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SUMMARY 

Near ly  f i v e  years o f  f l i g h t  experience has been gained w i t h  the  TCV B-737 
us ing  MLS guidance t o  f l y  curved, descending i n t e r c e p t s  o f  f i n a l  approaches as 
sho r t  as 0.8 km (0.44 n. m i les ) .  Dur ing t h a t  t ime the  Un i ted  States MLS has 
been adopted as the  wor l  d standard, and devel opment o f  opera t ing  performance 
standards and p rac t i ces  i s  under way. This  paper b r i e f l y  reviews the  present  
c h a r a c t e r i s t i c s  o f  MLS equipment and summarizes TCV f l i g h t  performance, then 
considers some poss ib le  uses o f  MLS t o  so lve  cu r ren t  no ise abatement problems 
and the  requirements f o r  se rv i ce  area i n  l i g h t  o f  TCV experience. 

It i s  suggested t h a t  e x i s t i n g  v i sua l  approach procedures cou ld  be 
improved by  the use o f  MLS guidance, and t h a t  the  exper ience and conf idence 
necessary f o r  a i r  t r a f f i c  c o n t r o l l e r  and p i l o t  acceptance o f  new MLS procedures 
could be gained i n  t h i s  manner. Examples a re .g i ven  us ing publ ished approaches 
t o  San Francisco and two New York a i r p o r t s ,  as w e l l  as experimental curved 
approaches a t  Buenos Aires.  For one o f  the  approaches, a minimum coverage 
(+400) system i s  inadequate. 
+600 i s  n o t  s u f f i c i e n t  unless the  se rv i ce  reg ion  i s  skewed t o  p rov ide  
asymmetri c coverage. 

I n  another case, even the maximum coverage o f  

MLS a l t i t u d e  i s  p re fe rab le  t o  r a d i o  o r  barometr ic  a l t i t u d e  a t  the lower 

However, t he  disagreement between MLS and baro- 
l e v e l s  f o r  purposes o f  obs tac le  clearance, f l y i n g  curved o r  segmented constant  
descent paths, and landing. 
m e t r i c  a l t i t u d e s  a t  upper l e v e l s  du r ing  non-standard atmospheric cond i t ions  may 
create t r a n s i t i o n  problems and a requirement f o r  g rea ter  v e r t i c a l  separat ion 
between a i r c r a f t  than i s  p resen t l y  used. 

i s  s t i l l  o n l y  i n  the  conceptual stage. Some f l i g h t  experience has been gained 
w i t h  exper imental  back azimuth and f l a r e  e l e v a t i o n  systems, b u t  t he re  are  
s t i l l  quest ions as t o  how both funct ions should be used. 

Examples o f  need f o r  a 3600 azimuth f u n c t i o n  are given, b u t  t h i s  op t i on  

Cur ren t ly ,  most a t t e n t i o n  i s  d i r e c t e d  towards the  i n i t i a l  i n t r o d u c t i o n  
o f  MLS i n  a manner most compat ib le w i t h  e x i s t i n g  ILS prac t ice .  
des i rab le  o b j e c t i v e  i n  order  t o  min imize confusion du r ing  a p e r i o d  when MLS 
and ILS w i l l  be i n  simultaneous use. However, f u r t h e r  e f f o r t  i s  needed t o  
e s t a b l i s h  p rac t i ces  and procedures by which the  f u l l  c a p a b i l i t i e s  o f  MLS can 
be u t i l i z e d ,  and t o  insure  t h a t  they do n o t  c o n f l i c t  w i t h  convent ional  uses. 

This  i s  a 
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I NT RO DU CT I ON 

In October, 1976 some operational aspects of i n i t i a l  experiments w i t h  the 
Microwave Landing System (MLS) were presented a t  the Aircraft  Safety and 
O p e r a t i n g  Problems Conference (reference 1). 
considerable additional experience has been obtained w i t h  more d i f f i c u l t  
f l i gh t  paths and u s i n g  FILS ground equipment of varied capabi l i t ies  a t  Buenos 
Aires, New York, Montreal and NAFEC (recently renamed FAATC). 
tha t  period the time reference scanning beam MLS has been adopted by ICAO as 
the new international standard landing system, and several national and 
international organizations are i n  the process of defining standards and 
practices for  ground and airborne equipment. 
review MLS characterist ics in l i g h t  of e a r l i e r  operational requirements 
(e.g. reference 2 ) ,  TCV f l i gh t  experience, and present and expected operational 
procedures and problems. 

This paper br ief ly  summarizes the character is t ics  and performance of MLS 
equipment u t i l i zed  by the TCV 6-737. 
approach procedures are  discussed in l igh t  of TCV experience. 
uses of MLS will involve procedures identical t o  ILS, most of this discussion 
i s  concerned w i t h  exploitation of MLS capabi l i t ies  n o t  possessed by ILS. 
Examples are given of how th i s  could be done by using MLS t o  enhance the safety 
and u t i l i t y  o f  procedures presently i n  use for  noise abatement. 
areas which require definit ion of new procedures and conventions are  indicated. 

In the succeeding four years, 

Also d u r i n g  

I t  therefore seems timely t o  

Several classes of MLS service and 
Since the early 

Finally, some 

SYMBOLS AND ACRONYMS 

AZ 

BAZ 

CAT I 

CAT I1 

CDI 

C MN 

C R I  

DME 

DME-M 

DME-N 
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Approach Azimuth 

Back, Azimuth 

Category I Landing Minima (71  m (200 f t )  decision height, 732 m 
(2400 f t )  runway visual range} 

Category I1 Landing Minima (30.5 m (100 f t )  decision height, 366 m 
(1200 f t )  runway visual range} 

Course Deviation Indicator 

Control Motion Noise 

Location iden t i f i e r  fo r  Canarsie VORTAC 

Distance Measuri7ng Equipment 

Precision Distance Measuring Equipment associ ated w i  t h  MLS 

Standard Distance Measuring Equipment 



EL 

FAA 

FAATC 

FA F 

GPIP 

h 

I CAO 

I FR 

I LS 

J FK 

LF 

LOM 

ML S 

MS L 

NAFEC 

POME 

P FE 

R 

RNAV 

RW Y 

S FO 

STAR 

T 

TCV 

Approach Elevation 

Federal Aviation Administration 

Federal Aviation Administration Technical Center 

Final Approach Fix 

Glidepath Intercept Point 

Height a t  w h i c h  t rans i t ion  i s  made from approach elevation t o  
f l a r e  elevation guidance 

International Civil Aviation Organization 

Instrument Flight Rules 

Instrument Landing System 

John F. Kennedy International Airport; 
Kennedy VORTAC 

Location i d e n t i f i e r  for  

Low Frequency 

Outer Compass Locator/Outer Marker 

Microwave Landing Sys tem 

Mean Sea Level 

National Aviation Faci 1 i ties Experimental Center 

Preci s i on D i  stance Measu ri ng Equ i pmen t 

Path Following Error 

Radi a1 

Area Navigation 

Runway 

San Francisco International Airport; 
Francisco VORTAC 

Location iden t i f i e r  f o r  San 

Standard Terminal Arrival Route 

time 

Terminal Configured Vehi cl e 
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TD 

VFR 

VH F 

VNAV 

VO R 

VORTAC 

x~ D 

OL 

0 

0 

Touchdown 

Visual  F l i g h t  Rules 

Very High Frequency 

Area nav iga t i on  w i th  v e r t i c a l  guidance inc luded 

Very High Frequency Omnid i rect ional  Range 

Colocated VOR and m i l i t a r y  T a c t i c a l  A i r  Navigat ion system p rov id ing  
both azimuth and range in fo rma t ion  

Distance from runway th resho ld  t o  a i r c r a f t  MLS antenna a t  touchdown 

