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16. Abstract This comprehensive report presents the results of a flight test experiment

of an Airborne Radar Approach (ARA) System utilizing various track orientation
techniques and operational modes. The tests were performed in the immediate area of
NAFEC in Atlantic City, N.J. The test environment involved the airport terminal
area and offshore sites. The test aircraft was a NASA CH53A helicopter manufactured
by Sikorsky Aircraft and currently based at NAFEC. The test period was from
January 1979 to February 1979 and from June 1979 to August 1979. Flight tests for
ARA accuracy and procedures development were performed in six distinct operational
modes. These were as follows: beacon w/cursor, multiple beacon, skin paint, skin

paint w/cursor, combined and beacon-only modes.; The specific proqram objectives can
be summarized as follows: 1) to evaluate the ability of the radar operator to guide
an aircraft along a predetermined path using various track orientation techniques,
namely: the cursor and multiple beacon techniques; 2) to assist the FAA in developing
and certifying standard ARA procedures and weather minimums; 3) to define and
quantify specific ARA system functions and characteristics for use in a Minimum
Operational Performance Standards (MOPS) document.

The primary conclusions of this flight test experiment were: the ARA system
performed satisfactorily from both an accuracy and an operational viewpoint in all
six operational modes, the ARA performance utilizinq the track orientation techniques

showed marked decrease in the overall Total System Cross Track (TSCT) and Flight
Technical Error (FTE) quantities; the cursor and multiple beacon techniques also
eliminated the tendency to "home" to station; in the skin paint mode distinquishing
offshore targets suc.h as lighthouses from ships and other surface objects is
virtually impossible.
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1.0 EXECUTIVE SUMMARY

An overview of the analysis of the performance of airborne radar

as an approach aid utilizing various track orientation techniques and

operational modes is presented in this executive summary. In order to

attain the proper perspective and to understand the impact of these

results it is necessary to briefly review the experiment design, the

equipment used and the test objectives. This section begins with a

review of these important issues and then summarizes the overall

method of approach used to answer operational, functional and accuracy

questions.

1.1 BRIEF DESCRIPTION OF TESTS PERFORMED AND EQUIPMENT UTILIZED

The Airborne Radar Approach (ARA) System Flight Test Experiment

was initiated by the Systews Research and Development Service of the

Federal Aviation Administration (FAA). The flight tests were performed

by the Approach and Landing Branch of the FAA's National Aviation

Facilities Experimental Center (NAFEC). The tests were supported by

Systems Control, Inc. (Vt.) in the areas of test planning, data

collection/reduction and final report preparation.

The ARA tests were performed utilizing the Bendix RDR-1400A and

RCA Primus-50 radar systems. The test vehicle was a CH53A helicopter

manufactured by Sikorsky Aircraft and currently based at NAFEC. Four

test pilots were provided by NAFEC as subjects for this experiment.

The ARA test flights were performed in the general area of NAFEC. Test

airspace environments included both the airport tercninal area and offshore

sites. Flight tests for ARA accuracy and procedures development were performed

in the beacon with cursor, multiple beacon, skin paint, skin paint with

cursor, combined and beacon-only modes. The testing period was from

January 1979 to February 1979 and from June 1979 to August 1979.

1.2 SUMMARY OF TEST OBJECfIVES

The ARA flight test experiment was designed to obtained both

quantitative and qualitative data in the areas of system accuracy, ARA

procedures, ARA functional requirements and ATC operational integration

problems.



Specific program objectivs can be summarized as follows:

I) To evIuate the ab I i ty of the radar olpera tor to quide

an aircraft along a predetermined path usin( Vrious

track orientation techniques, namely: the cursor and

multiple beacon techniques.

2) To assist the FAA and the user communi ty in developing

and certifying standard ARA procedures, associated

weather minimums and obstacle clearance requirements.

3) To define and quantify specific ARA system functions

and characteristics for use in a Minimum Operational

Performance Standards document.

1.3 METHOD OF APPROACH

The basic ARA test program consisted of approach testing in six

major test configurations. These were defined as, Beacon with Cursor
Tests. Multiple Beacon Tests, Skin Paint Tests, Skin Paint wit Cursor

Tests, Combined Mode Tests and Beacon-only Tests. Twenty-five flights

with 88 approaches were flown in the Airborne Radar approach experiment.

Of these twenty-five flights, four weie performed using the modified

Bendix radar system in the beacon with cursor mode, ten flights were

performed in the multiple beacon mode, six were accomplished in the

skin paint and skin paint with cursor modes, and the remaining five

flights utilized the RCA Primus-50 radar system in the combined and

beacon-only modes.

The single beacon with cursor tests were conducted at the airport

site utilizing the modified Bendix RI)R-1400A Radar system. ihe modified

radar system generated ain additi11ona 1,zi1uth ii ne or cursor on the radar

screen. The cursor, which represents course error, represen ts the

intended approach course slectable on the lior zontal Situation

Indicator (HSI). Two differeiit types of approaches (dieect and overeiad

straight) were conducted duving this phase Of testinq 1o as to provido, a

reasonable data base in order that CLirior' aidod appoah", uld h coi a red

to non-Cursor aided iiljt'oach s,. he il l t i plo, be c ni t ,,t illq kotl(et it rateotd

oil using two independent. gro"und beacons to estLabish visual reference

indications Of the dt i red finll aom)roach Course on 'he ai eborle radar

display. The skin paint and skilr paint with e.ursor portion of tlhe

testinq utilized toe Bendix radar sw tolu. 1he effort in this portion



of the testing was to use a prominent surface object (Brandywine

Lighthouse) to simulate Airborne Radar Approaches to offshore sites

with and without the aid of a cursor. The RCA Primus-50 testing was

conducted at the offshore site in the combined and beacon-only modes.

The purpose of these tests was to determine the operational viability

of the combined beacon/ground mapping mode in a offshore environment.

Quantitative data was obtained for all of the above mentioned test

areas.

Four subject pilots* were used for the Airborne Radar Approach

flight test program. All four pilots alternated as pilot and copilot

during the test program. The subject pilots had previous experience

flying ARA approaches. This experience was obtained from the single i.

beacon approach testing conducted at NAFEC during the test period

from October 1978 to December 1978 (Reference 1). In any case

the proficiency in using the airborne radar came about through actual

operational use.

There were two pilots per crew, with the copilot being the only

crew member hooded. For safety reasons, the pilot was not hooded, but

was instructed to fly only those course headings indicated by the copilot

It was also the pilot's responsibility to handle all contrunications.

Two separate testing sites were used for the ARA experiment.

These were: airport testing conducted in the NAFEC terminal area and

offshore testing conducted in Delaware Bay using Brandywine Lihthouse. In

addition, two different types of approaches were conducted at the

airport site (direct straight and overhead straight) while only one

approach type (direct straight) was utilized at the offshore site.

Pilot procedures and profiles were generated in advance in order to

insure a well disciplined test environment.

Figure 1.1 summarizes the overall ARA flight test program. This

figure shows that a total of eighty-eight approaches were flown: 14 in

/NOTE/ *Due to the retirement of one subject pilot after the multiple
beacon testing the three remaining pilots completed the flight test
program.
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the beacon with cursor mode, 39 in the multiple beacon mode*, 9 in

the skin paint mode, 9 in the skin paint with cursor mode, 11 in the

combined mode and 6 in tile beacon-only mode. The dashed portion of

Figure 1.1 provides the breakdown of flight testing conducted in tile

single beacon mode (Reference 1). These data were included in this

report so that comparisons could be made with the cursor aided, multiple

beacon and skin paint approaches. Figure 1.1 provides the detailed

breakdown of the number and type of approaches flown in each specific

mode of operation. In addition, Figure 1.1 shows the experiment

balance between interexperiment variables for each mode (e.g. the

balance between skin paint and skin paint with cursor approaches).

The final point of interest presented in the figure is the number and

type of each approach flown in) the airport terminal and offshore areas.

As shown in the figure, three approach procedures (direct straight,

overhead straight and overhead offset) were utilized during the

previous single beacon testing, while only two approach procedures

(direct straight and overhead straight) were utilized during the

track orientation technique testing. In addition, a fourth procedure

(intentional offset) was utilized at the airport site in the beacon

with cursor mode. The intentional offset procedure was used to

intentionally misplace the aircraft off course at a position the aircraft

had acquired in previous single beacon testing. This procedure was

utilized to determine the ability of the radar operator to acquire

and track the intended course using the cursor technique.

The direct straight was used when the winds were favorable for

landing upwind in the approach direction and obstruction clearances

permitted descent to minimums. The overhead straight was used when the

winds favored an opposite direction when approaching the landing site.

The procedures used for flying both profiles wore identi(.al, with one

exception. On the overhead approaches it was necessary for the copilot

to call out when directly overhead the target so that the pilot could

start an outbound timing of 2 minutes. At the end of 2 minutes a

/NOTE/ *Twenty-four approaches were non-recoverable from the film
Tnterpretation standpoint because the beacon return was splayed across
the entire azimuth of the screen. This splaying occured because the
Bendix Radar's STC circuit was misadjusted.
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procedure turn was executed and the Intermediate Approach Course was

acquired. The accuracy with which each of these approach procedures

was executed was determined in detail. These results are presenftied and

discussed in-depth in Section 5.3 for each of the test areas: airport and

offshore. The dicussion in Section 5.3 also presents an in-depth look at

the various operational modes and track orientation techniques tested.

A more detailed description of specific flight profiles, the

equipment used, the test procedures, the subject pilots and the data

collection/reduction/analysis procedures is presented in Sections 4.1,

4.2, 4.3, 4.4 and 4.5.

1.4 RESULTS AND CONCLUSIONS

This section presents a generalized summary or overview of the

primary results and conclusions which may be found in Sections 5.0, 6.0

and 7.0. A detailed analysis and expanded discussion of each of the

major test areas and operational modes indicated in Figure 1.1 is contained

in Section 5.0. A comprehensive discussion of pilot/copilot procedural

operations using ARA is contained in Section 5.2. Section 6.0 is s;ructured

to present the data applicable to specific MOPS questions raised by the Radio

Technical Commission for Aeronautics (RTCA) Special Committee (SC-133) on

ARA. Finally, Section 7.0 presents a more detailed and expanded discussion

of the qualitative conclusions regarding ARA as a non-precision approach

technique utilizing various track orientation techniques and operational

modes. The following subsection will provide a summary of results and

conclusions obtained during the flight test program.

1) The modified Bendix RD)R-140OA Airborne Radar Approach

System tested nerformed satisfactorily from both

an accuracy ano an operational viewpoint in the single

beacon, wi th cursor ilode.

I The error quani t.v used to masure this performance

was Total System Cross frac0 (TSCT) error. A

comparison of sumiiary Jaa Lietweun the sinjll(.

beacon and sinq1le btacou with kUrsor approaches

over the len(Ith of the approach courses for the

airport environment. is as follow,.:

L , 1-6
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TSCT Operational mode
±1(

1.36 nm Single Beacon
.57 nm Single Beacon W/Cursor

I The results indicated a large reduction in the

TSCT and FTE values for the cursor-aided

approaches. The FTE values determined during

flight test at the airport site were as follows.

FTE Operational Mode
±Io

1.44 nm Single Beacon
.76 nm Single Beacon W/Cursor

f The ARA lateral track keeping accuracy (TSCT)

was well within specified obstacle clearance

airspace limits, ±4 nm established by the RTCA

SC-133 MOPS.

I The cross track Airborne System Error (ASE) and

the Along Track Error (ATE) for the Bendix radar

system were consistently small and showed no

dependency on distance from the target.

2) ARA performance in the multiple beacon mode showed basically

the same results obtained in the beacon with cursor mode. That

is, the track orientation afforded by the multiple beacon

mode reduced the overall TSCT and FTE values for the

approaches flown at the airport site. These values were

as follows:

TSCT FTE Operational Mode
lc tlo

1.36nm1.44nm Single Beacon
.60nm .70nm Multiple Beacon

3) ARA performance was quantified in both the skin paint mode

and the skin paint with cursor mode approach testing conducted

at the offshore site. The results indicated three distinct

items.

* If the target is positively identified, ARA approaches

in the skin paint mode can be executed as accurately

as single beacon approaches. The following TSCT and

FTE results support this fact.
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TSCT FTE Operational Mode

.89 nm 1.02 nin Single Beacon

.34 nm .64 nm Skin Pa int

I Offshore targets such as ships provide bright returns

but are not distinguishable from the intended target

(an oil rig).

I The cursor-aided approaches flown in the skin paint

mode indicate an improvement in the FTE quantities.

These FTE quantities are improved because of the

track guidance offered by the cursor. The TSCT and

FTE values were as follows:

TSCT FTE Operational Mode

.34 nm .64 nm Skin Paint

.57 nm .48 nm Skin Paint W/Cursor

4) Technically and operationally the RCA Primus-50 performed

well in the combined and beacon-only modes. System

performance results (ASE and ATE) indicate that the system

provided accurate guidance to the target. The TSCT and

FTE values calculated were as follows:

TSCT FTE Operational Mode

.4Onm .64 nm Combined

.42 nm .69 nm Beacon-only

I Operationally the combined mode offers one serious

problem. Because of the large beacon return

displ ayed, surface objects in i he immediate area

surrounding the intended target are blocked out,

therefore offering limited obstacle clearance

information.

5) ARA System functions and (haractei s t i, wero jnve t (Jdted

to satisfy the requi rements of RT(-A ' J -133. These were

in the areas of technical perforinc.e and operational

performance. A. brief summary of the, d,'tails discussed in

Section 6.0 is provided in the followiri'q list.
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TECHNICAL PERFORMANCE

A. RANGE PERFORMANCE

(1) Single Beacon - 21 nm at 1000 feet altitude

with the beacon at ground level.

35 nm at 1000 feet altitude with

the beacon at 30 feet above

water level.

(2) Skin Paint - 20 nm at 1000 feet with relatively

low background clutter. (Brandywine

lighthouse was utilized as the

target.)

B. BEARING ACCURACY

(1) Bendix RDR-1400A - At 5 nm from the target one-
Radar System sigma numbers range in value

from ±3.1 to i5.40 . At 10 nm

the one-sigma values were
determined to be ±2.2' to ±3.80.

(2) RCA Primus-50 - At 5 nm and 10 nm from the
Radar System target the one-sigma values were

determined to be ±2.0' and 43.50

respectively.

C. DISPLAY READABILITY - Not a specific test variable.

Qualitative observations indicated that the readability

was adequate except in direct sunlight.

D. DISPLAY RESOLUTION - Not a specific test variable.

Observations and calculations showed the radar displays

tested had adequate resolution. In addition, the

displayed size of the beacon return did not adversly

affect the pilot's ability to conduct the approach.
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OPERATIONAL PERFORMANCE

A. BEACON/GROUND CLUTTLR DISCRIMINATION - The combined

beacon/ground mapping mode was found to be operationally

feasible, but because of the large displayed beacon

return obstacles within the immediate area of the intended

target were blocked out.

B. OFFSHORE TARGET DISCRIMINATION - It was discovered during

the offshore skin paint testing that while executing

approaches to the lighthouse it was often times difficult

to distinguish between ships and the lighthouse.

C. CURSOR INTERPRETATION - The use of an electronically

generated course direction cursor, which obtains its

inputs directly from HSI course selection proved very

effective. Results indicate a marked reduction in the

TSCT and FTE quantities.

D. PERFORMANCE IN THE SKIN PAINT AND SKIN PAINT W/CURSOR

MODES - The only serious problem encountered was that

of positive target identification.

E. PERFORMANCE IN THE SINGLE BEACON W/CURSOR MODE - Results

indicate that the tendency to home to the station is

eliminated with the cursor technique. Also, the cursor

decreases the level of mental workload required to fly the

approach.

F. PERFORMANCE IN THE MULTIPLE BEI\CON MODE - Results indicate

that by utilizinq two longitudinally separated beacons

track oUidance is ii proved. It was also discovered that

the level of nental workload in in ro-ased becau' the
track arqfle err~- i nodi jiy ji".plaIy'd on the ra dar.

G. RCA PR[MUS-50 COMP I NI AND HiM-ON-WilY MODI I (1RMANk i

Operationally the RCA Ptimus--hU pt(rlorled wtl in itih

modes of operatien . Th, only a ro r)leim encountered

was the large dio)laYwd beacon return (See A).
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2.0 INTRODUCTION

This report was prepared to summarize the results of the Airborne

Radar Approach (ARA) flight tests. These tests were performed by Approach

and Landing Branch (ANA 110) of the Federal Aviation Administration's

National Aviation Facilities Experimental Center (NAFEC). The tests were

supported by Systems Control, Inc. (Vt.) [SCI (Vt.)] in the areas of test

planning, data collection/reduction and final report preparation. The

test vehicle was a CH53A helicopter manufactured by Sikorsky Aircraft.

Flight tests for ARA accuracy and procedures development were performed

in two distinct operational environments. These were the airport environment

and the offshore environment. The airport ARA tests were performed at

NAFEC and the offshore tests were conducted nearby in Delaware Bay.

The testing period was from January 1979 to February 1979 and from

June 1979 to August 1979. The primary reasons for the ARA flight

test program were: 1) to evaluate the ARA concept both quantitatively

and qualitatively in the areas of accuracy and flight procedures

involving various track orientation techniques and modes of operation;

2) to provide empirical inputs for the "Minimum Operational Performance

Standard" being generated by the Radio Technical Commission for

Aeronautics (RTCA) Special Committee 133 (SC-133).

2.1 BACKGROUND

Continued expansion in the application of helicopters to the

accomplishment of civilian oriented tasks depends to a significant extent

on the capabilities of the aircr, .ft and the navigation systems in order

to operate in all weather conditions. Much of the future growth of the

helicopter market will be in applications that involve the transport of

people in such areas as offshore oil support, in corporate transport,

and eventually in scheduled transportation. The effectiveness of the

helicopter in these missions depends on its ability to circumvent the

time delays of other modes of transportation. If weather results in a

significant number of cancellations and delays, the helicopter's effec-

tiveness is lost. A particularly interesting facet of this qenrdl

problem area arises from the needs of helicopter operators to fly in

adverse weather in remote areas. This type of mission generatf's a
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requirement for a self-contained helicopter instrument approach system for

landing on oil rigs and other landing areas remote from conventional

navigational aids. Such a system would also benefit the corporate operator

who desires insturment approach minimums equivalent to conventional

non-precision approach procedures at a variety of sites, many of which

may be of an ad hoc nature, but who would be unable to afford the time

and expense necessary to achieve the installation of ground navigation

aids.

Weather radar used in the mapping mode for IFR approaches offers

a possible immediate low-cost solution. The application of airborne

weather/mapping radar as an approach and landing aid has generally become

known throughout the industry as an Airborne Radar Approach (ARA) System.

This terminology will be used frequently in this document.

The major impetus for the ARA operational application has come from

the Helicopter Association of America (HAA) in general, and its offshore

energy exploration support members in particular. In addition to the

basic requirements of the HAA to stimulate the development of helicopter

IFR procedures and systems, particularly at sites where instrument

approach procedures are unavailable, the necessity to provide approach

capability to offshore oil rigs under Instrument Meteorological Conditions

(IMC) is critical to their mission. The HAA, therefore, has consistently

requested the FAA to develop sLandard operaLional procedures and equipment.

certification criteria as regards ARA systems and their operation in the

IFR portion of the National Airspace System as one means of providing

instrument approach and landing capability. Certain offshore helicopter

operators have been grant-d approval for ARA appreoches on a sinqjular

basis, but no general certification criteria currently exists within the

FAA.

In recognition of the umercling ned for sore Perasurp of equipment

performance criteria, early in 1977 thp Pdin >echni(al Comision for

Aeronautics (RTCA) constituted a Stecial Commiittee (SC-133) for the

purpose of developirno a Minimum Operational Perfnrnance Standards (MOPS)

for ARA systems for helicnpter., This MnP' doLiir;,nt will contain hoth

operational and tecuni,'ai pr~nrT;'mur critcria which mliht ultimately be
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used for FAA certification purposes. At least two requests have been

made of the FAA by RTCA, in behalf of SC-133, which contains a postulated

operational scenario and initial technical performance specifications.

However, no substantive technical data was previously available on many

of the critical issues concerning the ARA system application.

2.2 ARA TEST CONCEPTS

Many test programs are limited by the practical considerations of

time and money. In the case of the ARA testing these were additional

considerations which further limited the investigation. It is therefore

necessary to identify in some detail what this ARA evaluation does and

does not cover.

Most of the following discussion concerning the ARA flight test

limitation emanate from considerations of the aircraft used as the test

vehicle. The Sikorsky CH53A has sufficient passenger and payload capacity

for experimental test purposes, however, due to limited fuel capacity,

it has an effective flight endurance of approximately 1-3/4 hours. For

this reason it was decided to limit the offshore portion of this evaluation

to the Brandywine Lighthouse located in Delaware Bay. Brandywine Lighthouse

was located within the useable operating radius of the aircraft while

the existing oil rigs are located 60 miles east of Atlantic City.

Section 4.0 identifies the specifics of the test design. Approximately

20 hours of the 30 hour flight test program were assigned to offshore

testing. The remainder of the testing was dedicated to the airport

beacon with cursor testing.

In order to investigate a spectrum of target signatures and various

track orientation techniques it was decided to investigate radar perform-

ance against: a) skin paint targets over water, b) skin paint targets

utilizing the cursor technique, c) beacon and skin paint targets over

water (combined mode), d) beacon targets over water, e) beacon targets

over land utilizing the cursor technique, and f) multiple beacon targets

over land.
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Two other issues relating to the scope 0l the current effort should

be discussed. First, there were two airborne radar systems available for

test, the RCA Primus-50 and the Bendix RDR-1400A. Both systems have both

primary ground mapping and beacon modes. In addition, the PCA unit has

a combined beacon/ground mapping mode (which was included as a requirement

in the ARA MOPS generated by RTCA SC-133). Since tile combined beacon/

ground mapping mode was a requirement in the ARA MOPS, six of the thirty

hours of the flight test program were dedicated to the RCA Primus-50

combined mode testing. Also t e Priiios-tb) waS tested in the beacon-only

mode. The skin paint and cursor testing utilized the Bendix RDR-1400A

radar system. For the cursor testing the Bendix radar system was modified

to electronically display a cursor which indicates track angle error

utilizing synchro inputs from. the Horizontal Situation Indicator (HSI).

The second issue relates to the subject of tue pilot population

sample used for these tests. Radar display interpretation and pilot

steering techniques form a major portion of this investigation. Although

a wide variety of subject pilots is usually a goal in --he design of such

flight experiments, due to the small number of flight hours available

for these tests, the number of pilots used was limited to three.

During the single and multiple beacon testing a fourth pilot v,,as

utilized but because of his retirement only three qualified CH-53A

pilots remained. The subject of pilot performance variability should

properly be studied in a more comprehensive and dedicated experiment.

2.3 PURPOSE OF THE TESTS

Simply stated, the purpose of this ARA test program was twofold.

First, to acquire a statistically significant data base. comrnino

operational procedures uti 1zinr vi ima traCk !rienai , hIl i,

and overall ARA systell performance that, Ni Ii the iAA Iho m

airspace users alike in deueop (n ( rm ,er ifyin, mars ppr,, m

procedures and associated weateo ar ,unrns th, ,I; t . i,;li ,1t,

modification of TERF'S cri terma . S ,c v A ,!

system performance parameters for i , ... ..... mc

speci fying ARA requi red te ."ni r a ' l

objectives is expanded anJ dism J,';,,m . 1, ,,
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2.4 ORGANIZATION OF THE REPORT

The results of the ARA flight test program are presented in the

remainder of this report. Section 4.0 provides a detailed equipment

summary, a flight test description, a review of test profile designs,

data acquisition procedures and data reduction/analysis techniques.

