THE WILD GOOSE ASSOCIATION

PROCEEDINGS OF THE
SEVENTEENTH ANNUAL TECHNICAL SYMPOSIUM
25-27 OCTOBER 1988
PORTLAND, OREGON

*x Kk ok ok Kk

PUBLISHED BY
THE WILD GOOSE ASSOCIATION
P.O. BOX 556
BEDFORD, MASSACHUSETTS 01730



[

TABLE OF CONTENTS
THE ASSOCIATION ... .. ¢ttt cutecoceeaeascsnsecnsassesncssssnsaasssesss 3
CONVENTION GUEST SPEAKERS AND CONVENTION SUPPORTERS ......ccc¢.. 5
SESSION 1: DOMESTIC AND INTERNATIONAL PLANS
Chairman: Jim Culbertson, Coastwatch Inc.

A Status Report, Loran-C and Interference from Power Line Carrier

Systems .....cccciecitrcenanns S et e aesececaaecnnesastsatesteneaeena 8
The Loran-C Midcontinent Expansion Project ..................... 13
Interference and Loran-C: A European Problem .......... e 22
New Directions in Federal Radionavigation Planning ............. 41
Joint Soviet/American Loran Operations, The Bering Sea Chain ... 50
Loran—-C in North-West Europe ~ A Status Report ................. 55
The Development of Loran in China ................ [ 60

SESSION 2: AIRBORNE DEVELOPMENTS AND APPLICATIONS
Chairman: Dr. Robert Lilley, Ohio University

Loran—-C Propagation in British Columbia .............. .. ..., - 66
A Realtime Loran Navigation System for Aerial Photography ...... 81
Loran for Aviation Update ............iiiiiiiiieneinecacanaasea. 93

SESSION 3: LORAN TECHNOLOGIES
Chairman: John Beukers, Beukers Promotions

Loran-Fix Displacements Due to A Model Change in Pulse Propagation

Velocity .......couun... C et e et ee e ettt 114
Project Hardlimit Burst Sensor FOT LOTAN=C o ve e eetemee e eeeenans 123
Personal Navigation ...........c. it inneinninereeonceennannns ~.133
LOSP: A Loran—-C Software Simulation Program ............cceece-.- 148

Loran—-C Timing Control and Monitor Techniques .................. 166



SESSION 4: MARINE DEVELOPMENTS AND APPLICATIONS
Chairman: LCDR Gary Westling, U.S. Coast Guard

ASF Chartlets: A Picture Is Worth a 1000 Numbers .......cccceees 178
Differential Loran-C System (DLCS) Project — A Status Report ...187

Geometric Dilution of Precision (GDOP) for Two-Dimensional
Radionavigation Systems ...........ceiiiiieieeseccanssnncaonssess 203

Coast Guard Issues - Foreign, Domestic, and Internal ........... 211

SESSION 5: TERRESTIAL DEVELOPMENTS AND APPLICATIONS
Chairman: Larry Cortland, II Morrow Inc.

Loran-C's Future Role in Automobile Navigation ................. 215

Envelope-To-Cycle Difference (ECD) Predictions for the Mid-Continent

Loran—C Chains ....ceiiiiiiiiinerseeteeennseesatcoasncnaanaansosas 232
Loran—-C Applications to Terrestrial Vehicle Tracking ........... 247
Loran—-C Oscillator Requirements ..........ccceeeeccscncncassnces 259

SESSION 6: IORAN AND GPS INTEROPERABILITY
Chairman: MAJ William Polhemus (USAF Retd.), Polhemus Associates

Navigation Systems Interoperability ..........c.icieeiinciencones 271
Integration and Interoperability of Omega, GPS and Loran-C ..... 292
Loran-C/GPS Interoperability: Past, Present and Future ......... 305
The Use of a GPS Calibrated LORAN-C Navigation System for Ocean

SUIVeY .t i ittt eeesvenoseassansnansessosesnssasnacessasanasacncsncssss 316
AWARDS . .. it it it s ittt e et et a et e e e e 345



THE WILD GOOSE ASSOCIATION
e

The Wild Goose Association (WGA) is a professional organization of
individuals and organizations having an interest in LORAN (LOng
RAnge Navigation). It is named after the majestic birds that
navigate thousands of miles with unerring accuracy. The WGA was
organized in 1972 and its membership now includes hundreds of
professional engineers, program managers, scientists and operational
personnel from all segments of government, industry, and the user
community throughout the world, working for the advancement of
LORAN.

BOARD OF DIRECTORS _ 1987-1988 BOARD OF DIRECTORS 1988-1989
e e
J.D. Illgen ......... President J.D. Illgen ...... ... President
J.F. Culbertson Vice President J.F. Culbertson Vice President
L.F. Fehlner ........ Secretary J.F. Culbertson ..... Secretary
C.S. Andren .....«... Treasurer C.S. Andren ....c.ec»-. Treasurer
B. Ambroseno E.L. McGann J.0. Alexander L.F. Fehlner
R.D. Bronson M.J. Moroney J.M. Beukers V.L. Johnson
D.A. Carter W.L. Polhemus R.D. Bronson E.L. McGann
W.N. Dean W. Schorr W.N. Dean M.J .Moroney
V.L. Johnson J.P. Van Etten J.P. Van Etten D.C. Scull

R.W. Lilley J.L. Toms

WGA SEVENTEENTH ANNUAIL CONVENTION COMMITTEE
|

Convention Chairman ........ Cetecescacnccscsassans Robert D. Bronson
Technical Chairman .......ceceeecececccecascnccanns Robert H. Miller
Hardware Exhibits .......... P, Calvin Culver
Hospitality ......cciciieiriererenceceasscaccaccncncannsns John D. Illgen
Registration.......c.eiieiiiiiiiiniineeeecececnnecanns Larry Cortland
FINancial .....ccereieeeececencesesassosasssasassasocssas Scott Davis
Guest SpeaKkers .....iiiieineteeiececaneeascneanacacnccsssns Paul Burket
Ladies' Program ......... Ccececsccccccsacncsanccaacnnn Walter N. Dean
Sporting Events ....c.c.cciecteecceccceccccaccoanscncens ease. Sam Seery
Registration Desk and SaleS.....ccveceecann. «-+... Marsha Richardson

........................... Jerri Bronson

.......................... Relly Cortland

................. eeeceecees. Suzanne Miller






1988 WGA CONVENTION GUEST SPEAKERS

KEYNOTE ADDRESS
Honorable Denny Smith
U.S. House of Representatives
Fifth District, Oregon

BANQUET SPEAKER
Mr. Jon Michael Smith
National Air and Space Administration
Deputy Assistant Administrator for Commercial Programs

LUNCHEON SPEAKER (10/25)
Vice Admiral Clyde E. Robbins

U.S. Coast Guard
Commander, Pacific Area

LUNCHEON SPEAKER (10/26)
Mr. John Kern
Federal Aviation Administration
Acting Deputy Associate Administrator for
Registration and Certification

LUNCHEON SPEAKER (10/27)
Mr. Robert R. Collins

U.S. Department of Transportation
Deputy Assistant Secretary for Administration

1988 WGA CONVENTION SUPPORTERS

SUPER SPONSORS

Advanced Navigation Inc. ARNAV Systems Inc. Frontier Engineering
II Morrow Inc. Micrologic
SPONSORS
Beukers Promotions Inc. Megapulse Offshore Navigation Inc.

Sunetics Corporation

CONTRIBUTORS
Bahr Technologies Inc. Digital Marine
Illgen Simulation Technologies Inc.







SESSION 1
DOMESTIC AND INTERNATIONAL PLANS

JAMES F. CULBERTSON
CoAsSTWATCH INC.




A4 STATUS REPORT
LORAN-C AND INTERFERENCE FROM POWER LINE CARRIER SYSTEMS

RONALD J. GRANDMAISOR

U. S. COAST GUARD HEADQUARTERS
MARINE RADIO POLICY BRANCH
WASHINGTON, D.C.

ABSTRACT

Loran-C was developed in the 1950's for use as a maritime radionavigation
aid., In addition to maritime radionavigation, it is now being used for en
route navigation and non-precision instrument approaches to airports by small
commercial and private aircraft, for terrestrial radio navigation, as a source
for precise timing information, and by some providers of radiodetermination
satellite systems. One possible source of interference to Loran-C is from
Power Line Carrier (PLC) systems. There are over 10,000 PLC transmitters in
use in this country, approximately 3300 of which operate in the Loran-C band
{(90~110 kHz).

On October 2, 1987, the Federal Communications Commissior (FCC) released
a Notice of Proposed Rule Making {NPRM) to amend Part 15 of its rules
regarding the non-licemnrsed operation of radio frequency devices, including PLC
systems. While the FCC proposed no specific changes for PLC systems, which
operate on a non-interference basis to authorized services under Part 15 and
are exempt from field strength limits, the U. S, Coast Guard took this
opportunity to respond to the NPRM and suggested tne adoption of field
strength limits for all existing and future PLC systems operating in the 75-
125 kHz band in order to reduce the potential of interference to Loran-C
radionavigation receivers. We also asked the FCC to make available to the
Loran-C user certain PLC technical and operational information essential in
resolving actual cases of interference.

This paper discusses the status of Loran~C and PLC systems as related to
the NPRM, and the support required from the Loran-C community to fully
convince the FCC that unless restrictions are imposed on PLC systems
interference from these devices will adversely affect safety of navigation.

INTRODUCTICK

In 1986 a Memorandum of Agreement was executed between the Federal
Aviation Administration {FAA) and the SCG for the establishment of working
arrangements for providing Loran-C radionavigation service for civil airborne
users. In fact, the FAA has already begun the process of approving Loran-C
for non-precision approaches into some airports. The addition of two Loran-C
chains in the mid-continental U. S. is scheduled tc be completed in 1990,

When continental U. S. Loran-C coverage is completed, the FAA intends to fully
implement Loran~C in the National Airspace System.



PLC systems are presently the predominant Part 15 equipment operating in
the Loran-C band and are exempt from field strength limits under present and
propogsed FCC rules, With the anticipated growth in the number of small
commercial and private aircraft that will be using Loran-C for en route
navigation and non-precision instrument approaches, there is widespread
concern that the potential for interference attributed to the non-existence of
field strength limits for PLC systems operating in the Loran-C band will
adversely affect safety of navigation.

On March 4, 1988, USCG filed formal comments in General Docket No. 37-389
asking the FCC to impose emissicn limits on all PLC devices and that if this
would not be practical to restrict these devices from the band 75-125 kHz.

PLC USE IN THE LORAN-C BAND

Data on PLC use in the 30-110 kHz band has been obtained from the North
American Electric Reliability Council (NERC) and are shown below:

Number of Transmitters Function Maximum Power
2857 Relaying 100 watts
156 Voice 100 watts
110 Control/Supervision 10 watts
72 Telemetry 100 watts
52 Speech + 100 watts
28 Miscellaneous 100 watts

As may be seen, 87 percent of the PLC transmitters operating in the
Loran-C band are used for protective relaying. For this function, the carrier
is normally turned off and only transmits when an action is needed. The keyed
signal results in switching within the power system to change the flow of
electric power. In a memorandum from IRAC to the National Telecommunication
and Information Administration (NTIA) Office of Spectrum Management,
concerning a report written by Karl Nebbia of NTIA (see References 5 and 7),
IRAC recommended that "The Department of Transportation conduct tests to
determine the impact of short-term and short-term periodic relaying PLC"
transmissions {duration on the order of 300 milliseconds) on LORAN-C
receivers, (If higher field strengths of short-term and short-term periodic
"relaying" PLC signals can be tolerated by LORAN-C receivers, some sharing of
PLCs and LORAN-C may be possible)." We solicit comments from the Wild Goose
Association on this NTIA recommendation.