E leva t ion  angle 

Azimuth angle 

Standard devi  a t i o n  

MLS CHARACTERISTICS AND ACCURACY 

Equ i pmen t 

MLS Ground Equipment. F igure  1 shows the  MLS i n s t a l l a t i o n  co located w i t h  
ILS a t  Buenos Ai res,  Argent ina,  which the  TCV B-737 used i n  the f a l l  of 1977. 
The system i l l u s t r a t e d  used the  Basic Narrow (aper tu re)  equipment, w i t h  a 
p ropor t i ona l  azimuth coverage o f  +40°. The c u r r e n t l y  favored p r a c t i c e  f o r  
min imiz ing  e leva t i on  s igna l  mu1 ti path contaminat ion invo lves  center1 i n e  
emphasis f o r  the  e l e v a t i o n  antenna. That f s ,  an antenna p a t t e r n  s i m i l a r  t o  the  
one shown a t  t he  r i g h t  s i d e  o f  f i g u r e  2 i s  used t o  concentrate power along the  
runway cen te r l i ne ,  reducing r e f l e c t i o n s  from b u i l d i n g s  o r  o the r  obstacles t o  
the  s ides. With such an antenna, a t y p i c a l  MLS i n s t a l l a t i o n  w i l l  p rov ide  the  
minimum l a t e r a l  coverage i n d i c a t e d  i n  f i g u r e  2. The requ i red  l a t e r a l  coverage 
area i s  a t  l e a s t  2400 ( n o t  necessar i l y  a l l  p ropo r t i ona l )  measured from the  MLS 
datum po in t ,  a p o i n t  on the runway adjacent  t o  the  e leva t i on  antenna. 
i t  i s  r e a d i l y  seen from f i g u r e s  1 and 2 t h a t  t h e  azimuth coverage ang le  must 
a c t u a l l y  be measured w i t h  respect  t o  th2  azimuth antenna, loca ted  a t  a t y p i c a l  
d is tance o f  2 t o  4 km ('1 t o  2 n. m i les )  from the  datuili po in t .  The r e s u l t i n g  
s t r i p s  o f  coverage on e i t h e r  s ide  o f  the  s p e c i f i e d  se rv i ce  area are i m p o r t m t  
fo r  MLS approaches on downwind o r  base legs  near the a i r p o r t .  

However, 

An o p e r a t i o n a l l y  s i g n i f i c a n t  reg ion  i s  t h e  volume i n  which azimuth and 
DME s igna ls  a re  ava i l ab le ,  b u t  n o t  e leva t ion .  This  i n fo rma t ion  can be used 
fo r  accurate area nav iga t i on  i n  combination w i t h  barometr ic  a1 t i t u d e .  The 
volume appears t o  be i n s i g n i f i c a n t  i n  f i g u r e  2, b u t  may a c t u a l l y  extend over  
the e n t i r e  coverage area f o r  as much as h a l f  t he  coverage volume, s ince  the  
c u r r e n t  proposals ( re fe rence 3) s p e c i f y  a minimum azimuth coverage o f  1 5 O  above 
the  ho r i zon ta l ,  b u t  the  minimum requirement f o r  t he  e l e v a t i o n  scanning bean i s  
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only 7.5'. 
barometric a1 t i  tudes wi 11 be di scussed 1 a ter .  

The subject o f  RNAV position updating with MLS and of MLS versus 

One of the advantages of MLS i s  tha t  the antenna patterns may be ta i lored 
to  minimize radiation near the surface, thereby reducing multipath effects  
caused by reflections from the ground. However, this character is t ic  may have 
implications fo r  the abi1it.y t o  t e s t  an MLS airborne ins ta l la t ion  on the 
ground prior to  takeoff, since coverage i s  required only down t o  2.4 m (8 f t )  
above a l ine  of s i g h t  t o  the azimuth antenna. 
be considered i n  the use of MLS for guidance d u r i n g  landing and rollout 
phases, especially on humped runways. 

T h i s  may also be a factor t o  

Three range options are currently possible for  MLS instal  1 ations. T h e  
f i r s t  would provide MLS angle guidance only and follow ILS practice by the 
use of marker beacons or other radio fixes to  provide distance to  touchdown 
information. The second option would provide conventional L-band DME, which 
has been designated DME-N. 
as i t  i s  w i t h  ILS, and could be used w i t h  the MLS angle d a t a  t o  provide RNAV 
position data for  the i n i t i a l  approach phase. Finally, precision range data 
can be provided by a modified L-band DME, designated DME-M. 
would be suff ic ient ly  accurate for  use i n  autoland computations and i n  RNAV 
position updating where accurate f l i gh t  p a t h  following m i g h t  be c r i t i c a l .  

T h i s  could be substi tuted for  marker information, 

This information 

MLS Airborne Equipment. The simplest MLS receiving equipment will 
p r o b a b l y  be operational 1 y  indistinquishable from ILS. However, most receivers 
wi 11 a t  1 east '  have selectable a z i m i t h  and el evati on reference angles and some 
sor t  of basic data display. The more sophisticated equipment, for  use w i t h  
airborne computers , w i  11 have digi ta l  angle data outputs and capabi 1 i ty fo r  
decoding auxiliary data transmissions. A conventional DME may be used w i t h  
e i ther  Df4E-N or DIlE-M ground s ta t ions b u t  will n o t  provide the accuracy 
required for  f l a r e  and landing computations. A precision DME may also be 
us?d w i t h  e i ther  DME-N or DME-M ground equipment and will provide precision 
range data where DIIE-M i s  instal led.  

Airborne antennas will l ikely be a more c r i t i ca l  item with MLS t h a n  with 
VHF systems and may r e s t r i c t  allowable maneuvers o r  procedures unless 
mu1 t i p l e  antenna ins ta l la t ions  are used. Considerable analysis and experi- 
mentation has been conducted and sponsored by the Langley Research Center on 
antenna patterns and locations, Figure 3 shows the antenna locations which 
have been f l i gh t  tested on the TCV B-737. Several o f  these have also been 
extensively studied analytically a n d  by scale model measurements, and a 
technique has been verified for  accurately predicting volumetric coverage of 
airborne antennas. 
experiments us ing  the optional MLS f l a r e  subsystem a t  NAFEC (recently renamed 
FAATC), where i t  was desired t o  make measurements near the ground t o  t e s t  a 
mu1 t i  path reduction processing technique for  the FAA. This location i s  
undesirable because i t  is  more l ikely to  provide degraded signals while 
operating on or near the runway, and interference from landing gear doors i s  
experienced w i t h  omni d i  rectional antennas. The fin-mounted antenna provides 
good omnidirectional coverage b u t  requires long cable runs and is  subject to  

The bottom front  antenna is a location used only fo r  
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pattern lobing due t o  reflections from the fuselage and wings .  

The two remaining antennas can provide complete coverage for  most 
normal maneuvers, as shown by the patterns in figure 4. Both are  simple %- 
wavelength stubs providing omnidirectional coverage i n  the plane tangent t o  
the mounting surface. This resul ts  i n  the blind spots shown due t o  blockage 
by the fuselage in the principal plane. However, when the a i r c r a f t  is  pitched 
up in climb a t t i tude  e i ther  antenna provides nearly fu l l  coverage horizontally 
fo r  a wide range o f  rol l  a t t i tudes.  
been used exclusively for a l l  f l i gh t  operations except two experiments and 
has rarely fa i led  t o  provide suff ic ient  signal. Studies by both Langley 
Resewch Center and Boeing have indicated that  the cabin-top location is  
preferred for  most transport a i r c ra f t ,  w i t h  an optional bottom rear antenna 
for  ful l  coverage i f  required. 
threshold requirement can be met by electronic biasing of the antenna position. 
I f  tha t  i s  n o t  the case, then a directional antenna on or  under the nose will  
be required for some a i r c r a f t  on final approach. 

In practice, the cabin-top antenna has 

I t  i s  assumed that  the wheel-height-over- 

L i g h t  j e t s  and small general aviation a i r c ra f t  may often operate a t  
smal 1 a i rports  without radar  vectoring, where procedure turns wi 11 be required. 
Smooth radiation patterns such as those of  f igure 4 are more d i f f i cu l t  t o  
achieve on this class of a i r c ra f t  due t o  the sharper curvatures of surfaces 
and the relat ively larger sol id  angles subtended by wings, engine nacelles, 
and  the l ike.  
such that  outbound maneuvering can be eliminated, rather t h a n  requiring the 
penalty of multiple antenna instal la t ions.  T h i s  i s  t rue even of transport 
a i r c r a f t ,  where the cable runs may be quite long and require the instal la t ion 
of a preamplifier t o  obtain suff ic ient  signal strength, i n  a d d i t i o n  t o  causing 
a weight and instal la t ion cost  penalty from the cable i t s e l f .  

