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INTRODUCTION

PURPOSE.

One of the questions concerning the application of area navigation (RNAV ) in
the Natio nal Airspace System (NAS) is the adequacy of the present system of
navigational aids (NAVAID ’s) to support an e f f ic ien t  RNAV route s t ruc tu re .
In this context , NAVA 1D support of a route s t ruc tu re  involves signal coverage
at specified alti tudes , a route width to accommodate cross—course navi gational
errors , and the capability to ut i l ize the R1~1AV offset function . To derive
def in i t ive  answers to these questions requires that a proposed RNAV structu re
be tes ted aga ins t the known capabilities of the present NAVAID system , app ly-
ing, as appropriate , valid assumptions and/or c r i t e r ia  relative to naviga t ional
errors , route s t ruc ture  requirements , RNAV avionics capabili t ies and othe r
fac to rs.  At this po int , however , such definition is not feasible , since RNAV
route st ruc ture  development has not reached the point  where a s u f f i c i e n t l y
extensive and optimum s t ructure exists , no r have the capabil i t ies of the
pr esent NAVAID ’s been adequately determined . According ly, an approach has
been taken which will (a) provide coarse—grained answers for  planning purposes ,
and (b) produce a method by which more definitive information can be derived
onc e such an implementation structure has been developed .

Th is appr oach involves the application of digi tized topograp hic data to
determine NAVAID coverage estimates and then to test a hypothetical RNAV route
structure against the coverage contours so derived . The approach is centered
around the use of large—scale data processing with the provision for manual
review and evaluation .

The purpose of this interim repor t , therefore , is to describe the method
developed for this purpose and to present some early results from its appli-
cation on a hypothetical high—altitude RNAV route structure (reference 1).

BACKGROUND.

As described in reference 1, the National Aviation Facilities Experimental
Center (NAFEC) has been involved in the design of RNAV structures for the
purpose of route structure concept development and system payoff analyses.
In this work, one of the ground rules was that NAVAID requirements would be
determined following route structure development in order that problem areas
could be identified and appropriate trade—offs defined . Therefore , in parallel
with the route structure design work, NAFEC was also engaged in developing a
system of computer programs and other methodology which could be used to derive
these requirements.

Since only a minimal amount of flight test data was available, it was decided
to use the topographic data base being established in digital form at the
Electromagnetic Compatibility Analyses Center (ECAC) Annapolis, Maryland .
For several years, ECAC has been receiving digitized topographic data from the
befense Mapping Agency (DMA), which is used by ECAC in a wide range of projects

1



for the Department of Defense and the Federal Aviation Administration (FA.~).
At the time the RNAV route structure study was initiated , ECAC had received
topographic data on most of the conterminous United States (U.S.), and it was
estimated that the data base would be completed during the time thai the NAFEC
study was in progress . A contract with ECAC was established wherein ECAC would
provide NAFEC with the topographic data surrounding each NAVAID in a form
amenable for computer—based coverage determination . A system of computer pro—
grams was developed by NAFEC (a) to derive NAVAID coverage at any selected
altitud e, and (b) to test any given route structure against the coverage con-
tours to determine coverage gaps , excessive cross—course errors , and other
problems .

it is recogn ized tha t precise da ta , relative to the coverage provided by a
navigational facility, can onl y be ob tained by fligh t checking the facility at
specified altitudes . It is not intended , therefore , that the use of topo-
graphic data to determine NAVAID coverage will obviate the need for standard
f l i ght checking operations associated with airway/route establishment and
approval . These data can be useful in planning for  RNAV implementation ,
however. In particular , by using the terrain surround ing a NAVAID to estimate
coverage at any selected altitude , problem areas can be iden ti f ied and more
accura te data can then be derived through flight checking . It should be noted
at this point that planning for RNAV implementation over the conterminous
U.S. requires 360°—coverage data at several altitudes for as many as 1,100
facilities. It is obvious that acquisition of sufficient flight check data
for this purpose would be prohibitive in cost and time . It is with this in
mind that NAFEC developed a method to utilize topographic data to derive
coarse—grained answers to the NAVAID coverage question .

In this report , a general descr iption of the method of approach is given
together with a description of the data base that has been established at
NAFEC. In add ition , the report contains a brief discussion on the  results
derived when the RNAV route structure presented in reference 1 was tested
against the NAVAID coverage contours. More detailed description of the com-
puter software , da ta val ida tion procedures , and other info rm ation are ava ilable
from the project files at NAFEC.

DATA BASE PREPARATION AND DESCRIPTION

OVERVIEW.

In general , the preparation of topographic data to determine NAVAID coverage
involved several stages of manual and computer—based processing functions .
The functions were performed at DMA , ECAC , and NAFEC and are summarized as
follows :

2



1. DMA .

a. Converts topographic contour data to d ig i ta l  form on a r ec t angu lar
grid.

b. Processes digitized contour data to produce a matrix of topographic
data  points  spaced at 3—second in tervals .  Data at gr id  in te r sec t ions  are
der ived by interpolation between consecutive contour values.

c. Selects data points at 30—second intervals for input to the ECAC
data base. This processing is accomp lished ove r an area of 10 latitud e by
1° longitude.

2. ECAC .

a. Merges data blocks from DNA to form a topographic data base
(i.e., a topographic mosaic).

b . Performs manual and computer—based data validation to detect gross
errors such as problems at the seams between adjacent blocks, etc.

c. Computes angles formed at the NAVAID antenna between the horizontal
and terrain elevation at each 1/2—mile interval out to the radio line—of—sig ht
(LOS). Elevation angles are computed for each 1° radial of the NAVAID for
cover age proces sing by NAFEC .

3. NAFEC.

a. Converts ECAC data for machine compatibility.

b. Performs manual and computer—based data validation to detect errors
in site location and site elevation and to uncover other problems in the data
that are observable.

c. Computes coverage contours at selected altitudes for each NAVAID
for which terrain data has been provided by ECAC .

d. Plots contours and compares these data with flight—check data where
available.

e. Matches NAVAID coverage contours against RNAV route strLctures to
determine coverage gaps, excessive cross—course errors , and other problems .

DETAILS OF THE APPROACH.

As can be seen from the above summary, the process starts at DMA where a
contour digitizing technique has been developed . The technique involves
recording the points where a specific contour line crosses the orthogonal
lines of a rectangular grid (figure 1). After all contours for a particular
area have been recorded , the data for the grid intersection points are

3 
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computed through interpolation between the closest contour values . The data
are then organized into 1°xl° blocks . For this project the contour lines were
derived from a topographic map with a scale of 1:250,000 (approximately 4 stat-
ute miles per inch). Lecause of the available computer storage , ECAC requested
that DMA select every tenth data point , wh ich produces a 30—second (approxi-
mate ly 1/2 mile) spacing of the terrain data. In addi t ion  to the reduced
storage requ i rements , i t  was f e l t  that  the accuracy of 30—second spacing was
consistent with the precision inherent in the use of the 1:250,000 scale map .
Such granularity tends to reduce terrain heights (due to interpolation) and
t requen:ly terrain peaks are missed . Therefore , as will be shown later in the
report , finer grain granularity is needed for NAVAID coverage determination .

A good deal of manual effort is involved in the DMA process; therefore ,
validation is required to detect human errors. Some of these errors cause

~.,ross aberrations in the data , which can be detected through the use of com-
puter processing and manual analysis. ECAC developed a system of computer
software which prov ides a cathode ray tube (CRT) disp lay ,  CALCOMP plots , tabu—
li r data , and other information which facilitate visual observation of the
digitized terrain data. Although blunders , such as data entry errors , can
normall y be detected in this manner , other more subtle errors may not be dis-
covered . It is for this reason that NAFEC also established a method for
data validation , d iscussed later in the report. In any event , after valida-
tion , ECAC merges the data blocks received from DMA to form a mosaic of the
terra in data. This is referred to as the ECAC Topographic Data File (T—File).
At present , the ‘1—File covers the conterminous U.S., Hawai i, and par t of
Alaska.