EMISSION LIMITS PROPOSED BY USCG

The USCG based its proposed emission limits for PLC systems on current
Coast Guard Coverage Diagrams, CCIR Reports 322-2 and 915-1, RCTA Publication
DO-194 and CCIR Recommendation 589-1. Using a worst-case 95 percentile noise
level of 53 dB/uV/m, a minimum signal-to-noise ratio of -10 dB and appropriate
unwanted-to-wanted signal ratios set forth in CCIR documents 589-1 and 915-1,
we predicted that the magnitude of the PLC interfering signal at the Loran-C
receiver should be limited to the following levels:
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100 kHz 23 dB/uV/m
+/=-5 kHz 25 dB/uV/m
+/=10 kHz 30 dB/uV/m
+/-15 kHz 38 dB/uV/m
+/-20 kHz 48 dB/uV/m
+/-25 kHz 60 dB/uV/m

Because Instrument Flight Rules for non-precision approaches to airports
require that the Minimum Descent Altitude be at least 250 feet above ground
level without obstructions, we asked the FCC to impose the above emission
levels at a distance of 75 meters from power lines containing PLC
transmissions,

USCG REQUEST FOR PLC TECHNICAL AND OPERATIONAL INFORMATION

Part 15 and U. S. Footnote 234 provide a reference to Part 90 with regard
to a notification procedure for PLC systems. NERC is required under Part 30
to inform the FCC and NTIA of PLC technical and operational information. This
information is necessary to help the Loran-C user track down and resolve cases
of PLC interference. However, NERC has yet to make the database available
because for reasons of national security it does not want FCC or NTIA to
release the data to Loran-C users without its prior approval. USCG has
congistently opposed this NERC position. We have asked the FCC to take action
to resolve this matter. We have also agsked NTIA to help us with this problem.
NTIA wrote to the FCC in May asking that they ensure NERC release PLC data to
Loran-C users; the FCC has not yet responded to the NTIA request.

STATUS OF THE NPRM

Several entities, including some Loran~C receiver manufacturers, Geostar,
Radio Technical Commission for Maritime Services {RTCM), FAA, NTIA, and the
National Business Aircraft Association filed comments in support of the USCG
FCC filing. However, the Utilities Telecommunications Council (UTC)
representing over 2000 electric, gas, water and steam utilities, filed reply
comments asking the FCC to reject the Coast Guard's proposal to restrict PLC
operations because of a lack of evidence of interference to Loran-C receivers
from PLC systems. UTC also asked the FCC to reject the PLC database request
because it felt that such wide distribution of information on PLC operations
would expose electric utilities to tremendous security risks for no apparent
reason, since no cases of PLC interference have been demonstrated by USCG.

Since the comment and reply comment phase of the NPRM is now complete, we
are not permitted to respond to the UTC pleading. It is not known whether the
FCC will defer the PLC interference issue to a separate proceeding or continue
addresasing the problem in another phase of the current proceeding, but it is
certain that we will have at least one more opportunity to present our
arguments, perhaps in a petition for reconsideration of FCC action on the NPRM
should the FCC be swayed by the UTC filing. We expect to know more about the
FCC position on the PLC problem within the next few months.
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DOCUMENTATION OF CASES OF PLC INTERFERENCE TO LORAR-C

There have been numerous reports published addressing the problem of
potential interference from PLC systems to Loran-C radionavigation receivers,
but none of these reports has focused on actual reported cases of
interference. The primary reason for my being here today is to solicit
information on cases of probable interference from PLC to Loran~C receivers.
Lack of documented cases is our weakest argument before the FCC. Without
documented cases of interference, we may not be able to resolve what we
consider to be a problem to the Loran community. In order to convince the FCC
that there exists a real problem with PLC in that it is a threat to safety of
navigation, and to counter the arguments of UTC, we need the help of the
Loran-C user community in providing USCG with documented cases of interference
and the amount of cooperation, if any, the user has received from the electric
utilities involved in such cases. '

All information on documented cases of interference should be sent to:

Ronald J. Grandmaison
U, S. Coast Guard Headquarters
G-TTS-3, Room 6302
2100 Second Street, S.W.
Washington, D.C. 20593-0001

(202) 267-1389
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THE LORAN-C MIDCONTINENT EXPANSION PROJECT
A STATUS REPORT

Douglas D. Heyes

U.S. Coast Guard
Office of Cammand, Control, and Communications

ABSTRACT

The Loran-C Midcontinent Expansion Project (MEP) is a joint U.S. Coast
Guard (USCG) and Federal Aviation Administration (FAA) project designed to
provide coverage to the area of the mid-U.S. not currently serviced by
Loran-C. Under an agreement with the FAA, the USCG has determined that two
new Loran-C chains are required to complete coverage of the "midcontinent
gap". The USCG and FAA are proceeding with the chain and monitor
configurations, land acquisition, station design, equipment procurement, and
existing station upgrades necessary to complete the new chains by the end of
1990. This paper will discuss the current status and future plans of the
project.

BACKGROUND

In 1986, the Administrator of the Federal Aviation Administration and The
Commandant of the U.S. Coast Guard signed a Memorandum of Agreement "for the
establishment of working arrangements for providing Loran-C radionavigation
service for civil airborme users'" (1). A subsequent USCG/FAA Interagency
Agreement was signed, under which the Coast Guard was to "identify and procure
all equipment necessary to establish Loran-C signal coverage in the
midcontinental area of the United States" (2).

SYSTEM DESIGN

The completed MEP project will require construction of two new Loran-C
chains., The new chains are designated as the South Central U.S. Chain (SOCUS)
and the North Central U.S. Chain (NOCUS). These new chains consist of four
new transmitting stations, five existing transmitting stations which will be
dual-rated, and five new monitor sites. Engineers at USCG Headquarters
designed the two new chains to take advantage of existing loran-C transmitting
stations (LORSTAs) and to keep new construction to a minimum. Operational
control of the new chains is to be accomplished from existing USCG control
sites. Predicted Loran-C groundwave coverage for the two new chains is
depicted in Figures 1 and 2.
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TRANSMITTING STATIONS

Station Description

All four new LORSTAs will be essentially identical with respect to
buildings, physical plants, transmitters, antennas, personnel allotments, and
maintenance philosophy. To reduce design costs, all the stations were
designed with sufficient space to hold a 56 Half Cycle Generator (HCG)
transmitter and equipmént for dual-rating if required in the future. Each
station will be located on one quarter section of land (a 160 acre square).
Station transmitters at all except LORSTA Boise City will be the AN/FPN-64(V)i
Solid State Loran-C Transmitter (32 HCGs) manufactured by Megapulse,-Inc. of
Bedford, Massachusetts. LORSTA Boise City will be equipped with a more
powerful AN/FPN-64(V)4 transmitter with 56 HCGs. Each LORSTA will have a 700
foot top-loaded monopole guyed antenna manufactured by Tower Engineering and
Construction Company of South Dakota. These transmitter and antenna
combinations will produce a nominal peak radiated power of about 400
kilowatts. Timing and control equipment will be standard USCG suites
installed at each LORSTA. Backup electrical power will be provided by two
automatic start diesel prime movers driving two 300 kilowatt generators.

Site Selection

After the general areas for the four new LORSTAs were identified, surveys
of the candidate sites were completed by the FAA regional offices involved and
their contractors, Freese and Nichols, Inc. of Fort Worth, Texas, and the U.S.
Army Corps of Engineers, Walla Walla, Washington, District. From the
candidates, final site choices for the four new LORSTAs were made and
arrangements for leases are underway. Specific information for all of the
stations involved is contained in Table 1.

Construction

Construction of the new LORSTAs is scheduled to begin in mid-1989 and
continue through early 1990. Transmitter and electronics installations will
begin immediately upon station completion.

Personnel

The LORSTA crews, all USCG Petty Officers, will consist of one
Electronics Technician Chief Petty Officer (E-7) as Officer-in-Charge, two
Electronics Technicians (one E-6 and one E-5), and one Machinery Technician
(E-G) .

Maintenance

Routine maintenance and station business are conducted during a normal
workday, while equipment casualties and corrective maintenance outside normal
work hours are handled by one of the station technicians who remains on call
within 30 minutes travel time of the station. This is the system currently in
use at most of the LORSTAs in the continental U.S. and Canada.
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TABLE, 1. SOCUS AND NOCUS TRANSMITTING STATIONS

Loran-C Station Anterma Location Range Designations
(Note 1) (Note 2) (Note 3)

New Stations:

Boise City, OK 36°30'20"N, 102°53'59"W 600 NM SOCUS(M), GL(Z)

Las Cruces, NM 32°04'18"N, 106°52'04'"W 530 \™M SOCUS (X)

Gillette, WY 44°00' 11N, 105°37'23"W 800 NM SOCUS(V), NOCUS(X)

Havre, MT 48°44"38"N, 109°58'53"W 700 N NOCUS (M)

Existing Stations:

Searchlight, NV 35°19'18.18"N  114°48'17.43"W SOCUS (W), USWC(Y)
Raymondville, TX  26°31'55.01"N  97°50'00.09'"W SOCUS(Y), SEUS(X)
Grangeville, 1A 30°43'33.02"N  90°49'43.60"W SOCUS(Z), SEUS(W)
Baudette, MN 48°36'49,84"N  94°33'18.47"W NOCUS (W), GL(Y)
Williams Lake, BC 51°57'58.78"N 122°22'02.24"W NOCUS(Y), CWC(M)
Notes:

(1) The antenna locations given for the new stations are based on planning
information and data available now. During the course of station design, the
antenna may be located at a position other than that listed. However, it is
expected that the actual antenna locations will not vary by more than two seconds.

(2) The range limits were determined using the method described in enclosure (2) of
reference  (3). Due to the different conditions existing at each transmitting
station, the ranges of the four new stations are different despite having the same
nominal peak radiated power. The range limits are irregular circles with the
estimated radii provided.

(3) GL = Great Lakes Chain; USWC = U.S. West Coast Chain; SEUS = Southeast U.S.
Chain; CWC = Candian West Coast Chain.






Existing Stations

A team from the USCG Electronics Engineering Center (EECEN) in Wildwood,
New Jersey has completed the installation and testing of dual-rating equipment
at LORSTAs Searchlight, Nevada and Raymondville, Texas. LORSTA Grangeville,
Louisiana, will follow in February 1989. The dual-rate installation at LORSTA
Baudette, Minnesota should be accomplished in May 1989. Negotiations between
the U.S. and Canadian governments are in progress concerning the dual-rating
of LORSTA Williams Lake, British Columbia, and should be finished in time for
that installation to be complete by about September 1989.

MONITOR SITES

Five new Loran-C Monitor Sites (LORMONSITEs) will be installed during
1989. The exact locations of these LORMONSITEs has not been decided but
engineers from USCG EECEN have visually inspected all of the potential sites
and have completed engineering investigations and electromagnetic interference
studies at the four candidate sites for the two southern-most LORMONSITEs.
Plans are for all of the new LORMONSITEs to be co-located with FAA facilities
or on nearby airport property. LORMONSITE equipment will include the USCG
standard Austron 5000A Monitor receiver and will be maintained by FAA
technicians or contractors. Some of the details of baseline control are
contained in Table 2.

