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FOREWORD

Polhemus Navigation Sciences, Inc. was awarded a contract by the National
Aeronautics and Space Administration to conduct a study entitled "Navigation/Traffic
Control Study for V/STOL Aircraft” (NAS-12-2024). The goal of the study was to provide
recommendations to NASA regarding the solution of domestic air traffic control/airborne
navigation problems envisioned for 1975-1985, The program was sponsored by the Naviga-
tion and Guidance Branch, Elecfronics Research Center, Cambridge, Massachusetts.

Mr. J. R. Coonan served as Technical Monitor For NASA/ERC. Principal investigator
for PNSI was Mr. Thomas T. Trexler.

This three~volume final report presents summary results of the NAVTRAC study
covering project activity from August 1969 through March 1969, |t describes a broad-scope
analysis which identifies, from the pilot's viewpoint, the desirable performance characteris~
tics of an advanced navigation/traffic control system for aircrafi operating in an environment
consisting of V/STOL, CTOL-jet, SST, and general aviation aircraft. A number of
recommendations are made for the immediate further research and development of technology
related fo future airborne avionics systems and air traffic conirol. The recommended
development program has a two-fold design objective: validation of the "Flight Plan
Reference/ATC™ concept and verification of the effects of automation on pilot workload.
Recommendations are made for development of fechnology associated with NAV SAT and
ground-based hyperbolic systems. They include: development of a digital software computer
program; man-machine simulation(s) for VTOL and general aviation aircraft; hardware bench
and field tests; and qualification flight fests,

The assistance of the following individuals who coniributed substantially to the
preparation of this document is acknowledged:

Mr. Williom L. Polhemus Operations Consultation

Mr. Donald W, Richardson Engineering Direction

Mr, Linus E, Lensing Technical Editing and Publication
Mr. Edwin McConkey Radio Systems Engineering

"Mr. Eric H. Bolz Radio Systems Error Analysis

Mr, Steven C. Lesak Pilot Workload Studies
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ABSTRACT

The Navigation Traffic Control Study for V/STOL Aircraft (NAVTRACS) develops
recommendations for the further research and development of air traffic control/navigation
related technology. The desived performance characteristics of an advanced navigation/air
traffic control system for the 1975-1985 domestic air transporfation environment are developed
from the cockpit viewpoint, V/STOL, CTOL~jet, SST, and general aviation aircraft are
considered. The advanced system embodies two new concepts: a Flight Plan Reference
System and Limit Logic. The concepts assume the availability of area navigation aids.

Five candidate systems are evaluated: NAVSAT, ground based hyperbolic (Decca, Loran C
and Omega) and rho theta integrated with course line computer.

Enroute, ferminal area and approach and landing requirements are .considered, Area
navigation, in this context, provides two capabilities: required horizontal position infor-
mation for the pilot, and ATC system-required surveillance informafion, To generate the
precision required for approach and landing of carrier aireraft, a differential NAVSAT and/
or ground based hyperbolic capability must-be incorporated into: the system if individual
runway instrumentation is not to be used.

Acceptability of each area navaid is evaluated through use of comparative pilot
workload analysis. For purpese of this study, the pilot workload approach is used fo
determine desired system level(s) of automation. Detailed Fvent Sequence Diagrams which
cover both VFR and IFR operations define the pilot®s tasks of navigation, communication,
aircraft control, and system monitoring. . . . . and show the interface between airborne
system and ATC, To insure a broadly based workload assessment, several configurations
of general aviation and air carrier~type avionics systems are included in the iradeoff
analyses,

Volume | of the report contains an overall summary of the results of the study.
Volume Il (Technical) discusses the technical approach used in the study and describes
the results of various fradeoff analyses which lead to the reported conclusions and
recommendations, Volume Ill (Appendices) documents the background technical data
generafed to support the analyses and system definition. :
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APPENDIX A

EVENT SEQUENCE DIAGRAM

Appendix A contains the detailed Event Sequence Diagrams which were

consfructed in an effort to correlate the elements of cockpit activity related to navi-

gation and communicafion with the ATC system.

Four topics are described in this set; navigafion management, VFR flight,

IFR flight and all-weather landing.

The diagrams show the mission oriented events taking place during the nine

phases of flight: preflight, taxi, take off, climb out, departure, enroute, arrival, approach

and land. The event sequence diagrams inter-relate the pilot control and monitor func-

tions, communication activities and navigation management fasks fo the ATC system.

There are four major ESDs, each of which is subdivided into the flight phases

described in the preceding paragraph: (Figure A-1 shows the organization of the diagrams,)

Figure A-2
Figure A-3
Figure A-4
Figure A-5

Navigation Management Eveni Sequence Diagram
VFR Flight Plan Event Sequence Diagram

IFR Flight Plan Event Sequence Diagram i
All-Weather Landing Event Sequence Diagram

The VFR and IFR Event diagrams specify the mission sequence from pre-flight

-briefing fo faxi in and system shutdown. The diagrams identify the navigation management

functions, communication management functions, and aircraft control and monifor tasks

for each flight phase. They also indicate cognizant traffic control and surveillance units

and show the surveillance technique employed, e.g., direct communication, Airfield

Surveillance Detection Equipment (ASDE), interrogation, etc. The communication

management events diagram tes together the traffic control and surveillance struc-

ture by showing both air-to—ground and ground-to-air communications.

A-1
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1

The VFR and IFR event sequence diagrams define the nominal navigation
management functions, The detailed form of the tasks depends upon aircraft avionics
fit, control display configuration, and operational procedures adopted by the crew
member. The pilot confrol and-monitor tasks are general. Again, the specific tasks
depend upon the particular vehicle evaluated. The communication tasks are also general
and depend upon the level of automation in the data link, Thus, the event sequence
diagrams can be utilized in the analysis of any combination of navigation, communication,
aircraft control, and monitor equipments. Figure A-1 illusirates the general organization

of the Event Sequence Diagrams (ESD's).

GA-1, GA-2
VFR
gsp T Holding
Pattern
{
Centingency
Comm,
[ l l |
IFR Pre-Flight Climb Out/ Enroute Term. Area Approach/ | | .
ESD |} Toxi | Departure [ Enroute 1 Descent [ | Descant |1 Land Taxi In
1
ggf : Comm.
ST ’ : | A-G/G-A
cToL Pilot |
GA-3 Fomotions 1 Nav
unctions |
! Canfrol and
Monitor
MISSION

Figure A-1. Organization of the Pilot/ATC Event Sequence Diagrams
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Al NAVIGATION MANAGEMENT EVENT SEQUENCE DIAGRAM

Figure A-2 s the first of nine navigation management event sequence diagrams.
The diagrams are serial operational flow diagrams showing tasks essential to accomplishment
of the navigation management function, The on-line processing functions provide data to
the parallel functions of communications and aircraft control and monitor. The navigation
management workload requires the pilot to:

(1) review current forecast: outputs, wind along-track component

and wind cross-track component

(2) initially set up the system: initiate navigation system operation;

includes switch-on, system alignment, and data insertion
(8) review current leg: confirm desired course, distance to go

(4) program next waypoint: insert data for next leg (terminal

area or enroute)
(5) reprogram sy;srem - in=flight: insert revised flight plan data

(6) acquire position data: measure and evaluate position infor-

mation; used to generate sfeering points

(7) update steering signal: compute track angle error, cross-

track distance error, distance fo go

(8) check flight path status: output display track angle error,
cross frack distance, command altitude, command speed,

required time of arrival

(?) check flight plan status: confirm Limit Logic; confirm

aircraft flight path within specified limits of flight plan

(10) prepare report: assemble and store standard report data,

abbreviated report data for surveillance link to ATC

The pilot or computer.performs the navigation management tasks in serial

fashion throughout the entire flight profile.
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A.2 VFR EVENT SEQUENCE DIAGRAM

Figure A-3 presents the VFR Flight Plan Event Sequence Diagram for the GAT
and GA2 aircraft profile in which it is assumed that a single pilot performs all navigation,
communication and control tasks. Aircraft profile events such as "complete turn™, "climb
to cruise altitude™, "reach cruise altitude " relate the communication and navigation func-
tions to the profile. The fypical A~G and G-A communication functions are related to the
appropriate ATC function, such as "enroute surveillance", "descent surveillance", ete.
Navigation management functions are processed in parallel with the communication and

contfrol functions.

The VFR event sequence diagram illustrates that the Flight Plan Reference
System and Limit Logic function can be initiated and maintained only with acquisition of
surveillance data. In this flow chart, take-off, approach and landing activities are per~

formed as present-day VFR operation without ATC cognizance.

A.3 IFR FLIGHT PLAN EVENT SEQUENCE DIAGRAM

Figure A~4 presents the complete IFR Flight Plan diagram for five classes of
users; VTOL, STOL, SST, CTOL and GA3. Air~to~ground and ground-to~air communica-
tions with the specified control and surveillance units are identified. The surveillance
procedure is idenfified for voice link, digital data link, or flight following on
surveillance radar as required. The pilot performs the communication, navigation and
control tasks in parallel. The timing of the tasks are keyed to aircraft events in the
control channel. Throughout all flight profiles, contingency communications are allowed,
for the contingency communication event may iniroduce the need for a modification to
the navigation sysfem set up, thus necessitating implementation by the reprogram task.
The contingency communication event can be triggered by the Limit Logic if either
the airborne or ground based system observes aircraft position or navigation state as "out
of limits". A request by ATC for the aircraft o take up a holding pattern is triggered by

the contingency communication channel.
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A4 UTILIZATION OF THE EVENT SEQUENCE DIAGRAM

The event sequence diagrams utilized in the pilot workload analysis are tied
to the aircraft flight profiles documented in Section 2. The time base for the event
sequence diagrams is derived from the flight profiles. These diagrams were used as the
principal conirol tool in defining workload events which were subsequently subjected
fo measurement in determination of pilot loading. The following block diagram symbols

and logic notation are used in the event sequence diagrams:

—~ a function
f——===——-=-"
' ?
|
tee_—.__.1 = anevenf
decision — the decision factor at a logic point

— “and/or gate ; follow any combination of input and output paths
all outputs and all inputs are required

"or gate "; follow one path only

OO+
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APPENDIX B

COCKPIT INFORMATION NEEDS

Appendix B summarizes cockpit information needs for six classes of aircraff -

VTOL, STOL, SST, CTOL, GAT, GA2 and GA3,

1. Aircraft State - Primary consideration is to know the basic elements of

information which affect the aircraft's ability to take off, to cruise and to
land safely. These will include at least: minimum airspeed, attitude, vertical

velocity, and fuel remaining.

2. Hazard Avoidance - To safely manage the aircraft's flight path requires

knowledge of: airfield runway situation, presence of high ground, presence of

turbulence, location of obstacles, and proximity to other aircraft,

3. Command Information - To efficiently and economically control aircraft

flight path requires knowledge of: steering error, error in expected time of
arrival, relationship to command speed, start of climb and descent points, and

error in vertical position and rate.

4. Situation Information - To make valid judgments reaarding future action

it is necessary to know: present track, speed, altitude, vertical velocity,

present time, aircraft position, and any error in position.

5. Systems Status - The pilot must be able to monitor and control operational

status of all subsystems of the navigation/communication/control system complex.

6. Environmental Situation - Significant flight path variables are influenced

by ambient temperature, wind direction and velocity, atmospheric pressure,
density altitude, and natural hozards (e.g., ice, restrictions to visikility, and

turbulence).
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7. Special Navigation Procedures - Air crew must have the capability to cope

with a variety of special procedures involving computation, analysis and judgment
(e.g. alternate routing procedures, slant tracks, point of no return, ADIZ boun-

daries, notices fo airmen, control time maneuvers, etc.).

8. Special Operational Procedures - These include the capability to comply with

special noise abatement procedures during takeoff and climb-out, sonic boom
minimization criteria, and speed and noise resirictions imposed during the approach

and landing phase .

9. ATC-Related Control Information - The conflict avoidance task requires

information about: radius of turn, rate of closure, passenger 'g' limiis, proximity
to other aircraft, intentions of aircraft approaching a conflict situation, terminal
situation at expected time of arrival, and path stretching and speed control

capabilities.

10. Communications ~ Navigation/ATC Related - The primary NAV-ATC related

communication capabilities of significance in the information set relate primarily

to the ability to: request, receive, revise, acknowledge, and evaluate a clearance.

11. Aeronautical Data - the air crew member has a responsibility to be familiar

with a wide range of aeronautical data which appear in the form of : NOTAMS,

advisories, verbal instructions, and both permanent and temporary postings on

maps, charts and approach charts.

The information set out in the following Tables provides an amplification of
required/desired cockpit information summarized in Section 3.3. The data is related to
the i-hre:e major tasks of navigation, communication and control. Indication is given
regarding: (1) the source of the tabulated information, (2) whether or not it is sensed, or
derived by computation, or induced by the pilot, (3) whether it is reported fo or by the
pilot, (4) whether it is achieved manually or-automatically, and (5) whether it is airborne

or ground-derived (ATC).
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The cockpit information needs are summarized in the following Table (B-1)
To differentiate the cockpit needs of different classes of aircraft, the entries in the

table are identified by the following symbols:

x = All aireraft (VTOL, STOL, CTOL, SST, GA3,
GAZ, GA1) require the information

+ = 55T and CTOL jet require this information

o - VTOL, STOL, CTOL, SST and GA3 require this
information; GA2 and GA1 do nof

s =  SST, only, requires the information
v - VTOL, only, requires the information
¢ -  CTOL, only, requires the information

g3 =  GAZ3, only, requires the information

g =~ - GAZand GA], only, require the information
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TABLE B-1
PILOT INFORMATION NEEDS

COCKPIT INFORMATION WHEN PURPOSE 15 INFO ishéijoggwli?g[:
[ Rg= | De- Alreraft . KGround
1. = IAIRCRAFT| ATC  |quired sired .::yu-—f::l-h 'g c_E_
. 3 n§ 3 of Use {q é :%, E g E
GROUP & £ aldl 4 |2 A3 ful e | 5| 2| B3l =| | B
[ . R 9#>¢'2§:’§§535 ‘Qi’.‘!.stu
comronent sonent REEEEREEFEERECEEEEERRNRHEREHEE
1.0 AIRCRAFT STATE
.1 SPEED
L1 V,VR,Vz x x x x | = % x
1.2 vmmo x |x|x xfx X% x x
1.1.3 Calibrated Air Speed x §x |x|x{x xpx|x x x fx 3 gleo %
1.1.4 True Air Speed x|x |x x fx x x|{x x x|x|x[x
L5 Moch Number x |x |x xpxfx x x| = E % x]x|x
11,6 Mun. Safe Approach Spead, V._ . x x x x
(Flare, Touch Down)
1.1.7 Eguivalent Air Spead sfs|s s s s s |s
|. 2 ANGLE OF ATTACK x| xfx]lx]x S LA CRT:] x x|x
1.3 AIRCRAFT ATTITUDE x[x]x [x [x x x {x x x|x
1.4 GROSS WEIGHT s B[ ]xix = x| x x|x x .
2.0 HAZARD AVOIDANCE - )
2.1 ARFIELD SITUATION '
2.1.1 See Toxiways, Runways, All Visibility ofef olo|ofo clo o o |o
Cenditions ’
2.1, 2 See Obstocles on Runways, Taxiways, ole o|lolo]e ofo o s|e
All Vig, Conditions
2.1 3 Observe Runway Centarline, All Wx [ [ olo ole ° olo
2 1.4 Observe Runway Threshold, All Wx -] alo olo ° oo
2, 2 HIGH GROUND AVOIDANCE x| = ]x[x|x x 9 (x|s x x{x
2.3 WEATHER AYOIDANCE .
2. 3.1 Clecr Air Turb. x[xl=x x |x x|xlg|x]|s x % x| =
2.3. 2 Prop Wash, Jet Wake, Turb, Wake b= x| x x| Ix|x x x x| [x
2.3.3 Turbulence In or Near Cloud x|x|x|x{x x |x x |x|xix x x x{x
2.4 AIRCRAFT AVOIDANCE
2. 4.1 Position Warning Information x |x [x fx |x x x |x =%y x x x
2. 4, 2 Collision Avoidance Capabilities ofalele|o ° clo oflo ° 5o o
2.5 OBSTACLE AYOIDANCE
2. 5.1 Observe Hazards, eg. TY Towers I x[x = x x |x x{x x x |x X
3.0 FLIGHT FATH COMMAND INFORMATION 11
3.1 COMMAND COURSE
3.1.1 Mognetic Counse x|xlx]x|x * x {» x| x x x x
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TABLE B-1
PILOT INFORMATION NEEDS (cont'd)

INFORMATION
COCKPIT INFORMATION WHEN PURPOSE 15 INFO SOURCE - UsE
. ' Re= | BDe- Afrcraft G e rg
£ IMIRCRAFT] ATC  |quiredsired [Accu=lFre~ |3 .
- [7] 5 ]
- _;:"g '§I l racy Huency 3 é - g o H
R K 8 of e 2| 2| El | Z| %]
= ol = o -~ |3l & s
GRowr & cHELEFERE o 3 alel Jel {2 HEEEEEL
MPONENT ELEMENT FEEEE EEHEEEEPEEERE HEEEEEE
e = =5 a1 5 =
COMPONENT ELE &8 Uuaﬁéé’z’ﬁiaﬁqzazm Sl 6 d|al 2|22
3. 1.2 True Counse x | |x * x|x x| = x x x
’ 3.1.3 Grid Course +e|+]®]+ + + |# +| + + + +
3.2 COMMAND HEADING
3.2.1 Mag, Headlng ® =k |x]xix |x x| x X xfx x x x
3. 2.2 True Heading x |2 % px % |x % x|x= % »|x % x x|x
3.2,3 Grid Heading +l+i+p |+ |5 |+ + + |+ + + +
3.3 COMMAND SPEED
3.3.1 Colibrated A. S x |x |x fx . xx|x }x x| x o % %
3.3.2 Mach Number a o jo olo|oio fo ele ° o ale
3.3.3 True Air Spead x[x }x x Ix[x{x |x x|x x x x
3.3.4 Ground Spaed X xIx [x{x |% x|x x x
3.4 COMMAND ALTITUDE
3. 4.1 Prassure Al % |x |x ix x|x|x{x |x x|x = %
3. 4.2 True Altitude ole e ) oo ofa o]o o alo
(Airpor!)
3, 4.3 Flight Level xlx}x xx x |x x |x x x |=
3. 4.4 Verticel Velocity x|x]x x|x x Ix x {x ° x %
3.4.5 Glida Slapa x| x ®{x x |x x x{x
3.5 COMMAND TIME
3. 5.1 Greeawich Maan Time x|x]x|x[x]x x|x x|x x| x o x x
3.5.2 Req'd Time of Arrival (Departurs, x| x| x|xixjx x x x|x -] x x
Approach Thrashold)
4.0 FLIGHT PLANNING {OR INFLIGHT REPLAN)
REFERENCE INFORMATION
4,1 POSITION REFEREMNCE DATA
4.1.1 Fiight Plan Tum Points (Waypoints) x wlxlx x x]x x |x Frc‘n[’lc| xigmd)x | x
Chatts
4,1, 2 Start Climb/ or Start Descent Points x x|x|x|x x xi= x{x e x{pmd)x | x
1.1.3 Mandatory Report Points x FAEREREA B x x|x x| x b w(pmdx | x
4.1.4 Holding Points x x|xix x x |x x| x . b x{hmdyx | x
4_1.5 Paraltel Track x x[|x]x x x |x x| x nlw i x|
4,1.6 Path Strateh Tri, x x{x x x Ix x| x e x(mmdlx | x
4.1.7 Glide Path x ' x |x x x fx ™ x
4.1.8 Localizer x % Ex % x fx [ "pn x
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TABLE B-1
PILOT INFORMATION NEEDS (cont'd)

INFORMATION
COCKPIT INFORMATION WHEN PURPOSE IS INFO SOURCE - USE |
Re- | De= Alireraft G round
£ IMRCRAFT| ATC  |quired sired lAccu-|Fre- |3 -
=l 9 Tacy Ruency 3 5
+« 3 g = 8] § H 14
EERE e H R
-~ .8 £ N ] - E
GROUP & K| oful 4 |g Soted |wl {u 5| 3| 28 =l 2|8
5 EEREFBREEHEREEERE HEEEEEE
A El 3l gl =l ozf | &f e ael| o] E zl € E B K
COMPOMENT ELEMENT HEERREEEHEGEESEEEEE gdéagé’é’
5.0 SITUATION INFORMATION
5.1 AIRCRAFT TRACK
5. 1L F Magnetic Track x |xix Ix {x =% xix|glolx]yg ofxv]|viv]|x
5.1, 2 True Track x Ix |x jx {x xlv x|x x|x x x|xlvix
5. 1.3 Grid Track i+ |+]+)E +iwv |+ +|+ 1+ v |+ +
5.1.4 Steering Error x|x |x |x |x x| x x| x x x |x |x
5.2 AIRCRAFT HEADING
5. 2.1 Mognetic Heading xix|x]x|x]|x|x]|x x |x x x| = x o|x]v
5.2.2 True Heading xix|x|x]|x|x}x]|x x |x x X |x x x[x q?
5, 2,3 Grid Heeding |+ |+ |+ |+ ]+ + I+ ¥ +]| + -1-+++9;3
5.2, £ Heading Eror x[e]|x|x|x x| x g x| x glxfx]|x
5.2, 5 Compass Deviotion glx|x|x1a x xf[x g+ |xfx
5. 2.6 Drift Angle x|x|x]xix % x|= olg x!x
5,2,7 Mog, Variation x| x|x|x]x x x | % x x{x
5.3 AIRCRAFT SPEED '
5, 3,1 Indicated Air Speed xfx|x]x]x x x| x 1 x x| x
3
5. 3, 2 Calibrated Air Speed x{x|x{x|x x x| x c: olxlo gc3
5.3.3 True Air Spead xix|x sl ]x]xix x|x x x|x x
5.3.4 Mach Number o{o]o olofo|o|e o| o o o o
5,3.5 Ground Speed ® {x|x X X [x x|x x|g xlg|e
5. 3.4 Error in Ground Speed x|xfx x x |x x{x x| x x
5.4 AIRCRAFT ALTITUDE
5.4, Pressure AlL/ Flight Leval x{x|xfx|x *xx{x|x|Ix x | x x x xig
5.4. 2 True Altitude x{x|{x % |x x |x LT x{x x x x [g
5.4, 3 Rodar Altitede oo a|e o o|ofa o alo
5.4,4 Error in Altitude’ x|x|x|x|x xfx|x|x[x x {x x xle|e
5.4, 5 Vedlical Velocity x|xfx]|x]x x|[= x[% x| x x x x
5. 4.6 Emwor in Vertical Velocity slefalo]e o olo ofo ale|v]|e
5.5 TIME
5.5.1 Greenwich Maan Time x[xgxgx|x{x]|x x x| x olx|s |g x x x
5.5.2 Estimated Tima Amrival {Depart} xi{xlx|x]xfx x x [x x |= x|x x
5. 5.3 Required Time Arrival {Depart.} ¥ x| |x|xlx|x x x |x x| x *®

B-6
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TABLE B-1
PILOT INFORMATION NEEDS (cont'd)

. - TNFORMATION
COCKPIT INFORMATICN Il WHEI’_*«] PURPOSE 1S INFO SOURCE - USE
Re= | De- Ajreraft _ 1Grouag
-2 AIRCRAFT] ATC  |quired sived [Aceu-|Fre- 'g =
N '.:§§ = mqquenqgéiﬂ EUH
N g £ .g.i y ofUse| 21 2| 4 A
GROUP & | LEERE A3 e fwl [ HEEEERE
¥ f'§'ﬁ.9_"‘u>52555§:’33 L <3| & &
COMPONENT ELEMENT LEEEEEEEHEEEESEEEEE .,,-’Eléaaé';
5, 5.4 Actua] Time Arival {Depart) FAER TR ERES S xx olx{g x| x x
5.5.5 Bt Time En Route (Ttma to Ga) x| x]x]x]|=x % olx]g x|x x
5.5.6 Error in ETA x|x|x]xfx x elxig x|x x
5.7 AIRCRAFT POSITION
5,7.1 Latitue/Longitude olole]ojola]ote o olo o ole o
5.7.2 Range/Bearing (W/R Facility} xpx|xfx]x]x * x| x elx|yg x x |x x
5.7.3 Crons-Track Error (Distance to Go} xfx]xix]xfx x xf{s alg x|x x
5.7.4 Error in Pesition x| xix|x x x|g x|x]|=
5,7.5 Ewor in Position on Glide Slope x| x x x|x x x |x
5, 7.4 Error in Postion on Localizer x | x x| x x x {x
5.8 FUEL SITUATION
5.8, 1 Fuel Remaining x| xxlx]x]x]x}fx xx el x|x x x x
5.8.2 Fual Flow x|x]xix]|x x |x |x cixlg x x| x
5. 8.3 Fuel Required x|x]x]x]x{x]x x [x (% elxig x{x{gflo
6.0 NAV/COM SYSTEMS STATUS
6.1 DIRECTIONAL REF
4. 1.1 Comp, Deviation xix|x{x x * x|x g x|x
&.1.2 Mognetic Variation gi{xfx[xlx]|x|x]|x x[v x| = x g % |x
&.1.3 Grivation +H E] R+ + +|[+1+
6.1. 4 Gyro Error wx]+p+ |+ + + |+ + +|+{+
6.1. 5 Gyro Precession + |+ 1+ ]+ + + |+ #+{+]+
6.1.6 Ropeater Emor x| x]x|xpx|x}x x x |x x x{x
6.1.7 Power Sit. (OF, Standby, On, etc,) x|x|x]x|x{=xfxix]=x]|x]|x x| x x x{x
6.1.8 Malf, Tndie, LA E AL ERESER ER LN ERE] x|x x x{x
6.2 SPEED REF ’
6.2,1 IAS = CAS Calitration x|x|x|x]=x x| x x [x x| xfx
6.2, 2 CAS =TAS Clibration x [x |x x|s %= ’ x |x]x
6.2.3 TAS Instrument Error x |x |x x x|x x % |x
6.2, 4 Mach Meter Instr. Emror x|x|x x | x x{x x x{x
6.2.5 Ground Spend Bias xJx{x x +x |+ glo|x|x
6.3 POSITION MEAS, SUBSYSTEM f
6. 3.1 Freq/Channel Identification P AEAEAEIERERES S x|x x| x
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TABLE B-1
PILOT INFORMATION NEEDS (cont'd)

INFORMATION
COCKPIT INFCRMATION WHEN PURPOSE 1S INFC SOURCE — USE
Re-{ De— Aipergft Gron
! _ & IAIRCRAFT| ATC [quiredsired :.:;- :’.:,,,Tg =l s 1
: . ":%E 3 ‘ | oste%%%q’g%E
GROUP & ) v ERE EERERENE S EHE
R R EEREEEEE HEEEEERE
COMPONENT ELEMENT HEEEREEEEEEEEHEEEEE N B R E
6.3, 2 RF Comrec, Facters (Sky Wove, Slant kS xi xpx|x]x x x| x wixfx
Rgr., efc.)
6.3.3 Power Sit. (OFF, Sidby., On, etc.) x| x W x Ixix|x ® x|x x| x
. 5. 3.4 Malfunction Indication x|= x bx x| |x x x| x x|x
6. 4 DEAD RECKOMING SYSTEM ,
6.4.1 Velocity Blas x |x |x1x x x fx x[x|x
6.4, 2 Power 5it, x| x EREN ERES P E B x| x x|x
6.4.3 Malfunction Indication x| x x |x |x [ ]x |x {x x|x x|x
6.5 AUTOPILOT NAV STATUS
6.5.1 Power Sit, {On, Stdby., OFF, etc.) x| x *x |=[x|x|x|x x x| x x| x
6.5.2 A, P./Meav, Sys. Tie-In x|x % [x x| = % ix x {x
6.5.3 A P./ILS Tie=In x[x|x x|x x |x x[x
6.5, 4 Malfunction Indicaotion x|x x [ |x Jx | x| = x |x % | x
7.0 ENVIRONMENTAL SITUATION
7.1 TEMPERATURE
7.1.1 Ouhide Air Temparature x ®|x|x|x x|x|x x |x I x[ ' x| gle
7.1.2 Temp, Grodient o|o|e ] L] oo a alofo
7.1.3 Ram Air Temp. o|e|eo elale ele a ofo
7.1.4 Forecast Temp./Chert x [x x| x |x x|x = xx "« PR
7.2 DENSITY ALTITUDE o ° N ofe olo ofc clo
7.3 UPPER AIR CHART
7.3.1 Pressure D-Value ’ elo]|a ) 3 olo o o °
7.3.2 D-Velve Grod, ofole o ° oo olo]o
7.4 WIND ’
7.4.1 Forecmt Air/ Velooity xIx wo]x [x |x RES LA x| x x x1x
7.4, 2 Maas, Air/ Velocity x x|x|x|x x |x = x|x x x x
7.4.3 Wind Gradjent x|x|x x % x| x x |xIx
7.5 TURBULENCE
7.5.1 Turbulence in Cloud x x )% [x|x x| x x|x{x x| x
7.5.2 CAT x whelx|x| | 1x|= =[x |x x x
8.0 NAVIGATION PROCEDURES
8.1 ALTERNATE AIRFIELDS x x|xix x x]x|x x x x| x
8.2 PARALLEL TRACKS x x[x|x x % |x x % * S x [ =

B-8
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TABLE B-1
PILOT INFORMATION NEEDS {cont'd)

INFORMATION
COCKPIT INFORMATION WHEN PURPOSE Is INFO _.3OURCE - USE_ |
} Re= | De- |, Aireroft___Groun
. .:g IMIRCRAFT] ATC  lquired sired J:::;-_:::: 3 "'g =
FEERE g eI Rl
GROUP & £ 5““.:- 5] A2 1 (e |- HE EEEEE
[ <o 8 s 0.3(>:'E§'.";.'-"E Slzls 3332._‘-'5
COMPONENT ELIMENT H ¥ E'e§g=o3<:;‘0§,".‘35'505 HEEEERE
cl=l S ulul g 2 2lo| Z| O 2| 5|0 «| A2 22 A Ke1 RN =1 ] =3 P~
B.3 AIRWAYS x x|x|x = x| x x| x x x x|x
8.4 GREAT CIRCLE TRACKS ° elofe ol | lefe| |ofe o of lofo
8. 5 SLANT TRACKS x x [xfx|x x x |x alx]g x x x fx
8.6 CONTROL TIME MAN
8. 6.1 Path Stretching x x |x[x|x x ERES ofxfp x X x|x
8.56.2 G/ Speed Contual x| x x x |x olxlg x fx x| x
8, 6.3 Holding Pattemn x| x x x| = x| x x x x|x
' 8.7 NAV /SYS PERF, VALIDATION
8.7, Fixing Prosed. x |x [ fx (= |x {x x x |x ' v x|x|x|x
8.7.2 Air Dota Sys. xix |x fx |x x x |x g|x}|x|x
B.7,3 Velocity Sensor x|x |x |x |x x x| x glx|x|=x
8,7. 4 Tims Check % [xx|xfx]|x{x x x| x x glx|x
8.7.5 Directional Ref, % |xix |x x x| x xis [x |x]|x
8.7.6 DPS Perf, Chack S x|x{x % olofglg ’ 2lo|x)x]x
3.8 CHART PROCEDURES
8.8.1 Moving Map Display x x| x fx |x |x |x x o|lo|g x x{xfx
8. 8. 2 Pilotoge x x|x|x]" x x |x x| x x| x
2 A,3 Enroute/Rodic = x{x]|x x x Ix x| x x| x
8. 8. * Teminal Area x{xfxix x|xfx x x| x x{x x|x
B.8.5 .pproach Charts x[x|x]x x|x x x | % x|x x| x
8.8.6 Upper Afr Charhs o oo e |o [ oo ofeo aofe
9.0 SPECIAL PROCEDURES ‘
2.1 NOISE ABATEMENT
2. E. 1 Take Off & Accelerate Phuse x : x| x x [x x| = o g’ x| x
9.1. 2 Sonic Boom sis s s|s s|sfs s|s H sis
2.1.3 Wse of Special Climb Proced, x[x x x|x xfx x|x olg x| x
9.1. 4 Landing Phase x|x % |x x | % x| x x x |x
10,0 COMMUNICATIONS
10,1 CLEARANCE INFORMATION
10, 1.1 Request x| ]x]x fx fx |x |x x x|x x|x glxfix|r|o]|g
19. 1. 2 Receive xx [x |=[xIx |x x x| x x|x gle|x[algfe
10.1.3 Acknewledge x{x|x|x|x|x{x x x fx x| x » x|x

B-9
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TABLE B-1
PILOT INFORMATION NEEDS (cont'd)

INFORMATION
COCKPIT INFORMATION WHEN PURPOSE 1$ INFO SOURCE ~ USE
v Ro= | Dg- Alrcraft G
< AIRCRAFT| ATC  [quired sired [Accu-{Fra- T -
. 4148 ey fey 2| L L] f
T % o
4 5 é é of Use g i; :"i ';:E— g <
2 1444 |4 2 e EERE:
GROUP & . | 2|3 R EEENE HE B
COMPONENT ELEMENT i3 -‘E’%‘-”h‘if:z%az HEE HEEEERE
HEEEREREEHELBEEHEEEEE SMNEEEE
{— +
10,1, 4 Evsluate Effsct on Fual, ETA/RTA, wlx o |x |= x == xfx x}x x]x
ETE, Alfitrde Cop.
10.1. 5 Imart inte Nav. Sys., Chack Correcnépsx| x | x | x Ix [x |x x x| % ol x| g x|x|x
10, 2 FLIGHT PLAN STORE AND RETRIEVE xix|xfx{x|x x | x x[x olels x|xfo|x
10.3 TACTICAL MODS TO FLIGHT PLAN
10, 3.1 System Rec. & Displays Reat, to Go X% ]x]x|x|=[x x x{x ololx|g clgx]a g
Cver, Go Areund, Speed up, Changs
Altinde, ete, .
10. 3. 2 Sys, Acknow, xfxx [x |x [x [|x x x|x x| x x|x x
10, 4 SYSTEM REPORTING CAPABILITY
10. 4,1 Position, Time x % xix|x |= [= % % {x x|xlx x| x ®
13. 5 STANDARD VOICE CAP. x| | |x |x |x x x x|x[x|=fx x fx x
11,0 AERONAUTICAL DATA
1.1 NOTAMS x » x bx |x o
IL. 2 REGULATIONS .
I1. 2.1 FARs &1, 91, £23, 135 x x x
1.2,21CADC CAI =5
1. 2.3 US 10 - (13, 201 - 254, 301 - 304,
401 -412
11, 3 ADVISORIES x x x|xfx x
I, 4 ENROUTE & TERMINAL NAV AIDS x x [ %
I1. 5 AIRFIELD DATA x x [x x| x x
1. 5.1 Runway Conditions x * | = x |x *
11. 5. 2 Radio & Appr. Fac., Freq. x x | = x |x x
11. & AIRCRAFT & ENGINE LOG x x{x [x x
[2, 0 ATC-RELATED CONTROL INFORMATION
12,1 AIR-AIR CONFLICT FREDICTION
12, 1.1 Rote of Closure Between Vehicles xix s |x]x x x[x|x]x x x| x x
12, 1. 2 Rodius of Turn x{x|x x x|x|x x| x x x
12, 1. 3 Proximity to Other Vehicles PWI xfx |x]x|x x x |xfx x| x x x|x x
or CAS ‘
12,1, 4 Qther Vehicle Intention (Extrapela= x|x[xIx{x "l x x |x x| x x x fx x
tion of Vel, Vector)
12.1. 5 Haz. Weather ! xfx |x]|x|x x x x|x|x x x {x
12. 2 AIR-GROUND CONFLICT PREDICTION

B-10
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 TABLEB-1
PILOT INFORMATION NEEDS (coni*d)

= m— INFORMATION
COCKPIT INFORMATION WHEN PURFOSE 15 INFO SOURCE = USE
Ry=t Da- Ajrergft r
. | AIRCRAFT| ATC  |quired sired |Accu-|Fre~ |3
O g &
§ - racy g ¥ § - E v 9]
x| -1
. K] . of Use) ¥ :.? 1 RE: %1%
GROUP & K, 3 ol 2l el | .ﬁ'—gzi—z-f.g
% = FEEEREEERE HEEVEEE
COMPONENT ELEMENT & HEGEHEREEREE HMRHEHE
12, 2,1 Detoct High Ground xfxfx|x|x x x |x xfx : x x|xfx X
12, 2, 2 Datact Obstacles in Flight Plan xfxlx]x|x x x |x x|x x x|x]x
12, 3 TACTICAL SITUATION
12, 3.1 Temsinal Sik for Planned ETA x|x]x]x x x|x]|x x| = x
12, 3. 2 Any Special Factors Inhibiting xlx]x]x % x| x| x x|x x
Maovemant Enroute )
2. 3.3 Rerouting &/or Speed Cantrol, Path 2lx]x|x x x [x|x xfx x
Stretching, Holding & Sequancing
Roms,

B-11
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APPENDIX C

NAVIGATION AND COMMUNICATIONS REQUIREMENTS

This Appendix presents a summary of the methodology used in computing
the 1975 to [985 navigation/iraffic conirol system requirements. The results, the
navigation and communication requirements, are reviewed in Volume 1, Sections

" 3.5 and 3.6 respectively,

Traific activity forecasts were also used to compute navigation and
communication requirements, Aviation activity for selected ATC Sector and Center
areas is described in Table C-| in terms of two categories of users, one called

general aviation and a second called air carrier and military. The fraffic for each

of the selected categories was tabulated in ferms of peak-minute activity. The
values listed were obfained from a preliminary report provided by the Technical
Monitor, The major concern was to determine the min/max range of peak fraffic

to be anticipated for [985 {as shown in Table C-II).
C.1 TRAFFIC ACTIVITY FORECAST T

The tfraffic activity forecast for 1985 at six arbitrarily selected ATC centers
is presenfed in Tables C~l and C-Il. The peak-minute densities are tabulated for each
100 square miles of a typical sector within the selected center. For example, the typical
sector in the Salt Lake Center is expected to service 0,313 general aviation aircraft per
minute per (00 square miles in 1985, and 0.085 air carrier and military vehicles. When
the total number of sectors within the Sali Lake Center is multiplied by 1/100th of the
average total area/sector, 17,300 nmi, times the peck minute GA iraffic, 0,313 aircraft/
100 nmi, the result shows that 1,I39 GA aircraft are expected under Center Surveillance
during peak-minute activity, Similarly, a peck-minute air carrier and military aircraft
traffic load of 307 c:ircraﬂ'-ger minute is calculated, This process is then repeated
for each of the six Centers, *The results, tabulated in Table C-ll, indicate a potential
peak-minute min/max GA dircraft load of 1,139 to 8,544 vehicles. The range for military

and air carrier vehicles is 303-457,
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Table C-lli presenis a summary of peak hour operations at three major terminal
areas taken from an FAA forecast (57). Overflights, arrivals and departures have been

combined in the illustration.
Three factors significant fo this study are noted:

(1)  Air carriers are forecast fo continue to use predominantly
IFR clearances. The ratio of VFR to IFR operations will be
of the order of 1/10.

(2) In contrast, General Aviation will continue to rely upon
VER flight rules to facilitate their movements. The ratio
of VFR to IFR operations is forecast to be 8/1 to 10/1.

(3) The fraffic congestion problems of the New York TMA,
cirea 1968, will be duplicated in Detroit by 1980, The
present Detroit situation will be duplicated in Cincinnati

by 1980,

The U.S. has twenty ~two centers of air transportation activity which generate 1%
or more of the nation's scheduled air carrier domestic service. These centers or communi-
ties, termed Large Hubs, sustain many airports of widely different characteristics. The

airports are classified as follows:

Type Code Definition
AC Air carrier
GA General Aviation
R General Aviation airport which relieves

traffic congestion at an air carrier airport

P Airport identified as potential candidate

for air fraffic control services or navaids

(M : Airport with ATC tower
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TABLE C-I

TYPICAL
CENTER -
1985
TRAFFIC
ACTIVITY
FORECAST

TABLE C-li

SUMMARY
"OF 1985
TRAFFIC
ACTIVITY
FORECASTS

TABLE C-~lil

BUSY HOUR
OPERATIONS
EXTRAPOLA-
TED INTO
AIRCRAFT
MIX -
1965-1985

Typieal Peck Minute |Pack Minuts | Paak Minute | Peak Muwte Air
Typical Sector Av Sactor | Paf Genarcl Alr Carrler GA Carriar & Milimry
Center GA \Trpe Area 1003sq. mi.| Avioton | &Military | under Center urdar Conter
Low Mad High | 1 miles Unlts Traffic Trafiic Surverllones Surveillance
Salt Loke Low GA
Canter High Abtkds | 17,300 73 0313 0085 119 07
Through
Oaidond Low GA : 2449 406
Cantar Troositeoning L170 n a2 10
Ouoklend Low GA
Canter Low Altituds 18,750 188 0334 0.06 - -
Theough
Komas City | Mad GA
Canter High Alhtude 18,200 182 1.63 0033 B 412
Throwgh
Kansas City | Mad GA - -
Ceater Tronntiomng 7,600 i an2 0.19
Housten Med GA
Centar Low Altitude 9,700 97 030 008 3034 03
Theough !
Chicogo  } High GA 770 77 7 14 392 s
Center Trensihoning "
Clevaland High GA
Canter Low Alhtude 3,400 M 4.2 040 4350 457
Through
Averoge 1985 | Averoge 1985 § Averoge 1985 | Avercye 1985 | 1985 Peok 1985 Peck
Peak Minyte Peok Minute Peak Minute | Peak Mirwte Hour Generol § Hour Militery
GA Aireraft Military & Military & Aviction Hub | & Air Corrler
Under Cantar | Air Carrier Spread Air Carrier Activity Hub Activity
Survaillonce 1 Under Center par 100 nmi Spread
Surveillonce per 100 amiZ
1139-8544 303-457 0.3-17 0 05-L4 213-3985 66-502
Highest Activity Moderate Activity Minimum Activity
Foracast Factor New York Detroit Cincinnoh
1955 ] 1670 | 19751 1980 | 1785 || 1955 | 1970 | 1975 [ 1980 [ 1985]] 1965 | 1970 | 1975} 19801 1985
Air
Busy Carcrer 174 213 77| 372 502 44 41 57 59 81 0 27 37 50 &6
Hour
Cperations GA 130 | 1962 | 2923 4345 | seas || 408 | 481 11035 [1s07 | 25190 194 | 2471 389 | S| 913
A &7 83| 7| 1w3| 161 10 13 1 18 20 4 7 0 11 12
Air .
Carrier 3 109 | 1o 170 | 239 | 341 30 28 41 51 61 16 20 7 3¢ 54
GA3(C) 7 79| 199 30| 858 2 30 77| 145 | 236 i & 14 32 53
General
Awviation GAl
GA2 1123 | 1880 [ 2724 | 4005 | 5429 §| 405 | 651 | 958 (1452 [2283){ 193 | 243 373 ) 579 840
(D-E) *
General GAL,
Aviation GAZ,
to Air GA3, 1 12/1 1 311 1 18/1 | 14/1
Carrter Air
Rotio Cerrier
Air GA3,
Corrfer Alr 1 31 1 2/1 ¥ 2.5/1 3 3/1
IGrowth Carvier
GA GAl
Growth GA? ! 5/ ! 8/1 1 31 A
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VTOL/STOL airports were not considered in the FAA forecasts [Ref 571 and have not
been added to the data appearing in Table C-lII.

The large hubs which were selected for the aircraft activity forecast were
New York, Detroit and Cincinnaii. Of the twenty-two large hubs, New York is the

most active, Deiroit the tenth most active,and Cincinnati the least active.

The number and types of airports vary with each large hub. All air carrier
airports are assumed fo have ATC manual control towers which are capable of providing
departure and approach service. As a result, large hub air carrier airports frequently
must support the reliever airports, those airports without departure or approach control.
The numbers which precede the airfield designators appearing below indicate the number

of airfields of the type listed to be found within the hub.

New York (L} (Highest Activity)

Airport fypes and number in the hub:

3 AC(T) (LaGuardia, J. F. Kennedy, Newark)
2 AC(TMR (Islip, White Plains)

2 GA(MR (Teterboro, Morristown)

1T PR (Linden, N. J.)