In addition to the 1—File , ECAC has developed an equipment—oriented file gen-
erated from data furnished by various gover nment sources , including FAA . This
file is referred to as the Environment Data Base (E—File) . The E—File data
furnished to NAFEC contain the following information for each NAVAID as
appropriate:

1. Organization Unit Designation ,
2. C i t y ,
3. S t a t e ,
4.  Latitude/Longitude ,
5. Radar /Communica t ion  Indicator ,
6. Equipment  Nomencla ture ,
7. Equipment Function Code ,
8. Frequency in Megahertz (MNz),
9. Horizontal  Mo t ion Ra te——revo lu t ions  per minute  ( r/min)  or scans per minute ,
10. Site Elevation Above Sea Level——feet ,
11. Height of Antenna  Above S i t e — — f e e t ,
12. Pulse wid th——microseconds  ( u s ) ,
13. Record identity (ID),
14. LInkage ID ,
15. Trigger  R a t e — — p u l s e s  per second ,
16. Pulses per Trigger , and
17. Equ ipment Quantity.
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For NAFEC , ECA C developed terrain  p ro fi l e s  around selected NAVALD ’s (VOR ’s
VORTAC ’s , TACAN ’s) and radar f ac i l i t i e s .  These t e r ra in  p ro f i l e s  are descr ibed
in terms of takeoff  angles (y) formed at the antenna between the horizontal
and the terrain elevations (figure 2). Angles are computed at 1/2—mile
intervals  out to a maximum distance of 100 miles . The l ine—of—sigh t  (LOS)
po int is determined by finding the largest angle along the terra in prof ile,
and all data past the LOS point are discarded . Terrain profiles are generated
for each 1° radial around the facility.

The takeoff angles along the terrain profile are computed from the following
equation :

y = Arctan (E~ C)~~ ( S-s-H)

where:
E = terrain elevation
S = si te  elevation
H = antenna height above the site
D = distance to terrain elevation
C = correc tion fo r  r e f r a c t i v i t y  and earth curvature , and

2 ka

wher e :
a = earth radius
k = 4/3 (effective earth radius factor)

Orig inal ly ,  ECAC used the s i te  elevation contained in their E—File  da ta ;
however , it was later found that  fewer problems would arise if s i te  elevation
was derived from the data , i t s e l f .  Also , to determine  ter ra in  elevation , ECAC
ori ginally employed a 4—point interpolation method . This was later rep laced
by a method which selects the highest of the four  topographic grid points
nearest the terrain point of interest  ( fi g u r e  3). These changes were made
a f t e r  the val idat ion at NAFEC revealed that  in several cases there was a
severe mismatch with the coverage contours derived from flight checks. Since
agreement was very good in most cases , it was f e l t  by NAFEC that the cause fo r
many of the mismatches was the in terpola t ion  method employed . A subsequent
analysis by ECAC confirmed this , and therefore the “highes t po int” me thod was
incorporated into the sof tware .

NAFEC receives the data from ECAC in two forms. The terrain elevation angles
are on magnetic tape , and the E—File  data are on a computer pr in tout . A f t e r
keypunching the li—File data, the processing at NAFEC proceeds generally in
the manner as shown in figure 4 and described below .

6



LtT)S POINT
100 MILE

ELEVAT ION

MEAN SEA LEVEL ________________________

LOS CONTOUR

SECOND SPACING
BETWEEN DATA POINT S

7 RAD IALS EVER Y \\\\‘~tDEGREE THRU 360

—®~~~~~~ -

SITE

FIGURE 2. TERRAIN PROFILES

7



SECONDS

• . . . . . . . . . S

• . . . . S • • . . .

• . . S S • . . I S

• . . S I • I S I •
4~4~~7

• . S S • • ~~~~~~ . I •

• . . . . . . I • • .

H A
• . S • •~~~~~ S I • • . S

‘P

• . . I/S  • • I • • .
F

c /
• • • • . . . . I •

x S
• . S • I I • I I I S

A B

\TOPOG~~ PHIC DATA GRID

S — SITE LOCATION
P — PROFILE POINT

(A) SITE ELEVAT ION (S) IS DERIVED BY TAKING THE
HIGHEST OF THE POINT S A,B C ,D.

(B) TERRAIN ELEVAT ION (P) IS DERIVED BY TAXING THE
HIGHEST OF THE POINT S E,FG ,H . (THIS REPLACES
THE ORIGINAL, 4-POiNT iNTERPOLATION METHOD .)