CONTROL SITES

Control of the new chains will be accomplished from two existing control
sites located at LORSTAs Malone, Florida, and Middletown, California. LORSTA
Malone will be responsible for control of the five secondary SOCUS chain and
LORSTA Middletown will control the three secondary NOCUS chain. The chain
control site at LORSTA Seneca, New York, will control the new M-Z baseline of
the Great Lakes chain created when LORSTA Boise City, Oklahoma, is added to
that chain. All four of the new LORSTAs will be equipped with, and controlled
by, the Coast Guard's Loran-C Remote Operating System. Under this system,
operational control and data transfer are accomplished remotely from the
control site. The control sites are also able to monitor station security,
envirommental conditions, and effect the recall of duty personnel when
required.

'CERTIFICATION

All baselines of the new chains and all new LORMONSITEs must be certified
as operational by the USCG before they can be used safely for navigation
purposes. Because all of the new LORSTAs and LORMONSITEs will not be
completed concurrently, certification of each chain as operational will
probably be accomplished immediately following a short on-air test period.

The work being done now, dual-rating of existing stations and LORMONSITE
installations, prior to construction of the new LORSTAs, should expedite
certification of the new chains.

19
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TABLE 2.
Loran-C Monitor Site

Great Falls, MT

Pierre, SD
or
Bismarck, SD

Little Rock, AR
or
Pine Bluff, AR

Midland, TX
or
Big Springs, TX

Cortez, CO
or
Durango, CO

Whidbey Island, W
(existing site)

Notes:

LORMONSITE BASELINE CONTROL INFORMATION

Signals Monitored

NOCUS
NOCUS
NOCUS
NOCUS

NOCUS
NOCUS
NOCUS
GL

SOCUS

GL
GL
SOCUS
SOCUS

SOCUS
S0CUS
SGCUS
SOCUS
SOCUS

SOCUS
SOCUS
SOCUS
SOCUS

NOCUS

M

W
X
Y

TN R E X

G N oy

N E K e

=

(A2)
(A2)
(A2)
(A2)

(A1)
(A1)
(A1)
(A2)
(A2)

(A1)
(A1)
(A1)
(A2)

(al)
(A1)
(A2)
(A2)
(A2)

(al)
(A1)
(A1)
(A2)

(A1)

(Note 1)

Control Site

Middletown,
Middletown,
Middletown,
Middletown,

RREE

Middletown,
Middletown,
Middletown,
Seneca, NY
Malone, FL

S

Seneca,
Seneca,
Malone,
Malone,

AR

Malone,
Malone,
Malone,
Malone,
Malone,

daddd

Malone,
Malone,
Malone,
Malone,

Spepeye

Middletown, CA

(1) This signal is currently monitored at LORMONSITE New Orleans, LA.
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AVIATION USERS

The MEP provides the opportunity to examine special features for aviation
use, such as a rapid malfunction alarm, facilitation of cross-chain and master
independent operation, etc. Scme of the features are under study by the USCG,
the FAA, and Special Committees of the Radio Technical Commission for
Aeronautics (RTCA). The Coast Guard has recently contracted for the
development of a software coverage diagram generator. In addition to standard
Loran-C marine hyperbolic navigation coverage diagrams the new software will
generate coverage diagrams for aviation coverage as defined by the FAA
Advisory Circular AC90-45A and TERPS. Some other optional features will be
generation of diagrams showing coverage in the event of a transmitting station
outage; single/multi-chain, master dependent/independent receiver coverage;
and multi-chain, direct-ranging receiver (DLR) coverage.

SUMMARY

At the inception of the MEP project it was agreed that the chains would
be on-air and certified as operational by the end of 1990. Now, with most of
the planning done and some of the equipment procured and actually installed
and tested, there seems to be a good possibilty that the 1990 date may be met.
A problem involving the transmitting antenna procurement, which might have
delayed the project, appears to have been solved, while the discovery of
Native American artifacts on the site selected for LORSTA Las Cruces may delay
construction of that station or require selection of an alternate site. A
complete archeological survey of the site began in October 1988. The USCG and
FAA are well on their way to completing coverage of the continental United
States with one of the most convenient and dependable navigation systems in
existence, Loran-C.
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INTERFERENCE AND LORAN-C: A FUROPEAN PROBLEM

Len P. Remmerswaal and Durk van Willigen

ABSTRACT

The expansion of Loran-C in  Europe with it’s already heavily loaded LF
frequency spectrum is a challenge to the receiver designer. The number of CW
interferences often exceeds the number of notch fiiters available in Loran-C
receivers. So, decisions have to be made about which interfering signals are
to be suppressed. However, the complex nature of the disturbance of phase and
envelope of [oran-C signals oy CW interference makes understanding of the
process  difficult.  Therefore. a  practical  vector-analysis = method is  outlined
which  helps to explain the effects of asynchronous and various types of
synchronous interferences and noise. The net result on the phase and envelope
tracking process is demonstrated with the LOran Simulation Program LOSP which
runs on a personal computer.  Finallv. some general ideas on interference
reduction technics are discussed.

! - INTRODUCTION

It 15 becoming a morc and more realistic thought that in  the near future
Loran-C will be a major  radio navigation svstem in the north-western part. of
Europe {1]. Together with Navsar/GPS in the SPS (C/A) mode, it will provide
accurate fixing facilities with adequate redundancy to the mariner and also to
the land user.

However, already existing radio  navigation systems like the intensively  used
Decca Navigator, introducc frequency-spectrum sharing  problems on  the Europear
continent. Due to the narrow bandwidth of the Decca Navigator signals, Decea
receivers arc hardly hampered by the high-power broad-band  Loran-C  signals.
Unfortunately, the opposite cannot  be  said  for  the basically farge-bandwidth
Loran-C receivers. And. t© make things even worse, a number ot high-powered
FSK and time-standard transmitters do also a firm  attack on  the proper

functioning of Loran-C receivers.

It is known that Loran-C recceivers arc highly susceptible to near-band ang
in-band  continuous-wave  interferences.  Therefore, receiver  manufacturers  have
implemented many ingenious hardware and software solutions to  minimize
interference  effects. The way in  which phase and envelope of the Loran-C
signal 1s disturbed by interference s complex. It highly depends on how the
field strencth  and the frequency  of the disturber are related o the Loran-C
signal.  And the noumber of interfercnces  also  plavs  an  important  role. A
glimpse to the frequency spectrum  irom 60 - 140 kiz as  experienced in  the
Netherlands  (Fig. 1% may easily  panw  the  recetver  designer.  However.

The paper is presented by dr Durk van Willigen

Delft University of Technniogy

Faculty of Flectrical Engineering

C O Mekelweg 4. 2628 CD Delft
The Jetherlands



understanding  the mechanisms of distortion may help him to take the
appropriate countermeasures. Therefore, in the following paragraphs a
practical analysis method will be outlined and the most common types of
interferences will be explained. The effects of them on the tracking process
are demonstrated by means of software simulation technics. Finally, some
general aspects of interference-reduction technics will be discussed.

~ORAN -D SIGMNAL TELT T T FILTERING 2571171987 14y 4T TmT
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o i Fig. 1. Typical frequency
IR A L i | spectrum of 60 - 140 kHz
: — b e e UL L0 g5 received  at the  Delft
T N ,  University of Technology
Swo 400 s SPaM 2D ~Hz TNt TD 53 o i- in The Netherlands.

2 - ANALYSIS METHOD

The effects of CWI on phase-tracking performance are readily analyzed by using
phasor diagrams.

In the usual operation with phasor diagrams a reference frequency is chosen. A
sinusoidal  signal with that frequency causes a stationary phasor in  the
diagram. The phasor’s length represents the signal’s amplitude, its angle to
the positive Y-axis represents the signal’s phase and the projection on the
X-axis represents the actually measured value. A signal of any other frequency
shows up as a rotating phasor. The rotation frequency is the difference
between of the reference frequency and the considered signal frequency.

In a sampling system it is convenient if the phasor represents the signal at
the sampling moment. Any signal whose frequency is an integer multiple of the
sampling rate is represented by a stationary phasor. If there is a phase
tracker in the system, its aim 1s to change the sampling moment such that the
phasor coincides with the Y-axis. This means that the system is sampling when
the signal’s phase is zero.

In the Loran-C environment, where a sampling scheme with more than one
sampling interval is used, things are a bit more complicated. The phasors of
Loran-C  and  interferences are  positioned such that the phasors reflect
amplitude and phase at the moment of sampling, as with sinusoidal signals. The
tracker’s aim is again to align the Loran-C phasor with the Y-axis. With which
halve of this axis alignment takes place is decided on by the desired slope of
the zero-crossing.

Phasors represent signals after multiplication with the receiver’'s phase code.
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If the phase-tracker does not change its sampling moments and the geodetic
position of the receiver does not change, then all phase-decoded Loran-C
phasors are stationary in the diagram, instead of continuously phase-shifting
n rad.  Interferences, which are received uncoded, are encoded by the
multiplication and appear as such in the diagram.

-1+

4
%/

|

! Fig. 2.  Phasor diagram with Loran-C signal.

i The + and - symbols denote the hard limiter's
] response. The Y-axis is the decision axis. The

image of the phasor on the X-axis is the

it actually measured value of the signal.

A phase-tracking error is represented by the angle between the Loran-C phasor
and the  vertical axis ( a in fig. 2 ). The receiver must reduce this angle to
zero. In  hard-limiter receivers all  received. :signals ( i.e. Loran-C  plus
interferences plus noise ) with its phasors on ‘the right side of this axis are
evaluated as positive, while all signals on: the left are called negative. The
vertical axis is therefore named the decision axis. In the absence of
interference the phase-tracking device - tries to align the Loran-C phasors with
this decision axis. The phase tracker will be stable on one half of the axis,
while there will be meta-stability on the other half. Which half is stable and
which meta-stable is decided on by the slope of the zero-crossing to be
tracked. ‘

The Minimum Performance Standards ( MPS ) [2] define three types of Continuous
Wave Interference:

Asynchronous Interference: |£im - Z%IHU' >4 ()

Synchronous Interference: I - 2%1([' =0 (2)

Near-synchronous Interference: |£im - 2'(I§KI| < ¢ (3)
where N = 1,2,3....,

h

the interference frequency,

int

{ the tracking bandwidth of the receiver.

b

It is convenient to write these formulas as:

fw = 2GR “)
. where N = 1,23... and -0.5 < q <= 0.5.
Then, for asynchronous interference lql > {,b'ZGRI,
for synchronous interference lq] =0,
for near-synchronous interference 9] < gb-ZGRI.

When describing these interferences in a phasor diagram, two timing frames



should be observed. :

The first one lasts a 2-GRI period, and is used to study effects that occur
within this interval. In this timing frame 16 samples are taken. 8 Samples are
taken 1 ms from each other, and 1 GRI iater another § samples are taken. These
samples produce 16 phasors for each interference in the phasor diagram. Only
if the interference frequency is a multiple of 1 kHz, its phasors form 2
groups of 8 coinciding phasors. If the interference is also synchronous with
1 GRI ( that is: its frequency is also an exact multiple of 1 / GRI ) there is
one set of 16 coinciding phasors.

We shall call this timing frame the small frame. Its 16 interference phasors
will be the small frame’s phasors. The vectorial addition of these 16 phasors
will be named the small frame’s. resultant. Note the difference from the
resultant that is obtained by adding a Loran-C phasor and an interference
phasor from the same sample. '

A
AN
\‘ Y Fig. 3. = Sixteen phasors,
!

representing sixteen consecutive

samples of an interference signal.
The second timing frame s called the large frame. It is used to study the
effects that result from the 2GRI repetition rate. In this larger frame the
behavior of the  small frame’s  resultant 1s observed every 2 GRI.
Alternatively, one phasor may be selected from the set of 16 small frame’s
phasors, and its behavior observed. Such phasor will be called a large frame's
phasor. Note that a small frame’s resultant and a ‘large frame’s phasor can
denote the same thing.