6 R (Caldwell, N, J.)

Detroit (Average Activity)

Airport types and number in the hub:

1 AC(T) (Metropolitan)

1 AC(MR (Willow Run)

2 GA(MR (Detroit City, Pontiac Municipal)
1 P {Pontiac) .

2 R (Grosse lle/Flat Rock, Plymouth)
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Cincinnati (L) (Lowest Activity)

Airport types and number in the hub:

1 AC(T) (Greater Cincinnaii)
1 PR (New Cincinnati Airport)
T GA(DR (Cincinnati Municipal) -

Analysis shows that the activity experienced within the New York Hub during
1965 is representative of what will be experienced at Detroit in 1980, Cincinnati is
expecfed to experience in 1980 the iraffic load experienced at Deiroit in 1965, Thus it
is possible to forecast Detroit's needs of 1980 by looking at New York's problem today.
Similarly, a 1980 Cincinnati iraffic activity will approximate that of Detroit in 1965,
From this discussion it can be seen that if implementation of area navigation capability
can solve the fraffic saturation problem in New York in 1968, it will provide a 1980
solution for Detfroit and Cincinnati. (Recall also that there are 9 hubs larger than Detroit.)
The second design implication is that VTOL and STOL aireraft should utilize facilities
other than those required by CTOL. Access to rural strips and reliever airports is manda-

tfory.

C.2 NAVIGATION REQUIREMENTS

Navigation requirements, in terms of system 3¢ accuracy, are generated from

six related sources:

(1)  traffic activity forecasts

(2) flight plan contro! (ETA)

(8) separation standards and surveillance needs
(4) approach and landing criteria

(5) all-weather landing criteria

(6) radar surveillance data complement

The navigation accuracy constraint is given in terms of the vector:


http:requirements,.in

PNS|-TR-59-0301-IFI

where OaT = 3o along track error

Oct = 30 cross frack error
o = 30 altitude error
Op = 30 heading error.

The navigation equipment accuracy is specified by the above vector.
Throughout the derivation of the navigation requirements, the along track, cross track,

and altitude components are derived from the following equations:

Opr = 1/10 SAT
Oey = 1/10 SCT
o = ]/]Osh

where SpT T On along frack distance
scp = @ cross track distance
s = an altitude
The 1/10 factor is used to define navigation equipment errors which will be
insignificant with respect to:
(1) 'F!ighf technical errors

(2) human blunders

(3) display instrumentation, control and guidance errors

C-¢
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This constraint was made significantly stringent so that the requirements would be

maximum and safety factors could be incorporated.

C.2l Navigation Requirements - Traffic Activity Forecasts

Traffic activity forecast inputs to the definition of navigation requirements

were computed from three data sources:

(1) 1985 peak minute density (overs, departures, and

arrivals) per 100 square nmi

(2) 1985 peak minute densities. (overs, arrivals, departures)

under surveillance per ATC center

(3) 1980 peak hour op'erc:ﬂons (arrivals, departures) with-

in a Large Hub.

The aircraft classes, because of performance limitations or ATC consfraints,

are restricted fo the general speed and altitude regimes:

General Aviation: GAl, GA2
speed = 180 kts
altitude = 6 kft to 11 kft

Military, Air Carrier, and GA3
(1) speed = 300 kts
altitude = 11 kft to 18 kft
(2) speed = 600 kis
altitude = 18 kft to 45 kft

Along track and cross track navigation accuracy and performance require~

ments were derived from the following equations:

= 1/10 SAT

= 1/10s

AT

°cT CT
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SAT = along track separation

Scp = cross irack separation

Table XVIII (Section 3.5, Volume I} summarizes the results.

Case 1: Peak Minute 100 sq nmi Density

General Aviation:

(1) g = GA aircraft density
g < 1 per flight level

2 Ser = 10 nmi

(3) SAT = min [ (5 min) V, Area |
g > 1 per flight level
"Area 1
(4} s~ = : .
CT  int (g/FL) SAT

(5) SAT = V (5 min)

where:
Area = 100 sq nm‘i
Vv
FL

aircraft speed as a function of altitude regime, 180 kis

number of flight levels, 11 befween 6,000 ft and 11,000 ft

i

min [a, bl implies a or b, whichever is minimum
Air Carrier:

(1) p = air carrier and military aircraft density

p < T per flight level

) scp = 10 nmi

(3) SAT = min [ (ta) V, A;ea ]

p > 1 per flight level

C-8
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@) s - Area I
CT int (p/FL) SAT
®) sa1 = viq
where:
2

Area = 100 nmj

\% = aircraft speed; 300 kis (11,000 ft to 18,000 f1),
600 kts (FL 180 to 450),

FL = number of flight levels, 15 and 19 respectively

ta = 5minutes and 15 minutes per low altitude

and high altitude, respectively

Case 2: Center and Hub Aircraft Densities

Arrivals and Departures:

_ A
SATSCT — N [ Ag + Ac + Av + As] [TD+ TA]

where:

A

il

Hub, Center area nmi

N = number of gircraft under surveillance

Ag, Ac, Av, As = number of general aviation end commer-

cial airfields, vertiports and stolports respectively
within the Hub

IhY, Ty = number of departure and arrival tracks respectively
Overflights:

General Aviation:
s s = A
AT °CT (ngl + ngv)
where:ngl = number of GA IFR flights

ngV = number of GA VFR flights

FL

C-9
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FL = number of GA flight levels (10)
o o7 =V (in minutes) :
Aircarrier and Military:

_ A (FL™ + FLN)
SAT 5CT {(h +n +n +n)
m ¢ v s

where:
n_ = number of military IFR, VFR flights

n_ = number of CTOL IFR, VFR flights

n, = number of VTOL IFR, VFR flights

n = number of STOL IFR, VFR flights

SAT = V (5 minutes), V (15 minutes); low altitude and high
altitude respectively.

FL™ = number of Flight Levels 11 kft to 18 kft

FL™ = number of Flight Levels FL 180 to FL 450

C.2.2 Navigation Requirements - Flight Plan Control

Estimated time of arrival at a fixed waypoint is one of the principal means of
coordination between the aircraft flight profile and the traffic control system, The way -
point can be located in the enroute airspace in the ferminal areq, or in a holding pattern,
The pilot complies with the submiited and approved flight plan by monitoring his own
ETA to the next waypoint. The fraffic control system, for its part, resorts o surveillance
data to estimate the aircraft's arrival at the assigned waypoint. When the traffic control
system utilizes surveillance data derived from the airborne system as well as ground based

computer flight plan data, ETA is the variable which measures system performance.

Errors in the variables used to compute ETA are factors which help fo define
system requirements. By specifying the folerance on ETA that is acceptable to the traffic

control system for safely controlling the flow of traffic, system requirements can be
further specified.

The four geometric systems which are employed by user aircraft are the
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rho-theta system, along irack/cross track system, rhumb line, and great circle system.

With suitable signal processing, these coordinate systems generate aircraft steering
signals for control of the aircraft in the horizontal plane. Conventional guidance signals
which the pilot uses to update the aircraft steering signal are cross track distance or track
angle error, both of which are expressions relative to desired course or frack. To further
defermine the aircraft’s status along a given track, the pilot requires knowledge of
distance-to-go. To comply with a pre-submitted flight plan, the estimated time of
arrival at the next waypoint is then computed from distance-to-go, ground speed and .

present time.

The expression for ETA is derived independently of the navigation system of

equations,
n = ETA

DTG = [(pOD-XAT)Z . (XCT)z v (82212

DTG = distance to go

Pop = initial leg length

XAp = along irack distance

Yep T cross track distance

Az = altitude difference between aircraft position and
waypoint command altitude

T = time

Linearizing the equation, assuming differentials to be gaussian random

variables with zero'mean, and computing the variance of ETA, yields the error equation:

_ 2 2 2 2
an = [(CTGT) + (Czov) + (CSGAT) + (C4UPOD)

+ (CSU'CT)2 + (Céch)z] 1/2

C-11
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where:

CT .o Cé are error sensitivity coefficients
C; =1
€ = D%G'
Y
€3 = DT% (J\7)
=y
C5 = \‘]7
c, = (£ ()

6. = the 30 paramefer of the ii variable

., is5in percent
\Yj P

The navigation requirements in terms of cross track error Oetr and along
track error 7 Can be computed from the error equation. By seleciing O evaluating

the coefficients, the system error budget is cdmpufed.

To define the navigation equipment errors, a ratio of 1/10 is used. The
statistical addition of the navigation equipment errors fo other system errors will result
in an insignificant contribution from the navigation system. Therefore, the equipment

errors will be insignificant when compared to:

(1) flight technical errors
(2) human blunders

(3) display instrumentation, conirol and guidance errors.

Current air traffic control practice is used fo specify ETA. Current IFR flight

plans must be maintained to a coordination factor value of + 3 minutes of ETA. Therefore:

C-12
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= /10 ETA
%, /
= 0,3 minutes for air carriers
and
= 1/10 (6*
o, = V10 (69

0.6 minutes for general aviation

To evaluate the heading accuracy requirement, the following equation is

used:
)
°A ~ DTG
To evaluate the ground speed accuracy requirement, the following equation
is used: -
_ AV :
Oy = .X 100

where AV = 10 kfs, true airspeed

The value of AV is based upon the current traffic control practice, viz. that
aireraft frue airspeed must be within + 10 kis below FL 180 and + 0.01 Mach no. {approxi-
mately 6 kis TAS) for jet aircraft to maintain the IFR flight plan,

Table XIX, Section 3.5, Volume 1l summarizes the results. Table C-IV presenis

the sensitivity .coefficients which were computed for.the following data.

Case 1: GAl, GA2

Conditions for c‘:orr;pufing general_ aviation requirements are:
(1} VR conirolled airspace

(2) V = 150 kts

(3 DTG = 20 nmi, based on VOR(T) nominal range

(4)  track angle = 2°

* Representative of the capability of General Aviation VFR-rated pilots.

C-13
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TA B LE C -[V Senstivity ETA ETA ETA E_E ETA ETA User Requiremen
Factor - T | Gos | Leg ;\—f;ff Altrtod % %7 | a7 LN
T T Speed Track | Length | Trac titude - 5

NAV l GAT [ O N SYST EM User S;mn:h Er:::r Error | Eeror Errer | Error nmi hhiicd deg
REQUIREMENTS - GAl, GAZ 1 8 cois | 0 [oa |3x107 [os | 05 |os 140
ETA SENSITIVITY =

) GA3, CTOL Jet 1 7 0,007 | 920 |020 0 033| 035 11 og"
FACTORS VTOL, STOL, e‘_\'S'f

(Low clfitude
enreute)

GA3, CTOL Jet, 1 47 0005 0,13 | 0.3 10 033 0.5 23 og®
VTOL, STOL
{Hagh alfitzde
enrcule)
7 44 |o015°
SST 1 20 0002 | o005 005 (05x10 033 14

Also for terminal crea with Alt < 10,000 ft. equol to low altifude encoute

Case 2: GA3, CTOL, STOL, VTOL, SST (low altitude)

(1) IFR in low altitude {12,000 ft to FL 180) controlled enroute airspace
(2) IFR in high altitude (FL 180 to FL 450) in controlled enrouie airspace
(3} V = 300 kis (low altitude)

(4} V = 480 kts (high alfitude)

(55 DTG = 35nmi, br:::sed on VOR(L) nominal range

(6) track angle = 2°

Case 3: SST

(1) IFR in high altitude (> FL 450) controlled airspace

(2) V = 1200 kts

(3) DTG = 600 nmi, based on report points every 10° of longitude
(4) track angle = 2°

C.2.3 Navigation Requirements - Separation Standards and Surveillance Needs

Navigation requirements can be further derived from traffic control separafion
requirements which are specified in traffic control procedural manuals. The FAA estab-
lishes separation requirements throughout all conirolled airspace, terminal area departure

and arrival, holding patterns and enroute airspace.” Factors which determine the sepa-
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ration requirement values include- these: (1) whether traffic is converging or diverging;
(2) whether traffic is crossing at the same altitude levels; and (3) relative speeds (rafe of
closure) of all same=track aircraft. Separation requirements, expressed in terms of cross
track separation (nmi), along track separation (minutes); and altitude separation (ft) are
translated into navigation accuracy requirements by applying the 1/10 ratio. These

requirements, in ferms of time, become navigation requirements if the vehicle speed is

known,

Thus,
GA'T = 1/10 SAT
ot = V10 s¢q
op = 1/10 5

where:
at = VAt
SAT © along track separation distance
TAT = along track separation time
s, T altitude separation distance
V = aircraft speed

The rationale for using existing separation requirements fo aid in defining
NAVTRACS navigation requirements is that the separation requirements have evolved
from fhe existing safe system, Other alternatives (Section 3.1.4.2) can increase
system capacity without extensive changes in the safe separation standards. Therefore,
the navigation data, linked to the ground system, ;'efines aircraft surveillance data”
for all aircraft cross sectional area and weather condifions, This can do much to
decrease the controller's workload, and leads to increased capacity. Ti‘\erefore,
separation requirements of the existing system supply a realistic input to the

definition of navigation requirements.

Table XX (Section 3.5, Volume Il) summarizes the navigation requirement
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factors that are derived from separation standards and surveillance data.

C.2.4 Navigation Requirements -~ Approach and Landing Criferia

Another input to the definition of navigation requirements is provided by
approach and landing requirements. As a minimum, the navigation system must provide
accuracy sufficient to permit the pilot to fly the aircraft to a point where the landing aid
is intercepted. The envelope of this point, then, serves as one measure in defining the
navigation system accuracy requiremeni. This approach-related requirement becomes a

tighter constraint on the total navigation system requirement if the accuracy of the

navigation system must also be acceptable for landing. The landing requirement is
derived from the size of the runway width or the VTOL pad diameter. The accuracy
requirement in both cases must specify a sufficiently broad spectrum of signals to properly

drive the aircraft dynamics.
Thus, for approach,
OaT = 1/10 s AT

Ocr = 1/10 Sc1

op = 1/10 Sy

where: SAT T along track spacing set by approach control
o track distance at a point in the landing beam envelope
§ = vertical distance at a point in the landing beam envelope

Case 1: AILS Geometry

At 15 nmi from the runway, the glideslope envelope requirements are:

“Ser T + 0.6 nmi; s, = + 400 ft

Case 2: iLS Geometry

At 20 nmi from the runway, the glideslope envelope specifies:
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s + 3.3 nmi .

CT

s, + 400 fi

For landing, the runway and pad sizes set the requirement:

STOL, CTOL, 55T, GAS3 runway widith = 150 ft
VTOL landing pad diameter = 50 ft

Tables XX and XX| , Section 3.5, Volume Il,summarize the navigation

requirement data generated by the approach and landing constraing.

C.2.5 Navigation Requirement ~ All -Weather Landing Criteria

Positional navigation requirements can be derived from the all-weather
landing requirements, The legal minima for instrumented runways specify runway
visual ranges and action decision heights for all-weather landing. The runway visual
ranges and decision heights can be translated into along-irack navigation requirements;
the decision height into altitude requirements. The runway width, or VTOL pad diameter,

determines cross-track constraints.

Thus,
Cat = 'I/'IO‘ SAT
Oct = 1/10 SCT
o = 1/10 sh.
where: s AT T runway visual range
Sep T runway width, or VTOL pad diameter
T decision height

Table XXI , Section 3.5, Volume Il;summarizes the all -weather landing

requirement.

C.2.6 Navigation Requirement - Taxiway Requirement

Another input to the specification of navigation requirements is taxiway
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width, CTOL, STOL, SST and GA3 faxiways are nominally 75 ft wide. The taxiway

width of a typical vertiport is predicted to be 50 ft. The navigation requirement, then,

is:
oAt = V2 5y
%t = V2 sy
where: sy = taxiway width
These navigation requirements are tabulated in Table XX| , Section 3.5,
Volume 11,
C. 2.7 Navigation Requirement - Accuracy Relative fo Surveillance Radar

Navigation requirements are also determined by the accuracy attained by
surveillance radars. As a minimum, an advanced area navigation/traffic control system
would supplement the radar surveillance data with the airborne derived aircraft position
data. Such a service would afford completeness in coverage for varying weather con-
ditions and varying cross sectional areas. -The radar surveillance datfa, range and bearing,
must be converted fo position information in the aircraft geometric system of navigation.

The position accuracy is the factor providing the navigation requirement constraint.

Thus,

°AT = %CT T “RADAR

where: Cp ADAR = 3o aircraft position error derived from radar data.

Radar Surveillance Fixing Errors:

Component errors:

Surveillance radar azimuth angle error

Surveillance radar siting error fo True North

Train and elevation siting errors

C-18
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Vertical anomalies’in siting
Radar range resolutisn
Radar site/center parallax errors

Radar siting errors fo center
Processing:

Beacon processing
Primary radar processing.
Display:
Display range resolution
Display bearing resolution
Display frace area

Display trace electronic processing

Tie~in to Area Navigation System

Relafive position errors to the center.

The following errors are typical of current ATC equipment:

ASR-4 (S band)
Beamwidth 1.2°
Range Resolution 0,083 nmi.
Targets on scope
707-727 aireraft bloom fo 3.5° bearing and 0.5 to 0.75
nmi range
Controller can see center of target to 12 azimuth and
0.062 nmi range
ARSR (L band)
Beam width 2°

Range Resolution 0. 167 nmi
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Targets on scope
5° bearing
1 nmi range
Controller can read center of target o 1.5° to 2°
azimuth and 0.125 fo 0.25 nmi range.
Beacon Processing of Secondary Radar
Center digitally to+. 0,259, range to 0,033 nmi.

With improvements to ¥ 0,25°, range to 0.01 nmi.

Radar Processing

Bearing fo 0.20° and range to 0.062 nmi.

The Flight Information Manual requires fixing to CEP = (500 ft, 3% R)
whereR is range to known station. Experimental data shows a JFK fix of 1 nmi at

105 nmi.

Table C-V summarizes the worst case conditions. The ARSR target is 200 nmi

from the surveillance radar, and the ASR target is 50 nmi from the surveillance radar,

Table XXIl, Section 3.5, Volume Il summarizes this pariicular navigation

requirement,

Table C-V
RADAR FIXING ACCURACY

Rodar Case o Aircraft Positien Error
At Site 34 omi

ARSR At Center 3.6 nei
Procassing 3 6omi
Display 8.5 rmi
At Site 0.7 nmi

ASR At Centar 07 nmi
Procesiing 0.8 nmi
Display 2.7 reni
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C.3 COMMUNICATION REQUIREMENTS

Air Traffic Control system communications include air-to-ground surveillance

reports, requests for acknowledgement of commands, identification, and advisory messages.

The ground-to-air messages include command, acknowledgements, identification and
advisory messages. Section 3.6, Volume Il, defines message content and bit require-

ments.

Bandwidth requirements depend upon the number of users in the system at a
given instant of i'i;ne: The system communications capacity in bits/sec is computed from
the number of users in the system af a given instant of time, the user speed and the
airspace in the ferminal area. The airspace is organized into arrival, departure and

enroute tracks,

C.3.1 Communication System Capacity

The system capacity is defined by the equation:

N A (Bits per user)
C =

Inferrogation Rate

where:

C = system capacity in bits/sec
A = number of instantaneous users requiring service

The interrogation rate is the time interval required by the traffic control and
surveillance system to adequately define vehicle position — both present position and

forecast position. Rates differ according fo type of aircraft class.

Air carrier C = 1,000 bits/sec as developed in the
General Aviation C = 21,000 bifs/sec following subsections

C.3.1.1 Number of Users Requiring Service

The number of users requiring service, NA’ is computed in a sfeady state
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system from the peak hour operations expected in me system. lt can be shown that. . .

°
L N

NA='V

Q
where: N = busy hour operations

V = steady state speed

L = the length of arrival, departure and enroute tracks

in the terminal area, nominally 50 nmi

The worst case, as presented in Table C-3, is given by the busy hour opera-

tions, expected in New York in 1980. .

]
N = 372 (air carrier)

= 4,365 (general aviation)

Zo
|

The operations are divided into arrivals, depariures, low enroute and high

enroute code setfings.

C.3.1.2 Interrogation Rate

The interrogation rate strongly influences the data link bandwidth requirements.

Tradeoffs to decrease the inferrogation rate for a single aircraft include:

(1) Code set - arrivals, departures, ground traffic, enroute-low,

enroute-high, flight level

(2) Ground system dead reckoning - ground computation of
aircraft position computed from the last surveillance

report, and the aircraft flight plan

(3) Compliance with the flight plan ~ per the Limit Logic concept

which enables tighter flight plan. tolerance
(4) Channel allocation

Table C-VI summarizes the interrogation rafe fradeoff based on ground dead

reckoning.
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TABLE C-VI
TERMINAL AREA INTERROGATION RATES

Interrogation Rate - sec ~ Sampling Criteria
code Speed 0.1 nmi GNDDR | GND DR
nit . . .

min accuracy 1 nmi 2 nmi

Arrival- 300 kis
Destination | (0. 14 nmi/sec) 1 7 14
Departure~ | 300 kis
Destination| (0. 14 nmi/sec) 1 7 14
Enroufe- 300 kis

Low (0. 14 nmi/sec) i 7 . 4
Terminal 150 kis

Area (0.04 nmi/sec) 2.5 25 50

For comparison, the sampling rate of Secondary Surveillance Radar is:
6 rev/min = 10 sec
18 rev/min = 3 sec

A nominal interrogation rate of 10 sec for both general aviafion and air carrier

aircraft has been used for the purposes of the following calculators.

'C.3.1.3  Data Link Bandwidth Requirements

Case 1: General Aviation

Speed: 150 kts

NA: 1455

Message Content: 145 bits (Section 3.6)

C = 21,000 bits/sec
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Case 2: Air Carrier

Speed: 300 kts

NA: 62

Message Conteni: 162 bits (Section 3.6)

C = 1,000 bits/sec

These bandwidth requirements are worst case conditions, but can-be accommo=
dated with a VHF channel and certainly a UHF channel. Tradeoffs in interrogation

rates and in message content can reduce the required communication capacity of general

aviafion aircraft to 4,000 bits/sec.
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APPENDIX D

PILOT WORKLOAD ANALYSIS

To understand the need for automation of navigation and communication func-
tions and equipment operation, it was necessary to develop an appreciation of the tasks

performed today by aircrew personnel in managing their aircraft.

The workload methodology was based on four sources of information: synthe~
sized fask times experimentally determined in pilot studies (Ref, 75) which specify pilot task
time in performing mechanical functions; results of a series of field trips in which aircrew
personnel were aarefully questioned about fiﬂe manner in which they performed their jobs;
the refinement of certain workload and pilot utilization estimators developed by personnel
of this organization; and data obtained from a series of simple, rimed,‘lpaper and pencil tests
utilizing a paper cockpit mockup. The subjects were licensed aircrew personne!, each of

whom had significant experience with the tasks under investigation.

The resulting information provides the baseline workload estimates for the

remainder of the study, aspects of which are reported on elsewhere in this document.

Two present-day aircraft, a four-engine CTOL jet transport and a single-
engine GAZ2 aircraft, provided the baseline information. The pilot tasks in the CTOL jet
were assumed to be sufficiently like those of the sophisticated GA3 aireraft that an
assessment of GA3 was not made. Task times for GA2 aircraft were assumed to be suffi~
ciently like those of GA1 that a separate workload assessment was felt not to be

necessary.

Operator tasks and task times for the VTOL and STOL ajreraft were developed
from a review of NASA documents and similar literature. Workload for the SST aircraft was

developed from an extrapolation of operational experience of PNSI personnel, review of
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ARINC documents and airframe manufacturers® documents, and the results of an on-going,
in-house study of Concorde performance utilizing an IBM 360-44 computer. In summary,

pilot monitor and control workload estimates were prepared for four aircraft types (Tables
D-VIl, D-VIiil, D-IX and D=X)}; task times were estimated for the communicafions task

(Tables D=V and D-VI); and for twenty navigation-related fasks (Table D~II1).

D.1 " PILOT/WORKLOAD MODEL

The pilot workload énalysis requires a model of the human operator. Pilot
performance was evaluated for the aircraft control and monitor, navigation management
and pilot/ATC communications tasks utilizing the rationale presented in the following

paragraphs. Experienced aircrew personnel were utilized as subjects.

D.1.1 Operator Transfer Function

Reference 76 provides a general low-bandwidth system transfer function:

-Ds
K{+T1,5)e
G(s) = A

(1+ TLs) i+ ™ s)

where T A — oOperator anticipation time constant, 0 to 2.5 sec.
T, = operator error smoothing lag time constant, 0 to 20 sec.
TN = operator short neuromuscular delay, 0.08 to 0,12 sec.
K = operator gain, 1 fo 100
D = operafor transportation Icé], 0.16 to 0.24 sec.

Generally, this linearized transfer function provides a model of a motivated,
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well-trained operator in performing simple fasks such as closed loop tracking utilizing

compensatory displays.

Event sequence times, incorporating the visual, manual and audio task

times, were developed for this study from extensive operational experience.

D.1.1.1 Human Response Times

The time delay is given by time elapsing prior to pilot responding to display
information [Ref 71]:

Reaction time depends on:

Age: 20-40 years, h
Sense: aural visual,

Stimulus intensity,

> 0.23 to 0.30 seconds

Practice,
Preparedness,
Motor Unit responding )
Speed of Perception to Action:
Brain perception of what eye sees 0.1
Cognition 0.4
Decision 4-5
Motor response 0.5
Vehicle reaction 2+
7-8 seconds
Man's Response Lafency:
~ Go/No Go situation 0.2
Response rate for successive stimuli 0.1
Reaction time for simple muscular
movement 0.22
0.5 seconds

D=3
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D.1.1.2 Operator Execution Times

Table D=1 lists operator execution times and standard deviations for the
execution times [Ref 75] used in development of the pilot workload estimates appearing

in this Appendix.

TABLE D-1
OPERATOR EXECUTION TIMES

Averoge Average
Operator Action Execution Time Standard Deviaticn
sec. sec.
Set Toggle Switch | 1.1 0.76
Set Detent Selactor Switch 2.1 0.51
Set Rotary Control 8.6 3.00
Set Thumbwheel 8.6 3.00
Push Button {or Foot Switch) 4,2 ) 1.02
Key Board Push Butten, N digits 3.2+ 1.IN 1.Li+0.4N
Lever (Throttle Setting) 3.0 0.48
Joy Stick Setting 3.8 0.48
Read Instruments, N Insfruments 0.6N+0,6 0.2N+ 0.2
Communication, N Words 0.66 N+ 0.6 0.34N+0.4
Ignore Nonessenfial Subtask when
Situation is "Highly Urgent" I 0.6

D.1.1.3  Synthesized Task Times

Operator experience in association with the above execution times, visual
L]

scan times, communication fimes and response times were .combined fo provide the

navigation management, communication management and pilot task times.
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Task times were developed and then subjected to review by experienced

professional airmen.

D.1.2 (Zp_e_'rqq!‘or Workload_ _Mod'e!

Two figures of merit were applied to quantify workloading:

(1)  task time

(2) operator % utilization

Workloading was first assessed for operator defined task times. Subsequently, a figure of
merit was devised based on % utilization of the operator's faculties. This figure of merit

was computed from the equation:

o e oo Task Utilization
(1) % Utilization Toral UtiTization X 100

where Task Utilization = weighting factor per fask;

Total Utilization = weighting factor for % utilization of the
operator's total faculties

Table D~ 11 identifies the weighting factors.” As an example, the task which requires

one hand and voice use yields:

% Utilization = %g x 100 = 54%
Total utilization depends on crew composition and crew functions,

Use of tofal faculties dictates that:

Pilot/Copilot Total Utilization = 28
Navigator Total Utilization = 20

* Reference (77) substantiates these weighting factors.
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To compute average % utilization for a series of tasks, the operator utilization must be

averaged over the complete task interval. Therefore:

.
(2) Average % Utilization = = [ U df

o

where T = the total period

U = task uvtilization factor in terms of percentage

D.2 NAVIGATION MANAGEMENT - TASK, EXECUTION TIME AND
% UTILIZATION ESTIMATES  (See Table D-Ill and D=IV)

All task times and workload assessments reported in this study were based on
carefully evaluated opinion of experienced aircrew members. Utilization of the private
pilot in the performance of comparable tasks was increased by a factor of one-third to
one-half, depending upon an assumption regarding experience and proficiency of the

pilot. The effect on task times of inflight emergencies was not considered.

D.3 COMMUNICATION TIMES - NON-AUTOMATED SYSTEM  (See Table D-V)

1

The communication times appearing in Sections D.3.1 and D.3.2 are the

baseline estimate for message times for the Event Sequence Diagrams shown in Appendix A.

D:3.1 Typical Air-to-Ground and Ground-to-Air Communication Times for
VER Flights

The use of voice air-to-ground (A-G) and ground-to-air (GA) communica-
tions is now the standard means of transferring data from the pilot to the controller and
vice versa. As radio frequencies become more congested, the total fime a frequency is
in use for A-G and .G -A communications becomes a matfer of concern. This section gives
typical examples of A-G and G-A communications occuring on a VFR flight. The

execution time for these A-G and G-A communications is also listed. (See Table D-V.)
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TABLE D-l1I
NAVIGATION MANAGEMENT TASK SUMMARY

Minimum Auvtomation Task Time, sec. % Utilization
Navigation Management Event Ave, Min. Pilot Navigator
In Flight Weather Evaluation 794 395 26.6 37.33
Inertial Navigetion System Management 597 238 32.6 4‘5.71
Doppler/Cemputer System Management 819 492 27.4 38.4
Loran A Manipulation 220 94 35.8 50.1
Loran C 265 255 26.3 36.8
Automatie Direction Finder 234 134 28.6 40.0
Fixing Radar 414 244 31.7 444
Weather Avoidance Redar 179 84 27 .4 38.3
VOR/DME 245 139 26.5 371
CLC Management 194 17 23.9 33.5
Determination of Mcgneilic Course 146 72 33.4 47.5
Altitude Change Enroute 168 99 26.1 36.6
Menitering Flight Plan Enrcute

{Fuel Maonagement) 455 170 39.3 55.0
Copying and Acknowledging ATC
Clearances (Oceanic) 124 59 28.4 40.0
Turbulence Penetration 17 9 19.4 27.9
Reroute by ATC During Enroute Phase 353 200 3.6 442 |
Radar ldentification in Transition Zone 92 74 28.6 40.0
Altitude Change in Transition Zone 55 34 26.8 37.5
Navigation Management in Transition Zone 745 466 34.4 48,2—
*Navigation Management of MMD 73 73° 28.6 40,0

*NMNo frack monitor function

D.3.2 Typical A-G and G-A Communication Times for IFR Flights

Table D-VI gives examples of typical A-G and G-A voice communications

required for navigation and control of the aircraft during a typical IFR flight.

D.4 PILOT CONTROL AND MONITOR TASKS

Tables D-VII through D-XI tabulate pilot and copilot manual control and
visual tasks. The event times relate to the missions and aircraft flight profiles illustrated
in Section 2 Communication and navigation management fasks are purposely omitted

from the scheduled tasks, so that an estimate of the residual workload experienced by the

D-8
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e
TABLE D-IV
NAVIGATION MANAGEMENT - MINIMUM AUTOMATION
" Utihzation
Evant Tak Time  Foalor Eilization
. — — Event Tosk Time _ Foctor
In Flight Weathar Evaluation  Check Time 1.2 3 -
Dappler/Computar System  Check distonce wHings 1.8 3
' Chack o/ poilton 18 : Mancgement (Cont'd}  pujerming fix {Rho-theto, kyperbolic)  8-180 g-1
Moks i flight weatber observation 10 3 ' PYpRroSllc:
Record 15-30 8 Piot DR postion 20 1
Make in fiight weatber Plot fix 60-240 i
maassrements {temp; w/v} 18-40 3 Revise STE (ccross track error} 3050 n
Record 5=10 a Determene along trock erfor 10-30 n
Raport 25-40 2 Colculate course change 10-45 1
Gat foracant (anthar praviously Initiele course change 43 8
obtoined or by radio) 30-300 8 Comrelate hdg , deift, and track in
Nodify forecast 40-120 " oulo covpled mode 74-10 3
Nodify ground speed if necewsery 15 n Resel diskange clong rock 43 & Update
Modify eto as necesary 40 11 Reset ceoss tradk indication 43 8
Nodify fuel caloslotors &D-120 11 Reset required track, touble shoot 43 8
Recalevlote dnft [general aviation) 43 1t Recycle breckers 42 ea 8
bacaleylate hdg, (general aviation) 5-40 n Switch off ond on L1 8
Cepy foracasts £0-300 8 Check eta woy pont 30-90 8
Ave 794 see _ Record _1-__5_ i
Hax 1030 Ave 819 o
Min 395 Max 1034
Pilint/Copiler 26 6% in 492
Navigater fr Pulay/Copllot 27.4%
Movigater 38.4%
Uhilization
Evant Task Time Foctor
Insrtlcl Navigation Syitem Surstch on to stand by LR B 8 N
Monogemant N Utilization
Align mede, gyre compats, nav mode 2,2 8 Event Task Time Factor
Fragrom way paint() 42e0 8 Leran A Manipulahion Switch on 11 7
Flat DR position B 1 Eshmote DR position for fix 10-3C n
'Detarming extarnal fix 8-180 n- Predict relotive signal stzength and
Flor fix LOP"s 1#, VOR/DME, lorar, sy ground wave mix for one chain 0=60 n
R.mrd.und chack h-me , az n Match polses 30-180 11
Dg;::’:;;’:m’:“ error Nosth/ 20-30 8 . Read hme diffecence end record 4£2-10 8
Determine along track erroc 20-30 1 Determine and epply sky wave corr. 20 1
Determine across treck error 20-30 n - :.‘::::;d record time and doppler PRTE
Datermine track angle emor 15 n Add erom track of applicable 0 i pox
ety dmer s ey 413 7 g Plot LOP 00
Corralate mognehic heading with . Ave 220sen
platform mmue heoding 18-30 3 Max 3480
Chack ata way point LN-20 1 Min 37
Racord 35 E_ Pulot/Capilot 35 8%
Ave 430 sec Mevigator 50.1%
Max 522 o = o e e e b A i e e m
Min 238 Utilization
Pulob/Copelat 32 &% Event Tatk Time _ Factor
' Mawigator 45 71% Loron C Switch pawer - ON 11 7
“Prasant position ples eight weypoints may be progrommed in ARING 561 INS Estmate DR panteon for @ fix 10-30 n
Warm vp 300 0
: “Select chamn 2.1 8
Unlization *Select Loron © 21 7
Evany ﬁ T;ﬁ Factor *Set bandwidth conteol - norcow 21 7
Dopples/Compuber Systeen Switeh an 2,2 8 *Set function switch « M z1 7
Manogement Tast 240 7 “Sel reodout switch = A/G 2.1 7
Slew ground spaed and drft 4 7 *Seleet hmebase - 1 2.1 7
Sel required course 10-320 8 Slew mouter pulse groups 10 left of scope 10 8
Sat cequired distence 16-320 8 Set bandwidth cantrol - wide 21 7
Determine system tocking omror (STE) 15 © 11 ) Select timebase - 2 2,1 7
Offsal computer for $TE 4,3 8 Align master pulse with gates 20 8
Chack hdg, 1.2 3 Salect imebase ~ 3 21 7
Check drlt 1.2 3 Align gate with third cycle of §int pulse 20 8
Chuck trock angle seltings 1.8 3 Set funchion swilch - A 21 7
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TABLE D=1V (cont'd)
NAVIGATION MANAGEMENT - MINIMUM AUTOMATION

Unlization Unhzeton
Event E Time Foztar _Event_ Task Time Foctor
Lorsn € {cont.) Set reodout swtch = A i 7 Fixing Rodor Seb CRT intensity 10 8
Set Bandwidth control = narrow 21 7 Set HEL Bl &
Select hmabose = 1 21 7 St gomn [} 8
Slew wnhl approximote Time diffecence Salect appropriote range 5 8
cppears on reodout 10 8 Tune for ground retem 30 8
Slew pilse groups fo left of 1cope 10 8 ‘ Adjust azimuth amsar on hemplote 10-30 8
St bondwidth control - wide 2. 7 . Comrelate with mop 50.240 11
Seleck timebame - 2 21 7 Identify raturn 20 8
Align pulsas with gates 20 8 Measire relative heading 5=10 8
Seleck fimabose -3 z1 7 Check ofc heading grd or mog 1.2-3 B
Align gate with thurd cycle of fint polse 20 8 Determine beming to plot and record 10-30 n
Record time differance 10 8 Datermine range and record 030 1
Set function match-b 21 ? Check o/ oltitude above ground 1230 8
Sat readoul switch-B L1 ? Detemmine ground range 3060 8
Reed and recard DR pos a8-10 0l
* Con be accomplithed during worm up peried Reod ond record tine 3,2-5 8
Plat LOP ond renge 30-50 1
Set bundwidth control = narrow 21 7 ) Ave 06 5ec
Salect himebase = 1 21 7 Maox 538
Slew unhl approximate hme diffarence Min 244
eppears on readout 10 4 Pilot/Copilot 7%
Slew pulte groups to left of scope 10 + Maviagior o 4%
St bandwideh control - wide 2.t ’ bttt v hrfiid
Selact Hmebose - 2 2.1 7 Event Tosk Time Factor
Align pulses with gates 20 ¢ Weather Avordance Set CRT intennty 10 8
Select timebase ~ 3 2. 7 Rodar Set CRT hlt 5 8
Align gate with third cycle of First pulse 20 I3 Set CRT range 5 8
Record hime diffarence 10 ] Sot CRT gan 10 g
Plot poution 0 n Tune for echo 0120 8
Ave 5; - Set for contour 11 7
Max 575 ' Select Setour heoding 10-30 3
Min. 555 Steer heoding
Pilot/Copilot 26,3% . manuel - 1940 il
Navigater 3 8% outo = 5-30 8
MWMW Ave P—
Euent Tak Tume _Fastor Max 7t
Automatic Darection Finder Sat switches on ADF a3 required 10 ] Men 86
Select Frequancy 10-20 B Pilot/Coprlor 4%
Idantify stations 10-60 0 MN\MMMWMA
Switeh funchon to ADF 11 7 L Event Task Time U'Fl::l:'r’oﬂ
Reod ADF becring and recocd 3-10 B — - -
Reod time and recerd 32 B ' VOR/DME Select station(s) 5-20 3
Determine locol grivation and Set frequencees VOR/DME 86 8
deviation for plotting 10 ] Idenhify stationlst 5-30 [1]
Add 180° for bearing to plot of Set desired madial 4386 8
pesesary 3 8 Observe locohizernpedie or trackbor ~ 12-3 3
Align plotter to grid north 5 "- Adjust heading a3 necessery 5-10 8
Determine DR postion and regord “Comelota nov/computes distonce to
aute = 5-10 8 o with DME distonce ond record 18 8
menual - 40-160 N Amend computer distonce o req’d 43 8
Flot LOP 020 1 Reod and record VOR redial and DME
—_— ronge 5-10 8
Ave 234 sec Determine, reod and record DR powhon :
Max 33 outo= s 8
Min 134 - manual - 60-180 11
Filo/Copilor 28 6% Reod ond record tune Az 8
Nenvigator .0 Plot ronge and bearing P50 N
) Ave 245 sec
Max 376
Min 139
*If heeded teward o away from VORTAC Pilot/Copilot 26.5%
Navigotor 0%
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TABLE D-IV (coni'd)

NAVIGATION MANAGEMENT- --MINIMUM AUTOMATION

Evant

CLC Managemant

4

e o P et £ e e sl bt e Sttt Pt Pl e st et st S il Sl S e 2o

Event

Determinahion of Mognetic
Course

Event
Allitude Change Encoute

Task

SI'IC? stotion(s}

Determine offset rodicl & distance
Progrom offsat rodial ond distoncs
Set VOR/DME Frequancies
entify stohon(s)

Set dusirad mognehic coune
Obsarve locolizer nesdle o HSE

Compare DME and eomputer distance
1f haoded toward or oway from stetion

Correct gomputer distonce as
nacenory

Raod and record DR posihion
Reed ond record hime

With dual VOR/DME fit detarmine
Rho-theta fix from independant source

Correlan with CLC deryved DR pox,

15-45
X-90
86
4,386
§-30
43

1.2

4.3
18
32

5-10
050

194 1ec
7
1z

Pilat/Copilat

Mavigetar

Task Time
Enter tables ond/fer radea nav. eharts &0-180
Manuol-meassrement with plotter
and opplication of vanehon or
grivahon
Haawre grid course or true
course -0
Apply griv/venation to grid
of e course 2-5
Rucord 510
Ave 146 sec
Max, 05
Mein 72
Pilot/Comlot
Mavigotor
Task . Time
Inihiate request for cleorance or
answer | D, call from ATC 25-40
Request olhiude chenge or
receive ATC change . 30-60
Acknowledge receipt of el
and report leaving level 10-30
feutrate quie kot climb/descent or
monually adjust contral column 38
Adjust throttles {climb/descent} 3-20
Check through various altitudes as
required by ATC i0-20
Adyust throttles upon reaching new
Eevel 3-26
Advise ATC upon reaching if required 10-20¢
Lewel aff aa nuta pilat ar manually
edjust contvol column k2]
Ave 168 séc
Max 28
Min 99

Pilat/Copalot
Mavigator

Unlizakien Uhilyzetion
Foctor Evant . Task Time Fockar
3 Monitoring Flight Plan Ensoute  Ravise ste dastinalion e compors
n “{Fuel Management} way paint eta's ond aka's 10-160 1
8 Determine fuel on board ond recond
s with hme 20240 ne
' Determine burn aff 10-20 n
. Compare with plansed burn off 020 8
Estoblish expected fusl conmmption
3 aheod s0-10 11
L. ot fusl over dastinction i
3 FOD §0-120 1)
8 Ava  4353ec
8 i Mox 740
8 - Min 170
Pilot/Copilat 32.3%
8 Navigator 55.0%
1] -
— *Dependent on numbar of fuel tosks
**Depends aa ctuise control mathods, ie. HSC or LRC weight, etc.
B e e o=
Utilization
Evet Tosk Tme __Foctar
B.9% Copying ond Acknowledaing  Make contact with appropeiate
3 5% ATC Clearances {Qsecnic) ATC ogency be Center, termaral) 10-45 8
Copy clearanca os received 30-50 8
Unlization
Factor Acknewlsdge clesrance (o read
back) 10-45 g
n Change bock $o sppropriote
n frequensy &4 _3
Ave 124 sec
, : Max 189
n Min 52
Pelot/Copilot 8 4%
8 Navigator 40.0%
8 e e e e 11 1o T
— Event Tak Tima Factor
Turbulence Penetration Adgust throtes 3-20 n
Check mech meter 2.4 3
33.9% Check IAS indicotar 24 3
47.5% Check oltimetar 2.4 3
Chuck plucord turbulance
Factor penetration speed 12 3
Auto pilot in obt, hold L1 8
8 Disgonnect alt hald in moderate
urbulence L1 8
6 Ave 21 Bsec
s Max 306
Min 134
8 Pilot/Copilot  19.9%
8 o . ~ MNavigator __27.5%
- -~ Orilizeton ]
3 Event Tok Time Facloc
Altitude chonge 1n transition”  Acknowledge clecrance and repert
8 zone leaving present level 0-t5 7
4 Initiate culo pilot climb descent
or monually adjuat control column 38
8 - Adjust throttles 320
- Leve! off on outo pilot or morually
odjust control column 3.8 8
Ad)ust thrattles upon reaching new level  3-20 8 '
Repart reaching new level 10-15 [
28 1% _
3876% Ave 55 sec
Mox 78
Min 34
Pulot/Copilot 26.8%
Navigater 37.5%

*Oeeenie/Contwental Transtion

D-11
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TABLE D-IV (cont'd)
NAVIGATION MANAGEMENT - MINIMUM AUTOMATION