I t  may be desirable t o  investigate instrument approach procedures 

MLS Accuracy 

Since MLS i s  an angle of  measurement system, i t  was formerly the practice 
This method has been t o  define errors i n  terms of angular bias and noise. 

modified and errors are  now specified by the method i l lus t ra ted  i n  figure 5. 
The MLS measurement i s  compared to  an  absolute p o s i t i o n  reference and a time 
history of the error  i s  obtained which i s  then fed i n t o  standard f i l t e r s .  
path following f i l t e r  i s  a low-pass f i l t e r  with an o u t p u t  containing only 
errors w i t h  low enough frequencies t o  affect  the a i r c r a f t ' s  p o s i t i o n .  
p a t h  following er ror  (PFE)  consists o f  a mean course error  (equivalent t o  an 
average bias e r ror  over the region of measurement) and path following noise. 
The control motion noise ( C M N )  f i l t e r  i s  a h igh -pass  f i l t e r  which passes the 
frequencies which can cause rapid control motion b u t  are of  t o o  short  duration 
t o  resu l t  i n  an a i r c ra f t  position displacement. In e i ther  case, a maximum 
error  in e i ther  degrees or fee t  i s  specified, and as the sl iding window i s  
moved over the time history,  t h i s  maximum er ror  may n o t  be exceeded more t h a n  
5% of the time. 
constant t h r o u g h t o u t  the coverage volume due t o  multipath or  propagation 
effects .  

An i l l u s t r a t ion  of the effects  of PFE and CMN i s  shown i n  figure 6. T h i s  
i s  a portion of the data obtained during Boeing simulations i n  which the MLS 

The 

The 

This method takes i n t o  account the fac t  tha t .e r rors  a re  n o t  
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deviation signals were direct ly  substi tuted for  ILS i n  the 6-747 la te ra l  
autopilot. A d i rect  channel propagation model produced the simulated MLS 
azimuth signal shown. The h i g h  frequency noise produced aileron deflections 
w i t h  a peak t o  peak amplitude af about 30 and a period somewhat larger than 
1 second and rudder deflections of l e s s  than lo with a somewhat longer 
period. As the bottom portion of the figure shows, the airplane displacements 
were of much longer period and were excited by the low frequency components 
of the azimuth noise. 
Preliminary resul ts  from this simulation indicate a la teral  touchdown standard 
deviation of about 1.5 m (4 .9  f t )  for  10 runs. 

The maximum bank angle was less  than 2 O  for  this r u n .  

Considerable data has been published g i v i n g  error time his tor ies  and 
s t a t i s t i c a l  e r ror  analyses of the TCV 6-737 performance on various MLS paths 
(references 4-8). f iqure 7 summarizes the f l i qh t  
technical errors of the TCV 6-737 autoland system a t  the Categories I (61  m 
(200 f t ) )  and I1 (30.5 m (100 f t ) )  decision heights, for  approaches a t  Buenos 
Aires, New York, and Montreal. 
for  FAA cer t i f ica t ion  of Category I1 autopilots even t h o u g h  the final 
approach legs and  lengths ranging from 3 km down t o  0.8 km (1.6 t o  0.44 n .  
miles). More s ignif icant  i s  that  these f l i gh t  technical errors  are also a 
good indicatiun of absolute position e r rors ,  as discussed in references 6-8. 
The cross track errors were larger a t  the Category I decision height mainly 
because of the short final approach legs. In  f ac t ,  for  over 30 of the 
approaches ( a t  JFK), the data are representative of RNAV delivery e r ror  rather 
than autoland tracking performance since the intercept of f inal  approach 
occurred near the Category I decision height. 

than those indicated i n  the preceding discussion. 
accuracy should be equal to  o r  be t te r  than the best performance which can be 
expected from VHF navigation and barometric a l t i tude.  
coverage volume the MLS will have much smaller l inear  errors than any other 
means of navigation. 

One example is qiven here: 

The performance i s  much bet ter  than required 

Errors a t  large distances and off centerline will probably be larger 
However, the MLS worst case 

T h r o u g h o u t  most of i t s  

CLASSES OF MLS USEAGE 

Conventional ILS-type Approaches 

MLS will i n i t i a l l y  be instal led a t  many locations along w i t h  existing 
ILS. 
will be i n  use, the procedures are expected to  be identical w i t h  present ILS 
practice. P i lo t s  will probably notice very l i t t l e  difference from ILS under 
these conditions, other than possibly a more s tab le  signal w i t h  fewer course 
bends. 
be more f lag ac t iv i ty  dur ing  i n i t i a l  maneuvering t h a n  pi lots  a re  accustomed to  
w i t h  VHF o r  LF navaids. 
headings w i t h  single-antenna instal la t ions.  

To prevent confusion d u r i n g  the early phases when both types of systems 

Depending on the airborne antenna coverage character is t ics  , there may 

Signals may be lo s t  o r  not acquired on outbound 



Cockpit instrumentation will probably be the same as tha t  used fo r  ILS, 
except t ha t  i f  the wider proportional coverage of MLS i s  to  be used t o  a s s i s t  
i n  capture of the final approach course, provisions will be necessary fo r  
e i ther  reducing CDI sens i t iv i ty  d u r i n g  the capture phase or  for  providing some 
auxiliary display of azimuth angle to provide lead information. T h e  minimum, 
o r  operationally preferred, glideslope angle will be a part of basic data 
transmitted from the ground equipment. 
t o  automatically set  the receiver's elevation reference angle, or must be 
displayed t o  the p i lo t  with provis ions fo r  preventing the use of lower angles. 
There i s  s t i l l  some question as t o  whether the MLS should always use a 30 
glideslope unless a larger angle i s  required for  safety or i f  the glideslope 
should b e  s e t  to  match a lower ILS glideslope i n  the cases where MLS i s  
colocated w i t h  such an ILS. 
may require higher weather minima since the approach l igh ts  and Visual Approach 
Slope Indicators are s e t  t o  match the ILS angle. 

T h i s  information must e i ther  b e  used 

I f  the MLS glideslope does not match the ILS, i t  

Advanced Applications 

O f  f-center1 i ne Approaches. MLS receiving equi pment w i t h  sel ectabl e 
azimuth and elevation reference angles will allow approaches on other than 
the 00 azimuth angle using conventional cockpit displays and techniques. 
An example of how such an approach m i g h t  be used is given i n  f igure 8, which 
i s  a published noise abatement procedure used extensively a t  San Francisco 
during the after-midnight hours. A conventional ILS approach t o  e i ther  runway 
28L o r  28R brings a i r c ra f t  in over residential areas near the San Mateo bridge. 
The Quiet Bridge approach depicted uses VOR/DME i n  the early stages b u t  i s  
basically a visual approach requiring good weather. There i s  no positive 
vertical guidance, since the ILS glideslopes of 2,7O and 3O are b o t h  below 
the m i n i m u m  a l t i tude  of 579.1 m (1900 f t )  a t  the bridge. 

An example o f  how MLS could be used for  t h i s  approach i s  given i n  figure 
9. 
scale has begn exaggerated since the angles a re  small. Note that  an approach 
along the -6 azimuth radial closely adheres t o  the desired f l i g h t  track. By 
selecting the 3.30 elevation reference angle, a s tabi l ized descent w i t h  precise 
guidance may be s ta r ted  well before reaching the b r idge  a t  the specified 
al t i tude.  
the f inal  approach course 4 t o  6 km (2.1 t o  3.2 n. miles) from threshold, and 
elevation guidance i s  available throughout the en t i re  procedure. Rather t h a n  
intercepting the extended centerline for  runway 28L, the t ransi t ion may be made 
to  the -30 azimuth angle. Accurate guidance i s  then furnished la te ra l ly  and 
ver t ical ly  to  cross the final approach course for  runway 28R approximately a t  
the middle marker a t  a 3 O  angle. The improved guidance could enhance safety 
and reduce missed approaches fo r  e i ther  runway, and as suff ic ient  experience 
was gained the weather minima could be reduced. 

The MLS i s  assumed t o  be colocated w i t h  the ILS on runway 28L. T h e  vertical  

After passing the bridge, a shallow l e f t  t u r n  allows intercept of 

Segmented Approaches. For a i r c r a f t  w i t h  RNAV capabi 1 i t y  , MLS waypoints 
could be specified on the Bridge approach such t h a t  positive guidance was 
provided dur ing  the t ransi t ion from the -60 t o  the - 3 O  or O0 azimuth angles. 
Aircraft w i t h  more sophisticated computational capabili ty and displays could 
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easi ly  make manual o r  automatic approaches t h r o u g h  touchdown. 

