ted  f o r  t h i s  b u i l d i n g  are  given i n  Table 6-5 a long w i t h  the t h e o r e t i c a l  

and s imulated e r ro rs .  
t 

The agreement between theory and s imu la t i on  i s  good fo r  t h i s  scenar io  

a lso .  The maximum d i f f e r e n c e  o f  0.02" f o r  s t a t i c  Doppler e r r o r  i n  Table 6-4 

i s  a t t r i b u t a b l e  t o  both d i f f e rences  between a n a l y t i c a l  model and s imu la t i on  

and ta l  inaccurac ies i n  determin ing parameters t h a t  e n t e r  i n  t h e  t h e o r e t i c a l  

ca l  c u l  a t i  ons. 
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F i g .  6-32. Airport map, JFK scenario. 
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TABLE 6-5 

TRS 

Simulat ion Theory 

274 ft 

-9 dB 

A i r c r a f t  A1 ti tude 

Mu1 ti pa th  Amp1 i tude 

Separat ion Angle 

Sta i t ic  E r r o r  (peak) 

Sca.11 oping Frequency 

Dynamic E r r o r  (peak) 

Averaging Factor  

Doppler 

S imulat ion Theory 

274 ft 

-9 dB 

JFK AIRPORT SINGLE BUILDING 

i I 1 . ”. 

c 
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VII. COMPUTER PROGRAM OPERATION 

This section provides a brief summary of version 1.0 o f  the MLS simula- 

. 

+ 

. 

I 

I 

I 
I 

tion computer program. A more complete description o f  the programs i s  con- 

c 

tained i n  the user 's  manual which will appear separately. 

program i s  written in FORTRAN IV and has been successfully compiled on IBFl 

370 and SEL 86 machines. 

receiver computations, and er ror  plotting. 

The MLS s imulat ion 

I t  has three major parts;  multipath computations, 

The multipath section takes an a i rport  environment specified by the user 

( i n  a block data subroutine) and computes the mu1 tipath characterist ics 

(1 eve1 , separation angle, e tc .  ) , 

puted from waypoints supplied ( i n  the block data subroutine), w i t h  the cor- 

responding perturbation smoothing points. 

over a l l  the evaluation points i s  established t o  calculate the receiver 

coordinates. A t  each evaluation p o i n t ,  the program loops through a l l  trans- 

mitter locations, e.g., a l l  angle functions such as azimuth, elevation, and 

DME. 

associated angle transmitter. 

Two-segment 1 i near f l  i g h t  pa ths  are com- 

For a given f l i g h t  path, a loop 

Reference transmitters, where appropriate, are incl uded with the i r  

For a fixed transmitter-receiver geometry, a second loop i s  established 

t o  calculate the m u l t i p a t h  parameters for  each scattering object in the air- 

port model . 
mitter antenna pattern were omnidirectional. 

be passed t o  the receiver subroutines consists of the relat ive rnultipath 

amplitude, phase, time delay, azimuth and elevation planar angles specifying 

the direction of propagation for  the multipath components, as well as the 

direction of propagation of the direct  wave, and fractional Doppler s h i f t .  

Flu1 t i  p a t h  amp1 i tude levels are determined as though the trans- 

The multipath information t o  
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E d i t i n g  follows, so as t o  remove minor components. A digi ta l  tape w i t h  

these mu1 t ipath character is t ics  is  then written. 

plotted along w i t h  an a i rpor t  map showing the placement of  obstacles. 

Mu1 t ipath diagnostics are 

'The 

m u l t i p a t h  programs require 320k bytes of storage on the Lincoln 370 comlputer. 

The amount of computer time used depends on the number o f  obstacles and data 

points used; for  a ' typical I 200 point run w i t h  10 scat terers  and no pertur- 

bation smoothing, 2 minutes of cpu (computer) time i s  required on the Lincoln 

370 computer. 

The receiver part  o f  the simulation takes system parameters ( in i t i a l i zed  

i n  the block data subroutine), reads i n  the multipath data from the tape gen- 

erated by the multipath routines, and computes the resulting errors.  

s t a t i c  errors are desired, the receiver routines are called again w i t h  zero- 

Doppler components. The program takes these errors  and writes them out on a 

I f  

d igi ta l  tape, along w i t h  scaling data, t o  be used by the t h i r d  part .  

'typiical' run w i t h  200 points, no perturbation smoothing o r  s t a t i c  e r rors ,  

and 110 sca t te re rs ,  i t  takes about three minutes of cpu time fo r  the TRSB EL-) 

For a 

system to be processed. T h i s  time i s  highly dependent on the number of mul- 

t ipath components. The TRSB azimuth system typically runs 25% fas t e r  than 

the EL-1 system. The DME systems tend t o  r u n  about 25% slower than the TRSB 

EL-1 system. 

the Lincoln 370 computer. 