Sections 5.0 presents and documents the specific results obtained in

five major areas:

1) Airborne Radar as an Approach Aid

2) Analysis of Pilot Procedures

3) Detailed Accuracy Data

4) Operational Evaluation of the ARA Concept

Section 6.0 present a summary of the technical and operational

performance of the ARA System. Finally, Section 7.0 presents major

qualitative conclusions as they relate to the stated program objectives

from Section 3.0

V
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3.0 DETAILED TECHNICAL OBJECTIVES

The general objectives of the ARA track orientation concepts were

to evaluate and/or establish basic ARA operating procedures and overall

system performance so that a direct quantitive comparison could be

established between the raw radar return testing and the cursor aided

or multiple beacon testinj. The results of this program are therefore

applicable to the FAA, RTCA and the user community (HAA). For purposes

of discussion these test objectives have been grouped into two categories,

namely Technical and Operational. Subsequent to this discussion, a i

correlation will be presented between the stated test objectives and

the specific test results obtained (Section 5.0).

A. Technical Performance Objectives

1) Range Performance -- To establish the maximum and

minimum radar ranges at which beacon and skin

paint targets, respectively, can be acquired,

identified and tracked. SC-133 has specified a

minimum range requirement of at least 25 nm in

clear weather and 15 nm with 4 mm/hr/nm of

intervening precipitation. Minimum range is

specified at 1000 ft.

2) Bearing Accuracy -- To determine, for the system 4
tested, the accuracy in bearing with which a

target can be displayed; SC-133 requires 430.

3) Display Readability -- To validate the specified

display readability. SC-133 currently requires that

the display be functionally readable when viewed under

conditions of 20,000 lux impinging upon the display

face.

I
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4) Impact of Antenna StabilizAiOl -- Fo vlidate the

requirement of SC-133 for antenna stabil iza Lion up

to a vector sum of 300 for combined roll, pitch

and yaw and to evaluate the impact of values in

excess of ,30' on display discrimination.

5) Display Resolution -- To assess display resolution

requirements. Although this parameter is an

inherent system design characteristic, it is

considered desirable to obtain data on subjectively

viewed display resolution for comparison with the

requirements of SC-133.

B. Operational Performance Objectives

1) Beacon/Ground Clutter Discrimination -- To evaluate

the operational viability of the combined beacon/

ground mapping mode of operation as currently

required by SC-133.

2) Offshore Target Discrimination -- To evaluate the

ability of the ARA system to acquire and identify

offshore targets in a variefy of hitJ -(atter

conditions as influenced by sea state and water

depth parameters. While not an explicit test

variable, careful note should b, ade of such

conditions oIurinc each test in order to establish

any possibic correjation.

3) Cursor lnterpr :ation -- To evaluate toe ability

of the rad ir oper,!tor to 1,1,dc, an air raft along a

predetermi ned path usi n oIir( i I ec troni a i ly genera ted

cursor which obtainst s ts input, ii (tly from HSI

course selection. liis mcdifiration s;hould provide

the operator with orientation ciuiia oe r, ati i

to aircrift posit. ion and hiidinto, ,!, ired course,

and ta roeL location.



4) Beacon Proximity -- To evaluate the effect of range

between multiple beacons such that individual targets

can be acquired and identified.

5) Lateral Cross Track Error and Flight Technical Error --

To establish statistically significant values for

lateral cross track error for the overall ARA system

and lateral flight technical error for the pilot/

operator under actual operational approach conditions

for each of the basic modes of operation (beacon,

beacon w/cursor, multiple beacon, skin paint, combined

and skin paint w/cursor). These values quantify the

ability of the pilot to utilize the ARA system to

maintain a desired lateral ground track.

6) Longitudinal Along Track Error and Letdown Error --

To establish statistically significant values of

longitudinal along track error for the overall ARA

system and the along track flight technical error

(Letdown Error) for the pilot/operator. These values

quantify the ability of the pilot to utilize the ARA

system to define and identify a step-down fix and/or

a missed approach point in order to execute a non-

precision approach vertical profile.

7) Pilot/Operator Procedures, Workload and Blunder

Performance -- To establish quantitative measures,

whenever possible, of pilot performance factors such

as operational procedures, comparative workload and

blunders as related to the different ARA operating

modes (beacon-only, beacon w/cursor, multiple beacon,

skin paint, skin paint w/cursor and combined).

Section 4.0 which follows, describes the ARA test plan which was

configured to meet these stated objectives. Following Section 4.0, a

correlation between test objectives and specific flight test results

iF presented.
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4.0 DESCRIPTION OF THE ARA EXPERIMENT DESIGN

This section describes the equipment, test profiles, procedures,

subject pilots and data requirements necessary for the Airborne Radar

Approach flight test program. The experiment was designed to test two

different types of airborne weather/ground mapping radars as an approach

aid to landing using six different modes. These are as follows:

beacon, beacon with cursor, multiple beacon, skin paint, skin paint

with cursor, and combined. Two distinct environments were included in the

testing to determine the capability of the airborne radar to aid the

pilot in making a safe approach where other navigational aids are not

available. These were as follows: airport and offshore site. At the

airport site two different approach profiles were utilized, while at the

offshore site only one approach profile was used.

4.1 EQUIPMENT SUMMARY

This section describes the equipment used in the Airborne Radar

Approach flight test program at NAFEC in Atlantic City, New Jersey.

4.1.1 The Bendix RDR-1400A Radar

The Bendix RDR-1400A Radar system tested was a multi-mode, 10 KW

X-band airborne radar modified to electronically produce a radar cursor 4
display of track angle error. The system provides up to three air-to-

surface search and detection modes plus the usual weather avoidance mode.

It also contains the additional capability of a transponder beacon mode.

The search modes provide both a ground mapping function along with the

ability to detect and display prominent surface objects. The beacon mode

is a special function used to interrogate and receive pulses from a

ground based transponder(s) within line-of-sight range. The bearing and

distance of the beacon target is then displayed on the CRT (cathode ray tube)

free of any ground clutter.

The RDR-1400A uses digital techniques to continuously display a

reliable return from significant weather or terrain. The display

features an alphanumeric read-out directly on the screen depicting

the selected mode, range, and range intervals. System checkout, either

in the air or on the ground, is a straightforward procedure.

4-1

row!__



The en '  n:I s.

receiver-trw' , ,.,

used was a t1

mounted in 3 splay

indicator III K I ;kI It

panel. This

accessibil 'Is. All

operator 'w ,v. t

panel as s .

AW ?;*,

O.
t

1:,,



The mode selector switch located on the display unit offers six

distinct display capabilities.

a) SRCH 1 - Mode normally used for over water

search. This mode optimizes point targets

within a sea clutter background. It is

generally used for mapping ground targets

or surface craft at short range. This

mode optimizes short range resolution and
clutter rejection.

b) SRCH 2 - Principal use for this mode is

high resolution at all ranges. SRCH 2 offers

no clutter rejection so it is generally

use for ground mapping only. This mode

offers precision ground mapping over many

types of terrain.

c) SRCH - Mode normally used for the mapping

of oil slicks. SRCH 3 offers long range

mapping and/or maximum clutter returns.

d) WX - Weather mode: in this mode the receiver

is optimized for weather detection. It

provides early warning of bad weather and

possible storm activity enroute.

e) WXA - This mode is the same as WX with one

exception. When operating in the WXA mode

the display flashes contoured areas to alert

the pilot to clouds with high rainfall rates.

f) BCN - This mode has the capability to

interrogate beacon transponders which receive

a frequency of 9375 MHz and transmit back at

9310 MHz. The BCN mode allows the pilot to

navigate to a predetermined tarqet or landing

site, while continuously displaying both

range and bearing to the target. ThiL mode

4-3
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eliminates any backorord , tlu r 11id

displays only tht hen :oti or beoacci is

within the fineld of view. [Jepnd I i MI

aircraft position and al.titude, th

beacon taroet ( ) can i, cc /ec-iVid I .

Considerable dlistances

The RDR-1400A also offers an indicator test pat tern. When the mode

selector switch is in the T1io , 'e pilot, then has the ability

to determine i- the radar is wpott * eit.her in the air or on the

ground. Tile range s le,, or swi e.(-n fffrr', ran-lge s, ection frui, 240

nautical miles to as close a; !. utc,!: , fu!l scaie, with range

marks varying according to diU t,,i, s(.,Its seoertdJ. The tilt control

adjusts the tilt of the ante : in l .e1 on to Tshe longitudinal axis of

the aircraft to ailow bes in1.:tee , c', Otation. 2Rana of tilt control

adjustment is .15 degries Tr-, ,. air U adjisable for the

search and beacon .aS onlv.

In the weather, mode, t a " ett, the. ,For, the gain

control has no e(tfec .. Ti . ,t,, ,w e. t. c itch offer the

opportunity to selen a , , ,;,., ,n an. row. The 120' STAB

position places tee antnrita o t,;rje G each side of the

aircraft longiludintil , s. i t . .it : 1 Ie, toe antenna

in a 40" scan r de, W " I a , z,, c ung itulinal xis.

The modifed ,ar ,stew ow ,,t.! ii . aznimuth line or

cursor shown in F-A, , - Ki I 1 i d ii feren.e
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The following Figures (4.3 & 4.4) shows typical on-course and

off-course indications.

Cursor

Figure 4.3 Headi~ng Cur ,or Jechni que (Off-Course)

I r~T' i 11 (v~



Two rules of thumb can be emphasized when using this technique.

Both apply to a no-wind situation, but with application of proper drift

angle logic, will apply to any situation:

1) The target return should be kept between the error cursor

and the 0' azimuth mark. This will insure interception

of the desired final approach course prior to the missed

approach point. The greater the angular distance between

the return and the 00 azimuth mark the sooner the approach

course will be intercepted.

2) Turning the direction corresponding to the direction

from the error cursor to the target return will insure

the proper direction of turn for course correction.

4.1.2 The RCA Primus-50 Radar

The RCA Primus-50 Radar system tested was a multi-mode, X-Band

airborne radar. The system provided three distinct modes of operation.

They are as follows: beacon-only, weather avoidance, and combined mode.

The beacon-only mode offers the cabability of being able to interrogate,

within line-of-sight range, a ground based transponder(s) beacon, as in

the Bendix RDR-1400A. The combined or both mode is a special function

used to interrogate and receive pulses from a ground based transponder(s)

while at the same time displaying surrounding ground mapped returns.

The bearing and distance of the target is then displayed on the CRT along

with other surrounding skin paint targets.

The RCA Primus-50 uses digital techniques to continuously display a

reliable return from sianificant weather or terrain. The radar display

itself offers no alphanumeric read-out, therefore it is necessary to

read selector switches to determine selected mode, range, and range

intervals.

As in the Bendix RDR-1400A the entire RCA Primus-50 system consists

of 3 separate units: receiver-transmitter, display indicator, and

antenna. The antenna used was a gyro stabilized twelve inch slotted

flat plate antenna mounted in a radorne directl, on the nose of thf,

aircraft. The display indicator was mounted in the same location as
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Bendix RDR-l400A the BCN mode allows the pilot to

fly to a predetermined target or landing site,

while continuously displaying both range and

bearing to the target, free of any background

clutter.

b) RAD - Weather Mode: This mode offers in optimized

means for weather detection. It provides early

warning of bad weather and possible storm activity

enroute.

c) BOTH - Combined Mode: This mode offers the

capability of receiving and displaying both

primary targets and the transponder beacon return

at the same time. To make the beacon return

distinguishable from the primary returns the

system flashes the beacon display block on and

off at one second intervals.

2) Pushbutton Switches

a) OFF - Pushbutton switch used to turn system off.

b) STBY - Pushbutton switch used to turn radar on.

Standby is useful for keeping the radar in the

ready state while taxiing, loading, etc.

c) NORM - Normal Switch used to activate the beacon

and combined mode function or for routine weather

mapping in the RAD mode.

d) CTR - Contour switch enhances contours of high

rainfall rate in the weather wndo.

e) CYC - Pushbutton switch used to select CYC dual

operation which cause displayed contourable targets

to flash on and off at 0.5 - second intervals.

f) AZIMUTH - Azimuth pushbutto:. places azimuth

lines every IS' .

g) MAP - Pushbutton switch that enables ground-ma iipino.

This function enhances background clutter.
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3) Rotary Cor trols

a) RNG - Rotary range selector switch. This switch

offers the operator range selection from as far

out as 150 nautical miles to as close as 2 nautical

miles, ful scale, with range marks varying according

to different scales selected. Included in this

switch is the TEST mode which offers straightforward

svs tern Check 0:1 .

b) TILT - This control enables the pilot to select

desired anqle of heaii tilt with relation to the earth's

plane. Control index references increments of tilt

in degrees from 0 to 15 degrees up and down. The

tilt is additive to any elevation correction by the

stabilization Jircuits.

c) GAIN - This rotary switch is used to adjust the

sensitivity of the receiver. It offers a PRESET

position used noriaily for weather alert and

adjustab!l - gairn levels used in the beacon-only

and combined modes. This switch acts as a dual

function switnhi allowing the operator to adjust the

desired CRT inter,,ity.

d) STAB/SWEEP - STAB is useu to turn the antenna

stabilization function on or off. SWkEEP allows

the selection of two distinct full scale sweep

rates of 60 and i20 degre. The FRZ (freeze) Mode

when eraP ed, freezes the display in its last updated

posi tion.

4.1.3 The Transponder Beacois

The transponder bea(cons Us:." dori tiie Aii rhorne hadar Approach

testing were manufacturel bv t. eotorola Co., Model SS- Cl X-. . The

transponder beacons operate aL a receive frequency of 93/51 MHz ind a

transmit frequency of 02101 MHO:. Thnv ha e a p o, ,i lut W ,I P) watts.

The transponder beacnns v)wer e jcworod ly a seri(' f wolye )v i ad-, .'
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batteries mounted on a small cart. Figure 4.6 shows the transponder

beacon mounted in a portable, water-tight case.

4.1.4 Flight Test Helicopter

The aircraft utilized for the Airborne Radar Approach (ARA) flight

test program was a NASA Sikorsky CH53A helicopter (N-39) as shown in

Figure 4.7. This type of aircraft normally cruises at 140 kts and is

primarily used by NAFEC and NASA for flight test purposes. The test

aircraft was based out of NAFEC in Atlantic City, New Jersey.

The CH53A helicopter is a fully operational IFR aircraft. Both

the pilot and copilot have full sets of operating flight controls and

instruments. The center console houses control heads for single UHF

and HF, and DUAL VHF communications systems, along with DUAL Collins

NCS-31A RNAV systems. The front panel contained various instruments

including a flight director, HSI, RMI, Radar and Barometric altimeters.

4.2 TEST PROFILES AND PROCEDURES

Twenty-five flights were flown in the Airborne Radar Approach (ARA)

flight test program at NAFEC in Atlantic City, N.J. The twenty-five

flights flown involved utilizing two distinct radar systems, various

track orientation techniques and operational modes. Of the twenty-five

flights, ten were performed in the multiple beacon mode using two

longitudinally spaced beacons during the testing period from I January 1979

to 2 February 1979 with one additional flight accomplished on 7 August

1979. Table 4.1 presents the Bendix RDR-1400A multiple beacon flight

test matrix, showing test location, beacon spacing and total number of

approaches flown. Five of the twenty-five flights flown utilized the

RCA Primus-50 radar system. The testing using the Primus-50 involved

Brandywine lighthouse (offshore site) where two operational modes were

tested during the period from 26 June 1979 to 29 June 1979. Table 4.2

presents the RCA Primus-50 flight test matrix, showing operational mode

and number of approaches. During the period from 16 July 1979 to 30 July

1979 six of the twenty-five flights were accomplished in the skin paint

4-11
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Table 4.1 Bendix RDR-1400'Multiple kacon Flight Test Matrix

NUMBER OF W
FLIGHT DATE LOCATION BEACON APPROACHES PILOT COPILOT

AIRPORT SITE SPACING V EW5NM 10 NMi .

1 1/19/79 Rwy 13 10,400' 1 3 A B
2 1/25/79 am Rwy 13 10,400' l1 A C

3 1/25/79 pm Rwy 13 10,400' 1 3 C D
4 1/26/79 am Rwy 13 5,000' 1 3 D A

5 1/26/79 pm Rwy 13 5,000' 1 3 C D
6 1/31/79 am Rwy 13 5,000' 1 3 C
7 1/31/79 pm Rwy 13 15,000' 1 3 A B

8* 2/5/79 am Rwy 13 10,400' 1 3 A D
9* 2/5/79 pm Rwy 13 15,000' 1 3 D B

10 8/7/79 Rwy 13 10,400' 1 2 C D

Total 10 29 A-5 B-4
C-5 D-6

*Note: A 3dB attenuator was implemented on the near beacon to reduce splaying.

Table 4.2 RCA Primus-50 Flight Test Matrix

1 NUMBER OF 1
FLIGHT DATE LOCATION OPERATING APPROACHES PILOT COPILOT

__ MODE 25 NM 10 NM

1 6/26/79 Offshore Combined 1 2 D C

2 6/27/79 am Offshore Combined 1 1 2 C B

3 6/27/79 pm Offshore Combined 1 2 B D
4* 6/29/79 am Offshore Combined/ 1 3 C B

Beacon-Only

5 6/29/79 am Offshore Beacon-Only 1 3 B 0

Total Combined 4 7 A-0 B-4

Beacon-Only 1 5 C-3 D-3

*Note: Two approaches were flown in the combined mode and two in
the beacon-only mode.
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tflights were flown utilizing the new cursor technique, location, and

total number of approaches. The remaining four flights were flown at

the airport site using the modified Bendix radar system in the beacon

with cursor mode. These four flights were accomplished during the

period from 2 August 1979 to 6 August 1979. Table 4.4 presents the

Bendix RDR-1400A single beacon w/cursor flight test matrix, showing

type of profile flown, location, and total number of approaches.

Table 4.3 Bendix RDR-1400A Skin Paint and Skin Paint W/Cursor
Flight Test Matrix

I NUMBER OF
FLIGHT; DATE LOCATION OPERATING APPROACHES I PILOT COPILOT

__MODE 25 NM 10 NMI

1 7/16/79 Offshore W/O Cursor 1 2 C D

2 7/17/79 am Offshore W/O Cursor 1 2 D C

3 7/17/79 pm Offshore W/O Cursor 1 2 C D

4 7/19/79 Offshore W/Cursor 1 2 D C

5 7/27/79 Offshore W/Cursor 1 2 D C

6 7/30/79 Offshore W/Cursor 1 2 C D

Total W/O Cursor 3 6 A-O B-O

W/Cursor 3 6 C-6 D-6

4.2.1 General Pilot Procedures

The pilot procedures which were used took into account airspace

requirements, obstruction clearance and noise abatement (onsideration.

During the tests the copilot was hooded and the pilot Was unhooded.

Prior to take-off, the pilot input RNAV waypoint coordinat'; to aid

in getting established on the desired approach course. Upon completion

of the procedure turn inbound and just prior to reaching the Initial

Approach Fix (IAF) inbound, the copilot took over naviqation usinq the

airborne radar. It was the copilot's responsibility to (all out heodinq

(e.g., turn to heading 180') and/or heading changes so that the pilot

4-15
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could maintain the desired track. It was also the copilot's responsibility

to call out range from the target at one mile intervals and altitudes

depending on which profile was flown. On reaching the Initial Approach

Fix, the copilot called out range and altitude so that the pilot could

start a descent and cross the Final Approach Fix (FAr) noL less than

500' Above Ground Level (AGL). After crossing the IAF and stabilizing,

a specified rate of descent was established and the airspeed was decreased

to 90 knots. On crossing the Final Approach Fix (FAF), a descent was

established so that the Minimum Descent Altitude (MOA) would be reached

at no less than one half (') mile from the landing area. Again, after

the rate of descent was established, the airspeed was then decreased to

50 knots and held there until either the landing area was in sight or a

missed approach was executed. If the landing area was not in sight, the

copilot called out "missed approach", at which time the missed approach

procedures were executed. The missed approach executed was indicated on

the approach plate used. It consisted of a climbing right or left turn

to 1000' to intercept the Initial Approach Fix. The pilot's other duties

included radio communications and watching out for traffic. It should be

noted that even though the pilot flew unhooded he was instructed to fly

only those headings and heading changes indicated by the copilot.

Figure 4.8 presents the Airborne Radar Approach geometries for both the

airport and offshore sitet.

4.2.2 Bendix RDR-1400A Multiple Beacon Testinq

The effort in this portion of the testing was concentrated on using

two independent ground beacons to establish visual reference indications

of the desired final approach course on the airborne radar display. It

is the functional equivalent of the multiple-reflector technique used in

the ground mapping mode. Ten flights were accomplished in the multiple

beacon testing and of these ten flights six were non-recoverable from the

film interpretation standpoint because of beacon splaying. Although

not known during the testing, it was later discovered that the STC

circuit in the Bendix radar system was improperly adjusted. The tpetinq

accomplished after the adjustments were made verified this fact to -ome

extent, but it was still found necessary to constantly adjust the gain

control throughout the approach.

4-17
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The double beacon technique has applications primarily to landside

sites only. Therefore, the airport site was utilized as the testing site.

Runway 13 was picked because it allowed large longitudinal distances for

beacon placement. During the double beacon testing, beacon separation

was included as a controlled variable, with one beacon permanently

positioned at the target landing zone (threshold of runway 13) and the

other positioned in line with the final approach course (runway centerline)

at varying distances beyond the first.

The procedures utilized were identical to those used during the

single beacon approach testing from October 1978 to December 1978. Pilot

procedures, as described in Section 4.2.1, and profiles were generated in

advance to offer the test program a controlled environment. The test

profile flown was the direct straight profile as shown in Figure 4.9.

This direct straight procedure was utilized quite extensively during the

single beacon approach testing (Reference 1) conducted at the airport,

reriote and offshore sites. forially the direct straitght procedure is us(,_

when the winds are favorable for landing upwind in the approach direction.

4.2.3 RCA Priwus-5_ Combinedand Beacon-Only Mode Testing

Five data flights were flown at the offshore site in Lhe combined

and beacon-only modes using the RCA Primus-50 radar system. All of the

data flights flown were of acceptable quality with the exception of the
fi,- t where it was found nees sarv to omit the first two appr(,,iO(,s from

the data base due to instrumentation difficulties. The combined mode

feature of the Primus-50 offers the capability of mapping both beacon

and ground returns simultaneously. This mode of operation was included

as a requirement in the draft ARA MOPS (Minimum Operational Performance

Standard) generated by RTCA SC-133. This series of flight tests supplied

data to formulate a combined and beacon-only mode data base suitable

for comparison to that established during the extensive testing performed

in the single beacon mode using the Bendix System from October 1978 to

December 1978.

Tne procedures for the Primnus-50 testinq utilized the direct straight

procedure at the oft,hort site. lhe offshore site was cho.en because
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FLIGHT: 1-9 NAFEC

Longitudinal Beacon Spacing: 5,000', 10,400' , 15,000' Airborne Radar Approach
Multiple beacon RWY 13

1,08.6 ACY L
308.4 / 25.8 N\

,.f 108.6 ACY

1000--/

I~ 08 6 AcY ]500' - 2 nm " .
MP 31 6.4 /.8

EXPERIMENTAL CHART

NOT FOR PUBLIC USE

Missed Approach: Climbing RIGHT turn to 1000' direct to 10nm In.tial Approac. FIx.