Curved Approaches. A proposed solution to  the San Francisco noise 
problem would require approaches over the  bay w i t h  a l e f t  t u r n  of greater 
than 900 to  f ina l  approach t o  runway 19. 
t h i s  must be accomplished a t  o r  w i t h i n  about 11 km (6 n. miles). E x i s t i n g  
navaids a re  inadequate fo r  this task,  and i t  was determined tha t  the weather 
conditions deemed necessary to  make this approach visually a t  n i g h t  do n o t  
exist d u r i n g  a majority of the hours of interest .  Such an approach could be 
easi ly  handled w i t h  the wider proportional coverage of MLS. 

Because of Oakland t r a f f i c  conf l ic t s ,  

An example of an over-water approach is  shown i n  f igure 10, which depicts 
two MLS approaches flown a t  Buenos Aires by the TCV B-737. These paths avoid 
overflying a c i ty  area w i t h  numerous high-rise apartment buildings, as the ILS 
approach does a t  a l t i tudes  as low as 305 m (1000 f t ) .  The f inal  approach legs 
here were 2 and 3 km (1.1 and 1.6 n .  miles) i n  length. Figures 11 and 12 a re  
photographs taken from the p i lo t ' s  window on base leg and i n  the t u r n  t o  f inal  
approach, respectively, on the path ABE05. 
r ight  hand edge of the photo ,  and the runway may be seen a t  the lef t .  T h e  
f inal  approach course i s  intercepted over the a t h l e t i c  f i e l d  beyond the two 
large buildings. 

The a i r c r a f t  track is  toward the 

As performed by the TCV B-737, this type of approach i s  expl ic i t ly  
defined i n  3 dimensions and the waypoint and a l t i t ude  data are  stored i n  the 
navigation computer bulk data i n  the form of a Standard Terminal Arrival 
Route (STAR). 
by merely cal l ing fo r  the STAR by name. 
eliminating the necessity f o r  entering each waypoint, b u t  allows the waypoint 
locations t o  be defined more accurately than the 0.1' of l a t i t ude  and 
longitude which i s  normal with present-day control and display uni ts .  This 
resolution does n o t  take advantage of MLS accuracy, and i s  insuf f ic ien t  fo r  
curved, close-i n i ntercepts of f ina l  approach. 

T h e  path i s  eas i ly  entered i n t o  the f l i g h t  plan by the p i l o t  
This n o t  only reduces workload by 

In order t o  allow the def ini t ion of curved, continuously descending 
f l i g h t  paths, the TCV MLS signal processing used a coordinate conversion from 
the MLS conical coordinates t o  a runway-based rectangular coordinate system. 
After f i l t e r i n g ,  the rectangular coordinate data were again transformed in to  
Iner t ia l  Navigation System-equivalent data f o r  i n p u t  to  the exis t ing navigation 
computer system, and t o  ILS-like deviation data fo r  the autoland system and 
displays. This i s  a ra ther  cumbersome process, w i t h  the added disadvantage 
t h a t  no MLS data can be used unless a l l  angle and range data are available. 
However, i t  does allow the definit ion of complex f l i g h t  paths  and touchdown 
p o i n t s  independent of ground s ta t ion  geometry so long as the p a t h  s tays  w i t h i n  
coverage of a l l  signals. In future system designs a capabili ty t o  use azimuth 
and range information of RNAV along with barometric a l t i t ude  and t o  intercept 
and track spec i f ic  azimuth and elevation angles d i rec t ly  is  desirable. 

An important factor  when an exp l i c i t  path i s  t o  be followed i s  the 
navigation error exis t ing a t  the time MLS coverage i s  entered and a change is 
made to  MLS guidance. Depending on the available navaids and geometry, and the 
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a i r c ra f t  navigation capabili ty,  large discrepancies may ex is t  between the 
position estimate and the actual a i r c ra f t  position. Similarly, there are 
l ikely to  be a l t i tude  errors due t o  a i r c r a f t  instrumentation errors and non- 
standard atmospheric conditions. 
these errors and the MLS coverage character is t ics  into consideration so tha t  
suf f ic ien t  f l i gh t  time w i t h i n  MLS coverage i s  allowed for  a smooth and gentle 
correction prior t o  attempting the final intercept t u r n ,  since correcting 
track errors  i n  a t u r n  i s  more d i f f i c u l t  and may result i n  undesimble 
a i r c ra f t  maneuvering. 
on the outside of the turn. Figure 13 i l l u s t r a t e s  a typical s i t u a t i o n  d u r i n g  
entry of the TCV airplane i n t o  MLS coverage and a 13130 turn to  a 5.6 km ( 3  n. 
miles) f inal  approach leg. T h i s  i s  the same p a t h  described for  other f l i g h t s  
a t  NAFEC i n  references 4 and 5. The error  data was obtained by phototheodolite 
tracking from the ground. 
airplane was t o  beqin a 3 O  descent. A cross track position error  of about  
100 m i s  apparent, w i t h  a standard deviation of a b o u t  75 m.  
track e r ror  i s  implied by the rapid increase o f  a l t i tude  e r ror  i n i t i a l l y ,  
indicating that  the a i r c r a f t  passed the waypoint before beginning descent. 
the edge of the MLS coverage region, the mean cross track error  has decreased 
t o  near zero b u t  the dispersion i s  unchanged. The a l t i tude  error  has-set t led 
a t  about  30.5 m (100 f t ) .  
seen t o  begin  decreasing as the switch i s  made t o  MLS guidance. 
a l t i tude  error  r zp id ly  decreases t o  near zero and a t  the same time the 
dispersion i s  reduced. Further improvement i n  the dispersion i s  seen as the 
final approach leg i s  intercepted and the autoland system takes over. 
these f l i gh t s  no special provision was made f o r  the transit ion from conven- 
tional t o  MLS guidance. Rather, any existing error  was fed t o  the guidance 
a lgor i thms as a step i n p u t  when the MLS guidance switch was enabled. 
proved acceptable for  most of the f l i g h t s ,  since n a v i g a t i o n  errors are a 
m i n i m u m  w i t h  a dual DME updated iner t ia l  n a v i g a t i o n  system such as used on the 
TCV B-737. However, w i t h  the occasional larger errors  experienced, maneuvers 
tend t o  become abrupt and i t  i s  desirable to  provide a b l a n d i n g  technique f o r  
smooth transit ion t o  the MLS guidance. 
f l i g h t  tes t ing on the TCV B-737. 

A summary of the cross track and a l t i t u d e  errors experienced by the TCV 
airplane d u r i n g  f l igh ts  a t  Buenos Aires, New York and Montreal is  given i n  
f igure 14. The mean cross track e r ror  of -79 m can be expected t o  approach 
zero as data is  included for  additional locations and f l i g h t  geometries, b u t  
the dispersion i s  probably representative o f  what can be expected u s i n g  this 
type of inertial/DME/DME navigation. On the few occasions when VOR data has 
been used, errors of about 2 km have been seen. The a l t i tude  error here also 
shows a bias,  which could be due i n  part t o  the fac t  t ha t  the f l i gh t s  a t  JFK 
and Montreal were performed i n  cold weather when the barometric altimeter 
would tend t o  read low. Other factors could be along track navigation errors 
for  any approaches where MLS entry occurred dur ing  a descent, o r  errors i n  the 
MLS equipment o r  on-board processing. 

procedure, the VOR RWY 13L/13R (Canarsie) approach t o  John F. Kennedy airport  

Flight path design must take the s i ze  of 

T h i s  i s  especially true i f  the a i r c r a f t  happens t o  be 

A t  the b e g i n n i n g  of  the plot,  waypoint DD135, the 

A larger along- 

A t  

A t  this p o i n t  the cross track error  dispersion is  
The mean 

During 

T h i s  

Such techniques are planned for 

Canarsie Approach t o  JFK. A published curved instrument approach 
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i s  shown i n  figure 15. Although this i s  an instrument approach, the curved 
portions must be flown by visual reference to  a se r ies  of flashing lead-in 
l ights ;  thus relat ively h i g h  ceil ings and v i s i b i l i t i e s  are required. The 
approach to  runway 13R, i n  particular,  requires basic VFR weather conditions. 
The approaches are d i f f i cu l t  to f l y  since the curved path must be tracked by 
reference to  a few visual cues, which may be d i f f i c u l t  to  pick out from the 
c i ty  l igh ts  a t  n i g h t ,  and a t  the same time a descent must be made w i t h  no 
vertical  guidance. 
residential d i s t r i c t ,  which the approach i s  designed t o  avoid. 