» Ublizction . Utthzation
. Event Taik Time  _ Foctor Erent Juk Time _ Fagtor
Rodar idenlification in the Make eontact with appropriate ATC N tion Systen Manogement  Progrom mav./computer
transtion® zone center when in VHF range 10-15 g in Tranmtion zone * (Doppler/ iNS 2 8
i i ride; 4.3 -] Computser or NS}
Cods idenhificalion on ensponder Dopler 243443 B
Reoceive and copy ATC clacrance as
cpplicable (Arrwoys, dimect route) 30-45 8 Datermine fix
Read back ATC elearance 045 8 Vortae B4 M
A 18 -_ 2 or 3 LOPS foran 42.6-205 1
e TLEme 2 or 3 LOPS ADF 201343 U
Mo 109
i 7 Plot fix
P‘;n W/Cogil 28 &% Vorrae 040 "
b il &
e o oo 2 or 3LOPS foran 2050 n
igator
e 2 or 3LOPS ADF 2060 n
Determine DR position ond plof 20 n
*QeeanigContinenicl Transition Determine along track error 10-30 11
U::'"“’iﬂ‘ Datermine acrest track error 30-60 ]
H 4
Event Tosk ome == Resat distunce along hoek 4,3 8
Reroute by ATC in Acknowledge ATC call 10 & Reset distence agross track 43 8
Enroyte Phase -
Copy clearance 30-45 8 Determine course ehange 10-45 1]
Rood back ¢leatanee 3045 8 Initiate course change 43 8
Program crew way poink: Corralate hdg, drift and rack sat
(1}IN3 in aute coupled mode 7 4-10 3
. Detesrna es-ordinates 0-120 N Determine traek angle error 15 n
Progrom es-ordinates 10-30 Chack ele way paiat 30-%0 1}
Alter counse ref o HS1 0% 8 Record 3-8 8
{2} Doppler/Computer Ave 745 see
Program inactive stoge of Max 1025
compater 20-60 8 . Min 486
Determine present DR pos, 2-1¢ 11 . Filot/Copilot 4%
Pilot present DR pos, 20 ki Navigator 8.2%
:'a:;’;';'/:bf:"““" dota w1 *OceanisLontinental Tronsition Zonw
- Ti Uttls:
Alter to new cours 8=15 8 Event/Fleght Phase Tosk (:5 ;lu:'::m
Reprogrom inactive stoge of —_— _ L Lo S,
computer 20-60 a 7 (Moving Mop Bhzplay
— — Navigatien Manogement Event)
Ave = (1) 185 5ec
(2) 22534 Pre-Toxi and Taxi Select FIX mode 2.1 8
. Max - {1) 280 1ac Select waypoint 8é 8
(2 32530 Slew pen 2o 8
Min = {1} 120 sec Select OF mode 2.1 8
(2) 150 sec T/Q ond Enroyte and Londing Select waypoint 8.8 8
Pilas/Copilot 3 &% Urprogrommed Waypoint Salect nav, aid 84 8
Navigotor AL % Selest WP mode 2.1 8
Slaw pen 12.0 g
) Select GB waypoint 8.6 g
Returmn to waypoint a4 8
Ave 73.3
N Filot/Topilor 20 &%
MNavigator 40,0%

D-12
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TABLE D~V

TYPICAL VFR A-G AND G-A COMMUNICATIONS

TYPICAL VFR A=G AND G+A COMMUNICATIONS

Flight
Phase

Messoge
Mo

Type
of
Comm

Actua! Communigehion

System wi

Selective Cell Syitem

vih

Pwords Time
Sec

Present

Pstords Time
Sec

TAXl IN AND OUT

GA
A/G

G/A

ASG

G/A

A/G
A/G

GrA

Ails
Clevetand Ground Contral dhus 15
Cessoo November $032 Brovo:
November 6032 Brovo Clevelond
Ground

Cewsna 8032 Brovo VFR Deteant
Wayne

November 8032 Brava cleared 12
runway 21 beft vio lox1-woys #ipha
end Brovo  Contact tower one=one=
niner-point=three when reody
One-one~mner-point-three

Detront Giound the 1y Cessna 6032
Brovo  Would like 1o go to General
Aviahien Terminal via 1oxswoys Alpho
and Charlie  Hold short 1oxiway
Chaorlic for Scoumont 451

Roger

0

20

22

436

25

k38
a9

[ER]
12

50

28

36

78

58

&5

77
39

217
12

DEPARTURE

17
18-2%

22-25
26-29

LY+

G/A

A/G
A/G

G/A

A/G

G/A
G/A

A/G
G/A

AIG
/A

Clevelond Tower this 11 Cesina 6032
Brava VFR Reiroit seady 1o go
November 6032 Bravo cleared for
immediate takeall  Mawntain ruaway
heading  Conlaet deparfuee control
sne-two-theee-point-taven

One=two=three«point=reven
Clevelond Deporture Control this s
Tenne &032 bravo ust off Runway
two-one Mo tonspander *
November 4032 Brovo climb te and
maintan three thovsond  Turn might

heading two-seven-zero  Radoer
contagt

Cesino 6032 Bravo level at three
thousond

Roger,

tNovember 6032 Beavo 20 miles west

of Eield  Rodor serviges teimsnoted,

Frequency change opproved Rewme
nomel novigution,

Reger

MNovember §032 Bravo traffic Eleven

&' clock West bound 3miles  Slow

maving
Neagahive condact

November 6032 Brovo traffic no
longer a faetor

20

39

05
3¢

52

78

32
12

28
12

243
45

138

20

[

44

105

14 4
19

12.4

13.8

7.2
12

38
1.2

462
45

Flight
Phase

Meisoge

Mo

Eype
of

Comm

TABLE V' feont'd)

Actual Communication

System with
Selechive Coll Sysiem
"Wocds Time

Sec

Present

"Wordy

Time
Sce

EMROUTE

20

H
32

33

4
35

37
38-40

41-43
44448

AG

G A
AG

G/Aa

ASG

GA
GA

/G
G/A

A/G
G/A

Claveland Cenler this 1s Cessna 6032

Brove one-wo-iix~paint=three [}
November 4032 Brovo Cleveland Center 0

Cesna 6032 Brave VFR Detroit Wayne
Tevel ot six thousond fave hundred
swenty tmles west of Clevelond
Hopkins, Heading two=seven=zerc
Request hralfie advisories 22
Movember 6032 Breva turn fefr
heading heeding one=cight-zerc
for redor 1denhilicanion 1%
One-cight-zera 3
Movember 6032 Bravo Rador contear 2
Norember 6032 Bravo twenly miles
southeast of Detrent Wayne contaet

+

pproach conteol
pomnlt-ieven L]

One~two-three -point=seven, 5
Movember 6032 Bravo traffic Eleven

o clock Westbound thrac miles tlew
moving, 27

Negohive contact $

November 4032 Bravo traffic no longer
o foctor, £}

151

72
25
19

2.8
3¢

18 4
45

105

25

20

A5

33

105
58

?C

1.1
2.5
58

138
a9

302
45

223

ARRIYAL

47
44

49

5l

A G

G/A

/G

G/A

ATIS 50

Defroit Aporoach Control thes 1z
Ty S — 0

November 6032 Brovo Detroit appoach

conirol, 0

Cesina 6092 Bravo twenty miles Sourh-

cait of Field heading three~three=zera

degre o5 level ot ux-thousang-five

heedied Landing 15

November §032 Bravo turn right head-
1ng zera=hix~zero degrees for idenhfi-
cation ?

oy ]

il

65

2

336

7.8

5,5

151

s

ARRIVAL

52
§3

35
56-59

&D-41
5467

A/G
G/A

G/a

A/G
G/A

ASG
G/A

Zeromsix=zere 3

Maovember 6032 Bzavo Radar
contect Rosyme novigehon 4

November 6032 Bravo five miles
cutheast of hield  Contoct fower
one~ong-pingr=paint=one, 12

One-one-niner=paint=ane 5

November 6032 Bravo #raffic eleven '
o ¢lock Westbound three miles slow
moving 35

Megative contact ]

November $032 Brova Koffic no
orger o factor, 20

25

az

83
kR4

243
58

13.8

25

7.2

12,4
39

40.2
58

%4

H-1060-69-41-1SNd
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TABLE D-VI

TYPICAL IFR A-G AND G-A COMMUNICATIONS

TABLE V {cont'd) System with Prasent
s Type lective Coll System
Flight | Mesioge | of Actual Commumicotion Words [ Time Twords | Time
Fhaswe No Comm See Sec
5 48 A/G "1 "Detroft Tower this 13 Cessna 6032
Bravo 5 miles Southeost Jevel ab six-
thousand-five-hundred Landing 1 78 20 128
6% G/A November 6032 Bravo Repoet left
downwind funway two=ona, Number
four to land o Tz 16 ni )
70 ASG Rogar 12 1 12
71 ASG Ceisna 6032 Brovo Downwind runwaoy
v fwo-one 32 19 7.2 |
72 G/A November 6032 Brovs number three to Ct
g and following o Besch Barcn N 8 58 14 .8
a 73 A/G Cessna 4032 Brave W have hims 3 25 Ed &5
E 74 G/A “Roger . 1,2 1 -12
- 75 G/A Naovember 6032 Bravo cleared to land k] 25 ¥ 6.5
74 G/A November 6032 Brevo tum off next
foxiway  Conlact ground one~two=ond~
point-seven 1 78 14 ns
77 ASG One=twosgne-paint-seven 3.9 5 3
* Aloha underlined wards would Be eliminatad in an outomared 1/31em 3931 6304
TABLE VI
D TYPICAL IFR A-G AND G-A COMMUNICATIONS
I T ]
' . System with Prosant i
L+ Typa Selective Call System !
Flight }Message | of Actval Communication Words |Time Words | Time .
Phose No, Comm i Sec Sec
1 G/A ATIS [nfarmahion 50 (336 50 338
2 ASG Mew York Clearance Delevery this®
13 Cosina 6032 Brave,|FR Dotion
Wayne 0 ] 15 05
t
3 G/A Novembar $032 8rovo we have
5 yout ¢lcarunce 4 32 10 7.2
S 4 A/G November 8012 8rovo ready to
z eopy 3 24 9 65
g 5 |GA November 4032 Brovo cleored
S Detroit Woyne, Taaneeswlle ten,
Flight plonned route  Expect
flight level one-sight-zero after
Tannerswille, Contect Deporture
N Contral one-one-nintr=point=two *
Squoek one=lhrec~zero-zero, 29 ez 35 237
[ A/G | Ceune 6032 Brovo cleared Datroit* ) ' -
';ﬂ'v' Wayne  Tannesswillo tan. Fhight
H plonnad route  Expect flight level :
g ong ~aight~zera aftar Tannerswille
=3 Contact Deparlure Control one=ono= .
o ning=point-two Squock ane-lhree-
; Zero-T8r0 29 | 19.7 35 27
= 7 G/A November 4032 Bravo your clearance
% 13 correct as read [} 47 12 1+ a5
=
8 | A/G | New York Ground Control this 1s
. Cessna 8032 Bravo 0 0 12 3,5
v

TYPICAL IFR A -G AND G =4 COMMUNICATIONS

TABLE VI {cont'd)

Fhght
Phase

[Matsoge
No

I
'
Type
of
Comm,

Actual Communication

System with

Preswant
System

Selectlve Call
fards | Time
See

Foords

Teme
Sec,

G/A

ALG

G/A

AlG

G/A

ASG

November 6032 Brave New Yock
Ground

Cesina 6032 Beovo with cleorence IFR
eteont Wayne

Navember 6032 Bravo cleared 10 run-

sway 21 vio laxsway Alpho  Advise
tower thot you are an |FR Degorture

Betrait Ground Contrad this 1s Cessna
5032 Brove  Would hike 16 taxi lo
hangar four

MNovember 032 Brove cleared hengar
four via taxway Alpha ond Charlie

Roger

]

3¢

nz

52

59
13

2]

&5

79

151

1.5

9.8
126

DEPARTURE

AT

G/A

A/G

G/A

Mew York tower this 13 Cessno 6032
+ Bravo New York Tower

November 6032 Brave New York

Towar

Cewna 6032 Brave ready to go
MNovember 6032 Bzavo ¢leared for
take-off Make SID Departure  Con-
tact Dapx a Control

point-five

2.8

20

45

65

3g

DEPARTURE {cont )

20

21

22

23

24

25

25-31

32-38
I9-a4

45

A/G
ASG

G/a

A/G

G/A

A/G
AlG

G/A
AMG §
G/A

G/A

Cessna 8032 Brave rolling™

Departure Conirol this i1 Cetina 032
Brava,

November 6032 Bravo Departure
Conlral, Squock Ident  Radar Conlact
mb to and mawntatn two thousand
feet Mawntain heading one=tex-zore

Cessna 032 Bravo level at hwe
fhousand heoding one~nx-zero
November 6032 Brevo climb 1o ond
mamiin [eor thowsand feet  Tuen
right heading one=eight=zero  Resume
Flight planned roule at west texas

Cassna 4002 Bravo out of two For four
thousand, Right heading one~aight
zero

Cesina 6032 Bravo level ot Four

Heoding orn-cight-zero

WNovember 6032 3ravo Ircffic eloven
o' clock three miles. West bound slow
moving,

Megative Contact

November 6032 Bravo traffic no
onger a focter, *

Movember 6032 Bravo over Wast
Texas VOR  Conlact Mew York Cente
ane-one-ninar-paint-raro-five

20

in2

5%

FAY

522

65
19

?8

26

20

E¥]

72

144

?8

178

ns

%2

105
19

79

{RE:]

HI-10E0~69-31~1SNd
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TABLE D=VI {coni'd)
TYPICAL IFR A-G AND G-A COMMUNICATIONS

Flight
Phase

Meteage
No

Type
of
Comm

TABLE VI {cont'd)

Achuol Communication

System with

Selects
Words

Sec,

Fresent

gtive Call | System
U Time Wordy | Time

Sec

ENROUTE

46

47

ASG

G/A

New York Cantor shis 11 Conna 6072 |
Btevo oncrone=niner-point=zero ¥

November 8032 Bravo this 13 Mew
Yark Centar ange 1o code ono=
zero-niner=zers  Squack ident Rodar
<ontoct,

79

1"z

51

ENROUTE [cont )

48

49
50

5
52

53

54

55

57

38

5%
60
61

62

G/A

ASG
ASG

G/Aa
A/G

G/A
G/A
A/G
A/G

G/A

G/A
A/G
AJG
G/A

G/A

November 6032 Brava confact New® |
York cenler onentwo=three=poini=
fivesfive
Cre=two-three~point-five-five

Mcw York center this »s Cessna £032
Bravo level ot Flight-level one~
oight-zero aver Salem at Fifteen
eshmate Bridgewaler twenty=hwo  *
Lytehfield next

Roger 4032 Bravo
New Yark center this 13 Cesina 6032
Bravo one~two-three-point=five =five

November 6032 8rave  Squock 1dent
Racar contact,

Movembar 6032 Brave contoct
Cleveland center Qne=two-5IX ~poent~

frva-five,
Qne~two-six-point=five-hive
Clovelond center this Cessno 6032
Brave one~two-tix-point-hve~five

November §032 Brove Cleveland
Center  Change code to zero=one=
seven~two  Squack ident  Rador
contact

November 6032 Brava change
L W

quency P ning=
five

One-two-seven-point-mine~five

Cleveland Center this 13 Cessna 6032
Brave oné-tworseven=pont=five

MNovember 6032 Bravo Squack cdent
Rader ¢ontact,

MNovember 6032 Bravo doseent lo and
maiptain ninpr thousand  Report

leaving fourteen and sixteen thousand
Current ofhimeter three-zere-paint- H
zerorane, N

72
446

12,5
L3

32

8,5
44

45

79

59

44

12 5 24

nz
46

197
44

nz

72

05
46

nz

131

12

7,2

6 4

63

&4
&5

A/G

G/A
A/G

1]
&7

G/A
AG

Tessna 6032 Bravo oot of Hrght lovel® |

Snoeight-zaro for mnac thoosend
Roger

Cesna 4032 Brave passng shrw four=
teen thoxsand feet

Reger

Cessna 8032 Brove passing three
twelve Thousand feet H

5

44
b3

39
13

HEL

1,2
1.3

79
13

79

* Alpho underlined words would bie elimincled :n an cutomated system

1d System with Present
Type TABLEV) (cont'd) solatinvg Coll System
Flight |Mesoge | of Actual Communieation ffords | Time { MWords § Time {1
! Pheie Mo Comm, Sec !
'
: 68 G/A Roger ] 13 1 13 Y
2 AIG MNovembar 6032 Bravo level at niner .
thousand 4 32 10 72
'
- 70 G/A | Roger 1 13 1 13,
.E 71 G/A tovember 5032 Bravo conloct Datrest
w approoch control one-two-six-paini=
5 five-five 1¢ 72 16 12
% 72 A/G | Cna-tworsix-pewnt-five-five s | 48 6 | 46
w 7376 G/A | November 032 Brova troffic eleven
o' clock west bound 3 msles slow
moving 36 (244 40 40,2
77-80 A/G Megotive Contact 8 59 ] 59
81-94 G/A Movember 6032 Brovo traffic no
Tonger a factor, 20 |138 44 29,6
85 AMG Datsoit appreoch control this Is Cessna
G032 Bravo onp-iwo-TiX-point=five-
fiva Tevel at niner 1housand 4 3z 21 14,5
B 86 G/A | Movember 6032 Brave change code to
zeromone~zera~zero  xuack idant
2 Rador Contact 11 7.9 17 1ns
= a7 G/A | Novomber 6032 Brave ¢nter @ haldwng
:::‘ pattern on the ene-two=seven degree
radigl Salem YOR  Turns Right
Mainiasn niner-thousend, 18 |12,5 24 164
a8 A/G | Cestna 6032 Brava ane=two-teven
Jogree radial Salem VOR, Turm
Right Miner thousand 1) 79 17 11,8
8% G/A | Movember 6032 Brove deseend to and*|
montain seven thousond  Report pass=|
ing erght thousand 0 72 18 Ha
90 AlG Cesina 4032 Brove out of niner for
oven s | ae bl 79
L A/G Cesina §032 Brave pessing thru
o:ght thotsan 4 3z 10 7.2
92 G/A Roger 1 13 1 13
93 AG Cesina 032 Bravo level of saven
thovsand 4 32 ¢ 72
94 G, A Roger i 13 1 1,3
o5 GrA November 8032 Beavo descend to
and mantais five Thousand feet,
- Report feaving six thovsand 1 79 17 ns
§ 95 A/G ] Ceuna $032 Brave out of seven four
I we 5 | 39 N 79
£
3 97 A/G Cesina 6032 Brave passing Thtu 1ix k] 24 F &5
= =t ols e
% 98 G/A | Roger Vi 1 13
H 99 ASG Cesuna 6032 Bravo lavel at five
i thousand 4 132 10 72
i 100 G/A Roger 1 13 1 1.3
01 G/A | Novamber 6032 Brava descend to and
' maintasn three thousond, Report
l leaving four thousand  Expecy
clearance runwoy hwougne st zero=
I seven=thres~five 20 138 26 17 8

H=10E0-49-¥)~15Nd
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TABLE D-VI (coni'd)
TYPICAL IFR A-G AND G-A COMMUNICATIONS

1 ' ! System with Prasant
Type TABLEVI {ent'd) i _Salects System
Flight | Masioge | of Acgtual Communieation Words | Time Words | Time
Ehate No Comm i Sec. Sec
102 ASG Cessna 6032 Bravo out of five for 5 3¢ n 79
threa .
103 ASG Cesna 6032 Brove passing thrr four 3 2.6 14 &5
104 G/A Roger 1 1.3 1 L3
105 A/G | Cessna 6032 Bravo level at three 3 24 9 &5
106 G/A | November 6032 Bravo turn right
heading one-eight-zery [ 44 12 8.5
07 | A/G |. One—sight-zero* 3| 28 l 3 28|
108 G/A November 6032 Bravo turn right H
_- heading two-five-zero. 6 A48 12 | &5
H L AIG Two-five-zero 3 24 3 2y
o
i 110 | 6/a | November 6032 Brovo tum left
s Feading hwo-Totr-zsto. Intercast
= ILS  Repor! tower p eile From outer
b marker inbound Conloct tower one-
one=niner=point-three 22 1151 28 121
m ASG Two-four-zero  one=-one-niner-point-
three & 46 ] 47
nz ATIS 50 J3zs 50 B
13 AG Dersit tower this 15 Cessna £032
% &rovo inboynd over the outer marker 5 39 15 105
3 14 G/A | MNovember $032 Bravo you are number
% two to Tend following a convair 9 45 i5 10.5
T | s A | Roger B o3 1 13
g 116 | G/A | Movember 6032 Bravo clecred to land 3f 25 2 | 65
= 1"z G/A November £032 Brovo eankact ground
] contal one-two-one -point-seven. 8 59 a4 98
118 A/G One=two-cne-point-seven 5 3¢ 5 a9

* alpha underlined woeds would be ehminated in aa outomated ystem

pilot in the control and monitor of his vehicle is possible. Communication and navigation

management workload is assessed independently of the control and monitor workioad.

D.4.1 VTOL Aircraft

A time line analysis for VTOL aircraft is shown in Table D-VII. Pilot and
_copilot tasks of a lift fan VTOL include the manual vehicle control and visual monitor

tasks.

D-.4.2 STOL Atircraft

_Table D-VIII summarizes a typical set of control and.monitor tasks for a STOL
aircraff. The vehicle selected for evaluation was a turbofan STOL operated over a

500 nmi stage length.

D-16
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TABLE D-VII
VTOL LIFT FAN PILOT AND COPILOT WORKLOAD
VTOL LIFT FAN PILOT AND COPILOT WORKLOAD
Phase Time Pilot Visual Task Pilot Manual Task
Start Time  Task Duration =  Start Time  Task Dueation
Pre~Taxi -12.0 -11.7 Brakes set a1
-11.6 A/C Configuration 0.3
-11.3 CHK Thrust Det Pos 0.1
=1t.2 Ground Control 0.3
-10.9 Intercomm 0.3
-10.3 Fuel Mgmt 0.1
~10.2 Alt. airspeed 0.2 -10.2 Set Alt, airspeed Indicator 0.2
-10.0 Roll-Pitch-Yaw Trim 0.2 -10.0 Set Roll-Pitch-Yaw Trim 0.2
- 9.4 Alt, Hdg. Inds 0.1
- 2.3 Turbine on Start 0.1
-9.2 No. 1 Engine Start 0.2
- 9.0 Neo. 2 Engine Start 0.2
-~ 8.8 No. 3 Engine Start 0.2
- 8.6 Mo. 4 Engine Start 0.2
-7.7 Adj Conf Auth e.1
-7.4 Chk Flt Contrals 0.1
-7.5 Engoge Autematic Stabili~
zation Equipment 0.1
- 7.4 Cye WG Position Control 0.3 -7.4 Cyc WG Position Control 0.3
-7.1 Pre-taxi Chk List Complete 1.0 -7.1 Pre-taxi Chk List Complete 1.0
Taxi -6.1 -4.1 Scan Taxiway 0.2 - 6.1 Taxi to Position, Control 0.2
Pre-Toks-
Off - 5.9 -~ 5.9 Fuel Chk cut 0.2
- 5.7 Monitor Heading a1
- 5.6 Set Brakes 01
- 55 Eng Mo. T lastruments 0.4 -55 . Eng No, T Chk out 0.4
- 5.1 Eng No. 2 Instruments 0.4 - 5.1 Eng. No. 2 Chk out 0.4
- 4.7 Eng MNo. 3 Instruments 0.4 - 4.7 Eng. No. 3 Chk out 0.4
- 4.3 Eng No 4 Instruments _ 0.4 -43 Eng No. 4 Chk out 0.4
Texi -3.8 -38 Sean Taxiway 1.0 - 3.8 Taxi to Spot 1.0
-2.9 Eng RPM to 60% 0.2
- 2.3 Mo, 1 Eng Div Valve to Fan 0.1
-2,2 Monitor Fan RPM-Temp,
Engine lnstruments 0.7
- 2,1 No. 1 Div Valve to Nerm 0.1
-20 No. 2 Div Valve to Fan 0.1
- 1.9 No. 2 Div Valve to Norm 0 1
-1.8 Ne. 3 Eng Div Valve fo Fan 0.1
- 1.7 No. 3 Div Valve to Norm 0.1
- 1.6 No. 4 Eng Div Valve to Fan 0.1
- 1.5 No. 4 Div Valve to Nom 0.1
- 0.5 Monitor Engine Instruments 0,2 - 0.5 Engs to 60% 0.2
-0.3 All Div Valves to Fan 0.2
- 0.2 CHK Fan RPM 0.1
- 0.1 CHK Eng Instruments 0.1
Take Off 0.0 0.0 Throttles to Take—off Power 0.2
0.2 CHK Thrust Req-Avail 0.1
0.3 Lift Off Scan 0.5 0.3 Lift OFF Throttle 0.5
0.8 Monitor Attitude, Heading, 0.8 Contrel Atfi fude, Heading 1.9
. Altitude 1.9
2.4 Monitor Thrust 0.1 2.4 Adj Thrust 0.1
Clear to
1000 ff MOCA 2.5 2.5 Flight Instrument Scan {5 see 2.5 Increase Alang Track Airspeed,
every 20 sec) 2.0 Altitude 0.1
2.6 Attain WG Lift, Angle of
Aftack 0.1
Conversion 2.7 2.7 Div 2 Eng Aft 0.2
2.8 CHK Div Pos 0.4
2.9 Div 3 Eng Aft 0.2
3.1 Increase Airspeed, Altifude 0.2
3.3 Div 1 Eng Aft 0.2
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TABLE D-VII (cont'd)
VTOL LIFT FAN PILOT AND COPILOT WORKLOAD

VTOL LIFT FAN PILOT AND COPILOT WORKLOAD

Phase Time Pilot Visual Task " Pilot Manual Task
Starf Time  Task Duration Start Time  Task Duration
3.5 Div 4 Eng Aft 0.2
3.7 Adj Climb Thrust 0.1
3.8 Maint Climb A/A-Att 0.2
Ace, to Climb 3.9 *
. 4.0 Monitor Climb A/A-Attitude 0.2
4.2 Autopilot 3s 4.2 Engage Autopilot 3s
4.2 Menitor Eng Inst, Flight
Instrument {scan) 0.1 .
¢.5 AHain Cruise Altitude 0.1
2.6 Attain Cruise Speed 0.1
Cruise 9.7 .7 Reduce Throttle 0.1
9.8 Scan Flight instruments and 2.8 Engage Aufopilot 0.1
Engine Instruments (5 sec every .
20 sec) 10.5
2.9 Monitor Autopilot Hold mede 0.1
10.0 Throttle 0.2
10:2 Flight Inst., Engine Inst.,
Cockpit -, 0.2 10.2 Cruise Check 0.5
30.2 Monitor Mach Meter, Engine . ’
Inst. 0.1 . 30.2 Throtile 0.1
Descent 52.3 52.3 Sean Flight Inst., Engine [nst.
(5 sec every 20 sec) 4.0 52.3 Reduce Thrust as Req 0.1
52.4 Pitch Thumbwheel 0.1 52,4 Pitch Thumbwheel for
Desired ROD’ 0.1
52.5 Flt. Inst., Mach Meter, IAS 0.1 52,5 Throttle 0.1
54.5 Throttle 0.1
54.6 Flt, Inst., Mach Meter, IAS 0.1 54.6 Set Altimeter 0.1
54.7 Alfimeter 0.1
57.7 Elt, Inst, Mach Mater, |AS 0.1 5.7 Throttle 0.1
Terminal 57.8 8 Pitch Thumbwheel 0.1 57.8 Pitch Thumbwheel for
Area Desired ROD 0.7
57.9 Flt, Inst., Mach Meter, 1AS 0.1 57.9 Throttle 0.1
Conversion  63.1 . 63.1 Speed Brokes On 0.1
63.2 Slow to App Speed 2.6
65.8 Throttle Conversion Speed 0.1
65.9 Divert Eng to Fans -0.3 65.9 Divert Eng to Fans 0.3
£6.2 CHK Fan RPM-temp 0.5 66.2 Descend to Conversion
i Altitude 0.5
66.7 Complefe Conversion 0.2 66.7 Complete Conversion 0.2
66.9 Increase Throttle (o]
67.9 Monitor Hover Indicator 0.1
Land 68.0 3.0 Land 0.1 £8.0 Lend 0.1
é8.7 Thrust to-ldle 0.1
8.9 Both Diverter Valves fo Rear 0.1
70.0 Taxi to Park Area 1.5 70.0 Taxi to Park Area 1.5
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TABLE D-VH {cont'd)
VTOL LIFT FAN PILOT AND COPILOT WORKLOAD

VTOL LIFT FAN PILOT AND COPILOT WORKLOAD

Phase Time Co-Pilot Visual Task Co-Pilot Manua! Task
Start Time  Task Duration Start Time  Task Duration -
Pre=taxi -12.0
-11.6 Radio Master On 0.1
-10.6 Lights ot -10.6 CHK Warn Lights 0.1
-10.5 CHK Fire Warn Sys OFff 0.1
-10.4 CHK Comm-Nav Insts 0.1 -it.4 CHK Comm-MNay Insts 0.1
-10.2 Altitude, airspeed 0.2 -10.2 Set Altitude, Airspeed 0.2
-~ 9.7 CHK Anti-ice 0.2
-9.3 Attitude - Heading Indicators 0.1
-8.7 Batt-Gen On 0.1
-8.2 Monitor Fuel Mgmt System 0.3
-7.6 CHK Hydraulic System 0.1 -7.6 CHK Hydroulic System 01
Taxi - 6.1
Pre-Take-
Off - 59
Taxi - 3.8
-2,7 All Louver Doors Open 0.2
-2.4 CHK Louver Door Inds 0.1
- 1.4 Set WG to Take Off Position 0.2
- 1.2 WG Position Indicator 0.1
- 1.0 Fuel Controls 0.3 - 1.0 CHK Fuel Controls 0.3
Take Off 0.0
.07 Electronics Panel 25 0.07 Switch from Tower to Dep.
Control 25
0.3 Gear Position Indicators Q.1 0.2 -Gear Up Handle 0.1
0.4 Electronics Panel 2s 0.4 Switch Landing Beam to
. VOR Freq 2
0.44 Electronics Panel 8.6 0.44 SefectNav. Freq. 8.6s
0.59 Electronies Panel 8.6s 0.59 Select Comm. Freq 8.5
0.73 Scan Flight Inst. and Engine
Inst. {5 sec every 20 sec) 2.3
Conversion 27
2.8 Close Louver Doors 0.1 2.8 Close Lauver Doors 0t
2.9 CHK Louver Door Indicaters 0.1
1.8 Flight last., Engine Inst,
Cockpit 30s 3.8 Climb Check 0.5
6.0 Altimeter 55 6.0 Set Altimeter 29,92 01
7.0 Electronics Panel 25 7.0 Switch to Mext Comm. Freq. 2s
7.03 Elecfronics Panel 8.6s 7.03 Select Comm. Freq. 8.6s
@.3 Motify Pilot 1000 ft. to
Cruising Altitude 1s
9.5 Switch to Ext Fuel 0.1
9.6 Set WG Pos to Hi-Alt Cruise 0.1 2.6 Set WG Pos. fo Hi-Alt Cruise0. 1
Cruise 2.7
2.8 Sean Flight Inst. and Engine
Inst. {5 sec every 20 sec) 10.5
10.2 Flight Inst., Engine Inst,, 10.2 Cruise Check 0.5
Cockpit 0.5
10.75 Electronies Panel 2¢ i0.75 Switch fo Nex, Nav. Freq. 2s
10.77 Electronies Panel -
10.78 Select Next Nav Freq, 8.6s
25.0 Elecironics Panel 2s 25.0 Switch to Next Comm Freq 2s
25.03 Electronics Panel B.6s 25.03 Select Comm, Freq. 8.65
45.0 Electronics Panel 25 45.0 Switch to Next Nav, Freq, 2s
45.03 Electronics Poanel 8.65 45.03 Sclect Mext Nav, Freq. 8.6s
50,0 Fuel Gauges, Writing Board 10s 50.0 Fill Qut Fuel Sheet 10s
50.1 Electronics Panel 2s 50.1 Switch fo-Mext Comm, Freq, 2s
50,13 Electronics Panel B.6s 50.13 Select Mext Comm. Freq.  8.6s
51.0 Electronies Panel 8.6 51.0 Select Appraoch Control
Freq. 8.és
51,15 Elechronics Panel 2s 51.15 Switch to Next Nav. Freq. 25
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D.4.3 SST Aircraft

Table D-IX ‘presents typical SST pilot and copilot control and monitor tasks.
The workload is evaluated with respect to a 3,400 nmi transoceanic mission. Workload

was estimated to be minimal as a consequence of the extensive use of automation.

D.4.4 CTOL Aircraft

Table D-=X presents the results of an analysis of the visual and manual
workload experienced by the pilot and copilot of a CTOL class of aircraft. The analysis
was done for a 4-engine jet fransport. A three-man crew was assumed ~ the third

member being the flight engineer. The long haul mission profile is shown ini Sec. 2, Vol.ll,

D.4.5  GA2 Aircraft

Table D-Xi lists pilot and copilét control/monitor tasks for a GA2 type of
aircraft. The analysis was done for a single engine, constant speed propeller, retractible
gear aircraft operating on a VFR flight plan. The mission profile of 190 minutes is
taken as representative. The manual and visual workload experienced by the pilots of a
twin-engined aircraft is estimated to be only slightly greater; thus the workload figures
for the selected aircraft were assumed fo be an adequate approximation of the workload

figures for any GA2 vehicle.

While the GA1 class of aircraft is theoretically less difficult to fly and to
navigate than is the GA2 class of aircraft, most GA1 pilots have fewer total flying
hours per year and generally operate as one-man crews; thus, the demands on the GA1 pilot will

probably be as great or greater than is the case for the GA2.

This relative lack of experience on the part of the pilot flying GAI
aircraft means that he will probably be just as busy as a GA2 pilot; thus the workloading
analysis for a GA2 aircraft is @ reasonable approximation of the workloading for a GAT1

aireraft.

D-20
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TABLE D-Vill
STOL TURBOFAN PILOT AND COPILOT WORKLOAD

TABLE VIl ‘(cont'd}
VTOL LIFT FAN PILOT AND-COPILOT WORKLOAD
Phase Time Co-Pilat Visugl Task Co-Pilot Manyal Task
Start Time  Task Duration Start Time  Task Duration
Cruise 51.30 Electronics Panel 8.6 51.30 Select Landing Freqg. 8.6s
{cont.} 52.1 Change fo Int Fuel 0.1
52.2 Fuel Pressure 0.1
Descent 52.3 52.3 Scan Flight Inst., Engine
Inst, (5 sec every 20 sec) 1.3
52.5 Altimeter 55 52.5 Set and Cross-check Altimeter 55
62.0 Flight Inst., Engine Inst., 62,0 In-Range Check i
Cockpit 1 -
Conversion 63,1 63.1 WG Position for Landing 0.3 63.1 Set WG Position for Landing 0.3
’ 65.7 Flaps Down 0.1
65,8 Flap Indicator 0.1
66.2 Electronics Panel 25 66.2 Switch to Landing Freq. 25
66,7 Gear Handle 3s 6.7 Gear Down 3
66.8 Flight Inst., Engine Inst., 6.8 Landing Check 20
Cockpit, Writing Board 20s
Land 68.0 68.0 Electronics Panel 2s 8.0 Switch to Tower Freq, 2
68.1 Electronics Panel 8.65 68.1 Select Ground Control Freq. 8.6s
68.2 Call QOut Threshold and
Final Approach Speed 2s
68.3 Monitor Engine.Inst. and
Watch for Pad 0.5
Taxi 70.0 70.0 CHK Valve Position 0.1
70,2 CHK Louver Door Indicator 0.2
70.6 Close Louver Doors 0.1
70.7 Electronics Panel 25 70.7 Switch to Ground Control 25
70.8 Thrust Control 2 70.8 Thrust Control ~ Forward Idle 2s
71.5 Cockpit 1 71.5 Shut Down Check List 1
TABLE VIt
STOL TURBOFAN PILOT AND COPILOT WORKLOAD
Phase Pilot Visual Task Pilot Manual Task
Stort Time Task Duration Start Time » Task Duration
-0, 44 Hold Brakes 10s
Take-Off -0.41 Call for Flaps 25° 1s
and -0.40 Engine Instruments 10s -0.40 Advance Throttles 2s
Departure -0.27 Scan Runway lés -0.27 Release Brakes Is
-0.27 Control Column, 2.0
Rudder, Throtifes
-0.15 Acknowledge V, Is
0.00 Flight Instruments 1.5 0,00 Acknowledge Vi, Rotate  3s
0.08 Call for Gear Up Is
{Right Hand TRumb Up)
. 018 Call for Flaps - 10 Is
Clear to 0.30 Engine Instruments 3s 0.30 Reduce Power to Climb 3s
1000 ft Setting
MOCA .31 Call for Flap Retraction 1s
[.5 Autopilot 3s 1.5 Engage Auto Pilot 3
1.55 Pitch Thumb Wheel & 10s 1.55 Adjust Pitch Thumb Wheel 10s
Flight Inst. for Desired ROC
1.72 Scan Flight Inst, & Engine 2.8
Instruments (5 sec) every
20 sec. -
1.72 Flight Inst., Engine Inst., 0.5 1.72 Climb Check 0.5
Cockpit
6.00 Altimeter 5s 6.00 Set Altimeter 27.92 3s
12.20 Acknowledge 1000 Feet to s
Cruising Altitude
12,22 Pitch Thumbwhee! 12,22 Adijust Pitch Thumbwheel 105

for Zero ROC
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TABLE D-VIH

(cont'd)

STOL TURBOFAN PILOT AND COPILOT WORKLOAD

TAl

BLE

VIl {cont'd}

'STOL TURBCFAN PILOT AND COPILOT WORKLOAD

Phase Pilot Visual Task Pilot Manual Task
Start Time Task Ducation Start Time Task Duration,
12.85 Flight Inst., Engine 155 12.85 Cruise Check 0.5
. Inst., Cockpit
37.0 Monitor Mach. Meter, 10s 37.0 Throttle i0s
Engine Inst.
Descent & 64,2 Scan Flight Inst. & Engine 5 64,2 Advise Crew of Descent 2s
Landing Inst. (5 sec) every 20 sec.
64,23 Engine Instruments 3s 64,23 Throttle 3s
64,7 Pitch Thumbwheel 10s 64.7 Adjust Pitch Thumbwheel 10s
for Desired ROD
64,9 Flight Inst., Mach, Meter, 10s 64,9 Adjust Throttle 105
1AS
66.9 Flight Inst., Mach. Meter, 10s 66,9 Adijust Throttle 10s
1AS
67.1 Altimeter 55 é7.1 Set & Cross-check 5s
Altimeters
Terminal 70.8 Flight Inst., Mach, Meter, 10s 70.8 Adjust Throitle 10s
Area 165
70.9 Pitch Thumbwheel 0.1 70.9 Pitch Thumbwhee! for 0.1,
Desired ROD
71.0 Flight Inst,, Mach, Meter, 0.1 71.0 Throttle 0.1
TAS
76.1 Flight Inst., Engine 1 76.1 Call for In-Range Check Is
- Inst., Cockpit .
77.9 In-Range Check 1
Approach .
78.9 79.4 Monitor Airspeed 25 79.4 Call for Flaps 15° Is
79.5 RMI 5 79.5 Move Hdg. Bug to 0.1
Required Heading
80.5 Auto Pilot 3 80.5 Auto Pilot - Hdg. Sel. 0.1
80.6 Monitor Airspeed 25 80.6 Call for Flaps 25° Is
Final© 81.9 Auta Pilot 0.1 81,9 Auto Pilot - Turn 0.1
Approach 82,0 Turn Knob 0.1 82.0 Turn Kaob . 0.1
2,1 i i 25
8 Monitor Airspeed 82.1 Call for Gear Down Is
82.5 Auvto Pilot 35 82.5 Auto Pilot - Land 0.1
2. itor Al % :
82.6 Monitor Airspeed 82.6 Call for Flaps 35° Is
82.6 Flight Inst., Engine 20s 82.6 Landing Check 0.3
Inst., Cockpit
82.7 Monitor Airspeed 2s 82,8 g"'i‘f’ on ghi'ﬁ:flie }'3
. . . 2,25 82.8 a ar Fu. ops 5
82.8 Monitor Flight inst 835 Repeat Threshold &
] Final Approach Speed 2
. 455 23.4 Auto Pilot - Disengage Is
83.6 Approach Lights & Ruaway b1 Control Whael, Rudder
83.6 Throttle Back 2s
Land 83.8 83.8 Call ~ Buckets 1s
83.8 Brokes 0.3
; . P W 84.1 Rudders & Brakes, Throttle 3m
Taxi g;: g:::kpi?y 87.1 Shut Down Check List im
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TABLE D-VIII (cont'd)
STOL TURBOFAN PILOT AND COPILOT WORKLOAD

TABLE

VI {cont'd)

STOL TURBOFAN PILOT AND COPILOT WORKLOAD

Cockpit, Writing Board

Phase Copllot Visual Tosk Copilot Manval Task
Start Time Task Duration Start Time Task Duration
Departure 0,27 Monitor [AS, Engine 0.5 =041 Flap Hondle 25° 3
Inst,, Flight Inst. 0,17 Notify Pilot V-I 1s
-0.02 Motify Pilot VR 1s
0.07 Electronics Panel 2 0.07 Switch from Tower fo Dep. 25
Cont.
0.10 Gear Hardle 3s 0.10 Gear Up-Handle 3s
0.20 ° Gear Position Indicator 3s 0.20 Flap Handle 10° 3s
& Flap Handle .
0.33 Flep Handle 3s 0.33 Flap Handle 0° 3s
0.38 " Electronics Panel Zs 0.38 Switch from 2
0.4 Electrical Switch 2 0.4 Seat Belt-Smoking Switch 2
0.44 Electronics Panel 8.6s 0.44 Select Nav. Freq. 8.6
0.59 -Electronics Poncl B.és 0.59 Select Comm. Freq. 8. 4s
0.73 Scan Flight Inst. & Engine 2.9
Inst. (5 sec} every 20 sec.
1.72 Flight Inst., Engine lnst, 0.5 1.72 Climb Check 30s
‘ Cockpit
6.00 Altimeter 5s 6 .00 Set Altimeter 29,92 Ss
7.00 Electronics Panel 2 7 .00 Switch to Next Comm. Zs
Freq.
7.03 Electronics Panel B.6s 7.03 Select Comm. Freq. 8.6s
12.18 Notify Pilot 1000 Feet Is
. to Cruising Altitude
12,22 Sean Flight Inst, & Engine 12,9
Inst. {5 sec) every 20 sec.
12.85 Flight Inst., Engine Inst,, 0.5 12.85 Cruise Check 0.5
‘ Cockpit
13.35 Electronics Panel 25 13.35 Switch to Next Nav. 2s
Freq.
13,38 Electrenics Panel 8.6s 13:38 Select Next Nov. Freg. 8.6s
22.0 Electronics Panel 2 9.0 Switch fo Next Comm. 2s
Freq.
29.03 Electronics Panel 8.65 29:03 Selgcf Comm, Freg. 8.6s
37,00 Elecironics Panel 2s 37.00 Switch to Next Nav.Freq. 2s
37.03 Electronies Panel 8 .65 37.03 Select Next Nav. Fi'eq. 8.6s
38.0 Fuel Gages, Writing Board 10s 38.0 Fill Out Fuel Sheet 10s
52,00 Electronics Panel 2s 52,00 Switch to Next Comm.Freq 2s
52,03 Elecironics Panel 8.6s 52.03 Seleet Next Comm. Freq. 8.6s
- 52.17 Elecironics Panel 2s 52,17 Switch to Next Nav.Freq. 25
52,20 Electronies Panel 8.6s 52,20 Select Next Nav. Freq. 8.6s
58,50 Electronics Panel 2Zs 5.50 Switch to Next Comm.Freq 2s
58.53 Electronics Panel 8.6s 58.53 Select Approach Contrel ~ 8.6s
Freq
58.67 Electronics Panel 2 58.67 Switch to Next Nav,Freq. 2s
58.70 Electronics Panel 8.6s 58.70 Select Landing Freq. 8.6
Descent 64,2 Scan Flight Inst., Engine 5
Inst, (5 sec) every 20 sec
67.1 Altimeter 55 Set & Cross-check Altimeter 55
76,1 Flight Inst., Engine Inst., 1 In-Range Check H
Cockpit
79.4 Flap Hondle 3s 79.4 Flap Handle 15° 3s
80.7 Flop Hondle <3 80.7 Flap Handle 250 3s
81.8 Electronics Panel ’ 2 81.8 Switch to Landing Freq. 25
82.1 Gear Hardle 3s 82,1 Gear Down 3s
82,6 Flap Handle 3s 82.6 Flop Handle 35° 3s
82.6 Flight Inst., Engine Inst.,  20s 82.6 Landing Check 20s
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TABLE D-IX

SST PILOT AND COPILOT WORKLOAD

TABLE

VIl (cont'd)
STOL TURBOFAN PILOT AND COPILOT WORKLOAD

TABLE IX

SST PILOT AND COPILOT WORKLOAD

Pilat Visval Task

Pilot Manual Task

Phase Copilot Visual Task Copilot Manual Task
Start Time Task Duration Start Time Task Duration
82.80 Flap Hondle 3s 82.80 Flap Handle Full 3s
82.85 Electronics Ponel 2s 82,85 Switch to Tower Freq. 25
82.88 Electronics Panel 8.6s 82.88 Select Ground Contrel 8.6s
Freq.
83.5 Call Cut Threshold & 2
Final Approach Speed
83.0 Monitor Engine Inst. & i.25 83.55 Seat Belt & Smoking Switch 2s
Watceh for Runway 83.8 Throttle 453
83.80 Thrust Control 25 83.80 Thrust Conirel - Reverse 25
Idle
83.83 Engine Inst. 10s 83.83 Advance Throttles 10s
83.96 Retard Throttles 3s
84.0 Electronics Panel 2s g84.0 Switch to Ground 25
Control
84,1 Thrust Control 25 84,1 Thrust Control - Forward 2
Idie
Taxi 87.1 Cockpit 1 87.1 Shut Down Check List 1

B el i el T i e T W

44,53

PHASE
Start Time Task Duration Start Time Task Duration
Take—OFf . -0.66 Hold Brakes 10s
Climb und' -0.63 Engine Instruments i0s -0.63 Advance Throttles 25
Accelerate -0.50 Sean Runway 33s ~0.50 Release Brakes 1s
~0.50 Control Column, Rudder, 1.5m
Throttles
-0.33 Acknowledge V] 1s
0.00 Flight Instruments T.0m 0.00 Acknowledge V., Rotate 3s
0.08 Call for Gear Up s
(Right Hand Thumb Up)
0.18 Call for Flaps - 10° 1s
0.26 Engine Instruments 3Is 0.26 Reduce Power to Climb 3s
: Setting
1.00 AFCS 3s 1.00 Engege AFCS 3s
1.05 AFCS 105 1.05 Adjust AFCS 105
1.72 Scan Flight lnst. & Engine 10.7m
Instruments (5 sec) every
20 sec.
1.72 Flight Inst., Engine Inst., 30s 1.72 Climb Check 30s
Cockpit -
2,40 AFCS 10s 2.40 Adjust AFCS 10s
5.50 Altimeter 5s 5.50 Set Altimeter 29.92 5s
13.70 AFCS 10s 13.70 Adjust AFCS 10s
29.95 AFCS 10s 29.95 Adjust AFCS 10s
42.20 AFCS 10 42,20 Adjust AFCS 10s
44,20 Acknowledge Cruising Is
Altitude
44,53 AFCS 10s Adjust AFCS 10s
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TABLE D-iX (cont'd)

SST PILOT AND COPILOT WORKLOAD

TABLE  IX (cont'd)
PILOT AND COPILOT WORKLOAD

PHASE Pilot Visual Task Pilot Manual Task
Start Time Task Duration Start Time Task Duration
Cruise 44.70 Scan Flight Instfuments 41.0m
& Engine inst. (5 sec)
. every 20 sec. .
44,70 Flight Inst, Engine inst,, 155 44,70 Cruise Check 30s
Cockpit
Decelerate, 208.47 Advise Crew of Descent 2
Descend and 208.7 Scan Flight Inst. & Engine 4.5m
Land Inst. {5 sec) every 20 sec.
208.7 AFCS 105 208.7 Adijust AFCS 10s
210.7 AFCS 10s 210.7 Adjust AFCS 1Cs
223.57 Altimeter 55 223.57 Set & Cross-check Altimeters S
224.5 Call for In-Range Check 1s
224.7 Flight Instrument, Engine Im 224.7 In-Range Check Im
Inst., Cockpit
227 .49 RMI 55 227.49 Move Heading Bug to 5s
Required Heading
227.57 AFCS 3s 227.57 Adjust AFCS 3
231.4 AFCS . 3s 231.4 AFCS - Turn 3
231.45 Turn Knob 30s 231,45 Turn Knob 30s
231.5 Flight Instrument, Engine 205 231.5 Landing Check 20s
Inst., Cockpit
232.0 AFCS 3s 232.0 AFCS - 1LS 3s
232.2 Call for Geor Down Is
233.2 Monitor Flight Instrument 1.5m 233.2 Hand on Throttle 1.5m
233.2 Repeat Threshold and 2%
234.45 A . Final Approach Speed
pproach Lights & Runway 45 234.45 Disengage AFCS Is
234.45 Control Wheel, Rudder 455
234.45 Throttle Back 2
234.7 Touchdown
234.7 Call - Buckets Is
234.7 Brakes 18s
Tox 235.2 Taxi Way 235.2 Steering Wheel, Brakes 3m
and Throttle
28,2 Cockpit 238.2 Shut Down Check List im
PHASE Copilot Visual Task Copilot Manual Task
Start Time Task Duration Start Time Task Duration
Take-OFf =0.50 Monito;I!As,lEngine 33
Climb and Inst., Flight Inst. -0.35 Notify Pilot V. 1s
Accelerate ~0.02 Notify Pilot V, 1s
0.07 Elecirenics Panel 2 0.07 Switch from Tower to Dep. 2s
Cont.
0.10 Gear Handle 3s 0.10 Gecr Up Handle 3s
0.41 . Electrical Switch 2s 0.41 Seat Belt - Smoking Switch 25
0.59 Electronics Panel 8.6s 0.59 Sefect Comm. Frequency 8.6s
0.73 Scan Flight Instrument & 1m
Engine Inst, (9 sec)
every 20 sec.
0.86 Elecironics Panel 8.6s 0.86 Switch from ILS Frequency 8.6
to-Waypoint
1.72 Flight Inst., Engine Inst., 30s 1.72 Climb Check 30s
Cockpit
5.50 Altimeter 5 5,50 Set Altimeter 29,92 55
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TABLE D-IX (cont'd)
SST PILOT AND COPILOT WORKLOAD

TABLE  IX (cont'd)
SST PILOT AND COPILOT WORKLOAD

PHASE

Take-Cff,
Climb and
Accelerate
(Contd.)