NOTE: Only two beacons are used for
this approach.

AF 1000, 1AF 120 kts.

--Gd -- Gldes lope - 1.
90 kts.

25nm lonm 5nm 2nm Snm 0

Not to Scale

Figure 4.9 Bendix RDR-1400A Multiple Beacon Direct Straight Procedure
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it offered sufficient skin paint targets necessary to determine the

operational feasibility of the combined mode. Figure 4.10 presents the

approach plate used during the Primus-50 testing. As before, the direct

straight procedure was utilized for the descent profile. RNAV waypoint

coordinates were established to aid the pilot in getting established on

the proper approach course. One difference should be noted between the

multiple beacon procedure (Figure 4.9) and the Primus-50 procedure.

Instead of using the 10 nm IAF as the RNAV waypoint, as was the case in

the multiple beacon tests, the RNAV waypoint was established as a fix 12 nm

from the intended target. This extra 2 nm gave the pilot time to get

established on the final approach course before handing off navigation

to the copilot.

4.2.4 Bendix RDR-1400A Skin Paint and Skin Paint W/Cursor Testing

The effort in this portion of the testing was to use a prominent

surface object (Brandywine Lighthouse) to simulate Airborne Radar

Approaches to offshore sites with and without the aid of a cursor.

The testing performed included six data flights and all were considered

to be of very acceptable quality. During previous skin paint testing,

local shipping occasionally created confusion on the part of the

operator. The previous tests performed also offered no quantitative data

so that the overall accuracy could be determined. These six flights

flown from 16 July 1979 to 30 July 1979 offered a data base large enough

to compare single beacon versus skin paint results at offshore sites and

to also determine to what degree the pilot is aided by the use of a cursor

in such an environment. As mentioned earlier the modified Bendix radar

system offers the presentation of a cursor display electronically

generated from the OBS setting on the HSI. The purpose of the cursor is

to reduce the "homing" effect caused by the lack of track orientation

information presented on the radar screen. In mos t of the skin paint

testing the SRCH 2 mode was used because of its hiqn resolution at all

ranges in small sea states.

The same basic procedures were utilized in the skin paint testing

that were used in the Primus-50 testing. The direct straight procedures

were used and also the same waypoints were, utilized for track acquisition.

.I -2I
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MODE: Brandyiine Lighthouse
- Single Beacon only VOR 114.80 4h SIE
- Combined Airborne Radar Approach

EXPERIMENTAL CHART N N
NOT FOR PUBLIC USE

SIE 25 r-m
19. 70/12.3

00nm

393 8.23'/744 56.61'

000' 0

200. 2 nm

JMAP BRANDYWINE

Gw)l SIE
255.90/16.0

383 59.2'/753 6.8'

MISSED APPROACH: CLIMBING TURN TO 1000' DIRECT TO 12 M RNAV WP.

AiF' i500' TAF 120 Kts

200 ' I-'2l "MISSE APPRACH rLMim NTR TO 1000' DIEC TO1 JRA P, 9 Kt ,,, 1* t,

25 rcr ]iC rm 5 ,r 2 tiT .5 v-
_________ OT TO SCAl F

Filure . ] C, , '"f f 'r 're Ii rc(. -tr, i rit. f' ,
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Figure 4.11 presents the approach procedures utili7ed during the Bendix

RDR-1400A offshore skin paint and skin paint with Lursor testing. The

same procedures were used so that a direct correlation of results could

be made possible.

4.2.5 Bendix RDR-1400A Single Beacon With Cursor Testing

The single beacon with cursor testing consisted of four flights, with a

total of fourteen approaches. Of these fourteen approaches two were

not recoverable due to film processing difficulties. Two different types

of approaches were conducted at the airport site providing a reasonable

data base so that cursor aided approaches could be compared to non-cursor

aided approaches. As in the other areas of testing, pilot procedures and

profiles were generated in advance in order to insure a well disciplined

test environment.

The procedures used during this phase of testing were identical to

those described in Section 4.2.1. Figures 4.12 and 4.13 show the

direct straight and overhead straight approach profiles flown with their

associated plan views. The procedures used for flying the two profiles

were identical, with one exception. On the overhead approaches it was

necessary for the copilot to call out when directly overhead the target

so that the pilot could start an outbound timing of 2' minutes. At the

end of 2 minutes, a procedure turn was executed and the Intermediate

Approach Course was acquired. The overhead offset procedure was not

utilized during this phase of testing because of the limited number of

flights. The inclusion of the overhead offset approaches would have

increased the data base to an unacceptable level with the available

sampling.

During the single beacon with cursor testing a new test variable

was introduced. It involved intentionally offsetting the aircraft from

the beginning of the approach, based on specific instances of aircraft

placement discovered during the analysis of the data collected during

the single beacon approach testing. The purposp of the intentional

offset procedure was to determine the effectiveness the cursor

technique. That is, can the radar operator acquire the intended course
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MODE: Brandywine Lighthouse
- Skin Paint Only VOR 114.80 Mh SIE
- Skin Paint With Cursor Airborne Radar Approach

EXPERIMENTAL CHART N N
NOT FOR PUBLIC USE

SIE 2 5 r
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0

SIE
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1000' -
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MISSED APPROACH: CLIMBING TURN TO 1000' DIRECT TO 12 NM RNAV WP.
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MISSED APPROACH:

Climbing Turn (Left or Right)
to 1000- then intercept
Initial Approach Course

AF INITIAL APPROACH COURSE IAF FAF MAP

INITIAL APPROACH
AF 1000' 120 kts IAF INTERMEDIATE APPROACH

I

i 90 kts

I NAL APPROAC

I 50 kts "

200' MDA

25 rm 5 nm 2.0 rinm 1/2 rm

Figure 4.12 Profile 1: Direct Straight Airport Site
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MISSED APPROACH:

Climbing Turn (Left or Right)

to 1000' then intercept
Initial Approach Course

AF INITIAL A2PROACH COURSE MAP FAF IAF

OVERHEAD

TARGET

:4ITI1AL APPROACH OVERHEAD

AF TARGET 120 kts IAF

localT POCEDURE

TUJRN

INTERMEDIATE APPROACH9k90 kts'

FAF 500'

'Final Approach

I MAP 50kts

1200* MDA I

5 nm TARGET 1/2 nm 2.0 rm 5.0 rim

Figure 4.13 Profile 2: Overhead Straiqht Airport Site
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using the cursor and track it inbound without homing to the target.

Due to film difficulties only one of the intentional offset approaches

was recoverable. The tracking plot for the earlier approach selected

as a comparison for the intentional offset profile can be seen later

in Section 5.0.

Only one beacon transmitter was installed for this test series.

The beacon transmitter was located at the threshold of runway 26

regardless of approach direction.

4.3 SUBJECT PILOT EXPERIENCE AND TRAINING

Four subject pilots were used for the Airborne Radar Approach

flight test program using various track orientation techniques. All

four pilots alternated as pilot and copilot during part of the test

program. Due to the retirement of one subject after the completion

of the multiple beacon testing the three remaining subject pilots

completed the test program. All pilots involved were FAA personnel

resident at NAFEC in Atlantic City, N.J.

Proficiency in using the airborne radar came about through actual

operational use. This operational use was accomplished during the skin

paint and single beacon approach testing from July 1978 to December 1978.

There were two pilots per crew with the copilot being the only crew

member hooded. The pilot was not hooded for safety reasons, but was

instructed to fly only those course headings indicated by the copilot.

It was also the pilot's responsibility to handle all communications. A

summary of each pilot's experience level is presented in Table 4.5.

Table 4.5 Flight Experience of Subject Pilots In Hours

Subject Total Rotary Fixed CH53A
Pilot Wing Wing

A 11,500 4,500 7,000 55

B 16,010 415 15,595 125

C 17,000 1,500 15,500 160

D 17,175 1,800 15,375 115
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4.4 DATA ACQUISITION AND PROCESSING

This section describes the methods used to instrument, record,

recover, and process the flight test data for the Airborne Radar

Approach testing.

4.4.1 Airborne Instrumentation

The airborne instrumentation consisted of elertronically recording

selected parameters using a Litton LTN-51 Inertial Navigation System

(INS) interfaced with a Kennedy magnetic tape recording system on the

multiple beacon program and a Norden MZ-RXll-DB Dual floppy disc drive

recording system on the later cursor aided approach testing. The following

parameters were recorded: time, latitude, longitude, ground speed, true

heading, and track angle. In addition to recording inertial position

data, the radar screen itself was photographed along with a digital display

of time and aircraft magnetic heading. The film data provided the

simultaneous recording of many parameters such as: time, heading,

beacon position relative to zero azimuth, scale, sweep, tilt, and gain.

The optircum photographic recording rate was determined to one frame

every two seconds. Other rates were tried but were found to be

inadequate due to the limited amount of film available on each cartridge,

or due to insufficient data recording frequency.

4.4.2 Ground Reference Data

The ground reference data was obtained using the NAFEC "Extended

Area Instrumentation Radar" (EAIR). The EAIR radar was utilized as

the indicator of actual aircraft position, by detecting and recording

(real time) the azimuth, elevation and range of the test aircraft.

EAIR is a precision, C-band tracking radar which provides the slant

range, azimuth angle and elevation angle of an aircraft within a ran(e

of 100 nautical miles when operating in the skin tracking mode, with a

maximum distance of 190 nautical miles when operated in the beacon r
trackinci mode. (All of the ARA test flights were tracked in beacon

tracking mode). The slant range obtained by the FAIR facility is

accurate within 20 yards and the azimuth angle and elevation angle

are accurate within 0.011 degrees. For example, at 50 mil(s the



accuracy would be 20 yards in range and 20 yards in azimuth and

elevation. The radar antenna can track a target 3600 in azimuth and

from 0' to +89° in elevation. The antenna can be directed as low as

minus one and one-half degrees in elevation.

4.4.3 Manually Recorded Flight Logs

During all flights a trained cockpit observer monitored and kept

an accurate log of routine and special events that occured during the

flight. The observer was responsible for documenting the crew workload

and performance. The flight logs recorded by the observer were a major

source of data acquisition from which flight test results could be

operationally evaluated. The following is a sunmary of the flight test

data recorded by the observer during each flight.

1) Procedural Errors

2) Elapsed Time

3) Altitude

4) Airspeed

5) Aircraft Heading

6) Radar Approach Distance

7) Radar Mode

8) Radar Range Scale

9) Radar Gain Position

10) Radar Tilt and Stabilization

11) Pilot Workload

4.4.4 Data Processing

The airborne and ground-derived position tracking data were used

to determine the capability of an airborne radar approach procedure to

guide a helicopter along a predetermined approach path to a target

using various types of track orientation techniques. To logically

evaluate this capability, the following basic group of measures were

computed for each test approach:

1) Helicopter deviation from the intended track

(the track to be defined by an inbound bearing

to the runway threshold or landing zone).
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2) Radar sensor error in both the along track

and cross track directions.

3) Flight technical (FTE) which is a measure

of pilotage error in the cross track

direction at all ranges.

4) Letdown error (LDE) which is a measure

of pilotage error in the along track

direction at step down fixes. LDE

quantifies the pilot's ability to

identify the step down fix from the

radar display.

The raw flight test data was reduced according to the following

steps:

1) A projected preview of each film was performed

to identify the targets, before digitization

of the photographic data.

2) The relevant photographic data was then

recovered by projecting the data on a

digitizer tablet which was interfaced

with a computer. In addition, data read

from each frame such as time and heading

was also inputted. The overall return

dimensions were recovered wherever possible,

since return size and shape played an

important role in pilot ri entation during

each approach.

3) While diciitizinq, &o wputer routines were

used to convert di i tiz0 points to radar

range and azimuth coordinates.

4) The file was then transi:itted via dataphone

to the tire sharino sysftw', whore %AF! C LAIR

and IV data tapes had also been sont for

pro( ess i
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5) The airborne data was then merged with the

tracking information to produce a complete

data file from which navigation error measures

were derived. EAIR tracking was the primary

source of ground truth data, but on some

approaches to the offshore site EAIR tracking

was lost due to low altitude, in which case the

INS had to be used. In those cases it was

necessary to perform a three-way merge. When

the three-way merge was complete, EAIR tracking

dropout times were matched with the original

EAIR tracking and INS printouts. Using these

dropout times, the corresponding EAIR latitudes

and longitudes were noted. In order to remove

the effects of INS drift, differences in

latitudes and longitudes were computed by

substracting the EAIR tracking values from

the INS values.

Alat = lat (EAIR) - lat (INS)

Alon = lon (EAIR) - lon (INS)

These values were then supplied to the

error analysis program, which used the

three-way merge as the input file. This

program then sequenced from EAIR to INS

as the position standard at the times

manually arrived at earlier. The program

also makes use of the lat/lon correction

factors, and interpolates linearly between

the two corrections to yield an INS correction

factor for each data point. When the merge

was complete, navigation errors were computed.

These were as follows: Total system cross

track error, flight technical error, airborne

system cross track error and airborne system
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along track error. The precise definition

of these error quantities is specified in

Section 4.5.1. The statistical treatment

of these error quantities will be discussed

in Section 5.

6) Due to abnormal hardware difficulties on a few

approaches a time correlation problem was

encountered between the tracking data and the

airborne data. To resolve this problem it was

necessary to derive track angle along the

approach path from the FAIR tracking data. Then

a plot was generated of track angle versus time

for both the EAIR tracking and INS data. When

the plots were completed the data was correlated

and the time correction factor noted. This time

correction factor was then added or subtracted to

the airborne data depending on the direction of

the time shift. Figure 4.14 presents typical plots

from which time correlation factors were obtained.

Afterwards, the data was then merged with the ground reference data.

Observer log data as well as pilot and copilot workload ratings

were also evaluated for each approach.

4.4.5 Data Processing Facilities

Data processing was accomplished using a combination of a dedicdted

microcomputer system resident at the SCI (Vt.) facility, and a remote

time-sharing system. Data was recovered using a Summagraphics digitizer

tablet interfaced with a 48K Byte North Star microcomputer system. The

digitized data, along with the parametric data read from each frame

(time, heading, scale factor, sweep angle) keyed in from a CRT terminal,

was stored on disk. Once complete files of data for each test were

assembled, they were transmitted by direct i(m-puter data interchange

to the CDC Cybernet system. The Cybernet was then used to lnoad the IN

and [AIR tapes, perform the merge step, and then perform the error

measure derivation and statisti-al analysis te,,.
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4.4.6 Data Digitizin!

To automate data recovery and reduce both the manual effort and the

inherent potential for error, a digitizer tablet was used. Interfaced

with a computer and using X-Y coordinates, the tablet allows direct

entry of a broad range of data types (graphs, plans, maps, photographs,

etc.) with a high degree of resolution. This technique was used with an

image of each frame of film photographed in the ARA tests projected

directly onto the tablet itself.

Exact registration with the tablet coordinate system was not

necessary, and the problems associated with scale maintenance were

eliminated, since the computer algorithm makes the necessary scale and

registration adjustments frame by frame. For instance, several reference

points on the CRT image (e.g., range marks) were first digitized by

touching the tablet stylus to those several points in a pye-determined

order. The computer then calculated scale and registration factors for

that frame. The operator could then digitize the endpoints of the radar

target, resultino in accurte' miesures of t'rne aziy )Oth, ra.-ne and size.

4.5 DATA ANALYSIS PROCEDURES

Based on the defined intended track, the actual range/azimuth and

cross track error were computed, along with Pirborne system error (radar

and heading sensor error), and flight techni(al error (FT1). The

production of the measures permitted a statistical analysis of each

approach segmenc. An overall review and statis',ical aqre!iation was

the result of this data proce ,sing: also plots wer, qenerated depifting

the same inforwation re~resented in the statisi cai a nOy's. The

sample size for these quan iitic's Was Jetermined by the nujiber of film

data points coilected, lf. I ou1d be noted though th il some data

ne)esente d in ' ie orm r1" d nOUV n . aI oun I n( n t IJIth f i d i 17

points collected and the nuMiber f approach segments flown. An outl ine

of the data included in ti s 'report is presented in Table 4i.6.

1.5.1 Na v i atinr, r ro," Ana. v. i

Three measures nt navi t i n err, r -i re desire,: tot, I ,Lfl'

error (as measured hv the ,, in tr,' w ing ? y,,t ,'.

,-- , , 4 -.



Table 4.6 Data Processing and Analysis Outline

S MIEASURE TOTAL SYSTEM ERROR (along track and cross track) S MEASURE: AIRBORNE SENSOR ERROR (along track and cross track)

Source 
Source

EAIR Tracking Radar Data Total System Error
INS Platform Data Flight Technical Error
Desire Tac.k Parameters

Presentation Presentation

Plots of Actual Track vs Desired Track Plots of Sensor Error vs Range to Landing Zone
Histogram of Total System Error Histogram of Sensor Error

Statisti:ml Analyses Statistical Analyses

Mean N- an
S:an.rd Deviation. Standard Deviation

Appli ions Applications

TERP Protected Airspace Certification Error Budget
- Comparison of Enhancement Nodes

e MEASURE: LFTIDOk ERROR (.klong track) 4 HEASURE: BEACON PROXIPI1TY DATA (range and a:,mjth)

Source Source

EAIR Tracking Radar Data Airborne Range to Landing Zone
IlS Platforn Data Beacun Prurent;atiun on Radar Display (target si:el

Airborne Radar Distance to Landing Zone
Step-doun Fix Distance Presentation
Aircraft Altitude
Time Synchronization Beacon Image Si:e s Range to

Landing Zone (sensitive to gain setting)

Statistical Analyses Applicat ions

M Sean Operational Evaluation of Fnhanced Targets
Standard Deviation Beacon Presentation Certification Data

Applications Display Resolution for SC-153

- TERPS Fix Displacement Error 0 MEASURE: AIRBORNE RADAR RANGE DATA

0 MEASURE: FLIGHT TECHNICAL ERROR (cross track) Source

SrAirborne Radar Presentation
Source

EAIR Tracking Radar Data Presentation

INiS Platform Data Maximum and Minimum Airborne Range vs Site
Airborne Radar Data (dependent upon gain setting)

- range
- azimuth Application

Aircraft Heading
Aircraft Altitude SC-133 Requirement and FAA Certification Specification
Time Synchronization

Presentation • MEASURE; PILOT PROCEDURES AND BLUNDER ERROR DATA

Plots of FTE as a Function of Range to Landing Zone Source
Histogram of Flight Technical Error

statistical Analyses -Tracking Radar Data
Staist____n___ e_______ *Ohsetver Log

Mean Presentation
- atjdard Deviation

Blunder Type vs Operation3 Procedure
A__ !Lon2~ - Count of Procedoral Error and Blunder by Type

Certification Frror Budget Appl iction

Workload Assessment
Operational Procedures Evalu3tion
TERPS Protected Airspce Requirements
FAA and SC-133 Specific Ridar Donign Requirements
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technical error, and airborne system (radar and heading combination)

error. These quantities were calculated from the measured parameters .

in the following manner:

TOTAL SYSTEM ERROR -- Total system error is the deviation of

the aircraft from desired track (in the cross track direction)

as measured by the trackinq system (EAIR). After appropriate

coordinate conversions, actual aircraft range (r ) and

bearing to the target (o,) were calculated given target

coordinates, intended track bearing (0t) and aircraft

position. Total System Cross Track Error (TSCT) and Total

Along Track Distance (TATD) were calculated as follows:

TSCT = r, SIN ( -

TATD = r0 COS ((o -t )

FLIGHT TECHNICAL ERROR -- FTE is defined as the indicated

deviation from desired course in nautical miles. The

radar does not directly display this value, and so the

pilot must deduce the indication from available parameters:

radar range, (ri ) and azimuth ( i) to the target (landing

zone) and aircraft heading (oh), plus knowledge of desired

inbound track bearing (, ) Since the antenna boresight

is in line with aircraft heading, indicated target azimuth

(pi) is actually derived as being

+1 h i

where is the indicated azimuth deviation from the

centerline of the display (see following figure). The

pilot tries to navisoate the aircraft such that indicated

target azimute P) is equal to desiied trac inq bearing

(Vt) "



0"

-600 +600

When this is true the aircraft is on course. Under

a zero-wind condition, if the pilot successfully

acquires and flies the intended course, then Aei

will go to zero. In the presence of a cross wind,

Ae i would stabilize on some finite value of crab

angle if the course is properly tracked. When ei

is not equal to et, an off-course condition is

indicated. The value of the FTE indication is

FTE = ri SIN (oi - 0 ) (left is +)

also, ATO = ri COS (ei - 0 ) (TO is +)

where ATD is along track distance to the target

AIRBORNE SYSTEM ERROR -- Cross track and alono track

components of airborne system navigation error were

computed from knowledge of position calculated from

tracking data and the indicated position of the radar/

heading combination. These errors, ASE (Airborne

System Error), and ATE (Nav System Along Track Error

were calculated as follows:

ASE = TSCT-FTE

ATE = ATD-TATD

An additional error component is along track pilotage

error experienced when a step down fix is crossed.
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Letdown Error (LDE) is defined as the difference

between AT] when descent is actually initiated and

the nominal along track distance of the step down

fix as charted.
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5.0 ANALYSIS OF RESULTS

The purpose of this section is to provide detailed insight into the

flight test results and data analysis for the Airborne Radar approach

flight test program utilizing various track orientation techniques. The

details presented in this section present the results of a comprehensive

review of the specific data collected during the flight test program.

This section is divided into four subsections of data analysis to

assist in the understanding and interpretation of the primary results.

These categories are:

5.1 AIRBORNE RADAR AS AN APPROACH AID

5.2 ANALYSIS OF PILOT PROCEDURES

5.3 DETAILED ACCURACY DATA

5.4 OPERATION EVALUATION OF THE ARA CONCEPT

Due to the fact that two test areas were involved - Airport and

Offshore - and that six radar operating modes were tested - multiple

beacon, beacon with cursor, skin paint, skin paint with cursor, combined,

and beacon-only - and that three types of data are of interest -

accuracy, functional and procedures - this results discussion begins in

Section 5.1 with a brief summary of the major findings. This summary of

results is then followed and substantiated by more detailed tabular and

graphica' data analysis. This data analysis has been categorized as

shown above into Sections 5.2, 5.3 and 5.4 for ease of reference. Also

references will be made to an earlier ARA report (October 1979) written

entitled "Airborne Radar Approach System Flight Test Experiment" (Reference

1). This report will be utilized so that comparisons can be made with

the results obtained during the track orientation technique flight test

program.

5.1 AIRBORNE RADAR AS AN APPROACH AID

The results presented in the following discussion have been

compiled from the overall analysis of ARA as an approach oid util izi rrij

various operational modes and track orientation techniques. 1he

purpose of this section is to highlight the data and the quantitative

results which provide the most significant impact on the qualitative
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conclusions reached. To this end, Section 5.1.1 discusses primary

results developed in detai; in Section 5.2. Similarly, Section 5.1.2

summarizes Section 5.3 etc.

5.1.1 Pilot/Copilot Procedures and Workload

Pilot ARA procedures were developed which resulted in safe approaches

with acceptable cockpit workload. These procedures were compatible with

current ATC operational constraints in the airport and offshore areas.

The profiles and procedures utilized during the track orientation testing

were virtually identical to those utilized during previous tEsting

(Reference 1). The conceptual aspects of the flight test included

utilizing one of two basic flight profiles to perform the approach. These

were the direct straight and overhead straight profiles. The emperical

aspects of the ARA approach procedure were in the area of pilot/copilot

responsibility assignments. The crew coordination procedures combined

with the flight profile procedures resulted in a calm and coordinated

cockpit environment.