Pilots frequently overshoot the curve and f l y  over the 

Figure 16 shows an experimental MLS ins ta l la t ion  a t  JFK which was used by 
the TCV B-737 to  demonstrate the conversion of the Canarsie approach t o  a 
precision approach t o  touchdown. The azimuth antenna provided +60° coverage. 
Two different  elevation antennas were tested a t  JFK by the FAA. 
use during the TCV f l i g h t s  was the Basic Narrow system w i t h  centerline emphasis 
so that  elevation coverage was n o t  matched to  the azimuth system and was 
marginal in the vicinity of CRI. 
sometimes l o s t  fo r  brief periods early i n  the approach as the airplane 
maneuvered. 
t o  MLS guidance. 
factor was loss of  confidence when the pilots coupled to  the MLS early and 
then l o s t  the elevation signal in the result ing t ransi t ion maneuver. 
operational system this should n o t  be a problem since the elevation and 
azimuth coverages would be matched. 

If  a t40° azimuth system had been used, a l l  t ransi t ions t o  ML5 guidance 
would have been delayed until near the t u r n  entry, often leaving insuff ic ient  
time t o  correct the navigation errors before entering the turn. Further, i f  
terminal procedures were to  requi re that  MLS approach procedure design could 
include only the +40° sector o r i g i n a t i n g  a t  the datum point, as i l l u s t r a t ed  
in figure 2 ,  MLS could n o t  be assumed valid prior to  reaching the s tar t  of the 
turn, which i s  the missed approach point i n  today's procedure. T h u s  only a 
260' system can be used f o r  t h i s  approach. Even as measured from the datum 
p o i n t ,  t h i s  allows adequate time to  acquire the signals i n  the vicinity o f  
CRI and correct any navigation and a l t i tude  errors. 

The one i n  

The resul t  was tha t  the elevation signal was 

T h e  black triangles show the p o i n t s  a t  which the pi lots  switched 

W i t h  an 

This varied widely fo r  several reasons, b u t  a contributing 

T h e  MLS on runway 13L could be used t o  provide VNAV approaches to  both 
runways , allowing lower weather minima t h a n  are presently required and 
improving the u t i l i t y  and accuracy of the approaches. With TCV type signal 
processing, autolands would be possible on e i ther  runway using the same MLS 
ground s ta t ion.  For runway 13R the final approach course could be simply 
offset  using the same technique which was used a t  Montreal, where the azimuth 
antenna was instal led off-centerline t o  allow ins ta l la t ion  of  the Brit ish 
Doppler MLS on the same runway. 
today, the technical f eas ib i l i t y  was clearly demonstrated over two years ago. 
The use of an MLS for  RNAV o r  VNAV approaches t o  more than one runway could 
increase the u t i l i t y  of these types of approaches without the added cost of 
complete systems on every runway. However, in the beginning, confidence can 
probably be best gained by u s i n g  the MLS primarily t o  improve the accuracy and 

While the use of  such methods may be questioned 
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safety of the visual portions of  these approaches and to  reduce the weather 
minima l a t e r  as experience shows t o  be appropriate. 

La Guardia Expressway Approach, A f inal  example o f  a current curved, 
descending noise abatement approach i s  the La Guardia Expressway Approach i n  
f igure 17. 
approaches j u s t  discussed, since there are no lead-in l ights  or  other visual 
cues to  define the curve. 
par t icular  highway system, t u r n i n g  over Flushing Meadow Park t o  intercept a 
very short  f inal  approach, a l l  the while making a steeper than normal descent 
without guidance. 
and v i s i b i l i t y  of a t  l eas t  8 km (5  mi), considerably greater than basic VFR 
requirements. 
standard 260' MLS does n o t  provide suff ic ient  coverage due to  the large turn 
and very short f i n a l  approach leg. 

The curved portion i s  even.less well defined t h a n  the JFK 

The p i lo t  mus t  locate and visually follow a 

The procedure ca l l s  for a cei l ing of 914.4 m (3000 f t )  

The problem w i t h  making th i s  an MLS apprcach i s  tha t  even a 

There are some possible ways i n  which MLS could be used for  the Expressway 
Approach. I l lus t ra ted  i n  f igure 17 i s  a way to  do i t  w i t h  a single k6Oo MLS 
on runway 31. 
toward the side on which additional coverage i s  required. T h i s  would allow 
the signals t o  be acquired during the i n i t i a l  i n b o u n d  leg toward the a i rpor t  
i n  plenty o f  time to  establish accurate p a t h  tracking and a s tabi l ized descent 
before reaching DIALS intersection and t u r n i n g  t o  base leg. 
conventional users approaching a1 ong the runway center1 i ne would be requi red 
t o  track the -40° azimuth angle rather t h a n  Oo. 
matter t o  s e t  t h i s  reference angle into the receiver automatically using data 
transmitted by the ground equipment, o r  the p i lo t  could be required t o  select  
the proper reference angle as part  of the cockpit procedure. 
would s t i l l  allow ZOO of proportional coverage on the north s ide of the runway, 
well in excess of the required 10° m i n i m u m .  
t o  runway 4 u s i n g  the same instal la t ion.  T h i s  technique would require that  
the present proposed practice be modified, since i t  ca l l s  for  the Oo azimuth 
angle to  be aligned w i t h  the runway centerline. 

T h e  azimuth and elevation antennas are rotated by about 40° 

However, any 

I t  i s  technically a simple 

This technique 

I t  would also allow VNAV approaches 

A second possibi l i ty  would be the ins ta l la t ion  of another MLS on runway 

The disadvantages are  tha t  twice'as much 

4 in a d d i t i o n  to the one on 31. The runway 4 system could be used durinq the 
i n i t i a l  part of the approach t o  provide accurate V N A V  guidance and the runway 
31 system used for final approach. 
ground equipment i s  required, and the airborne equipment would require e i ther  
an additional MLS receiver dedicated t o  area navigation or  frequency retuning 
a t  a c r i t i ca l  point i n  the approach. 

A final potential solution i s  the 360' azimuth o p t i o n ,  which i s  considered 
a possible growth feature of the MLS. 
comparable to  the approach azimuth, this would solve the la te ra l  guidance 
problem. However, there would s t i l l  be a problem w i t h  a l t i tude  errors. Recall 
from figure 14 that  errors o f  a few hundred f ee t  would not be uncommon. An 
error  of th i s  magnitude needs to  b e  detected and corrected before reaching 
DIALS intersection because of the shortness of the Dath and the fac t  t h a t  the 
approach is  already solriewhat steeper t h a n  3 O  and a fly-down error  indication 

Assuming tha t  the accuracy would be 
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m i g h t  resu l t  i n  higher than desirable descent rates. 
i s  caused by non-standard atmospheric conditions, the s i ze  of the t ransi t ion 
is  to  some extent determined by the a l t i tude  a t  which i t  occurs. Figure 14 
included data on t ransi t ions occurring from 610 t o  1524 m (2000 t o  5000 f t )  
MSL. Table I summarizes the differences between barometric, radio and MLS 
a l t i tudes  a t  several points along the final approach p a t h  a t  3uenos Aires. 
These points were a l l  below 182.9 m (600 f t )  MSL. 
between barometric and  MLS al t i tudes th i s  near the ground i s  seen t o  be a b o u t  
12.2 t o  15.2 m (40 t o  50 f t ) ,  w i t h  a standard deviation of 15.2 t o  18.3 m 
(50 to  60 f t ) .  An attempt was made t o  correct radio a l t i tude  for  the 
approximate terrain elevation, and the resul ts  show good agreement with the 
MLS a l t i tude .  The  larger dispersions of 3.7 a n d  4.0 m (12 a n d  13 f t )  a t  two 
points show the terrain dependence of the radio alt imeter.  These were due 
t o  the e f fec ts  of s t r ee t  t r a f f i c  and trees a t  one p o i n t ,  a n d  a double row of 
approach l igh ts  a t  the other. 