The receiver programs require about 176k bytes o f  storage on 

'The plott ing program takes the e r ror  and scaling data generated by the 

receiver routines, asks which specif ic  plots are desired, and plots them. 
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The plot t ing on a Stromberg Carlson 4060 p lo t t e r  typically requires 30 

seconds of cpu time. 

The graphical routines used by the simulation are  from the Integrated 

Graphics System of the Datagraphix Company w i t h  some modifications by the 

Lincoln Laboratory support  s t a f f .  The simulation program generates these 

graphical o u t p u t s  on e i the r  Tektronix stora$e scopes or on a Datagraphix 

4060 microfilm plot ter .  The multipath par t  o f  the simulation produces a 

p r i n t o u t  o f  the parameters used i n  the simulation r u n ,  an a i rpor t  map lo- 

cating the obstacles and transmitters , and mu1 t ipath diagnostics. 

diagnostics contain informati'on about the mu1 t ipath amp1 i t u d e  and separa- 

t ion angles along the f l i g h t  path, indicating w h i c h  obstacles generate sig- 

n i f ican t  multipath components. 

generates no plots .  The plot t ing program writes out a t i t l e  page identify- 

i n g  the r u n ,  and then plots for a specif ic  system the azimuth, DME, and ele- 

These 

The receiver par t  of the simulation i t s e l f  

vation errors  along the f l i g h t  path on one page, and the x, y ,  z positional 

errors  for  the corresponding system on the next page. 

standard deviations , and peak errors  can be obtained i f  perturbation smooth- 

i n g  was used. 

different symbol. 

through d ig i ta l  f i l ters  t o  give the "path following" and "control motion" 

error character is t ics .  

Plots of the means, 

The s t a t i c  e r rors  are plotted over the dynamic e r rors  with-a  

Also, i f  desired, the e r r o r  h i s tor ies  may be passed 

These plot t ing routines exist in separate subroutines i n  a l l  except a 

few cases. No multipath or receiver routine d i rec t ly  c a l l s  any plot t ing 
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a 

routine. 

hav-ing the Lincoln graphical routines. 

T h u s  the program may be readily adapted to  other instal la t ions not 

The s imula t ion  routines involved w i t h  the computation of multipathi re- 

That i s ,  they 

In order for  routines t o  

ceiver errors were written t o  be as independent as possible. 

essent ia l ly  do n o t  depend on the  cal l ing routine. 

work f a s t e r  and more e f f ic ien t ly ,  especially when doing perturbation smooth- 

ing . ,  some routines do have knowledge of the s t ructure  of the cal l ing routine. 

3 

However, the complexity th i s  introduces i s  f a i r l y  small and, as a r e su l t ,  

these routines can be used independently for  a variety o f  other studies. For 

instance, the routines were used w i t h  very few changes for  the c r i t i c a l  areas 

studies described i n  Chapter VIII. 

Similarly, t e s t  programs have been written which can check out the vari- 

ous \nul t i  path and receiver routines and/or be used as a tool i n  mu1 t i  path 

measurement t e s t  design, system optimization, e tc .  

include multipath from a single mu1 tipath obstacle (TESTMLT), performance of 

a specif ic  receiver when a single multipath component i s  present (RCVTS'T), 

o r  recei ved envel opes when a single mu1 t i  path component is present ( R C V E N V )  . 
These routines are highly interactive and generate graphical output so spe- 

Specific test  progrlsms 

0 

c i f i c  cases can be examined easi ly  and i n  great de ta i l .  
L 

The mu1 t ipath routines i n  version 1 .O of the program are  "GREFC" (specu- 

l a r  ground ref lect ion) ,  "DIFFUS" (diffuse ground ref lect ion) ,  "BREFC" (bu i ld -  - z  

i n g  re f lec t ion) ,  "FREFC" (fuselage ref lect ions) ,  and "TREFC" ( t a i l  f i n  re- 

f lect ions) .  The receiver routines available are "TRSB" (time reference 

scanning beam) and "ITTG" (a Doppler routine based on the ITT/Gilfillan 
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zero-crossing counter processor). Routines using the Hazel t ine  Doppler pro- 

cessor and the TI frequency reference system were written, b u t  are not being 

supported currently. A wide variety of  DME's  are available w i t h  many system 

options available. 

and chirped (as proposed by T I ) .  

o r  delay-and-compare processors can be applied to  these pulse shapes, and 

different  DME's can be used on down and up links. 

mitter and receiver) are written i n  subprograms for  easy changing. Since 

the wavelength i s  also user-specified ( i n  the block data subprogram), DME 

systems a t  different  frequencies may be easfly compared w i t h  respect t o  

mu1 t i  path performance. 

The pulse shapes available are Gaussian, trapezoidal, 

Fixed thresholding, adaptive thresholding, 

Beampatterns (both trans- 
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