The pilot/copilot workload involved in flying an Airborne Radar

Approach is quite heavy. Based on qualitative observations experienced

during the single beacon testing, the Airborne Radar Approach was

concluded definitely to be a two pilot operation. The copilot's workload

consisted primarily of three distinct items:

I Radar target interperation in relation to intended

course (radar inteperation included track orientation

utilizing the cursor and multiple beacon techniques).

I Operation of radar display controls

I Range and heading call-outs to the pilo'

The copilot's mental workload was reduced by the use of various track

orientation techniques. The skin paint with cursor, beacon with cursor,

and multiple beacon approaches offered the copilot with more positive

course guidance. During the course of the flight test program the

pilots and copilots rated themselves on the level of mental and physical

effort involved in flying each Airborne Radar Approach. The responses

indicated that the approaches utilizing some type of track orientation

technique offered only a mJoderato workload while workl oad ratinq, for
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other types of approaches ranged from moderate to very high.

Another high workload situation arose for the copilot in the skin

paint mode. Because of the lack of positive target identification

available in this mode of operation copilot workload was high.

Numerous surrounding surface objects made positive navigation

difficult.

The pilot's workload was quite different from that of the copilot.

It was the pilot's sole responsibility to fly the aircraft and handle

all Air Traffic Control (ATC) communications. As mentioned in Section

4.2.1 the copilot was hooded during the approaches while the pilot

remained unhooded. The pilot was unhooded so that he could be aware of

traffic in the surrounding area, especially in the airport terminal area.

The pilot's workload mainly stemmed from two items: pilot/copilot and

pilot/ATC communications, and aircraft handling. Handling of the

helicopter became a problem because of the slow airspeed (50 knots) in

high crosswind conditions.

It was concluded from the flight tests that some type of track

orientation device is required to effectively fly an ARA approach. The

track guidance offered by such devices, aids in track keeping therefore

reducing the level of mental workload. This reduction in mental workload

allows the pilot and copilot to concentrate more on the safety of the

helicopter.

5.1.2 Overall Accuracy Assessment

The detailed ARA accuracy data is presented and analyzed in

Section 5.3. This section summarizes ARA accuracy using two levels of

analysis. First, overall ARA accuracy statistics are presented for the

four primary error measures. These measures are Total System Cross

Track Error (TSCT), Flight Technical Error (FTE). Airborne System

Error (ASE) and Along Track Error (ATE). These error quantities have

been defined previously in Section 4.5. Second, error statistics are

analyzed with respect to along track distance from the target landing

zone. The one-sigma error quantities presented are quantified in linear

and angular terms at one, three and five nautical mile intervals trom

the target landing zone.
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Tabl e 5.1 summari zes the mean and one-s i gjia ARA error 1an t it s

obtained during the flight test program. The data in ihe table in ludes

all offshore approaches flown with the Bendix RDR-1400A radar system

regardless of the approach procedure. Section 5.3 discusses the details

of long and short approach segments.

Table 5.1 Overall Bendix RDR-1400A Offshore ARA Performance
Summary

.... R[-ROR MAGNITUDES
ERROR Single Beacon* Ski i
Q U A N T IT Y - S... . . . ... k.in P a in t S k in . a in t W /C u rso r

Xni)1lI (nm) (nm) It (nn) x (nm) I

TSCT -.2293 .8873 .2570 .3400 .1940 .5744

FTE -.0273 1.0185 .0615 .6350 -.0357 .7 ,2 7,Q

ASE -.2021 .5353 .1955 .6264 .2297 .511

ATE .0033 .2383 .0345 .2567 .0340 .340

*These results were obtained frln Reference I (SecLi on 5.3.3)

The results presented in fable 5.1 include three different operatio,011

modes. They are: single beacon, skinl paint ond skin) paint with curser.

The results obtained in the sinle beacon and the skin paint mode are not

significantly different . 1he TSCI mean values are simillr in iniagnitude.

That is, the single beacon TSC", Medi value is -. 2293 ni1 and the skin paint

TSCT mean value is .2570 nun. 1he one , igma simile beacon TSCI value shown

in Table 5.1 is .8873 tm and the skil paint one sl i nla value is .3,10(0l n1i.

The FTE values for' both arris aro smaller Oihin the !Cl val-es,. ,I e

5.1 also indicates that t0 Tl K I valU t, dt(. si 1iliar in ',iagnitudte ftr

both areas (single 'lacon md skin aint). i, 'inmile NeaIoln Ill lwim,

is -i. .3 mli, while the s in pmin t f tn i ' .., . ni i. Thr S.,stel.

errors (i.e. ASi ind AIL) ar ' 11 Ire ttntu ,i', . ,I teftil. fM' I < I'al I

mean and orne-siqim A , and * " iinwl 1 ii, I Ita 1 tand V tin ' ittlmp

radar is both reli, i i t ant ,'eit.lm lt.

Table '.I ak o 1 r(- W'' , tnt , . . iif v. t, ., , i' I pita 0 ,,, intl

results obtained , I' ti ,,lt r, ' d. ' . i' I ,H t, i

for the cur ' " a . . ltl"n li. I'
,

',' t ' r. l, w '' '"'' i1 (I



FTE values obtained for the non-cursor aided approaches. For example,

the skin paint with cursor TSCT mean presented in Table 5.1 is .1940 nm

and the FTE mean is -.0357 nm. The one-sigma skin paint with cursor TSCT

and FTE values are .5744 nm and .4778 nm, respectively. These data show

a decrease of .23 nm in the one-sigma TSCT value over the skin paint

without cursor TSCT value. The FTE one-sigma value indicates virtually

the same decrease. Again, the small ASE and ATE values prove that the

system performs well and is quite consistent.

Tables 5.2 and 5.3 presents the performance of the ARA as a function

of distance from the target. The tables illustrate the behavior of both

linear and angular errors within the five mile distance-to-go area.

Table 5.2 presents the offshore TSCT linear and angular error quantities

for three different areas: single beacon, skin paint and skin paint with

cursor. Table 5.3 presents the offshore FTE quantities for the same

three operational areas. The most obvious fact observable in Table 5.2

is that the TSCT single beacon linear errors were acceptably small

(*.30 to t.83 nm) in the 1-5 nm along track region. The skin paint and

skin paint with cursor TSCT linear errors were also acceptably small

(±.18 to ±.51 nm). The angular TSCT quantities presented in Table 5.2

were somewhat larger due to the proximity to the target, these small

cross track errors produce large (±4.50 to :16.5 °) angular errors. The

table indicates that the larger angular errors are in the one mile

distance to the target region. Even though the angular TSCT (one-sigma)

errors are fairly larger they could still be included in a +30' cone

with its origin at the MAP.

Table 5.2 ARA Offshore TSCT Linear and Angular Errors as a
Function of Along Track Distance

ONE SIGMA TSCT ERROR QUANTITIESDISTANCE

TO Single Beacon Skin Paint Skin Paint W/Cursor
TARGET nm Deg nm De-g- nm Deg

1 nm *.30 +16.5 1.18 ,lO.4  .16 '8.9

3 nm -.66 12.3 .41 + 7.9 .36 46.9

5 nm -.83 * 9.4 4.40 4.5 .51 +5.8
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Table 5.3 ARA Offshore FTE Linear and Angular Errors as a
Function of Along Track Distance

DISTANC ONE SIGMA FTE ERROR QUANTITIES
D ST A C ..-- . . . - . - -- --- - - ..---.-- -.- - - - -- - -
TO _igle Reacon Skin Paint Skin Paint /Cursor

TARGET rim Deg nm beg [e-

1 nm ,.26 ,14.5 ,.25 ,14. Of ,.15 I 8.4

3 nm .64 ,12.1 1 .48 9.1 '08 11.5

5 nm '.84 9.5 .45 ' 5.1 -.25 '.
, .l lt 12.8

The FTE linear and angular values presented in Table 5.3 also show

relatively small linear errors. They range in value for the single

beacon mode from . )6 nm at. 1 rim to ,.84 at 5 ni. Other linear FTE qua 1nti-

ties presented in the table rangie in value from ,.1f5 rim to '.4,
, rim. The

angular FTE values are similar in magnitude to those seen in the TSCT

table (i.e. 1.5' to -14.50). The skin paint with cursor quantities in

Table 5.3 show a marked decrease over those skin paint only values

presented.

The overall assessment of the ARA operational performance in the

offshore environment utilizing the Bendix Radar System was that it was

quite acceptable. The skin paint phase of the tesing proved acceptable,

but on two occasions the wrong target was tracke(d down to minimumis.

This lack of positive intended target identification could cause serious

problems as regards airspace requirements. The stated RTCA SC-133 MOPS

•4.0 nm airspace requirements are quite adequate in the offshore

environment if the proper targjet ,-an be ide tific,, in a repeatable manner.

The skin paint with cursor aided approaches siowed a det.reisc' in the

TSCT and FTE linear ind annular ,rrir quantiti -i it all rangles. The

cursor technique provides the, operator with t t'i.' of ,mnridirectionl1

course guidance not offert'd 1y the s irlilie rihr' rturn.

Table 5.4 sutivor'ize,; the ovr,'ra 11 bn I x P1)8-I4UiJJf d iWiJki I ',i tf- APAJ,

performance. As in lable 5.1 the table pre foril'. four tharic trron

quantities (TSCT, FIE, ASi and :i ) fr thri ,'iwd if i, te;I ','.

(sin lie beacon, in, e bej., rn witn r Ser o ,Il' 1 2ltii ,, . i).

lnspectic,, o-)r , .' ,m l, b , ', t ,, ! . , , ,- , ,, , , , , ,

A!
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Table 5.4 Overall Bendix RDR-1400A Airport ARA Performance
Summary

ERROR MAGNITUDES

QUANTITY Single Beacon Beacon W/Cursor Multiple Beacon
(nm) ±lo(nmi) (nm) _lOnm (nm) lonm)

TSCT .5725 1.3593 .1520 .5676 -.2434 .5986

FTE .6279 1.4361 .2574 .7623 -.0232 .6995

ASE -.0554 .4715 -I1054 .4863 -.2202 .3861

ATE .1168 .1804 _.1970 .1825 .0975 .1416

*These results were obtained from Reference 1 (Section 5.3.1).

quantities are considerably larger than those TSCT and FTE quantities

calculated for the beacon with cursor and multiple beacon flight test

areas. The single beacon TSCT mean presented in Table 5.4 showed a value

of .5725 nm with a one-sigma value of 1.3593 nm. The beacon with cursor

and multiple beacon TSCT means (.1520 nm and -.2434 nm) showed over a fifty

present reduction in magnitude over the single beacon quantities. The FTE

quantities indicated virtually the same results. That is, with the use of

a particular track orientation technique the FTE values are reduced

approximately fifty percent in both the mean and one-sigma values. The

ASE and ATE quantities again are small for all of the above mentioned

test areas. Typically the ASE values are never greater than -.22 nm and

the ATE values are usually less than .20 nm.

Table 5.5 summarizes the airport site TSCT linear and angular errors

as a function of distance from the target landinq zone. The ARA error

magnitudes expressed in this form further substantiate that tho approaches

flown in the beacon with cursor and multiple beacon modes were; more

accurate. That is, the TSCT one-sigma data in the single beacon mode

was approximately '.65 nm while the beacon with cursor data was approxi-

mately -.25 nm. At one nautical mile the cursor aided approaches showed
a marked decrease in the one-sigma angular quantities with the single

beacon quantity being '34.8 degrees and the beacon with cursor beinq
-10.6 degrees. The other angular quantities presented in Table 5.5 (at

3 & 5 nm) indicate virtually the same large reduction.
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Table 5.5 ARA Airport TSCT Linear and Angular Errors as a
Function of Along Track Distance

DISTANCE ONE SIGMA TSCT ERROR QUANTITIES

TO Single Beacon Beacon W/Cursor Multiple Beacon
BEACON

nm Deg nm Deg nm Deg

1 nm .70 +34.8 '.19 i0.6 4.23 12.8

3 nm '.63 +11.9 .25 4.7 1.40 4 7.7

5 nm -. 65 7.4 .31 3.6 .40 4.5

Table 5.6 presents the airport site FTE linear nnd angular errors

as a function of distance to the beacon. The FTL values presented in

Table 5.6 are very similar in 'jagni tude to those TSCl_ values presented

in Table 5.5. The s i ngle hearcn l_[ linear one-si gima va I tes rane fro.

77 nm at 1 nvi to - .65 nr at nn. The FTE one-sigma l near values for

the beacon with cursor appro, aches show a marked decrease at I nl ( .19 nm)

and at 5 r'.; (-.43 nm) . The niltiple beacon FTE values are similar in

magnitude to those bea.o1 with cursor values presented in Tatle 5.6 at all

range intervals. The anqular quantities are again large for" the sing;le beacon

approaches and comparatively smaller for the beacon with cursor and multiple

beacon approaches.

Table 5.6 ARA Airport FIF Linedr and Anqular Errors as a
Function of Along irack Distance

DISTANCE O[1E SIGMA FTL ERROP riL.;T TI TIE I

TO Si nle eaco''CaCCn ,Lrt l./ersor Beacon
BEACON nir, [eg ro i , 1 rnl 1be

} ''.7 P : 7.19 .I1'' Ii  'S 14.'?

I Ir ; 1

In summary, ti, o,,ra 1 , ,,,y isst,5, 'iIw K? i. Ak<A [ciidi x W1-l/,rLA

ai rpirt data showed that .ht, u irsnr .idi .c; 'U Lil ,"1( (Jl 0 ir- (ho,

offered a decre, e i tre Tf T , I I, '- 'I te 'i le h ,(o

approaches. t2 ,d'.i 'I[ tt th t TO' I r t

.I.



virtually eliminated the tendency to "home" to the station. As shown in

the skin paint with cursor data the cursor offers an omnidirectional

capability. The multiple beacon method offers a different type of track

guidance but the track angle error is not directly displayed on tne

radar screen. The intended course line niust be formeo as an iwage by

the pilot between the centers of the two displayed beacons. The data

indicates that the primary airspace requirements (+-4.0 nm at the IAF and

±1.7 nm at the MAP) established by the RTCA SC-133 MOPS are more than

satisfied by the beacon with cursor and multiple beacon approaches.

The offshore RCA Prinius-50 testing was conducted using Brandywine

Lighthouse located in Delaware Bay. The tests were performed using the

combined and beacon-only modes of operation. Table 5.7 summarizes the

overall TSCT, FTE, ASE and ATE errors measured during the offshore tests.

Inspection of Table 5.7 results in several conclusions. First, the

TSCT one-sigma quantities are very similiar in magnitude between the

two different operational rodes. The same fact is evident for the FTL

values. The combined TSCT mean value is .1561 nn while the beacon-only

TSCT mean is .2680 nm. The combined mode FTE is very small (-.0039 nf

and the beacon-only mode value is quite large in comparison (.5587 nti).

The ASE values for both test areas are small while the ATE values are

somewhat large for this particular radar system. The large errors are

possibly the result of the large size of the displayed beacon.

Table 5.7 Overall RCA Primus-50 Offshore ARA Performance
Summary

ERROR MAGNITUDESERROR

QUANTITY Combined Mode Beacon-only Mode
-X (nm) lo(nm) __1 (nm lo(nmj__

7T .1561 .4044 .2680 .4231

T -. 0039 .644e8 .55187 .6935

.1600 .6360 - 298 .4218

ATE [3587 .2l6 .3955 .3071

Table 5.8 illustrates the behavi)r of both angular and linear

errors for the RCA Primus-50 radar system within the five mile distance-

to-!4o area. The table indicates that the linear TSCT and FTE quantities

are relatively small at all range intervals. Typical linear combined

mode TSCT values range in magnitude from -.20 nm at 1 nm to -.46 nm it
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5 nm. The beacon-only mode TSCT linear values are slightly siuilier

(i.e. +.09 to .40 nm). The FTE linear values for both modes of operation

range in value from +.23 nm to ,.51 nm. The angular quantities are somewhat

large for both operational modes. The combined mode TSCT and FTE linear and

angular quantities range in value from 15.3 degrees to ,]?.9 degrees while

the beacon-only mode values are slightly smaller (,4.5' to -8.6'). Outside

of five nautical miles the results presented in Section 5.3.5 indicate

virtually the same results obtained within five (5) miles.

Table 5.8 ARA Offshore RCA Pi imus-50 Linear and Angular Lrrors
as a Function of Along Track Distance

ONE SIGMA TSCT AND FTE ERROR QUANTITIES
Combined Mode Beacon-only_ Mode

TA TSCT FTE TSCT FTE
TO r~ e

BEACON rim Deg nm' Deg n - nm Deg
- -----

1 nm .20 11.4 O.23 -12.9 .09 ,4. 9 .15 F.. 6

3 nm '.45 8.4 '.48 9.1 .44 8.3 .. 7 .7.9

5 nm -.46 5.3 ,.51 , 5.8 -.40 . 5 .4.9

The RCA Primus-50 radar system performed well during the flight

test program. Operationally there is only one significant problem

evident from the test results. In the combined mode, because of the

large displayed beacon size, surface objects in the immediate area of

the intended target are blocked out by the beacon return. This fact

will be discussed in further detail in Section 5.1.3.

Data presented in Sec Lion 5.3 offers soon: very interestinq

conclusions. First, the track orientation techniques evdluated (cursor

3nd tip e beacon': indicito t s innificant reduction in the overall

T7---T an FTE va ues. Second, ithout s coe meins of positiv ti(rqet

identification in the sir, inaint mode navijatini dnwn to iinilmtul could be

1,in fro j,,. r 'd, if in t-.'Jrin c ai-t i ( r'r 1y

i.1ert4f'ed then results irdi tc thaL this ; t-ti ulr rd , ri ,,- ,

is just as accurate as sinqle beacon. fourth, the combined mode of

operation must provide a sliall r heacon return .r) that sUrroLundifl g

surface objects can be diplayed.

-. .3 ATC Integ,ij tiol'i

An operational ev,iluaf t n u(t the ARA _nc(,ept ji) tod'y's Ai.

ervironent wai p t ; r!.od. i ec : . i. t .n .t rn ., rilynis in

detail for ai rv(or jO ffw ni e cpn . d t''Iti
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analysis is presented in this section.

The net result of the operational evaluation of the ARA concept in

the ATC environment was that it is a practical and viable solution to

providing non-precision approach capabilities where other navigation

aids are unavailable. This conclusion applies to both approach regions

investigated. Although current ARA ground and airborne equipment

performed acceptably during these tests, operational utilization in

the day-to-day ATC environment would benefit from several ARA system

enhancements. First, the ground based equipment could be improved in

both signal strength and reliability. Second, more advanced radar

features are highly desirable to reduce crew workload and improve the

safety of the ARA concept. These improvements are in the areas of 4

automatic gain control and tilt control, variable gain beacons and

improved display characteristics. Third, formal crew training procedures

and requirements must be developed. With these modifications, the ARA

system can provide ATC compatible performance which exceeds the

experimental performance at airports and offshore sites.

In the airport area, an ARA approach closely parallels the

standard NDB non-precision approach technique in both workload and

accuracy. In fact, the approach flown using the track orientation

techniques more than satisfied the present day NDB airspace requirements.

The experimental airport data (which included single beacon, beacon

with cursor and multiple beacon approaches) showed lateral accuracy well

within current landside lateral obstacle clearance minima. However,

current ARA lateral obstacle clearance limits established by RTCA SC-133

MOPS exceed NDB and other non-precision approach values. Therefore,

unless some type of track orientation technique is implemented, either

using the cursor technique or multiple beacon technique, minimums higher

than present day non-precision aDproaches might need to be implemented

for ARA. Graphic illustrations ire presented in Section 5.4 which

demonstrate the behavior of ATE, ASE, TSCT and FTE with respect to

specific limits. Basically, the ATE and ASE errors are independent

of range from the target. On the other hand the single beacon TSCT

and FTE errors exhibit the "homing" characteristics previously discussed

while the beacon with cursor and multiple beacon TSCT and FT[ errors
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do not. From an ATC integration viewpoint, hioher altitudes and lur,;er

lateral obstacle clearance minimums require more airspace. This could

limit the areas where ARA would be usable or it could necessitate

special approach procedures, such as the point-in-space approaches, to

congested terminal areas where adequate approach airspace is not

available to the active runway. Airport ARA approaches also require

positive navigation when flyina to the Initial Approach Fix. This could

translate into a requirement for beacons on the ground or some additional

airborne navigation equipment (such as the RNAV system used for these

tests). Even with these additional navigation aids, multidirectional

ARA procedures at airports will require careful plannin and a high

degree of pilot proficiency to achieve the desired accuracy.

In the offshore ARA tests, three operational ATC considerations are

important. First, the ARA system and procedures must provide accurate

and repeatable guidance to an IAF in the vicinity of the offshore

target. Second, the ARA system must provide adequate guidance in a

controlled descent to the specified minimums while providing adequate

obstacle clearance. Third, the ARA procedures must provide a simple

and safe missed approach procedure in tie vicinity of a nultituoe of

prominent surface objects. While the first condition was satisfied

during the offshore testing the second and to ird conditions were not for

two reasons. First, during the skin paint testing on two occasions the

wrong target was tracked down to minimums. This indicates that without

positive target identification, obstacle clearance and safe issed

approach procedures cannot he assured. Second, because of the large

beacon displayed in the coi.tb ined ode. os tacle clear~ince in the

immediate area of the intended ta rqrt. cannot 1be .s ,r-ed Jesu 1 ts

presented in Section .!! indi c.te that on the Z.P n!. range selector

setting a circle appro~iinel/ ,d) teif in rn ,, )i (K(J(d mot

around the intended target by the larqe di spl aved teturni. Off',hore the

ARA system is a viable means of accurate nva,, ,i n,ut h( cOiuM of the

abuo e mentioned itens certain i., :n-tant iv tens riust h' ( orrk<ted it

certain operational modes before s afe na via itior ran be conducted in

a real environn:ient.



5.2 ANALYSIS OF PILOT PROCEDURES

Pilot ARA procedures were developed which resulted in safe approaches

with acceptable cockpit workload. These procedures were compatible with

current ATC operational constraints in the airport and offshore areas.

The pilots experienced a learning curve effect due to the previous

single beacon approach testing conducted at the airport, remote and offshore

sites (Reference 1). The profiles and procedures utilized during the

track orientation testing were virtually identical to those utilized

during previous testing. The conceptual aspects of the flight test

included utilizing one of two basic flight profiles to perform the

approach. These were the direct straight and overhead straight profiles.

The use of these flight profiles provided approach procedures that were

adaptable to existing meteorological conditions at the landing site.

The emperical aspects of the ARA approach procedures were in the

area of pilot/copilot responsibility assignments. It was determined

during the single beacon testing that the following ARA crew workload

assigments were found acceptable:

I The pilot was given primary responsibility for flight

control and safety of flight.

I The pilot was assigned radio communications duties.

I The copiot was solely in charge of ARA navigation.

I The copilot was responsible for interpreting the

radar (cursor track angle error and multiple beacon

orientation) and communicating required headings,

heading changes, altitudes and airspeeds to the pilot.

The crew coordination procedures combined with the flight profile

procedures resulted in a calm an' coordinated cockpit environment. These

procedures also insured maximum obstruction clearance while meeting the

required test objectives. In summary, the flight procedures were simple,

offered a considerable amount of versatility and integrated well with

the operational ATC System.