Decelerate,
Descend and
Land

Taxi

Copilot Visual Task

Copilat Nanyal Task

Start Time Task Duration Start Time Task Duration .
6.00 Electronics Panel 2 6.00 Switch to Next Comm. Freq. 25
6.03 Electronies Panel 8.6s 6.03 Select Comm, Frequency 8.6s

44.00 Notify Pilot - Coming Up s
. on Cruising Altitude
44.70 Scan Flight Inst. & Engine 4im
Inst, (5 sec) every 20 sec,
44,70 Filight Inst., Engine Inst., 30s 44.70 Cruise Check 30s
Cockpit

45.50 Electronics Panel 8.6s 45.50 Switch to Next 8.6s

46.04 Electronics Panel 2 45,04 Switch to Next Comm. 2s
Frequency

46.07 Elecfronics Panel B.6s 46,07 Sefect Comm Frequency 8 &s
60,00 Fuel Gages, Writing Board 10s 60.00 Fiil Cut Fuel Sheet 10s
78.07 Electronies Panel 8.6s 78.07 Switch to Next Waypoint B.6s
110.07 Electronics Panel 2 110.07 Switch to Next Comm. Freq. 2s
110.10 Electronics Panei 8.65 170.10 Select Next Comm. Freq. B.6s
110.24 Electronics Parel 2s "110.24 Switch to Next Waypoint 8.6s
120.00 Fuel Gages, Writing Board 10s 120.00 Fill Qut Fuel Sheet 10s
142.24 Electronics Panel 2 142.24 Switch to Next Comm. Freq. 25
142.27 Efectronics Panel B.és 142.27 Select Comm. Freq. 8.6
142.41 Efectronics Panel 8.6s 142.41 Switch to Next Waypoint 8.6s
175.00 Efectronics Panel 2s 175.00 Switch.to Next Comm. Freq. 2
175.03 Electronics Panel 8.6s 175.03 Select Approach Control 8.565

Frequency
© 175,147 Electronics Panel 8.6s 173,17 Swiich to Next Waypoint 8.6s

180.00 Fuel Gages, Writing Board 105 180.00 Fill Qut Fuel Sheet 10
208.00 Electronics Panel 2 208.00 Switch to Approach Control 2s
208.03 Electronics Panel 8.6s 208.03 Select Tower Freq. 8.6s
208.17 Electronics Panel 8.6s 208.17 Swiltch to Next Waypoint 8.6s
208.31 Electranies Panel 8.6s 208.31 Select LS Frequency 8.6s
208.70 Scan Flight Irst., Engine é.5m

* Inst. (5 sec) every 20 sec

223,57 Altimeter 5s 223,57 Set & Cross-check Altimeter 5

224.50 Flight Inst,, Engine Inst., Tm 22450 In-Range Check X Tm
Cockpit

225,50 Electronics Panel 2 225.50 Switch to ILS Frequency 2s

231.50 Flight Inst., Engine Inst., 208 231.50 Landing Check 20s
Cockpit, Writing Board

232,22 Gear Handle 3 232.22 Gear Down 3s
232.30 _Electronics Penel 3 232.30 Switch to Tower Freq, - 25
232.35 Electronics Panel 8.6s 232.35 Select Ground Control 8 és

Frequency
232.75 Seat Belt & Smcoking Switech 25
232.90 Call Out Threshold and 2s
Final Approach Speed
233.20 Monitor Engine inst. and 1.5m
Watch for Runway
234.65 Throttle 455
234.70 Thrust Control 2 234,70 Thrust Control - Reverse 25
Idle
234.73 Engine Instruments . 10s 234,73 Advance Throttles 10s
- 234.89 Retard Throttles 3s

235,00 . Elecironics Panel 2s 235.00 Switch to Ground Control 2s

235.17 Thrust Control 25 235.17 Thrust Control - Forward 2s
Idle
238,20 Cockpit Tm ‘238,20 Shut Down Check List Im
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TABLE D-X
CTOL (GA3) PILOT AND COPILOT WORKLOAD
TABLE X
CTOL (GAZ)'PILOT AND COPILOT WORKLOAD
Phase Pilot Visual Task Pilot Manval Tesk
Start Time Task Duration Start Time Tosk Duration
Take~OfFf -0.66 Hold Brokes 10s
and -0.53 Engine Instruments 10s -0.63 - Advance Throttles 2
Departure -0.50 Scan Runway 33s ~0.50 Release Brakes is
~0.50 Control Column, 2.0m
Rudder, Throttles
-0.33 Acknovrledge V 1s
0.00 Flight Instruments 1.5m 0,00 Acknowledge Vp, Rotale 35
0.08 Call for Gear Up 1s
{Right Hand Thumb Up)
. 0.18 Call for Flaps - 10° 1s
0.26 Engine Instruments 3s 0.25 Reduce Power to Climb 3s
Settin,
0.31 Callear Flap Retraction 1s
.5 Avutopilot 3s 1.5 Engage Auto Pilot 3s
1.55 Pitch Thumb Whee! & 105 1.55 Adjust Pitch Thumb Wheel 10s
Flight Inst. for Desired ROC
1.72 Scon Flight Inst. & Engine 180s
Instruments (5 sec) every
20 sec,
1.72 Flight Inst., Engine Inst., 30s 1.72 Ciimb Check 30s
Cockpit
8.00 Altimeter 5s 8.00 Set Altimeter 29.92 58
13.40 Acknowledge 1000 Feet to s
Cruising Altitude
13.42 Pitch Thumbwheel 13.42 Adjust Pitch Thumbwheel  10s
for Zero ROC
Crulse 13.80 Sean Flight Instruments 24 .22m
& Engine Inst. (5 sec)
every 20s
13.80 Moniter Mach. Meter, 15s 13.80 Throttle 15
Engine Inst.
14.05 Flight Inst., Engine 155 14.05 Cruise Check 30s
Inst., Cockpit
58.8 Monitor Mach. Meter, 10s 58.8 Throttle 10s
Engine Inst.
Descent &  105.7 Scan Flight Inst. & Engine 1455 105.7 Advise Crew of Descent 2
Landing Inst. {5 sec) every 20 sec.
105.73 Engine Instruments 3s 105.73 Throtile 3s
106.23 Pitch Thumbwheel 10s 106.23 Adjust Pitch Thumbwheel  10s
for Desired ROD
106.4 Fiight Inst., Mach. Meter, 10s 106.4 Adjust Throttle 105
[AS
108 4 Flight Inst., Mach. Meter, 10s 108.4 Adjust Throttle 10s
1AS
108.57 Altimeter 5s 108.57 Set & Cross~ch =k 5s
Altimeters
110.4 Flight inst., Mach. Meter, 10s 110.4 Adjust Throtiiz 10
1AS
.z Flight Inst., Engine Im 1m.7 Call for In-Range Check Is
Inst., Cockpit 1.7 In-Range Check Im
112.73 Monitor Airspeed 3 112.76 Call for Flaps 15° Is
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TABLE D-X (cont'd)
CTOL (GA3) PILOT AND COPILOT WORKLOAD

TABLE X (cont'd)
CTOL (GA3) PILOT AND COPILOT WORKLOAD

Phase Pilot Visual Task Pilot Manual Task
Start Time Task Duration Start Time Task Duration
Descent & 112.79 RM! 5s 112.79 Move Hdg Bug to 5
Landing Required Heading
{Cont'd) 112.87 Avuto Pilot 3 12.87 Avto Pilot - Hdg. Sel. 3
112,92 Monitor Afrspeed 25 112.95 Call for Flaps 25° 1s
1ns5.0 Auto Pilot ’ 35 115.0 Avio Pilot - Turn 3s
115.05 Turn Knob 2s 115.05 Turn Knob 455
115.5 Monitor Airspeed 2s
115.53 Call for Gear Down Is
116.0 Auto Pilot 3s 116.0 Avuto Filot - ILS 3
116.47 Monitor Alrspeed 2s
116.5 Call for Flaps 35° 1s
116.63 Flight Inst,, Engine 20s F16.63 Landing Check 20s
Inst., Cockpit
117.47 Monltor Alrspeed 2 HZ.5 Hand on Theottle 2.95m
n7.5 Monitor Flight Inst. 2.25m nz.5 Calt for Full Flaps 1s
118.0 Repeat Threshold &
Final Approach Speed 2
119.75 Approach Lights & Runway  45s 119.75 Auto Pilot - Disengage 1s
119.75 Control Wheel, Rudder
119.75 Throttle Back 2
120.0 Touvchdown
120.0 Call ~ Buckets 1s
120.20 Brakes 185
Taxi 120.50 Taxi Way 120.50 Rudders & Brakes: Throttic  3m
123.5 Cockpit i23.5 Shut Down Check List Im
Phase Copilot Visual Tosk Copilot Manual Task
Start Time Task Duration Start Time Task Duration
Departure -0.50 Monitor 1AS, Engine 33
Irst., Flight Inst. -0.35 Notify Pilat ¥V, Is
-0.02 Notify Pilot A 1s
0.07 Elecironics Panel 25 0.07 Switch from Tower to Dzp, 25
Cont.
0.10 Gear Handle 3s 0.10 Gear Up Handle 3s
0.20 Geor Position Indicator 3s 0.20 Flap Handle 10° 3s
& Flop Handle
0.33 Flop Handle 3s 0.33 Flap Handle 0° 3s
0.38 Elecironics Panel 2 0.38 Switch from ILS Freq. 2
to VOR Freq.
0.41 Electrical Switch 2s 0.41 Seat Belt-Smoking Switch  2s
0.44 Electonics Panel 8.6s 0.44 Select Nov. Freq. B8.6s
0.59 Electronics Panel 8.6 0.59 Select Comm. Freq. 8.6s
0.73 Scan Flight Inst., & Engine 1975
. Inst. {5 sec} every 20 sec.
1.72 Flight Inst., Engine Inst.  30s <172 Climb Check 30s
Cockpit
8.00 Altimeter 55 8.00 Set Altimeter 29,92 55
2.00 Electronics Panel s 9.00 Switch to Next Comm 2
Freq.
9.03 Electronics Panel 8.6s 2.03 Select Comm, Freq, 8.6s
13.38 Notify Pilot 1000 Feet Is

to Cruising Altitude

D-28




PNSI-TR-$9-030 111t

TABLE 'D=-X (cont'd)
CTOL (GA3) PILOT AND COPILOT WORKLOAD
TABLE X (cont'd)
_CTOL (GA3) PILOT AND COPILOT WORKEOAD
Phase Copilot Visual Task . Copilot Manual Task
Start Time Task Duration Start Time Task Duration
Departure 13.80 Scan Flight Inst, & Engine 24,22m Y
(Cont'd} i Inst. (5 sec) every 20 sec, X
14.05 Flight Inst., Engine Inst,, 30s 14.05 Cruise Check 30s
Cockpit
14.55 Electronics Panel 2s 14,55 Switch to Next Nav, 2s
- Freq.
14.58 Elechonics Panel 8.6s 14.58 Select NexiMav. Freq. 8.6s
29.0 Electronics Panel 2 : 29.0 Switch 1o Next Comm, 2s
Freq.
29.03 Electronics Panel 8.6s 29.03 Select Comm. Freq. 8.6s
59.00 Electronics Panel 2 59.00 Switch to Next Nav.Freq. 25
59.03 Electranies Panel 8.6s 59.03 Select Next Nav. Freqg. B.6s
40 00 Fuel Gages, Writing Board 10s 60.00 Fill Out Fuel Sheet 10s
80.00 Elecironies Panal 25 80.00 Switch to Next Comm.Freq 2s
80,03 Elecironics Panel " 8.6s : 80.03 Select Next Comm. Freq. 8.6s
80.17 Electronics Panel 25 80.17 Switch to Next Nov.Freq. 2s
80.20 Electronics Panel 8.6s 80.20 Select Next Nav. Freq. 8.6s
100.00 Electronics-Panel 2s 100.00 Switch to Next Comm.Freq 2s
100.03 Elecironics Panel 8.6s 100.03 Select Approach Conirol 8.6s
Freq
100,17 Electronies Pane! Zs 100,17 Switch to Next Nav.Freq. 2
100.20 Electronics Panel B.6s 100.20 Select ILS Freq. B.4s
Descent 105.7 Sean Flight Inst., Engine 1655
. Inst. (5 sec) every 20 sec -
108.57 Altimeter 1 108.57 Set & Cross—check Altimeter 5s
Hi1.7 Flight Inst., Engine Inst., 1m 11.7 In-Range Check 1m
Cockpit
112.78 Flap Handle 3s 112.78 Flap Handle 15° 3s
112,95 Flap Handie 3s 112.95 Flap Handle 250 3
114.97 Electronics Panel 2s 114,97 Switch to ILS Freq. 2s
115.55 Gear Handle 3s 115.55 Gear Down 3s
116.5 Flop Handle 3s 16,5 Flap Handle 35° 3s
116.63 Flight Inst., Engine lnst,, 20s 116.63 ‘Landing Check 20s
Cockpit, -Writing Board .
117.5 Flap Handle kH 117.5 Flap Handle Full 3s
117.55 Electronics Panel 2 117.55 Switch to Tower Freq. 2
117.58 Electronics Panel 8.4 117.58 Select Ground Conirol 8.8s
Freq.
i18.0 Call Cout Threshold & 2
Final Approach Speed
_1ns.5 Monitor Engine Inst., & 1.25m 118.05 Seat Belt & Smoking Switch 2s
Watch for Runway 119.95 Throttle 455
120.0 Thrust Controf 2s 120.0 Thrust Contrel - Reverse 25
idle -
120.03 Engine Inst. 105 120.03 Advance Throttles 10s
3 120.19 Retard Throttles 3¢
120.30 Electronics Panel 2 120.30 Switch to Ground 25
Control
120.47 Thrust Cenirol 2 120.47 Thrust Control - Forward 25
ldle
Taxi 123.5 Cockpit Im 123.5 Shut Down Check List Im
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TABLE

GA2 PILOT WORKLOAD

D=XI

Mow Fitol Minel Toik Pilot Monual Taik Fhase #ilas Viarel fask Pilot Monwal Task
Stort Time_Tak Duraticn Stort dima  Tok Durotion Stors Tirw  Task Durchon Task Duration
Taai =4, %m <4, Bdm Adpost Seat, Fosten Seat 0 dém Mormtor Aurspaed (1,3 0 L Adpst Tnm 103
s Ealt, Lack Doors 173 L] Heat end Vent Control 50 LX) Adar Eeohrg and Vent 55
435 Wrake Hardlle: 5 45 Sor Brokes 5 a8 Monitor Frequency 88 Select Ferquency &85
44 Chack Kodios ard Elac= Selachon
- mical Swirchas = OFF 5 Chetl for other Aurcreft Check For othes Arrccalt
- igrihion Switch A -3 Tgmhon Switch -ON 24 During Remaunder of Tiee Dunrg Remainder of Time
% Crock Theattle 3
431 Marter Switch 12 ] Nettet Switch = ON I Cruse %0 Momtor Engine Instruments, %0 Control Whaal, Rudder 150 7m
-2 Claor Arsa s Airspred, 1K, Amoude, Aln-
B3 Contact 73 hide (5 sec) avery 30 e, -
a4 Monitor kP, Oul 2512m
Pramore b =404 Adjnt Thrattla F:Y 0 Monitor MP H ¥0 Adpusr Theatle Y
-an Chagk For other Awrcralt 5 03 Mortor 2P 3 908 Adpnt Feop. %
-552 Hoke Handla 2 -542 Raleass Braket ) eI Monitor EGT H 710 Adpst Muchore 3
=55 Chack For othet Arcroft 303w =59 Qpen Throhle n 215 Monrter Mog Heading ?s Update DG aviry IS eun |
=55 Control ¥rhee!, Rudder, and OG {105 avery 15
Brakes wa,
2.5 Iroke Bandle 5 5% Sat Brokey 5 1421 Monlor Frequency te21 Select Frequency” 2éy
-2.48 Monlror REM e -248 Crpan Theotfe 2 Selechon Bés
Bt Morutor Gl Pran 2
2.4 Morntor Aawnetar k0 Dascant 1587 Manitor Engine Enstromenty, I5¢r Control Whea), Rudder 20 254
=233 Morutor Cul Temp, R Auspred, Athrade, AVatude,
XY Monitor Cylinder Heod T {5 30<) wvary 0 soc 1904
wep. X 15723 Chack Fuel on Froper Tank w7 Adjuit Misture = Rich 3
23 Momtor RFW, & 22 Chack Frop, Fureh Gontrol 25 3
-1 Chack Left Mog 7 15978 Monwtor MP 3 15978 Set Throttle £
2H Chack Right Mog 1 157 82 Monitor dunpend 10 157 82 Adjost Tom 105
22 Closs Thiotly 17555 Morutor Frequency 175,55 Select Frequency LN
27 Scan Asrcralt Contral 21 Check Frae ond Comrect Move- Selecnion [
Surfeger mant of Controls P
<203m  Sean Flopsend Flap -203m  Chack and Set Flops = Approach .
Foutich Indicator and
494 Mortor Clack k0 =194 Sat Clack kD Londing 175,70 Morulor Engina dnstrumanty, 174.20m Control Whee!, Rudder  4.40m
H87 Nomtor Alhme ter 3 a8? Sat Abtemeter N Airpaed, Attihude, Allikude,
EE .} Moutor DG H a8 S DG E] TK [3 sec) every M ec. 45
d4r Seon Ruddur ond Elevater a7 Sat Rudder sed Elevator 17570 Monitor MP 7570 Adjutt TheottTe 3
Tnm Pownan Indicators St Ten 5 17575 Adjust Frop = High RPM. 23
aA Scon Fusl Sulectes Valvn 47 Check Fusl on Prager s Maritor Airapred 2
Poilion Tank 7581 Greot Down )
a8 Monitor Feaquency 175.91 Chack Geor Down N
Salection .24 - 86 541 Rotho Lés HI595 Monitor Airpeed 2
- 52 Brake Hondle i 45 Refese Brokes 1 7598 Flops Dowm bl
L] Chack For Othar Asrcralt EOSw: 443 Open Thronl, 2 178,03 Macitor Arrspend 105 17803 Adgst Tnm 105
=+ & Control Wheel, Rudder, ’ 178.20 Monitor Arspred K1Y 176 20 Adjuyt Theonle EN
Brokes 195 9 0a Close Theotile Ed
0 am Ched for Grber v 18010 Reteoct Flops %
Deporture =0 45 Montbr Ergine Intruments, -45 Open Thiottls % il ricrott
Awcigmed, T, A, i Control Wheal Rudder P27 During Remainder of Tome
gl::n (51} wwy 9% Tootr 180 45 !Co-;‘lrol Whaal, Rudder, N
Rotate rakes 2~
120 45 Morutor Frequency
o1s Chack Goar o Flapte 005 Ratroct Gear and Fleps 43 e s 180 45 Select Frequency -
2 183,45 Beoke Hoadle 18345 Ser brokes &
o N 020 Adfust Theattles » 183,53 Radie ondt Elecirical 183 53 Radio and Elecm col
02s » 028 Adfont Propallers % Sultches Siches - OFF b
g 8% St Badin 8 18362 MIXTURE Control 8382 Adpuit Muxture -LEAN 2t
Bés 13373 Mag Switch 2 )73 Magqy = OFF 2
1877 Moster Switch 8377 Moster - OFF n
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APPENDIX E

NAVTRACS GROUND- AND AIRBORNE SYSTEM COSTS

Costs of ground and airborne equipments - e.g., Omega, VORTAC,

Decca; Loran C. and NAV. SAT ground stations - including -both developmental and

maintenance costs, were compiled and tabulated. in Appendix E. Avionics equipment

costs for air carrier and general aviation installations are also tabulated . Cosis were

compiled from a series of references including Ref.[5Z]and Ref. [93])

E1. AREA NAVIGATION SYSTEM COSTS

Table E - lists area navigation system costs, including unit cost and annual

maintenance. Airborne avionics costs for air-carrier and general aviafion are separately

tabulated,
+
TABLE E-|
AREA NAVIGATION SYSTEM COST
GROUND STATION AIR CARRIER AND GA3 GAl, GAZ.
Unit Cost | Mo, of | Annval Maint, ‘| Unit Cost | Annual Maint, Unit Cost | Annual h;umf
SYSTEM x10° | Ui x 10° x 100 x 16 x 10° x 10
LORAN A 70! { g3 8544 40 8.0 L5t 1.0
560 2 92,35 9.5 40 |
LORAN € ausé [ 25 [ was? 15519 - s -
41527 | 2179 .
7,1058
OMEGA 2,000 3 0.3 % - - - -
VORTAC 213 | =850 29.3°7 15 2.5 3.9 2.0
CONSOL 900 ¥ 95 - - - -
INERTIAL - - - 5t - N -
125
DOPPLER - - - 50 - - -~
NAV SAT xx | - - 15 - 15 -
Ref., 73 )
- - - - 70 - 19t -
* Estimate ('::'V a 7 A
** (See footnotes on L o | - ) FIFLYRRN R st | wwt
“following page.) AlLs - - - - - C -
DECCA 1,500 - - _ - - -
PAR - - =too 13 - - - -
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Foreign based

2 ‘Contiguous U. S,
3 43 U, S. Funded
4 Ai'l;’mﬁc Ocean Area
5 Pacific. Ocean Area
é Temperate Zone
7 Tropic Zone
8 Arctic Zone
9 Doesn' t include annual charges for control. circuits, site. leasing, etc.
10 Has cycle matching: feature
11 No cycle matching
12 Cost broken dowh.as follows:
Rand D '$ 66,000,000
Spacecraft 14,000,000
Ground Station 15,000,000
Ground: Station Operations 10,000,000/year
$106,000,000
13 Lower figure is based on ground B@‘éed computations

14 . ILS capability is usually contained in the equipment used with the VORTAC system
15 Includes Operators
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APPENDIX F

CANDIDATE NAVIGATION SYSTEMS

F.l INTRODUCTION

This Appendix presents the results of a review and analysis of nine
candidate navigation aids which was undertaken fo determine their suitability for use
as primary aids in the navigation ATC system. The contractor was obligated to examine
the four systems listed as items 2, 3, 7 and 8, below. In addition, growth versions of
three of the systems were postulated and evaluated. They are listed as items 4, 5 and &.

Omega and VOR/DME, systems 1 and 9 respectively, were also evaluated for complete-

ness.

Ground Based Time Difference Aids (GBTD)

1 VLF/CW (Omega)
¥2  LF/CW (Decca)
*3  LF/Pulse (Loran C)

Differential Time Difference Systems (DTD)

4  VLF/CW
5 LF/CW
6 LF/Pulse

Other Systems

*7  Navigation Satellite
*8 Radio=Inertial

9  VOR/DME

*Indicates the systems for which an evaluation was required
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Operational advantages, disadvantages and principal differences of each of the systems

are discussed and a detailed accuracy analysis is presented,

F.2 GROUND BASED TIME DIFFERENCE SYSTEMS

Time difference position fixing (PF) systems have several
attributes that make them worthy of consideration for an advanced
navigation—air traffic control system, The following paragraphs
contain some of the principles of operation upon which time difference
systems are based. The attributes and deficiencies of these systems
are presented to demonsirate the physical advantages and limitations
of time difference navigation aids. No comparison as to the relative
merits of existing time difference systems or concepts is to be implied;

however, examples of existing systems are used where appropriate.

F.2.1 System Constraints

This study is structured around the pilot's requirements for a
future navigation/air fraffic control system. Some physical parameters
of a ground based time difference system can be ascertained from three
of the navigation operational requirements. These three requirements

are:

(1) Line of sight independent
(2)  Minimal number of ground stations

(3)  Satisfy accuracy constraint

The combination of the first two requirements implies that

beyond-the-horizon coverage is desirable. This constrains the operating
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frequency of the system to frequencies in the VLF and LF spectrum.

The choice of operating frequency within this spectrum is basically a
trade-off between accuracy and coverage area. The fundamental merits
and deficiencies of ground based time difference systems are discussed

in the remainder of this section. -

F.2.2 Principle of Operation

This section contains a description of the geomeiry of TD systems

and a discussion of the radio signals,

F.2.2.1 TD Geomeiry

A user’s line of position (LOP) is formed by measuring the differ~
ence in the time of arrival of synchronized signals emanating from iwo
remote fransmifters. The line of constant time difference is a hyperbola
with the two transmitters as foci. Hence these systems are often called

"hyperbolic navigation aids, The intersection of two hyperbolic LOP's
yields fhe user's position. In most applications three transmitters are
used. One fransmitier designated the master station is used in both of
the time difference measurements, The other two stations are called
slaves, The master and slave stations are collectively called a chain.

The lines between the master and slave stafions are called baselines and
the extension of this line beyond the stations is called. the baseline exten-
sion. The geometric properties (called GDOP for geometric dilution of
precision) of time difference systems are such that the highest position-
fixing accuracy is available in the area between the baselines and litfle
or no coverage is obtained on or near the baseline extensions, Figure F-1

indicates a typical hyperbolic system geometry, The angle between the
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baselines is usually between 120° - 150°, This range of angles
represents a compromise between coverage and accuracy. The coverage
area can be increased significantly when a third slave station is added
as shown in Figure F-2, A signal flow diagram for a ground based TD
system is shown in Figure F-3. The monitor station provides the time

synchronization for the chain, The monitor station receives the signals

Hyperbolic LOP

‘ ' Baseline Extension
\ - - - - g
\ rad

M = Master Station
A, B = Slave Stations

Figure F-1. Typical Hyperbolic System Geometry
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F.2.2.2

F.2.2.2.1

in the same manner as a user aircraft. However, the monitor receiver

is in a stationary environments thus the time difference signals are
nominally constant, Variations in the received signal are caused by

the reception of atmospheric noise and drifis in the local oscillators

of the master and slave stations. The atmospheric noise has a much
higher frequency content than the oscillator driff. The oscillator

drift can thus be identified by filtering the received time difference
signals and comparing the output to a standard time difference reference.
Synchronization data is then data-linked back to the slave stations for

correction,

Radio Frequency Signals

The radio frequency signals are the medium through which the
user aircraft obfains its position data. Therefore it is important
to know how environmental and physical factors affect these signals,

Among the important factors that are discussed in this section are:

(1}  propagation media (groundwave, skywave)

(2) signal modulation (pulsed, CW)

(3)  atmospheric noise

(4)  diurnal variations

(5) surface irregularities (conductivity, mountains)

(6)  aircraft dynamics
CW Signals

Both pulsed and CW signals may be used in TD systems, Phase
comparison of the TD signals is a relatively straightforward signal
processing function. However, the phase repeats at a distance of A /2
along the baseline,where A is the wavelength of the s‘igncf. This

repetition of the phase produces ambiguities in the time differenice
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readings which must be resolved. A widely used technique for resolving
these ambiguities is multiple frequency transmissions. A frequency of
f+ Af is transmitted during part of the transmission period where f is
the nominal operating frequency and Af is a fractional frequency
deviation on the order of . 1f to .2f, Phase comparisons can be made

at the frequency Af and the ambiguity can be resolved to the wave-

length corresponding to Af,

F.2.2.2.2 Pulsed Signals

Pulsed signals have some operafional advantages over the CW
signals. Ambiguity resolution is unnecessary if the pulses are separated
sufficiently in time (approximately. 1 ms for each one hundred kilometers
of baseline length). In addition, pulsed signals can be used to discriminate
against skywave contamination in those systems that rely upon groundwave
propagation: However, the pulse measurement quite definitely has limita~
tions. Leading edge comparison is not sufficiently acéurate for navigation
purposes due fo the limited available bandwidth in the VLF and LF signals.
In order to retain pulse advantages but also yield accurate navigation
data, phase measurements are made on the carrier frequency and the pulse
envelope is used to resolve the ambiguity, The pulse systems incur a
pené[fy with respect to the CW systems in the rejection of atmospheric
noise. The signal is available for only a fraction of the transmitting
period. Consequently, the average power at the receiver input is far
below the peak received power. To offset this reduction in average power,
high peak power and long averaging times are required, The long averaging
times can create instability inhigh performance aircraft receivers. Often the

receiver must be supplied with external velocity inputs,

F.2.3 Accuracy of Ground Based TD Systems

The accuracy of a ground based TD system is a function of many
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parameters. Several of these parameters are discussed and first estimates of

the magnitude and variafions of several error sources are presented.

F.2.3.1

General Discussion of Errors

In order to discuss accuracy and errors, it is first necessary fo define

what is meant by these words. In order to define an error, if is necessary fo

observe a measurement and compare this measurement with some reference

standard, The choice of the reference is obviously very important. The posi-

tion reference that is used in this report for enroute flight legs is geocentric

latitude and longitude as obtained from an accurate survey. An information

flow diagram of the TD receiver and coordinate converter with error inputs

is shown in Figure F-4,
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The geometry and propagation model indicated in the center of the

diagram may be a stored computer program in an onboard or ground computer,

or it may be a chart that was prepared from a geometry and propagation medel.

The error in position as found from the receiver/coordirate converter is a

function of the ability of the receiver to:

(1)
(2)
(3)
(4)

provide sufficient resolution
discriminate against aimospheric neise
coniribute minimal internal set noise

accurately track aircraft maneuvers ,

and of the coordinate converter to utilize an accurate model of the

geomeiry and propagation variables in order fo minimize errors due

to:

(5)
)

)

velocity of propagation as « function of distance
aircraft altitude

atmospheric refraction

terrain anomalisms such as mountains
conductivity variation in the earth's surface
oblate earth h

ionospheric variations.

Two additional error sources may occur due to improper chain

installation and operation. These are:

(M

(2)

errors in the synchronization of the fransmissions

from the master or slave stations

survey errors in the location of the transmitters.

F.2.3.2 Error Classification

Errors in navigation systems are described in several ways.

Some authors prefer the terms random and systematic errors ; others
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F.2.3.3

prefer: to use bias rather than systematic errors; in addition, the terms

predictability and repeatability, and relative error, are often used. In this

report the latter terms will be used in the following way:

(1) repeatability errors: those errors which affect a user's
ability fo repeat a flight path at a different time

and measure the some time differences.

(2)  predictability errors: those errors which affect a user's
ability to predict values of fime differences at a given
point. These errors are essentially constant with time

at a given poinf.

(3) relative errors: those errors which affect the ability
of two users at different points to obtain their relative
position from the TD measurements. An important
consideration for relative error is the gradient of

predictability error with distance.

The error sources for three TD concepts are discussed in the following

paragraphs,

CW System/VLF Receiver

VLF systems make use of stable skywave signals. The earth
and ionosphere form a spherical waveguide in which the VLF signals
propagate for very long distances. Several modes are present in this
waveguide just as in typical microwave waveguides, However, at
long distances one mode is dominant. For instance,at ranges greafer
than 600 nmi for a 10 KHz signal, one mode is dominant and navigation

information can be obtained from phase measurements upon this signal.

F-10
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F.2.3.3.1 Dynamic Error and Atmospheric Noise Error Trade-Off

The navigation receiver is assumed to have a phase locked
tracking loop for each transmitter. The transfer function for this loop
is as‘sumed to have Type 2 ‘feedback control system characteristics.

An analysis of such a tracking loop is confained in Section F.2.5. The
receiver constant B is established as a trade-off between dynamic
response errors and atmospheric noise errors. From Equation (62),

Appendix F, Section F.2.4.1, the dynamic response error is:

_ G
5t = ) Hs (n
cB
where a = dircraft acceleration (m/sec2)

¢ = velocity of propagation (300 m/ s}

B = receiver constant {rad/sec)

and from eq-uai'ion (27), the rms noise error is:

op- .osfoz\la (2) s @)
where f = carrier frequency

B = receiver constant 1
n = rms noise field strength density {(uV/m/Hz 2)

S = rms signal field strength (uV/m),

Pessimistic noise and acceleration figures are used in the following
analysis to yield a result for the receiver bandwidth. The three-sigma
acceleration is assumed to be a 2g lateral acceleration upon-the air-
craft. The fransmitter is assumed fo produce a 10kHz signal with
10kW of radiated power. The 10kW figure is the operational goal

of the Omega system and thus represents a real istic SOA power output
The atmospheric noise is taken from CCIR Report Neo, 322 [79]. The
noisiest four-hour period during the year in the New York City area

is the time from 0000 to 0400 hours during a summer night. A log
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normal distribution curve was computed as per instructions in the
report and the hourly average noise: value,exceeded only 1% of the

time,was estimated and used in the computations. This value was:
x
n = 53 uv/m/AHz)2 (3

The field strength was compuféd from a formula from Watt and Plush
[81].

E= K+Pr-10 [ogm (FkHz-) -10 Iogm{u sin d/al - ad/100C (4)

where E = vertical field strength (db above 1 pv/m)
Pr = radiated power (db above 1 kW)
f = carrier Fi'equency (kH=)
a = radius of the earth (= 6,400 km)
d = distance from the transmitter (km)
K = constant (94.8 db - night, 97.5 db - daytime)

a = affenuation consfant.

Watt and Plush use an extrapolated value of a = 4.5 db/1000
km; however, later theoretical and experimental estimates are a =
3 db/1000 km. Using the later value for a and a distance of 6000 nmi,

E/20

S =~ 10 = 14.8 pv/m )

The dynamic error and the rms noise error were equated to estimate a

trade-off receiver constant. As a result

B = .106 rad/sec

and &t = 6.0yus

A fime error of 6.0 us corresponds to a phase error of 22° at
10 ke. This is certainly marginal performance for the VLF receiver.
Much better performance could be obtained by reducing the receiver
constant B to improve the noise performance and by providing rate

aiding for the tracking loop to improve the dynamic response of the

F-12
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receiver and thus reducing the steady state acceleration error. This
requires some onboard computdtion facility to resolve radial and tan-

gential velocity components,

. In addition to the atmospheric noise and .dynamic response

errors, several other error sources influence the TD system,

F.2.3.3.2 Diurnal Variations

The reflecting height of the ionosphere varies with the fime
of day. This is due fo the solar energy incident upon the free elec-
frons in the ionosphere. This, in effect, changes the dimensions of
the waveguide,which in turn changes the phase of the transmitted
signal. Correction tables for this diurnal phase shift,based upon an
ionospheric model;can be calculated. Such corrections have been
calculated for the 10.2 kHz Omega signal. Swanson [82] has indi-
cated that from 13,000 hours of measurements from widely separated
locations the rms LOP variations range from 3 s during the day
(13.6 kHz) to 6 us at night (10.2 kHz). The fotal change in phase is
on the order of 50 ys. The correction of the diurnal shift is a func-
tion of time of day and user's position. Corrections would contribute
to pilot workloading if manual look-up and addition tasks were required.
No additional workload for naviga%ion tasks are required for the user
who has stored-corrections in an onboard computer or for the user who

is connected fo a ground computer via a data [ink.

F.2.3.3.3 Precipitation Static

The discharge of charged water vapor particles upon the receiving
antenna has produced sufficient noise to cause loss of signal in early
aircraft antennas. Development of properly shielded antennas has shown

promise of reducing this problem,

F-13
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F.2.3.3.4 Resolution and Instrument Error

Resolution of the phase-locked tracking loop is approximately 0.1 ps.
Internal receiver noise also produces a very small error in the output time

difference measurements.
F.2.3.3.5 Mode Interference

The spherical waveguide produces at least two prevalent
modes. In some regions close fo the transmitters, both modes are

present and can cause erroneous phase measurements,

F.2.3.3.6 Phase Anomalies

Sudden ionospheric disturbances have been observed to
infroduce time shifts of up to 50 us, The peak of the disturbance
‘moy occur as soon as 15 minutes after the beginning of the disturbance

and the entire disturbance has been observed as long as 1.5 hours.

" Magnetic storms and meteor shower fonization have been obser-
ved as causing phase anomalies. Pierce [83] observed phase jitters(at
nigh$ of 5 us during magnetic storms; and Chilton [84]
observed deviations of 14 s from the monthly average for meteor

shower fonizafion.

Errors of the magnitude of those caused by SID's, and fo a
lesser extent the magnetic storms and mefeor shower ionization,would
cause large errors of up to 10 miles in the PF capability of the system.
These errors are not within the accuracy constraints for the 1975-85
navigafion accuracy requirement, Thus corrections
for phase variations due to phase anomalies must be incorporated info
any VLF system for use as a primary navigation aid. Either reliable

prediction procedures must be incorporated or ground station calibration

F-14
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procedures must be defined to reduce errors cassed by phase anomalies.
F.2.3.3.7 Coordinate Transformation and Station Locations

Coordinate fransformations must relate the time difference
measurements fo points on the earth through some algorithm and a
model of the geoid. The standard model of the geoid for survey
purposes is an ellipsoid of revolution about the polar axis, or it is
also called an oblate spheroid. Land surveys have made use of
different major and minor axes of the ellipse in various areas of the
world. Mathematical expressions are available for computation of
distance and azimuths on the surface of the ellipsoid. Simple
spherical trigonometry can produce errors of 9 nmi at a distance of
6000 nmi, so correction terms are necessary if spherical trigonometry

is used. An error of one hundred parts per million is assumed.

Transmitting station positions must be known to a high degree
of accuracy if the user is to find his position accurately. With the
geodetic survey satellites such as SECOR, the limitation in station
focation is the accuracy with which the control stations are known

[Ref 85]. An accuracy of 10 parts per million has been assumed.

F.2.3.3.8 Summary of VLF Error Sources

A design point system with the following parameters was analyzed:

System VLF time difference
Frequency 10 kH=

Transmitter power 10 kw

Design range 600~6000 nmi
Aircraft acceleration 2g.
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F.2.3.4

Receiver Tracking Loop Type 11, critically damped,
feedback control system, no

rate aiding

Noise environment G000-0400 hrs sumn.1er night,
New York City; hourly average
noise exceeded only 1% of the

fime.

The time difference accuracies are for independent paths:

2 2 2
°tp1 = %1 T %po ©)

2 2 2
D2 %p3 * Opy )

o

where Orpi T standard deviation of 1 th time difference

UPI standard deviation of | th path error

Scott [84] has shown contours of constant error due to GDOP.

Most areas lie inside a contour of K = 1.0 where

K = drms/cAt

where d rms = rms radial error

¢ = velocity of propagation

Opp = time difference error (UTDT =0ipp = O'AT)

Expected performance of the VLF time difference system would be

estimated as shown in Table F-l.

LF System/CW Receiver

Low frequency PF systems make use of the phase of a very
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TABLE F-I'
VLF/CW SYSTEM ERRORS

Time Time Diff Location 1* Location 2**
{us) {us) {nmi) {nmi)
REPEATABILITY ERRORS
Resolution and Receiver MNoise 0.5 0.71 0.115 0.115
Atmospheric Noise - Location ! 2 2.83 0.458
Atmospheric Noise - Location 2 6 8.49 1.375
Acceleration Errar -1.5 2,12 0.343 0.343
PREDICTABILITY ERRORS
Diurnal Phase Shift
Uncorrected 50 70,71 11.45 11.45
Night Cormrected i8 25.46 4.14 4,14
Day Corrected 9 12.73 2.07 207
Transition Corrected 12 16,97 2,76 2,76
Oblate Earth - Location 1 0.0001D 0,42 0.07
Oblate Earth - Location 2 0,0001D 0,85 0,14
Station Location 0.5 0.71 0.12 0.12
Phase Anomalies (SID) 50 70,71 11.45 11.45
POSITION ERRORS: REPEATABILITY .58 1.42
PREDICTABILITY ~ Day 2,15 2.52
Night 4,18 4.38
Transition 2,82 3.11
SiD 12,19 12.26

D = Mean Distance to Transmitters
*Location ¥ - D = 3000 nmi
**| geation 2 - B = 4000 nmi

stable ground wave signal fo obtarn position information. The LF
systems are capable of medium range applications, The range of a
CW system for aircraft operation is 10-200 miles from the fransmitter.
The range is limifed by altitude errors due to slant range effects at

close range and skywave contamination at night at long range.
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F.2.3.4.1 Atmospheric Noise and Dynamic Errors

The following system parameters are compatible with present

off-the =shelf equipment and are chosen for error analysis:”
System: LF-CW Time Difference
Frequency: 100 KC
Power: 600 W radiated power
Range: 200 miles over land (o =.005 mho/meter)
Aireraft Accelerafion Limit = 2g

Atmospheric Noise: 13.7 pv/m in THz bandwidth
(hourly average noise exceeded only 1% of the time
in New York City area during the noisiest four=hour

period of the year ~ 0000-0400 hours, summer night
[Ref 791) ’

Signal Field Sirength: 515 pv/m @200 miles [Ref 861
Equating the time errors for a CW receiver for atmospheric noise and

dynamic lag due fo accelerafion from Section F.2.5, the frade-off

receiver constant is
B=1.88 hrcd/sec

and the corresponding design error is
&t < .0185 ps

This is a very acceptable upper bound on the error. Consequently,
rate aiding appears unnecessary for a CW receiver that operates within

the obove constraints,
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F.2.3.4.2 lonospheric Effects

The primary limitation upon LF/CW ground wave systems is
the interfering effects of the reflected signal from the fonosphere.
This reflected wave has an arbitrary phase shift with respect fo the

ground wave and thus causes phase errors. This effect is shown in the

phasor diagram of Figure F-5.