The conclusion which may be drawn i s  t h a t  MLS al t i tude accuracy is  
comparable t o  that  of radio alt imeters,  and MLS i s  preferable for  obstacle 
clearance and landing guidance since i t  i s  t e r ra in  independent. 
there i s  a t ransi t ion which may be hundreds of fee t  i n  magnitude required t o  
change from barometric t o  MLS al t i tude.  This t ransi t ion problem increases 
with a l t i tude ,  and must be considered in the design of MLS approaches. 

Since much of this e r ror  

The mean difference 

However, 

USE OF MLS AT COVERAGE L I M I T S  

Late ra 1 Co v'e r a g e 

All discussions t o  t h i s  p o i n t  have been concerned w i t h  MLS near the 
airport  t r a f f i c  pattern. 
of 20 n .  miles and an a l t i tude  of 6096 m (20 000 f t ) .  
t ions,  the signals will probably be received a t  much greater distances. 
During the f i r s t  TCV B-737 t e s t s  using MLS, valid signals were received in 
excess of 55 km (30 n .  miles).  
to  correct navigation errors as early as practical in an approach, l e t  us 
consider the use of MLS a t  the coverage l imits .  

Denver, which provide coverage for  a l l  arrival routes, 
area i s  of in te res t  because of the experiments w i t h  t r a f f i c  metering and 
prof i le  descents, which may resu l t  in similar t r a f f i c  arrival patterns being 
used more widely i n  the future. 
37 km (20 n. miles) allows MLS use d u r i n g  the l a s t  p a r t  of the prof i le  descent, 
and i t  i s  quite l ikely that  under most conditions signals will be acquired 
much further out--perhaps a t  the metering fixes. 
use might be made of MLS under those conditions. 

The m i n i m u m  specified coverage extends to  a range 
During normal condi- 

Since i t  has been implied t h a t  i t  i s  desirable 

Figure 18 i l l u s t r a t e s  a hypothetical ins ta l la t ion  of two +60° systems a t  
The Denver terminal 

Note that  even the minimum system range of 

The question, then, i s  what 

I t  i s  obviously advantageous to use MLS t o  update the navigation pmition 
estimate as early as possible so that  any necessary corrections can be made 
smoothly and expeditiously. The procedure depicted is  the h igh  prof i le  
descent, which would be in use for  t r a f f i c  being routed to  a downwind leg f o r  
landing opposite the i n i t i a l  approach direction. W i t h  only the two systems 
shown, a i r c ra f t  would temporarily leave MLS coverage on downwind leg. I f  MLS 
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were instal led on the east-west runways, a switch to  that  system could be 
made on downwind for  continuous MLS guidance. 
frequency change would be required fo r  the final approach phase. 
azimuth and DME option were available, the landing MLS could be tuned i n i t i a l l y  
and  accurate la te ra l  guidance would be available continually w i t h  no further 
action. 

In e i ther  event, another 
I f  the 3600 

MLS A1 t i  tude 

In the case i l lus t ra ted  in figure 18, i t  would be possible t o  compute 
MLS a l t i t ude  a t  i n i t i a l  entry t o  the MLS coverage region. 
navigation study done for the FAA several years ago (reference 9) showed 
that  vertical  separation would be compromised by mixing t r a f f i c  u s i n g  
barometric a l t i tude w i t h  t r a f f i c  using MLS a l t i tude ,  and i t  i s  not reasonable 
to expect a l l  t r a f f i c  i n  the terminal area t o  be u s i n g  MLS al t i tude.  The 
problem i s  mainly due t o  the large errors i n  barometric a l t i tude  which can 
occur under non-standard conditions. These errors a f fec t  a l l  a i r c ra f t  i n  the 
same vicini ty  by approximately the same amount, so t h a t  re la t ive separation is  
n o t  affected. 
minimum a l t i tude  of 305 m (1000 f t )  above the highest obstacle within 8 km 
( 5  mi) (610 io (2000 f t )  i n  mountainous areas) .  
was t h a t  w i t h  mixed barometric and MLS a l t i tudes ,  a vertical  separation of 
2000 f t  would be required. 
of 3048 m (10 000 f t )  and an airspeed of 250 kts. 
a i r c ra f t  will be w i t h i n  MLS coverage a t  a l t i tudes of 6096 m (20 000 f t )  o r  
more and in many cases they mat by a t  airspeeds greater than 250 kts.  
shows a summary o f  the resul ts  from reference 9 and an extension of the 
analysis t o  include an a l t i tude  of 20 000 f t  and airspeed o f  350 kts.  
s l igh t ly  larger MLS error  i s  a l s o  used t o  conform more closely t o  current 
proposals, b u t  t h i s  i s  an insignificant perturbation. The column labelled 
"noise error"  i s  composed primarily of the maximum random errors which can 
occur due to  non-standard temperatures, lapse rates and horizontal pressure 
gradients. 
separation must be increased by abou t  1000 f t  over t h a t  calculated for  the 
lower a l t i tude  and airspeed. 
separation from 305 t o  914 m (1000 t o  3000 f t )  would appear t o  be a good 
argument against the early use of MLS a l t i tude .  

However, an area 

Absolute errors are accounted for  by the requirement for  a 

One conclusion o f  t h a t  study 

This study limited the conditions t o  an a l t i tude  
As j u s t  shown i n  figure 18, 

Table I1 

A 

By the rule of t h u m b  given in the reference, the vertical 

A possible need t o  change terminal area vertical  

A second disadvantage of  early use of MLS a l t i tude  would be the magnitude 
of the correction necessary a f t e r  switching from barometric t o  MLS a1 ti  tude. 
This could occur d u r i n g  the prof i le  descent phase and resul t  i n  e i ther  a loss 
of  some of the fuel savings or inabi l i ty  t o  correct the e r ror ,  i f  a fly-down 
error  signal were received while descendins a t  i d l e  Power. Transition methods 
would have to  be very gradual t o  compensate f o r  a l t i tude  errors  of  1000 f t  o r  
more i n  a reasonable fashion. One simple way t o  achieve a gradual reduction 
of  a l t i t ude  error  to  a more reasonable value i s  t o  wait until reaching a lower 
a l t i tude  before making the switch. 

To summarize, MLS a l t i tude  i s  essential  fo r  purposes such as curved, 
descending f l i gh t  paths and i s  very desirable for  obstacle clearance and 

96 



guidance i n  the  f i n a l  approach phases and landing. However, i t s  use a t  h igher  
l e v e l s  creates problems which do n o t  appear t o  have a ready so lu t i on .  Fur ther  
ana lys is  and exper imentat ion i s  requ i red  t o  de f i ne  the  cond i t ions  under which 
MLS a l t i t u d e  should be used, 

OBTIONAL MLS FEATURES 

L i t t l e  o r  no experience has been gained w i t h  the  use o f  t he  proposed MLS 
growth features.  Therefore, on l y  a few general comments w i l l  be made about 
t h e i r  poss ib le  app l i ca t i ons  o r  cha rac te r i s t i cs .  

3600 Azimuth 

This  paper has mentioned several  p o t e n t i a l  app l i ca t i ons  f o r  an omni- 
d i r e c t i o n a l  azimuth func t i on ,  and the  MLS s igna l  format does con ta in  growth 
p o t e n t i a l  t o  a l l ow  i t s  implementation. A t  t h i s  t ime, however, i t  i s  s t r i c t l y  
i n  the  conceptual stage. I n  the  e a r l y  p lanning stages o f  MLS, a +900 coverage 
was f e l t  t o  be an opera t iona l  requirement f o r  a f u l l  se rv i ce  system 
(reference 11, b u t  t h i s  was mod i f ied  t o  +600 because o f  p r a c t i c a l  cons iderat ions 
regard ing implementation. The emphasis a t  present i s  concentrated on the  l esse r  
capabi 1 i ty  systems w i t h  p ropor t i ona l  coverage o f  k400 down t o  +loo ( re fe rence 
3).  Every reduc t i on  from +90° coverage increases the  need f o r  a 360° azimuth 
subsystem, and the  requirements f o r  accuracy become more s t r i n g e n t  t o  i n s u r e  
t h a t  nav iga t i on  problems can be cor rec ted  be fore  reaching a c r i t i c a l  phase i n  
the  approach. The problem of t r a n s i t i o n  from barometr ic  a l t i t u d e ,  however, 
w i l l  n o t  be so lved by the  implementat ion o f  t h i s  func t ion .  