5.2.1 Pilot/Copilot Workload

The pilot/copilot workload involved in flying an Airborne Radar

Approach is quite heavy. Based on qualitativ observations experienced

during the single beacon testing, the Airborne Radar Approach was concluded
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definitely to be a two pilot operation. The Airtorne Radar System is

a good approach aid, but for the pilot to interpret the given information,

and to constantly adjust the radar display controls, requires considerably

more effort than any other standard non-precision approach using conventional

radio navigation aids. For this reason two track orientation techniques

were conceived; single beacon and skin paint with cursor, and the multiple

beacon technique. It was the intent of the test program to evaluatewhether

either of these track orientation techniques alleviated workload and improved

track keeping. Probably the greatest workload aspect of the airborne radar

tested were the constant adjustment required of the gain, tilt, and radar

range controls. Gain adjustment was a problem during the multiple beacon

testing because the Sensitivity Time Constant (STC) adjustment for this

particular radar unit was not set properly. The radar was adjusted and

operated adequately during the track orientation technique testing. There

were, however, optimum tilt settings that were found to apply during the

approaches, e.g., -2 degrees was found to be the Dptimum setting. Although

the -2 degrees tilt setting worked for the entire approach, a constant

tilt setting was not necessarily the best recommended procedure for flying

the approach. Theoretically the tilt should be adjusted so that the

target is scanned within the radar's vertical beam width.

The copilot's workload consisted primarily of three distinct items:

I Radar target interperation in relation to intended

course (radar interperation included track orienta-

tion utilizing the cursor and multiple beacon

techniques).

I Operation of radar display controls.

I Range and headingI call-outs to the pilot.

Aside from the track orier t tion techniques utili, d. the r dar arq(!.

interpretation is strictly eomirical for many reasons. First, on the

Bendix Radar System with toet STAB indicator on the 12"O degree setting,

there are only azim!..th l. .. , 3C drnrees d,spl,,yed -'l the radar

screen in the BCN mode. Hnweer, in thp WCfi modes azimuth line" are

displayed every 15 deqrees. T0 efr, , V the tarqet li<; en tween the

azimuth lines the aoi ot mist ,v al V intororet fils ;eosition rlatlive

to zero azimuth accuratel , . +o , Pri u,-- ,i . d if the : imuth button

is activatpd, azirutrq lin , ire ir-orated everv 11) df', orl the radar

r -1 4



screen. Azimuth lin-s every 15 degrees reduces azimuth interpretation

errors, but in the case of the Primus-50 radar system because of the

large "blob" that is displayed as the beacon return, azimuth interpretation

is again difficult. This large return also makes range interpretation

extremely difficult. A more detailed description of the Primus-50 target

size will be presented in Section 5.4. Second, the copilot must assume

(regardless of the radar system) that the center of the beacon return

displayed on the screen is the intended target. In the case of the

Primus-50 radar return it must be assumed that the center of the edge

closest to the apex is the intended target. The target width analysis

presented in Section 5.0 of Reference 1 for the Bendix Radar System

showed a mean value of 13.18 degrees and a one-sigma of 4.10 degrees. It

is apparent that this large target width or target size would put a

limitation on the pilot's interpretive judgement of actual position with

relation to the intended course. Another cause for error in display

interpretation is the slow update rate of the airborne radar. Five seconds

is required for the Bendix system to sweep in one direction. Therefore,

aircraft heading could change considerably while the displayed target

appears to stay stationary. All of the above factors greatly increase the

workload of the copilot, making his position as navigator a full time job.

In the skin paint mode target identification poses a distinct problem

for the copilot. Because of numerous targets surrounding the intended

target, positive target identification from twenty-five (25) nautical miles

was virtually impossible and within ten (10) nautical miles was marginally

acceptable. During the skin paint testing correct target identi-fication

was a "best guess" situation. Section 5.3.1 shows that on two occasions

the copilot identified the wrong target and flew the approach either to a

ship or a different lighthouse. On another occasion the copilot tracked

the wrong target at the beginning of the approach, but then later identified J

the correct one and completed the approach. The lack of positive target

identification and numerous surrounding targets in the landing area causes

a large increase in workload for the copilot in the skin paint mode.

The combined mode which was tested using the RCA Primus-50 offers the

ability to receive a ground based transponder and surrounding skin paint

targets simultaneously. This mode offers positive target identification
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while at the same time affording the pilot obstacle clearance; but because

of the large displayed beacon size on the Primus Radar targets, immediately

surrounding the beacon are not visible. In the combined mode the beacon

target is easily discernable from other targets because it flashes on and

off at one second intervals. Again, all of the above factors tend to

increase the copilot's mental workload.

The purpose of the cursor and multiple beacon techniques were to aid

the copilot in track orientation and to also alleviate the copilot's mental

workload. With the cursor technique it was only necessary for the copilot

to align the cursor with the center of the return. When this was accomplished

the aircraft was on course with the correct amount of drift angle already

implemented. The copilot's general reaction during the testing was that

the cursor definitely aided in track orientation and that it also reduced

the amount of mental workload involved. The multiple beacon testing offered

different results as regards workload. Although the multiple beacon technique

improved track orientation because of the two targets displayed, the mental

workload was greater because the track angle error was not displayed directly

on the screen. It was the copilot's responsibility to form an image of

the "intended course line" between the targets.

Three other problems were also experienced during the multiple beacon

testing. First, because the STC circuit was improperly adjusted on the

Bendix Radar System it was necessary to constantly adjust the gain control.

Even with constant adjustment, at large longitudinal spacings the beacon

for which the gain was not adjusted either disappeared or was splayed across

the entire azimuth of the screen. In either case the target was not useable

for navigation. Second, at times one of the two ground based beacons was

found to be inoperative. This caused a great deal of confusion for the

copilot because without discrete positive identification for each particular

beacon it was impossible to determine which beacon was the observed target.

Third, when tracking the two beacons inbound a ran(qe scale change often

resulted in the second beacon beinq beyond the screen display. When

the second beacon was lost, obviously track orientation information

was not available to the copilot. It is apparent that the multiple

beacon testing induced a certain level of mental workload not previously

encountered during other areas of testing.
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The pilot's workload was quite different from that of the copilot.

It was the pilot's sole responsibility to fly the aircraft and handle

all Air Traffic Control (ATC) communications. As mentioned earlier

the pilot was unhooded throughout the entire flight test. This was

done for a particular reason: along with his other responsibilities

the pilot needed to be aware and look out for all other traffic in the

area. The observer and crew chief onboard the helicopter also aided

in watching for traffic, but it was the major responsibility of the

pilot to do so. Since the traffic around the NAFEC airport was

fairly dense, many times there was a considerable amount of confusion

in the pilot/copilot and pilot/ATC communications. Often times this

delay in communications from the copilot to the pilot resulted in a

deviation from intended course or a delayed correction to reacquire

the intended course. Another pilot workload factor introduced during

the flight occured on the final approach course. Because of the slow

airspeed (50 knots), handling of the helicopter became a problem

particularly in crosswind conditions.

Pilot and copilot workload rating sheets were given to each crew

member at the end of every flight. The pilots rated themselves on the

level of mental and physical effort applied in flying each Airborne

Radar Approach. The copilots rated themselves on the level of mental

and physical effort applied in navigating and vectoring each Airborne

Radar Approach. Table 5.9 summarizes the responses which the pilot and

copilot indicated on the workload rating sheets for all of the different

flight test areas. The table shows that at no time during the testing

did the pilot or copilot consider the workload to be low or very low.

It is evident from Table 5.9 that the pilots considered the beacon with

cursor approaches to have only a moderate workload, while during the

single beacon testing the pilots considered the workload to be either

high or very high on nine of the twenty flights. The single beacon

approach testing shows slightly higher workload rating because during

this phase of testing learning curve effects were still being encountered.

Table 5.9 shows that in multiple beacon testing five of the flights were

considered to be of moderate workload and three of the flights were

considered to be a high workload situation. During the skin paint and

skin paint with cursor testing all of the flights were considered to be
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of moderate workload with one excepticn. During the Primus-50 testing

seven of the flights were considered to be of moderate workload and three

of the flights were considered to be either a high or very high workload

situation. Basically the pilots consider the Airborne Radar Approach to

be either a moderate or high workload situation, with the track

orientation techniques tending to decrease the level of mental workload

involved. This fact is evident from Table 5.9.

5.2.2 Pilot/Copilot Blunders

The pilot/copilot blunders encountered during the test were few.

One type of blunder encountered was the improper adjustment of display

controls. The display control problems encountered were as follows:

the scale being changed too soon leaving no target on the radar screen,

improper gain adjustment often making the target disappear, and improper

adjustment of the tilt control, making close-in navigation difficult.

Basically the only other blunders experienced were during the skin paint

testing. On two occasions the wrong target was identified and tracked

down to approach minimums. On the first instance a lighthouse was tracked

and on the second instance a ship was tracked, On the third occasion a

ship was tracked in the beginning of the approach until positive target

identification was made(for details see Section 5.3.1 and 5.3.2). The

following section will describe in detail the accuracy data accumulated

during the flight test program. The data is presented so that the

reader can make a detailed comparison between various operational modes.

5.3 DETAILED ACCURACY DATA

The purpose of this subsection is to provide insight into the flight

test results and data analysis for the Airborne Radar Approach flight test

program. The areas of interest involved the RCA Primus-50 and the Bendix

RDR-1400A Airborne Radar Systems. The details presented in this subsection
represent the results of a comprehensive review of the specific data collected

during the Airborne Radar Approach flight test program using new track

orientation techniques. The approach data collected involving new track

orientation techniques will be compared with the appropriate areas where

track orientation techniques were not utilizpd (Reference 1). The data i01

presented in four different forms. They are as follows:

- 5-19
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I Statistical summary tables showing mean and standard

deviation of four error quantities.

I Statistical summaries of data aggregated at one

nautical mile intervals along the approach path.

I Plots of Total System Cross Track (TSCT), Flight

Technical Error (FTE), and Airborne System Error

(ASE), versus along track position of the helicopter.

I Histograms of TSCT, FTE, ASE and Along Track Error

(ATE) quantities for each test area.

5.3.1 Offshore Site: Beacon-only and Skin Paint Con parison

This subsection provides a direct comparison between the Bendix

RDR-1400A beacon-only and skin paint mode testing conducted at the

offshore site. The test environment and approach profiles utilized

remained the same offering a means by which a direct comparison could

be made.

Table 5.10 summarizes the results of the Airborne Radar Approach

testing conducted in the skin paint mode*. The error analysis log and

statistical summary of error quantities in the table presents the mean

values, standard deviations, number of data points and number of approach

segments for four specific error quantities: ARA along track (ATE),

ARA cross track (ASE), flight technical error (FTE), and total system
cross track (TSCT).

Table 5.10 shows in the ARA ATE case that the calculated mean is

.0345 nm and the sigma is .2567 nm for all of the approach segments.

The results for the ARA ASE were a total mean value of .1955 em, and a

one-sigma value of .6264 nm. The values were obtained from a sample

size of 466 data points or seven (7) approach seqments.

Table 5.11 summarizes the results of the Airborne Radar Approach

testing conducted at the offshore site in the sinqle bea.on mode. The

data is presented in the same general format as the data in Tahle ').10.

The data for this table was collected durinq thi, period froi, Of tAIbr lq78

to December 1978 (see Reference I for deta il'). Ihe ,id 1i0 wa'. (t i ;i na1 IV

aggregated using three different types of apprt irh '.r'qvleri t " long , ',hirt

*Note: Two approaches were flown to the wrong tdrget. These were not

included in tne diti ',urn rie s.
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Table 5.10 NAFEC ARA Bendix RDR-1400A Skin Paint
Offshore Approaches Error Analysis Log
And Statistical Summary

A A (nm) a (nm) Data Points Approach Segments
ARA ATE

Long .0706 .0965 116 1
Short .0225 .2901 350 6
Total .0345 .2567 466 7

ARA ASE

Long .8343 .7792 116 1
Short -.0163 .3770 350 6
Total .1955 .6264 466 7

FTE

Long -.4260 .7959 116 1
Short .2230 .4726 350 6
Total .0615 .6350 466 7

TSCT

Long .4083 .4084 116 1
Short .2068 .2982 350 6
Total .2570 .3400 466 7

IDENTIFIER True Heading Segment

7/16/79 -2 222 Short

7/16/79 -3 222 Short

7/17/79 AM-2 222 Short
7/17/79 AM-3 222 Short

7/17/79 PM-i 222 Long
7/1_7/79 PM-2 222 Short
7/17/79 PM-3 222 Short
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Table 5.11 NAFEC ARA Bendix RDR-1400A Beacon Mode
Offshore Approaches Error Analysis Log
And Statistical Summary

x(nm) G(nm) Data Points Approach Segments
ARA ATE

Long .0052 .2502 978 9
Short -.0115 .1014 123 3
Total .0033 .2383 1101 12

ARA ASE

Long -.2235 .5588 978 9
Short -.0315 .2235 123 3
Total -.2021 .5353 1101 12

FTE

Long -.0844 1.0456 978 9
Short .4269 .6026 123 3
Total -.0273 1.0185 1101 12

TSCT

Long -.3079 .8938 978 9
Short .3954 .5081 123 3
Total -.2293 .8873 1101 12

IDENTIFIER True Heading Segnent

11/14/78 -3 Initial 150 Long

11/15/78 -1 222 Long
11/15/78 -2 222 Long

12112/78 -3 150 Long
12/12/78 -4 Initial 150 Long
12/12/78 -4 Final 330 Short

12/13/78 AM-i Initial 222 Long
12/13/78 AM-l Final 4? Short
12/13/78 AM-2 Initial 2?? long
12/13/78 AM-2 Final 42 Short
12/13/78 AM-3 Initial 150 Long

12/14/78 -1 2?? Long



and offset, but for purposes of comparison the data was recomputed to

reflect only the long and short segments. Table 5.11 shows in the ARA

ATE statistics that the total mean value is .0033 nm and the one-sigma

value is .2383. The ARA ASE results show a mean value of -.2021 nm

and a one-sigma of .5353. The ARA ATE results presented in Table 5.10,

show a mean value of .1955 nm and a one-sigma of .6264 nm. In the beacon

mode the ARA ATE mean is virtually zero, with the same holding true for

the skin paint mode. These data in Table 5.11 were calculated from a

sample size of 1101 data points or twelve (12) approach segments.

The Flight Technical Error (FTE) quantities indicated in Table 5.10

showed a mean value of .0615 and a one-sigma of .6350. The FTE values

indicated in Table 5.11 for the beacon mode show a smaller mean value

of -.0273 nm, with the one-sigma being slightly larger 1.0185 nm for all

segments. The larger mean could be attributed to the lack of positive

identification available in the skin paint mode as opposed to the beacon

mode. This lack of positive identification makes target tracking difficult,

with a large increase in pilot workload. The Total System Cross Track

(TSCT) values indicated in Table 5.10 for the skin paint mode shows a mean

value of .2570 nm and a one-sigma of .3400 nm. Table 5.11 shows a TSCT

total mean of -.2293 and a one-sigma of .8873. While the skin paint mean

is slightly larger and of a different sign than the beacon mode results,

the TSCT one-sigma is smaller in the skin paint mode.

Tables 5.10 and 5.11 indicated that the approaches were aggregated

according to two segment types: long and short. The long segments are

generally approaches initiated at the 25 nm approach fix. The short

segments are generally of two types, at the offshore site they are those

approaches initiated at 10 nm while at the airport site they begin at

5 nrm.

Tables 5.12 and 5.13 summarizes in statistical quantities the

Airborne Radar Approach test data at one nautical mile intervals, starting

at ten (10) nautical miles. The quantities in Table 5.12 reflect data

collected in the skin paint mode and the data in Table 5.13was oLtdifled

in the offshore single beacon modie, tstinq (Reference+ 1). The quantities

in both tables were calculated in holh linear a(id anjular term,,, for

both long and short segments. In T,lF, 5.12 at ono nautical inile,

/=i/*Tn -thes- tables and simil ir ones to follow, a single data point

was taken from each approach at one nautical mile increments.
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tne s. in paint FTE near) is 5.7 degrees and the one-sigma is 14.0

degrees. The beacon mode FTE in Table 5.13 at one nautical mile shows

a slightly smaller mean of -1.2 degrees while the one-sigmas are virtually

identical, 14.5 degrees in the beacon mode. Other FTE quantities between

one and four nautical miles reflect the same orders of magnitudes as

numbers previously stated. The skin paint TSCT quantities in Table 5.12

show a mean angular value of -.65 degrees and a one-sigma of 10.4 degrees

at one nautical mile. The offshore single beacon TSCT quantities in

Table 5.13 show a mean angular quantity of -2.4 degrees and a one-sigma

of 16.5 degrees at one nautical mile. The skin paint linear TSCT mean

at one nautical mile is -.01 nm and the one-sigma is .18 nm. The skin

paint linear TSCT mean quantities past 3 nm stay consistently the same

\1.e., between .3 and .4 nm). The linear FTE quantities in the skin

paint mode are good close in (between 1 and 2 nautical miles) but

further out at 3 and 4 nautical miles the mean quantities are .40 and

.30 nm respectively. The skin paint ATE quantities are small and

consistent at all ranges of operation. The ARA Airborne System Errors

(ASE) in the skin paint mode reflect linear quantities that are larger

than the beacon mode quantities at most ranges. For example, at ten (10)

nautical miles Table 5.12 shows a mean value of .54 nm while Table 5.13

shows a mean of -.26 nim. These larger quantities in the skin paint mode

are likely attributable to the numerous targets present on the radar

screen causing many targets to run together. This overlap of target

display tends to cause confusion on the part of the operator, making

track orientation difficult to obtain. This confusion on the part of

the operator in the skin paint mode also lends itself to larger FTE

quantities. For example, as shown earlier in the skin paint mode at

3 and 4 nautical miles the mean values were .40 and .30 nm respectively

while in the beacon mode at 3 and 4 nautical miles the mean value, are

.'7 and -.08 nrn, respectively.

Figure 5.1 summarizes in graphical form the Total Sy, tei( Cro~s

Track Error (T CT) of all thp approahws flown at the oi,,hor, ,it' in

N,,0TE/*AI I of the F CT, F tiand AS[ aq(Irqa tC f, (, I' l ,pp iod it e t o i

reflect the total number of approach s(_'jment', flown. lor exa' ile, "',

overhead straight approach contains two separate approach se(qments.
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the skin paint mode. The plot shows that when the tarcet was positively

identified the maximum deviation from intended course was only -1.2 nm

within five nautical miles. This quantity is well within the required

airspate limits of 1.7 nm at the Missed Approach Point (MAP) set by the

RTCA SC-133 MOPS. Outside of five nautical miles the maximum deviation

from intended course was -.7 nm which is well within the '4 nim airspace

requirements established by RTCA SC-133 MOPS. Figure 5.1 also shows

that on two occasions the target was not identified properly and placed

the aircraft -1.7 and -5.0 nm off-course at the MAP. Figures 5.2 and 5.3

are individual plots of the above mentioned approaches which reflect TSCT

and FTE for each approach.

Figure 5.4 summarizes as in Figure 5.1 the Total System Cross Track

Error (TSCT) of all the long and short approaches flown at the offshore

site in the beacon mode. Although in some cases the maximum deviation

from intended course is greater outside of five nautical miles than

those seen in the skin paint mode, within five nautical miles all of

the approaches were flown directly to the target because of positive

identification. This concept of positive target identification is very

important in a real environment where many oil rigs are situated in a

cluster with ships moving all about.

Figure 5.5 is a plot of Flight Technical Error (FTE) vs. distance

along the desired track in the skin paint mode. These data were collected

for all of the approaches flown at the offshore site. These data show

a maximum deviation of 4.5 nm at 17.5 nm along the desired track and also

a maximum deviation of 2.4 nm at 2.5 nn. These larqe FTE quantities can

be attributed to 'hr pilot not identifinq the tarqet correctly and flyino

to something other then the intended ar(et (a sn ip and another liqhthouse).

This misidentification roies about because of numerous targets displayed

on the radar screen due to heavy ship activity surroundinq the intended

ta'qe*. Figure 5.6 presents a plot of FTE vs. alonq track distance for

the single beacon approach testinq. With the exception of one approach,

which was flown on thfe wrong approach course, at most ranges the majority

of the FTE quantitie ,  remain wit.hin ir i . a of e".5 hii.

Figure 5. 7 is a p lot of Airhtne S/sfOe Error "A$ ) for the apjY'o,!_lW,

flown at the offshori, site in t ,, s. in Hi, :rod(, , ut" i di, oI tim (I0)

nautical miles F i ure S. 7 shnw,, i ma xi ium Airdorn(. SWlol L-rem- Err

r -,
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of -6.6 nm. Between ten (10) and five (5) nautical miles the plot L

indicates a maximum error of-6.5nm. Within five (5) nautical miles the

plot shows a maximum error of -5.5 nm. All of these large error quantities

can be attributed to the approach where the pilot tracked the wrong target

(another lighthouse) down to the MAP. Figure 5.8 is a plot of ASE for the

single beacon mode. Quantities indicated between ten (10) and five (5)

nautical miles show a maximum error of 1.8 nm. Within five (5) nautical

miles the plot indicates a maximum error of only 1.0 nm.

Figure 5.9 presents histograms of ARA TSCT, FTE, ASE and ATE for the

offshore skin paint mode testing. These histograms represent the error

quantity distributions for the four error quantities mentioned previously.

The TSCT historgram shows that the quantities appear skewed to the left.

The FTE histogram shows the quantities appear to be skewed slightly to

the right. The ATE quantities appear skewed to the left, while the ASE

distributions appear skewed to the left.

Figure 5.10 presents histograms of ARA TSCT, FTE, ASE and ATE for

the offshore single beacon mode testing. The TSCT historgram shows a

normal distribution between ±1.6 nm cross track deviation, but the histogram

also indicates a very scattered distribution to -4.0 nm. The FTE distribution

basically indicates the same characteristics as the TSCT distribution.

The ATE quantities appear skewed slightly to the left, while the ASE

quantities also appear skewed slightly to the left.

5.3.2 Offshore Site: Performance Enhancement In The Skin Paint
Mode Using The Cursor Technique

This subsection will provide the detailed data necessary to

establish an increase in the track keeping abilities of the radar

operator using the cursor technique in the skin paint mode. The

purpose of the cursor technique was to improve track acquisition

and track orientation so that the operator could fly along a prede-

termined path instead of "homing" to the station. This subsection will

show a definite decrease in the TSCT and FTE error quantities on the

cursor-aided approaches.

Table 5.14 summarizes the results of the ARA testing conducted

in the skin paint with cursor mode. The statistical summary of error

quantities in the table presents the mean values, standard deviations,

5-35
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2.1

Table 5.14 NAFEC ARA Bendix RDR-1400A Skin Paint With Cursor
Offshore Approaches Error Analysis Log And
Statistical Summary

x (nm) a (nm) Data Points Approach Segments

ARA ATE

Long .1674 .2883 154 2
Short -.0380 .3490 285 6
Total .0340 .3430 439 8

ARA ASE

Long .7193 .6650 154 2
Short -.0348 .2869 285 6
Total .2297 .5811 439 8

FTE

Long -.0491 .7312 154 2 I'
Short -.0285 .2529 285 6
Total -.0357 .4778 439 8

TSCT

Long .6702 .6262 154 2
Short -.0634 .3290 285 6
Total .1940 .5744 439 8

IDENTIFIER True Heading Segment

7/19/79 -1 222 Long
7/19/79 -2 222 Short
7/19/79 -3 222 Short

7/27/79 -2 222 Short
7/27/79 -3 222 Short

7/30/79 -1 222 Long
7/30/79 -2 222 Short
7/30/79 -3 222 Short
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number of data points and number of approach segments for four error

quantities: ATE, ASE, FTE and TSCT. Table 5.14 shows in the ARA ATE

case that the mean value is .0340 nm and the one-sigma is .3430 nm

for all of the data points collected. These values correlate very

closely to those ARA ATE values indicated in Table 5.10 (Section 5.3.1).