Es

Eg

Figure F-5. Sky Wave, Ground Wave Phasor Diagram

The resultant phase error 6 is

_ -1 Es sin 9
6 = tan ( Fg+ Es cos § ) - (8)

where Es = skywave field strength
Eg = ground wave field strength

$ = arbitrary phase angle

The maximum phase error is

_ . -1 {Es
8 = sin ( E) (%)
Williams [Ref 87 ] presents the formula

2Eo D2

Es=250 , 2 (10)
D D2+ 4n2
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For distances up to 200 miles the ground wave field strength is

approximate ly

Eg ~ IE)—O so that for small angles (11)
0 = 2qu2
D%+ 4H° (2

The resulting time error is plotted in Figure F~6, At night the reflection
coefficient increases significantly from the day value. The increase in

time error is sometimes referred to as the "night effect"

At distances greater than 200 nmi, the ground wave assumes a
greater attenuation rate than that of Eo/D. Meanwhile the skywave is
approaching an attenuation rate proportional to 1/D and at a distance of about
400 miles the nighttime skywave and the ground wave are equal in

amplitude.
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Figure F-6, Sky Wave Error
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The error growth in Figure F-6 is approximately

5t
5t

0.0008D us day
0.0033D us night

1l

QF.2.3.4.3 Resolution Error and Recejver Noise

The state of the art in the phase detection of phase locked
foops is about one part per thousand. Thus a conservative valve of

resolution error and sef noise is

crf =~ 0.02us

F.2.3.4.4 Velocity of Propagation

The velocity of propagation of the LF ground wave is o
function of several parameters. Johler et al (Ref.88) have presented

theoretical calculations for the magnitude of the phase error due fo

(1) distance from the source
(2)  atmospheric refraction

(3)  different surface conductivities

The authors use a fime correction tc which should be subtracted from
the predicted time measurement to yield the correct propagation time

at a distance D.

For typical land conductivities {¢ =.005 mho/m) and propagation
distances of up to 200 mi

tc =123+ .87us

The gradient of the correction is
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.009 ys/mile @D = 10 miles

L0024 s/mile @D = 200 miles

Hence the assumption of a constant velocity of propagation (hence

a constant gradient of tc) is in error. Scotft [ Ref 88 1 has obtained
excellent agreement with the theoretical values of tc as calculated
from the formulation of Johler ef al [ Ref 86 ] by using a least squares

fit of the form

fc=%+B+CD (13)
where the constants A, B and C change with conductivity and altitude,

The knowledge of what value fo use for conductivity is also
important in determining which value of tc fo use. If a path is assumed
to be of conductivity ¢ = 0.005 and the actual conductivity is ¢ = 0,002
the resulting time error at 200 miles is 0.93us. This effect can produce
large predictability errors in the time difference measurements.
Propagation paths of mixed conductivity are more likely to occur than that
of constant conductivity. An error of 0.4 us for the velocity of propagation

was assumed for these mixed paths.

Atmospheric refraction affects the velocity of propagation fo a
small extent as does the vertical lapse rate of the atmosphere. These

effects are small, however, when compared with conductivity variations.

F.2.3.4.5 Altitude Effects

As an aircraft approaches a transmitter two phenomenon occur,
First, the slant range from the source fo the aircraft begins o deviate
from the ground range. The second effect is that the receiver begins

to receive signals from the near field of the source. Both effects can
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produce large time anomalies from the typical model of the phase fronts

of the signals. Hence it is desirable fo operate at least a few wavelengths
removed from the fransmitters. At altitudes less than 25,000 fi., which
include terminal area alfitudes, altitude compensation is innecessary, At
25,000 ft. a 100 increase in the ground-level error will result. The error is’

within the 1975-85 accuracy requirement.
F.2.3.4.6 Phase Anomalies

Phase anomalies have been domonstrated theoreﬁc.:aHy by
Johler- and Berry [ Ref 89 |, Wait [ Ref 90] and several other
theoreticians. Phase anomalies due fo conductivity boundaries have
been observed by Williams [ Ref 87 ] and others. Anomalies due
to terrain features such as mountains have been observed by O'Day

[ Ref 91 1.

Johler and Berry simulated the effect of a gaussian shaped
ridge upon the phase and amplitude of the LF ground wave. Their
theoretical work showed sudden deviafions of approximately 0.3 ps
near a 0,5 km ridge. This effect was also apparent at an altitude

of 10 km. Deviations of over 1.5ps were calculated for a ridge of
height 2.5 km.

Wait's paper describes the phase variation upon crossing a
conductivity boundary. Wait's curve for q = 0.03 is typical of a.
land-sea boundary at 100 ke. This curve indicated a deviation of
0.15 ps at a distance of 4.7 mi past the boundary. The phase anomalies

are nof entirely local effects.

Q! Dayobserved phase variations of Decca signals in an Arizona
field test. Phase variations of 0.1 to 0.25 lanes {~.12 to .30 ps) are
indicated over broad areas of the. test region. A very interesting demon-

stration of the phase variation is shown by the data taken along the
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F.2.3.4.7

F.2.3.4.8

Hachita Road. The phase deviation changed by as much as 0,15 lanes
in four miles which indicates some high frequency érror components,
Since the principle use of LF navigation has been over water, very
little experimental work has been documented as fo the magnitude and
frequency spectrum of these errors. Volz [Ref 92 [ has demonstrated
that the Arizona data of O’ Day’s exhibited spatial correlation tendencies.
Thus there is some experimental evidence that error reduction is
possible through the use of these spatial correlation properties.
However, data is very scant in this field, and more experimental

work is necessary both in coastal and mountainous areas and in

urban and rural areas to validate this hypothesis. A description of
how such error reduction fechniques may be applied to TD systems

is described in Section F.2.4.

Station Location and Chain Operation Errors

Chain synchronization errors can be made small by using a

stationary monitor station fo record TD readings. The TD measurements

_are compared to a standard, and corrections are sent to the transmitters.

Some degradation can be expected at night when skywave contamination
reduces the system repeatability. Since the stations are separated from
50 to 100 miles, a satellite survey accuracy of 10 parts per million

yields an error of only 5 feet.

Ellipsoidal Earth Corrections

Simple correction terms can yield moderately accurate distance
(= .1 mile) and azimuth computations for distances on the ellipsoid of
up to 200 miles. More sophisticated solutions are possible for the users

with sufficient computer capability.
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F.2.3.4.9  Summary of LF/CW System Errors

_ Estimates of time error, time difference error, and position fix
errors for several sources of LF/CW system errors are presented in

Table F-Il. The position fix errors are given for two fypical points.

TABLE F-II
LF/CW SYSTEM ERRORS

Time Time Diff Location 1 Location 2

(s} {us) (f1) (fr)
REPEATABILITY ERRORS )

Resolution and Receiver Noise 0.02 0.028 42 124
Atmospheric Noise - 99% 0.0001D 0,0001D 21 126
Aireraft Maneuvers - 0.5 0.0%g 0.014g 11 32
Skywave Contamination - Day 0.0008D 0.0011D 168 1008
Skywave Contamination - Night  0.0033D 0.0044D 693 - 4158
Atmospheric Refraction 0.01 0,014 21 63
Chain Synchronization 0.01 0.014 21 ’ 63

PREDICTABILITY ERRORS

Velocity of Propagation 840 2520

0.4 5 0.%, 2 2
Aireraft Altitude (D > 10) 2.5H°/D 3.5H°/D 52.5H 78.8H
Terrain Anomalies 0.3 0.42 630 1890
Canductivity Variations 0.15 0.21 | 315 945
Oblate Spheroid 0.0001D 0.0001D 21 126
RELATIVE ERROR GRADIENTS .
Velocity of Propagation 0.04/mile 0.056/mile
Terrain Anomalies 0.03/mile 0.042/mile
Conductivity Variations 0.015/mile  0.021/mile
Oblate Spheroid® 0.0001/mile 0.0007/mile
POSITIONERRORS: REPEATABILITY - Day 177 1028
Night 695 4163
PREDICTABILITY 1096 3291
TOTAL - Day 110 3448

MNight 1298 5307

D = Average Distance to Transmitter in Miles
g = Aircraft Acceleration ingls

H= Atrcraff Altitude in Miles
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in the primary coverage area, The higher accuracy figure is for a
point in the center of the coverage pattern, and the lower accuracy

figure is for a point in the fringe of the coverage area,

F.2.3.5 LF SYSTEM/PULSE RECEIVER

The CW receiver was limited in range by skywave contamination.
The range of LF systems can be extended by a factor of five if pulse
signals are transmitted. The skywave signal path is several miles fonger
than the ground wave path. At 1,000 miles the skywave path is approxi-
mately 11 miles (60 ps) longer than the ground wave path. Thus, if
measurements are made upon the pulse before the arrival of the skywave,
the results contain no skywave contamination. Loran C uses a sampling
point that is 30 s from the beginning of the pulse. The sampling process
yields a much lower average power input info the receiver. In order to
offset this problem, the peak radiated power of the transmitters are very
high. Some Loran C transmitters utilize-4 MW transmitters. This may
not be a practical mdiufe:l power for transmitters in populated areas,
Antenna nonlinearities produce harmonics of the LF signal which could
interfere with the operation of users of these harmonic frequencies.

Nevertheless, a 4 MW fransmitter is assumed in the following analysis,

F.2.3.5.1 Atmospheric Noise and Dynamic Frrors

The following pulse PF system is considered.

System: LF-Pulsed time difference with phase measurements

upon the carrier frequency
Frequency: 100 kHz

Power: 4 MW Radiated power
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Range: 1000 miles over land
Pulse Repetition Rate: 100 pulses/sec

Atmospheric Noise: 13.7 pv/m in a THz bandwidth
(hourly average noise exceeded only 1% of the time
in the New York City area during the noisiest four

hour period of the year - 0000-0400 hours, summer
night [Ref 8¢

Signal Field Strength: 926 pv/m at 1000 miles [Ref 86 ]

Utilizing the atmospheric noise Equation (55) and the dynamic error

Equation (62) from Section 2.4.2.2, the receiver constant B is
B =.574 rad/sec

and the corresponding time error at the design point is
&t=10.20 s

The error is acceptable for the 4 MW transmitter, If a 250 kW trans-
mitter is used, the design error increases by a factor of 3, At this
point, the error is marginal and rate aiding from an external source

is necessary.

F.2.3. 5.2 Skywave Contamination

The use of the pulse signal virtually eliminates skywave
contamination with one exception. When an operator enters a service areq,
it is possible fo acquire and track the skywave signal because the field
strength of the skywave exceeds the ground wave. Thus proper safeguards

to prevent this possible event must be incorporated in the receiver design.
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F.2.3.5.3 Other LF Error Sources

The sources of error for LF pulsed systems are essentially the
same as those for the LF/CW system. The magnitudes of the errors
n;ay vary somewhat from the CW errors, however, due to the longer

range of the pulse system These errors are presented in Tables F-ill and F-IV.

TABLE F-ii|
LF PULSE SYSTEM ERRORS
(4 MW TRANSMITTER)

Time Time Diff Location 1 Locafion 2
{us) {us) (f1) {ft)
REPEATABILITY ERRORS
Kesolution and Receiver Nofse 0.02 0.028 42 126
Atmospheric Noise - $9% - Loc. 1 0.024 0.034 52
Atmospheric Noise - 99% - Loc. 2 0.20 0.283 1274
Aircraft Maneuvers - 0,5g 0.05 0.071 107 320
Skywave Contamination - Day - - - -
Skywave Contamination - Night - - - -
Atmospheric Refraction 0.01 0.014 21 63
Chain Synchronization 0.01 0.014 21 63
PREDICTABILITY ERRORS
Velocity of Propagation 0.402 0.566 849 2547
Aircraft Altitude (D > 10) 2.5H°/D 3.5H 2/D
Terrain Anomalies 0.30 0.424 636 1908
Conductivity Variations 0.15 0.212 318 954
Oblate Spheroid 0.0001D 0.0001D 105 630
RELATIVE ERRCR GRADIENTS
Velocity of Propagation 0.04/mile 0.057/mile
Terrain Anomalies 0.03/mile 0.042/mile
Conductivity Variations . 0.015/mile 0.021/mile
Oblate Spheroid 0.0001/mile 0.0001/mile
POSITION ERRORS: REPEATABILITY - Day 130 1323
Night 130- 1323
PREDICTABILITY 1112 3382
TOTAL - Day 120 3632
Night 1120 3632

g = Aircraft Acceleration in g's
D = Average Distance to Source in Miles
H = Aircraft Altitude in Miles
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A slight deviation from the above statement may be made for
terrain anomalies. In the same manner, as the pulse receiver discrimi-
nates against skywave, it can discriminate against the effects of
terrain anomalies whose paths are such that their time delay exceeds
the sampling point time on the pulse, Such a region can be described
by an ellipse with the transmitter and user as foci. All anomalies

outside of this ellipse have no influence upon the TD measurement.

TABLE F-lV
LF PULSE SYSTEM ERRORS
(250 KW TRANSMITTER)

Time Time Diff Location 1 Location 2
(19 {us) (ft} (f}
REPEATABILITY ERRORS
Resolution and Receiver Noise 0.0z 0.028 42 126
Atmospheric Noise - 99% « Loc. 1 0.0%96 0.136 204
Amospheric Noise - 99% ~ Loc. 2 0.80 1,132 5094
Aircraft Maneuvers - 0.5g 0.05 0.071 107 320
Skywave Contamination — Day - - - -
Skywave Contamination - Night - - - -
Atmospheric Refraction 0.01 0.014 21 63
Chain Synchronization 0.M 0.014 21 63
PREDICTABILITY ERRORS
Velocity of Propagation 0.40,, 0.566 849 2547
Aireraft Altitude (D > 10) 2.58°/D 3.5H2/D
Terrain Ancmalies 0.30 0.424 636 1908
Conductivity Variations 0.15 0.212 318 954
Cblate Spheroid 0.0001D 0.0001D 105 4630
RELATIVE ERROR GRADIENTS
Velocity of Propagation 0.04/mile 0.057/mile
Terrain Anomalies 0.03/mile 0.042/mile
Conductivity Variations 0.015/mile 0.021/mile
Oblate Spheroid 0.0001/mile 0.0001/mile
POSITION ERRORS: REPEATABILITY ~ Day 236 ' 5106
Night 234 5106
PREDICTABILITY 1112 3382
TOTAL - Day 1137 6124
Nighf 1137 6124

g = Aircraft Acceleration ing's
D = Average Distance to Source in Miles
H = Aircraft Altitude in Miles
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F.2.4  Time Difference Receiver Equations

F.2.4.1 Receiver Tracking Loop

The signal S{t} received from one transmitter is of the form

S(f) = Spsin (wt+ Kd) (14)

where
S{t} = received signal
Sp = peak signal voltage
w = radian frequency of the transmitted signal
= w/c = phase constant
= velocity of propagation

d = distance from transmitter fo receiver

From equation (1) it can be seen that the distance information is contained
in the phase of the incoming signal. A common technique for extracting this
phase is through the use of a phase locked loop. The transfer function of the
phase locked loop can be synthesized from:

1. input signal format and parameters

2. noise environment of the receiver

3. daircraft dynamics

In normal flight an aircraft is flying at a constant velocity. The receiver should
have no error due to motion at a constant velocity. From control system theory
it is known that a Type 2 feedback control system exhibits this behavior. In
addition, the Type 2 system should respond quickly but without oscillations to
rapid changes in the input signal. This is achieved by a critically damped
phase locked loop. Hence a critically damped Type 2 feedback control system

for phase detection of the input signal is selected for analysis,
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An analytical representation of a phased locked tracking loop in

Laplace operator notation is shown in Figure F-7.

Figure F~7 Phase Locked Tracking Loop.

Pie) T : Po(s
> 28 — -
-k — +
. B2 i

where s = Laplace operator
Pi = phase of the input signal
Po = output of the phase locked loop
B = areceiver constant to be determined

The transfer function of the loop is

_ Po(s) _ 2Bs+ B2 (15)
Hs) = —= = — ¥,
Pi(s) s + 2Bs+ B

and the error response is
2
s Pi(s)

Pe(s) = Pi(s) ~ Po(s) = >
{s+ B)

(16)

F.2.4.2  Receiver Noise Analysis

An analytical model of the degradation in receiver performance due

to noise can be constructed from the following relationships. The input signal

is given by Equation (14). The quadrature components of the noise signal add to

the signal at any instant as shown in Figure F-8.
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Figure F-8 Sum of Signal and Noise Inputs

Sp

where  Sp = peak signal voltage
Np = peak noise voltage
$ = random phase of the noise
8 = phase error due fo noise

The instantaneous phase error is
_ -1 Np sin ¢
6 = fan [ Sp+ Np cos 95] (17)

if Np/Sp << 1, then (17} can be written

0 ~ Np sin ¢
. —P—-—-—--Sp

Assuming that ¢ is a uniformly distributed random variable in the interval

0< ¢ < 21, the mean phase error 8 is zero and the mean square phase

error is: _
2 sz _ N2
o, = — —s (18}
2 5p 25
where N = ms noise voltage

S

rms signal voltage
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In the following sections the noise to signal rafio is computed for a CW receiver

and a pulse receiver with the transfer function of Equation 2.

F.2.4.2.1 CW Receiver

The noise to signal ratio at the receiving antenna can be calculated
from field strength graphs for signals such as found in Reference 1 and noise
field strength predictions as found in Reference 2. The noise to signal ratio at
the output of the receiver is related to the input noise to signal ratio by the

following analyses,

A linear receiver tracking loop is assumed in figure 1; thus the super-
position principle is valid and the signal and noise response of the loop can be

calculated separately.

A constant phase signal Kd is applied to the input of the loop. This is
an unrealistic input for a moving receiver; however, the receiver response fo a
dynamic phase input is covered in Section 2.4.1. The steady state error of the
receiver can be found from Equation (16) and the final value theorem which states:

Pss = lim sPe(s) (19)
s—=0O

where  Pss = steady stafe error

Pe(s)= Laplace transform of the error output

For a constant input Kd

Pi(s) = i—d (20)

and
Pss = 0

hence the steady state output Po is Kd as desired.

The noise input N is assumed to be white noise with a spectral density

=2 2,
of N7 volts "/Hz, thus the spectral density of the phase error at the input is
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- from (5) _

-NZ 2 .
S, .(w)= - radians /Hz (21)
o1 25
or alfernately
i 2

1 N
Sé w)=— — radiansz/radian/sec (22)

: 47 S

The mean square phase error af the output of the tracking loop can be

found by applying an equation from the theory of stocastic processes.

©
2 1 . v 2
%% T oo f Sei(m) | H(jw) |~ do (23)
-
hence from (2} and (6) o
L2 N2 4Bt Bt -
fo 211_ dor 52 (m2 + BZ) 2
-

This integral can be evaluated by contour integration. As a result, the mean square
phase error Is:

2. 5 NZB (25)

0 ~ &7 57-
The rms time error at the output of the tracking loop is

2

) — 2
- oy - e (K (26)

= Z
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or equivalently

s = 050248 n _ (27)
t f s ‘
where o, = ms time error (us)
B = receiver constant (rad/sec)
f = carrier frequency {MHz) 1

n = rms noise density field strength (uV/m/Hz 2 )
S = rms signal field strength (uV/m)

F.2.4.2.2 Pulse Receiver Noise Analysis

The following analysis considers a receiver in which one zero crossing
of the carrier frequency is samPplecl during each pulse. Many phase measuring .
Loran C receivers are of this type. A wide band filter precedes the phase
locked loop. This filter has a bandwidth that is sufficiently wide to allow the
pulse to pass undistorted but narrow enough to filter all noise outside of the

pulse bandwidth. The input signal is of the form

S(t) = Spsin{wt+ Kd+ 6) (28)
where @ is the phase error due to noise.
The input to the phase locked loop is a series of samples of the phase

Kd + & at the pulse repetition frequency fp. The mathematical representation

of this phenomenon is a series of impulse functions.

o
Pi(t) = I (aKdn+ 8n)8(i - ny) (29)
n=o
where o = proportionality constant
K = propagation constant
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dn = distance from transmitter at time tn
Y = time between pulses = 1/fp
&(t - ny) = impulse function at time t=n

The output of the phase locked loop is

Po(t) = [H(u)pi(f -~ u) du (30)

where h(u) = impulse response of the [oop.

Hence the output is

co

Po(t) = aX(Kdn+ 9n) h(t -ny) (31

n=o

Let the receiver remain stationary in position and assume that it has
been running for a long period of time so that a steady state output is reached.
Using the superposition principle assume that only the signal Kd is present.

o 0]
Ps = aKdZXh(y) (32)

n=o

The function h(t} is the inverse Laplace transform of the loop transfer function Hfs).

Hence
h() = LTVIHES)] = B2 -Br)e B (33)
and
? - nB
Ps = aBKdI(2-nByle "7 (34)
n=o

The series is of the form
oo} a0}
Ps=rIX -gqZInX" |%] < 1 (35)

n=o n=o
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where X = e-B v (36)

The first sum is a power 'series which is uniformly convergent for
IXI< 1.

) = 1x"= Lo 57)

differentiating this serfes and multiplying by X, the result i

XS = Inx = X (38)
n=o (1-X
Hence (9) becomes
-By .
2 B e
Ps = aKdB Ry - TR 29
{]_eBY (1-e 87)2:, 39
for By <<'1
- (40)
e By = 1
1-e7BY ~ By (41)
thus
Ps~ aKdl 5= - —X— ]
By @y
Ps= X Kkd (43)
Y .
Setting the proportionality constant a =1y
Ps = Kd (44)

as desired.

Now let the signal Kd = 0 and find the noise response of the loop.

From (8)
[a ]
Pn = By I6i(2-nBy)e "BY (45)
. n=o
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Assume that the 6§ are independent with zero mean.

E(Pn)=0

The mean square error is
‘ @
EPnd) =0 2 = (By )° LE(@D(4 - 4By + nZB2y2)e ~2NBY  (46)
P n=o
+ (E(B787) terms for i # |)

Since the 8i are independent

E(@igj)=0
Hence . '

o 2 = By %0, ¥ (4-4nBy +nBly e 2nBY (“7)

2By

The first two sums in (11) are of the form of (10a) and (10b) with x =e
The third can be obtained from di fferentiating (10b) and multiplying by X.
2

o]

X Cf—x[{g—?] = 32X = X+X3 (48)
’ n=o {1 -x)
thus
-2By 2 2
2 2 2. 4 4B e 28y
¢ <= By)Yell _ - =2+ ==L 1 (49)
0 M -e By T B T B3
ForB <<1
5 2 2.4 48 282, 2
cp = (By ) Ty [ - A Y ] {50)

28y (28y)°  (28y)°

2_5 2
° =767 ), (51)

From (5) for small noise to signal ratios
2
2_5, N (52)

F-38



PNSI-TR-6%-0301-I11-

———

The noise power N2 is proportional to the wide bandwidth filter Bw.

Hence _N—z _ nsz | o
52 52 1

where n = ms noise field sirength (uV/m/Hz 2)
S = rms signal field strength (uV/m)

Bw = bandwidih of wide band filter (Hz)

Thus the rms phase error is _
= E"?ﬁ” n (54)
% " B8YTe S

and the resulting time error is ~

_ 126 |BBw ,n -
“ T VR (3 . (55)
where B = receiver constant (rad/sec)
f = carrier frequency (Hz)
fe = pulse repetition frequency (Hz)

F.2.4.3  Dynamic Errors.

In the preceding analyses the input phase signal was assumed to be
constant. In this section the steady state errors at the output of the phase
locked loop will be determined for a dynamic input. The results are the same

for both the CW and pulsed receiver. Thus only the CW receiver analysis is

presented.

F.2.4.3.7 Receiver Dynamic Errors

For a receiver that is moving af a constant velocity away from the

fransmitter the phase signal is

Pi(t) = Kvt - (56)
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and the Laplace transform of the input is

Pi(s) = K—; (57)
-1

where K propagation constant

1l

v aircraft velocity

By the final value theorem and equation (3) the steady state error

is
Ky s

Pss = limsE{) = lim s( .2) > 0 (58)
s >0 s *0 s (s+B)

where Pss = steady state phase error,

Thus there is no steady state error in the loop for an aircraft flying at a

constant velocity toward or away from a fransmitter.

If the aircraft is accelerating directly away from the transmitter

the input phase is
' 2

Pi(y) = <3* : (59)
and

Pi(s) = Ka

i(s Ke | | (60)

3

where a = aircraft acceleration,

Again using {3) and the final value theorem

- 1 Ka 52 _ Ka
Pss=lim s(— = = (61)

s =0 s (s+ B)2 B

The steady state error in time is

_ Pss @&
) &t = i-'lf_'F = —2 (62)
cB

where 6t = steady state time error (ps)
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a = acceleration of the aircraft (m/sec?')
c = velocity of light = 300 m/u s

B = receiver constant (rad/sec)

In this analysis it has been assumed that the aircraft is either flying
toward or away from a single transmitter. In'.realify an aircraft cannot fly
toward or from all transmitters. The motion of the aircraft flying at a constant
velocity in some direction other than a radial to the fransmitter produces an
angular acceleration of the aircraft with respect to the fransmitter, This can be

shown in the following analysis.

Figure £-9 Aircraft Flight Path

dm (dm = closest approach to
fransmitter)

C transmitter

Referring to Fig. F-9 , let the aireraft be at.point A at tinte = 0 and
flying toward B at a velocity v. Hence the distance d can be expressed as

a function of time as

d2 = dm2+ (do -vi')z (63)

It is desired to find the maximum acceleration of d toward the transmitter
at C.

dc.i = ~v(do - vt)
dd + d2= v2 (64)
dd +3dd =0
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The maximum acceleration occurs whend =0, From the equation for d
it is obvious that either d or d have fo be zero for this to occur. However,
if d =0 this is certainly not a maximum acceleration. Thus, for d =0 the

side of the triangle AB = do - nt =0 and d = dm. Hence
. 2
d max = - (65)

dm
Thus a high speed aireraft that flies close to a hyperbolic transmitter can
experience large time errors due to the angular acceleration of the aircraft

with respect to the transmitter. This error is

2
5t = ~ 5 (66)
dmcB
where
& = time error (us)
dm = distance of closest approach fo the transmitter {(km)
v = velocity of aircraft (km/sec)
¢ = speed of light {0.3 km/ps)
B = receiver constant (rad/sec)
F.3 DIFFERENTIAL TIME DIFFERENCE SYSTEM

The analyses of Section F.2 indicate that the
predictabilify errors exceed the repeatability errors by a substantial
amount. A calibration of the TD system at known locations in the
coverage area could significantly redu::e the predictability error
content of the total error in position. An analysis of the error improve-
ment as a result of applying a calibration procedure is presented in

Section F.3.3.

An operational application of such a system could provide
improved time difference accuracy in the vicinity of a terminal, A

signal flow diagram of a candidate system is shown in Figure F-10.
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Figure F-10, Differential Time Difference System

The basic TD system is ufilized in the nominal operating mode by the
user aircraft. The TD signals are also received by a stationary terminal

area receiver. The received time differences are then compared to a
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F.3.1

F.3.2

standard pair of time differences &s derived from the receiver
location and the propagation model. The difference of the observed
measurements from the standard measurements are then a differential

time difference (DTD). The DTDs are then sent to the aircraft via

a communication link, whereupon they are decoded and added to the

observed readings on the aircraft.

Merits of DTD Systems

The basic function of the DTD system is to eliminate or
substantially reduce the error in a time difference system. The DTD
system performs this function without interfering with the operation
of the basic TD system. Thus all the operational advantages of a
TD system are refqined; and increased accuracy is achieved for

highly correlated errors as demonstrated in Section F.3.3.

Drawbacks of DTD Systems

The use of a DTD system does not come without penalty,

however, These penalties are:

(1) uncorrelated errors are increased
(2)  more equipment is necessary
(3) - focation of terminal area receiver can increase error

(4)  increased accuracy in local area only

The analysis in Appendix F, Section F.3.3.1, demonstrates that there
is no reduction in the DTD system error from the TD unless the correlation
exceeds 0.5 and, in fact, if all errors are uncorrelated, the error
increases by 41%. Thus the correlation of errors is very important.

The ‘correlation coefficient in Section F.3.3. is the spatial autocorrela~
tion function of the TD errors. 1t is analogous fo the time autocor-

relation function found in the theory of stochastic processes. lis
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mathematical definition is in normalized form

old) = E[T{do) T{do + d}] -

2 (67)
E[T(do)"]
where T = time rﬁeasureménf
"do = calibration poinf

d = distance from do

and E represents averaging,

The DTD system requires additional equipment to operate. All
of the nominal TD equipment is used plus the following equipment for

each installation:

(1) ground based TD receiver
(2)  ground support equipment )
(3)  TD comparison and digitizer
(4)  data link

In addition, the user aircraft that has an onboard computer must have
receiving equipment fo receive the DTD signals and incorporate the
signals into his PF solution. No difference in opefating procedure or
equipment is required for a user who is obfaining his navigation data

from a ground based computer and. data link. The ground computer inserts

the DTD signal into this user's PF solution,

If the terminal area'receiver is located near a phase anomaly,
a negatfive value of the spatial correlation function may occur. This
would increase rather than reduce errors, - Thus careful calibration of

the ground based site is required.

The DTD concept will usually produce error reduction in a focal

area only. Experience with Differential Omega has indicated propagation
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errors are correlated at ranges of 130 nmi [Ref 82 1. Volz

[ Ref 92 ] has produced some resulfs that show that phase anomalies
of Decca in a mountainous region are correlated out to a distance

of approximately 12,5 km. Errors in the shape of the geoid may be

correlated out to a range of several hundred miles,

The following results are based upon the results of Tables F-l thru F-IV
and equation (14) from Section F.3,3.The predictability errors are assumed

to have the following normalized spatial autocorrelation function:

p(d) = 1 -d/do ford < do (68)

0 ford > do

where
100 miles for VLF propagation errors
do = 10 miles for LF propagation errors

1000 miles for geodetic errors

The DTD system errors are presented in Tables F=V thru F-VIIIl and shown in
Figure F=11 and F~12, The errors are no doubt somewhat greater in most cases
than would be expected. However, it should be remembered that "worst

case " values for all of the error sources were chosen. In addition, error
sources such as fransmitter location and oblate earth were included in

the error analysis to represent operational problems that could exist at

the beginning of a program. Several such error sources could be reduced

through operational use leading fo a calibration of the system,

Some of the correlatfion distances used in Tables F-V thru F=VIIil are
crude estimates. The prime use should be to indicate that the DTD
concept is capable of error reduction. Some amount of data is being
gathered on Differential Omega which is a DTD system. The resulis are
promising and definitely more optimistic than the errors shown in Table F-V.
However, much needed studies and experiments are required before the

DTD concept can be validated.
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TABLE F-V _
DTD/VLF/CW SYSTEM ERROR
Caorrelation Time DI f Location 1* Location 2**
Distance (mi) (29) {nmi} {omi)
REPEATABILITY ERRORS
Resclution and Receiver MNoise 0 07 0.12 0.12
Atmospheric Noise - Location 1 0 2,83 0 48
Atmospheric Noise - Location 2 0 8.49 1.38
Acceleration Error - 1/16g 0 2,12 0 34 0.34
PREDICTABILITY ERRORS
Diurnal Phase Shift
Uncorrected 100 0 707 /mile 0.114/mile 0 114/mile
Night Corrected 100 0.255/mile 0.041/mile 0.041/mile
Day Corrected 100 0,127 /mile 0.021/mile 0.021/mile
Transition Corrected 100 0.170/mile 0.028/mile 0.028/mile
Oblate Earth - Location 1 1000 0.0001/mile] - -
Oblate Earth - Location 2 1000 0.084 - -
Station Lacalion 1000 - - -
Phase Anomalies {SID) 100 0 707 /mile 0.114/mile 0. 114/mile
POSITION ERRORS: CONSTANT 0 58 1.42
GRADIENT - No SID (Night) 0.041/mile 0.041/mile
SiD 0. 120/mile 0.120/mile
*Location 1 = D = 3000 nmi
**Logation 2 - D = 4000 nmi
t
TABLE F-VI
DTD/LF/CW SYSTEM ERROR
Carrelation Time Diff Locatien 1* Location 2**
Distance {mi) {ps) {ft) ()
REPEATARILITY ERRORS
Resolution and Receiver Noise 0.028 42 . 126
Ammospherie Noise - 99% 0.0001D 21 126
Ajrcreft Maneuvers - 1/T6g 0 0.001 1 5/mile 4.5
Skywave Contemination — Day 10 0 0oND 16.8/mile 100.8/mile
Skywave Contamination = Night 10 0,0046D 42 O/mile 415.8/mile
Atmospheric Refraction 10 0.074 2, 1/mile 6.3/ mile
Chain Synchronization 10 0,014 2 1/mile 6.3/mile
PREDICTABILITY ERRORS
Velocity of Propugation 10 0.566 85,%/mile 254 .7 /mile
Aircraft Alfitude 0 3.54%/0 0 0
Terrain Ancmalies 10 0.42 63,0/mile 189.0/mile
Conductivity Variations 10 (104} 3t .5/mi|e 94, 5/mile
Oblate Spheroid 1000 0,0001D - -
POSITION ERRORS: CONSTANT 46,98 178 53
GRADIENT =Day. |, 112.389/mile 345.08/mile
Night 130,805/mile 531.51/mile

D = Averuge Distance to Source in Miles
H = Aircroft Alfifude in Miles
* = Center of Coverage Area

** = Fringe of Coverage Ared
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TABLE F-VIi
DTD/LF PULSED SYSTEM ERROR

(4 MW TRANSMITTER)

Correlation Time Diff Location 1* Location 2**
Distance {mi} (ps () (Ft)
REPEATABILITY ERRORS
Resolution and Receiver Noise 0 0.028 42 126
Atmospheric Noise ~ 99% - Loc, 1 0 0.034 51
Atmospheric Noise - 99% - Loc. 2 0 0.283 1274
Aircraft Maneuvers - 1/16g 4] 0.009 13.5 40,5
Skywave Contemination - Day 10 0 0 0
Skywave Contemination - Night 10 1] 1] 0
Atmospheric Refraction 10 0.014 2.1/mile 6.3/mile
Chdin Synchronization 10 0.014 2.1/mile 6.3/mile
PREDICTABILITY ERRORS
Velocity of Propagation 10 0.566 84.9/mile 254 7 /mile
Aireraft Altitude 0 3.54%/0 0 0
Terrain Anomalies 10 0.424 63.6/mile 190.8/mile
Conductivity Veriations 10 0.212 31,8/mile 95.4/mile
Oblate Spheroid 1000 0.0001D - -
POSITION ERRORS: CONSTANT 67.4 1300.8
GRADIENT 110.8/mile 332.7/mile
D = Average Distance to Source in Milas
H = Afrcraft Altitude in Miles
* = Canter of Coverage Area
** = Fringe of Coverage Area
TABLE VIil
DTD/LF. PULSED SYSTEM ERROR
(250 KW TRANSMITTER)
Caorrelation Time Diff Location 1* Location 2**
Distance (mi) (ps} )] {f1)
REPEATABILITY ERRORS
Resolution and Receiver Noise 0 0.028 42 126
Atmospheric Noise = 99% - Lec 1 0 0.136 204
Almospheric Noise - 99% - Loc. 2 0 1.132 5094
Aircraft Maneuvers - 1/14g 0 0.009 13.5 40.5
Skywave Contamination - Day 10 1] 4] 0
Skywave Contamination - Night 10 1] 0 0
Atmospheric Refraction 10 0.014 2. 1/mile 6.3/mile
Chain Synchronization 10 0.014 2.1/mile 6.3/mile
PREDICTABILITY ERRORS
Velocity of Prepagation i0 0,566 84 9/mile 254 7/mile
Aircraft Altitude 0 3. 5H2/D 0 0
Terrain Anomalies 10 R 0,424 63.6/mile i 190.8/mile
Conducfivity Variations 10 0.212 31.8/mile 95.4/mile
Oblate Spheroid 1000 0.0001D - -
POSITION ERRORS: CORNSTANT 208.7 5095.7
GRADIENT 110.8/mile 332.7/mile

D = Average Distance to Source in Miles
H = Ajrcroft Altitude in Miles

* = Center of Coverage Area

** = Fringe of Coverage Area
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Figure F-11. DTD/VLF System Errors
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Figure F-12. DTD/LF System Errors
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F.3.3 Differential Time Difference Error Analysis

F.3.3.1 DTD Error

Let the error in a PF system be
dP = GdT

dP = position error vector
G = transformation mairix

dT = TD- errors

such that af points P] and P2

dP, =G, dT, (69)
dPy =G, dTy (70)
The differential error is
= dP. —-dP.. = i 71
AP = dP, -dP, = G.dT, - G, (71)
and the mean square value of the differential error is
g
E(APAP') = G]E(dT}dTTT)G]T (72)
W~ T
+ GZE(dT2dT2 )G2
T T
- GTE(dT}dT2 )G2
: . T\~ T
- GZE(dT2d'TZ )G] ‘
Assume that for Py and Py close together
G] = GZ =G
Ty = T = 73
E(dT 4T, T) E(dTZdTZ R-(0) (73)

* Superscript T indicates a iransposed matrix.
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where Ry(d) = spatial autocorrelation function of the

errors at dO and do +d

assume Rf(d) has iwo components:

Rp(d) which is the predictability component;
Rr(d) which is the repeatability component;

and further assume

R (@) = 0 d#0 (74)

Rp(d) = p(d RP(O) p(d) = ascalar (75)

hence the repeatability errors are not correlated as a funciion of

distance.

From the above assumptions, the mean square error of AP is:

E(aPaP)) = 2G R(0)G' +2G R () G!

- 20(d) GRp(O‘)GT (76)

If the base vectors for the position error vector are chosen to be
orthogonal, the mean square value of the radial error is the trace of

the mean square errér matrix.

Let  Arms = rms radial error of AP
drms = rms radial error of repeatable error

Dms = rms radial error of predictable error

then from (15)
2 2 2 2
Arms” = 2dms + 2Dmms” - 2p(d)Drms (77)

Now let the predictable error be

Drms = Qdms (78)
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The total error before applying differential time difference was

2

DDnn52 = drm52 + Dt'ms2 = (1+ Qz) drms

and (16) can be written

Arms2 = (2+ 2[1-p(d ]1Q2) drm52

hence the ratio of the differential time difference error fo the

original time difference error is

Arms JZ('H‘[]-p(d)]QZ)
DDrms 1+ Q2

This ratio is plotted in Figure F-13.

(79)

(80)

(81)

Arms/DDrms

0.0 0.2 0.4 0.6 0.8
o (d)

Figure F~13, DTD Improvement
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F.4 NAVIGATION SATELLITE SYSTEMS

The feasibility of navigation for ships and position fixing
for survey purposes from satellites has been demonstrated by the
Navy Navigation Satellite System and Geodetic Secor respeciively.
The development of a navigation satellite system for aviation has
been proposed by several companiés. The projected operational
features of a time-difference satellite navigation system such as
the TRW NAVSTAR concept. [Ref 52] are evaluated with respect to the navi-
gation requirements of the 1975-85 time period.

F.4.1 Summary

Time difference navigation satellite systems have the
potential to provide navigation information fo aircraft users. The

principle merits of navigation satellites are:

(M Coniinuous world-wide coverage potential
(2) Coverage at all aircraft altitudes
(3) Minimal propagation errors

(4) High aceuracy potential

(5) Ability to meet the opérqfionul requirements
of the advanced navigation/ATC system .of
the 1975-85 time period

However, some important deficiencies are apparent in the TD

navigation safellite system. Some of the major deficiencies are:
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F.4.2

(N

()

(3)

(4)

(5)

Onboard computer required for “self contained"

posifion determination and guidance computations

~

Data link required for users with no onboard

computer

Ground computers are needed to solve navigafion

and guidance equations for data link users

Ground based tracking stations are required to

derive safellite positions

Expensive airborne receiving equipment required

to-receive TD signals

Advanced System Requirements

A time difference navigation satellite system similar in

concept fo the NAVSTAR system as proposed by TRW can satisfy

most of the operational and accuracy requirements of an advanced

navigation system for use in the 1975-85 time period, subject to

one of the following consfraints:

(1)

(2)

An onboard computer is used to solve the
position fix equations and derive guidance
information from present position and desired

frack.

A data link is available to transmit satellite
TD information to a ground computer for proces-
sing into aircraft guidance information from

presenf position and desired track.

The "TD navigation satellite and the onboard or ground based computer
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can satisfy the following requirements:

M
(2)

3) .

(4)
()
(6)
7
8)
)
(10)
(11)

(12) -

(13)
(14)

non-saturable

minimize navigation frequency channels
line-of-sight independent

area coveérage

real time operation

all weather capability

time independent

flexible to ATC route structure/vectoring
map reference

c¢ommon oufput format

growth oriented

adaptive flight path capability
generate ATC surveillance data

compatible with onboard information needs

In addition, the TD navigation satellite system can satisfy the

accuracy requirements for the following flight phase:

(M
(2)
3)
4)
(5)
(6)

climb~out
enroufe~low altitude
enroute-high altitude
arrival

descent

approach

The lateral accuracy of a differential time difference satellite

navigation system could marginally meet the horizontal accuracy

requirements of a Category | and Il landing system.

The most outstanding deficiencies of TD navigation satellite

systems are the requirements for onboard or ground-based computers,
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ground-based tracking systems, data links and expensive aircraft

receiving equipment.
F.4-.3 NAYV SAT User Saturation

If the navigation-ATC system evaluated in this study were fo be
implemented using NAV SAT as the external navigation aid, allowance
would have fo be made through reduciion of frequency of update to pre-
vent safuration of the data link. In particular, a requirement for conirof
of all VFR as well as IFR traffic would result in all GA1 and GAZ2 aircraft,
the users who typically have minimal equipment, demanding navigation
and communications assistance. This in turn will affect the ability of the
system to supply real time surveillance information with which to maintain
the aircraft within its assigned space. A parametric relationship has been
developed which relates cross track error, frequency of update and poten-.
tial number of users. Two assumptions were made about the dvionics fit of
GA aireraft: (1) the GA1 and GA2 do not have accurate dead reckoning
subsystems; and (2) the GA1 and GA2 do not have dead reckoning sub-

systems af all.

Figure F-14 shows the resulfs. For any amount of frack keeping
error up to 20°, the frequency of fixing, frack separation and number of

users is given in Table F-15. The results indicate the following:

| nmi cross track error
48 sec update
4,600 users

If 10° is the maximum heading error, then:

| . nmi cross track error
96 sec update
9,000 users
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10 4
TT Pesition Fixing Frequency in Terms of Track Error '
5 % T, Position Fixing Frequency in Terms of NAV SAT User Saturation LU
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T T T T T — T T T T
5000 10,000
No. of users - 103
Track l Min_ ] i
Sepa~ |Fix Freq.| Max
rafion Sec Users
10 nmt 5 480 | 44,000
1 nmi | 48 4,600
0,27 nmi i 13 J 1,200
*Includes all low class users
Figure F-14, NAV SAT System Saturation
F.4.4 Navigation Satellite Systems

Many navigation satellite systems have been proposed by
several companies. Several types of position fix measurements
utilizing satellites are possible, and an infinite number of orbital
configurations for the satellites can be posiulated. However, the
requirements for the navigation system for the 1975-85 time period

are more compatible with some systems than with others.
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F.4.4.1

F.4.4.2

Measurement Types

Several types of measurements for position fixing purposes

can be made from satellites. Each measurement defines a surface~
of-position (SOP). The intersection of three surfaces of position
defines the user's position. One SOP that is commonly used is the
user's altitude above mean sea level. This SOP is approximately a
sphere about earth's geocenter and the earth radius plus the daircraft’s
altitude as the radius. Two other SOPs derived from satellite or
ground based data can fix the user's position. Some of the more

common measurements and their associated SOPs are:

Measurement SOP

range sphere *

range sum sphere or ellipsoid of revolution
range difference hyperboloid of revolution
interferomefer angle cone

plane angle plane

doppler cone or hyperboloid of revolution

Candidaie Advanced Navigation™ System

The time difference navigation satellite systems possess
several of the desirable features for an advanced navigation system.
The users can remain passive (i.e. receive signals only), thus reducing
the number of frequency channels required for navigation. This is an
advantage over the rdnge sum system. Some of the disadvantages of
other measurement types are presented. Range systems either require
accurate onboard time standards (one part in 10] ]) or three measure-

menis are required to solve for the clock error. This then becomes
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F.4.4.3

very similar to the range difference system. The angular systems
require extremely accurate atffitude control of the spacecraft

(1 prad-for 100 ft accuracy at synchronous satellite altitude).
The doppler systems require very precise knowledge of the user's
velocity vector for accurate position fixing. Accurate position
data for the satellite is necessary in addition to all of these above

requirements,

The synchronous satellites are a popular choice for proposed
navigation systems because the system can be built in medular form
starting with only four satellites and because low tracking rates are
required. Four satellites could provide the entire continental U. S.

with continuous coverage.