FIG U R E  3. SCHEMATIC OF T E R R A I N  ELEVATION COMPUTATION8



Lu~~~ J .c3 0
Z 0 ~~o~~~~ c~ I~I< o~~.• 
~~~~~~~~~~I.J (I)

U,

z
H

0z
U)
U)r.x4
0

C~ O C  0

‘~J U~ 
H

E ’ Z  c.~•‘: ~-. z

z
—~ 1 e i-. -

~
I -Q :- ~ I

H
~J - 0 IQ
~ -J

0

0 — c :  — c~
I-

I4~~~

I.. z
C
0

0

9



DATA CONVERSION. The t e r ra in  elevation data (t a k e o f f  ang les) are on s e v e n — t r a c k
magnet ic  tapes in a mixed forma t consisting of f i e ld  data charac ters  and bin ary
in tegers .  For f u r t h e r  processing at NAFEC , these data are converted to LBCD I C ,
hexadecimal form and recorded on nine—track tape .

PRIMARY DATA BASE. Al te r  conversion , the takeof f  angle data are added to the
previously received data in the file referred to as the Primary Data Base ( PDB) .
All  data received from ECAC are in the PDB , even thoug h data around the same
facility may have been submitted more than once, due to problems in the e a r l i e r
data. Where there are multiple entries of data for  the same fa ility, an indi-
cator in the data is used to select the desired entry.

From the P06 several types of computer l i s t ings  are available.

PDB Report .  This l ist ing provides an inventory of the f a c i l i t i e s  fo r
which data have been received from ECAC . For each facility, a side—by—side
comparison is provided between ECAC li—File data and data from the FAA ’s
NAVAID’s master tape which are common with the E—File data. These data are
organized by state and presen ted in the form shown in figure 5.

in addition to the detailed data for each facility, the PDB report provides
the fo l lowing :

a. Facilities in E—File that are not on the NAVAID ’s master  tape .

b. Facilities on the NAVAID ’s master tape for which NAFEC has not
received terrain data.  These lists are separated according to type of NAVAID
( i . e .,  VORTAC , VOR , TACAN) .

c. A summary showing the number of each type of facility for which data
have been received versus a Count of tha t type faci l i ty  contained in the
NAVAID ’s master file (figure 6).

PDB Listings. In addition to the PDB report , three types of lis t ings
are available from the POB as follows :

Takeoff Angle Data. This listing (figure 7) depicts the terrain
data received from ECAC for the selected facility. These data are used in the
NAVAID coverage program to derive the coverage contours for that facility at
the selected altitudes .

Terrain Elevation. This listing (figure 8) depicts terrain elevation
data that  are derived by applying angle data received from ECAC to the takeoff
angle equation. These data are used for validation purposes, discussed later
in the report .

Terrain Peaks. This listing (figure 9) depicts only the highest
points along each radial ; i.e., the program selects out all elevations that
are lower than any previous elevation. These data are also used for
validation purposes.

10
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SECONDARY DATA BASE. The Secondary Data Base (SDB) contains coverage contour
data for each facility at each selected altitude (e.g., 18 ,000 fee t , 22 ,000 feet ,
etc.). The geometry fo r comput ing coverage is shown in f i gure 10 wher e the
following equation app lies:

d = ka9 = ka [ii/2 — y — ARCSIN (ka + hi \ cos y
\ ka + h )

wh ere:

d = coverage d is tance
a = earth ’s radius
9 = ang le (radians) at ear th’ s center
k e f f e c t i v e  ear th  radius f a c t o r  (k was set to 9 in th i s  stud y)

= LOS ang le (from ECAC data)
h1 = height  of antenna above sea level (i.e., site elevation plus

antenna height)
h = altitude for which coverage is being computed .

Figure 11 dep icts coverage distance (d) as a function of LOS angle (y) and
aircraft altitude (h) using the above formula. For the purpose of this
illustration , site elevation was set at zero .

From the SDB , the foll~wing types of computer output are available:

SDB Report. Basically, this listing provides the same information as
that in the PDB report and is used as a cross—check between the two data
bases.

Facility Coverage Listing . This listing (figure 12) depicts the computer
coverage for each facility at the selected altitudes .

(.CALCOMP Plots .  CALCOMP plots of the coverage contours can be genera ted
from the SDB under various combinations of the following selection options :

a. By f a c i l i t y  type ( i . e . ,  VOR , VORTAC , TACAN , and radar);
b. By NAVAID class ( i . e .,  high , low , and te rminal ) ;
c. By NAVAID i den t i f i c a t i on  ( t h r e e — l e t t e r  FAA i d e n t i f i e r ) .

in addition to the above selection options , the following plo tt ing op tions
are  also avai lable :

a. Scal e ,
b . Color ,
C .  Enlargement of a specifJed area,
U. Latitude/longitude grid lines, and
e. U . S .  ou t l i ne .

An examp le of th is  contour plotting is given in figure 13.
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T E R R A I N
RADIO HORIZON

FACILITY SITE

7
h

CENTER OF
EARTH

WHERE hi = ANTENNA HEIGHT
h = ALTITUDE OF TARGET
ka = EFFECTIVE EARTH RADIUS
d = DISTANCE ALONG EARTH’S SURFACE
7 = LINE-OF -SIGHT ANGLE TO TARGET

76-49-10

FIGURE 10. NAVAID’s COVERAGE GEOMETR Y
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ALTITUDE = 18 , 000 FEET
76—4 9—13

FIGURE 13. SAMPLE OF COVERAGE CONTOUR PLOT
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DATA BASE VALiDATION

From the ~revious di SCus sion , it can be seen that the  es tabl ishment  of a
r L C li.Ih l e dat .i Isase b r  Use in NAVAIE) coverage determination requires careful
validation at various steps in the process . An overview of the validatioa
conducted at NAFEC is shown in tl gure 14. From this block diagram , it cail be
seen that the valid ation process is involved in three principal areas ; namely,
(1) environmental dat.i (i.e., location 4 site elevation , etc.), (2) completeness ,
sttd (3) ~overage contours, It should also be noted that the analysis and f inal
resoluti on of problem ireas arc pertormed manuall y. This results from the
fa c t that , in many cases , there are several sources for the data and , historic-
a lly, errors have been found in data f rom each of these sources. Therefore ,
on l y  by - r ”~s—checking the data t rom the vario u s sources is one issured of
select in~ the correc t value or other item of data.

1N \ lXs)NMENIAL (E—FILE) DATA.

ihe contents of thi.4 t i l e  were listed previousl y; however , of primary impor-
tance for NAVA ID coverage purposes arc location , site elevation , and facility
class. Since these data are also on the NAVA ID ’s master tape (NAN) , a program
( NAVC UK) was developed to fa c ilitate this validation. When the program detects
dit terences in location and site elevation tha t are greater than specified
values (parameters), the data are flagged fur manual analysis. FIgure 15 is
an examp le o tT the NAVCHK output. When the word “AGREES ” does not appear ,
there will be a flag adjacent to the site elevatic;~ or adjacent to the location ,
or both. An .isterisk adjacent to either latitude or longitude indicates a
i—second dif te r enLe ; a sing le asterisk adjacent to site elevation indicates a
350—foot ditfer eroc ; and a double isterisk by site elevation indicates a
100—foot ditferen ce. More than one line of data for the sane tacil ity results
from the f lI t that ECAC resubmitted terrain data for that facilit y. The
symbol “ > “ flags multipl e entries , and the tape numbers identif y the ECAC tape
from w h i c h  the data were derived (I through 7 , 9, and A throug h D). Note the
1 \ A N  facilit y , DLF , where the latitude ditt e rs by 5 seconds and the long itude
by 9 seconds , and the station , DNY (tape 4), where the latitude differs by
38 seconds. These differences were resolved by examining aeronautical maps ,
various fli ght publications , ,juu other sources where agreement in the location
could be found .

In addition to location , site elevation is highly critical in the use of topo-
grap hic data to deriv e NAVAID coverage. In f igure 15, note the DLS VORTAC .
On tape 3, the ECAC and NM site elevations were the same. However, on the
later tape (7), there is a difference of 386 feet. For the earlier data, ECAC
uses] the published site elevation ; but for tape 7, the site location was derived
fr om the terrain data itself. This resulted from ECAC ’S analysis that NAVAID
coverage would be more accurate if the data used in the LOS formula were derived
f rom the same source. In other words , i f err ors in the data were relat ive ,
they would tend to cancel out. These f indings were riot confirmed through
appli s -at ion in deriving facilit y coverage data , and therefore NAFEC elected
to do so through use of flight check data. These anal yses w ill be discussed
later In the report. In any event , the NAVCHK outpu t provided a quick method
of identif ying questionable site elevations in the ECAC file. Where these
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occurred , an examina t ion  of cha r t s  and maps was made in an a t t e m p t  to de te rmine
the correct value. These findings were then forwarded to ECAC , and , in several
cases , the facility data were reprocessed for NAFEC use.

The NAVCHK listing also displays the facility type and class contained in
E—Eile adjacent to these data found on the NAN tape . (The existing program
does not flag differences in these data ; but this feature can be added easily.)
Through manual rev iew , several discrepancies were found and corrected . For
example , no te  the DLS VORTAC where ECAC data shows this facility to be an
VORTAC (low—altitude) where , in fac t, the facility is an H—VORTAC (high altitude)
as shown in NAM data.

MISSING DATA.

As discussed earlier , the PDB and SDB provide an inventory of facilities for
which data have been received from ECAC . Facilities on the NAN which are
missing from the ECAC da ta  are iden t i f i ed , and , if these facilities are still
ope ra t iona l , the  t e r ra in  data  are requested f rom ECAC . Figure  6 depic t s  the
c u r r e n t  s t a t u s  of the NAFEC data  base.

NAVAII) COVERAGE VALIDATION.

Obv iously, val idation of the coverage derived from the terrain data is the
most important part of the validation process. It is also the most difficult ,
since , in tha final analysis , only a flight check of the facility can verif y
signal coverage at a given position and altitude. Furthermore , errors in
coverage data can be the result of several factors , such as location , site
elevation , map contour data , and human error. For these reasons it was
decided to obtain all available flight check data from the Flight Inspection
Branch , Aeronautical Center , Oklahoma City , Oklahoma . These data , referred
to as random coverage (RACO) plots , were received for 118 facilities for
fl ight checks at 18,000 feet and at 14,500 feet. Figure 16 is an example o f
the RACO plots. In order to use the RACO data effectively, the contours were
encoded and processed in a manner compatible with the coverage data derived
from terrain. Overlays were then made using the CALCOMP plotter (figure 17)
to identif y questionable coverage contours.

When a contour appeared ques tionable, all possible sources of error were
examined . In particular , the angular data received from ECAC were a prime
suspect. To examine these data , it was necessary to convert angular data tq
terrain height as shown in figures 8 and 9. Also , a plastic overlay (figure 18)
was constructed such that on a sectional chart , terrain heights along the
radials of a NAVAID could be compared with the PDB listing . Numerous cases
wer e exam ined , and it was observed that, in general , the ECAC terrain data wer e
lower than the map data. These find ings were reported to ECAC , and it was
concluded that such “flattening” of the terrain resulted from the interpola-
t ion method used in their data processsing . After further analysis , ECAC
concluded that use of the highest point within the 1/2—mile grid would produce
an impr ovemen t in these data. The ECAC /programs were revised , and facilities
wi th questionabie coverage were reprocessed for NAFEC use. At this point , it
should be pointed out that further improvement can be achieved by reducing the
grid size of the tez rain data that ECAC processes. Although the minimum grid
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r equ i r ed  has not , as ye t , been determined , DMA produces data to within
3 seconds; therefore , considerable reduction is available without affecting
DMA processing.

Overall , the agreement between the RACO data and coverage derived from terrain
was sufficiently close to warrant application of the latter for RNAV route
s t r u c t u r e  p lanning . The va l ida t ion  process could be improved , however , by
cooperative flight checking of specific facilities at designated altitudes .
This is particularly needed for the low—altitude airspace , where RACO data
below 14 ,500 feet are not available.

RNAV ROUTE STRUCTURE COVERAGE

GENERAL.

As discussed previousl y ,  the SDB contains radio line—of—sight coverage contours
of all f a c i l i t i e s  for  which  te r ra in  data have been received . It should be noted
tha t , at present , other r e s t r i c t ions  to coverage , such as nan—made ob j ec t s ,
propagation anomalies , etc., are not included in these data. However , such
information could be added with a modest amount of effort , and , for RNAV
implementat ion purposes , th is addition should be made. Also , in the SDB, the
coverage data are not truncated at any arbitrary value , nor are these data
dependent upon facility class or type . In other words , the coverage contours
are strictl y a func t ion of those variables shown in figure 10. This permits
flex ibili ty in imposing the des i red cr iteria and other paramete rs for each
part icular application.

In this study, application of the SDB coverage contour data was made to the
hypothetical , high—altitude RNAV route structure described in reference I.
Therefore , only the coverage of H—VORTACS at 18,000 feet was applied to the
route structure. Also , the contour data were truncated at 130 nmi , since this
distance is consistent with the maximum usable range at 18,000 fee t o f a
VORTAC sited at sea level . (Note: At selected facilities , the RACO [li ght, test
data have been merged into the SDB to rep lace questionable terrain data coverage
or to provide coverage for facilities for which terrain data were not re-eived .)

~IF.THOL0LOCY.

lI e RNAV structure is composed of a set of di s s -ret e, great circle 5 & g t I I I I I t . ’~
between waypoints. Since a segment may be part of several routes , tl~ s-overage
f o r  th e set of  discrete segments is determined first . . The cove~rai,e- fur s a ~ h
route is then determined by linking together the coverage of those segments
making up the particular route.

S}’,GMENT COVERAGI-.. To derive coverage for a segment , a ss . t  of VORIA(’s i s
s e l e s -t e d  w h i c h  .ire ( - a n d i d / a t e s  to p r o v i d e  NAVAL I )  s - ove ra~;t ’ b r t h a t  st~~ flt’ti t
This  set of C a n d i d a t e  t .e l i l t  tes ta ll in a r e c t angu l ar box a round  I Iss . ‘ - f l t ’  g n u - l i t
as shown in figure 19, where:
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= segment

0 = uti set distance (parameter)

W = route width (parameter)

= BB 1 = 0 + W (segment extension for coverage at turns)

I)
~.i~~ maximum coverage (parameter)

= 2 
~~~~ = cross—course dimension of selection box