During each period of 2GRI, the phase of a synchronous interference shifts
exactly 2Nm rad, where N is from equ (4). This means that each large frame's
phasor coincides with its predecessor: the consecutive phasors have a phase
shift of O rad. :

A nonsynchronous interference causes phasors with -a phase shift of 2qm rad,
and these phasors rotate with a frequency of qmr/GRI rad/s.

In 1969 Frank [3] has already pointéd out that for nonlinear phase detectors.
such as in  the hard-limiter receiver, an additional type of interference
should be defined:

Subsynchronous Interference: - %%%E* =0 (5

it
where n is the order of synchronism and m is any number such that 0 < m < n.

Referring to equ (4):ig) = m / n.

An interference with such a frequency is said to be subsynchronous of order n.
or shortly n-synchronous. An n-synchronous interference vyields n large-frame’s
phasors before alignment occurs again.
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/ Fig. 4.  Loran-C signal in
ey a noisy environment. Every
/ dot is the end of a noise
vector, added fto the
/ Loran-C vector. The noise
/ : has a  Rayleigh amplitude
{/ I e e disiribution and a uniform
/ phase  distribution.  Its
// . projection on the X-axis
e T has the Gaussian
distribution.

Noise can also be depicted in the phasor diagram. White or band-limited noise
has a Gaussian distribution. The projection of the end points of noise phasors
on the X-axis show this distribution. The noise’s phase distribution is
uniform. The noise’s amplitude distribution has a Rayleigh distribution. A
plot of a phasor diagram with many samples of a Loran-C signal with noise
appears as in fig. 4.

In order to wverify any theory that is derived from phasor analysis,
simulations have been performed of a hard limiting receiver using a
sequential-detection filter algorithm {5].

3.1 - SYNCHRONOUS INTERFERENCE

Synchronous interference is characterized by the wvariable q in equ (4) being
equal to 0. The large frame’s phasors are then all aligned and the phase
tracker chooses its sampling moment such that the receiver’s integrator will
have a zero result after 2GRL

For a linear receiver this is the position where the sum of the small frame’s
resultant and the Loran-C phasor vyield a phasor which is aligned with the
decision axis. Generally this is not the position in which the Loran-C phasor
is aligned with the decision axis. The size of the phase error which thus
occurs  arises from  rclative  signal-amplitudes, phase coding, interference
frequency, GR], receiver implementation and phase difference between
interference and Loran-C signal.



3.2 - NEAR-SYNCHRONOUS INTERFERENCE

Near-synchronous interference is characterized by the variable q in equ (4)
being very small, but not equal to 0. The large frame’s phasors are each
positioned 2qn rad from their predecessor. The phase tracker tries to keep the
resultant of the Loran-C phasor and the small frame’s resultant on the
decision axis by adjusting its position. If it succeeds in doing so ‘we have:

L-sin( @ ) = S-sin( B ) ©6)

the amplitude of the Loran-C signal

the amplitude of the small frame’s resultant

the receiver’s phase error

the interference’s phase at the sampling moment

where

wR v
[T T

S Fig. 5. Loran-C and a small frame's

resultant. The phase tracker tries to keep the
resultant of these on the decision axis. The
phase tracking error is «, while B is the
—_— interference’s phase offset at the sampling
moment.

With non-synchronous interference the phase difference between Loran-C signal
and interference changes uniformly with time:

B-a=2r¢ )
where b = q T
This ¢ can be identified as the difference between the interference

near

frequency and the nearest synchronous frequency.

From equ (6) and equ (7) we get the receiver’s phase error as a function of
time for the linear receiver: .
1 sin ( 2n¢ t)
a(t) = tan r neat (8)
T * COs ( 2n£ncart )

This equation only holds for S < L and in the case where the phase tracker is
able to comply with equ (6), that is, if oa(t) does not change too quickly.
Parameters involved here are:

- the L-to-S ratio
) lnear

- the receiver’s tracking bandwidth

The L-to-S ratio is determined by Signal to Interference Ratio (SIR) and the
phase coding.

For the hard-limiter receiver things are more complicated. A small frame’s
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resultant cannot be derived and so an equation like' equ (6) has no meaning.
However, something can be said if all the small frame phasors coincide. This
applies if the interference is 1-GRI synchronous or near-synchronous and is
also a multiple of | kHz. : : .

For a linear receiver the length of the small frame’s resultant would be a
~quarter of the length of one small frame’s phasor, when using the. standard
‘phase coding scheme. In the hard-limiter receiver 12 of every 16 samples
compensate each other. The remaining 4 positively decoded samples will each
yield a resultant, that is, the sum of a Loran-C phasor and an interference
phasor, which jitters around the decision axis in a fashion as shown in fig.
5. Hence the apparent small frame’s resultant is exactly equal to a single
interference  phasor, which is. 4 times the small frame’s resultant in the
linear case. The expected waveform for o(t) is found, but the maximum phase
error is larger, provided that still S < L.

Fig. 6.  Simulation of a
(O Nt ST o ticon Y hard-  limiter  receiver

LR Mo Samples o 16187 traching ever 1 8¢ ain wzth nea’- S_)’NC}I’OIIOMJ
@it Threshold - 8 Tal_Treq - B5080.020/A Hz interference.  The
(Mriat SR = B8 SiR = .0 48 10l phase = 8° interference is 1-kH:z
(Ldong Search dSPP : 108 as N = 15199.0036 synchronous.

e Fig. 7. Simulafion of a
18 (Han TIIWATISN PADeRE © o hard' limiter recetver
. (CF BELF) BRIVEAS LIV @7 TCCoRBL REY With near Syﬂchronous
™ LI ERTRI LN | T tampian 118y tracting ower 3 M4 win .
interference. The
®ait Threshold = § Tal_freq = 85822.391/A Ha interference is not [-kHz
(Prist 6RI = 8348M SIR - 3.0 48 Tat_phase = 8°

(Lyonq Search dSPP - 188 as N - 15282.803 synchronous.
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If the interference is slightly less I-kHz synchronous, the phasors composing
a small frame’s resultant spread out in the phasor diagram. The phase
tracker’s  behavior changes very little if all- interference phasors are still
on the same side of the decision axis. The same maximum phase error is
obtained. However, when interference phasors start crossing the decision axis,
sample-compensation schemes change and therefore the apparent small frame’s
resultant changes. At this moment the phase error is close to zero ( both
interference phasors and Loran-C phasors coincide with the decision axis ).
Differences with the original waveform are therefore located at its zero
crossings. Simulations confirm this result ( figs. 6 and 7 ).

3.3 - SUBSYNCHRONOUS INTERFERENCE

As Frank [3] pointed out long ago, subsynchronous frequencies are found
between the synchronous frequencies. Distinction should be made between
even-order (n in equ (5) is even ), and odd-order ( n in equ (5) is odd )
interference. Figures 8a and 8b show typical phasor diagrams for 2- and
3-synchronous interferences.

— |+
1

T \)N

/,-’
() (b)

/ v
Fig. 8. (a) Two large frame's interference vectors of 2nd order sub-

synchronous interference. (b) the same, now for 3rd order sub-
synchronous interference.

The large frame's phasors are not aligned, as with synchronous interference,
nor are they scattered along the phasor diagram, as with asynchronouos
interference. The large frame’s phasors coincide after a few periods of 2GRI:
after n periods for n-synchronous interference. In the mean time n consecutive
phasors form n evenly distributed vectors in the phasor diagram.

If n is large this situation degrades to either near-synchronous interference
(if m is small relative to n ), or to asynchronous interference ( if m is of
the order of n ). Frequencies that obey equ (5) should only be called
sub-synchronous if coincidence is reached in a short time, relative to the
receivers tracking bandwidth.

A linear receiver is immune to sub-synchronous interference. The adjacent
large frame’s phasors which form a sub-synchronous set are .linearly added in
the integrator and thus cancel themselves within the relatively short time of
n-2GRI.

With a hard-limiter receiver the phasors are not linearly added: only positive
and negative unity contributions are added. In the situation of figure 8a this
yields a zero result for Loran-C and interference together. The phase tracker
stays immobile. In effect, the starting value of the phase error may vary over
a large region in this immobile situation: we have a dead zone [3]. As long as
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i Lsina < SsinP! N
this situation exists.

If this condition is not met, the phase tracker takes action to diminish «a.
This is in sitwations as in  fig. 9. As the phase difference between
interference and Loran-C signal does not change, the phase tracker moves in
such manner that equ (9) 1s met again. It maintains a phase error

a = arcsin( S/L-jsin B! (1M

where the symbols have the same meaning as in equ (6).

Fig. 9 Loran-C and a 2-synchronous
interference  in  a  position that  causes
— phase-tracker action.

This behavior 1s typical for all cven-order synchronous interferences. Higher
even-order interferences will present more self canceling phasor pairs.  Only
if all pairs meet equ (9) there is a decad zone.

The influence of odd-order sub-synchronous intericrence ( fig. 8 ) very much
resembles the influence of l-synchronous interfercnce. Phasors compensate  cach
other in pairs, while the phase tracker performs its action on the remaining
one that is closest to the decision axis. This results in a continuous phase
error, as with l-synchronous operation.

Near sub-synchronous interference

As an interference’s frequency might deviate sightly  from a  synchronous
frequency { yielding a small value for wvarable ¢ 1 equ (4) ) 1t might
deviate from a sub-synchronous frequency, and wvields a small value for
variable q in equ (l1):
;o= N rmen g (1)
neas - GRI

where N, n. and m are as in equ (5). while g/2GRI s the offset from the
exactly sub-svnchronous frequency.

With a stationary phase tracker, the interference phasors go  rtound in 20RIi
seconds. However. n phasors will have gone round, and therefore an oscillation

of n'g/2GRI Hz s found n the phase tracker’s bchavior.

With  near 2-svnchronous  interference  we  might  start  observations  in a  dead
zone. This means that e Loran-C phasor does not move in the phasor diagram.
while  the interference  phasors  rotate with - 2qw/2GRI radss. This  eventuaily
brings the resultant ophasors a0 a region  where there is  tracking action. In

fig. 8a this would bhe possible if the nterference  phasors were  smaller  than

wd
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the.” Loran-C phasor: thc interference phasors would turn round until both end
points were on the same side of the decision axis, which initiates
phase-tracker action. This action causes all phasors to rotate in such a
direction that the phase tracking error diminishes. This extra rotation of all
phasors is either in the same or in the opposite direction of the interference
phasor’s original rotation: this phasor is either accelerated or decelerated.

//
N t
ol Fig. 10. A 2nd order
‘j: ni LOETAR TIRNLATION Feg6aaA 3 g j ncar',Yub.TyIZC/lrﬁnOu.Y t.n“Cf_
Do NPT anlerasity & cctamnier ! ference‘ IW()VC/'ICHI ()f [hC
g’ “J 599 ia.0 1 12 08 w1 Tampies 18107 IPICHING purr 3 M o intelfercnce (znd Of I/IC’
@t Threshald - 18 Tni freq - BABRL. 77474 M2 phase tracker in the
{Meiat GRE - 84BN Sik- -12.8 48 {nl_phase - 8° phasor dialgram are n

{LYonq Search dSPP - 188 ns N - 14304, 496! . . .
opposite dircctions.

In the latter case the resultant phasors take o lot of tme to cross the
region of tracking action before entering the dead zone again. Depending on
{ and the speed of the rcceiver, the phase error might bhe reduced w0 zero

ncar
in this time. The phase tracker 1s then left in o dcad zone, hut with no or
very little phase crror. Fig 10 shows this possibility.
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If the interference’s phasors are  acceleratea it ¢ more  likels  that dead zone
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is entered again before the phase error is back to zero. The receiver then
holds its new phase error, until the dead =zone is crossed again. The
receiver’'s phase error diminishes in step wise fashion. This is shown in
fig. 11.