If such a system is to achieve world-wide coverage potential,
the satellite orbital planes must be inclined with respect fo the equa-
tor to remove geometric singularities in the equatorial regions of the
earth. The satellite subpoints trace the familiar figure eight on the

earth's surface.

Tracking Requirements

The user must know the position of the satellites in order to
produce his position fix. Thus tracking stations and data links are
required fo furnish the user with satellite position data or an ephemeris

of the satellites must be stored aboard the aireraft.
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F.4.4.4 NAVSTAR Satellite Navigation Concept

A satellite navigation concept called NAVSTAR which was
designed by TRW meets all of the previous requirements. |t is used
" as a design point advanced satellite navigation system. An exten-

sive system description of NAVSTAR is presented in reference 52,

F.4,4.5 Information Requirements

An information flow diagram i‘s shown in Figures F-15 and F-16.
Figure F~15 depicts the system for the user with an onboard computer.
Figure F-16 pertains fo the user with a data link to a ground based
computer. L-band signal frequencies are used throughout the system
for satellite navigation and communication functions. VHF signals

are used for the air to ground data links.

The position fix equations require a computer fo convert the
time difference measurements into useful guidance information for
the pilot. The computer can be programmed to calculate guidance
information such as along track and cross frack deviation from the
flight path, distance and course fo the next waypoint and ETA pre-

dictions for the waypoints,

F.4.5 Error Sources

The satellite navigation systems have better propagation
conditions than do the ground based TD systems. However, the trans-
mitters are non-stationary, which iniroduces satellite position errors

as an efror source.
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F.4.5.1

Propagation Errors

Navigation satellite systems overcome some propagation
anomalies that occur in all ground based navigation and position
fixing systems. The satellite signals travel in a line of sight (LOS)
path between the satellite and the user so that ground anomalies
do not interfere with the propagation. However, some propagation

anomalies do occur, such as:

(1) lonospheric refraction
2) Atmospheric refraction

(3) Multipath reflection

In order to reduce atmospheric drag and prolong the satellite
orbital lifetime for any satellite navigation concept, the satellites
are inserted in an orbit that is higher than the earth's aimosphere.
Thus the satellite signals have to pierce the earth's jonosphere and
troposphere layers. The effect of these layers is to retard the signal,
thus producing a slower velocity of propagation of the signal. The
ionospheric retardation is inversely proporiional to the square of the
transmitted signa! frequency. Thus higher frequencies are desirable
fo reduce this phenomena. The TRW-NAVSTAR system error analysis
[Ref 52 ] uses a figure of 56 feet us the uncorrected ionospheric error
retardation for an L-band signal at 10° elevation to the earth. The
uncorrected tropospheric retardation error is given as 46 feet for a

10° elevation angle.

The multipath error is due to signals being reflected from the
earth or other objects and then being received by the antenna, This

effect is shown in Figure F-17,
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F.4.5.2

DIRECT SIGNAL

AIRCRAFT

REFLECTED SIGNAL

Figure F-17, Multipath Geometry

Multipath reception can be reduced or eliminated by using directive
antennas. This is possible for ground tracking stations, However,
directive antennas are not practical for the user aircraft due to the
necessity of ;eceiving sighals from several satellites for all aircraft
headings. ‘An error in range of 45 feet was attributed to the multi-

path effect by TRW.

Satellite Position Errors

The use of satellites can significantly reduce the propagation
errors, but a new source of error is introduced. The fransmitting
stations are no longer stationary with respect to the earth. Fven the
geostationary satellites in the é4-hour equatorial orbits are not truly
stationary. Tracking stations are required to locate the satellites’

positions, This information must be relayed to the user aircraft if
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F.4.5.3

precision position fixing is desired. The TRW study indicates that
satellite location errors coniribute a 10 to 100 ft increase in the

position fixing ability of the NAVSTAR satellife system.

Other Error Sources

The receiver and satellife oscillator are two pieces of
equipment that can coniribute errors to the system. From [ 521,

some of these error sources produce range errors as follows:

(1) Receiver noise (14 ft)
(2) Resolution (10 ft)
(3) Receiver drift - (17 ft)

The total rms error contribution for the receiver is less than 25 ft.

The satellite oscillators fend to drift slowly with time, This
drift and the drift rate can be calculated from ground station tracking

dafa. A range error of 9.2 feet for oscillator drift error was presented

by TRW.

A final error source that is considered is the altitude error of
the aircraft. If the surface-of-position of the satellite TD measurements
were perpendicular to the earth's surface, the altifude error would
not contribute fo the position error. However, since these SOPs are
hyperboloids and not perpendicular planes, there is a small error
introduced into the position fix. The effect is greatest at high lati-

tudes in the NAVSTAR system.
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F.4.5.4

F.5

Geomeiric Effects and Total Error

The range uncertainties are magnified due to the geometric

effect called GDOP (geometric dilution of precision). A range

uncertainty in the NAVSTAR system of 50 ft produces the following

results:
Latitude Position Error (95%)
0-50° < 250 ft
50-70° < 600 ft

At higher latitudes than 70° there are a few locations where no
PF information is available due fo an insufficient number of visible

satellites.

DIFFERENTIAL TIME DIFFERENCE NAY SAT

A study of several relative error calibration schemes was
undertaken by TRW in the NAVSTAR system design. One of the very
interesting aspects is the mode 2 calibration technique. This concept
is very similar fo that discussed in the differential time difference
discussion in section F.3 . A computer simulation of this technique
indicated that the effect of satellite position errors could be elimi-
nated as a source of error over a large area. At the calibration site
there were no relative errors due to safellite errors. The relative
error 1200 nmi north of the cdlibration point was only 2 feet greater
than the error at that point prior to including satellite position errors.
A similar concept was studied by Casserly, Filkins c;nd Hall [Ref73]

indicated that more than 85% of the satellite position error could be
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removed by a compensation scheme at a distance of over 1800 nmi
(30° in latitude). These results are quite compatible with the TRW

results.

F.6 RADIO-INERTIAL HYBRID SYSTEMS

Radio-inertial hybrid navigation systems incorporate the best features of
each subsystem to produce a "best” estimate of present position and to aid the radio
system in tracking the time signals with narrow bandwidth phase locked loops. Inertial
sys'fems are subject to gyro drift errors and misalignment errors of the inertial platform.
The misalignment errors produce undamped oscillations of the platform at the Schuler

frequency (84 minute period).

The radio TD system is subject to atmospheric noise errors, dynamic errors
and terrain anomaly errors. Narrow fracking loo;‘a bandwidths are required fo reduce the

atmospheric noise errors. However, from equation (13) in Section F.2.4, it can be seen

that narrow bandwidths produce large dynamic errors,

The use of a radio~inertial hybrid can permit a dynamically exact system fo
be designed such that the trac king loop bandwidth of the radio TD system can be made
sufficiently narrow to track noisy signals. The resulting position error does not contain
acceleration or velocity dependent terms, aimospheric noise errors are made smaller, and

tracking in high noise to signal ratio areas is possible.

F.6.1 Summary

A single axis-single channel radio-inertial hybrid navigation system is
analyzed and found to be dynamically exact. Thus the performance of the system is inde-

pendent of the dynamics of the aircraft.

F-66



PNSI-TR-69-0301-1H

The radio-inertial system removes the ramp error due to gyro drift rate that
is present in the pure inertial system. However, oscillating position errors still exist. A
radio-inertial combination operating at 100 kHz is analyzed. A pulse repetition frequency
of 100 pulses per second dnd a receiver constant of 0.04 rad/sec are assumed. The range

error in the hybrid system for large noise to signal ratios is found fo be:

Error Source Range Error
Atmospheric noise 64 ft
Accelerometer bias (10-49) 2 ft
Gyro drift rate (0. 1°/hr) 8 ft

The oscillatory errors from the accelerometer bias and the gyro drift rate can
be damped by providing damping signals from an optimal or suboptimal filter to aid in

leveling the inertial platform.

F.6.2 Mathematica! Models

Small signal mathematical models are presented for a single axis inertial
system and a single channel tracking loop of a TD receiver. The two subsystems are

connected to demonstrate the dynamic independence of the output.

F.6.2.1 Inertial System - Single Axis

A single channel representation of the local leveling loop of an inertial

plaiform is shown in Figure F-18, The position output is related to the true position P and

the error sources by:

AL, ge 4(s)
Q(S) = P(S)+ X 5 = 2 2 (82)
s + 0 s(s”+ Q7)
where Q = g/R, = Schuler frequency (83)
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External to A/C | Internal fo A/C

e | e

-]

) —
&

s = Laplace operator
P = Position Input g
Q= Inertial Platform Qutput Position
V = Inertial Platform Output Velacity
Ry = Earth Radius

g = Gravitation Constant (32.2 fi/sec?)
€4 = Accelerometer Eerors

€q = Gyro Drift Rate Error

Figure F-18. Single Axis Inertial Platform Position Oufput

A step input in accelerometer error € 4 and the gyro drift rates €g produce the following
output errors:

€
EG) = Q) -P() = fa (1 -cos Q) - : g (Ot - sin OF) (84)
Q Q

Thus the position error due fo a constant accelerometer error is an undamped oscillation

while the error due to a constant drift rate increases linearly with time.

F.6.2.2 TD Receiver ~ Single Channel

The phase locked tracking loop is analyzed in Section F.2.4, However, the

benefits of rate aiding are not discussed in the appendix.

Assume that the phase detection loop of the TD receiver is a critically

damped, Type 2 feedback control system with a velocity aid inout from the inertial plat-
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form of Figure F-18. Since the radio TD system operates in TD coordinates and the inertial
platform operates in local verfical, east, north coordinates, a transformation of coordinates
by an onboard computer is assumed. The velocity aided phase locked loop is shown in

Figure F-19.

The output of the radio tracking loop is:

(2Bs + B2) ¢ q ~ gs€

Pr(s) = Pl) + €, () _ . (83)
s T e (2 + 02 (s+ B)2

The atmospheric noise error is random and is often simulated by white noise. In Appendix

A the phase error in the phase locked loop is found in equation (11a) for a pulse receiver:

2 _ 5 2
o, =T B, (86)

For high noise to signal ratios, the phase error 8 is a random variable that is uniformly

distributed from —r fo v radians,

n 5T Q

T-‘P‘—)-C 2B

B /s

From Inerticl Platform
and Computer

o |~

s = Laplace operator

T = coordinate transformation mateix
B = receiver constont

P = Position input

P. = Radio~inartial system output

Figure F-19. Inertially Aided TD Receiver Tracking Loop
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In this case...

x (87)

_ 318 B
Oy T F— o ft (88)
where B = receiver constant

fe = 1/y = pulse repetition frequency
f = carrier frequency (MHz)

For a 100 kHz and a pulse repetition rate of 100 pulses per second

o, = 318yB i

A contemporary Loran C receiver uses a receiver constant of
-1
B = 1/25 sec
hence the resulting range error due to aimospheric noise is

o4 = 64 ft

The accelerometer and gyro drift errors are approximated by step functions
of magnitude ]0_49 and 0.1° /hr respectively. The response of the radio inertial combi-

nation to a step in acceleration error of magnitude ¢ qis

2

B

Ea(i-) = Ei{cos Qt+ 2Q sin Qt - {1+ Bt) e—Bf} . (89)
B

The first two terms are undamped sinusoids and the third term is a decreasing exponential.

The peak range error due to accelerometer bias is

_ 2 _
E = ¢, /B = 2f (90)

A step function in the gyro drift rafe error of €q rad/sec produces a range

error of:
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3 Q

ge -
EM) = —2 {-2 cos Qf+ & sin Ot + (2+ Bi)e B*}

B

The peak range error due to gyro drift rate is
ge
E o= —3 =8t
9 op?

F.6.2.3 Other Configurations

o1)

(92)

The system that was considered in the- previous paragraphs exerted no

control on the inertial platform. A desirable feature of a hybrid system would permit

signals from the radio system to damp the inertial platform. Sophisticated filter analysis

can be applied to such a system to design a Kalman-Bucy filter, Wiener filter or a sim-

pler sub-optional filter. The signal flow of such a system is shown in Figure F-20,

AIRCRAFT INERTIAL
ACCELERATIONS % PLATFORM

-
Tl
Ty,
T
\/ \'%
RADIO N[ RADIO TD . : ‘OPTIMAL
SIGNALS =] RECEIVER =™ 1 FILTER

R = Optimum Estimate of Position
$>.=A Vector Information Flow

Figure F~20. Signal Flow Diagram for an Optimum Radio-Inerfial System
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F.7 VOR/DME

The Very High Frequency-Omnidirectional Radio Range/Distance Measuring
Equipment (VOR/DME) position finding system is the prime navigation aid for all IFR
flights in the United States at the present time. The VOR transmitter permits the user to
measure magnetic bearing to the facility and the DME transponder allows the user to
measure range fo the transponder. The pilot flys along a constant bearing (line of position)
with respect to the transmitter; hence the dircraft flies along radials to or from the station.
Typically, six to ten radials from the fransmitters are used for air routes, All transmitiers
and some radial intersections from two transmitters are called waypoints in this study and
are often given coded names, Al! IFR air fraffic is directed along these air routes; hence

this operating procedure leads to congested air routes.

Course line computers have been designed and developed to allow the user
to fly off airways and still utilize the VOR/DME signals. Thus the user can select arbitrary
waypoints and thereafter fly directly to this waypoint. This permits VOR/DME to be used

in an area navigation mode,

Several operating deficiencies and physical [imitations of VOR/DME systems

are presented in the following sections.

F.7.1 Operational Summary

A summary of operational VOR/DME deficiencies include:

(T} Gaps related to the cone of silence

(2) Inefficient use of airspace

(3) Line of Sight (LOS) limited

(4) Inaccurate position fix information and nonconiinuous

surveillance information for ATC
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F.7.2 VOR/DME Coverage

Frequency protection of VOR/DME facilities can affect operational use of

the systems by limiting the guaranteed range of reception.

Protected Range of Reception

VOR (H) 100 nmi above FL 450

Cat. A VOR(H) 130 nmi fo FL 450

VOR (L) 40 nmi to FL 180

Cat. B VOR(T)  25mmi to 12,000 ft

Definitions:

VOR (H)  High Altitude Enroute VOR
VOR (L)  Low Alfitude Enroute VOR
VOR(T)  Terminal Area VOR

The corresponding DME operational usage is given by the following altitude and inter-

ference free distances:

39 nmi to 15,000 ft
78 nmi from 15,000 to 30,000 ft
156 nmi from 30,000 to 75,000 ft

The signal generated by a VOR transmitter can not be received by aircraft
in a conical region above the transmitter called the cone of silence. This produces a
volume in which no VOR navigation data is available. The cone of silence above a VOR
facility is defined by the maximum angle of elevation of signal with respect to the plane
of the transmitter and is approximately 40°; the dead zone in nautical miles above the
antenna can therefore be defined as h cos 40° where h = altitude of the aireraft; e.g.,
for an aircraft at an altitude of 36,000 ft, &6 nm, the radius of the cone of silence would

be 6 cos 40° = 4,6 nmi

The cone of silence as a function of altitude is tabulafed in Table F-1X,
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Column 3, VOR Airways, states the diameter of a- cross section of the cone with respect
to the altitudes indicated. Column 4 indicates the effect of utilizing a course line
computer fo parallel track at a distance of 5 nmi. At only one aliitude, 50,000 ft, does
the user enter the cone of silence. If the parallel is set at a distance equal to or greater

than 7 nmi, the cone is missed completely for all altitudes up to 50,000 f.

TABLE F-[X
VOR BLIND ZONES
Altitude | Cone of Silence
- ft VOR Airways | Track offset = Snmi | Track offset > 7 nmi
Low 5,000 1.25 nmi 0 0
Altitude 15,000 3.80 nmi 0 0
High 25,000 6.30 nmi 0 0
Altitude 35,000 8.80 nmi 0 0
k 50,000 12.50 nmi 4,9 0

The number of seconds an aircraft would remain within the cone of silence

is illustrated below:

CTOL Jet, 35,000 ft (480 kts) = 66 seconds
VTOL at 25,000 ft (450 kis) = 50 seconds
SST  at 50,000 ft (1172 kts)= 38 seconds

Terms of reference used with the VOR route siructure are:

(1)  Maximum Acceptable Altitude (MAA) for jet roltes
above FL 180 '

(2) Minimum Enroute Altitude (MEA) for the low alfitude
enroute struciure, 2000 f+ MSL to 18,000 ft

(3) Minimum Reception Altitude (MRA) for the low and

high altitude enroute structure
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(4)  Minimum Obstruction Clearance Aliitude (MOCA)

for low altitude

The MRA is particularly significant to the low altitude VOR route structure and terminal
area control. Generally, in the densely populated terminal areas of the 1968 epoch,
traffic is radar vectored by the controller utilizing SSR radar data; but if an area naviga-

tion system were utilized as the means to flow control, the MEA may become of significance.

F.7.3 Minimum Enroute Alfitude

The MEA is selected to provide the pilot with information about safe height

above terrain along the airway, and the altitude above which he is assured of receiving

a signal free from restrictions to LOS, Use of an Area Navigation System which derives
its position information from VOR/DME could be compromised by a lack of knowledge on
the part of the operator of the MEA for his area of operation; e.g., an attempt to operate
info an airstrip located in a valley could place the receiver in a dead zone, Something

of the variability of MEA at randomly selected places in the eastern U. S, is shown below.

For the selected VOR radials in the New York, Cleveland, Philadelphia and

Aflanta centers, the sample MEA average was:
New York Area MEA = 2500 ft

Philadelphia Area

New Casfle VOR MEA = 2000 ft
West Chester VOR MEA = 2300 ft
Pottstown VOR MEA = 2400

Pittsburgh Area

Harrisburg VOR MEA = 3700 ft
Johnstown VOR MEA = 4500 f+
Cleveland VOR MEA = 3000 ft
Atlanta VOR MEA =2700 f+
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F.7.4 Inefficient Use of the Available Airspace

A comparison of the potential service which can be made of a VOR airway
system to the service which can be provided by an area navigation system produces the
following results. In the current route structure, eight to twelve radials per VOR trans-
mitter can be used for the definition of air routes. ATC constrainis on cross track separa=
tion, altitude separation and number of users per flight level in the cone of silence reduces

the number of potential air routes to 4 to é user radials.

A convenient method of mathematically identifying the theoretical capacity
of the airspace covered by a VOR stafion is typified by the following expression:
R -5)

Number of Users: N = 1+ Van Nr (93)

R -5s)
OI'N S\TA—f—'*'}

where Atr > NrAt

and Atr 2-2\75,

where Nr = number of radials
R = horizontal distunce to the station
s = dead zone distance (VOR cone of silence)
V = aireraft speed
At = desired longitudinal separafion between aircraft
Atr = a relationship expressing the system saturation constraint

for handling traffic at VOR station.

Then let Nr = 6, and let At = 3 min.
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TABLE F-X
SYSTEM CAPACITY
Altitude VOR Airways Area Navigation
ft No. of Users/ Ne. of Users/
Point Source Area Coverage
Low 5,000 17 (4)** 20
Altitude 15,000 24 (5) 28
High 25,000 26 (5) 62
Altitude 35,000 25 (5) 59
50,000 11 (2) 26

**Traffic handling constraint, one user in the cone of silence

Assume the following user performance as a function of altitude:

Separations then are 54.9, 24, 225, 19.8 and 9 nmi respectively for the 3 minute time
spearation requirement. The limitation of one user in the cone of silence per flight
level increases the distance interval by six miles. Placing the latter traffic handling

constraint on the system reduces capacity of the system as seen in the parenthesis of

Table F-X.

The potential number of users who can be serviced with an area navigation

50,000 f+ (1700 kts), 18.3 nmi/min

35,000 t
25,000 ft
15,000 ft

5,000 t

(480 kts), 8 nmi/min"

(450 kis), 7.5 nmi/min
(400 kts), 6.6 nmi/min

(180 kts), 3 nmi/min

system is defermined as follows:

N = (

1.4R
2d

+ 1) (-Z\%\_/) where d is lateral frack separation (77}
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A lateral separation criterion of 5 nmi is assumed for this analysis. While only minor

increases in system capacity can be achieved in the low altitude structure, a very

substantial payoff is realized from implementation of the area navigation system in the

high altitude route struciure.

In the current ATC system, traffic operating in the high altitude route
structure generally begins fransition to a lower altitude when overhead a VOR station
unless the aircraft is being vectored by a controller. This procedure significantly impedes
flow of traffic, capacity of the system and precipitates uneconomic operation, If a change
to an off airways or parallel route system is adopted, provision for climb and descent paths

not on the airway should be included in the traffic control planning structure.
It is concluded from the above analysis that:

(1) the present VOR air route system is relatively inefficient

in its utilization of the airspace af all altitudes;

(2) the VOR air route system must either use a route structure
which constrains the aircraft to a fixed path, or a greater
tolerance in position accuracy must be allowed for off-airways
operation, In the latter case, it would be necessary for one

-4 - . . . - .
crew member fo be continuously concerned with the navigation

task;

(3) implementation of an area navigation system which utilizes
‘computer processed VOR/DME information could significantly

increase system capacity and thus bears serious consideration;

" (4) off-airways climb and descent paths must be considered.
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F.7.5 Frequency Saturation

The VOR stations operate in the VHF band from 112 to 118 MHz with
channel separation of 100 kHz, To avoid frequency overlapping in some service regions,
the band from 108 to 112 MHz is utilized. The use of 100 kHz channel éepara;'ion
provides 60 channels in the 112118 MHz band and 40 channels in the 108 to 112 MHz
band, This latter set is assigned fo ILS localizer freqeencies. Because of the '1urge
number of facilities which are required and the limited number of channels which are

available, some overlap in frequencies is possible,

F.7.6 Accurqcz

Present VOR/DME stations are designed and mainiained to provide accuracy
of bearing of + 2° in.azimuth and an error in range not greater than 0,5 nmi of 3% of
distance from the facility, whichever is the greater. The generally accepted identifica-
tion of the error contributors to posiﬁo'n determination utilizing VOR/DME inputs is the

RSS value of the following components:
DME error + VOR beoring- error + slant range correcfion
DME error = maximum of 3% of DME (slanf) range or 0.5 nmi

VOR bearing error = DME range x sin 2° or .034 x DME range

1/2
I =R =~ R2—22
slanf range error = a (95)

where R = DME (slant) range
Za= aircraft altitude

Total Position error = (DME error)2 + (.034R)2 + R - Rzzdz) 1/2 (96)
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TABLE F-XI
VOR/DME POSITION FIX ERROR SUMMARY

PEVOR' nmi. (no PEVOR’ nmi,
altitude compensation) | (with altitude compensation)
Maximum } Near Cone Maximum Near Cone
VOR Operational | of Silence Range of Silence
Range
Low 5,000 1.13 0.53 1.13 0.53
Altitude
15,000 1.82 0.84 .81 0.53
High 25,000 4,54 1.95 4,53 0.60
Affitude | 35 000 4.54 1.95 4.53 0.40
50,000 4,54 1.95 4,53 0.84

These figures show that the error in position of the aircraft relative to the VOR/DME
stafion is principally dependent upon distance from the facility. At high altitude,

slant range fo ground range compensation is not needed when the aircraft is at a rela-
tively great distance from the facility. However, when operating near the VOR stations,
a failure fo compensate for the altitude effect becomes a substantial part of the error

budget.

While the need for altitude compensation in an area navigation computer
system might be questioned for reasons of cost, say. for the GA1 and GA2 users, poten-
tially large errors introduced by the airborne data link info the ATC surveillance system

could be unacceptable.

F.8 LANDING AIDS SUMMARY

Table F-XII presents a tabular correlation of present landing minima with

approach and landing aid systems performance. Conventional landing aids include the
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ILS, AILS and Precision Approach Radar (PAR) systems. It will be observed that ILS

meefs the requirements for CAT, Il landing; the AILS system, assuming. availability of

a svitable airborne computer algorithm in the Automatic Flight Control System (AFCS),
gives promise of meeting CAT 1] landing requirements. The accuracy and feasibility

of the AILS system is undergoing test at the FAA*s NAEFEC facility. The other candidaies
listed below meet CAT Il minima. The DME and Radar Altimeter configuration is recom-
mended for VTOL landing.

TABLE F-XII
WEATHER MINIMUM CONDITIONS - SYSTEM POTENTIAL

cATI | cATu CAT Il CAT IlI

a b a b <
RVR, ft. 2600 7600 7200 700 | 150 | 0
‘;";'{"g h[:’e;; sion 200 200 100 0 0
3 X X X = =
AILS X X X * * *
PAR X X -
DME & Radar Altimeter X X X
Ground Based Scanning X X -

*With onboard processing and/or altimetery data, may be able to derive sufficiently
accurafe height information to meet lllc criteria.

F.8.1 Landing Aids
Aids to [FR landing include the following types.

F.8.1.1 iLs

The complete system consists of a VHF localizer (LOC) transmitting and
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monitor unit (108 MHz to 112 MHz), a UHF glideslope (GS) fransmitting and monitor

unit (328.6 fo 335.4 MHz), and VHF marker beacons (MB), All airporis are not equipped
with the glideslope mode; some utilize only the localizer channel. However, al! FAA
certified commercial carrier ferminals do incorporate the glideslope localizer and MB
fransmifters. The coverage geometry of a typical null referenced ILS installation is

shown in Figure F-21. This coverage and the system accuracy offer CAT Il landing perfor-

mance. The fransmitting system accuracy is:
GS Receiver accuracy: 0,0005° 1o

GS accuracy: 0.25° 1o, 0.25 mean, bend tests made at
several air terminals disclosed an accuracy of
+ 0.1°, Utilization of vertical arrays and
advanced narrow beam radars may permii achieve-
ment of the goal of 0.03% or 0,01° in areas where

terrain does not create a problem
LOC receiver channel: 0.018° 1o

LOC: 0.1°0 ; with an improved monitor and an improved

waveguide system, 0.01° is looked for,

Stability and accuracy of the ILS beam is affected by the conductivity .
characteristics of the surrounding terrain. Local conditions such as variations in moisture
content of the ground, vegetation and multipath effects created by reflectors such as cars,
large aircraft, structural obstructions or new construction can cause significant propagation
anomalies, Generally, the glideslope is more sensitive fo perturbations in the surrounding

environment than is the localizer beam.

The system outputs GS and LOC signals fo the aircraft. The airborne system
receives and processes the data and presents to the pilot flight path deviaiion information,

Figure F-22 shows the information flow.
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ILS Coverage Geometry

AILS Coverage Geometry
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Figure F-21. Landing System Geometry
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Figure F-22,

ILS Information Flow
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F.8.1.2  AILS

The Advanced ILS {AILS) system differs significantly from the ILS system,
The guidance data to the pilot is derived from both air and ground information. The
air derived data is distance to go to touchdown obtained from a DME channel. The
ground derived information is azimuth and elevation angle, which is linked to the aircraft
via a Ku band radar. A ground controller can in turn monitor progress of the flight by
observing the radar return on an azimuth and elevation scope, System coverage is shown

in Figure. F-23,

System Accuracy:

DME range: max (100 ft or 1% R) for airborne inferrogator
GS: 0,03° 1o
LOC: 0.01° encoding, total 0,03° 1lg

Antenna accuracy: 0.01° .

Two ground based, Ku band, anfennas link azimuth and elevation information fo the
aircraft. The azimuth antenna and DME transponder are located on the centerline of the
runway at the upwind end. A time delay keys the transponder fo the vertical scanning
antenna which is located 1,000 to 1,500 ft behind the intended touchdown point and offset

from the runway centerline. Figure F-23 shows the information flow.

DME transponder
AZ
== DME | AZ, Elev "‘)
| Runway | 2 Radarl » Rec
| . Flight Path
:-.Loccn‘lc.nI T Display +
-——- & Radar| P & )
Computer
_ !A/C Track
Conirol Radar < ]
Tower “ Range

Figure F-23. AILS Information Flow
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Although this system offers more accurate information, it can be safurated,
the number of approach paths is limitéd, and the system can service a single runway, only
the physical location of the airborne antenna is technically different and service in a

downiown mefropolitan area for VTOL may not be feasible,

F.8.1.3  Precision Approach Radar (PAPi)

Table 2 lists the characteristics of Precision Approach Radar, an x~band
system which presents azimuth and elevation information on the operator's display. The
aircraft transponder can be used fo assist in idenfification. Command steering and altitude
signals are voice linked fo the aircraft. Category Il landings can be effected with the

PAR. The signal flow diagram is shown in Figure F-24,

- El. . Pilot
} Runway : Sean [P Airframe | - A
) Location Az 5 : Voice
| T | P Scan ! . Line

El. Az Az
¢ ! | Dev Dev ~» Display

>I Con frc'>ller <

Figure F=24, PAR -

The system is limited fo control of one aircrdft af a time, signal attenuation, loop delays

and precision of pilot response to steering commands.
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PILOT WORKLOAD ANALYSIS FOR NAVIGATION MANAGEMENT

APPENDIX G

OF GA3 AND AIR CARRIER AIRCRAFT

Appendix G presents the results of an analysis of pilot workload related fo navigation

management tasks for GA - 3 and aircarrier aircraft operating in the proposed advanced

navigation/ ATC system.

Eight major fasks were identified for what is called the General (IFR controlled

cirs}:mce) Mission and seven major tasks were listed for the Landing, Category li(b) Weather

Minima,mode of operation. They can be related to the overall pilot management task by

referring to the Event Sequence Diagrams of Appendix A. The specific functions include:

General Mission:

Q)
(2)
&)
(4)
(5)
(6)
(7)
{8)

Set up system - initial,

Review current MET forecast,
Reprogram system = inflight,

Set surveillance link,

Acquire steering data,

Check flight plan status,

Update Meteorological forecast, and

Downlink ATC report.

Landing, Category llb Minima:

(M
(2)
(3)
(4)
(5)
(6)
{7)

Ten navigation system configurations were subjected to evaluation.

Update Meteorological forecast,

Insert initial differential time difference,
Check flight plan status,

Prepare for Approach,

Reprogram inflight system,

Set surveillance link,

Acquire steering data.

relates system configuration to aircraft type and relaied mission.

G-1
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TABLE G-lI.
CANDIDATE SYSTEM USERS

System Use Class of User Aircraft
VTOL | VTOL-Helicopter | STOL |CTOL & GA3| 55T

vl Short Haul % x x
v2 Short Haul x x
v3 Short Haul

Terminal Area x x x

Altitudes
v4 Long Haul x X

. v3 Short Haul X x

vé Shott Haul

Terminal Area x X x

Altitudes
v7 iong Houl x x
vB Shert/Long Haul X X x x X
ve Short Haul % x x x
v10 | Short Haul* x x x

*Air Taxi

In all cases the airborne system was assumed to be operating in accordance with
an established Flight Plan Reference while in the General Mission mode. The ground -
based ATC system was assumed to have the equivalent stored Flight Plan Reference.
Wherever the equipment and related pilot tasks are identical in succeeding systems, the
items are omitted and replaced with the comment "Repeat fasks of system v1", System
differences are summarized in Table G-Il. Note that workload analysis for the approach and
landing phase was completed for only four of the systems.

Following the pages which list the tasks, operating times and utilization factors, is
presented a brief description of the "straw-man" control-display used to evaluate pilot-
subject workload. It represents a synthesis of control-display systems currently available
from @ number of manufacturers. The C-D unit contains a number of new 1/0 modes
found to be necessary for operation of sub-systems of the postulated advanced navigation/

ATC system.  The operational procedures were specified in sufficient detail that o
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reasonable assessment of pilotworkload could be completed.

A control display unit for a hypothetical moving map display, again only repre~
sentative of currently available production systems, is described in the final paragraphs

of this appendix.

TABLE G-I
SYSTEM ELEMENTS AND THEIR CANDIDATE SYSTEM UTILIZATION

System Configurations in Which Used (v-series)

System Elements ) Vil T 23] 41'5]6[7[8]9 |0
General Mission

Low Frequency, Ground Based, Time

Difference Receiver
*Air Data System

Area Navigation & Guidonce Computer
Air Carrier Control/Display Interface Unit ]
VHF Digital Data Link (Primory Comm.}
VHF Voice Link (Secondary Comm,) ,
Moving Map Display -

Doppler Rador (Ground Speed Only)
Inertial Navigation System (INS)

NAV SAT UHF Receiver and Processor . X
VOR NAV/Comm. Receiver
DMF Reteiver

Course Line Computer

Landing, Cot lIb Minima
Vertical Nav. Subroutine
Precision DME
Marker Beacon Receiver (MBR)
Radar Altimeter
FL Rador
Inertia! Navigator . -
Doppler Radar System x
NAV SAT . ] L .,
Differential Time Difference Reception x

»
o
o
b4
]
t
]
|
1
x

i
*
x

x| x|xfx
o] %] x|xix
Vx| x| x]x
x
®

RIXIxy x| x| %
PR X XXX

K Hegx| x| x{x
[}
]

b
X|x]x|x

FIX|X]| x| x| X]x%
]
®
x

x
1
]
|

»®
]

b3
x
|
1
]

Hxfx
| x
1

»

XKIWIXIX|IX]Ix
o

wlxfsfs|x)x’

“IXIX] 1

b
XXX

Note: Omission of Air Data System refers to Velocity information only.

G.1  AIR CARRIER CONTROL DISPLAY UNIT

Figure G-1 shows the layout of the air carrier control display unit assumed for
the workload evaluation. The panel was configured solely as a straw= man device for
use in cssés'sing the névigctidh management tasks of the ;:;ostuld'red advanced navigation /
traffic control system. It contains the modes, functions-and data 1/0 capability required

by the pilot for control'of the candidate navigation systems.

G-3



PNSI-TR-69-030 =111

G.1
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Figure G.1. Aircarrier Control/Display Unit

Modes of Q_Eg_g'ai'ion

(M

(2)

(3

(4)

Hold: a mode used in~flight for.flight plan status check. Data output
is frozen while internal computations continue. Selection of a func-
tion switch variable (WIND, TK/GS, DIS/TIME, etc.) reads out

variables at the time "Hold" is depressed.

Flight Plan Insert: a mode which permits magnetic tape, paper tape,
or magnetic card read-in of flight plan. (Data link read-in is a

desirable feature.)

Limif Logic Insert: permits read-in of terminal area and enroute

Limit Logic variables.

Insert: keyboard or coded waypoint data is inserted by engaging

this mode.
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(5)  Autopilot Insert: permits sequential insert of three autopilot way-

points,
(6) MMD: initiates moving map display operation.

(7)  Leg Transition: Manual mode requires manual cycling of flight path

legs; Auto mode engages automatic flight control system flight with

automatic leg eycling.

(8)  Navigation: PF mode uses NAV SAT {or VOR/DME or GBTD);
DR uses air data (or doppler, or INS).

G.1.2 Function Operation

(1 Waypoint Insert: Set function switch on waypoint (WPT), set thumb-
wheel for waypoint identificdtion (1, 2, 3., . 9); Option (1) -
select coded waypoint (ZBY, HIG . . .), depress INSERT;

Option (2) - select WP on coded waypoint, use keyboard insert,
depress INSERT,

(2)  Waypoint Change: Set thumbwheel for waypoint identification (1, 2,
3, o« . 9; Option (1) ~ select WP, insert keyboard data, depress
INSERT; Option (2) ~ select coded waypoint, depress INSERT.

(3)  Autopilot: Sets up three waypoints for track following with automatic
flight control system; depress autopilot insert; Option (1) - select
coded waypoint, depress WPT ID INSERT, depress WP 1; repeat
through WP 2, WP 3; Option (2) - select waypoint code WP, set
thumbwheel waypoint identification, depress WPT ID INSERT, depress
WP 1; repeat for WP 2, WP 3; Option (3) - set waypoini code WP;
eni‘er.keyboard‘ waypoint, depress WP 1; repeat for WP 2, WP 3,

(4)  Autopilot: Track offset engaged by depressing Autopilet Insert,
selecting offset (1, 2, 5 nmi; right, left); TO used in normal
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flight, FROM reverses waypoints (see Holding Pattern event sequence

diagram, Appendix A).

(5) MMD: When engaged in the MMD mode, keyboard slews pens.

(6) Land Waypoint Insert: Set function switch to LWPT; waypoint

read-in is the landing point sequence (LN1, LN2 , , .)

Table G-Il following, lists the functions switch variables.

G.1.3 Control/Display Unit Operation

Pre- flight Phase

The operator turns the mode selector to STANDBY. When the device has

warmed up, the operator turns the mode selector to ALIGN, and the function selector

switch to WP, The waypoint selector switch is turned to 0, and the coordinates of the

waypoint are stored in the system by pressing the number buttons and then the insert

TABLE G-Il

AIRCARRIER CONTROL/DISPLAY UNIT - FUNCTION DESCRIPTIONS

function Mode
Selection Selection Right Display Left Display
WIND NAV Reads wind spead in Kis. Reads wind direction w,r.t, true north,
PQSITION NAV Reads present Latitude of aircraft Reads present Longitude of aireraft
DIS/TIME NAV Reads distance to go to waypoint Reads time to go to waypoint
XTK/TKE NAYV Reads X-Track Deviation Reads difference w.r.t. true north of the
actual track angle and the desired track
angle of the aireraft
TK/GS NAV Reads track angle w.r.t. frue north Reads ground speed
being made good
HDG/DA NAV Shews aircraft heading w.r.t. frue Reads difference between track angle
- north being made good and aireraft heading
DSTK NAV Desired frack w.r.t. true north INOPERATIVE
5TS
TIME/ETA NAV Reads time Reads estimated time of arrival, next waypoinf
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button. The waypoint selector switch is then incremented by 1, and the process_is
repeated until all the necessary waypoints have been inserted. A maximum of nine

waypoints is generally sufficient for the majority of short haul runs.

Departure, Arrival and Landing

If ATC requires the aircraft to fly to various waypoints, the operator will
select the XTK/TKE function and then select the appropriate waypoints. If, however,
ATC is giving the aircraft vectors for departure, the operator will select the HDG/DA

function and comply with ATC commands.

Enroute

The operator will normally use the XTK/TKE function. The TO/FROM

waypoint indicator identifies the leg and waypoint transition.

G.2 MOVING MAP DISPLAY/CONTROL UNIT

The air-taxi class of operator was assumed to have and to use a pictorial map

display for area navigation. This affects the pilot workload assessment for this class of

MODE WAYPOINT
’ Figure G~2. Moving Map Display/ Conirol Unit
Gaup) g g Map Display,
G
@z
ol G
@ O BERS) w2 TABLE G-IV
cy MOVING MAP DISPLAY - NAVIGATION
MANAGEMENT EVENT
b cone ma skl
W2 CODs Taik E:E)_ F::tc;rnn
o '._.. c “uING Pre=Texi and Texi Select FEX mods 2.I‘ 8
COMPYTS 2IN x Lavih Select weypoiet 5d g
LATLOMS nan Sléw pen 12,0 8
oF PNy Seloct OF mode 2.1 8
WAY POINT C.SPLAY T/O and Enroute ard  Select waypaint 8.6 8
! i Lending Soleet nev, ald 8.6 8
Unprogranmed Way= ¢ 1ot WP meda 2.1 8
point
Slew pen 12,0 8
Select GB waypsint 8.6 8
POSITION Retoen to woypaint 86 a8
szNseR Ave 733
Pilot/Copilot 28.6%
Navigator 40.0%
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vehicle. A moving map display-control panel, illustrated in Figure G-2, was postulated

{"or. the evaluation. It provided for selectable coded waypoints and a. map-to-computer

read=in capability.

TABLE G-V _
GENERAL MISSION, PILOT WORKLOAD ANALYSIS, System vi

r——— SYSTEM v1, GEMERAL MISSION - Taik Ja .
- N SYSTEM REPROGRAM INFLIGHT {a) . -
A o Controlled Ai
P - 1R Controllod Alespace, . 3% Seleet Function switch = WPT 21 8
. kG S Dc:m-me Short Bm:l. Cangested Adripace, 320  Select vector woypeint identudication nomber 8.6 8
- 3. Flight Plan Referenc z 130 lasact vector waypoint lahiteds 14 S
' M&.‘. 34a  Inwart vector weaypaine, bonginide " 8
\LF GBTD Recewvar : . 3,50 Repear vector weypoint irsart through
b - endire saquence .
5 -
Aor Data Systern ; 3,80 Salact function switch (XTE/TKE) 2,1 8
1 Azea Novigahion and Guidonce Computer -
( ) Al Carrlar Control/Dirpley Intecface Uit (W7 Time =40.81ec % Uhilization Piler =28,
ViiF Digitad Date Liak {Primary) 2w '.77'4 haid
i VHF Voica Link (Back vp) (3w = 1140 sec
Grovnd Systam.  Flight Plon Reference . Task 3
Unbidones - SYSTEM REPROGRAM INFLIGHT ~ {3} CODED WAYPOINTS (b}
Tosk 1 Time Fostor
INITIAL SYSTEM SETUP 3,16 Salect function switeh = WPT 2.1 8
1 . iy . 3 7h~ Select vector woypaint identification number 8.5 8
4 Switchan : 33 Seleet coded woypoint 2.1 s
* L2 Estemote mep povition [ 1] 8 . .
J.4b  dncert waypoint 11 3
1.3 Select mesterfslove/choin 43 a -
3.55  Selecr vector woypoint identification aumber 2,1 8
1.4 *Rewwew Fhight plan ond raod waypoints =
3,65 Select coded waypoint 2.t 8
1.5 "lasert prasant latitude wstimate 14 &
e 1 ; T o " i 37> Intert waypaint 1.t ]
<& lnset presant longitude eitemate | “3.8h  Selact vacter waypeint identifvcation skt 2.1 s
L7 Selatt function mwitch ~ woynaint (W) 2,1 8
~ 3,56 Salact coded wayporat 2.1 8
1B Insert woypaint sequenca idertification numbeé 2,1 8
3.10b Imsen woypoint L1 3
1.9 losact woypoint lothitode 14 8
3.1 Select funchan switch - (XTE/TKE) 2,1 g
116G Insert waypaint langitude 14 8 — -
LU Repest weypoint insert through £nli1e 109uance ==mammm—mmmmmeee aceee Time = 26,6 1ec  %Ukilization Pilos = 28,6
1.12  Select fuaction swirch = lond waypount {LwWe} 2. 8 Urilizotion
1,13 lasert Yand woypaint rdentification number 2.1 8 Tosk ¢ Dime F"—"m,-
’
116 Tnsert Tand woypount fatetude .o 8 SET SURVELLLANCE LINK
1,15 Tnsert Tond woypoint fongitude u g 4.1 Se gifcroft identity code in tamponder 8.6 8
+ 1,16 Imert lond woypornt altctude 12 B 42 Ser ATC code In remponder 8.6 e
107 :t::;:;:::: \:uypom? insert theaugh enhire R 4.3 Set system Terinterrogetion 1.1 8
1,18 Tniticte GBTO NAY search, ocquusition, track 3.4 8 44 Set messoge oot - (ABBR/STD) b i
1.19 Select function switch ~ erets trock distance, Teme =20 4 sec % Uhlization =28 &
track ongle error (XTE/TKE) 21 2
. {1 WP, 1 1W?) Time = 130.5 sec % Utilization Pilot = 28,4 Tatk 5
@Wh, 3Lwn) = 244 Bsoe %6 ACQUIRE STEERING DATA
(4 we, 3 Lwr) 18275 0 sec 23 4
(8 WP, 3LWP} = 4254 1ee N =28.6 5.1 Monitor traek angle emor (TKE) 1.1 3
° 5.2 Steer reviied courte
{LIMIT LOGIC GROWTH CAPABILITY) "
. Time = 1.} sec % Unilizotron Pilot = 10,7
1,70 Select funchen wizch = Limie Logie (LL) [ 2. g ]
1.2 Insert serminal Areo AETA [ s 2]
1,22 Insert Terminal Area & ground speed [ e 8 i ok s
1.23 Imert Teminol Ares & erost track distance re 8 | FLIGHT PLAN STATLS CHECK .
1,24 Iisert Terhuned Areo A cititude @) 8} L LIMT LOGIC: i
1,25 Insert Enroute AETA I 8 1 8,1 Select function raitch = Limit Logic (88 241
l.!&n‘,}merr Enroute & ground speed i 8 81 4.3 Moalror koleronce - 4 olpbecumetis 11 3
1:27 Insert Enroute & erots frack distonce [ s g1 Time ™ 3,2 3ac % Unhzetion Filat =22.4
1 12 x
.28 Fesert Evwoute & alhitude . i 21 IF NO LIMIT LOGIC.
Timig = [65 1seel % Ukilization Pilot = |28 &} 6.1 Heoding check ond resat . 5 8
Tok 2 E1) FORECA 4.2 Depren computer funchion twiteh ~ HOLD 2.1 g
REVIEW CURPENT METEQROLOGICAL {MET) ST:m 0 6.3 Monitor ond reod erets g TR 22 3
2.1 Review current met forecost 200 & - -
2.2 Select function swilch ~ WIND 1 8 6.4 Salact f".":hm switch - TX/GS i ;
2.3 Insert wind speed - 8 s 6.8 Monitor and read ground spesd - . :":
2.4 Intert wand headhog 8 s 6.6 Seluct Funchion switch = DIS/TL . &
2.5 Select function switch - (XTE/TKE) 2,1 5 .7 Moniror ond read ditronce fo oo :: :
' 4 6.8 Monitor aod read hme to go .
Time = 50 sec % Unlizotion Pilot = 28,6
“All dotg imert includes reeding dota word . N
“*{ | porentheses indicate prowih kimes only *all 8 waypoiats, 3 land peint -

G-8
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Table G-1V contains a list of the operating procedures assumed for the evaluation.
The task times and percentage of pilot utilization computed for the assumed device are

shown below. (See Tables G-V through G-XIII.)