Table 5.10 presented an ARA ATE mean of .0345 nm and a one-sigma of

.2567 nm. Table 5.14 shows a mean ARA ASE value of .2297 nm and a one-
sigma of .5811 nm for all of the approach segments. Once again the ARA

ASE values from Table 5.10 are similar in magnitude to those seen for

the skin paint with cursor testing (Table 5.14).
The Flight Technical Error (FTE) quantities indicated in Table 5.14

showed a mean value of -.0357 nm and a one-sigma of .4778 nm. The

skin paint with cursor FTE is small both in the mean and one-sigma values

compared to the non-cursor aided skin paint flights. Table 5.10 shows a
mean FTE value of .0615 nm and a one-sigma value of .6350 nm. A reduction

of .16 nm was achieved in the one-sigma numbers for all of the approach

segments using the cursor technique. The Total System Cross Track (TSCT)

error quantities presented in Table 5.14 showed a mean value of .1940 nm

and a one-sigma of .5744 nm. These quantities indicate a decrease of

.06 nm in the mean value for all of the approach segments (skin paint

quantities presented in Table 5.10).

Table 5.15 summarizes in statistical quantities the Airborne Radar

Approach Skin Paint with Cursor test data at one nautical mile intervals,

starting at ten (10) nautical miles. The quantities are presented in

both linear and angular terms. The FTE angular quantities at one nautical

mile shows a mean of -4.9 degrees and a one-sigma of 8.4 degrees. The

TSCT angular quantities at one nautical mile shows a mean of -3.2 degrees

and a one-sigma of 8.9 degrees. Table 5.12 (Section 5.3.1) presernLed Lhe

one nautical mile statistical data for the skin paint mode. The FTE

values presented in Table 5.12 shows a mean value of 5.7 degrees and a

one-sigma of 14.0 degrees at one nautical mile. The cursor-aided

approaches showed a marked decrease of 5.6 degrees in the one-sigma quan-

tities and a decrease of .8 degrees in the mean value. The skin paint

with cursor linear TSCT mean at one nautical mile is -.06 nm with a one-

sigma of .16 nm. The linear FTE quantities presented in Table 5.15 show

a mean value of -.09 nm and a one-sigma of .15 nm at one nautical mile.

I)-4(0



F

L . - . I W --. J .- u U J - L -

,4 '4

*" *-- " " ' 0 - ,:' , L ') .,- , - 4 ( ." C, .-- ( ,

iv~~ ~ r4 ,. 'T, , 4 'L':

41)

C " I

S-- 4 f -

L..

" .. ,. . '. .'. . . . . . . . . . . .

C;

o Cc. , N4 --. 1

4-)~7 Nj ,7

U,~L" -4- 4 .

"'; 0 < < ",I :'. c ". ':= .- N K' C' C', . ' - ,K .

0

eu

cc

4J3

X U..

a a:. . .

-
V)

d U 'C) c

". . . ., . . . . ". .'-

L "~~~~ ~ ~ 4. [, '. : I 4 4 I",- ' " *1 -1) . :.I ZD,."':'I.

o'- Z , 44'I'4 ,',, - .E .4, I ,. . ,-

.- 4 1.. . . . '"

LO

01

a) - I I it~* .

5-41



The skin paint linear FTE values presented in Table 5.12 show a mean

value of .lOnmand a one-sigma of .25 nm resulting in a decrease of .lOnm

for the one-sigma values using the cursor aided techniques. Table 5.15

shows a mean TSCT of .00 nm and a one-sigma of .22 nin at two nautical miles.

TSCT mean and one-sigma values indicated at two nautical miles for the

skin paint mode testing are .14 nm and .34 nm, respectively. These values

show a decrease of .14 nm in the mean value and a decrease of .12 nm in the

one-sigma value. As before the ATE linear values indicated in Table 5.15

are consistently small for all ranges.

Figure 5.11 summarizes in graphical form the Total System Cross Track

Error (TSCT) of all the approaches flown at the offshore site in the skin

paint with cursor mode. The plot shows that outside of ten (10) nautical

miles the maximum deviation from intended course is -1.2 nm. Between ten (10)

and five (5) nautical miles the maximum error indicated is -1.6 nm and

within five (5) nautical miles the maximum error shown is -.8 nm. The

quantities between ten (10) and five (5) miles are well within the -4.0 nm

route width established by RTCA SC-133. Within five (5) nautical miles the

maximum value of .8 nm is within the 11.7 nm airspace requirement established

by SC-133.

Figure 5.12 summarizes in plot form the FTE of all the approaches

flown at the offshore site in the skin paint with cursor mode. The

large quantities of 6.0 nm outside of fifteen (15) nautical miles stem

from an approach where the wrong target was tracked at the beginning of

the approach. Figure 5.13 presents a plot of TSCT and FTE vs. along track

distance which shows the approach where the wrong target was tracked

until approximately eighteen (18) nautical miles from the intended

target. Between ten (10) and five (5) nautical miles the maximum

deviation in error is -1.5 nm and within five (5) nautical miles the

maximum deviation in error is -.5 nm. These values show marked

improvement over those mentioned in Figure 5.5 (Section 5.3.1). With

the exception of the two apprciches flown to the wrong target the figure

indicates a maximum deviation of -1.2 nm in the skin paint mode, which

indicates a .7 nm improvement in the 5 nm area due to the cursor technique.
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Figure 5.14 is a graphical representation of the offshore site

skin paint with cursor Airborne System Error (ASE). Again because the

wrong target was tracked on one approach outside of ten (10) nautical

miles the maximum error quantity indicated is -6.1 nm. Between ten (10)

and five (5) nautical miles the maximum error is -2.2 nm. Within five (5)

nautical miles the maximum error shown is only -.7 nm. The Airborne

System Error once more is consistently small, which indicates the airborne

radar is reliable and offers good repeatability.

Figure 5.15 presents histograms of ARA TSCT, FTE, ASE and ATE for

the skin paint with cursor approaches flown at the offshore site. Only

data within 10 nm of the target is included. These histograms represent

the error quantity distributions for the four ARA error quantities. The

TSCT histogram shows that the quantities appear skewed to the right. The

FTE histogram appears to be normal. The ASE distribution appears skewed Ii
slightly to the left while the ATE quantities appear skewed to the right.

5.3.3 Airport Site: Performance Enhancement In The Beacon Mode Using

The Cursor Techniue

The heading error cursor technique is based on a minor airborne

system modification (Section 4.1.1). The technique works equally well

in both the landside and offshore environments. As mentioned in Section 5.3.1

the skin paint cursor aided approaches showed a decrease in the Total System

Cross Track errors (TSCT) and Flight Technical Error (FTE) quantities.

The intent of this subsection is to show that a marked decrease is also

present in cursor aided beacon mode TSCT and FTE quantities.

Table 5.16 summarizes the results of the Airborne Radar Approach

testing conducted at the airport site in the beacon with cursor mode.

The airport site utilized the NAFEC terminal area with the beacon placed

on the threshold of runway 26. An extended centerline of the runway offered

the approach course to the beacon. This table is similar to the ones

presented in Sections 5.3.1 and 5.3.2, and summarizes the mean values,

standard deviations and the number of data points in four specific areas.

Table 5.16 indicates a mean ARA ATE quantity of .1970 nm and a one-

sigma of .18?5 nm. The resulto of th, ARA AS[ qujit.ifie show, ,i moan

value of -. 1054 nm and a one-siqma of .48 3 ill. Ih d'I at W( ' Ill(EIdatfd

from a sample size of 952 data points or I/ appjro,ih seint -i,.
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Table 5.16 NAFEC ARA Bendix RDR-1400A Beacon With Cursor
Airport Approaches Error Analysis Log And
Statistical Summary

- (nm) a (nm) Data Points Approach Segments

ARA ATE

Long .1724 .1548 524 5
Short .2271 .2077 428 12
Total .1970 .1825 952 17

ARA ASE

Long -.2079 .6115 524 5
Short .0200 .2002 428 12
Total -.1054 .4863 952 17

FTE

Long .4744 .9320 524 5
Short -.0083 .3187 428 12
Total .2574 .7623 952 17

TSCT

Long .2665 .7194 524 5
Short .0118 .2186 428 12
Total .1520 .5676 952 17

IDENTIFIER RWY True Heading Segment

8/2/79 AM-1 26 252 Long
8/2/79 AM-2 26 252 Short
8/2/79 AM-3 08 72 Long
8/2/79 AM-4 08 72 Short

8/2/79 AM-5 Initial 26 252 Long

8/2/79 AM-5 Final 08 72 Short
8/2/79 AM-6 Initial 26 252 Short
8/2/79 AM-6 Final 08 72 Short
8/2/79 AM-7 Final 26 252 Short

8/2/79 PM-l 26 252 Long
8/2/79 PM-2 Initial 26 252 Short
8/2/79 PM-2 Final 08 72 Short
8/2/79 PM-3 Initial 08 72 Short
8/2/79 PM-3 Final 26 252 Short
8/2/79 PM-4 Initial 08 72 Short
8/2/79 PM-4 Final 26 252 Short

8/6/79 -l 08 72 Long
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Table 5.17 presents the results of the ARA testing at the airport

site in the single beacon mode (Section 5.3.1, Reference 1). The error

analysis log and statistical summary reflect only the long and short

segments so that a direct comparison could be established. The offset

segments were omitted from the totals because there were no offset

approaches flown during the beacon with cursor testing.

Table 5.17 shows a mean ARA ATE value of .1168 nm and a one-sigma

of .1804 nm for all of the approach segments flown. The ARA ASE quantities

shows a mean and one-sigma value of -.0554 and .4715 nm, respectively.

These values compare quite favorably with the ATE and ASE values presented

in Table 5.16. In fact, for the Bendix Radar System, in general regardless

of the operatiunal mode the Airborne System errors have been well within

acceptable limits.

The FTE quantities indicated in Table 5.16 (beacon with cursor) shows

a total mean value of .2574 nm and a one-sigma of .7623 nm. Table 5.17

shows that the total mean and one-sigma quantities are .6279 nm and 1.4361 nm,

respectively. A reduction of .37 nm in the mean quantity and .67 nm in the

one-sigma quantity is evident from these results using the cursor technique

during the approach. The cursor technique offers the pilot an immediate

indication of track angle error. With this the pilot can determine his drift

angle and course orientation. The cursor eliminates the "second-quessinq"

involved in determining track orientation, therefore, reducing the tendency

to "home" to the station. In effect it gives the radar "nrnidirortinnal'

capabilities.

The TSCT quantities presented in Table 5.16 showed a mean value of

.1520 nm and a one-sigma of .5676 nm for all of the approach segments

flown. Table 5.17 indicates a total mean TSCT quantity of .57?5 nm and

a one-sigma of 1.3593 nm. The Total System Cross Track error were

reduced by .42 nm in the mean value and by .79 nm in the one-,i(pma (uarIt itv.

The procedure turn executed during the single beacon testing induc(ed some

initial errors (see Reference 1 for details), but the pilot still had a

tendency to "home" to the station without the aid of the cursor. Later,

in this subsection a case will be presented where the aircraft was

intentionally offset to a predetermined position so a, to duplic-ate the

initial conditions given to the pilot in an earlier approach. A d ircI

comparison of the approaches will show that with th, aid of the (,Ire,,r

the pilot was a le to 1C(IUil'e the intended tr,i k in a short l'ie i, l ,

n11t and tl dir k I Iv to the betl( 1 .



Table 5.17 NAFEC ARA Bendix RDR-1400A Beacon Mode
Airport Approaches Error Analysis Log
And Statistical Summary

x (nm) o (nm) Data Points Approach Segments

ARA ATE

Long .1209 .2349 263 4
Short .1131 .1112 294 7
Total .1168 .1804 557 11

ARA ASE

Long .0168 .6336 263 4
Short -.1200 .2324 294 7
Total -.0554 .4715 557 11

FTE

Long .8908 1.9144 263 4
Short .3927 .7203 294 7
Total .6279 1.4361 557 11

TSCT

Long .9076 1.8025 263 4
Short .2727 .6402 294 7
Total .5725 1.3593 557 11

IDENTIFIED RWY True Heading Segment

11/03/78 -1 Initial 26 253 Long
11/03/78 -3 Initial 08 073 Long

12/13/78 PM-1 Initial 26 253 Long
12/13/78 PM-l Final 08 073 Short
12/13/78 PM-2 Initial 26 253 Short
12/13/78 PM-2 Final 08 073 Short
12/13/78 PM-3 Initial 08 073 Long
12/13/78 PM-3 Final 26 253 Short

12/14/78 -4 Initial 08 073 Short .

12/14/78 -4 Final 26 253 Short
12/14/78 -5 26 253 Short r
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Tables 5.18 and 5.19 summarizes in statistical quantities the Airborne

Radar Approach test data at one nautical mile intervals, starting at

ten (10) nautical miles. The quantities in Table 5.18 reflect data

collected in the single beacon with cursor mode and the data in Table 5.19

shows data obtained in the airport single beacon mode testing. The

quantities in both tables were collected in both linear and angular

terms, for both long and short segments. The angular FTE beacon with

cursor quantities presented in Table 5.18 showed a mean value of -2.3

degrees and a one-sigma of 10.9 degrees at one nautical mile. The angular

mean and one-sigma TSCT beacon with cursor quantities at one nautical mile

are -.33 degrees and 10.6 degrees, respectively. At one nautical mile in

Table 5.19 the FTE single beacon mean is 4.3 degrees and the one-sigma

value is 37.7 degrees. The large one-sigma FTE can be attributed to

the fact that on three of the approaches the pilot missed the target by V

.8 of a nautical mile. The TSCT angular quantities in the single beacon

mode at one nautical mile shows a mean value of 4.0 degrees and a one-

sigma of 34.8 degrees. The FTE and TSCT angular quantities indicated in

Table 5.18 are considerably smaller than those presented in Table 5.19,

between one and three nautical miles for both the mean and one-sigma values.

The smaller angular quantities indicated in Table 5.18 once again prove

that the cursor technique affords the pilot the ability to track to the

beacon with good accuracy and repeatability.
The linear error quantities in Tables 5.18 shows a mean TSCT value

of .00 nm and a one-sigma of .19 nm at one nautical mile. The FTE

beacon with cursor linear quantities indicates a mean value of -.04 nm

and a one-sigma of .19 nm, again at one nautical mile. Table 5.19 shows

an increase in the TSCT and FTE linear quantities, where the TSCT mean

and one-sigma values are .07 nm and .70 nm, respectively, and the FTE

mean and one-sigma value are .08 nm and .77 nm, respectively. At

seven (7) nautical miles Table 5.19 shows a mean TSCT linear quantity of

.40 nm and a one-sigma of 1.26 nm. The FTE quantities at seven (7)

nautical miles in Table 5.19 indicates a mean value of .50 nm and a

one-sigma of 1.30 nm. Other linear TSCT and FTE beacon with cursor

quantities presented in Table 5.18 show that the quantities are consistently

small. The ATE and ASE quantities presented in both tables are consistently

small at all range intervals.
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Table 5.20 summarizes the mean and one-sigma Letdown Error (LDE)

quantities obtained during the single beacon with cursor approach

testing conducted at the airport site. These values quantify the ability

of the pilot to utilize the ARA system to define and identify a step-

down fix. Table 5.20 represents values sampled at the 5.0 nautical mile

Initial Approach Fix (IAF) and at the 2.0 nautical mile Final Approach

Fix (FAF). The profiles shown earlier in Section 4.2 indicate that at

the IAF the pilot initiated a descent from 1000 feet to 500 feet and at

the FAF he initiated a descent from 500 feet to 200 feet. The error

quantities were determined by correlating the airborne radar's indicated

approach fix position with time. Next, using the EAIR tracking data

printout it was then determined when a descent was actually initiated and

this time was noted. Then this time was correlated with the airborne

data and the indicated beacon position noted. The difference between

displayed distance and the prescribed letdown point was then computed.

(Distance to the target was computed as positive). The mean value at the

IAF shows that the pilot initiated his descent .09 nm before passing the

fix. The one-sigma value at the IAF was .54 nm. The mean value at the

FAF shows that the pilot started his descent .09 nm before passing the

fix with a one-sigma value of .22 nm. It is interesting to note that

the values are similiar in magnitude and of the same sign, indicating

that at the IAF and FAF the pilot anticipated his position. The single

beacon airport LDE quantities (Reference 1 - Section 5.3.1) showed that

at the IAF the pilot started his descent .36 nm after passing the fix.

At the FAF the pilot started a descent .18 nm after passing the fix in

the airport single beacon testing. It should be noted that during the

single beacon testing the FAF was at 1.5 nm instead of 2.0 nm. This

change was implemented so that the pilot could have more time to establish

his final airspeed (50 Kts.), altitude (200') and crab angle. Since

during the cursor testing the pilot started his descent slightly before

reaching the fix this indicates that the decrease in workload afforded

by using the cursor allowed the pilot to concentrate more on his along

track position and utilize the radar for more accurate approach fix

identification.
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Table 5.20 Beacon With Cursor Letdown Error Quantities

Approach Error Maqni tudes

Position Mean I-1I
nim nm

IAF
(5.0 nm Fix) -. 0911 .5368

FA F
(2.0 nm Fix) -. 0908 .2207

Figure 5.16 summarizes in graphical form the Total System Error of

all the approaches flown at the airport site in the beacon with cursor

mode. The plot shows that outside of ten (10) nautical miles the maximum

deviation from intended track is -4.2 nm. This approach has a large

initial error because on this particular approach the aircraft was initially

intentionally offset from the intended track. Figure 5.17 presents

the approach which was flown in 3 November 1978 during the single beacon

approach testing at NAFEC. The initial approach position of this approach

was computed so that the aircraft could be vectored to this position by

ATC. From this position the approach was initiated using the cursor

technique, to prove that when the cursor is utilized the tendency to

"home" to the station is eliminated. Figure 5.17 shows that without the

aid of the cursor the pilot had difficulity in acquiring the intended

track and tracking inbound along the desired course. Figure 5.13

shows that with the aid of the cursor the pilot quickly identified his

relative course position and then flew directly towards the intended

course and tracked the beacon inbound with good precision. The segments

presented in Figure 5.17 and 5.18 are initial segments of the overhead

straight procedure.

Between ten (10) and five (5) nautical miles Figure 5.16 shows a

maximum deviation from intended course of -1.0 nm. This quantity is well

within the four (4) nautical mile airspace requirement established by

the RTCA SC-133 MOPS. Inside of five (5) nautical miles the maximum

deviation from intended course is -.8 nim, which aqdin is within the

required airspace limits of 1.7 nm at the Missed Approach Point (MAP)

set by the RTCA SC-133 MOPS.
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Figure 5.19 summarizes in graphical form the Total System Error

of all the approaches flown in the single beacon mode at the airport

site. The plot shows that between five (5) and ten (10) nautical miles

from the beacon the maximum deviation from intended track is -2.5 nm.

This deviation is 1.5 miles greater than -1.0 nm deviation shown in the

same range interval in Figure 5.16, utilizing the cursor technique.

Within five (5) nautical miles the maximum deviation from intended course

is -1.3 nm, which is .5 nautical miles greater than the beacon with

cursor plot indicates within five (5) miles. All of the approaches in

Figure 5.19 indicate a tendency to "home" to the station whereas

Figure 5.16 shows no such tendencies.

Figures 5.20 and 5.21 are plots of Flight Technical Error (FTE) vs.

distance along the desired track, for all the approaches flown at the

airport site in the single beacon and single beacon with cursor modes.

Figure 5.20 shows that outside of ten (10) nautical miles the largest

FTE beacon with cursor quantity indicated is -2.Onm. The large -7.5 nm

quantity at 22 nm is a result of the intentional offset approach executed

during this phase of testing. Figure 5.21 shows numerous large error quan-

tities outside of ten (10) nautical miles. These large FTE single beacon

error quantities can be attributed to two things; inadequate initial course

acquisition procedures and the pilot having a tendency to "home" to the

station. Between five (5) and ten (10) nautical miles the maximum error

indicated in Figure 5.20 is -1.7 nm and within five (5) miles the

maximum FTE beacon with cursor error shown is -1.5 nm.

Figures 5.22 and 5.23 are plots of ARA Airborne System Error (ASE).

Figure 5.22 presents the aggregate ASE quantities for the single beacon

with cursor approach testing conducted at the airport site. Figure 5.23

presents the aggregate ASE quantities for the single beacon testing

conducted durinq the period from October 1978 to December 1978 at the

airport site (Reference 1). The ASE quantities shown in both figures

are relatively small in comparison to the TSCT and FTE quantities shown

in earlier figures. Most of the Airborne System Errors lie within a ,2 nm

region. Large spikes indicated on both plots are due to a rapid change in

aircraft heading without the radar display having time to update. As

mentioned earlier the ASE quantities for all areas of testing( are quite

small, proving the radar system offers good ac((curacy and repoatahilit.v.
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Figure 5.24 presents histograms of ARA TSCT, FTE, ASE and ATE for

all of the single beacon with cursor approaches flown at the airport site.

Only data within ten (10) nautical miles of the beacon is included. The

FTE and TSCT distributions appear almost normal although both show a

slight skewness to the right. The ASE quantities appear normal while

the ATE quantities appear skewed to the right. Figure 5.25 presents

histograms of ARA TSCT, FTE, ASE and ATE quantities in the single beacon

mode. Again the TSCT appears normal, but the FTE quantities appear skewed

slightly to the right. The ASE distribution appears to be skewed to the

left and the ATE distribution appears skewed to the right.

5.3.4 Airport Site: Performance Enhancement In The Beacon Mode Usinq
The Multiple Beacon Technique

The multiple beacon testing was conducted in the NAFEC terminal

area utilizing two longitudinally spaced beacons. The beacon spacing

was entered as a control variable in the testing with the first or near

beacon being placed on the runway threshold. The near beacon was used

as the pilot's primary means of navigation while the second beacon was

utilized for track orientation purposes. Although not known during the

test period it was later discovered that the radar system STC was not

properly adjusted. This maladjustment caused increased workload for

the pilot because frequent gain adjustments were necessary and quite

often the beacon return was splayed over the entire azimuth of the

screen making navigation impossible. As mentioned in Section 4.2

numerous flights were flown but only those approaches where the splaying

was considered to be at a minimum were recovered. Also, as mentioned

earlier on two flights flown on 2 February 1979 a 3dB attenuator was utilized

on the near beacon to help reduce the splaying experienced earlier in the

testing. Prior to attenuation, when the gain was adjusted to make one

beacon a reasonable size the other beacon became either too large in

azimuth to use for navigation or disappeared completely.