For odd-order sub-synchronous interference the effects are as for
I-synchronous  interference.  The  observed frequency is  n-q/2GRI Hz.  This
multiplication  of the observed frequency - occurs. because the interference
phasor, whose resultant with the Loran-C phasor is kept on the decision axis,
changes n times per period. Figure 12 shows an example for n = 3.
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Subsynchronous effects due to phase coding

Some receivers use phase coding techniques in order to climinate synchronous
interference. Virtually all receivers use such techniques to chinunate
long-delayed sky waves. This works fine in linear receivers. In  hard limiter
receivers, effects such as in  fig. & are created: sky wave phasors  are
received cither positive or with a 180” phase shift. Subsvachronous pairs that
are created in this manner do not consist of phasors that are sampled 2GRI
apart.  but of phasors that arc sampled within a 2GRl period.  Experience,
however, shows that no decad zone phenomena are present. This is caused by the
always-present  noise, as will be secen later. The effects of phase coding a
strong interference  however, might not  be  canceled by onoise. in which  case
sub-synchronous effects occur.

3.4 - ASYNCHRONOUS INTERFERENCE

Asynchronous nterference s all CWI that can net be placed 1 one of  the
other classes.

If  the acker’'s  phasc  error i the  effects of  asvechronous
mterference  are much  like  those  of The observation  probability  p e

i.e. the probability of judeing  the  polurits of  the Loran-C  signal  correctiv.
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is degraded. This causes the tracking process to slow down. In [4] 1t s
indicated how SNR and asynchronous SIR should be compared for equal P

Asynchronous interference has a mean value approaching zero when measuring
during a period of a few GRI. It does not keep the phase tracker from finding
the Loran-C signal’s zero crossing.

When this zero crossing is found, the polarity indicated by the hard-limiter
is primarily determined by the noise or by the interference. With noise this
means that the polarity might be equal for a large number of consecutive
samples. This causes the phase tracker to make Incidental large excursions.
With asynchronous interference this is not the case: detected polarity changes
rather rapidly ( or it would not be asynchronous interference ). The
integrator absorbs most samples. and the phase tracker shows a regular, small
amplitude behavior.
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Figures 13 and 14 show simulations for signals with comparable P caused by

respectively noise and asynchronous interference. Although the step responses
are more or less equal for both instances, behavior is quite different, once
the zero crossing is reached.

4 - NOISE INFLUENCES

In a hard-limiter receiver. P, is the probability of the hard-limiter making

a nght decision on the polarity of an incoming signal that is contaminated
with noise or interference. As indicated in [4], noise makes Py linearly

dependent on the signal’s amplitude relative to the noise level for SNR’s up
to 0 dB. Figure 15 shows the normalized output of an integrator, which is
placed after the hard-limiter, against the SNR ¢ output is 1 if all samples
are considered positive ) for .Gaussian noise. The output is shown after a
fixed number of samples. The hard limiter’s response to the signal is changed
by the noise: it s linearized. This linearization holds_ for signal levels wup
to 0 dB, where the amplitude is equal to ©, where is the noise’s output
level. Signal levels above 10 dB ( amplitudes up to about 3 0 ) cause P e

and thus the output, to be equal to 1: the input signal 1s clipped. Between
0 dB and 10 dB there is a gradual transition between the linear operation and
the clipping operation ( ’soft’ clipping ).

vl !
- I i Fig. 15. Characteristic

of a hard limiter in

combination with an

i - - . _ | : . p— integrator and noise. [ The

‘ noise’'s power level is o

This phenomenon has two major effects:

One 1s the reduction of speed of the phase tracker: for low SNR the phase
tracker receives a small error signal. This is  vervy clearly demonstrated by
having the phase wacker start with a significant phase error. As the phasce
error is reduced and the zero crossing of the Loran-C signal reached. the SNR
diminishes, and so does the adjustment speed. Figure 12 shows a simulation of
such an experiment.
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The receiver’'s response to near-synchronous interference is directly affected
by this sensitivity for noise, because equ (6) only holds if the phase tracker
is fast enough to keep the resultant of ~the Loran-C signal and the
interference  on the decision axis. If it is not fast enough, for example
because of low SNR, the oscillation of the phase error (.as it is shown in
fig. 6 and 7 ) loses it's amplitude. Alternatively phrased: the receiver’s
bandwidth is directly affected by the SNR. Figure 16 shows a simulation with
near-synchronous interference at a still fairly low noise level. Compare this
with fig. 7, which demonstrates the same simulation, except for the noise
level, that is higher in fig. 16.

The second important effect is with sub-synchronous interference. As we have
seen, in linear receivers the sub-synchronous sets of interference phasors
cancel themselves out. In a hard-limiter receiver, if the noise level s
sufficiently low, both samples might be larger than the clipping boundary
(306 in fig. 15). Then they are interpreted as being equal, and the
previously described dead-zone phenomena occur. If the smaller resultant is
within the soft clipping zone, the two samples are not interpreted as equal.
The phase tracker receives an error signal and phase tracking, though possibly
very sluggishly, occurs. Figure 17 shows an experiment where interference and
noise levels are selected such that the phase tracker crosses the dead region
very slowly. Observe the relatively high SNR and Interference to Noise Ratio
(INR ) at which this dead =zone canceling occurs. Only very strong
interferences are able to cause dead zones.
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Odd-order synchronous interference shows a reduced phase-tracker’s offset. The
phasor pairs that cancel themselves out in the absence of noise, thereby
allowing the remaining phasor to cause a tracking error, don’t do so if noise
is present. The resultant from each pair has a cormrective influence on the
phase-tracker’s  behavior. With much noise complete canceliation occurs, as
with linear  receivers. Figure 18 shows an example  of  third-order
near-synchronous interference in the presence of noise. All other parameters
are as in fig. 12.

5 - INTERFERENCE REDUCTION TECHNIQUES

Until now, all analyses and simulations are related to phase disturbances of



the signal carrier. Unfortunately, the envelope of the burst is also affected
by CWI. This envelope contains the only information from which the receiver
can derive which cycle 1is actually being tracked. So, any error in this
envelope-tracking process means a range error of at least 3 km.
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Curve a in Fig. 19 gives the ratio of two successive sine wave peaks, at -7.5
us and +2.5 us respectively, as function of the tracked zero-crossing of the
burst. Analog receivers measure the amplitudes of two neighboring sine wave
peaks and calculate the ratio in order to determine the tracked cycle. Hard
limiter-type  receivers apply special envelope-deriver circuits to convert the
envelope-ratio  information  into  polarity  information. Curve ¢  shows the
drastic change of the ratio curve when synchronous interference - 77.5
kHz/GRI1=8940-M/SIR=0 dB - is added to the Loran-C signal. At a SIR equal to
+12 dB, the disturbance 1is acceptably low (curve b in Fig. 19). The given
example is very realistic for European areas. DCF77 is a German synchronous
high-power time-signal transmitter at 77.5 kHz which is synchronous to the
French 8940 Loran-C chain.

Simulations show that correct phase and envelope tracking is possible when the
signal-to-synchronous-interference  ratio is better than +12 dB. This is the
post-band pass filter value; the SIR at the antenna input of the receiver is
mostly quite different from this value.

Although the simulations of the phase and envelope tracking errors as
demonstrated in Fig. 6 and 19 are realistic for many places in Europe, the
situation is not yet hopeless. Band pass and notch filters are very effective
requisites for improving the SIR to acceptable levels.

Band pass filters, centered at 100 kHz, must have a large bandwidth in order
to preserve the steep leading edge of the Loran-C envelope. Feldman [6] has
performed analysis on phase and envelope distortion as function of bandwidth
and type of the selected filter. Small bandwidths and steep filter slopes
reduce the robustness in discriminating ground wave from sky wave signals.
However, they do help to atienuate interferences outside the Loran-C band,
ie. 60-90 kHz and 110-140 kHz. Fig. 20 shows the interference reduction when
the original spectrum of Fig. 1 is filtered by an industry-type bandpass
filter, e.g. Seiko SH-C35-2.

The Seiko filter attenuates signals at 77.5 kHz about 30 dB more than the
Loran-C signal. The field strength at Delft of the 8940 Master (Lessay) 1s 3.0
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mV/m and of DCF77 (77.5 kHz) equal to 1.4 mV/m. After the band pass filter we
then obtain a comfortable. SIR-value of 36 dB. -

LORAMN-T SIGNAL/DELFT SZIKGC SHC35-2 2712/,87 AM
REF -35.0 <B8m ATT 10 d8B
10 g8/ [ 7 ] j
' |
vew } 1 — et
10 Hz i i ! ;
P ! I
i i i
.
REBW 1
100 Hz l | :
\:sw I ‘ Y
Hz M
, Fig. 20. Bandpass-
. 0 ki \ filtered  spectrum  as
' } .| received at the Delft
| | . | University of Technology
SWF" 4CC = SPAN 80 KMz v CENTER 10G6.C wHz in The Netherlands'

However, the expected expansion to land navigation may bring users much nearer
to interfering transmitters than in the just given example. This will reduce
the SIR significantly. Knowing the effective radiated powers of the Loran-C
and the interference transmitters, and also knowing the ground wave field
strength attenuation with distance, " we can determine the grea where the SIR
sinks below +12 dB. Considering again the French 8940 master and the German
DCF77 transmitter we find a circular area around the DCF 77 station with a 32
km radius. Although this result seems acceptable, it should be realized that
the non-serviceable area exceeds 3000 km®. And, there is more than just one
synchronous. interfering station in Europe operating!

Bandpass filters cannot further improve the SIR wvalue significantly without
reducing sky wave rejection capabilities. However, additional attenuation of
CW interference without seriously altering the leading edge of the burst can
be achieved with narrow-band notch filters. Fig. 21 gives the overall
frequency response of the Seiko band pass filter cascaded with a 2 kHz wide
notch filter tuned to 77.5 kHz. The notch depth is 30 dB. It is estimated that
the interfering station can, now be approached to about 1 km, reducing the
non-serviceable area to 3 km’

However, reconsidering Fig. 20, we sce that many notch filters are needed to
clean up the spectrum significantly. Fortunately, the proper functioning of a
Loran-C receiver is much less susceptible to the majority of asynchronous
signals than to the minority of synchronous signals. An asynchronous SIR down
to 12 dB hardly affects the tracking.

As navigation receivers move around, the signal strength of all these
interferences  will change continuously. This means that a set of fixed-tuned
notch filters is only optimally set for a specific area. Therefore, many
receivers are equipped with automatically tuning filters. The tuning commands
are generally derived from the signal strength of the disturbers. This process
may easily select rather harmless asynchronous signals for notching instead of
a far more dangerous synchronous interference. Therefore, some well-known
synchronous signals can better be handled by fixed-tuned notch filters.

CH
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Fig. 21. Frequency
response of Seiko band
pass filter cascaded with
a 2 kHz wide notch filter
at 77.5 kHz. The zeros at
72 and 128 kHz are from
the Seiko filter.
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Fig. 22 depicts the quality improvement of the received frequency spectrum by
cascading the Seiko filter ~with  five automatically tuning notch filters.
Analyzing the plot once more reveals that still many additional notch filters
are required for a further significant reduction of the interference power
level.

6 - CONCLUSION

Loran-C  rcceivers in Europe must operate under rather  hostile  spectral
conditions. In many areas interferences form a greater threat than atmospheric
noise.