AB + 2 D~ j~ = along—course dimension of selection box

I/Ce coverage processing starts at A 1 (east end ) and proceeds westward to B 1
at 1—tulle intervals. At each point , a subset of candidate facilities is
selected which are within 

~~~~ 
distance from that point (figure 20). The

coverage contour data for the candidate facilities about the po int are applied
tc that point and to the corresponding north and south offset points. If
there .~r e no VORTAC ’s within Dw~x distance from the point on the segment , then
both ofisets are considered as not being covered , even though there may be a
VORTAC with ~~~~~ d istance from one or both offsets. However , due to the
irregularity of the coverage contours , it is possible for both offsets to be
covered by a candidate facility, even though the point on the segment is not
cover eCi . This rare situation is only useful for route structure planning
pu rpose s , sinc e coverage of the parent (charted) route is of pr imary concern .

In addition to determining signal coverage , the program also derives route
width data for th.~ points on the s€.gment and for the correspond ing offset
points . For tI~is purpose , route width is defined as the 2—sigma cross—course
navigational error as described in references 2 and 3. An error matrix
(figure 21) is input to the program as parameter data. The program computes
the tangential and along—track distances with respect to the VORTAC (figure 20)
and selects the appropriate error value from the cross—course error matrix.

it the point on the segment and both corresponding offsets are covered by at
least one VORTAC and all cross—course errors are equal to or less than ~
(parameter), then no problem is considered to exist at that point. Conversel y ,
if this condition is not satisfied , a problem is flagged and categorized . If
there is coverage by more than one facility, but none without a problem , a
“best ” facility is selected , and the problem is recorded along with the
ident itication of that facility. In selecting the “bes t” facility, coverag e
on the segment is examined first. if there is satisfactory coverage on the
segment by only one facility, then tha t facility is selected and the problem
for one or both offsets is recorded . If satisfactory coverage on the segment
is provided by more than one facility, then the cross—course errors for the
north and south offsets are added together for each of these facilities , and
the minimum value determines the facility to be selected . (For this process ,
cross-course error for an offset is set at 99.9 miles when that offse t is not
covered.) If no facility provides satisfactory coverage on the segment , then
the offset errors are added for all facilities that provide any coverage

30



ALONG T R A C K
DISTANCE — — 

“A

/ 4
HI~~ /\/ 

~~~~~~ 
ONE MILE/

I
I <

I:/ 

/
B

1 
Bj  A

S~~~ S S S

p 
S S 

~ ‘ S S S S

p p
3 
p
2 
p

1n i I
/
I

/
\ /
\ 3 /
\ /

/
76-49-20

FIGu RE 20. AREA CONTAINING CANDIDATE FACILITIES FOR COVERAGE

31



IJN r...r~ ~~~~- . ‘P- F -  N- F - U I  ‘0 U I
C,) .

J U I sjUI sJ ISI SS U I S C  U I )
-l . .4 .1 .4 .4 .4 l . . 4 . 4 1 1 4 . 4  *4 . r .  * . 4 . 4 . 4  .4 . 4*4  .4 .4 . . . 4 . 4 . 4

(.4 ‘0 .5) .4) ‘0 .4) ‘0 1) .43 F- N F- F.. F- F- UI U) UI UI UI 01 U) 0% (.4 1) .4 -, .4 04
IC .
(‘Al SC C 51 5) UI 14) UI SI 5) 41 51 UI I IC UI SI 5) 5) 5) UI U) II SI .0 ‘0 ‘0 ‘0 41 ‘0 .0