Back Azimuth 

F l i g h t  t e s t s  have been conducted us ing  MLS i n s t a l l a t i o n s  which had an 
azimuth subsystem i n s t a l l e d  i n  the back amimuth l o c a t i o n ,  and performance 
standards f o r  t h i s  f u n c t i o n  a re  under development. Some quest ions remain 
as t o  the use o f  t h i s  funct ion.  
scanning convent ions.  
dev ia t i on  s igna l  a t  a change from approach t o  back azimuth. 
e a s i l y  handled by having the  rece ive r  reverse ou tpu t  p o l a r i t y  f o r  t h e  back 
azimuth funct ion,  so t h a t  the C D I  d e f l e c t i o n s  w i l l  f o l l o w  the  same conventions 
as f o r  ILS. However, t he  angular course dev ia t ions  as measured by the  two 
systems w i l l  n o t  be o f  the  same magnitude except midway between the antennas, 
A sw i tch  f rom approach t o  back azimuth w i l l  t he re fo re  usua l l y  r e s u l t  i n  a 
change, perhaps la rge ,  o f  C D I  de f l ec t i on ;  o r  i n  the  case o f  automat ic f l i g h t  
operat ions w i l l  r e s u l t  i n  a s tep  e r r o r  i n p u t  t o  the  a u t o p i l o t .  
t h a t  du r ing  much of t he  t ime the  a i r c r a f t  i s  over the  runway, the re  w i l l  be a 
choice of us ing  e i t h e r  approach o r  back azimuth in fo rmat ion .  I t  must y e t  be 
es tab l i shed whether t h e  swi tch t o  back azimuth i s  t o  be made automat ica l l y  i n  
the  rece ive r  o r  i n i t i a t e d  by the  p i l o t .  I n  e i t h e r  case, c r i t e r i a  f o r  making 
the  swi tch  must be de f ined and some t r a n s i t i o n  method developed t o  smooth the  
poss ib le  jump i n  e r r o r  magnitude. 

F igure 19 i l l u s t r a t e s  the  proposed azimuth 
This  convei l t ion w i l l  r e s u l t  i n  a change o f  s ign  o f  the 

Th is  can be 

F igure 20 shows 
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In  the TCV 8-737 f l i gh t  t e s t s ,  the back azimuth signal was used only as a 
sensor i n p u t  for updating the RNAV p o s i t i o n  solution a f t e r  the approach azimuth 
signal was los t .  
always follows the same procedures and uses the same displays regardless of the 
ava i lab i l i ty  of back azimuth guidance, 
except t o  improve the accuracy of the RMAV position. 

A desirable feature of this technique is  tha t  the p i lo t  

The back azimuth here has no e f fec t  

MLS Flare Guidance 

The MLS f l a r e  elevation function has been f l i g h t  tested in two versions 
by the TCV B-737. 
being developed. 
provide a source of a l t i tude  data equal t o  or bet ter  than a radio altimeter 
during the f l a r e  and l a n d i n g  phase, when the approach DME and computational 
capabili ty are a lso required. During most of the TCV f l i g h t s ,  f l a r e  eleva- 
tion was substituted for  approach elevation whenever i t  became available 
rather than waiting until  the l a t t e r  was about t o  be lo s t .  This eliminated 
any possibi l i ty  of problems arising from changing a l t i tude  guidance i n  a 
c r i t i ca l  f l i gh t  phase near the g round ,  and performance on the glidepath was 
somewhat bet ter  due t o  the narrower beam width of the f l a r e  elevation system. 

Performance standards for  this function are presently 
The primary function of the f l a r e  elevation system i s  t o  

One al ternate  use that  could be made of the f l a r e  elevation system by 
a i r c r a f t  w i t h o u t  precision DME o r  computations i s  the segmented glidepath 
approach i l l u s t r a t ed  i n  f igure 21. In th i s  procedure a normal glidepath would 
be flown on the approach elevation system; and a transit ion would be made t o  a 
smaller angle glidepath upon intercepting the desired angle from the f l a r e  
elevation antenna. 
sink rate ,  thus eliminating the need for a f inal  f l a r e  maneuver. Several 
examples are given for  the TCV B-737, assuming an MLS antenna height of 4 m 
above the runway a t  touchdown. The transit ion al t i tudes and touchdown sink 
rates f o r  the 0.6 t o  0.7O glidepaths are comparable t o  the normal f l a r e ,  except 
that  the l a t t e r  i s  a gradual continuous maneuver rather t h a n  a discrete  
t ransi t ion t o  a f l a t t e r  glidepath. 
tested on an  ea r l i e r  experimental guidance system. One of the potential 
problems with such a procedure i s  t h a t  the touchdown dispersion would probably 
be greater t h a n  t h a t  achieved using present TCV f l a r e  control laws (reference 
10) .  An  estimate of touchdown dispersion for  each g l i d e p a t h  i s  given in the 
figure. 
7 and  the tangent of the glidepath angle. 
e i ther  bet ter  or  worse depending on how closely the glidepath was tracked a t  
these shorter ranges and what the effects of transit ioning t o  a new glidepath 
were. There migh t  also be problems i n  providing a single ground antenna 
geometry sui table for  a wide range of a i r c ra f t  characterist ics.  

T h i s  angle would be chosen t o  provide the desired touchdown 

T h i s  type of landing maneuver has been 

I t  was obtained by using the glidepath tracking dispersion fpom figure 
I n  practice, the values might be 

CONCLUDING REMARKS 

Many of the uses originally envisioned for  a new precision approach and 
landing aid,  such as curved approaches for  noise abatement purposes and 
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automatic landings, have been clearly demonstrated t o  be technically feasible 
by TCV B-737 f l igh ts .  With regard to the technical requirements, there i s  no 
reason why such procedures could n o t  be p u t  i n t o  use w i t h i n  a few years, since 
the new a i r c r a f t  which are currently on production l ines will have electronic 
displays and computational capabi l i t ies  sui tab1,e for  emulating or  improving on 
the TCU experience. Reasons why these capabi l i t ies  may n o t  be exploited soon 
are  the lack of defined procedures and conventions, opposition by pi lots  and 
a i r  t r a f f i c  controllers without training and experience i n  these types Gf  
operations , and possible deficiencies i n  ground s t a t i o n  and/or airborne 
equipment capabi 1 i t i e s .  

I t  has been TCV program experience t h a t  d u r i n g  the FILS f l i gh t  t e s t s ,  most 
a i r  t r a f f i c  controllers and guest p i lo t s  developed confidence in the airplane 's  
ab i l i t y  t o  follow complex f l i gh t  paths and t r a f f i c  clearances, a f t e r  they were 
briefed on the a i r c ra f t  systems and saw from actual f l i gh t  operations tha t  they 
worked as advertised. I t  i s  suggested in th i s  paper t h a t  a good way t o  smooth 
the way for  the use of MLS for  complex noise abatement procedures i s  t o  s t a r t  
with existinq visual approaches. This would cause a nealiaible Derturbation t o  
present a i r  t r a f f i c  control procedures and could reduce p i lo t  workload (with 
the proper displays) , increase safety and  f l i gh t  path accuracy, and reduce 
missed approach frequency. The result ing operational experience would help t o  
provide the confidence needed for  the reduction of weather minima on existing 
approaches and influence the design for  new procedures. 

The other factors which could delay or p,revent the ful l  realization of the 
potential of PlLS are technical ones involving coverage volume and the provision 
for  special techniques t o  increase coverage asymmetrically where required. 
While i t  i s  desirable t o  simplify the transit ion from ILS to  MLS by the use of 
common procedures , i t  must be emphasized t h a t  a "minimum" performance standard 
i s  exactly t h a t .  Many proposed uses of MLS will require additional capabili ty,  
and may require special techniques o r  data transmissions. 
careful ly  considered and coordinated with the needs of early conventional users 
of MLS t o  insure t h a t  future applications are n o t  inadvertently res t r ic ted.  