Table 5.21 summarizes the results of the ARA testing conducted in

the multiple beacon mode at the airport site. The statistical summary

of error quantities in the table presents the mean values, standard

deviations, number of data points and number of approach seqments for

four error quantities: ATE, ASE. FTE and TSCT. Table 5.?l show, in the

ARA ATE case that the riean value is .0975 nmn and the one-sigma value is

5 -66
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Table 5.21 NAFEC ARA Bendix RDR-1400A Multiple Beacon
Airport Approaches Error Analysis Log And
Statistical Summary

x (nm) o (nm) Data Points Approach Segments

ARA ATE

Long .0603 .1771 391 4
Short .1163 .1154 775 11
Total .0975 .1416 1166 15

ARA ASE

Long -.3476 .4180 391 4
Short -.1559 .3520 775 11
Total -.2202 .3861 1166 15

FTE

Long .1011 .9930 391 4
Short -.0859 .4774 775 11
Total -.0232 .6995 1166

TSCT

Long -.2466 .8685 391 4
Short -.2418 .3991 775 11
Total -.2434 .5986 1166 15

IDENTIFIER RWY True Heading Segment

1/19/79 -l 13 118 Long
1/19/79 -2 13 118 Short
1/19/79 -3 13 118 Short
1/19/79 -4 13 118 Short

2/5/79 AM-I 13 118 Long
2/5/79 AM-2 13 118 Short
2/5/79 AM-3 13 118 Short
2/5/79 AM-4 13 118 Short

2/5/79 PM-i 13 118 Long
2/5/79 PM-2 13 118 Short
2/5/79 PM-3 13 118 Short
2/5/79 PM-4 13 118 Short

8/7/79 -l 13 118 Long
8/7/79 -2 13 118 Short
8/7/79 -3 13 118 Short
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.1416 nm for all of the data points collected. These values correlate

closely to those ATE values indicated in the airport signle beacon

testing (Table 5.17 - Section 5.3.3). Table 5.17 presented an ARA ATE

mean of .1168 nm and a one-sigma of .1804 nm. Table 5.21 shows a mean

and one-sigma value in the ASE case of -.2202 nm and .3861 nm, respectively.

Table 5.17 showed a mean ARA ASE mean value of -.0554 nm and a one-sigma

of .4715 nm. The multiple beacon ARA ASE values are somewhat larger than

those previously seen in other test areas because of the beacon splaying

encountered during the multiple beacon testing.

The Flight Technical Error (FTE) quantities indicated in Table 5.21

showed a total mean value of -.0232 nm and a one-sigma of .6995 nm. These

results were obtained from a very large sample size (1166 data points).

Table 5.17 showed a mean total FTE quantity of .6279 nm and a one-sigma

of 1.4361 nm. These Multiple Beacon Approach quantities indicate a

reduction of .6 nm in the mean value and a reduction of .74 nm in the

one-sigma value. The TSCT error quantities presented in Table 5.21 showed

a mean value of -.2434 nm and a one-sigma of .5986 nm. These quantities

indicate a decrease of .33 nm in the mean value for all of the approach

segments when compared to the single beacon quantities presented in

Table 5.17.

Table 5.22 summarizes in statistical quantities the Airborne Radar

Approach Multiple Beacon test data at one nautical mile intervals,

starting at ten (10) nautical miles. As before the quantities are

presented in both linear and angular terms. The FTE angular quantities

at one nautical mile show a mean of -.21 degrees and a one-sigma of 14.2

degrees. The TSCT angular quantities at one nautical mile show a mean

value of .25 degrees and a one-sigma value of 12.8 degrees. Table 5.19

(Section 5.3.3) presented the one nautical wile statistical data for the

single beacon mode testing. The multiple beacon data showed a marked

decrease of 23.5 degrees in the one-sigma quantity and a decrease of 4.1
degrees in the mean value. The multiple beacon linear FTE quantities in

Table 5.22 show a mean value of -.0037 nm and a one-sigma of .2532 nm at r
one nautical mile. The one nautical mile linear TSCT quantities show a

mean value of .0043 nm and a one-sigma of .2276 nm. Both ISCT and VIL

means in Table 5.? at one nautical i ile are virtually zero 0' ,poi t

those TSCT and FTE means shown in Table 5.19 where the quantities indicated
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are .07 nm and .08 nm, respectively. The FTE quantities indicated in

Table 5.22 are consistently small at all range intervals out to ten (10)

nautical miles. The linear multiple beacon TSCT values are also small

but tend to increase as the distance from the beacon increases. For

example, the linear TSCT mean value at ten (10) nautical miles is -.63 nm

and the one-sigma value is .60 nm. The linear FTE and TSCT quantities

indicated in Table 5.19 for the beacon only mode testing are consistently

larger than those shown in Table 5.22. The ASE linear quantities presented

in Table 5.22 are slightly larger than those shown in Table 5.19. For

example at ten (10) nautical miles the multiple beacon ASE mean is -.73 nm

and the single beacon ASE mean is -.15 nm. The ATE values indicated in

Table 5.22 once again are consistently small.

Table 5.23 presents the Letdown Error (LDE) quantities for the

multiple beacon testing conducted at the airport site. The LDE quantities

determine the ability of the pilot to utilize the ARA system to define

and identify a step-down fix. As shown earlier the LD[ quantities are

sampled at two approach fixes, that is the 5.0 nautical mile IAF and

the 2.0 nautical mile FAF. The mean value at the IAF shows that the

pilot initiated his descent .05 nm before passinq the fix. The imean

value at the FAF shows that the pilot initiated his descent from 500 teet

to 200 feet .08 rim after passing the fix. Th , un,-;,iqma value' , are .31 rnl

and .15 nm, respectively. In the multiple beacon case the pilot at

the 2.0 mile fix started his decent after uassinq the fix as was the case in

the single beacon testing.

Table 5.23 Mul tiple Beacon Lertdown Error Quantities

Error Ma nitudes

Approach Mean 1

Pn, i t ion nm nr:I
IAF

(5.0 nm Fix) .

FAF0 1 IF Fix C) 750 .1 505(2'.0 un fix)

i I:



Figure 5.26 summarizes in graphical form the Total System Cross

Track Error (TSCT) for the multiple beacon testing conducted at the

airport site. Outside of ten (10) nautical miles the maximum deviation

from intended course is 2.9 nm (at 22 nm along track distance). Between

five (5) and ten (10) nautical miles the maximum deviation from the

desired track is 1.5 nm and within five (5) nautical miles the maximum

error indicated by Figure 5.26 is 1.1 nm. All of the approaches are

flown well within the airspace requirements established by the RTCA

SC-133 MOPS. Compared to Figure 5.19 (single beacon approach TSCT plot,

Section 5.3.3) the approaches in Figure 5.26 at all range intervals show

smaller maximum deviations from intended course. The approaches in

Figure 5.26 show a marked improvement over the single beacon approaches

in terms of track identification and orientation, but because of the

large displayed beacon size it was still difficult to determine a course

correction angle to eliminate the "homing" tendencies. Figure 5.27

presents a plot of the Flight Technical Error (FTE) quantities vs. along

track distance for the multiple beacon testing conducted at the airport

site. This plot can be compared to the FTE single beacon approach plot

(Figure 5.21) seen in Section 5.3.3. Within five (5) nautical miles

Figure 5.27 shows a maximum error quantity of 1.2 nm. In the five (5)

to ten (10) nautical mile interval the maximum error shown is 3.1 nm.

The larger error spikes are often due to the slow update rate of the

radar in conjunction with rapid aircraft heading changes. Outside of

ten (10) nautical miles the maximum error indicated by Figure 5.21 is

-3.2 nm. With the exception of the one spike at nine (9) nautical miles,

the FTE error quantities presented in Figure 5.27 are smaller than those

presented in Figure 5.21. Although the workload during the multiple

beacon approach could conceivably be higher than the single beacon

approach it does seem to offer the pilot some track orientation information,

therefore, reducing TSCT and FTE quantities.

Figure 5.28 is a plot of Airborne System Error (ASE) for the multiple

beacon testing. As seen in all other areas of testing with the Bendix

radar system the system errors are small. The plot indicates that all

of the error quantities are within a #1.8 nm region outside of five (5)

nautical miles and within a -.8 nm reqion within five (5) nauti(.al miles.
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Figure 5.29 presents histograms of the ARA TSCT, FTE, ASE and ATE
quantities for the multiple beacon testing. The data is presented such

t.(it onl data within ten (10) nautical miles is included. Figure 5.29
. , ta' the TSCT distribution appears skewed considerably to the left.

he FTE distribution is skewed only slightly to the left. The system

,-rrors show that the ATE quantities are again close to zero while being

skewed to the left slightly. The ASE quantities appear skewed to the

left as in the TSCT and FTE cases. I
3.5 Offshore Site: Primus-50 Combined Mode Versus The Beacnn-gnlv Mode-

The subsection will compare the results obtained in the offshore ]

(Brandywine Lighthouse) testing utilizing the RCA Primus-50 Radar in

the combined and beacon-only modes. The combined mode offers the unique

capability of interrogating a ground based transponder while at the same

time displaying surrounding skin paint targets. The results are not

intenued to show that one mode is any better than the other in terms

of accLrasy, since both modes use the ground based beacon as the primary

rode cf na i gation.

Table 5.24 summarizes the results of the ARA testing conducted at

the :,ffshore site in the combined mode. The error analysis log and

,,'ar:-,cai summary of error quantities in the table presents the mean

, ,W t dard deviations, number ot data points and number of approach

set;ments for four specific error quantities: ARA ATE, ASE, FTE and TSCT.

Table 5.24 shows in the ARA ATE case that the calculated mean is

.3587 nl; and the one-sigma is .2816 nm for all of the approach segments.

Tne results for the ARA ASE were a total mean value of .1600 nm and a

one-sigma value of .6360 nm. It should be noted that these results were

derived for a large sample size (665 data points).

The Flight Technical Error (FTE) quantities indicated in Table 5.24

showed a mean value of -.0039 nm and a one-sigma of .6448 nm. These

values were obtained from all of the approach segments flown. The TSCT

values ;resented in Table 5.24 show a total mean value of .1561 nm and a

one-sigma value of .4044 nm. The cross track values are very small in

relation to the primary airspace requirements of 44 nm specified in

the MOPS established by RTCA SC-133. All of the values presented in
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Table 5.24 NAFEC ARA RCA Primus-50 Combined Mode
Offshore Approaches Error Analysis Log
And Statistical Summary

_ (nm) a (nm) Data Points Approach Segments

ARA ATE

Long .4617 .3419 344 3
Short .2484 .1249 321 6
Total .3587 .2816 665 9

ARA ASE

Long .4353 .7651 344 3
Short -. 1351 .2072 321 6
Total .1600 .6360 665 9

FTE

Lonj -. 0327 .8396 344 3 F
Snort .0270 .3247 321 6
Total -.0039 .6448 665 9

TSCT

Long .4026 .3300 344 3
Snort -.1082 .2953 321 6
Total .1561 .4044 665 9

IDENTIFIER True Heading Segment

6/26/79 -1 222 Short

6/27/79 AM-I 222 Lonq
6/27/79 AM-2 222 Short

1 /7T1q AM-3 222 Short

6 ' 70 PM-I 222 Long
6'27'79 PM-? 222 Short
6/27 79 PM-3 222 Short

96/9/79 AM-I 222 Long
6/29/79 AM-2 222 Short

r 79

aI



the table are small with the exception of the ARA ATE. This somewhat

larger value is partially attributable to the large target that is

displayed by the Primus-50 in the beacon and combined modes. Range
interpretation is difficult on the part of the operator because of the

large displayed size, but the assumption was made both operationally and

in the data reduction that the return edge closest to the radar apex

represented the correct range to the target. Section 5.4 will present

details of the Primus-50 return size versus range setting.

Table 5.25 summarizes in statistical quantities the ARA test data

at one nautical mile intervals, starting at ten (10) nautical miles in

the combined mode These quantities were calculated in both linear and

angular terms. Starting at three (3) nautical miles the angular FTE

quantities become large. At one nautical mile the FTE angular mean value

is 6.6 degrees and the one-sigma value is 12.9 degrees. The TSCT angular

quantities at one nautical mile show a mean value of 4.4 degrees and a

one-sigma of 11.4 degrees. The angular TSCT two (2) and three (3) nautical

mile quantities show a mean value of 3.1 and 2.6 degrees and a one-sigma

of 8.8 and 8.4 degrees, respectively. The ASE angular quantities indicated

in Table 5.25 are consistently small at all ranges.

The linear errors presented in Table 5.25 are very consistent and

small for the entire range of the approach. The linear FTE quantities

at the one nautical mile point show a mean of .12 nm and a one-sigma of

.23 nm. The TSCT values (at one nautical mile) indicated in Table 5.25

show a mean value of .08 nm and a one-sigma of .20 nm. The TSCT mean

value at all ranges out to ten (10) nautical miles consistently remains

in the .08 nm to .21 nm interval. The ATE values are not as consistent

with a mean value of .12 nm at one mile and a mean value of .34 nm at

ten (10) miles.

Figure 5.30 summarizes in graphical form the total system error for

all the approaches flown in the combined mode at the offshore site. The

plot shows that between five (5) and ten (10) nautical miles from the

beacon the maximum deviation from intended track is -1.0 nm. This

quantity is well within the four (4) nautical route width established

by the RTCA SC-133 MOPS. Withir five (5) nautical miles the maximum

deviation from the intended courso is only .8 nim, which is within the

required airspace limits of '1.7 nn at the MAP set by the RTCA SC-133 MO'S.
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The plot indicates that the pilot once more had a tendency to "home" towards

the station, but in all cases flew directly to the target.

Figures 5.31 and 5.32 are plots of Flight Technical Error (FTE) and

Airborne System Error (ASE) vs. distance along the desired track,

respectively. The error quantities represent all of the approaches flown

at the offshore site. Figure 5.31 shows that between ten (10) and five (5)

nautical miles the maximum FTE error shown is -2.1 nm and within five (5)

nautical miles the maximum error indicated is .95 nm. The maximum error

indicated in Figure 5.31 is 2.5 nm at 17 nm from the beacon. Figure 5.32

shows that between ten (10) and five (5) nautical miles the maximum ASE

quantity shown is -1.3 nm and within five (5) nautical miles the maximum

error quantity indicated is -1.0 nm. The maximum ASE quantity indicated

in Figure 5.32 is -2.8 nm at 17 nm.

Table 5.26 presents the error analysis log and statistical summary

for the offshore site testing conducted in the Primus-50 beacon-only mode.

Table 5.26 is identical in format to Table 5.24 and presents the same four

basic error quantities. The calculated mean in the ARA ATE case shows

a mean value of .3955 nm and a one-sigma of .3071 nm for all of the

approach segments. The ARA ASE quantities show a mean value of -.2908 nm

and a one-sigma of .4218 nm. Both of the mean and one-sigma quantities

just mentioned compare favorably with those seen in the combined mode

for similar error quantities.

The FTE quantities indicated in Table 5.26 show a total mean value

of .5587 nm and a one-sigma of .6935 nm. The TSCT quantities presented

show a mean value of .2680 nm and a one-sigma of .4231 nm. These total

aggregate values are large because only one long segment approach was

flown during this testing and the values indicated in Table 5.26 for

the long segments are slightly larger than usual.

Table 5.27 presents the Primus-50 beacon-only mode statistical error

quantities aggregated at one nautical mile intervals. As shown in

Table 5.25 the quantities are presented in both linear and angular terms.

The angular FTE quantities indicated in Table 5.27 at one nautical mile

show a mean value of -3.4 degrees and one-sigma value of 8.6 degrees.
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Table 5.26 NAFEC ARA RCA Primus-50 Beacon-Only Mode
Offshore Approaches Error Analysis Log
And Statistical Summary

x (nm) a (nm) Data Points Approach Segments

ARA ATE

Long .5932 .4084 173 1
Short .2900 .1546 324 5
Total .3955 .3071 497 6

ARA ASE

Long -.6089 .5457 173 1
Short -.1209 .1774 324 5
Total -.2908 .4218 497 6

FTE

Long 1.2790 .6005 173 1
Short .1741 .3468 324 5
Total .5587 .6935 497 6

TSCT

Long .6701 .3263 173 1
Short .0533 .2922 324 5
Total .2680 .4231 497 6

IDENTIFIER True Heading Segment

6/29/79 AM-3 222 Short
6/29/79 AM-4 222 Short

6/29/79 PM-l 222 Long
6/29/79 PM-2 222 Short
6/29/79 PM-3 222 Short
6/29/79 PM-4 222 Short
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The TSCT angular quantities at one nautical mile show a mean value of -2.1

degrees and a one-sigma of 4.9 degrees. All of the quantities indicated

at ten (10) miles are zero because there was only one data point available

in this interval. The FTE linear quantities presented in Table 5.27 show

a mean value of -.06 nm and a one-sigma of .15 nm at the one nautical

mile point. The largest FTE quantities can be seen at the eight (8)

nautical mile point where the mean and one-sigma values are .57 nm and

.45 nm, respectively. The same can be seen for the linear TSCT values

at the eight (8) nautical mile point where the mean is .34 nm and the

one-sigma is .32 nm. The ATE and ASE linear quantities increase progressively

as the distance from the beacon increases.

Figure 5.33 is a plot of total system error of all the approaches

flown at the offshore site in the Primus-50 beacon-only mode. The long

approach represented in this plot verifies a point made earlier in this

subsection. The approach shows that without the aid of some type of

track orientation technique the pilot has a tendency to "home" to the

station. Outside of ten (10) nautical miles the maximum deviation from

intended course is -1.1 nm. Between ten (10) and five (5) nautical miles

the maximum quantity is -1.0 nm and within five (5) nautical miles the

largest error shown is .6 nm.

Fiqures 5.34 and 5.35 are graphical representations of FTE and ASE,

respectively, for all the approaches flown in the Primus-50 beacon-only

mode. The FTE and ASE values are plotted vs. along track distance to

the target. The FTE plot shows a maximum error quantity of -2.5 nm out-

side of ten (10) nautical miles. Within ten (10) nautical miles the

maximum error shown is -1.4 nm (at seven (7) nautical miles). The ASE

quantities from Figure 5.35 show a maximum error of .8 nm within ten (10)

nautical miles and the largest error shown is -2.1 nm (at 22.5 nm along

track distance). All of the FTE and ASE values in Figures 5.34 and 5.35

are very small which reflects good system quality and good approach

procedures.

Figures 5.36 and 5.37 are histograms of ARA TSCT, FT[, AS[, and Alf

for the RCA Primus-50 combined and beacon-only modes, respectively, The

TSCT distribution presented in Figure 5.36 appears skewed to the left, while

the FTE distribution appears normal. The radar system errors presented in

Figure 5.36 shows that the ATE distribution appear, skewed slightly to the
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right and the ASE distribution appears skewed to the left. The TSCT and

FTE quantities presented in Figure 5.37 appear skewed to the right while

the ATE distribution is also skewed to the right and the ASE quantities

appear skewed to the left.

The data presented in this subsection (5.3) indicated that the

track orientation techniques utilized enhanced the overall ARA performance.

The cursor technique afforded the pilot with better course guidance

therfore, reducing the FTE and TSCT quantities. The cursor technique

proved effective in both the skin paint and beacon modes. The multiple

beacon technique also showed a decrease in the FTE and TSCT quantities

in comparison to the single beacon testing. The RCA Primus-50 testing

showed that in the combined mode because of the large displayed beacon

size close-in surrounding skin paint targets were blocked out. An

operational evaluation will be discussed in Section 5.4 and the results

will be further discussed in Section 6.0, Summary of ARA Performance.

5.4 OPERATIONAL EVALUATION OF THE ARA CONCEPT

Operationally the Airborne Radar Approach (ARA) concept is a

practical solution to navigation where conventional navigation aids are

unavailable. There are certain areas though that need careful consideration

which relate to the operational feasibility of the Airborne Radar Approach

System utilizing various track orientation techniques. First, the ground

based beacon transponders must have an effective backup systew. At

times during this phase of testing and during the single beacon approach

testing the beacons were either inoperative or weak and interiiiittent.

This particular problem caused serious problems especially during the

multiple beacon testing because without some means of beacon identification.

if one beacon is inoperative it is impossible to determine whether o,-

not the displayed beacon is the intended target. Second, the Airborne

System needs to offer more advanced features to reduce the pilot's

workload. The copilot must constantly monitor the gain (especially in

the multiple beacon mode), tilt, range controls and aircraft headink;.

For purposes of reducing crew workload more advanced SewviIivitv Ti;m, 9

Constant (STC) circuitry in the Airborne Radar ' yste,;i or variahle-(;in

beacons are required. It should be noted that the WVf wd' not p-orierlv

adjusted in the Bendix Radar System during lh,, ,1l i , . !"(I, r ' i,.
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This fact was verified by the Bendix Corporation (and an adjustment was

made) before the start of the skin paint, skin paint with cursor and single

beacon with cursor testing. Also, the pilot needs some indication of the

aircraft's actual deviation from intended course. This information was

supplied to the pilot by utilizing the cursor technique and the multiple

beacon technique. It was the purpose of these tests to determine if by

using these track orientation techniques the pilot could fly the intended

course more accurately with a reduction in mental workload.

The Airborne System Error quantities presented in Section 5.3

indicate that the present "State-of-the-art" system is capable of

accurate navigation. The operational problems as related to airspace

lie in two areas: pilot's workload and pilot's interpretation of the

information presented by the radar system. This presentation of information

might include a beacon return, a skin paint return, multiple beacon

returns or a beacon with cursor return. Certainly training and workload

correlate closely together. If the pilot is trained well and understands

the concepts involved in flying the approach, the workload is reduced.

It is certainly obvious that even a trained pilot should not have to be

constantly changing display controls, since this only distracts from his

primary duty of flying the approach safely. Presently the Airborne

~K~,i 3Ystem; return display is adequate, but improvements could be made.

For example the wide tarqet azimuth displayed by the Bendix Radar could be

improved upon. Also, the large return (both in range and azimuth) displayed

in the beacon only and combined modes by the Primus-50 radar certainly

could be improved. The cursor technique implemented by NAFEC on the Bendix

System:i certainly is a major improvement in displayed track orientation infor-

mation. The cursor aiaed approaches as shown earlier in Section 5.3 required

les, airsoace than the non-cursor approaches. The marked reduction in the

FTF and TSCT values is significant.

5.4.1 Landside ATC Integration

LandsideATC integration could offer some interesting problems because

of the items discussed in Section 5.1.3. Although the Airborne System

accuracy is good, some difficulties exist in integrating Airborne Radar

Approaches into the present ATC System. Comparatively speaking, a

tandard NDB approach is the present day non-precision approach equivalent
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to an ARA. With the implementation of the cursor technique it is feasible

to say that the radar offers a weak form of omnidirectional nuidance capability.

This extra course guidance available with the cursor technique positively

impacts airspace requirements. As with any non-nrecision approach

the pilot's proficiency will directly impact the overall accuracy of the

approach.

As shown in Section 5.3, the figures indicate that a 4 nm route

width, as established by RTCA SC-133, will be required for those approaches

that do not utilize any type of track orientation techniques. Figures

presented later in this section relating to airspace requirements will

show that those approaches that utilized track orientation techniques

used considerably less airspace. If an Airborne Radar Approach to a

helipad requires considerable airspace, then the controller will surely

need to consider this fact when vectoring other aircraft in his area,

because this will surely affect the controller's position in assuring

safety to aircraft in this area. The impact of this could potentially be

delays in terminal operations. Airborne Radar Approach procedures also

need to offer sufficient obstacle clearance, depending on the overall

accuracy of the system. if this is the case then PRA altitude minimums

might possibly have to be raised above those of the present day non-

precision approaches.