. 0 4 1’ 0 ’ 0~~ A~~ 4 ,’0  .5. .4) 4) 4A I’. N F - N U A U _ U I U ) QC U . ( _ . %_ * . I (. Cl~~~CA 4
(.3 . 1

~~~~)1(U CU 0j (’.S AS ,’.I (‘.IAI C’J flS flJ 
~~~
(U (U fla (’.

~~~~~
M (U RJ 0 1 I

~
)0101P)PI 01 01t

Li lt) U ) f l 4) f) 4) ‘ 0 ’ 0 O’ 0 N  N N’ 0 U I U I 7 1 0 1 0 ( .) . 4  (‘.1 0 1 C ’ I 7 2
U ) .
.40% 01 010101 0 1 0 % O C S% 0) 01 0 1 0 % 0 1 0 1 L i L i L i L i L i L i C I  C~~~ A

(.4 0) 7% U) 0) 0) 01 0) - C.s (4 ( 4 ( 3 —. .5 .4 -. (II (UI (‘5 (‘1) a * ji IC, .0 P.- (. UI UI U’
4 
.4 5) 5) 5) UI UI 5) 0 ) 0 1 0 )0 1 0)  0 1 0 1 0 1 0 1 0 1  01 0%~ 7 1 0 1 7 1 0 1 5 1  0) 7 1 0 1 5 10)

4.

) L i (’ )  ( (fl (fl (’) 4 _ 4 3 ,j j) O’ 0 . O r . N 5 ) U I 0 %71 O - c U (U rfl *~
LI I 

.4 UI UI 3) 3) 3) 14 XI UI UI 5) II UI UI UI I) UI UI V UI UI 5) 14 0) 0) 0) 0’ 0 0% 0)
I,

Z — 4 4 ’.. N N N. N F. N F.. F- N F’. N UI 5) 5) 50 5) UI UI UI UI/UI UI ‘0 5 ) 3 )

.4 (14 (U IU (U P) 0) 3 -* l t ) U I . 0 Q N . P U I U I 0 1 1 _ S(_S .4 C l J ( ) (’ )
—I 1~~~—I

~3 1) - IN? -  F - N F- F - N  N F- N N N  N F- N N N F- NN N N N U I 5 ) U I  5 ) 3 ) 5 )
I.. 17

~fl 14 -
4 C.) .rC CC 01 .1) .0 .0 .0 .0 N 4’- N. 3) 0) 3) .4 A_S .~4 ~U 01 ~fl * 1) 5) .0 F-. 5) ‘0 - -1) Y ( )  
~J C.) —4 .0 .0 .0 .0 .0 .0 .0 0.0  -O ‘.0 .0 .0 .0 .0 .0 F. N N N F.. N N N N N -. N F-.. N
At C I/A.
a y . -

I_C 01 0) 01 C..) ‘.4 0 (_) C_S .4 ..-4 -. (U ((4 01 1’) 4 .5 U) At) .0 N ~~ UI O) L) C,) *4 (‘.4 (‘I *Cl) 
Li C~~ U ) 0 1 . f l.0 .O O .O .O . 0 0 0. 0 0 0 0’ 0 . 0 0 0 0 0 0 0I P . N N N . N

U.  -
5.) .4 C_C 2 2 4 4 3 3 3 4 ICC UI 4)  ‘0 .1) IC”. N. (3) UI U) C.) 5.) .4 RI CU fl ~ I 

5) .0 N. F. II U)
01 C X )  
-. UI £1 II) .1) U) .1) 1) fAt) 11 U) .11 U) fl ~fl .1) 4) Sl It) IC) .0 4.) 0 0) .0 .0 1 .0 .0 .0 U) .0 .0

.1 I.~) —
I ‘ UI 4) .5) 4) (Xi XI (71 0) 1 C C C) —4 *4 1)4 01 C’) * sI) 5CC ‘0 F.. (XC (7% O~~5.) .4 - )’.) C )  5 sC)
(I C ? -  
)X F— * 3 4 4 4 4 * 3 * U) U) ~C) II ~S) IC) It) 1) IS) U) (1 CC) 5) UI U) 11/ 0 .0 .0 .0 -0 .1.1
514 It) I

~ I ) L 1 (fl C’C A~~lC ’ ) (’) 0 r 0 1 3  4 3 U) ~~t) 44 4 . ) N U I U I 0 1 C .  4N1 1\I (’) * S ) 4 1 F- U I U’. L i
Li .0 
C . 1 3  I 3 * 4  4 4  3 * 4 4 4 4  4 *  8 . 55 UC IU Ill U~~IL) CI SC UC A S C U C . 0  .0

- Lñ
C.) N. C’.. Li N .51 3) 3) Ii) (7) 1 A.) 14 U CU 411 ~ ~tl .0 .4) N. 3) II) 1.) .-I ~ 1)4 C’) 4 .4) C’. 54

At .1
‘.1 ‘10) “C ‘1 I’) I’) C’) C’) C’) ‘C S ~.S -4 1 * I 3 -S 1 4 4 8 -4 ICC .1) .1’ UI IC) CL) .11 4) 0
.4 a’.

C I ,  CAl (4 04 1)4 0) C’) C’) i I Il II .4) N. F— 5) (1) I ’  .4  I I~) 4 It) .11 N ICOj 0) 5 A .4 C l  3 II
50
.4 41) 1) I’) C’) C’) 1’) C’) (‘I (“1 C’) 41) (‘I I’) C’) C’) S 3 5 4 2 2 $ 2 * 2 It) It) 1) CC) U)

C
I. 1 L~ .71 3 LI C I  S Ar /IC) o r —  3 (7’ . 4 .53 I~’C 1 .5 0 0 0~s

01 —7’C I I  4 1  8 5  8 1 .1. 10 .11

C ,  S S 4 3 .11 IC) .0 .1) N N 4) 0’. Oj ~~ ~~‘ .4 (Cl 
• 

.1 .0 N. (XC (3)

NJ (53 I’.) “U (SI VA) 114 VA) I’) CI.) A) 53 CC’) C’) I’) 1’) C’) 1’) C’) 0) I’) $ 4 2 4 4 2 2 8 U

0 0 1(14 (14 (14 1(4 C’) 0 1 8 4 )541 0 )’- 53 0) (4 .-4 (SI C’) S O N  * 1 0 1 . 4  ( f i S  0- C’. UI Li

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 55 05 55 71( UI • 4 a * * U )

( C  .4 .4 ,-. -• (‘.1 0) 01 3 -IC ) .50 .0 F. 5) 0) .-’ ((U-CC’) It) .05) (N t) (‘C *~ U’C F’ - U I

(U 0* C C 114 Cli II CU II III 115 III 5* 114 11* CU S (‘t~IS I C’S I~~~ CIS (“4 UI S -U~ S ‘S  S

~~~~~~ C.) C_~ Ø ~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~ — ~~~~~~~~ ~~~4.~~UIl (.J4 IUII
144.4 . 4 . 4 1 ( 4  Ili I’) 4 / 4  Ifl ~~~) ‘0.0 N.~~

.. UI~~~J 01 LJf C.) .4.4 (U~~~~01 4C’*

.LN f ~~d N~~~)N~~~L J. ~~~~L~fOA ~~~~~~

32



(e i t h e r  on the segment , or on either o f f s e t , or any combina t ion), and the
minimum value again determines the “best0 faciliLy . In this context , “ best ”
refers only to the program log ic used [or recording coverage problem data , and
thu re tor e , no operational or other (-onsiderations are implied . For this
logic , highest priori t y is g iven to coverage on the parent route , and it is
also assumed that coverage on thu offset nearest. the VORTAC wil l be equal to
or butter than that on the parent route. Therefore , an attempt Is made to
select a facilit y with satisfactory crosa—cours e error on t he parent route ,
even though one ofts et may not be covered . Obviousl y, if there is more than
one fa cility that provides satisfactory coverage on the parent route , then the
best offset coverage determines the best facility for recording purposes .

Figure 22 dep icts a representative sample of segment coverage data. For this
coverage , route width criteria (W) was ~, s - t . at 4.0 nmi , and offset (0) was set
at 8.0 nmi . Coverage was derived for 18,000 feet and onl y the coverage con-
tours of H—VORTAC ’s were app lied .

As shown at the top of the page , coverage data are for segment number ll7B
which is 162 .7 nmi long and which forms part of the routes from Boston to
Niami (BOSMIAR1) and from Boston to Fort Lauderdale (BOSFLLR1). These routes
are part of the high—altitude RNAV structure described In reference 1. The
candidate VORTAC ’s are shown along the top of the page , with their location
with respect to the segment in brackets below the VORTAC identification . The
top number in brackets is the along—course distance of the VORTAC from the
eastern—most end of the se~rnent (I.e., th e end with the smaller longitude) .
11 this distance is preceded by a minus sign ( — ) ,  the VORTAC is located east

( ( ~ the segment ’s east end . The bottom number in bras kets is the cross—course
distance from the VORTAC to the segment (i ,e , ,  the distance from the VORTAC
to the tangent point). If this number is preceded by a minus sign , the VORTAC
Is on the south side of the segment.