Vector analysis may give a detailed picture of the phase-tracking process
disturbed by different types of interference. However, software simulation of
the received signals and the phase-tracking process - LOSP - is required to
visualize the performance of various receiver configurations under
interference conditions.
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Dangerous synchronous interference is best eliminated by a careful selection
of the GRI of the chain or by shutting down some “synchronous" transmitters.
Because of historical rights, the latter option will be hard to effectuate. If
incompatibility  sustains, fixed-tuned notch filters are a good solution. Our
remaining asynchronous friends are to be made ineffective with automatically
tuning notch filters on basis of hardware or software technology.
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THE FRP

1984 EDITION

PRELIMINARY POLICY ON AN OPTIMUM
SYSTEM MIX

DOD PHASE OUT MILITARY AIR USE OF OMEGA AND OVERSEAS LORAN-C BY
1992, VOR/DME AND LAND-BASED TACAN BY 1997 AND CEASE TRANSIT
OPERATION IN 1994

CIVIL USER PHASE OUT OF LORAN-C AND OMEGA AFTER CERTAIN PROBLEMS
WITH GPS WERE RESOLVED

A 15 YEAR TRANSITION PERIOD FOR PHASE OUT OF LORAN-C AND OMEGA AS
GPS BECAME OPERATIONAL

RESOLUTION OF INTERNATIONAL COMMITMENTS.

197



1986 EDITION
CURRENT POLICY GOALS

o DOD PHASE OUT MILITARY AIR USE OF OMEGA AND 'OVERSEAS LORAN-C BY

1994, VOR/DME AND LAND-BASED TACAN BY 1997, AND CEASE TRANSIT
OPERATION IN 1996. ADDITIONALLY, DOD WILL PHASE OUT MILITARY |
USE OF ILS

o CIVIL USER PHASE OUT OF VOR/DME, LORAN-C AND OMEGA CONTINUES TO
DEPEND ON RESOLUTION OF CERTAIN GPS RELATED ISSUES

o ESTABLISHMENT OF A 15 YEAR TRANSITION PERIOD

o RESOLUTION OF INTERNATIONAL COMMITMENTS.
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CURRENT AND FUTURE
RADIONAVIGATIONPLANNING

GPS OPERATIONAL IN 1992
NOT ECONOMICAL FOR MOST USERS INITIALLY

DISCONTINUANCE OF OMEGA OR LORAN—C IN LIEU
OF GPS SERVICE NOT LIKELY TO OCCUR UNTIL
THE FOLLOWING ISSUES ARE RESOLVED:

o RESOLUTION OF GPS ACCURACY, INTEGRITY AND FINANCIAL ISSUES

o GPS MEETING THE NEEDS OF CIVIL AIR, MARINE, AND LAND USERS
CURRENTLY MET BY EXISTING SYSTEMS

o ECONOMICAL GPS RECEIVERS BECOMING AVAILABLE
o RESOLUTION OF INTERNATIONAL COMMITMENTS

o DESIGNATION OF AN APPROPRIATE TRANSITION PERIOD FOR ANY PHASED OUT
SYSTEM (CURRENTLY 15 YEARS).
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JOIRT SOVIIT/A!EE{QAN LORAR OPERATIONS, THE BERING SEA CHAIN

Gary R, Westiing, P.E., membgr, 1EEE

U.S. Coast Guard
Washington, D.C.

Abstract

On 28 April 1988, the U.S. Coast Guard
negotiated a proposal with the Soviet Union for the
imple@entation of a mixed Loran-C/Chayka chain in
the North Pacific. This agreement was signed it
the May, 1988, Summit. This paper will discuss the
similarities and differences of The US Loran-C and
USSR Chayka systems, and present the agreed upon
design for a Bering Sea Chain. This proposed chain
would provide marine and aviation coverage over the
five~-hundred-mile-wide coverage gap that exists in
the North Pacific between the North Pacific Chain,
and the Northwest Pacific and Soviet Bastern USSR
chains.

I. INTRODUCTION

The U.S. Coast Guard and agencies of che Soviet
Union have carried on a dialogue concerning
radionavigation since 1980. Most of the affort up
to 1987 focused on standardization of signal
characteristics and the avoidance of mutual
interference, both from each other's Loran-C
Chayka, as well as third party radio sources. In
August, 1987, in Washington D.C., the Soviets
proposed that both countries join in actual
operations. They suggested the United States and
the Soviet Union effect joint Loran-C/Chayka chains
by dual-rating existing stations. The Coast Guard
agreed to consider joint operations with Loran
stations in Alaska.

Both parties met again in April, 1988, in
Leningrad, and presented their chain configuration
options. After much enthusiastic discussion, a
chain configuration was agreed upon made up of the
Chayka stations at Petropaviovsk (Kamchatka penin-
sula) as master and Kurilsk (Kuril Islands) as
secondary, with the Loran station at Attu (Alaska)
as the other secondary. The inclusion of the
Chayka station at Aleksandrov was agreed on as a
test station and secondary until upgrades at the
low power Chayka station at Kurilsk boost that
station's power to provide adequate range.

This agreement was signed at the May, 1938%,
Moscow summit, Considerable details remain to be
worked out; s monitor scheme needs :o be fuily
developed, command and control, and operational
doctrines must be defined., and receiver cesring

must be carried out. The Coast Guard foresees that
the initial equipment installation to dual-rate
Attu will be completed in 1990.

11. TECHNICAL DIFFERENCES BETWEEN
CHAYRA AND LORAN-C

Standardization of the two systems has
resulted in essentially identical signal format
vith respect to phase code, group format, and Group )
Repetition Interval (GRI). Historical differences &
in Chayka and Loran-C transmitter development,
however, have resulted in differences in pulse
shape between the two systems.

Chayka transmitters are of two types, tube and
Thyratron. The envelope of the signals formed by
tube transmitters are approximated by the second-
order exponential power function(2):

5 = U (t/tm * elTE/t®)2
(L m
where U is pulse amplitude, and
t" L3 the time to peak of pulse.
m

Thyratron transmitters generate a signal by
impact excitation of a two or three-pole output
circuit. The envelope is approximated by an
exponential-sindsoidal function(2):
at.n

)

U - Um ( (sin bt)/b * e

(t)
where a and b are chosen to determine
steepness of growth and speed of attenuation of the
generated pulses, and n=1 for two-pole output
networks, and n=2 for three<pole networks(2).

Loran~C pulse envelopes are approximated by:

9 .U £ E—Zt/tm

The issue of pulse shape is critical for
reliable signal acquisition. The receiver chooses
the correct carrier cycle .zero-crossing for
tracking by determination of a well-defined slope
on the pulse envelope. Error or distortion in
pulse shape from that defined, or expected by the
receiver, can cause the receiver to lock onto the
wrong cyzle zero~crossing. This cycle selection
arror causes errors in increments of 10
microseconds. The shape of the leading edge of
pulses transmitted from an individual station must
be atable, and also must be identical to within a
few per cent of RMS distortion, to the pulses from



sufficiently synchronous to uaiversal time (UTC) to
provide for tractable control. In fact,
Petropavlovsk drifted not much worse with respect
to the NORPAC master at St. Paul (-540 ns/week)
than Attu did with respect to St. Paul (+440
ns/week). This degree of synchronization is
noteworthy in that Petropavlovsk was observed as
the BMl secondary of the Eastern USSR Chain. As a
master station in the Bering Sea Chain, its
synchronism with Soviet universal time, and thence
to UTC, should become even closer.

A curious phenomenon occurred for the first
Eifteen days of the test (23 February-08 March
1988) and disappeared for the last twenty days for
which data were available (09 March-28 March). The
Petropaviovsk signal would shift every six hours by
about | microsecond relative to the Attu time base.
The shifts appeared sa fairly smooth unimodal humps
in the traces, positive or negative, before
returning to center. Coast Guard experts reviewing
the curves could not identify the cause of the
phenomenon. Soviet experts were queried at the
Leningrad meeting. They ¢ould not explain the
shifts but took copies of the relevant plots and
agreed to investigate. Since the effect did
finally disappear, indications are the baseline can
be controlled reliably, but knowing the cause would
inspire more coanfidence.

V. CONCLUSIONS

The implementation of a useable Loran-C/Chavka
radionavigation chain is technically feasible. The
diplomatic overtures to implement such a chain have
been carried out but many details remain.

Technical differences appear slight and easily
dealt with compared to operational considerations,
Differing command and control doctrine and user
interface philosophies, communications
difficulties, and considerations of state add to
the technical challenge of implementing a joint
US/USSR Bering Sea Chain.
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Table 1
Bering Sea Chain proposed configuration
FUNCTION kquggggl‘“ Pdwqggggl DUAL RATE
Master Petgopavlovak 7001 7950(BML) "
53°04'42.8"N,
142°42'04.9"E
Xcay/BMl  Rurilsk 3002 7950(8M3) !
45%12'45.7"N,
147°51'37.1"€
I/
Yankee/BM2 LORSTA Attu  400° 9990(x)”

5224944 .0"N,
173°10'49.0"€

1. See reference 2

2. Assumes agreed upon equipment upgrades,
present PRP is 6kW(2).

3. Assuymes transmitters are replaced with
400 kW AN/FPN-~44A's, present PRP is
325 ww(a).

4. See reference 4

Figures 1 and 2 are coverage limit diagrams.
For ease of computation, and considering that the
paths to the international marine and aviation uaer
areas are over water, coverage computations for
figure 1 is on sll seawater paths. Figure-2 takes
into account the land path over the Kamchatka
Peninsula. Noise values for range computations
were taken from recently published information (3).

The coverage shown for the existing Chayka
Eastern USSR Chain (7950, master at Aleksandrov) is
transcribed from reference 2. The coverage for the
existing Loran-C chains and proposed joint chain is
based on new computations using noise values
recently available(3)., 1Information on location,
and present function (i.e. secondary designation)
of existing stations is from reference 4 for Coast
Guard stations and reference 2 for Soviet Chayka
stations.

IV. MONITOR AND CONTROL

Soviet and Coast Guard monitor and control
philosophies differ. The Coast Guard controls
time-difference (TD) in the service area from a
system area monitor (SAM); in the Chayka method,
time differences are measured at each end of a
baseline and communicated to the secondary station.
These time differences are combined algebraically
to extract coding delay (CD) and emission delay
(ED). Control action is provided to keep emission
delay constant (6). Desired emission delay is
recomputed periodically, based or monitor data from
the user area, to remove seasonal propagation
effects.

In configuring a joint Loran-C/Chavka chain,
the question arises of how to control the
individual baselines of such a chain. 1In
principle, the most acceptable solution is to
control baselines of two Chayka statinns {or -wo
Loran-C stations) by the means of rheir respac:iva

systems, and control baselines of a Chayka master
and a Loran-C secondary in the Coast Guard wmanner.
In the Attu/Kamchatka case, especially considering
the difficulties of communicating across the
international date line, it seems easiest for both
parties if the Coast Guard simply controls the time
difference of the proposed secondary by tracking
the Chayka master. ) -

Where should a SAM receiver be placed for
control of the Attu/Kamchatka baseline? An ideal
geographic location for a primary monitor for the
BERSEA Master-Yankee (MY) baseline is on the
Komandorakie Ostrova (Commander Islands). These
Islands are about twelve nautical miles north of
the MY baseline on the baseline-perpendicular.
However, comaunications and physical access
problems appear to be considerable. These
difficulties, plus the installation cost of a new
monitor site at Komandorskie Ostrova, suggest the
use of the existing NORPAC monitors at Adak and the
addition of a near-field monitor on Attu Iasland
itself.