These should be 
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TABLE I. - COMPARISON OF MLS WITH 

Bias Er ror ,  
ft 

BAROMETRIC AND RADIO ALTITUDES 

Noise Er ror ,  Minimum 
ft Separation, f t  

Locat ion  r- 
3 km F i n a l  
Approach F i x  

2 km F ina l  
Approach F i x  

Cat I DH 

Decrab 
I n i t i a t i o n  

Cat I 1  DH 

F1 are 
I n i t i a t i o n  

Touchdown 

No. o f  
Po in ts  

43 

10 

53 

53 

52 

52 

34 

Barometr ic m i  nus 
MLS A l t i t u d e ,  ft 

53.1 f 47.5 

14.5 f 67.3 

41.8 If: 56.0 

46.4 f 51.9 

41.0 f 57.6 

39.2 f 56.8 

27.1 f 63.6 

Radio minus 
MLS A l t i t u d e ,  f t 

17.1 f 3.6 

15.5 rf- 2.4 

12.6 f 3.2 

6.9 t 13.1 

2.7 f 12.1 

0.2 5 2.3 

0.5 k 1.8 I 
TABLE 11. - RELATIVE POSITION ERRORS FOR MLS VERSUS 

BAROMETRIC ALTITUDE AT A RANGE OF 20 NAUTICAL MILES 

( 1 )  A l t i t u d e  5 10 000 ft 
Airspeed 5 250 k t s  

3 30 

I 570 
(2 )  A l t i t u d e  = 20 000 f t  1 Airspeed = 350 k t s  

89 5 

1 720 

1 710 

2 720 

1 1 I I 

( 1 )  Data f rom reference 9. 
(2 )  Assumes maximum PFE o f  300 ft, t r e a t e d  as b ias  e r r o r ,  and 350 ft 

s t a t i c  de fec t  e r ro r .  

(Note: 1 f t  = 0.3048 m . )  
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----- 
L I Z E R  

I L S  G L I D E S L O P E  ANTEN 

P R E C I S I O N  DME 

145 ANTENNA 
!6.1 m MSL)  

r 

w t m --t ----- 
T I  

Figure 1.- MLS conf igu ra t ion  f o r  runway 13 a t  Jorge  Newbery A i r p o r t ,  Buenos A i r e s ,  
Argentina . 

Y 

AZ ANGLE, 
deg 

- 90 
20 15 IO 5 

1 POWER LOSS, db Az SCANNING BEAM 
CONSTANT SIGNAL STRENGTH 

Figure 2.- Typical  MLS c e n t e r l i n e  emphasis antenna p a t t e r n  and r e s u l t i n g  
la teral  coverage area. 

102 



C-BAND OMNI A N T E N N A 1  
Figure 3.- MLS antenna l o c a t i o n s  which have been f l i g h t  t e s t e d  

on t h e  TCV B-737. 

NOSE 

TAX L 

Figure  4.- Azimuthal p l ane  r a d i a t i o n  p a t t e r n s  of monopole 
antennas on TCV B-737. 

103 



.95 

MLS 
RECEIVER I 

RECEIVER 
OUTPUT 
FILTER 

RAW ANGLE 
ESTIMATE - 

1 ' I  
POSITION 
REFERENCE 

PATH 
FOLLOWING 
ERROR 

FOLLOWING 
FILTER 

CONTROL MOT I ON 
NOISE 

Figure 5.- MLS error specification methodology. 
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Figure 6.- Example o f  simulated B-747 lateral autopilot performance with MLS 
substituted for ILS. 
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26 CAT I1 G L I D E  PATH AND 
TRACKING C R I T E R I A  (219.5 

HIGH 
LOCALIZER 
m x 23.7 m) 1" MEAN: 0.05 m, 0.13 m 

2d: f12.7 rn x +3.0 m 

LE 
-2  
FT 

Figure 7.- Summary 

J -IO 
LOW 

of TCV B-737 autopilot performance utilizing MLS guidance. 

FO MI AND D N  
UlSl 81 OPERATING 

QUIET BRIDGE APPROACH (VISUAL) 

When VFR rondtmnr em1 and niud opproacher lo Runxoy 28R/L ore m progress, 
otrinng aircroh moy be vectored into D porition for a straight-in V I S Y ~  oppraoch na 
lhe SFO VOR 095 radial 

When clewed for D Quiet h d g e  Apprwch (Vwol) aircroft should proceed Inbound 
wtuolly, "sang Ihs VOR W5 mdial gutdance direct to the hqh rpon of the San Matea 
Bridge then ~nttrcepl and follow the Rvnwoy 28Rjl extended ~enterhne 

A descent profde of opproximotsly 3" may be mode with refereore to the oltrtudc 
shown at the WIVOI chock paints or narrocnatcd DME/Fm pontmns 

Figure 8. - Example of off-centerline noise abate- 
ment approach. (Note: 1 ft = 0.3048 m.) 
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Az 

NOTE: VERTICAL SCALE 
EXAGGERATED 

Figure 9.- Poss ib l e  MLS ve r s ion  of San Franc isco  Quiet  Bridge Approach. 

MLS (2 KM FINAL) 

Figure 10.- Approach p a t h s  f o r  automatic MLS l andings  by TCV B-737 a t  
Jorge Newbery Ai rpor t ,  Buenos A i r e s ,  Argentina.  
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Figure 11,- V i e w  from TCV B-737 cockpi t  on base l e g  of no i se  abatement 
approach a t  Buenos A i r e s ,  Argentina. 

Figure 12.- V i e w  from cockp i t  of Tcv B-737 i n t e r c e p t i n g  2 k m  (1.1 n. mile) 
f i n a l  approach a t  Buenos Aires ,  Argentina. 
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LENGTH FROM GPlO4 ALONG PRESCRIPED PATH, km 

Figure 13.- TCV B-737 path deviation €or 130Q t u r n  t o  5.6 km ( 3  n. m i l e )  
f i n a l  approach l e g .  [Note: 1 f t  = 0.3048 m,) 

c 

0 
I 
I 
I 

N I 142 
MEAN I -31 .8359 m 

2a 1 +63.7 m 
0 
1 

LOW HIGH 
ALTITUDE ERROR, m 

Figure 14.- Summary of conventional-to-MLS RNAV path d i f f e r e n c e s  f o r  
TCV B-737 approaches t o  J F K ,  Jorge Newbery, and Montreal/I)owal 
I n t e r n a t i o n a l  Airports. 
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6 -  

4 -  

2 -  
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Figure 15. - Example o f  c u r r e n t  curved no i se  
abatement approach procedure.  (Note: 
1 f t  = 0.3048 m.) 

- 

'. . \  A 

n ,A A . &A *\: A 
'A A A 

A -  .C& \* A /" 
\* JFK 295O 

'*,* RADIAL 
\. \ 

'\ COVERAGE 40' I 
\ \ MLS AZIMUTH----\*,* \ 

\ 

I 
I 

" 
'\ ', 

FA F 
\ 

\ 
'\ 

MLS AZIMUTH-'\, 

RUNWAY 13L 

'4. 
I I AZ ANTENNA 

0 

COVERAGE 60' 

\ 
\ 
' 
', 

'\ 

Y ,  km 

Figure 16.- Summary of conventional-to-!S RNAV lateral  t r a n s i t i o n s  f o r  
TCV B-737 approaches to J F K .  
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A2 = 60' / 

AZ = -60'' 

&?= -40" 

Figure 17.- Possible solution to coverage volume 
problem for La Guardia noise abatement. 
1 ft = 0.3048 m and 1 mi = 1.61 km.) 

(Note: 

DRAKO 

CROSS AT OR BiLOY FL 230 

\ 

<> t60° AZIMUTH COVERAGE 

\ 
\ 

KIOWA 

BYSON 

Figure 18.- Possible MLS configuration for Denver terminal area. 
(Note: 1 ft = 0.3048 m.) 
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GUIDANCE AZIMUTH GUIDANCE 
ANGLE 

"TO" 
APPROACH 

Figure 19.- Azimuth guidance func t ions  scanning conventions.  

rlOTE: VERTICAL SCALE = TWICE HORIZONTAL SCALE 
/ 20,000 ft 

Figure 20.- Example of missed approach v e r t i c a l  MLS coverage. 
( N o t e :  1 f t  = 0.3048 m. ) 
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1-305 m- 
+------ XTD - 

SINK RATE FOR 
OTD 

rn 
a, 120 KTS TDj xTD, 

des, m/s (ft/s) m 

0.5 0.54 (1.77) 560 149 

0.6 0.65 (2,121 645 124 

0.7 0.75 (2,471 705 106 

0,8 0,86 (2.83) 750 93 

Figure 21.- A l t e rna t iye  method f o r  u se  of f l a r e  guidance system. 
(Note: 1 f t  = 0.3048 m.) 
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