I l i e  column h e a d i n g s  It
N ,

I C  ‘R 11 and o~~~~~ I 1  Identit y coverage data for the north
off set , parent route , and south offset , r e s p e c t i v e l y .  The columns of numbers
down the left and right—hand sides of the page dep ict mileage points from the
east end of the segment for which the adjacent coverage data apply. Note that
although coverage is derived at 1—mile intervals , the listing only shows data
where there is a change in the coverage data . Coverage computation Starts at
(0 + W) distance preceding the segment end point , and mileage data on the east
end segment extension .ire identified with a minus sign (in this case , “—12 ,’
since 0 equaLs 8 and W equals 4). The columnar coverage data 1ire to the near-
est .1/10 mile , with the dec imal point imp lied (i.e., “48” means 4.8 nmi) . The
data on the far right adjacent to the mileage column indicate a problem at that
mi leage  p o i n t .  The problem is categorized for the parent route and for the
north and south offsets as appropriate , where “0” means no coverage and “I”
means cross—course error exceeds route width criterion . The three—letter
identification shows the VORTAC for which the problem data were recorded and
w h i c h  was selected as the “best” facility at that point . Note that when
t he re  is more t han  one facilit y that provides satisfactory coverage on the
segment and on both o f f s e t s , no a t t e m p t is made to select the “best ” f a c i l i t y
for  coverage .
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To understand the coverage dat1i shown iii f igure 22 , consider the fol lowing
tras slung the  segment :

a. Starting at mileage point —12 (i.e., east end of segment extension) ,
there is no coverage (problem = 000) up to mile 132 on the segment.

b. At mile 32, coverage is provided by OMI’~ for the segment (column R)
and for the north offset (column N). However , the cross—course errors are
5.0 and 4.8 m iles , respectively, wh ich exceed the parameter W (4.0 nmi).
Therefore , the problem at mile 32 is “110 OMN,” which means that OMN is the
best facil ity (in this case the only facility) at mile 32, but there is no
coverage on the south offset and the cross—course errors on the segment and
on the north offset exceed the route width criterion.

c. At mile 51, VRB replaces OMN as the “best” facility. Cross—course
erro r exceeds the route width criterion for both facilities at this point.
However , the south offset is not covered by OMN ; therefore , the sum of
4.3 plus 99.9 , as compared with 6.8 plus 6.9 , results in the selection of VRB .

d. A t mile 84, the asterisk (*) indicates that the cross—course error
on the segment (4.8) is equal for both OMN and ORL . Note that VRB is still
selected as the “bes t ” facility.

e. Af ter mile 111 , there are no further problems recorded , si nce
satisfactory coverage on the segment and on both offsets is provided by at
least one facility.

f. A t mile 154, both VRB and PBI prov ide satisfactory coverage , and at
mil e 171, the cross—course error for the two tacilities is equal on the
parent route segment.

g. Although the segment is 162.7 miles long , coverage da ta ar e
derived up to mile 176 , whIch encompasses the extension of the segment on the
west end .

COVERAGE SUMMARIES. When the coverage processing of a segment is complete ,
the problem data are stored on magnetic tape as shown in figure 23. These
data are then processed to produce summaries of coverage problems according
to segments , routes , and overall network. For an explanation of these
summaries , the following eight routes were selected from the high—altitude
RNAV route structure described in reference 1:

Boston to Miami (BOSMIAR1)
Denver to Seattle (DENSEAR1)
Los Angeles to New York (LAXJFKR1)
Los Angeles to San Francisco (LAXSFORI)
Los Angeles to San Francisco (LAXSFOR2)
Miami to Los Angeles (MIALAXRI)
Minneapol is  to San Francisco (MSPSF OR 1)
Sea t t l e  to New York (SEAJ FKRI )
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L E G E N D
11Th ~~ q QQ ~~99999
11 7fl 2 75~~~~ 99999 11 713 Segment identification
I l 7 i~ .89Q~~Q99999
I 17b ~a~~~q999999 32 Mileage point from
11il~ 30999999999 - segments east end
117B 31999999999 I
117B 32 48050999OMN —~~ 48 Cross course error
I 1713 33 480509990MN ( on north offset = 4.8 n~’ ,
117B 34 450489990MN
11713 35 450489990MN 050 Cross-course Error on
1 17B 3(- 450489990MN I Segmen t  - -‘ . 0 miles
11713 37 450489990MN I

999 South O f f set  not ( OVS r~ - c1 .

I (if  not 999 , (h ~1 t. i  field

I gives cross-course
er r o r  on the  sou th  o f f — . t )

OMN V O R T A C  for  wh~ ch
problem data app ly

and which was
by the program as
p r o v i d i n g  the  b e s t
coverage at rn le 3.~.

N VORTAC is loc ated
north of segment

FIGURE 23. PROBLEM SEGMENT DATA TABLE

36



Ilsese routes were composed of 32 discrete segments and , as shown in figure 24,
art ’ repr esentati ve in length , location , and direction.

Summary by Segments. Figure 25 shows the summary by segments of the
cI)Vtra ge problems that were recorded when coverage for the above routes was
processed using the cross—course error data shown in figure 21. In the
co lumnar  data , the  “COV” column i n d i c a t e s  the  number  of mi les  f o r  wh ich  there

~as no coverage , and “ERR ” is the number of miles for which the cross—course
error exceeded the route width criterion (i.e., W = 4.0). Note for segment
117B (discussed earlier), that there are 32 miles over which the parent route
segment and the north offset are not covered , and 51 miles where the south off-
set is not covered . Where there vas coverage , the cross—course error exceeded
the r o u t e  w i d t h  c r i t e r i o n  fo r  79 miles  on the parent route and on the north
o t f s e t  and for 60 miles on the south offset. The “ERR ” and “COV ” data add to
Ill  miles where  t h e r e  is a problem which is cons i s t en t  w i t h  the data shown in
f i g u r e  22.  Of the  32 segments , 19 are shown in f i gure 25 as h a v i n g  prob lems ;
t h e  other 13 beIng problem free.

Summary by Routes. An example of this summary is shown in figure 26 for
the route from Boston to Miami. Although this route consists of four segments
(P117 , l l7A , 117B , D 117),  onl y the two shown have coverage problems and for
the mileage indicated . These miles are route miles s t a r t i n g  at the east (BOS)
end . In these data , cross—course errors are those for the facility (on the
right—hand aide) which was selected as providing the best coverage. A minus
(— )  sign indicates no coverage. Note that for route coverage , the offset data
are given as “left ” and “right ,” which is consistent with the direction of
fl ight , Boston to Miami. Thus , it can be seen tha t the “south ” offset data
i.n figur e 22 (segment 1178) have been converted to “left” offset where the
segment forms part of the BOSMIA route.. If these data were applied to the
MIABOS (Miami to Boston), the converse would be true.

Problem Route Summary. An examp le of the coverage problem sun~iary for
all routes processed is shown in figure 27. In this case, eigh t routes were
processed; but only the s~ x had coverage problems . In this listing , the
percentage values have been truncated (not rounded) at the percent shown
(i.e., 4.7 percent is shown as 4).

Network Summary. Coverage problems for the total network are also
su~~ ar ized as per the example shown in figure 28. Of the eight routes
processed , two (25 percent) were problem free ; however , 6,553 miles (~,9.5
percent) were problem free. The latter data include all problem~-free m{les
fri the eight routes processed , not just the mileage of the two probiem—fr~ e
routes. The network route miles and the network segment miles are both —

shown as 9,423. However , th is  is onl y because the routes selected f o r  l this
d iscussion all used different segments. Normally this is not the case , and
the route miles would exceed the discrete segment miles in the network.
Note , however , that there is a difference in the problem miles of the routes
as compared to the segments. This results from the offset data around the
turns , where the problems on the segment extension are included in the
problem data on the route. The “away offset” data are for those cases where
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t h e  o t f s e t  is on the opposi te  side of the route from the VORTAC . These data
5I r e  a d d i t i vi  to the  parent route da t a .  For example , the  away offset has
184 more miles of no coverage than the parent route and 127 more m i le s  w~~ 

- •

the cross—course error exceeded route width criteria.

APPL ICATION OF COV ERAGE CONTOURS TO AN RNAV ROUTE STRUCTURE.

I n  o rder  to provide  es t imates  regarding the capability of the present NAVA LD
svst i-ru to suppor t  RNAV routes  at or above 18,000 feet , it was decided to test
t he RNAV structure described in reference 1 against  the coverage c o n t o u r  da t a
dev eloped by the methodology descr ibed in this report.

The RNAV s t r u c t u r e  ( f i g u r e  29) consis ts  of 1,018 routes connecting 450 airport
p a ir s .  Routes  wer e f ormed by the in te rconnect ion  of great  c i r c l e  segments
s t a r t i n g  at the  boundary  of the depa r tu re  terminal  and ending at the boundary
01 the a r r i v a l  t e rmina l . Each discrete segment could be used by several routes ,
w h i c h  a c c o u n t s  f o r  the  difference between the number of segment—miles (151 ,309)
md the  numb er  of route—miles (579,008) . The selected a i rpo r t  pa i rs  genera te
ip p r o x i m a t e l y 67 percent  of the domestic , hi g h — a l t i t u d e  t r a f f i c  and , w i t h  o n l y
minor exten s ions, the structure could accommodate over 90 pe rcen t  of the
traffic in the high—al titude airspace. Although the structure is onl y hypo—
t h e t i c a l , the coverage data derived by using it as a test case should provide
u s e f u l  i n f o r m a t i o n  fo r  RN AV implementa t ion  p l ann ing .