Adak would be on the BERSEA (MY) baseline
extension., Placement of a monitor on the baseline
extenaion results, effectively, in control of
coding delay rather than control of service area
time difference. The Coast Guard generally tries
to avoid this type of control from a primary
monitor because changes in propagation in the path
from the transmitting station to the monitor can
cause translational shifts over the entire
hyperbolic time difference grid with the greater
distortion in the service area. In contrast, a
monitor in the service area close to the baseline-
perpendicular would be expected not to translate
the grid but only to stretch it a minimal amount
with the least amount of distortion in the service
area. Fortunately, the environmental effects that
cause these changes are such phenomena as sudden
ionospheric depressions {Sil}, and freezing or snow
cover of a land path. 5iDs are coafined to lower
latitudes, and there is littie land from
Petropavlovsk to Attu or Adak, whers the waters are
aiso ice-free,

Attu-Kamchatka Signal Study

To observe Chayka signal stability, an
additional back-up control receiver was installed
at the Loran Station at Atftu tc receive the signal
transmitted from Patropavliovsk and track it
relative to the Loran-C time base at Attu. To do
this, a local trigger signal at the Chavka Eastern
Chain {7950) rate was provided by a rate generator
tied to Attu's cesatum frequency standard suite,
This test configuration simulated the tracking of
Petropavlovsk, as a master, by Attu, as a
secondary. The receiver used, the Austron 2000C,
is a manual lock-on, linear, rime~of-srrival
receiver,

The study showed that the Soviet signal from
Perropavlovsk can be easily locked onto and %racked
by the Coast Guard's standard back-up control
receiver at the secondary end of the bageline. The
study also showed that the Zhayka signal timing is
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other transmitters. A stable pulse shape that
provides for consistent acquisition of a particular
cycle zero-crossing is required, to this end,
modern receiver design can customize signal
acquisition firmware to allow for differences in
stable Chayka and Loran-C pulse shapes. A receiver
test performed and reported on by Soviet engineers
sheds light on the ability of Loran-C receivers to
use Chayka signals.

Receiver Testing by the Soviet Union

In Leningrad, V. Bikov, of the Soviet Ministry
of Marine Fleet, reported on tests he conducted on
the ability of commercial Loran-C receivers to’
receive Chayka signals. Summarized from his
informal report: ’

Several tests wvere carried out on the operation
of Loran-C receivers with Chayka signals using
the LR-770 receiver (produced by Furuno, Japan)
and LC~70, LC-80, LC-90, and LC-1000 receivers
(produced by Furuno, Japan).

The receivers were designed for operation with
Loran~C signals. Geographic locations for the
Chayka stations of chains 8000 and 7950 were
entered into the LC-90 and LP~1000 receivers by
Furuno at the request of the Soviet engineers to
provide coordinate conversion.

The purpose of the tests was to estimate Loran-C
receivers' characteristics operating with Chayka
signals, and -to compare the results with those
from the reception of Loran-C signals.

The moat comprehensive tests were carried out
with the LC-90 and LP-1000 receivers during 20
March-20 April 1988, using the 7950 Eastern USSR
Chayka Chain.

Tests were carried out to determine:

- the probabilities of correct cvcle
selection,

- groundwave receiving range, and

- autoacquisition time uander various reception
conditions.

The tests demonstrated:

- The probability of correct cycle selection
was up to 97% at a range of 900 nautical miles
in the main coverage areas.

-~ Groundwave signals from Chayka sctations
were received by the LC-90 and LP-1000
receivers at ranges up to 1000-1170 nmi with a
probability of 95%.

- At ranges of 1000-ii
autoacquisition time fo
was 3.5 minutes, prodbab
selection was 83%.

70 nmi, average
T 3tations in the tests

5

Lity of correct cycle

Engineer Bikov concludes:

"These tests of Loran-C receivers demonstrated
that the Chayka system signals are received and
processad by Loran-C receivers qithout
degradation of specifications determined by
Loran-C characteristics, namely, the operation of
LC-90 and LP-1000 receivers by Chayka signals waa
similar to their operation with Loran-C signals."

From these analyses and Soviet testing, it
appears that modern Loran-C receivers' ability to
reliably lock onto signals of the proposed
Chayka/Loran-C chain can be ensured by proper :
receiver design and prudent operational procedures.

Other, less critical but still noteworthy,
technical differences exist between Chayka and
Loran-C systems. Some Chayka chains periodically
insetrt separate timing pulses. The ninth pulse in
a Chayka master pulse train is positioned
differently than in Loran-C. Standard phase
sampling point and phase modulation tolerances need
standardization. i

Operational differences between the two
systems are considerable. OQut-of~tolerance
situations are dealt with differently, and Chayka
lacks an equivalent "blink" indication. A
structure to provide notices to
users/mariners/aviators as well as planned off-air
notification and solicitation procedures must be
developed and agreed upon. The joint command,
control and communications structure, including a

c1vil user interface, may be a considerable hurdle.

III. PROPOSED CONFIGURATION,
BERING SEA (BERSEA) CHAIN

The published coverage of the Chavka Eastern
Chain and the computed coverage for the Loran-C
North Pacific chain (NORPAC, 9990) shows a gap in
coverage about five hundred nautical miles wide to
the south of the line between Petropavlovsk and
Attu (figure 1). Without the Eastern USSR chain,
there 1s a gap between the Coast Guard's Northwest
Pacific Chain (NORWESPAC, 9970) and NORPAC about
750 nautical miles wide. According to the computed
coverage limits, NORPAC provides satisfactory i
marine coverage over esseantially all the Bering od
Sea.

Table | lists the stations in the proposed
Bering Sea Chain with station designations. The
proposed functions were chosen to avoid confusion
with the dual-rate designations. Since the
baseline distances for the three baselines are
about equal, minimum GRI should not be materiaily
affected by the ordering of the secondaries. Power
is peak-radiated-power (PRP).
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LORAN-C IN NORTH-WEST EUROPE - A STATUS REPORT

A Stenseth
NODECA
Oslo mil/Akershus
Norway

At the Sixteenth Annual Technical Symposium in October last
year, Dir Gen Kjell Raasok and myself presented an overwiev of
plans for LORAN-C in North-West Europe and status of actvities
associated with these plans. I do not intend to repeat in
detail what was said then, but for the benefit of those not
attending, recall a few main points before bringing you up to
date on present developments.

The US decision to cease funding support of the present US Coast
Guard North European LORAN-C system in 1994, led to cooperation
between interested nations on the question of whether or not
accept an offer to take over the stations- constituting this
system. The LORAN-C working group presented its report in July
1985. It was recognized that the consequence of a take over
would be further development of the system to meet civilian
European requirements and that a multxnatlonal approach would
give the most cost effective solution. :

Eventually this led to the establishment of "Polxcy Group
LORAN-C" in May 1987 to investigate the feasability of such an
apporach. The Group consists today of .representatives from 8
European countries (Denmark, the:Federal Republic of Germany,
France, Iceland, Ireland, the Netherlands, Norway and the United
Kingdom). Canada is associate.member to protect her interest in
continued operation of the LORAN C..station ‘at Angissoq,

Greenland and US Coast Guard is offerlng advice on technlcal and
other matters as required.

So much for the review. The Policy Group has met 3 times since
October last year. At the meeting in'Paris in November 1988 it
was concluded that the French requirements were not fully met by
the configuration presented. A Technical Working Group was
therefore tasked to recommend a modified configuration meeting
these requirements. The Group was. further to recommend a method
for timing control of the future system and organize field
trials to conflrm ‘the val;dxty of the recommended configuration.
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At this point in time it was also realized that the proposed
LORAN-C coverage in Danish waters and the Baltic would be less
than required, and the concept for an additional mini LORAN-C
system covering these areas, was adopted. The original main
configuration became then Phase I of the system whereas the
additional mini system was referred to as Phase II. The new
configuration for Phase I proposed by the Technical Working
Group is depicted in this viewgraph - as you will see a new
station in South-West Ireland is introduced primarely to meet
French and Irish requirements and the originally proposed
Bushmill station in Northern Ireland is moved over to the
North-East coast of England. This configuration is based on
Edje as Master and the proposed new North-East english station
as Secondary. A proposal to move the Master function from Edje
to the new North-East english station is under consideration to
enhance the coverage in this area. A possible Phase II
configuration is indicated in this viewgraph. Phase II is so
far expected to be realized 4 to 5 years later than Phase I.

The Technical Working Group also looked at the problem of timing
control based on a study by MEGAPULSE sponsored by UK.

The Group recommendation is for a full Time of Transmission
(TOT) control concept. At present USCG use System Area Monitors
for timing control of LORAN-C chains in North-West Europe, so a
possible transition to TOT prior to 1994, would have to be in
concert with USCG.

In May this year a set of field trials was organized to compare
the results of the theoretical propagation calculations with
values measured between existing LORAN-C stations and sites in
South-West Ireland and the UK. This area was chosen because
here the capability of the system is stretched to its maximum
because of the distance to Sandur, Iceland and significant
man-nmade interference. The results observed broadly confirm
that the method of coverage prediction used is appropriate.
However, certain aspects require further study and refinement.
It was finally concluded that a Cross Chain Capability would -
not only in this case, but generally - provide increased
opportunities of finding more suiteable pairs of stations for
comfortable signal reception. This again led to a recommen-
dation that Cross Chain Capability be a desirable option in the
design of receivers for Europe.

However, no matter how good the technical solutions are, it is
the availability of resources that decide the final course of
action. This question was therefore the main issue at the
Policy Group meeting in Reykjavik in June this year. At this
meeting a Cost Sharing Formula for investments to be recommended
to the authorities in the participating countries, was agreed
and I regard this as a major step forward. A Cost Sharing
Formula for Operations and Maintenance Costs is still an

(P S
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outstanding and difficult item to be discussed. Hopefully a
recommendation on this topic will be one result from the next
Policy Group meeting in Copenhagen in November. Another
outstanding item to be discussed in Copenhagen is the text of a
Memorandum of Understanding formalizing the rights and
obligations to be undertaken by the participating nations. A
draft MOU has already been circulated and a 2nd draft is
expected shortly. If agreement on O&M cost sharing is obtained
in Copenhagen, I believe there is a fair chance that we might
also reach an agreement on the MOU text.

The final step would be for the responsible authorities in the
participating countries to consider the recommended solution for
approval and allocate the necessary recources so that contracts
can be signed and works in the fields started.

For Norway it is of prime importance to have the project off the
ground a soon as possible primarily because we have a number of
pressing requirements that would have to be met by other less
cost effective systems if a LORAN-C solution is not in sight.

An interesting new development in this respect is the
rediscovery of LORAN-C as a very cost effective navigation aid
by the off/shore industry earlier this year. 1In a rig move, a
high precision LORAN-C receiver was calibrated by a differential
GPS package. This combination gave an absolute accuracy of less
than 20 meters at the anchoring position. This accuracy was
achieved in spite of failure in one GPS satellite resulting in
more than 12 hours since last calibration of the LORAN-C
information, when the anchors were dropped.
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THE DEVELOPMENT OF LORAN IN CHINA

GAN GUOQIANG
Xian Research Institute of Navigation Technology

ABSTRACT

Loran is a mature radio navigation system. It has got and will get extensive application in
China. In this paper, from Loran A as beginning, the history of Loran development in
China was briefly described. In 1988, we finished the system test of China south sea
Loran C chain. The paper looked ahead the developmg prospects of Loran C in China, and
think there is extensive future of Loran C navigation system in China.