The procedures utilized for ARA should alo -onsider that, when making

an Airborne Radar Approach, positive navigation is, only available when

flying to the target. This positive navigation -,It also q
5
,

1
-tate the

use of beacons instead of depending strictly on skin ra nt. This could

possibly require that some other navigational aid ',c ,sed to initially

acquire the intended inbound track. At NAFFC , &'iri ni ,he test oroqram

RNAV was used for initia l course acojit ion. Il how that. the

inaccuracy of the RNAV system used offered ,,,e or cour-le acquisition

techniques in the terminal area especially (!urirnl the sin(Ile beacon

testing (Reference 1). This presents aiotnc.r probler to the conlroller.

The controller must then (-onsider that the pilot will he usin(, two

operationally different navigJational aids i ,i'proaO,, both

having different ac, urac e,.  rid difforent pr ,",tWeIr,, to 11ake

tne approach successful. The landside irnter'a t, on )1i :un, Rada

6I



Approaches could present difficulties at first, but in time, when standard

procedures are developed and airborne system features are improved, air-

borne radar could possibly become an integral part of our terminal

navigation system.

5.4.1.1 Airport Terminal Area

The airport site is without question the most important area in

which to consider the ATC integration impact. The airport environment

could produce many traffic and obstacle hazards not found at offshore

sites. In an environnment such as this, many considerations must be recognized

so that the procedures utilized cffer the utmost safety. A major consid-

eration is the airspace required co repeatably fly an Airborne Radar

Approach down to established minimums successfully. This subsection

will present plots of mean, mean ,2-sigma values for four specific error

quantities: TSCT, FTE, ASE and ATE. Also plots of TSCT quantities will

be presented with the airspace boundaries established by RTCA SC-133 64
overlayed.

rigures 5.38 - 5.40 present a graphical representation of the

airport approaches as they relate to obstacle clearance airspace for

three specific test areas: single beacon-only, single beacon with cursor

and multiple beacon, respectively. The primary and secondary airspace

requirements shown are those indicated in the Minimum Operational Performance

Standards (MOPS) established by RTCA SC-133. The Initial Approach Fix (IAF)

and Final Approach Fix (FAF) shown in Figures 5.38 - 5.40 are not the

same IAF and FAF used in the testing procedures. These approach fixes

are the recommended approach fixes established by RTCA SC-733. Figure 5.38

shows that for the ARA single beacon approach testing from the IAF to the

MAP all of the approaches lie within the primary airspace requirements.

Figure 5.39 shows that for the ARA single beacon with cursor approaches,

again from the IAF to the MAP, all of the approaches lie within the

primary boundaries but a comparison between Figures 5.38and 5.39 will

show that the cursor aided approaches were flown with a great deal more

precision. In fact, all of the cursor aided approaches lie within t4.0 nm

requirement. Figure 5.40 presents an airspace requirement plot for the

multiple beacon testing conducted at the airport site. These approaches

also lie within the primary airspace boundaries from the IAF to the MAP.

/NOTE/ *These plots were generated utilizing aggregate data at one
nautical mile intervals.
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The approaches indicated in Figure 5.40 were also flown with great

precision and all lie within airspace boundaries of -2.0 nm between the

IAF and MAP. Reference 2, Terminal Instrument Procedures (TERPS) shows

that for a standard NDB approach primary airspace requirements at the IAF

are ,3 nm. Figure 5.38 (single-beacon approaches) indicates that the

approaches flown also lie inside of a +3 nm airspace region, in fact they

lie within an airspace region that is ±2 nm.

Figures 5.41 - 5.43 are graphical representations of Total System

Cross Track Error (TSCT), Flight Technical Error (FTE), Airborne System

Error (ASE), and Along Track Error (ATE). The mean value and mean ±2-

sigma values are plotted vs. distance to the beacon starting at ten (10)

miles. The significance of these figures is strictly with reference to

airspace requirements. Figure 5.41 indicates that for the single beacon

approaches the TSCT, FTE, ASE and ATE mean '2-sigma values are virtually

constant with range from the beacon, converging only slightly in the

ASE case as the target is approached. It is suprising to note that the

TSCT and FTE mean '2-sigma values are constant when in fact they should

converge as the target is approached. Figure 5.42 indicates that for

the beacon with cursor approaches the TSCT, FTE and ASFI mean +2-sigma

values converge as the target is approached, while the ATE values remain

constant. The same facts are evident for the multiple beacon TSCT, FTE,

ASE and ATE values indicated in Figure 5.43. Figures 5.43 does show

that in the TSCT case the mean '2-sigma error quantities stay virtually

constant between eight (8) and three (3) nautical miles. The FTE and

ASE quantities as mentioned earlier converge as the target is approached.

With the above facts in mind two conclusions can be drawn. First,

the approaches flown utilizing the track orientation techniques require

less airspace especially as the target is approached. Second, testing

to date on Airborne Radar Approaches indicates they would work well in

the non-precision approach environment. The procedures would necessitate

little ATC structural change to integrate the ARA approaches at airport

sites into the present system. But as mentioned earlier in Section 5.4.1,

unless the approach is straight in, i.e., no holding patterns are,

required, etc., some other means of navigation is required to (i(qiuiyt

the IAF. If two sets of procedures are required then complications set

in that involve both the pilot and controller. ARA is a viable concept

that with careful consideration can integrate with the present ATC system.
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5.4.2 Offshore ATC Procedures

Offshore ATC procedures utilized will be quite different from the

landside procedures. These offshore targets typically consist of prominent

surface objects such as oil rigs, lighthouses, and buoys, or beacons placed

on these targets. Since the targets are so far offshore, conventional

navigation aids are virtually non-existent with the exception of NDB's

located on some oil rigs. The airborne radar system is a low cost, depend-

able answer to the situation.

The ATC procedures utilized would basically consider two items: first,

obstruction clearance, which is very important to the operator who flies

to a cluster of oil rigs and wants to execute an approach, and second, what

weather minimums are necessary to safely conduct the approach in the

presence of surrounding oil rigs, ships or lighthouses. Figures 5.44 - 5.48

present in graphical form the ARA offshore approaches as they relate to

obstacle clearance. The test areas presented in Figures 5.44 - 4.48 are as

follows: single beacon-only, skin paint, skin paint with cursor, Primus-50

combined mode and Primus-50 beacon-only mode, respectively. Figure 5.44

presents the airspace plot for the single beacon approach testing. The

Figure illustrates that within ten (10) nautical miles all of the approaches

lie inside a -2 nm region with the exception of two. Even these two

approaches still iie inside the airspace requirements established by

RTCA SC-133 as represented in Figure 5.44. Figure 5.45 presents the

airspace requirements for the offshore skin paint tests. As indicated

in Figure 5.45 all of the approaches that were flown to the correct

target lie within a 11 nm region, but on twu occasions the pilot flew

to the wronq target taking the aircraft outside of the airspace boundaries.

Figure 5.46 presents the airspace plot for the Skin Paint with Cursor

Approach testing. Between the IAF and MAP all of the approaches flown

lie inside of a ,2 nm route wide, well within established RTCA SC-133

lit. ts. Fi(jures 5.47 and 5.48 presents the airspace plots for the RCA

Primus-5O combined and beacon-only mode testing, respectively. All of

the approaches flown durin2 the Primus-50 test period lie within required

airspace boundaries. All of the approaches flown during the offshore

testinq were within specified limits with the exception of a few skin

cirit aproaches. This only verifies the fact that it is essential to

have some means of positive target identification before the approach
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FT

can be conducted down to minimums safely. Figures 5.49 - 5.53 are graphical

representations of the mean and mean t2-sigma values vs. distance to the

beacon for four specific error quantities. ,hey are as follows: TSCT, FTE,

ASE and ATE. Figure 5.49 indicates that the offshore single beacon mean

+2 sigma values for the TSCT and FTE quantities converge as the beacon is

approached, while the ATE and ASE mean ±2-sigma values are virtually

independent of along track distance. Figure 5.50 shows some mean ±2 -

sigma results that are different than those seen in previous figures of

this nature. Figure 5.50 indicates that the skin paint TSCT mean ±2-

sigma values are virtually independent of range with some values converging

at one (I) nautical mile and also converging at ten (10) nautical miles

because of the lack of data points available. The FTE and ASE mean ±2-

sigma values indicated in Figure 5.50 converge as the target is approached

while the ATE values start to diverge at four (4) nautical miles from the

target. Figure 5.51 presents the mean ±2-sigma results for the skin paint

,ith cursor mode testing. The TSCT mean ±2-sigma values converge as the

distance to the beacon decreases and the FTE values converge and diverge at

varying distances from the target. The ATE values behave similiarly to the

FTE values while the ASE values in Figure 5.51 converge as the target is

approached. Note, the values plotted in the skin paint mean, mean ±2-sigma

plots do not include those approaches flown to the wrong target. Figures 5.52

and 5.53 presents the mean values and mean ±2-sigma values for the RCA

Primus-50 test period. On both figures the TSCT and FTE mean ±2-sigma values

behave similarly, that is, both sets of quantities remain virtually constant

as the beacon is approached, converging only slightly close-in. Figure 5.52

shows that the combined mode mean ±2-sigma values for the ASE case converge

as distance to the beacon decreases and the ATE quantities appear to be

independent of range. Figure 5.53 shows that the beacon-only mode ASE and

ATE mean -2-sigma quantities are virtually independent of range with only a

slight convergence in certain areas.

Table 5.28 presents the RCA Primus-50 beacon return area statistics.

This table is presented to show the relative area covered on the radar

szcreen by the RCA Primus-50 return. The quantities show that at the 75

,,iutical mile range setting a mean area of 20.25 nmn' is covered by the

',,,on return. At the ten (10) nautical mile setting a mean area of 7.7 nm;'

w,)vred and at the two (2) nautical mile setting an area of .06 nm2 is
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blocked out by the Primus-50 return. These quantities are quite

significant because in the combined mode, with the range selector

set on 2.0 nm, skin paint targets within a 840 foot radius circle

are not visible on the radar screen because of the large beacon

return displayed. Since such a large area is covered by the return,

obstacles close to the target are not displayed on the radar screen,

therefore, offering no obstacle clearance information.

Table 5.28 RCA Primus-50 Beacon Return Area Statistics

Range Selector Mean One-Sigma Number Of Points
Setting (nm) (nm)

75 20.25 16.66 43

25 7.70 2.74 448

10 .43 .15 498

4 .14 .05 277

2 .06 .03 149

When flying to an offshore site the most critical stage of the

approach is near the missed approach point. The missed approach procedures

utilized will need to be executed in a direction that will direct the air-

craft well clear of any obstacles. Since a cluster of oil rigs are usually

situated so that 6-8 rigs lie very close to each other, operating in the

skin paint mode might offer confusion to the pilot as to which oil rig

to select for landing as shown by earlier examples. If operating in the

beacon mode, a discrete return would be displayed at the landing site.

This discrete target concept offers the pilot reassurance and establ i,,hes

confidence durinq the final stages of the approach. For reliable mi'sed

approach procedures the pilot must he familiar with the formation of the

cluster so he can choose the safest missed approach pro(:edure a(cordinq

to his direction of flight. ARA for offshore us(, i, very pra,.Iical. It

offers navigation where other naviqational aids art, unavailablo and it

offers the ability to display surface object.. av, well a, discrete beacons.
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6.0 SUMMARY OF ARA PERFORMANCE

This section summarizes the technical and operational performance

of the Airborne Radar Approach (ARA) System. This summary includes

the testing performed in the skin paint, skin paint with cursor, single

beacon with cursor, multiple beacon, combined and beacon-only approach

modes.

6.1 TECHNICAL PERFORMANCE

The technical performance objectives stated below are in response

to the RTCA SC-133 "Minimum Operational Performance Standards" (MOPS)

requirements. This is a summary of the quantitative data presented in

detail in Section 5.3.

6.1.1 Range Performance

The beacon testing conducted utilizing various track orientation

techniques showed basically the same range performance results obtained

during the single beacon testing (Reference 1). That is, testing utilizing

the Bendix Radar System showed a maximum acquisition range of 21 nm at

an altitude of 1000 feet with the beacon at around level. During the

offshore RCA Primus-50 testing the beacon was situated approximately

thirty feet from the water's surface, which allowed a consistent maximum

acquisition of 35 nm at 1000 feet altitude. The minimum ranqe at which

the beacon could be tracked and displayed for both systems was .7 nir at

200 feet. These results were both qualitatively and quantitatively

determined from the data collected during the track orientation techniques

and RCA Primus-50 testing. No attempt was made during these tests to

specifically determine the range performance during adverse weather

conditions such as precipitation.

The offshore skin paint tests showed that since the lighthouse

presented a target of such large radar cross section (approximately

100,000 m") against a relatively low clutter ba(rJround thot it was

almost always displayed at a range of 20 nm and an altitude of 1000 feet.

However, the lighthouse target was virtually iri, i rr,;ui ,ha, e ' , the

targets presented by nearby ships and was often unidentifiable until

visual contact was established.

6-1



K

6.1.2 Bearing Accuracy

Table 6.1 presents the Airborne Radar Approach System bearing

accuracy data for both the Bendix RDR-1400A and the RCA Primus-50 radar

systems. The Bendix Airborne Radar Approach System was determined to have

a mean accuracy in bearing with which a beacon return can be displayed

of .56 degrees and a one-sigma of 3.1 degrees at five (5) nautical miles

from the beacon. The bearing accuracy data presented in Table 6.1 for

the Bendix ARA System in the skin paint mode showed a mean value of 3.7

degrees and a one-sigma of 5.4 degrees at the five (5) nautical mile

point. The RCA Primus-50 radar system was determined to have a mean

accuracy in bearing with which a beacon return can be displayed of -. 15

degrees and a one-sigma value of 2.0 degrees at five (5) nautical miles.

Data is also presented in Table 6.1 at ten nautical miles for the three

above mentioned areas. SC-133 requires an accuracy of ±30 at all ranges.

Table 6.1 Airborne Radar Approach System Bearing Accuracy Data

Distance Bendix RDR-1400A Bendix RDR-1400A RCA Primus-50
ToBo Beacon Mode Skin Paint Mode Beacon & Combined

Beacon Mode

x(Deg) I la (Deg) x(Deg) lo (Deg) x(Deg) *1- (Deg)

5 nm .56 3.1 3.7 5.4 -.15 2.0

10 nm -3.3 6.1 3.3 3.8 .98 3.5

6.1.3 Display Readability

No specific tests were performed in this area. Qualitative observ-

ations showed that in direct sunlight the display was washed out, making

it totally unreadable. In other forms of intense lighting the display

readability was degraded but still could be resolved.

6.1.4 Display Resolution

Display resolution is inherently a system design characteristic,

therefore, data obtained was to the same degree subjective in nature.

As shown in Section 5.5 of Reference 1, a target width analysis of the

Bendix Radar System showed a mean value of 13.2 degrees and a one-sigma
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of 4.1 degrees. These values were obtained for all of the approaches

flown during the single beacon testing. The RCA Primus-50 target area

analysis showed at mean value of 7.7 nm ' and a one-sigma of 2.74 nm:

at the 25 nm range selector setting. At 2 nm range selector setting

the target area analysis showed a mean value of .06 nm' and a one-sigma

of .03 nm2. It determined that even though the target displayed would

have perferably been smaller, qualitatively it appears that the displayed

size did not greatly affect the pilot's interpretation of the radar display

for either system tested. It was, however, difficult for the pilot to

identify laterally separated multiple beacons, while longitudinally

separated multiple beacons could be distinguished at a 5000 foot spacing.

6.2 OPERATIONAL PERFORMANCE

This subsection will describe the operational performance of the

ARA system using various track orientation techniques. The purpose of

this subsection is to respond to the operational performance objectives

stated in Section 3.0.

6.2.1 Beacon/Ground Cl1 Ler Discrimination

The combined beacon/ground mapping mode of operation offers two very

important features; a) positive target identification, and b) obstacle

clearance. The RCA Primus-50 was utilized for the combined mode testing

phase. During the test period it was found that I maJnr operational

problem exists in the concert of the combined mode. The probler

stems from the large beacon return that is displayed. The area covered

by the return does not allow for any obstacle clearance within the

immediate area of the intended target.

6.2.2 Offshore Taret Discrimination

It was discovered during the of'shire skin paint testing that while

executing approaches to the lighthouse it was often times difficult to

distinguish between ships and the lighthouse. On two occasions the

wrnng target was identified and tracked down to minimums. Ihi,, lack (it

positive target identification could pose some very serinus problem%

while executing an approach to an offshore site.
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6.2.3 Cursor Interpretation

The use of an electronically generated cursor which obtains its input

directly from HSI course selection proved very effective during the flight

test program. Results showed that the cursor helped to decrease the

Total System Cross Track (TSCT) and Flight Technical Error (FTE) quantities

markedly. Results also indicated that the cursor aided approaches were

conducted under conditions of decreased workload. The cursor technique

provides the operator with orientation guidance relating to aircraft

position and heading, desired course, and target location.

6.2.4 Performance In The Skin Paint And Skin Paint With Cursor Modes

The Bendix RDR-1400A radar system performed well in the skin paint

and skin paint with cursor modes. As mentioned earlier the only serious

problem encountered was that of positive target identification, which in

turn creates a very high workload situation. The cursor aided approaches

proved quite effective by reducing the overall TSCT and FTE values. The

displayed target size was large, as was the case in previous testing, but

the size did not present any operational problems.

6.2.5 Performance In The Singe Beacon With Cursor Mode

Results in Section 5.3.3 indicated that the beacon with cursor tests

proved very sucessful. The track orientation guidance provided by the

generation of the cursor on the radar screen afforded the pilot a decreased

workload situation and better track guidance. Plots presented in Section

5.3.3 show that the tendency to "home" to the station is eliminated with

the use of the cursor. A comparison between the single beacon testing

conducted earlier showed a large decrease in the TSCT and FT[ quantities,

while the ASE and ATE values continued to remain small. The ASE and AIL

values reflect a system accuracy that is quite qood, which also correlates

to the qualitative assessment of the system.

6.2.6 Performance In The Multiple Beacon Mode

This mode of operation allowed the pilot to determine course error by

creatinq a mental image of the track ang le (or mr utilizini two Inn,;itudinal iv

separated beacons. Pesul ts indicate that this pHirt. u ar iof I Q ero it'n

does offer an increase in approach accuracy. Quantities indi( ated in

Section 5.3.4 also ".how , ecrf,'.e in the '< ,, ,,ili j, n,'
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those obtained during the airport single beacon testing. It was discovered

though that because the course error is not directly displayed on the

radar screen the mental workload involved in flying the approaches was

greater. Gain control also caused a major problem during this portion

of testing. Later after the completion of the tests it was discovered by the

Bendix Corporation that the STC ws iwpropi1y adjusL-d. This 1 ;aladjustll;ent

caused serious display probleiiis close-in to the target be:auise proper

gain adjustment for one beacon meant that the other beacon was either

splayed across the entire screen or lost completely. Because there is

no means for beacon identification on occasions when one beaon was

inoperative, positive intended target identification was iir.possible.

6.2.7 RCA Primus-50 Combined And Beacon-Only_Mode Performance

The RCA Primus-50 Radar System performed well in the combined and

beacon-only modes. Results presented in 5.3.5 show that the TSCT and

FTE values are reasonably small. Operationally the combined mode

performed well. The test results indicated only one major operational

problem, which stems from the size of the displayed beacon. in the

combined mode the Primus-50 Radar System flashes the beacon return

on and off at one second intervals. This allows the operator positive

target identification, but due to the size of the displayed beacon

skin paint targets in the immediate area are blocked out by the

return. The pilots also indicated during this phase of testing that

the large displayed beacon made navigation difficult at times,

namely in determininq the azimuth (of the beacon relative to zero

azimuth. The heacon.-onlv ri'sults ndicated the ,,a order',, of

magnitudes as the (ombirod mode ro Iult,; for all (i tho krror

quantities computed.
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7.0 CONCLUSIONS

The major conclusions from the operational flight test evaluation

of the Airborne Radar Approach (ARA) system using various track orienta-

tion techniques and operational modes are summarized in tills section.

These conclusions are, by intent, qualitative in nature. The quantitative

results from which these conclusions were reached are summarized in

Section 6.0 and discussed in depth in Section 5.0. These conclusions are

organized to represent a qualitative summary of the detailed evaluation

objectives presented in Section 3.0.

I Skin Paint Mode

1) The Airborne Radar Approach Systens's ability to

distinguish offshore targets such as lighthouses

from ships and other surrounding surface objects

is quite liiiited.

2) Since there is no positive intended target

identificat-on capability, obstacle clearance can

not be assured at approach minimums.

I Combined Mode

1) The combined mode offers the unique capability of

providing obstacle clearance while at the same

time offering positive target identification.

2) The combined mode does offer one serious problem.

Due to the larqe size of tne displayed beacon on

the radar system tes ted, sIin j,aint !tarciets in the

inrediate area are blocked out.

I Cursor Interpretation

1) The cursor technique proved very elfective in

terms of track orientation in both the beacon (nd

skin paint modes.

2) The cursor techniqw aiffoits tnue jiilo . the i'lity

to fly a lrdeter'ied InbOun ,ur', in Lr' l of

o; to Owhe ' I, t il. I, 'i l t!"n

from teo 1 aroc -rdi, fi w n l ' '

for the r-seu o i I(i ,oaQor



3) The cursor offers a very quick and easy course

orientation reference, therefore reducin(j the level

of mental workload involved in flying the approach.

4) The cursor technique is a very low cost solution to

track guidance that can be easily implemented in

the present "state-of-the-art" radar systems.

I Multiple Beacon Mode

1) The multiple beacon technique proved effective in

track orientation while utilizing various longitudinal

beacon spacings.

2) The multiple beacon techniques also showed a decrease in

the TSCT and FTE error quantities over those quantities

calculated in the single beacon mode.

3) Since the beacon targets are not uniquely identified

when one of the ground based beacons becomes inoperative,

positive identification of the intended target is rendered

impossible,

4) More advanced Sensitivity Timex, Constant (STC) circuitry

is required so that multiple beacons are dsplayed at

equal sizes with one gain settingj.

5) The mental workload involved in flying a multiple beacon

approach is higher because the track ancle error is not

directly displayed on the radar screen.

I Beacon Mode vs. Skin Paint Mode Comparison

Operationally both modes of )peration have their nwn specific

problems. The Airborne Radar Approach System is an

operationally viable navigation aid to landin(q. The skin

paint mode offers the ability to ident.ify obstacles that

surround tne landing site, but offers no positive

identification of the site itseli. The beacon mode (n the

other hand offers positive site i enl.ification, but no

obstacle discrimination.
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S General Conclusions

1) The Airborne Radar Systems tested performed
accurately at the airport and offshore sites

in all of the various operational modes.
2) The Airborne Radar Approach System range perfor-

mance is adequate at minimum ranges, but

maximum range performance at 1000 feet altitude

should be improved as regards the requirements
of RTCA SC-133.

3) For both systems tested the Airborne Radar
Approach System bearing accuracy proved to be

very acceptable.

4) The display readability of the Airborne Radar

Approach System is poor under high ambient

light conditions.

5) While large target widths and target sizes
were usually encountered, this did not

affect the operational performance or

display interpretability of the Airborne

Radar Approach System.

6) Unidentified beacon returns caused some
operational problems,

7) The airborne system cross track error was

found to be quite good.

8) Data showed that without the use of some type

of track orientation device the TSCT and FTE

errors reflected the tendency to use ARA as a

homing device rather than a cross track error
"nulling" device.

9) The Airborne System along track error was very

good, again confirming the quality of the

airborne system itself.
10) The nilots utilized for the Airborne Radar

Approach flight test performed very well.
The workload involved in flying the approach

necessitates two crew members, not one.
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