Of the 297 hl—VORTAC ’s in the conterminous U.S., 290 c o n t o u r s  developed f r o m
terrain dati were used for deriving route coverage data , while the remaining
seven contours were taken from the RACO flight check data. Although terrain
data were available for these facilities , the coverage contours developed
from the data appeared somewhat questionable when compared with the flight—
check data , and it was therefore decided to use the latter for this report.

In addition to signal coverage , route width and RNAV offset requirements must
also be considered when examining the capability of a NAVAID system to support
an RNAV route structure. Furthermore , these factors are directl y rela ted to
air traffic control (ATC) requirements and to the assumed values for cross—
course navigational errors. At the present time, the navigational errors
being applied to RNAV routes are those published in Advisory Circular 90—45A ,
dated February 21, 1975. These data are shown in figure 21 of this report.
The RNAV task force (reference 2) proposed that these errors could be sub-
stantially reduced provided certain improvements were made in the various
elements which contribute to cross—course error. The task force error table
is shown in figure 30. By assump t ion , route width is equal to the 2—sigma
cross—course error value . Therefore , it can be seen f rom f ig ures 21 and 30
that with a given rou te width requirement (i.e., +4 miles), the task force
data permit substantiall y greater spacing between VORTAC ’s. Stated differently,
w ith a given set of VORTAC ’s, application of the task force error data to an
RNAV structure should render substantially fewer problem areas than the
AC 90— 45A d a t a .
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‘l’o d e t e r m i n e  thc- ma gnitude of thi s differ ence , RNAV route covc-r..4ge data were
derivC’d using eac h of these error t a b l e s .  A c o m p a r i s o n  was als:j made with
u i t l ( ’rent  r o u t e  w i d t h  c r i t e r i o n ;  v i z , ±4 m i l e s  and ±5 miles . Thi~. comparison
7..as r~ade  onl y with t h e  AC 90—45A e r r o r  d a ta , s ince  the  2 — s i g m a  e r r o r  i n  the

i~N \V t a sk  f o r c e  d a t a  is equa l to or less than  5 mi les  when t he  . i l o n g — t  rw k
d i s t a n ce  is 130 mi les  or less , w h i c h  is the  max imum d i s t a n c e  f o r  18 , 0 ( ) O — l o o t
cove rage .  For a h i g h e r  a l t i t u d e , the  max imum d i s t ance  w o u l d  be i n c r e L i s e d , and
the  task f o r c e  da ta  would  then  be p e r t i n e n t  ( f i g u r e s  11 and 30). F I r C- 151 . h

a p p l i c a t i o n , the  “o f f s e t ’ 7 parameter  was set  at t w i c e  t he  r o u t e  w i d t h  par ll rl.et ’r ,
w h i c h , in e f f e c t , t r e a t s  the  coverage of the offset as an u n c h a r t e d  r o u t e ,
c o n t i g u o u s  to  the  pa ren t  r o u t e , w i t h  c e n t e r l i n e  spac ing  consistent with the
r o u t e  w i d t h  c r i t e r i o n .

From the  above i t  can be seen that three sets  of i~NAV route coverage data ‘~.,e rL
derived ; namel y:

1. AC 90—45A error; route width ±~ miles ; offset 8 mile - .,

2 .  RNAV task f o r c e  e r r o r ;  r o u t e  w i d t h  ±~ miles; offset = 8 miles , and

3. AC 90—45A error; route width +5 m i l e s ;  o f f s e t  = 10 m i l e s .

As discusl- ed under the METHODOLOGY section , these data sets consist of:

I. Detailed coverage data for each segment ,

2.  A l is t  of the  segments  w h i c h  have cove rage pro bl ems , w ith a
summary  by segment of these prob lems ,

3. A list of the routes which have coverage  problems s h o w i ng  where tb.-
problems are by segmen t and by mi l eage along the route ,

-~ . An o v e r a l l  surr .mary ot t h e  p rob lem rout e s , and

5. A n e t w o r k  summary .

Due to the volume 1 data , onl y t he  las t  two Items w e r e  included in t h i s
r e p o r t .  C o m p u t e r  o u t p ut  of t he  o t h e r , more d e t a i l e d  d a t a  is r e t a i n e d  in
thc- project f i l e s  b r  read y e x a m i n a t i o n , which  may be des i r ab l e  to show more
precisely whert- the NAV .\ID l everage problems are for the high—altitude air—
spa ec - . Ap pendices  A , B , and C c o n t a i n  the  overa l l  summar ies  f o r  the  rou te s
with I ((v€-rage problems tested under the three conditions shown above. The
n e t w o r k  summaries  f o r  these  t es t s  are dep ic ted  in fi g u r e s  31 , 32 , and 33 ,
respectivel y.

By comparing the data in figure 32 with those in figure 31 , it can bI- s een  that
reductioms in the cross—course error proposed by the RNAV Task Forc e would
s u b s tan t i a l l y  reduce  the  RNAV route coverage problems . For example , of the
1,018 high—a ltItude RNAV routes in the hypothetical route structure , the
rou te s  w i t h  coverage problems were reduced from fY-4 (65.2 percent) to
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151 (14.8 percent). When looking at all route mil e s in the structure ( 579 ,U’i H),
the number 01 mi l es where coverage problems occurred was 8,876 (1.5 porl eIlt )
when the task force error data were applied , as compared to 7l ,48~i miles
( 1 2 . 6 percent) lIa r the AC 90—45A error data. The problem data b r  tile

discr t-te line segments in the structure (1,206) also show a reU u -ti o fl of from
.451 (37.4 percent) to 64 (5 .3  perl -en t). The redu~ t ion in problem mile , along
t h e  s egmen t s  is a b o u t  t he sa me as that accumulated ever the routes. Also , t h e
number of network m i l e s  w h e r e  the  r o u t e  w i d t h  exceeds ±4 miles was re l:IJ ( r- (l
f r o m  13 ,482 (8 .9  percent )  to 114 ( .08 p e r c e n t ) .  it is ap p a r e n t  tha t w i t h  the
RNA V t n - k b o r c e  c r o s s— c o u r s e  e r r o r  d a t a , r o u t e  w i d t h  is n o t  a p r o b l e i i  w i t h  the
number and location ot  El—VORTAC ’s presentl y in operation. The primary concern
is whether or not here is signal coverage . Furthermore , o f the 151,309
n e t w o r k  mi le s , only  1, 164 (less than 1 percent) were not within tue coverag (-
contours of the  present system of H—V ORTAC ’s. This  is h ig h l y  s i g n i f i c a n t ,
since- (a) the rou tes  were  designed w i t h o u t c o n s i d e r i n g  VORTAC l o c a t i o n , (b )
several routes are  over wa te r , and (c )  coverage is computed  at 18 ,000 f e e t ,
w h i c h  is well  below the  normal flight plan altitude. For ~:..amp le , of the
1 , 164 mi l e s  tha t were  not covered , 576 miles were on routes connecting to t h e
Miami a r ea .  These rou tes , w i t h  long over—water segments , a r e  normally Ilown
at a l t i t u d e s  above 30 ,000 f ee t , and co verage  d i s t a n c e s  a t  theoe  a l t i t u d e - -.
a re  s u b s t a n t i a l ly increased ( a p p r o x i m a t e l y p r o p o r t i o n a l  t o  t h e  square- root ot
the alti tude). However , at greater distances route width also increase~~;
the refore , the solution would probabl y be a trade—off betw€ -en n .oving the
rou te s  closer to shore or us ing  a w i d e r  r o u t e  w i d t h .  Also , L— ’~0RTAC ’ s may
be available to cover the routes where H—VORTAC ’s do not.

a’verage problems on the o f f se t  located on the opposite side of the route
from the VORTAC (AWAY OFFSET) also appear to be minimal. Note that., w h i l e
the number of miles that the away offset is not covered when til e- parent
route is covered is smal l  in all  eases , these  o,Ita should not be affected by
the  c r o s s — c o u r s e  e r r o r  being app l ied . The d i f f e r e n c e  in these  d a t a  between
figures 31 and 32 r e s u l t s  f r o m  the  log ic used to se lec t  the  p r e f e r r e d  V O R I A C
(METHODOLOGY section). Revised logic  has been deve loped , bu t  ‘.~‘as no t
app l ied for  t h i s  d a t a  r e p o r t .