TABLE G-V
GENERAL MISSION, PILOT WORKLOAD ANALYSIS, System v1 (cont'd)

Unylizotion Unlization
Terk 6 feont ) Tema Facter Tok 3 Time factor
6,9 Select function mitch = TIME/ETA 2.1 ) FLIGHT PLAN STATUS CHECK
6.10  Monstor ond reed Hime 2.2 3 £epwat kxks of system v
811 Monitor and read ETA 2.2 3 Tura=45.43ec % Unhzalion Rlet =20.2
4,12 Select funchion switch - XTK/ATKE 2.1 8
6,13 Flight level check, monitor, and reset 5.7 8 t 4 g fira) worpa
& 14 Fual check end record IO_ 8 FREPARATION FOR AFPLOACH
Time = 45,4 yec % WrilizotTon Pilot = 23,2 4,1 Moniter DID magnhudes 15.8 1
' 4.2 Resord DTD volue ATD1, ATD2 10 8
Tesk? 4.3 Imert DTD value ATDI 98 ]
UPDATE MET FORECAST 4.4 Insert BTD value ATD2 ?8 ]
7.1 Usdate met forecast 50 7 4.5 Update command insert 14 8
4.6 Select function swtch = DR ypdate 2.1 ]
Time = 40 see % Unlization Pilot = 50,2 © 47 lasert update command 1.1 8
Tetk 8 48 Selact funghon switch « {XTE/TKE) 2.1 [
4.9 Set mede switch - LAND 1. &
DOWNLINK ATC REPORT 410 LAND ints enter
8.1  Release standard report 1Lt 8 4,1 Select DME channel 10 ]
Twwe=b.bic % Unilization Pilst = 23,6 4212 Sut POME ehannal 8s 8
4,12 Ser Morker Beacon Receiver channel g6 &
*Total Time = 717 sec % Urihgotion Pulot = 30,7 G14 Select BME chanal 1 8
4,15 Sat POME channe) 8.4 g
Eliminate MET fexecost updete 416 Monrtor MAR LWET 2.3 3
Total Time = 857 yac % Unilizotron Frlot = 28,2 4.17 [rutiote rodar elimeter update 21 ]
4,18 Monitor MBR LWF2 21 3
4.19 Initiale todor ol imeter update 21 8
4,20 Monmitor MBR LWPI 2.1 3

Time = 90,8 see % Unhlizatian Pilot = 23 0

B SYSTEM +1, APFROACH & LANDING
I‘_ N “Total Time = 481 7 see % Utiization Pilst =30 2
Assumphioms L. CAT I'b Landwng *Total terminal area navigation mancgement Utilnzation
I 2 Fiight Plon Reference Task 4 {cont.) Time Factor
421 & 1 1, 2 1
System vl fastrvment A ch & Lending Subsystem - 2 ecord DTD volecs 1D 10! o 8
s . 4,22 Imest DTD velue,  TD1 .8 ]
yitem v
Aree Mavigotion Computer with Yertical 423 1 DTD vakus,  TD2 9.8 &
Channel 4 24 Update command nsart 1.5 8
POME Timee =65.1 30c % Utihizotioa Priet =22 5
MER
Rodar Altsmetar Totk 3
FL Surveillance Rador INFLAGHT SYSTEM REPROGRAM (TERMINAL AREA VECTOR WAYPQINES)
i 5.0 Repeal tosks of systers w1
Wiliaotion {1WPR Time = 40 8 seq % Uilrzetren Pelot = 28,8
Task | Time Factor ZWh =774 sec
UPDATE MET FORECAST (3WF = 114,0 see
1.1 Update met foregost ] 17 Tesk &
12 Select Functron wand 2.1 8 . IMELIGHT SYSTEM REPROGRAM [TERMIMAL LANDING WAYPOINTS)
1.3 *Insert wind heoding B 8 . . .
&, R t bk h
L *losert wind speed 8 8 (::ﬂ ° 'ﬂ‘:“' . sl l s
= ilazat =28,
15 Seleet funetion switch - (XTE/TKE) 2.1 & " e e hezetion Frlot
Time =80,2 sec Gtilization Pulot = 52,6 Tak 7
SURVES M £
Tosk 2 ALLANCE LINK SET
. 7.1 Repeot tasks of system 1 ~

INITIAL DIFFERENTIAL FIME DIFFERENCE IMSERT
Time = 20,4 sec % Unilizotion Pilot = 28 6

2.1 Select terminal area DTD VHF chonael 14 &
2,2 Set DID VHF channel 8.6 ) Toak 8
L3 Monitor DED magnitudes 15.8 1 STEERING DATA ACCHASITION :
8.1  Monitor track angle srror (TKE) 11 3 *

B2  Steer revited courte
“Moaitor with operationc) INS -

Tine = 1,1 30c % Wrilizohon Pelot = 10,7
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TABLES G-Vl and G-Vii

GENERAL MISSION, PILOT WORKLOAD ANALYSIS, Systems

v2 and v3

r——-—»SYSTEM v2, GEMNERAL MISSION

A i 1. IFRG Mled Afrspoce,
2. Domestic Shent Haul, Congested Airspace
3. Flight Plon Refezence

e it o A

System w2
1F GBID Receiver

Alr Dota System
Area Mavigetion end Guidenee Computer

Air Carrver Control/Display Interface Umit
Moving Map Duploy
VHE Dhgatal Data Link (Primary)

VHF Vorce Link (3ack up)
{Receive DTD ATIS Sigral}

®

MMD saves 10 sec on imibrol et vp.

{EIMIT LOGIC GROWTH CAPABILITY)
Repeat tasks of system w1

Time = [64 Tiec]l % Uklizaton Pilot

Task 3
REVIEW CURRENT MET FORECAST

3.1 Repeot tasks of system v

’

Teme = 50 sec % Unbzalion Filot

**Indicates grawth idem only

={28.8]**

=286

——— e R
Utilizahon
Tosk ) Tume Factor
INITIAL SYSTEM SETUP
1n Switch on 1.1 i
1.2 Estimate map positbion o
1.3 Select masterfslave/ehain 43 8
T4 *Review Flight plan ond reod waypaints
15  Select function switch = waypoint (WF) 2.1 8
1.6 Imert P q identification number 2,1 8
17 Insert waypaint Jatitude 140 8
I8 Insert woypoint longiude 40 8
1.9 Repeot weypoint wnsent thisogh entire
1,10 Select function switch - land woyposnt (LW} 2.k 8
1.1} et Yand woypoint sdentification number 2.1 8
112 Insert land woypoint lohitude .0 8
113 tasert lond woypoind longriude (L] [}
*All date imest ineludes reoding doto word
Unlizakon
Task 2 Lime Fector
2 1 Intest lond wayparat alhitude 2 8
22 Repeat bond waypomt smert through enfire
I:m_d sequence
23 Select funchion switch = positon fix {POSH 2.1 8
2 4 Select mode switch — moving map disploy (MMD} 24 B
25 Slew MMD pen fo aircraft eshmaled lotitude
{ongitude 12 e
26 Depress smert 1.1 8
2.7 Select mode ywitch - automotic (outo) 2.1 B
28 Amhate GBTD NAV ssarch, ocquinhion, hack 8é 8
29 Seleer function switeh = eross track distance,
track angle emar (XTE/TKE) 20 8
{1 WP, TLWF) Time = 120,5 sec % Unlization Pilor = 28 &
{2 WP, £ LWF} =234.8 sec =28.6
{4 WP, 4 LWF} = 245 0 sec =28.4
8 WP, £ L¥/F} = 415,4 se¢ =28 4

Unlizahen
Task & Time Factor
ANFUIGHT SYSTEM REPROGRAM
4 1 Select funchion switeh - WPT 2.1 8
47 Select mode swilch - MMD 2.1 8
43 Select waypoint idenhificohon menber 8.6 8
4 4 Stew MMD pen to vector waypeint 12 g
4,5 Depress insert (A ] 8
4.6 Repeat vector woypaint insert through eature sequences----==-===ncuwase=sn
47 Seloct mode switch - automotic {auto) 2.1 §
48 Select function svatch = (XTE/TKE) 23 8

{1 WP Time = 30,7 sce % Utdization Pilor = 28,4
(2 WP = 45,3 3ec
{3WP) =£0.5 10
Tk s
SURVEILLANCE LINK SET
51 Repeat tasks of system V1
- Time =20 & sec % Ulilizakon Pilot =28 &
Tak
STEERING DATA ACQUISITION
& 1 Monftor track angle crror (TKE) 1.1 3

&2  Steer revised cousse

Time =1 1sec % Unlizataon Pilet = 10 7

josk 7
FLIGHT FLAN STAFUS CHECK
7.1 Repect tarks of system VI

Time = 45 £ sec % Unlizateon Pelor = 23.2

Unlizetion
T8 Time Factor
UPDATE MET FORECAST
8 1 Update met forecast £0 17

Time = 80 1ec % Utulization Pilot = &0 2
Tok?

DOWNLINK ATC REPORT

9.1 Relente standord report 1.1 &

Time = 1.1 sec %5 Unlhizetion Pilot = 30,9

Toral Tame = 654 sec % Uhlizelion Fifo1 =31 1
Elimingte MET forecost vpdate

Total hme = 574 sec % Uitilszation Pidot = 28.9

SYSTEM v3, GEMERAL MISSION

[_’

Assumptiont  b. IFR Controlled Aunpoce,
2, Short Houl Congested Aarspace - Terminal Azea Altudes,
3 Flight Plon Reference

SYSTEM w3

LF GB1D
Deppler Radar System

@ Arca Novigotion and Guidance Computer
Alr Corrier Control/Dusploy Interface Unit
VHF Digito! Dato Link (Pramary}
VHF Voice Link {(Bock vp}

Moving Mop Displey

Unhization
Tatk Time Fector

Sea System V2 for task tequence, totk himes and 7% uhilization pilet.
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. TABLES G-Vl and G-VIII
GENERAL MISSION, PILOT WORKLOAD ANALYSIS, Systems v3 and v4

r——-SYSTEM v3, APFROACH AND LANDING

Anumptiorss 1 1R Controlled Amipace
2, CAT IIb LAMNDING
3. Fhoht Plon Reference

System +2 {Land)
Arva Nevigation Computer with Vartical Channel

® o
Rodor Albimeter

FL Surveillance Rodor

Dogpler Rodar System
Wrilizction
Tk 1 Tirs foctee,
UPDATE MET FORECAST
LY Update mat ferecost 30 17
1.2 Select function wind .t :}
1.3 *Imect wind heading 8 8
1.4 *Treart wind spead 8 8
1.5 Select function switch =~ (XTE/TKE} 2,1 8
Time = 80.2 1ec % Urilization Pilor = 52,4
Toik 2
INITIAL DIFFERENTLAL TIME DIFFERENCE INSERT
2.1 Select terminal area DID VHE channel 16 8
2.2 Set DTD VHF chonnel 8.6 B
2.3 Monitor DTD megmitudes 15.8 1
2.4 Resord DTD woloes ATD, ATD2 "] B
25  imsect DTD valve, ATDH ?.8 8
2.6 Insert DTD valye, 6TD2 9.8 B
2.7 Update command insert 1.1 8
Time = 45 1 3ee % Wilizction Pilot=2 22 §

Ik 3
INFLIGHT SYSTEM REFROGRAM [TERMINAL AREA VECTOR WAYPOINTS)

31 Repeot toils of system vl
{1 WP) Tite = 40,8 sec % Unlization Pilot=23 &
2 wp) =77 dsec
3 WP =114 Osec
Tatk 4

INFLIGHT SYSTEM REPROGRAM (TERMINAL LANDING WAYFOINIS)
4.1 Repeot tatks of system V1
(¢ WP) Tune = 178 9 3ec % Utlizateon Pilot = 28 &
Task §
SURVEILLANCE LINK SET
51 Repeot tasks el system VI
Time = 20,4 sce % Unhzahon Filot x 28 &

Task &
STEERING DATA ACQUISTION

6.1 Monitor track engle cmror [TKE) 11 3

Steer revised cour

Tume = 1 1 gec % Utihzetion Filot = 18 7
Utilization
Tosk 7 Time Fagtor

FLIGHT PLAN STATUS CHECK -
7.1 Repeat tasks of systen v

Torme = 45.4 sec % Utilizohion Filot = 23 2

HEPAM%‘I%T?I‘FO% AMROACH

8.1 Moniter DTD mogrihsdes 15.8 1
8.2 Record DID volue ATDY, ATDZ 10 a
8,3 inert DTO volye ATDI ?8 &
8,4 lraart DTD value ATD2 ?8 ]
8.5 Update command insart 1.1 F
8.6 Selnct function rwitch - DR update 2.1 ‘s
B.7  lnsart update command 1.1 8
8,8 Satect funclion switch - (XTE/TKE) 21 ]
8.9 St mode swltch - LAND 11 8
8,10 LAND waypoints anter shor

8.11 Select DME channel ] 8
8,12 Set POME channel 86 8

Time = 701.5 sac % Ukhzanon Filer =23 0

*Total Tiere = 453 sae % Uhlizehioa Pilot = 30.0

*Total termina! orea navigahion monogement

r——-’— SYSIEM vd, GEMERAL MISSION

Ayomptions 1, TFX Controllad Airsgace,
2. Domm?c/O:_lcnic Long Heul,
J.  Flight Plan Referance

Appeoaching final waypo

*Moartor with operalrenal doppler system

Syitem v
LF GATD Recaiver
Awr Dotg System
INS
‘ Acea Mevigotion ond Guidonce Computer
Air Conier Control/Ditplay Intarface Unit
VHF Digitol Dota Link (Primocy}
VHF Voice Link (8ock o)
Bidization
Tosk | Time Factor
MITIAL SYSTEM SETUP
'I.'I‘ Switch on Lt 7
1.2 Etimate mep pasition 0 8
13 Seleet mortes/tlevesechain 43 a
1.4 “Review Elight plon and read woypal
1.5 "Imert present latitude estimate " g
& Insert preve~t longitude estumate H 8
L7 Select Funchion switch = waypont (WF} 21 |
1.8 [mert waypoint sequence destificotion nomber 2 1 8
1.9 nsert waypoint latitude 4 k]
1,10 nsert waypain longitude 14 8
5.1l Repeot woypaint insert through entice seq
1,12 Select function swiich = land woypornt (LWF) 21 ]
113 Tntert land waypoint identification number 21 8
114 lasect band woypornt letitude 4 8
115 Inseet lond waypsint loagitude H 8
L.18  Iascet lond waypoint clhizude 12 8
117 Repeat load waypaint insers through entire
land sequence e A e e e
L8 Inibate GBTD NAY search, stquisthion, track B & 8

*All data iraert includes reading data word
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GANERAL MISSION,

TABLE G-IX

PILOT WORKLOAD ANALYSIS, System v5

Tock &
FLIGHT PLAN STATUS CHECK
1F LIMIT LOGIC

&.1 Salect Function switeh - Limit Legic (568

5,2 Mantor tolemacs = A& olphasmena
Time = 3,2 sec

1F NO LIMIT LOGIC
§,1 Heoding check ond resat

5.2 Depeais computar function swirch - HOLD
8.3 Monitor and reod cros track dutance (XTK)

6.4 Select fusction mich - TK/GS
6.5 Monltor and read groved speed
6,6 Saleet function rwitch = DIS/TIME
4.7 Monitor ond reed distence to go
4.8 Monitor and recd Fime 15 go

8.9 Select function swatch = TIMESETA
6. 10 Monitor and read fime

6. 11 Monitor aad reod ETA

&, 12 Selact Funchion switch - XTK/TKE
&, 13Flight Laval chack, monitor, and ruat
&, 14Fusl check and record

Time = 45,4 1ec

Tk 7
UPDATE MET FORECAST
7.1 Update met forecest
Time = 60 e
Tope B
DOWNLINK ATC KEPOAT
8,1 Relsare slondord report

Time = L1 sec

Eliminate MET foreeast updote

Total Time = 463 140

*all 8 weypaints, 3 land pornks

2.1 8
[ 3

% Unlization Pilot = Z2.4

8
21 ]
2.2 3
2.1 8
2.2 3
2.1 8
22 3
2.2 3
2.4 8
2.2 3
2,2 3
2.1 8
8,7 8
o_ rn
.2

% Unlization Pilot = 23,

Utilizotion
Time _Faetor

40 17

£y

% Unlization Filer =40 2

% Unelizotion Filot =28 &

% Utlizaton Filo1 =30 %

% Unilrzehion Pilor= 28 2

I———— SYSTEM v5, GENERAL MISSION

Agsumptions 1 VTOL Aircraft,
2, IFR Controlled Airspace,
3 Flight Plon Refesence

1.1 Select mode witch - aute 2.1 L3
1.20 Selsct NAY mode switch = clipn 2.1 5
T.21 Salect mode switch — NAV 2.1 '8
1.22 Salsct funetion switch - crous track distonce,
trock angls emor {XTE/TKE) 2.1 :
(WP 1LWE  Timew 136.51c % Unlization Filet = 28,4
(2 WP, 3Lwe) =250.8 mc =28.6
{4 WP, 3LWP) =281 0sac -38.6
{8 W7, 3LWP) =434 sec =284
(LIMIT LOGIC GROWTH CAPABILITY)
1,23 Saluct function switeh = Lavit Logee (LLY [ 24 B I
1,24 Insert Tarminal Area AETA b 8 I
1,25 Insert Terminal Area & ground speed 8 8]
5,25 lnsart Terminal Acea & cross track distance [ & - 8 ]
1.27 Insert Terminal Area A oltitude [z 8 1
1,28 Imert Encsute SETA [ & g 1
1,29 Inzect Enrouts A ground spead |8 8]
1.0 Insest Enroute A cross track distance 18 81
1.31 lnsart Envocte & althuda L2 8t
Time = {64 1sac] % Wtilization Pilot = [28.6]
e f ] porenthens indicates growth times only
- Unlization
Tatk 2 Time Foctor
REVIEW CURRENT MET FORECAST
2.1 Review currsnt mat forscaat 30-300 8
2.2 Select fonction switch - WIND 2.1 8
2.3 Monitor wind speed 8 ]
2.4 Monitor wind heading 3 a
2,5 Select funchen wwstch = (XTE/TKE) 2,1 8
Timea = 50 sec % Unhzahon Filer= 28 &
Tosk 3
INFLIGHT SY5TEM REPROGRAM
31 Seleer funenion switch = WPT 21 8
3.2 Select vector woypaint identification rumber 8.8 ]
3.3 Insert vectar woypoint lotitude 14 a
3 4 Insert vector waypoint longuiude " a
3,5 Repeat vector waypoun? inser? through enhre
sequence
3 &6 Select funchan rwitch = (XTE/TKE} 21 2
{1 WP} Tirma = 40 8 tec % Unilizahion Pilot = 28 &
{2 wr} =77 4 sac
(3we) =114 Qe
Task 4
SURVEILLANCE LINK SET ‘
4.1 Sarcireraft identity code 1n wronsponder 24 8
42  Set ATC code in trantponder 84 8
4,3 Set system for interrogation Ly 8
4 4 Set mesage format = [ABER/STD] 21 8
Tima = 20 4 ve % Unlization Mlot =28.6
Utihization
Task 5 . Time Factor
STEERING DATA ACQUIS[E[ON
5 1 Monator track ongle eror (TKE) 11 3
5,2 Steer revised course mm- —
Tima = 1.1 sec % Unilization Filer = 10.7

Spatem 3
NAY SAT UHF Receiver and Preprocesror
Air Deto System
Area Novigahon and Guidinee Computer
Air Carrier Contral/Duplay Intedface Unit
VHF Digutal Doto Link (Pamory)

VHF Vaice Link {8ock vp)
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TABLES: G-IX, G-X, G-Xi
GENERAL MISSION, PILOT WORKLOAD ANALYSIS, Systems v5, v6 and v7

I——SYSTEM v5, APMOACH & LAND

A it 1. IFRC

SYSTEM v?, GENERAL MISSION

Tlad Alespoce
2. VIOL System
3, Flight Plan Refersnce

System v5 (Lond)

System v5
NAY SAT UMF Racavar and Preprocessor

Area Bavigotion Compouter with Vertcob
Chonnel

INS
®
POME
DID Recephion
Rodor Altimater

Max
FL Survaillonce Radar

System w7
NAY SAT LHF Receivar ond Preprocessor

INS
® Arso Navigation ond Guidance Compu‘lr
Air Correar Contral/Dusploy Intarfoce Unit
VHF Digital Deta Link {Primary)
VHF Voice Lunk (8ock up)

Cparotas o1 System VA,

VIQL System 5 fLond)

Cpacctes es System V1 londing, Change enly to NAY SAT salectien in tem

I—_. SYSTEM v&, GENERAL MISSION

Ammptiors: | IFR Costrolled Airspace,

2. Short Houl Congstad Ainpace,
3, Terminal Area Altitudes,
4 Flight Plan Refarence

SYSEEM v, GEMNERAL MISSION

A 2 1. FRC lled Airsp
2, Domestic Shert Hout and Loog Haul Congasted Ainpace,
3. Flight Plen Refirence

System vé
HAY SAT LHF Recriver and Preprocesor

Argo Navigation ard Guidance Computer
Au Cormer Contral Disploy Inteffoce Unit
@ Doppler Rodat System
Maving Map Duplay
VHF Digitel Deta Link (Primery)
VHF Yoice Link (Bock vp)

System vB
VOR MAV/Comm Receiver

@ UHF DME
Coune Line Computar

Doppler Rodor System
VHF Bhgital Data Link (Primary
VEF Voige Link (%ack vp)

Oparater g3 System vl

SYSTEM w6, APPROACH & LANDING

Mpwgbiors 1. Cet llb lnnd.mg Minima,
2 Flight Mlan Keference,
3 VTOL System

System _vé_(lond)
NAY SAT UHF Receiver and Freprocessor

Arsa Mavigatson ond Guidance Computer
with Viertical Chonnel

@ Doppler Rodor Systam
FDME
DTD Receptian
Rodor Alfimeres
. FL Survellance Rodar

Ooecates a System v3 lending

Utilization
Tosk 1 Time Foctor

INITIAL SYSTEM SETUR

1.1 Switeh on i a8
T2  Select VOR chonnel I5 a
L3 Set VOR chonnel 8.4 8
1.4 Select DME channel 1.5 8
1.5  Set DME chonnel -3 8

Tirar = 43.3 see % Utilizatson Pilot =28 &
Taik 2

REVIEW CURRENTF MET FORECAST

2,1 Review current met Eorecont ] B
2.2 Monitor wind speed a ]
2.3 Mocurer wind heoding 8- 5

Time = 45 see % Dtilezotion Palot = 28 &

Untilizotion
Tok 2 feort) ¢ Time. Foctor

INFLIGHT SYSTEM REPROGRAM. (OR MANDATORY PROGRAM)

2.4 Select VOR chonnel 15 8
2.5 Set VOR chonnel 8é 8
2.6 Select DME channel 13 8
2,7 5et DME chonnel 8.6 8
2 8 Select pifset radial L 8
2.9 lmect offiet rodial 8.6 8
2,10 Select offset distance 1 8
2.1 luest ofset distonce B.& 4
2.12 Identify shatian(s) 5 1
2.3 Sef station ident in data link 8.6 ]

Time = 98 12c

*Tirme = 78 tec

% Utilization Pilot = 28,6
% Utilizotion Pilot = 28.4
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TABLE G-Xil
GENERAL MISSION, PILOT WORKLOAD ANALYSIS, System v9

Tk
SURVEILLANCE LINK SET
3.1 Set circradt identity code in tramponder 8.4 8
3.2 Set ATC eode 1n romponder gs * 8
3.3 Set stolion ident in dak hink B4 8
3.4 Set zystem for Intemogation 11 8
3.5 Set meuage format - [ABMR/STD) 21 ]
. Time = 2% O 2ec % Unilizetion Pilot =28 &
*aisumes offset radial end destonce pre-dutermined
Unbization
Tark 4 Tume Facior
STEERING DATA ACQUISITION
4,1  Set desired magnelic course 4.3 8
42 Moator track ongle error {TKE) on HSI bt 3
4.3 Stear revized counse
Time = 5.4 e % Uthization Filo = 24,9
Ik s
FLIGHT PEAN STATUS CHECK
5.1 Heoding check and reaet 5-60 8
5.2 Read DTG BT 3
5.3 Reeord DTG 3 8
5.4 Read mognetic baoring to waypaint 1.1 3
5.5 Record magnatic bearing to waypsint 3 8
5.6 Plot potihon on map 20 ]
3.7 Reed cross trock distance 1] &
5.2 Read ond tecord elapsed hme 62 g
5.9 Read erd record ground speed 6.2 4
5.10 ETA check ond record 0 8
5.11 ETE check and record T 8
5.12 Flight level check, moniter, ond rewet &7 a
5.13 Fuel cheek and record e 8
Time = 89,3 sec % Unllzation Pilot = 286
Iok 4
UPDATE MET FORECAST
4.1 Updote mat forecost &0 17
Time = 60 sec % Uhhizaion Pilot = 407
.o Uhlization
Tosk 7 Time Fattor
DOWNLINK ATC REPORT
7.} Reless standord report i -1
Time = 1,1 1ac % Utilization Pilot = 28,4
*Totol Time =377 1 see 2 Utilization Flot = 33 &
Eliminate MET forecast update
Totol Titme = 317 sec % Uilizetion Filer =28 5
Londing performed a3 1n system v
Requires ground system coavert survaiblanes information.
Tk 8
LANDING SYSTEM PROGRAM
81 Select VORchannel  ~ 5 8
8.2  Set VOR channe] 8.4 8
B.3  Select DME channct 5 a
8.4 Ser OME channel 86 8
85 3cloet offsor rodicl 0 8
8.6 Insert cffiet rodsal 8 & 8
87 Select offset distance el 8

B.8  Irunzt offsat diztonce 8.6 8
8.9 Salect offsat radial Ly 8
B.10 Insert offtet padial 6.6 ]
B Salect offset distance o 8
8,12 Insers offsat dislance 8é 8
B.13 Seluct cfiset cadicl 10 8
*Qnly one waypaint set
Utlization
8.14 Ingart pifset redial B é a
8.15 Select offset distance 10 3
.16 loeasrt effsat distonce 8.6 8
Time = 133 e % Unlizahion Pilor = 28.4
SYSTEM v9, GENERAL MISSION
Assumpiors 1. IFR Controlted Awmspece,
2, Domestic Short Haul/Congested Awrspace,
3 Flight Plon Reference
Syshem ¥
VOR NAV/Comm Receiver
UHF DME
@ Area Navigotion ond Guidance Computer
Dopplar Rodar System
VHF Dugital Dota Link (Primary)
VHF Vaice Link {8ack vp)
Wtihzation
l‘.’i!‘..] Time Foctor

IMITIAL S¥YSTEM SETUP
L.l Swirchon 1.1 7
1,2 *Xeview Elight plan and read woypo,
1.3 insart prosent lahtude sstimate 4 8
1.4 Insert prasart fongituds astimate u 8
1.5 Salect functioa switch - VORTAC WF 2. 8
1&  Insert woypowt saquence identificoteon number 2.1 8
L7 Irmert VORTAC lotitude 11 8
1,8 Insert VORTAC longitude 4 8
1.9 lrsact offset radig! 12 ]
1.10  Insart offset dintance 12 8
1.1T  Repect woypount insert theaugh antire seq
1,12 Select Function switch - lond VORTAC WF

{Lvwe) 2.1 8
1,13 Irsart fond waoypotat sequance idenhification

number 2.1 g
1. 14 [rsert VORTAC(T) Tahtude 4 a
E.T5 Tmsert YORTAC(T} longitude 14 8
1,16 Imart lond effsat rodial iz 8
1,17 lrwert land cfftat distonce 12 8
1,18 Treact Tand offsat altitude 12 8
1.19 Repect [ond waypaint sequence idanhification

rumber A ——
1.20 Selwct funetion switch - crow trock dittonce,

track angle emor {XTE, TKE) 2.1 8
1.21 Salect VOR fraquency 15 8
1,22 Set VOR frequency 8.4 8
1.23 Select DME frequency 15 8
1.24 Set DME frequency 86 8

*All data irsert includes taoding dota word
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TABLE G-VIlI
GENERAL MISSION, PILOT WORKLOAD ANALYSIS, System v10

(WP, 1LWP)  Teme = 202.8 e

{2 WP, 3 LWP) = 388.0 sec

(4 WP, 3 LWP) =496 Bee

EWE, 3 LWP) =712 Biee
Iz

REVIEW CURRENT MET FORECAST
2.1 Review current met forecast
2.2  Monitor wind speed

J 2.3 Manttor wind heoding

Time = 45 3ec

Tatk 3
INFUGHT $YSTEM CHANGE

3.1 Select VOR frequancy
3.2 Set VOR frequency
3.3 Select DME Frequency
3.4 Set DME frequency

Time = 42 2 30z

Josk 4
INFLIGHT 5YSTEM REFROGRAM,

SURVEILLANCE LINK SET

5.1 Set afrcroft ideatuty code sn tronsponder
52 Set ATC code in trgmponder

5.3 Set system for enterrogation

54 Sctmesage format - (ABBR/SID)

Time = 20.4 1ec.
Ttk &
STEERING DATA ACQUISITION

&1 Manitor Liack angle ereor (TKE)
4.2 Steer revised courte

% Uhlszation Pilor = 20,4

0 8
3 &
8 . ]

% Utilizohion Filob = 28.4

Utlizotion
hoe _Faetor
15 8

86 g
10 g
8.6 -]

% Utibizatien Filot =23 §

4,1 Select function switch ~ VORTAC WP 21 8
4.2 Select veeter waypoat identification rumber 86 8
4.3 Sglect VORTAC lonhtude 10 8
4 4 Insagt VORTAC ahitude 4 B
4.5 Read VORTAC longihede n a
4 & Irsert YORTAC longitude 1 a
4 7 Select offtet radial 10 3
48 Intert offset rodial 1z 3
4,9 Select offsat distonce 10 8
4 10 lncert offiet dutance 2 8
4.11 Repeat vector waypoint imert through enhre
B sequence ]

4,12 Select funetion switch ~ (XTE/IKE) 2.1 8
4,13 Set VOR zhannel 86 8
4 14 Sot DME chonnel aé 8
4,15 Idenhfy statien(s) S x.

wh Time = 118.1 2ec % Utalization Pilot = 23,6
(TwWh =20% 3 sec
3wh =288,5 sec

Tesk 5

8.6 8
8.4 8
11 8
21 :

% Utdizction Pilot = 28,6

1.1 3

Time = 1.1 sec
Tosk 7
FLIGHT PLAN STATUS CHECK

1P LIMIF LOGIC:

% Unlitotron Pilot = 10.7

2.1 2

If NO LIMIT LOGIC

7.1 Heoding chack and reset 5 8
7.2 Daprass computer function switch - HOLD 2.1 8
7.3 Moniter and reed cioss treek distanee (XTK) 2,2 3
7.4 Select function pwatch - TK/GS 2.1 8
7.5  Monitor and reod grourd speed 2.2 a
7.6 Select Function switch - DIS/TIME 2,1 7 8
7.7 Maoaiter ond read distonce o go 2.2 a
7.8 Monitor and recd hime to go 2,2 3
7.9 Salect Function swatch = TIME/ETA, 2z 8
7.16 Monitor and reod time 2.2 3
7.1 Moniter and reed ETA 2.2 3
7.12  Saleck function switch - XTKﬂKE 2.1 8
7.13  Flight fevel chack, momter, ond reiet 6.7 8
7.14  Fuel theek ond record To 8

Time =45, 4 19c % UtilizotTon rider = 23,2
Tork 8

UPDATE MEY FORECAST

8.1 Update mat forecost &0 17
Titra =80 see % Utilization Pulot = 50,2
Tosk 7
DOWNLINK ATC REFORT .
B,2 Relac:s stondord report L 8

Turm = 1.1 sec % Urihization Pilot = 28,4

Total Time = 1254 1o % Utitizatica Pilot = 29,9
Elimincte MET focecart update

Total Time = 1204 sec % WtTlizotion Pilet = 20,4

I.——-- SYSTEM v10, GEMERAL MISSION

Asumptigns 1, IFR Conteolled Ainpacs
2. Domastic Short Houl, Congested Ainpace, Air Tosf,
3. Flight Plan Raferenca

System w10
LF GBID Recuiver

Arez Navigotion ond Guidance Computer
{Misimum Avtomation)

Maving Map Bhaplay Interfoce Unit
Deppler Radar
VHF Digital Data Link (fremary)
VHF Veies Link [Back up)

7.1 Select Function switch = Limit Logsc (LL)
7.2 Mornutor loleronce - clphonumenc L 3

. Tume = 3.2 120 % Utilization Pilot = 22,4

*All dota irgert includes reading dota woed

Urilization
Jask 1 Jima Factor
INITIAL SYSTEM SETUP
L1 Switchon Lt 7
1.2 Estimete mep poution (1] 8
1,3 Select mostar/ilove/chain 4,3 8
1.4 *Review Hlight plon and read waypsints
1,5 Seleck funchion switch = position fix (FOS) 2.1 8
1.6 Select modw switch - mevang mop duploy {MMD) 2.1 8
1.7 Slew MWD pon te cocell ahimnated lohtude, 127 8
Tongitude }
1.8 Sefect function switch - WPT N
1.9 Select wnitial woypoint o 8’
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TABLE G=XIIl
GENERAL MISSION, PILOT WORKLOAD ANALYSIS, System v10 (cont'd)

Tesk 1 {core.)

1.10 Locete infHol waypeint

1,15 Select mode swiltch - AUMD

1,12 Slew MMD pen 1o Tnltial woypoint
1.13 Deprecs Tmart

114 Select mode switeh — AUTO

1,15 Select mods switch = MMD

Timam73 1 sac
Tesk 2
REVIEW CURRENT MET FORECAST
2.1 Rapeat forks of rrstem ¥2

Time = 50 3ec
Tk 3

Uttlization

Tims Fogtor
° g

2,1 8

1z B

1.1 ]

2.4 8

2.1 8

.
% Unlization Mot = 28.6

% Uhillzo¥on Filotm 28 &

TNFLIGHT SYSTEM ikOGRAM (Also for LANDING PROGRAM)

3.1 Selact waypoint

3.2 Locos woypeint

3.3 Selact Function switch = WIT
3.4 Selact mode switch = MMD
A5  Slew MMD pan i waypoing
3,6 Dapress lrwart

3.7 Salect mode switch - AUTO
3.8 Select mode switch - MMD

Time = 415 tec

+ 1

1
10
2.t
2.1
12
e
2.1
2.1~

@ oD @ o e

% Utilization Filor = 23.0

Rupeat througl
Tosk 4
SURVEILLANCE LINK SET

4.1 Repeat tasks of system v]
Time = 20 4 sac

Task S
STEERING DATA ACQUISITION

5.1 Set desired mognatic coora
5.2 Moniter trock angle arror (TKE) on HS1

% Usllization Filot = 28 &

Utilization
Time Factor
4.3
Ll 3

5.3 Steer revised te

Time = 5.4 1ec

% Unilization Filot = 24.9

Teské
FLIGHT PLAN STATUS CHECK
6.1 Heading chack and reat
6,2 Raed DTG
5,3 Record DTG
&,4 Read magnatic bearlng to woypoint
&.5  Record mognahic bearing to woypoint
4.6 Mot poritTon on map
6.7 Raod cron fmck dittance
6.8  Beod ond record elopad time
6.9 Reod ond record ground speed
£.10 ETA chack and record
4.11 ETE check ond record
&.12 Flight level check, mealtor, ond resst
6,13 Fual check ond record
Time = 89,3 2ec
Tak7
UPDATE MET FORECAST
7.1 Update mat forucast

Time = 60 sac

Tok 8
DOWNLINK ATC REPORT
8.1 Relecis stonderd report

Time = 1.1 3ec

*Toml Time =711 sec
ElimInate MET foracoit update

Totel Time * 858 sac

=1
W0 M E D E D WD L @

% Unlixation Pilot=28 6

&0 17

% Unlizateon Filot = 0.7

Uktlizetion
Time Foctor
1.1 8

% Usnlization Filor = 23,6

% Urilization Filot = 31 3

% Utelization Pilot = 29 4

*Only one waypoint set
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APPENDIX H
NAVIGATION MANAGEMENT WORKLOAD ANALYSIS, GAl AND GA2

This Appendix summarizes the res;.ulfs of one of the workload assessments
performed in the study. In this instance, the subjects were pilots of GAT and GA2
aircraft. Measurements were made of the typical operations and procedures which
might be required of a pilot in the utilization of a number of feasible candidate

navigation systems. In fact, 14 configurations were examined.

In addition to the workload summary, this Appendix summarizes the results
of two brief analyses which were performed to establish the credibility of considering
two general aviation systems. Both of these are GA aircraft navigation systems which
utilize either NAV SAT or GBTD airborne receivers in conjunction with an automated
ground system. The NAVSAT system is subject to saturation (See Appendix F, Section
F.3.4) if either the fixing frequéncy of the general aviation user increases or if continuou
surveillance information must be available to ATC. Therefore, to supplement the fixing
frequency an air data along-track cross-track computer system was sized for general
aviation application. Although the estimates of computer sforage and speed are based on

present day airborne general purpose computers, it was assumed this technology would be

available in the 1980 time period for special purpose general aviation application.

Therefore, the study was performed fo compute, based on current state of the art, the
solution time or the iteration rate that could be expected in the solution of along-track
cross-track equations. [f the solution rate is less than the update frequency requirement
of the general aviation aircraft, or if the information is continually output, compatible
to ATC surveillance interrogation rates, the system is a viable candidate for general

aviation application. Section H.3 sizes the computation requirements.

In addition te the NAV SAT safuration problem, other advanced general
aviation system problems must be resolved, GBTD and NAV SAT airborne receiver are

configured in Systems g1, g2, g3, g4, g5, g6, g7 and g8 as repeaters. The airborne

H-1
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system receives time difference data, and repeats the received signals, for fransmission to
the ground system. The ground system computes the general aviation pilot guidance infor~
mation and uplinks the signal to the aircraft for display, This configuration is exiremely
low cost and worthy of application. However, the GBTD CW systems present lane resolution
ambiguities. A technique is outlined in this Appendix for integrating the lane resolution

computation into the airborne and ground system; Section H.2 presents a typical technique.

H.1 GAl, GAZ NAVIGATION MANAGEMENT WORKLOAD

Several levels of automation were considered, beginning with the
use of the aeronautical chart as the data reduction and information correlation de-
vice. Each aid to navigation was considered to have both a manual and an autfo-
matic posifion determination mode. Three sources of position determination infor-

mation were considered: VOR/DME, NAV. SAT, and LF Ground Based TD.

Communication workload was freated in a similar way, beginning with presenf-
day voice communication and proceeding through an intermediate level of automation to «

final, fully automatic data link.

In each case the ATC system relies upon a mixing of down-linked navigat ion
data and present radar data for the generation of surveillance data. Nine of the configura-
tions were assumed to interface with the ATC Flight Plan Reference System, which is a

principal feature of the recommended system, -
The candidate system levels of automation are tabulated in Table H-l,

The workload measurements were performed in the context of the Event Sequence
Diagrams described in Appendix A. Because the candidate systems were only hypothetical,
it was necessary to make assumptions about the related pilot's control-display device in
order that task times might be estimated. Several of the panel configurations prepared for

the workload measurements are included with this Appendix. See Figures H-1. .. H-8,

Results of the workload measurements are summarized in Table H-Il and

discussed in Section 6 of this report.

H-2
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TABLE H-1
GENERAL AVIATION (GA1, GA2) ADVANCED NAVIGATION/

TRAFFIC CONTROL SYSTEMS

GROUND
SYSTEM

upid Em:m 3 |qp3t05
¥Q ‘9oupping puo 44 (L 49
4q ‘eounplng pup 4d | WS AVYN

COMMUNI -
CATION

XOW -~ Ul Diog JHA
UIW - UIT 019G JHA
Ui 9210A JHA

COMPUTERS

Jsyndwony sugg ssunon
izyadwony q1 go

dapndwo?y 19/ 3G
ply uolpindwon Yq plH pucy

MAPS

WLDO.-.COU
QL 99 =~ oYY |PoynDUcIay o007

440Uy B0 Hnpuolsy |B30

NAVIGATION

s3jqp piog sHewaydy [y AYN
‘boy oiny - 08y (| pasog punoisy 4]

.WU{ _DDCU_}__ - .UQN_ J.L pospg WUCDO.“O 47

'boy ogny - 28y LYS AYN ZHN
"boy fonuby - 03y |¥S AYN dHN
09y AYN ING 2HN

J9A1398Y WWOD/AYN (NOA) 2H1

Levels
Autemation

General

Aviation
System -
Cf

gl

g5

gb

g9

glo
gl
gl2
gl3
gl4

43sn

44

[ AAD)

x: Also used with navigation units g1, g2, g5 and g7

o: Voice as backup

H-3
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Figuew H-1.  Typical Control/Display for Systems gl, g2 and g5

To1

L1 15779 [T Dialsis]  SmameN
DIST TKE -
1 4
L1 is[slofo]
ALY
Ea-2 8 FIX
Eg\igig" REPORT]

0 o
WAYFQINT

[m]

WIND

VhiND
CROSSTX

i Irislsla‘s

VHF FREQ.

AN

7

Lis[s7]a]o]

T2

Figure H-2. Typicat Contral/Display for Systems g3, g4 ond g6

T [s]7]z2] | T T1lslels) gm‘rlogl
DIsT TRE
1 4
CETT ] LI fo]s[olo} :
XTX ALT
R

iz

@
It
le
Ie,

{l

poliie]
i

3

“
Q)
m

WIND
CROSSTK

VHF FREQ.

Figure H~&  Typscal Control/Display for System g9

(Goasn @ 5

Figure N-3,  Typical Contrel/Dlsplay for Syzems g7 and g8

OFFSET ~ WAYPOINT  VHFFREQ  DMEFREC

Frguts H-6  Typical Conkral/Display for System gl

ATC CODE SET

75
[ 7}e]el4]
To1 !

[s]als]7

I :
=]

3

VHF FREQ

Figure H=7, Typical Contral/Display For System g12

Figures H-1... H-8.

STATION
[T ] Jalel4] 2 SEARING
DIST ,_OH‘ &
[ [ T]al7]s]
TXE
FEX

i I l S]9E_4I

2.
T ,4 &
EEORET

Vi FRZQ.