The impac t of d i f f e r e n t  rou te  w i d t h  and o f t s e t  c r i te r i a  can be o b se r v e d  by
( o n par in g  f i g u r e  31 w i t h  t i g u r e  31. Overa l l , t he  p r o b l e m  are-as  a re  reduced
b y a f a c t o r  of over 3 to 1. ln p a r t i c u l a r , the  number of r o u t e  mi l e s  whe re
the  route w i d t h  c r i t e r i o n  is exceeded is reduced t r u m  l3 ,48~ (8 .9  P e r c e n t )
to 2 , 139 (1.4 percent). As discussed in reterence 1, r o u t e  w i d t h  r e q u i r e m e n t s
I~l- IIc-n d to a l a r ge  ex ten t  on r o u t e  density . Therefore , to more r e a l i s t  i c a l l v
assess t h i s  p r o b l e m  area , i t  would be necessary to localize where route
w i d t h  ex :eeds r e q u i r e d  values. The data generated by the NAFEC route
coverage process are amenable to this type of analysis; however , the actua l
t a b u l a t i o n  of these data is beyond the scope of t h i s  s tud y .
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SEJ~fl~1ARY AN t) CONCLUSIONS

S y s t e m a t i c  i m p l e m e n t a t I o n  ot area nav ig a t i o n  in the Na t ional Airspace  Sy s t em
requires t h a t  a c o n t i n u o u s  e - f f o r t .  be made to i de n t i f y NAVAID suppor t  r equ i r e -
ments  and to resolve  p o t e n t i a l  p rob l em areas. For the near—term planning
phase , gross answers  to t h e  N AVA ID s u p p o r t  q u e s t i o n  are needed in o r d e r
de l inc the  m a g n i t u d e  ot  the  problem at an ear ly date so that appropriate
actions can be initiated in a t imel y manner. As the development of RNAV
route struc tures progresses , and system requirements become firm , more detailed
and specific data concerning NAVAID support will be required . The stud y
r e - p o r t e d  on herein  was es tab li shed  to  suppor t  RNAV imp lementa t ion  in this
are a , bo th  fo r  the  n e a r — t e r m  period as well as for the longer range activities.
T h i s  i n t e r i m  repor t  reflects the work accomplished during the initial phase
of t h i s  e f f u r t .

During this phase , a methodology was developed to provide needed information
r e g a r d i n g  the NAVA ID suppor t  probl em . This  methodology is p r i m a r i l y computer-
Ioise d and involves the  app l i c a t i o n  of topographic data to derive estimates 01
NAV AID coverage.  Throug h data processing, RNAV routes can be tested against
NAVAID coverage contours to identif y problem areas and to derive other data
associated with the support of RNAV routes provided by the NAVAID system.
From the discussions in this report , it seems evident that the approach taken
to derive the NAVAID support data is valid . Areas where the methodology should
be improved upon are recognized , however. A limited amount of cooperative
flight checking should be conducted , particularl y in the low—altitude air-
space , in ord er to turther validate the process. Also , restrictions to
coverage not caused by surrounding terrain should be accounted for. In
addition , the suftware should be expanded to derive data not currentl y provided.
For exampl e , at p resen t , onl y problems in route coverage , such as gaps and
excessive route widths , are identified . For RNAV imp lementation , other data
are needed including waypoint definition and frequency change—over points.
This iniormation can be derived manually from the data base developed by the
pre-oent system . However , computer processing would greatly facilitate this
ef l o r t .

Following the software development , a hypothetical high—altitude RNAV route
structure was tested against the estimated coverage of the existing system of
Il—VORTAC ’S. This test demonstrated the usability of the methodology and , at
the same time , produced some coarse—grained answers currentl y needed f or RNAV
implementation planning . From the resulting data , it appears that the present
NAVA1D system will support a high—altitude route structure- with only a modest
number of problem areas. Furthermore , the results should be considered as
conservative estimates of the actual situation , due to certain limitations in
the test itoelf . First , of course , the route s t r u c t u r e  was deve lopmental
in nature and was designed without consideration of NAVAID location and
coverage. Therefore , many of the indicated problems could easily be resolved
through minor route modifications which would not impact the efficiency of
the structure. Also , the coverage data were computed for an altitude of
18,000 feet throughou t the total network. This is not representative of the
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normal enroute altitudes over the long , over—water segments and over the h o  k,
Mountain area . Also Canadian stations were not Included , be-coo--a- data were
not  availa b le. Thus , coverage gaps occurred in some of the northe rn routes
whe re , in fac t , adequate coverage exists, In add i t ion  to these l i m i t a t i o n s ,
no attempt was made to examine alternative solutions that may be possibl e ;
i.e., the use of L—VORTAC ’s and/or the upgrading of VOR ’s and TACAN ’s.
ierrain data for these facilities are available , and their use to resolve
coverage gaps can easily be determined . In connection with route width prob-
lems , it should be poimted out  that these data are related to ATC r -quireme nts
and to assumed values b r  cross—course navigationa l errors. The impact of
applying different route width requirements and cross—course errors was
demonstrated by the test. However , the extent that route width would be a
problem with the present NAVAID system requires more definitive information
regarding these factors.

The tore-going comments and qualifications notwithstanding , it can be concluded
from this initial NAVAID support stud y that:

1. The use of topographic data to der ive  estimates of NAVAID I -(,ve-ra ,~.l- is a
viable approac h provided that:

a .  The terrain data base , facility locations , and Site elevations are
ca r el u Ll y verified ,

b. Computational parameters used to account for atmosp heric refr a ctivity,
si gnal attenuation , etc., have been val idated throug h an appropr iate ~mrnuUnt
of Il i ght testing, and

c. Other restrictions to coverage , caised by man—made objects , propa—
5ation anomaiies , and the l ike, are taken into account .

2. Terrain—derived coverage data can provide a v a l u a b l e  supp lemen t  to b l i gh t —
check  a c t i v i t i e s  associated w i t h  RNAV implement ation. In particular , t 1 le~-,e
da ta  cam serve as a f i l t e r  to reduce I l i g h t — c h e  king cos t s  by i d e n t i t  y ing
p o t e n t i a l  restrictions to NAVAID coverage caused by surrounding terrain.
Guidance for flight—check altitudes caii be provided is can  t i ’e  i d e n t i t i c a t i o n
of the radials on which the potential problems exist.

1. The present NAVAID system should support a high—altitude RNAV structure
with only a modest number of problems to be resolved . More specificall y :

a. The problem of si gnal gaps on R1~AV routes should be insignificant
when all factors are considered and available solutions examined.

b. With reduced cross—course navigational errors as dep icted in the
RNAV task force report , the route -.iidth problem Is also insigni ficant. Where
route width requirements are relaxed to +5 miles , the problem is also greatl y
reduced . Thus the f ina l solution to this problem rests first , in the determ i-
na t ion of ATC requirements (i.e., centerline spacing , minimum enroute altitudes
(MEA) , et~ .) and second , in the directed improvement of specific NAVAID ’s.
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4. The NAFEC methodology , with appropriate improvements , should become an
integral part of the RNAV implementation program for application in determin-
ing NAVAID support requirements.

5. Implicit in the techniques , methodolog ies, and analyses in this report
is the application to other types of facilities and usages. Among these
would be radar , communica t ions , and selec t ion of proposed sites for  all types
of facilities.
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APPENDIX A

PROBLEM ROUTE SUMMARY , HYPOTHETICAL RNAV
ROUTE STRUCTU RE , AC 90—45A CROSS—COURSE
ERROR , ROUTE WIDTH - +4 NMI
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APPENDIX B

PROBLEM ROUTE SUMMARY , HYPOTHETICAL RNAV
STRUCTURE , RNAV TASK FORCE CROSS—COURSE
ERROR , ROUTE WIDTH - +4 NMI
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