Figure H-5,  Typical Control/Disploy for System g10

H-4

[Tils702 E | 1|4i9§-a'!
oISt TKE
(10 T2l s[s]ofo
XTK ALT

[ 1 Dr[afz7]

TIME

=1 ATC CODE SEV
® G .
[= =] »] é—“_
ZANGE e
ngaz WIND
[l-aspig}lo: ALONGTK
o5 O -
DEAKING P
| G
o c
WIND
CROSS TK

Figure H-8  Typical Control/Display for System g13ond g4

Typical Control/Display Configurations for Systems v1... vi4
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TABLE H-l1
NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1; GA2 AIRCRAFT

FLIGHT PHASE - VFR EMROUTE CONTROLLED AIRSPACE
- GEMNERAL AVIATION
Event ystem g1 Event ’ System g2
Sirgle Leg NAY UHF NAY SAT Roceiver (Manual Acguisitien) Single Leg MNAY UHF NAY SAT Receiver {Automatic Search and
Management NAV SAT Ephomaris Data Tables Management NAV SAT Ephenteris Duta Fables Acquisition)
Local Asroncutical Chart Lacal Acranautical Chart
Hand Held DR Computation Ald Hard Held DR Computer
VHF Veice Link VHF Vaice Link
Ground System: Fosition Fix, Guidanca and Ground System  Position Fix, Guidence and
DR DR
Utdizafion Utilization
Task Time _Foglor Tesk Time Foetor
Review cumrent met Forecast 30-300 8 Review current met forecast 30-300 8
Switch-on 11 7 Switch-on R 7
Estimats map posihan 10-30 8 Tmtizte search, acquisition, rock 8.6 8
Estfimate NAV SAT ephemens constants 5 8 Estimate map posftion 10-30 8
Eshimate time difference signals 10 8 Review record, current [eg, present stotus per
Seerch, acquisition of TD signals 170 a Teport 22.8 8
R Mainten signel frack 2 8 Set direct comm frequency 2.1 7
Review recoed, eurrent leg, present stetus per *Request direct comm NAV SAT ATC center (A-G) 7.8° 13
report 28 8 *Acknowledge direct cemm, (G-A) 26 1
Set direct comm frequency 2.1 7 “Request NAV SAT pontion fix (A-G) 'y 13
*Request direct comm MAY SAT ATC centec (A-G) 7.8 LK *Acknowledge request (G-A} 54 1
*Acknewledge direct comm. {G=A) .6 1 *State porition esti way poin/destination,
*Request NAV SAT position Fix (A=G) 4.6 13 TD1, 102, Altirude, TAS, heading {(A-G} 22.8 17
*Acknowledge request (G-A) 54 1 Receive range to way poing, bearing to woy point
*State pasi timate, way pownt/d on, G-A) . 10.8 1
1D1, TD2, Altitude, TAS, heading (A=G) 22.8 17 Steer revised course
Receive range o way point, betring te way poin? Record DIG 5 7
G-A) 0.8 1 Record megnetic beering to woy poant 5 7
Steer revised course Plat pesition on map 20 8
Record DTG 5 -7 Recaleulate drift cngle 45 8
Record mognehic bearing to wey paint 5 Steer revised course
Plot position on map 0 8 Heading cheek and reset 560 8
Recalculate dnft engle 45 8 Track check ond record H 8
Steer revised course Compute distance gone {map) end record 10-30 8
Heading check ond reset 560 8 Recd apd record elopsed tume 62 8
Track check and record 5 8 Plot crass track distance (mep) and record 74 8
Compute distance gone {map) and record 10-30 3 . Ground speed cheek cad record 5 3
Reod and record elopsed hime 8.2 8 Compute ground speed 7 8
Plot cross track distance {map) and record 7.4 8 Reed TAS 1.2 3
Ground spesd check end record 3 8 Estimate toilwind component 10 3
Compute ground speed 7 8 Course to steer check and record E 8
Read TAS 1.2 3 Compute cousse Less dnft angle (frach angle) 4.3 8
Estimate tmiwind component 10 8 ETA check ond recard e 2
Course to steer check and record 5 8 ETE check and record 0 g
Compute course less dnft angle (treck angle) 4.3 8 Flight lavel check, momtor ond reset pressure
ETA check and record i0 8 raferance 8.7
ETE check and racord i0 8 Fuel check ond record 19
Fhight level chack, monitor and reset pressure Flight plan status check {DTG, AETA, &GS, N -
reference 6.7 8 &CT, Az, A fuel) Y . 142 3
Fuel check and record i0 8 Cormract steering, TAS, altitud
Flight plen stotus check (DTG, AETA, AGS, Updote met forecast &0 17
&LT, Az A fuel) 4.2 3 Prepara and record flight log {ohove} - -
Correct steering, TAS, altitude Prepare ATC rapost 40 g
Update mat forecast &0 17
Prepare and record flight [og fabove) - - “Release Report - stonderd (A-G) . A LA
Prepare ATC repart 60 8
Time = 478 sec % Utilization Pilot 35 0
*Release Report - standord (A-G) 294 17
*Communiostion Manogemant Task
Ture = 657 18¢ % Unlization Pilot 33 2
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TABLE H-H (continued)
NAVIGATION MANAGEMENT V\{ORKLOAD ANALYSIS FOR GA1, GA2 AIRCRAFT

FLEGHT PHASE = VFR ENROUTE COMTROLLED AIRSPACE
~ GENERAL AVIATION

Evont stem gd
Single Leg NAY LF Ground Basad TD Raceiver {Merwal Acquistiion)
Manogement Local Aaronauhical Chart = GBTD Contours
Hand Held DR Computer
VHF Vaica Link
Ground System  Position Fix, DR, Guidonea
Utilizetion
Task Time Factor
Review arrent mat forecast 30-300 ]
Switch-on 1.1 7
Eshunate mep potition {rangs, besring, from
way point) 10-30 B
Estimate stahion locations 5 8
Select statien on conirol panel 4.3 7
Estimate fime difference Fram mep 10 8
Search, acquisibion of TD signals 170 R
Maintain signal trock 2 8
Review record, current leg, present status par il
rapert 2.8 8
Set direct comm frequency 2,1
“Request direct comm GBTD ATC canter (A-G) 78" 13
*Acknowledge direct comm. {G-A) 9.4 i
*Request NAV SAT pesitien fix (A-G} 6.6 13
*Acknowledge request {G-A) 54 T
*State position estimate, way point/destination,
D1, 102, Altitude, TAS, heading (A-G) 28 17
Receive range to woy point, bearing to way point
{G-A) 1.8 1
Steer revised course .
Record DTG 5 7
Record magrehie beasing to way point 5 7
Plot pasitisn on maop 20 8
Recalevlate dnft engle 45 8
Sieer revised course
Heading check and razer 5-50 8
Track eheck and record A 5 8
Compute distonce gans {mep) ond record 10-20 )
Read and record elopsed time 6.2 8
Plot eross tack distance {map} and record 7.4 &
Ground speed check and record 5 8
Compute ground speed 7 8
Read TAS Lz 3
Estsmate failwind component 10 8
Course to steer check and record 3 B
Compute course less drift angle {rack engle} 4.3 8
ETA check and record 10 8
ETE check and record 10 8
Flight level check, mositor and resst prassura
reference 6.7 g
Fuel check ond record o 8
Flight plan stotus check (DTG, SETA, AGS, N
&CT, ox, & fuel) N .. 14,2 3
Comact steering, TAS, altitude
Update met forecast 60 7
Prepare and record Elight log {chove} - -
Prepare ATC report 0 8
*Raleass Report = standord (A-G) 2.4 7

Time = 661 sag % Utilization Pilot 33.2

Evant System g4
Singls Leg NAY LF Ground Botad TD Receiver (Automatic Acquisition)
Marcgement Loce! Asronautical Chart with GBTD Contours
Hond Held DR Computer
VHF Voice Link
Ground System  Porition Fix, Guidance ond DR
Utilization
Task Tima Factor
Raviww currant mat forecast 30-300 8
Switch-on 1.1 7
Initiate search, acquisition, trock B.§ 8
Extimabe mep position 10-30 8
Review record, curmant leg, presant status per .
Teport 2.8 8
Set direct comm frequency 2. 7
*Request direct comm ATC canter (A-G) 78 13
*Acknowledge direct comm, (G-A) ?é 1
*Request position Fix (A-G) 8.6 13
*Acknowledge requast (G=A) 5.4 1
*State position esh: , way peint/dertinati,
TD1, TD2, Altitude, TAS, heading (A-G) »n.8 17
Receive range to way pairt, bearing to way polat
(G-A) 108 1
Steer revized course
Record DTG 5 7
Record mognatic bearing o way point 5 7
Flot pontion on mep 20 ]
Recaleulate draft ongle 45 8
Sr::er revised course
Heeding check and resst 5-50 8
Track check and record 5 8
Compute distence gone (map) and record w3 &
Reod ond recerd elapsed fime 62 2
Plot cross traek distance {map) and record 7.4 8
Ground speed check and record 5 8
Compute ground speed - 7 8
Read TAS < L2 3
Estimete teabwind component 10 8
Coursa to stear check ond record 5 8
Compute course less drift angle (trock angle) 4.3 8
ETA check and record 1 8
EEE check end record 10 8
Flight level check, monitor and reset pressure
reference 6.7 ]
Fuel check and record 10 8
Flight plan status check (DTG, AETA, AGS, )
ACT, Az, & fuel) . 42 3
Comect steering, TAS, altitud 2
Update met forecast &0 17
Prepare and record flight [og {above) - -
Prepare ATC report 60 g
“Releasa Report - stondard (A~G) 29.4 17

Time = 478 s2c % Utilization Pilot 35,0

*Communicatien Manogement Task
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TABLE H-Il (continued)
NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GAT, GA2 AIRCRAFT

FLIGHT PHASE = VFR ENROUTE CONTROLLED AIRSPACE
- GENERAL AVIATICN

Event System g5 Event System gé
Sim;:gegnl::;\" :HF .t;l.’A.V ?AT Receiver {Automatic Search and Singla Leg NAV LF Ground Based TD Raceiver (Autematic Acquisition)
N:l\'mS:\I'I?nEp!mmeri; Bara Teblas Meanagemant Loca! Aeronautical Chert with GBTD conteeurs  ~
Lacal Aeronautical Chart VHF Voice Link
VHF Veies Lunk Hand Held DR Computer
. Ground System  Pomtion Fix, Guidance and DR Ground System- Position Fix, Gurdancs, DR
Ground System  Flight Plon Referencs Ground System  Flight Plan Reference
Utdizotion Tosk Ti Ui;lizuhen
Tasdk Time Factor Toik Lime facter
Review current met forecast 30-300 s Raview cutrent met forecast 30-300 8
Switch—on 1.1 7 Switch-on 1.1 7
Initiote search, sequintion, freck a4é ’ 8 iﬁ;m:;;ﬂ:sop pesition frangey beariog, from 10-30 8§
Estimate mop posihan 10-30 8 Select chain on control panel 43 7
f::::t record, current leg, present stotus per - . Imfiate search, acquisition, track 8.6 8
Sat direct comm frequency 21 7 5:;::’ record cument leg, presant status par 2.8 8
*Request direct comm NAV SAT ATC center (A=G) 7.8 13 *Set direct comn frequency 2.1 7
*Acknowledge direct eomm, (G-A) ¥ ! *Request direct comm ground based time difference
*Requast NAV SAT pasition fix (A-G) 64 13 ATC center (A-G) 7.8 %]
*Acknowledge request (G-A} 54 1 *Acknowledge direct comm (G-A) 9.6 t
*State TDI, TD2, 9 17 *Request GBTD position fix (A-G) &.6 3
Recerve range to way point, bearing to way point *Acknowledge request (G-A) 5.4 !
©-A) 10.8 L *State DI, TD2 9 1
Sroer sevised i *Raceive range to woy point, bearing to way point
Recosd DTG 5 7 (G-A} 108 1
Record megnetie bearing to way poant 5 7 Steer revised cours =
Plet posstion on mas 26 8 Recerd DTG - 5 7
Recalewlate drift ongle 45 K Rezord mognetic bearing to way point 5 7
Steer revisad course Plot position on map 20 8
Heoding check and reset 5-60 8 RecaloHate drift ongle _ 45 a
Track check ond recerd 5 8 Steer revased course:
Compute distance gone {mep) and record 10-30 3 Heodirg check ond reset 5-50 8
Recd and ragerd elepsed time &.2 a Track check and record 5 8
Plot eroxs ack distance {map) and record 7.4 g Computs distance gone (map) and record 10-30 8
Ground speed check and recerd 5 8 Reod ond record elapied tune 62 8
Compute ground speed 7 8 Plot cross track distance (mep) ond record 74 8
Raad TAS 12 3 Ground speed cheek and record 5 8
Estimate foilwind component 10 8 Compute ground spead 7 8
Course 1o steef check and record 5 8 Reod TAS 1.2 3
Cerpute course less drift angle (track angle) 4.3 8 Estimate tanlwind cempanent 1] 8
ETA check and record 10 8 Course to staer check and record 5 g
ETE check and record 10 g Compute course less drift angle {track angle) 4 3 8
Flight [evel check, moniter end reset pressure ETA check and record 10 8
reference 6.7 8 ETE check and record 10 8
Fuel check and record 10 8 Flight leve] check, momtor ond resat pressure .
Flight plan status check (DTG, 4ETA, 2GS, N reference &7
ACT, &z, & fuel} r 1.2 3 Fuel check and recard 10
Cormvect steering, TAS, altitude Flight plon status check (DTG, AETA, AGS, )
Update mat forecast 40 17 ACT, Az, & fuel) 14.2 3
Prepare end record flight log (sbave) - - Cotrect steering, TAS, alfitude
Prepare ATC report . 60 a Update met forecast 60 17
*Release Repart ~ standard (A~G) 0.4 17 Prepore and record Fight log (obove) - -
— - Prepare ATC report L0 8
Time = 464 sec % Utilization Pifot 34 3 *Release Report ~ stendard (A-G) 294 17
*Communication Merogement Task - Time = 468 sec. % Wiilization Pilor 34.3

H-7
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TABLE H-!l (continued)
NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1, GA2 AIRCRAFT

FLIGHT PHASE - VFR EMROUTE COMTROLLED AIRSPACE

= GENERAL AVIATION
Event System g7 Evant System g8l
Sl'r;aie Leg NAY UHF NAY SAT Rocaiver [Autometic Snarch and Single Leg NAV VHE GB Time DifF Receiver {Automali
nogement Acquisition) Manogement Search end Acguintion)
NAV SAT Ephemeris Data Tables Locol Aetoncuticel Chart with GB TD Contours
‘Local Aeronoutical Chart o VHE Vaice Link {Back up)
Hand Held DR Computer Manimum VHF Data Link {Primary}
VHF Voice Link (Back up) Ground System: Poulion Fix, Guidance, DR
Minimum UHF Data Link (Primary) Ground System: Flight Plan Reference
Ground System: Position Fix, Guidones, DR
Ground System  Fhight Plen Reference Yask Time Ut;:l.:::;:oﬂ
Tesk Time U";i:‘::_"" Review current mat foracost 30-300 8
Switch-on 11 7
Review current met forecast 30-300 8 Sat ehain 43 8
I
Switeh-on 1.1 7 InTkate search, acquisition, track 8¢ 8
Set sotellite referance 4.3 8 . Set A/C eads idant. en VHF tromponder | 43 8
lafiate search, cequisition, treck 8.6 8 Sot ATC codn Tdent. on VHF trensponder 4.3 8
ot A/C code rdeat en UHF transponder 4.3 & Set system for intarrogotion/or irutiote fix command 1,1 7
Set ATC code ident on UHF tramspander 43 ] *Receive GBTD data TD1, TD2 continvously fnot
Set system for interregation/or initicte fix command 1.1 7 displayed), dump upon interrogation A/C ident.,
*Receive NAV SAT doto, TDT, TO2 every 12.4 sac ATC code, 101, 102 {4-G) . i
(not dusplayed), dump upon Intermogation ASC ident, *Receive ronge to way poind, bearing to way point
ATC code, TD1, TD2  {A-G} - - {(G=A) on display. Recd DTG, track angle 1.8 3
*Receive range to woy point, bearng to way point " Stesz sevised eours
(G-A) on display Read DTG, track angle 18 3 . Record DIG 5 7
Staar revised course Record mcgnetic bearing fo way porat 5 7
Raco-d DTG 5 7 Plot position an map 0 8
Racord raegnetic bearing o way point 5 7 Recalcylate drift angle 45 8
Plot posaticn on map 20 8 Steer revised
Recalculate drift angle 45 8 Heading check and reset 5-60 8
Stear revited course Track check end record 5 8
Heading chech ond reset 540 8 Compute distence gone {map) and record 0-30 8
‘Track check ond record 5 8 Read ond record elopsed tims &2 g
Compure distance gone {mep) end record 10-30 8 Plot cross track distance (mep) end recerd 7.4 8
Recd and record elopsad fime 6.2 8 Ground speed check and record 5 8
Plot eross track disiance (map) and racord 7.4 B8 Compute ground speed 7 8
Ground speed check end record 5 & Read TAS 1.2 3
Campute ground speed 7 8 Estimate taflwind cemponent 10 8
Read TAS 1.2 3 - Course 1o steer check and recond 5 8
Estimate tailwind component ic 8 Compute covrse less drift orgle (track angle) 4.3 [
Course fa steer check and record 5 8 EYA cheek end record 10 8
Compute course less rift engle (track angle) 4.3 8 ETE check and record . 10 8
ETA check and record . e 8 Flight level check, meniter and reset prassure
ETE check and record o 8 reference &7 8
Flight level check, momter and reset pressure Fuel chack and record 10 8
reference 6.7 8 Elight plan status check (DTG, AETA, AGS5,
Fuel check ond racord 19 8 ACT, Az, A fuel) 142 3
Flight plon status check (DTG, AETA, 4GS, Comest steering, TAS, altitud, y
ACT, Az, & fual) 14.2 3 Update met farecast o 7
s altitud "y
Comect TAS, altin Prepare ond record flight log {above) - . -
Ugdate mat forecest &0 7 Prepare ATC report 40 8
Prepare and racord Flight [og {above) - -
Pragare ATC report 0 3 *Relecse Repart - stonderd {A=G)} 224 7
*Release Report = standard {A=G) 294 7 " Tema = 34 sec % Unlization Pilor 35 3
Time = 374 1ec % Utilizotion Pilot 35 3 *Communication Manogement Task
*Commumeetion Management Tosk
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TABLE H-=ll (continued)
NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GAl, GA2 AIRCRAFT

FLIGHT PHASE = VFR ENROUTE CONTROLLED AIRSPACE

- GENERAL AVIATION
Event System g Event System g 10
Single Leg NAY UHF NAY SAT Roceiver Single Leg NAV UHF NAY SAT Receiver (Automatie Seerch and
Ma ' PR
nagement Local Asrenautiea! Charts Management Acquisition)
DR AT/CT Computer . . Local Aeronautical Charts
VHF Voice Link (also Msnimum dada link) m DR AT/CT Computer
Ground System- Position Fix, Guidance VHE Vaiee Link (Back up)
Ground Systems Flight Plan Reference Meximum VHF Data Liel (Primary)
Ground System  Position Fix, Guidance
U if .
Task Time “FI::::-M Ground System- Flight Plon Reference
Review current met foracast 30-300 B Utilizatian
Tesk Time Factor
Switch-on 1.1 b —_— AT ——
1F System g2 = perform tasks fo: Review current met forecast 30-300 8
Receive range fo way point, bearing towoy Swltch-on L 7
point {G-4) 95 85 Sat satelbite reference 4,3 8
1§ System g5 = perform tasks to- Inftiate search, acquisition, frock 8.6 8
Receive range to way point, bearing to Set A, i
warp point (God) 4 2 7.4 1 ASC code Tdent on UHF franspender 43 8
Set ATC gode Tdent, on UHF rranspendar 43 g
If System g7 = perform tasks to:
Set system for interrogatton/os infticte fix command 1.1 7
Recewve range fo way point, bearing to
way pont {G-A) or display 255 7.6 “Receive NAV SAT data, TDI, TDZ every 12 4 sec .
f {not displayed), dump upen interrogation A/C 1dent,
ecard DTG 5 ATC code, 101, TDZ. {A-G)  ~ - -
Recerd eourse to way point 5 7 *Receise renge to way point, beanag te way pont
Steer revised course (G~A) on display. Reed DTG, track dngle i.8 3
Enler range to way paint 4.3 8 Steer revised course
Enter bearing to way point 43 8 Enter range to way point 43 8
Enter cross track wind 43 8 Enter bearing te way paint 43 g
Enter along teack wind 43 8 Enter cross track wind 4,3 8
Inetiate AT/CT solution 1T 7 Lnitiote AT/CT selution 11 7
Heoding check and reset 5 8 Heading check and resst 5 8
Steer revisad cours Stear revised cours
Plot pasition on map 20 8 Plot poutian on mop 2 8
Track check and record Trach check and record
Compute distance gone (map) and record 10 Compute distencs gone {map) and record 10 3
Record elopsed hime 5 8 Record elapsed nme 5 2
Record eross track destance 5, 8 . Record eross track distance 5 8
Ground speed check and record Ground speed chack ond record
Compute ground speed 7 8 Compute ground speed 7 8
Reod ground speed 1.t a Read ground spead 11 3
Record ETA 5 8 - Record ETA 5 8
Record ETE 5 B Record ETE 5 8
Flight level check, monitor ond reset pressure Flight level check, monitor and resek pressure
reference 6.7 8 reference 6.7 8
Fuel check and racord 10 8 Fuel check and record - 10 8
Flight plan stotus check {DTG, AETA, &GS, Flight plon status check (DTG, AETA, 2GS,
ACT, &=, A fuel) 14 2 3 aCT, 82, & fuel) 14.2 3
Correct steering, TAS, oltitude ! Correct steering, TAS, oltitude
Updote met forecast &0 17 Ugpdate met forecast &0 17
Prepare and record flight log (ohove) - - Prepare and record flight log (ocbove) - -
Prepare ATC report 50 8 Propare ATC rapoct 6 8
*Release Report = standard (A-G) 29,4 17 *Relesse Report — stardord (A-G) 1.1 8

Time = 317 sec % Utilization Prlot 34 2

*Communicohion Management Task

Time = 239 5ec % Utilizehon Pilot 36

*Communication Mansgement Task
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TABLE H-1l (confinued)
NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1, GA2 AIRCRAFT

FLIGHT PHASE ~ VFR ENRQUTE CONTROLLED AIRSPACE

" ~ GEMNERAL AYIATION

Time = 315 sec

*Communication Monegement Task

Event tem g11
Single Leg NAV 1F Ground Batad TD' Recaiver {Automalic
Manogament Search and Aequisition)
Local Aeronautice! Charts, GB TD Contours
Time Diffarance Computer
Munimym VHE Voice Link
Ground Systesm: Flight Plon Refersnce
Utilizatien
Tosk Time Facter
Review current met forecast 30-300 8
Switch-on 1.1 7
Estimate map position 10 8
Set in master/slovs stotion 4.3 8
Sot A/C code in VHF kansponder 4.3 8
Set ATC code in VHF ransponder 4.3 B
Initiote ssoreh, dequisition, frack 8.6 8
Insart present latitude astimate 4.3 8
[nsert present [ongitude estimate 43 B8
Insert way point latinde 4.3 8
Insert way point fongitude 4.3 8.
Inihate solution . 1.1 8
Momitor DTG recdout 1.1 3
Monitor courze to steer readout [ 3
Steer rovised course &
Record DTG 5 7
Record megnetic beoring te way peoint 5 7
Plot position on map 20 8
Recaleulate deift angle 45 8
Heeding check and reser 5 8
Track check end record 5 8
Compute distance gons {map) ond record T0-30 8
Read and record elapsed fime 6.2 8
Plot cross tack distonee (mop) ond record 7.4 8
Ground speed check and record 5 - 8
Compute ground speed ’ 7 8
Read TAS 1.2 3
Estimate tailwind compenent 10 8
Course to steer check and record 5 8
Compute course |ess drift engle {track angle} 4.3 8
ETA checkand record | - 10 8
ETE check and record 10 8
Flight level check, monitor ond reset pressire
reference N 8.7 g
Fuel check and racord 10
Flight plan status check (DTG, AETA, AGS, N
ACT, oz, & fuel) 14,2 3
Correct TAS, altituda
Update met forecast 50 17
Prepare and record flight log (cbove) - -
Prepare ATC repart 60 8
*Releese Repert - standard (A-G) 29.4 17

% Utlization Pilot 46.2

Time = 328 se¢

Singla Leg NAV LF Ground Based TD Receiver (Automatic
Manogement Search and Acquisition)
Local Aeronautical Charts, GB TD Contours
Time Difference Computer
VHF Vorce Link (Back up)
Maximum VHF Dota Link {Primary}
Ground System Flight #lan Reference
- Unlizaken
Review current met forecast 30-30¢ 8
Switch-on LI 7
Estimate map position He 8
Set 1n master/slave stabion 4.3 8
Sat A/C code in VHF transpender 43 8
Set ATC code wn VHF transponder 43 8
[nthiate search, cequesition, traek B4 8
Insert present letitude estimate 4.3 8
Insert present longitede estimate 4.3 8
Insert way point lahitude 4.3. 8
Insert way point longitude 4.3 8
Initiate selulton 1.1 8
Moar-or DTG recdout 1.1 3
Mari*or course to steer readout 11 3
Set system for Interrogation/or inihate report 1.1 8
Steer revised course
Record DTG 5 7
Record megnetic bearing to wey point 5 7
Plot positron on mep 20 8
Recaloulate drift angle 4£5 8
Heading check and reset H 8
Track eheck cnd record 5 8
Compute distance gone {map) and record 10-30 8
Read and record elapsed time 6,2 -]
Plot cross track distance (map} and record 7.4 8
Ground speed check and record 5 8
Compute ground speed 7 8
Read TAS 1.2 3
Estimate foilwind component 10 8
Courss to steer chock and record 5 8
Compute course Tess drift angle (track angle} 4.3 8
ETA check and racord i¢ 8
ETE check end record 1] 8
Flight level chack, momitor and reset prossure
referance 6.7
Fuel check and recard 1o 8
Flight plan status check (DTG, AETA, AGS, °
ACT, Az, & Ruel) R 4,2 3
Cormrect TAS, oltitud,
Update mat foracast &0 7
Prepare and record Flight log (above} -
Prepare ATC report &0 g
*Releass Repert = standerd (A-G) RAS 8

% Utilizotion Felot 34
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TABLE H-ll {continued)

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1, GA2 AIRCRAFT

FLIGHT PHASE - VFR ENROUTE CONTROLLED AIRSPACE

- GENERAL AVIATION
Event - System gi3 Evant System g 14
Single Leg NAV VHF VOR Nev/Comm Receiver Single Leg NAY VHF VOR MNav/Comm Racarver
Manogement UHF DME TranemiHer/Recniver Managemant UHF DME Trenemitter/Recaiver
Local Aeronawtecal Chart Local Aerorautical Chart
Course Lina Computer , " Course Line Computer
VHF Voice Link VHF Voice Link (Back up)
Ground System: Sforeable Flight Plan Maximum VHF Data Link (Primary)
Utilization B Groond System  Storectle Flight Plon
Task Time —Fagtor Utilization
Review current met forecast 30-300 8 ok Time —Ffactor
Switch-on 11 7 Review current met forecast 30-300 8
Select way pownt from map ] 8 Switch—on 11 7
Select and set VOR frequency 4,3 8 Select woy point from map 1o 8
Select and set DME frequency 4.3 8 Select ond set VOR frequancy 4.3 8
Measure range = VOR/DME I woy point 5 8 Select ond sot DME Frequency 43 8
Measure beoring = VOR/DME fo woy point 5 2 Set A/C code idant on VHF trontponder 43 a
Sel range 4.3 8 Set ATC cedo ident on VHF transponder 43 8
Sat bearing 43 8 Mecsure range - VOR/DME to way point 5 8
Monitor DIG reodout 1.1 3 Maeasure bearing - VOR/DME fo way point 5 8
Monitor course to steer readout 1.1 3 Set rarge 4.3 8
Stazr revired course Sat beoring 43 8
Record DIG 5 7 Meritar DTG readout 11 3
Reeord megetic bearing to woy polnt 5 7 B Monitor course te steer readout 1.1 3
Plot posi*tan on men 20 8 N Set system for interroqation 1.1 8
Recalewlate drift ongle 45 8 Steer revised course
Record DTG 5 7
Headirg cheek ond resat 540 8 Record magnehic bearing to way point 5 7
Teeek chach ond record ] 8 Plot pesition on map 20 8
Compuie distence gone {mep) and record 10-30 8 . Recalevlate drift angle 45 g
Read apd record slapsed time 62 8
Plot eross track distance (mep) and record 7.4 ] s _ Heading check and reset 5-60 8
Ground speed cheek and record 5 8 Track check ead record H 8
Compute groynd speed 7 8 Compute dnsh_:nca gone {map) and record 10-30 3
Reod TAS 1.2 3 Recd and record elopsed time 6.2, 8
Estunate teflwind component 10 8 Plat cross track distance {map) and record 74 ¢ B
Coursz to steer eheck and record 5 8 Greund speed chack and record 3 8
Compute course less drift angle {irock angle) 4.3 8 Compute groued speed 7 8
ETA chack and record 10 g Read TAS 12 3
ETE ¢heck and record Hi3 8 Estimate tailwind component 10 8
Fii_ghr level check, menttor and reset pressure _ Course to steer check and record 5 8
reference 6.7 8 Computa course less drift angle {treck angle) 4.3 a
Fuel check and record 10 8 ETA chack and record 10 g
2!(:%!:&;:2:2:3 thack [DTG, 4ETA, 8Gs, e ) ) ETE check and record 10 8
Flight level check, monior ond reset pressure
Comreet g, TAS, albiud, reference &7 8
Updcte met foracest &0 17 Fuel check ond record 10 8
Prepere and racord flight log (above) - - Flight plan status check (DTG, AETA, AGS, N
Prepare ATC report &0 8 &CT, &z, 4 foel) . 4.2 3
*Retease Report - standard (A-G) 29 4 17 Comect steaning, TAS, altitud
- - Updete meat forecast &9 17
Time = 410 sec % Utilizehion Pilat 35,2 Prepare and record flight leg (sbove) N .
Prepare ATC report 40 8
*Communecation Mancgement Tasl. *Release R;part ~ standerd (A-G) i1 8
" Time = 478 sec % Utihzetion Pilot 31,8
*Communicotion Manegement Task
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H.2 THE AMBIGUITY RESOLUTION OF TIME DIFFERENCE/CONTINUOUS
WAVE SYSTEMS  (TD/CW)

General aviation systems g4, g6 and g8 are promising area navigation sysfems
which present solutions for the general aviation problem. The system transmits time differ-

ence data o the ground sysfem, and returns guidance information on the uplink.

A major problem area in the operation of a CW fime difference system is the
resolution of the ambiguities in the TD measurements. The following discussion outlines an
operational procedure for ambiguity resolution, using a dead reckoning computer and ATC

surveillance information.

H.2.1 Summazz

An operational procedure for ambiguity resolution is presented in the form of

a functional sequence diagram (FSD). An FSD of a particular task presents the following

information:
(1) Information flow between components
(2) Component interaction
(3) Component functions
(4) Procedure for performing task
(6) Logic for performing task
H.2.2 Ambigpify Resolution (See Figure H-9)

The ambiguities in the CW/TD system arise when an aircraft loses the TD
signals for some period of time, or when an aircraft leaves the coverage of one chain and

enters the service area of a second chain,

The principal aids for ambiguity resolution are the dead reckoning sensors of
the aircraft. They are assumed to be input info a dead reckoning computer. During

nominal operation, a TD input is also available to the DR computer so that the DR posi-~
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tion can be updated and malfunctions of the TD subsystem or the DR subsystem can be
detected. Through interactions with the TD computer, TD coordinates are computed from
the DR position and the lane counters are set by the pilot. Should the DR position differ
from the TD position by a specified error limit, the conflict is resolved by requesting an
ATC surveillance check. [f the conflict still persists, the procedure may be recycled or

it may be found that the TD receiver is inoperable.

The FSD is presented for an aircraft with an onboard computer for TD position
fixing. A similar procedure could be utilized by an aircraft with no TD computer but with

a DR computer and a data link fo a ground based computer.

0\3
receivé TD signals
., I
t C "
FUNCT]O NA L S EQ UENC E ;::i‘:;:::u: A/ Qdispluy position
i tompule distance O |menitor
D IAG RAM LEG E ND o stations X instruments
do distances H
axceed limit logic? N é nominal operation
B Trarsmit infoemation cutomatically disconnect [% display caverage
e TD jnput I Q) grea warning
Automatic logic operation I
. brai hain
? Raturn to oparation X aytomatically E;,:::;:: chai
insert new chain
v Viwal fosk (@] e "
prre
Tactile task receive and store
1 ' chain parometars (e
e
| g set TD computer
Folsa - G'T to acquisition
O Raceive information manually req:rie.s} DR ‘Di
pesition
. . | cbrain OR
D Parform operation manwally position
Vv Sioes Information manvally pate TD disploy lane
coordinates D identification
& ramait information manwally
O Mangal logfc operation g insert lanes into
- I D “lane counters
O Raceive information automatically first pass? g
Perform oparation outomatically ' [
v . |

Stees Information automatically A |

Figure H-9. Ambiguity Resolution - Functional Sequence Diagram
{continued on Page H-14)

H~13



PMSI-TR-69-0301-111

position error

within

compute A/C
pasition

First

caleulate A/C
position

.4@

O abtain DR
position

sublract DR pesition |
from TD position

display‘ ready

-

[@)] ndicator _

set TD computer
(-)—T to operate

@)X

Q

insert update
request
0]

receive position

Q

insert lanes into
% lane counter
6]

frsert update

_q(g raquast

request update

|

recaive pasition

)

receive and store
update position

compute position

is difference
within li

Figure H-9 (cont'd).
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H.3 NAVIGATION COMPUTER PROGRAM REQUIREMENTS FOR GENERAL
AVIATION CATEGORY - HYPERBOLIC COORDINATE CONVERTER,
DEAD RECKONING SYSTEM

In this Appendix,H, the algorithms needed to solve the coordinate conversion
problem and dead _reckoning problem are developed. These algorithms are then programmed

using a hypothetical machine language that is representative of languages common to most

airborne digital computers.

The object is fo estimate the amount of sforage needed (i.e., "size" of the

computer) and provide a means for estimating the time of execution.

H.3.1 Hyperbolic Coordinate Conversion

This problem can be separated into two parts: {1) the transformation of hyper-
bolic time difference signals info latitude and longitude; and (2) the conversion of latitude
and longifude into information relative to a specified track. Systems g11 and g12 require

this capability.

H.3.1.1 Hype;'bolic Coordinate Conversion to Latifude and Longitude

Several different solutions fo the hyperbolic conversion problem have been
developed. The drawback of most is that they c:ré iterative solutions which can be very
time consuming on a computer. However, an explicit solution [Ref 62] has been developed
which, in addition to being noniterative, includes corrections for the non-spherical earth
(Clarke-Spheroid of 1866). This is obtained by using an osculating sphere, fangent fo
the spheroid at the aircraft position; whose radius eauals the radius of curvature at that

point.,

A flow chart, Figure H-10, shows the equations. The pertinent variables are:

r - Index of refraction

v, = Velocity of light in vacuum
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e

- Actual velocity of light

- X-slave station

.Y-slave station

Master station

- Receiver

- i-slave coding delay, if any

~ i~slave time difference

ch_;—an—-amg.<><<
!

.

~ i-slave baseline arc

~ 3
1

angle between baseline arcs

angle between i-slave baseline arc

™
|

and arc from Master to Receiver

ms ~ Orc from Master fo Receiver

- arc from i-slave to Receiver
T.. .~ secondary phase correction associated
with i-slave and Receiver

Al, A3~ constant for determining secondary

phase correction

A - Longitude
¢ - Latitude .
C.-

1 C]4 Constants (function of chain geometry, etc.)

The computer solution to this flow chart is
expressed as a step by step set of equations, with running.explanations.
But this is only one part of the entire program, the other parts being
system set-up (where all fixed inputs are read), logic, along-cross-
track conversion, flight plan conversion, and track sef-up. Part of
this hyperbolic to lat/long routine is executed only once for a given

station chain, and so is in the system se'f-up roufine.
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H.3.1.2 Conversion To Along-Cross=Track Coordinates

The desired outputs are range and bearing to a specific waypoint.
These are obtained by first solving assuming a spherical earth and then
making corrections. The spherical trigonometric equations for range

angle and bearing are:
- cocr! [ st : i
B = Cos [ Sin Xm Sin Xn + Cos Xm Cos Xn Cos(Ym Yn)]

A = Sin~l [: Cos X_ Sin(Y =Y )/ Sin B]
m m n

where
- X Yrl - Lat and Long of A/C position
Xm, Ym, - Lat and Long of waypoint
B - Range angle
A - Bearing angle (referred to North)

An example correction equation (for range) is:

fm = mean latitude

a, b = equatorial, polar radii

Range = abB/ (02 Sinz‘lbm + b2 C052¢m) 1/2
It is assumed that a similar type of correction may be made for bearing

angle. Again, this routine is not written in machine language, but

as step by step equations,

H.3.1.3  Develop Flight Plan Track

When operah ng in Flight Plan mode, the operator desires cross-track
devnahon (CTD) and distance gone (DG) about a specified track. Otherwise, he is
in the Steer:ng mode, and has as:outputs range and bearing fo the waypoint (WP). So
when Flight Plan operatfion is desired, Switch 2 is in the Off (Flight Plan) position,
which causes two inpufs to be read, lélfifude and longitude, of the start point (SP). The
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tangents of these angles are found, and the TRACK CONVERSION routine s run, and
the resulting range and bearing are stored separately as the flight plan track.

H.3. 1 4 Fl.ighf Plan Conversion

This routine operates after every execution of the HYPERBOLIC and TRACK
routines when in flight plan mode. lts purpose is to convert range and bearing to waypoint
information fo cross track deviafion and if should be noted that if the operator sets up in
flight plan mode, then he may switch between the two modes at will during operation to

read both sefs of outputs,

The functions of the three switéhes are:

SW0:" OFF - Ready; ON - Chain Parameter Input
SWI1: OFF - Area Parameter, Waypoint Input; ON - Operate
SW2: OFF - Flight Plan Mode; ON - Steering Mode

H.3.1.5 Storage Requirements and Execution Times

Total Program Sterage Requirements

Routine Instructions  Variable Data  Permanent Data
Hyperbolic Conversion 203 16 1
Track Conversion 127 8
Flight Plan Conversion 32 8 5
Chain Load 60 28
Waypoint Load, Operation 71 18 2
Other _6 . k3

499 78 15 = 592
+ Square Root Subroutine 30 3 4

529 81 19 = 629
+ Trigonomeiric Subroutine 100 15 28

629 96 47 =

772
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Total Machine Operations For Set-Up

Total = 0.834 sec/cvele

H-20

Routine Add  Mult. Div. Jump Mem, Words Trig. . Rt
Chain Load 3 3 2 ) 34 60 3 3
W.P. Load 8 12 19 25 147 4 4
Track Conv. 19 20 7 2 23 1277 2 5
30 31 21 27 82 334 9. 12
+Sq. Rt (12) 264 60 60 132 300 1756 -2
294 21 81 159 382 1510 @ 0
+Trig. () 270 63 0 90 50 90 -9
564 154 81 249 922 2410 0 0
Total Machine Operations For One Cycle (Flight Plan Mode)
Routine Add  Mult. Div. Jump Mem, Words Trig. Sa. Rt
‘Hyperbolic 42 4] 18 5 62 281 7
Track 19 20 7 2 23 127 2 5
Flight lan 4 7~ 1 1 1 = _ 1
65 68 26 8 97 440 10 13
+ Sq. Rt. 86 65 65 143 325 1274 0 -I3
351 133 91 151 422 1714 10 0
+ Trig. 30 70 0 100 600 1000 -0 O
651 203 21 251 1022 2714 0 0
Time Computations for Two Typical but Very Different Types of Computers:
Decca Omnitrac ilb; LSI DIVIC
Omnifrac: Add Mult, Div. Jump Mem,  Words
Time (us): 84 1,292 2,000 84 84 84
Ops: 54,684 262,276 182,000 21,084 85,848 227,976
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H.3.2

H.3.2.1

DIVIC: Add Mult. Div. Jump Mem. Words  Trig.
Time (us): 12 108 360 12 12 12 3560
Ops 4,212 14,364 32,760 1,812 5064 20,568 3,600

Total = 0,082 sec/cycle

Dead Reckoning Computer, System g9, gi0

This computer would take inputs of range and bearing to a
destination (wc:ypt-)inf), and from the inputs,wind vector, airspeed,
altitude, pitch angle and compass direction,compute outputs of
ground speed, distance to go, cross track deviafion, course to steer,
altitude and fime to go. The range and bearing inputs would come

from a navigation aid such as satellites, or from hand calculations.

Inputs and Quiputs

The inputs may be broken down in the following manner:

Automatic {or manual inserf):
DTG, - Range to desfination

Ais - Bearing to destination

Manual Insert:

VWAT - Wind component, along frack
VWCT - Wind component, cross track
Z A(SET) - Pressure correction

Sensor Information:

\' - Airspeed

Z, - Altitude

p - Pitch angle

A - Compass heading
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The outputs are:

GS - Ground speed

TTG - Time to go

DTG - Distance to go

3] - Cross track deviation
a ~ Course to steer

zZ A - Alfitude

H.3.2.2  Equations For Dead Reckéning

Z,=Z,+ ZA(SET)

A A
1- -
XAT = f (VWAT+ V cos (Afo - A) cos p) dt
to
t
YAT = f NWCT+ V sin (Afo - A) cos p) dt
fo -

X AT distance fraveled along track

Y cT = distance fraveled cross track
DTG = [(DTGo - X, )2 + (¥, )] /2
°© AT AT .

8§ =Y

CT
Y
_ | CT
a = Af.o-A+sm ( DTG)
GS = VcosP+VWAT

TTG = DTG/GS
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The integrations are accomplished by a. summation for each
cycle of the program. The time of each cycle is stored as a constant.

The cycle time is multiplied by the expression within the infegral and

added fo the running sum, For example,

t/At

Xar = 2 [Viyar* Vin oos (A = A ) cosp I A

(At = cycle time)

H.3.2.3  Storage Requirements and Operating Times

_ Storage Requirements

Routine Instructions Variable Data  Permanent Data
Program 78 12 2 =90
+ Square Root Subroutine 30 3 4

108 15 6 =129
+ Trigometric Subroutine 112 15 28

220 30 34 =284

Total Machine Operations for Each Cycle

Routine Add  Muli. Div. Jump Mem. Words Trig Sq. Rf
Main 10 9 3 é 24 70 3 2
+SRL() 4 0 10 2 0 1% 0 =2
19 13 28 74 266 3 0

+Tig. ) %0 21 0 % 1% W 3 0
144 40 13 58 154 566 0 0
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Omnitrac:

Time (us):

Ops:

DIVIC:

Time (us):

Ops:

Add Mult. Div. Jump Mem.  Words
84 1,292 2,000 84 84 84
12,096 51,680 246,000 4,872 21,336 47,544
Total =0.164 sec/cycle
Add Mult. Div.. Jump Mem. Words Trig
12 108 360 12 2 12 360
648 2,052 4,680 33 888 3,192 1,080

Total = 0.0129 sec/cycle
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APPENDIX |
NEW TECHNOLOGY

In compliance with the New Technology clause (May 1966) of the subject
contract, this Appendix K has been included. Although the subject matter of this
coniract is particularly analytical in nature, it is felt that some of the concepts advanced
in this report are unique, and could be construed-as falling in the category of new tech-

nology in ifs broadest sense.

Given the scope of the NAVIRACS program and the overall requirement to
evaluate advanced navigation/iraffic control concepis from the user viewpoint in an
advanced time frame, a page-by-page identification of new technology content in this
reporf was not considered practical. Where pertinent, identification has been made on a

sectional basis.

(1) One project task undertaken during this program was the
concept formulation and system synthesis of an advanced

navigation/fraffic control system employing area navigation

for all user aircraft including general aviation, VTOL, STOL,
SST, and CTOL jet aircraft. Sections 4.1, 4.3 and 4.4
describe the Flight Plan Reference airborne subsystem.
Section 4.5 describes the Flight Plan Reference ground
system. While not specifically representing new technology
in its strictest sense, it is felt that the overall Flight Plan
Reference concept of navigation/traffic control is a major
essential element of any new ATC system concept. As
developed in the course of this study, proper implementation
of f‘his concept could have a dramatic effect on the future of

air transportation in this country.

-1
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2)

(3)

In conjunction with the concept of Flight Plan Reference,
the use of the concept of airborne and ground based Limi
Logic computations, described in Section 4.1, provides

an even more effective tool in reducing pilot and coniroller
workload and communications, resulting ultimately in a

greater capacify of the future traffic control system.

The results of the NAVTRACS program were derived
through the use of a specific, large scale, man-machine
methodology. Sections 2 through 7 and Appendix A
summarize this technique, which is unique for the syn-
thesis of navigation/traffic control systems from the
viewpoint of the pilot Additional studies and evalua-
tions in this general area could make significant use of

this methodology.
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