As a mature radio navigation system, Loran has acquired extensive application in the world.
After more than 40 years, from Loran A to Loran C, more and more countries in the world
have been building and using Loran system. Presently, with such supenonty the repeated
posmomng precision of high accurady,’ capabrhty of continudnce nav1gatmg and positioning
and using simple and low cost user equipment, Loran C not only exists with NAVSTAR,
GPS, and etc., but is developing as well. Besides in marine navigation, in other applications
of navigation such as in the air or inland area, Loran C also has its extensive future.

The Loran development in China begins from Loran A. In March 1965, China government
committed Xian Research Institute of Navigation Technology (hereafter: Xian RINT) to
research Loran A system. At the end of 1966, China completed her first Loran A chain in
the Yellow Sea area.- It uses tube transmitters of 160KW. The range of ground wave on
the sea 550-700 NM, and the precision of positioning is better than 2 NM. During the trial
period for a few years users were satisfied with the performance of the Yellow Sea Loran A
chain. In 1969, the government decided to enlarge Loran A system, till 1975, seven new
Loran A stations had been completed om the coast of China. Adding original three stations
of the Yellow Sea, there are ten stations constituting nine Loran A chains, and basically
covering ‘the whole China coastal area, from I_.raomng (north) to .Guangdong. (south).

(figure 1)

The completron of L0ran A system Improved. the radro navigation situation on China
coastal area, but its performance was far from away to satisfy the better and better
requirement of precision and range from different kinds of user. During this time, China
navigation personnel noticed the development of international radio navigation, and studied
various navigation systems including Omega, Loran C, NAVSTAR, and GPS, etc., trying to
find out the best suitable system as China main coastal navigation system. The results of
studying showed ‘that Loran C navigation system was the one to fit this requlrement of
China. On:the high precision area of Loran C, the precision of repeated positioning will
be better than 100 M, which will satisfy most of high precision positioning users on the sea.
The range of ground waves, that is 1000 to 1300 NM will also satisfy the positioning
requirement from middle range or far away on the sea. Specially, the capabilities of user’s
equipment. such as continuous positioning, easy operation and low cost, are very suitable



for the requirements of a great number of fishing boat and transportation ships on the sea.
In March, 1979, the China government formally approved to build China Loran C
navigation system. In the plan, six navigation stations will be built, which constitute China
south sea, east sea and north sea, three chains, to cover the whole area of 1000-NM out of
China coast line.

Since the limitation of budget, as first step, the south sea chain was to be built. This chain
consists of three transmitter stations and one monitor station. The transmitter stations are
located at Chongzuo, Guangxi (west secondary station), Hexian, also Guangxi (master
station), and RaoPing, Guangdong (east secondary station), the monitor station is located
on an island near Taishan, Guangdong. Since the convex shape of south sea coast line and
limitation of mountains at west Guangxi, the base lines of south sea chain are quite short,
about 500 KM, and Xian RINT has been responsible for system design and adjustment,
equipment researching and introducing.

In October 1984, Xian RINT signed a contract with Megapulse, Inc. of U.S.A., in which,
Xian RINT bought three sets of 64 HCG Solid-State Transmitters, and also, Xian RINT
bought cesium frequency standard form FTS, Inc. of U.S.A. The antenna for transmitting
is a top-load umbrella antenna with 247 M (810 ’) height, which is designed and
manufactured by China. The equipments of time-frequency group and synchronizing
monitoring are designed and manufactured by Xian RINT . With the cooperation between
Xian RINT and Megapulse, Inc., in October 1987, the installation of the transmitters and
antennas of three stations were completed, adjusting and testing of the equipments for each
station were successfully proceeded. In the summer of 1988, the system testing of south sea
chain were proceeded. The content of system test included synchronizing of the system
chain, TD testing of fixed points on the land and positioning of the working area on the sea
and etc, of the user was satisfied very well with the results of practical testing.
Additionally, the range and positioning precision reached expected specifications.

The establishment of China south sea chain attracts the extensive attention and interesting
from different kinds of users in China. The departments of transportation, communication,
geology and mining, fishing and exploitation of sea and ocean, all of them, are eagerly
looking forward to the fast development of China Loran C. As the second step of China
Loran C development, the north, east sea chains will be built. They will connect with the
south sea chain, making the Loran C working area to cover the whole China coastal waters.

Presently, preparation for building north, east sea Loran C chains has begun. The new
building chains consist of three stations, located at the provinces of Jilin, Shadon, and
Anhui. These three stations with the east secondary station of south sea together will
construct two chains, the ranges of base lines will be about 800 KM. (figure 2)

At the same time of developing China coastal Loran C navigation, the application of
Loran C in aviation and expanding and exploiting towards inland are also being researched.
Besides, such as building some small power stations to satisfy precision requirement in some
special area, applying Loran C differential technology, and timing technology, all of these
will have good futures in China.
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In general, along with the construction and application of coastal Loran C navigation
system, the extensive application in aviation and inland certainly will be developed. Loran
C has a broad prospect on China.

Fig. 1. Loran A chain in China
Fig. 2: Loran C chain in China

As a result, approval of the GPS NAVSTAR as a "sole means” of navigation system is a
long way off, if it ever does happen. Therefore, combining the use of its signals with
Omega or Loran C is most appropriate. By integrating the three sensors, the size and
weight of the resultant package can be reduced. By further developing the interoperability
of these systems, a more reliable and accurate system can be derived, even though the full
acceptability of the GPS NAVSTAR system (or its alternates) may be in question.

ide Issue
Following are four side issues that may also be of interest.
. Omega Station Saving

GPS will save money through use of the GPS timing signals via receivers at each
station,. The Coast Guard up to now had to transport a special calibrated atomic
clock time standard across the world to recalibrates each station on a regular basis.
At a rate of one station per month: very expensive!

. PS A RACY

No doubt GPS NAVSTAR is potentially a great navaid. C.M.C. experience shows
2D accuracy of 3 to 4 meters in a P-Code 5 channel receiver and 20-30 meters in a
C/A code signal. The C/A code signal receiver is to be degraded to allow only 100
meters when the full constellation is up - still very good!

. me r improvemen

With GPS timing signals to improve Omega Rx clock accuracy, navigation accuracy
should be improved to 0.75 to 1.0 N. Miles instead of the present 1.5 to 2.0 N. Miles.
. PS Mili

GPS signals are easy to block in times of conflict by relatively low power above user
aircraft altitude levels. Omega is almost impossible to jam. (Ref. J. Saganowich, G.
Litchford, Fort Monmouth).

Editors Note: This paper was received by telecopy from China during the convention and
was read by Ed McGann of Megapulse. To preserve the international flavor of the WGA
17th Convention, it is published in its original form.
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SESSION 2
AIRBORNE DEVELOPMENTS AND APPLICATIONS

Dr. ROBERT LILLEY
OHIO UNIVERSITY




LORAN-C FROPAGATION IN BRITISH COLUMEIA

WALTER N. DEAN

ABZTRACT

British Columbia is provided with loran navigational
signals by the West Canadian Chain, 5330, Although the chain
was originally designed as an aid to marine navigation, there
has been i1ncreased interest in uwuse of loran by aviation and
terrestrial navigators

The terrain of Eritish Columbia contains some extremely
rugged areas and a number of glaciers representing very poor
propagation conditions for loran signals. The Facific Region
Aviation Group of Transport Canada commissioned an evaluation
of the coverage and accuracy of loran in the British Columbia.

This paper describes the series of airborne measdrements
made ihroughout the province .  The results =f data analysis are
2 ground conductivity map of Sritish sbiza amd a laran

overage map which i= the yesylt of field ohservations.
IMTRODUCTION

The history of the West Canadian Loran—-C chain (5930)
reflects the consequences of 1EUHIEPStdnd1ﬁg the radio
propagation characteristics o he region. Figure 1 shows the
orisvince of British Columbia dnd the stations of the loran
chain. "It was originally designed as a three-station chain,
the Mds.91lat Ullllams Lake, the X secon da y at Shoal Cove dual
rated to the GuUlf of Alaska chain (7960} and the Y secongdary at
George, dual rated with the Western U.-. chain (29240). To the
surprise and smbarrassment of some, when ths 593! chain went on
the air, it was virtually impossible to recei

the Straits of Juan de Fuca, although the diStance 1s nnly 525

"h
.-+

\l W w

Ky} -"‘.

nautical miles. The r=ason, it was guickly realized, was that
be conductivity of the rugged mountains along the coast was
much poorer than anticipated. In = flurry of activity, the

station at Fort Hardy was constructsed and put on the airv as the
i ary, and the coastsl confluence was finally fully

This chzin configuration hss proved satisfactory for marins
navigation for 2 numbsr of yezars, but the increasing use of
loran by aircraft, espscially general aviation, lsd aviation
authorities in British Golumbia to seek an evaluation of the
59390 chain for air navigation in that province. There had been
considerabls discrepancy between theoretical predictions and
reported observaticons of lorvan performance. A number of

estimates of ground conductivity were avaliable, from a variety



of sources, which lack detail and differ appreciably in the
values assigned to different areas in EBritish Columbia.

FIELD DATA COLLECTION FROGRAM

In order to make direct measursments to evaluate the ground
conductivity in EBritish Columbia, and to map the availability
and accuracy of loran signals in the province, 1t was decided
to make a series of flight tests. To evaluate ground
conductivity, it would be necessary to measure loran signal
strength over a series of paths representing the arsas critical

to the coverage over British Columbia. Measuring the accuracy
of the loran grid would be accomplished by checking loran
readings against known positions arcund the province., The two

objectives would be achieved by a series of flights carrying
loran receiving and measuring egquipment around the province.
Transpdrt Canada provided the vehicle for the test program, a
Beech King Air 1020, 1dentified as Transport 967. The aircraft
is normally used for test and calibration of air navigation
systems.

TEST IMSTRUMENTATION

The principal tecst instrumﬁrt was a lovan receiver, thes
ARNAV mndzl B-40, sslected prima = 1t provides a
digital owiput which includes = tte loran signal

amplitude. An additional recelver SENAY model R-20, was
ales carrised along as backup, an svide a comparison of
receiver performance. The data from the R—-40 are output on an
RS-232 standard interface in ASCII farmat. The data were fed

to & Tandy model 102 portabls computer, which selected and
formatted the required data. The reformatied data were then
outout from the computer to a2 printer and Lo a tape recorder.

Figure 2 1s a copy of o typica a mrintout.  The first
line, oshbviocuwusly, is date, time, 1 e zavd longitude to
precision of .01 minutes. Thez se ine givesz the waypoint
name, distance and bearing to waypoint, track, groundspeed,
estimated position srror and GRI. On the thierd line are master
oscillator error (TDV) master signal strenatn, ECD, SNR and
status (T=trackd, X TD, =, E. =N and T4, On the fourth lins
ara the same for Y and 2
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CATA COLLECTION

The data collection program was designed to meet the two
objectives, measurement of ground conductivity and evaluation
of system accuracy, with efficient use of aircraft flight
time. Figure = shows the paths of the seven test flights. The
first flight included a semicircle around the Master station at
Williams Lake at a distance of 20 miles. The data taken close
to the Master provided a field strength calibration benchmark
for calculation of ground conductivity. At each location, the
values of signal strength measured provide the basis for
construction of the conductivity map, which will be discussed
later. Zimilar calibration flights past Shoal Cove and Port
Hardy s=rved to refine and confirm the calibration.

A GFZ receiver had been scheduled for use as a position
calibration source, but 1t turned ocut not to be available in
time for the scheduled tests, so it was decided to select
ground points by reference to topographic charts, visually
sight=ad by the pilots

Figure 2 shows the sevsn flight routes taken over five
days. Most of thes routes were selected as specific routes
T

freguently ussd by aircraft in traveling around EBritish
Columbia, of particular interest to Transgport Canada.
Mzasurements of positiocnal accuracy wers taken along all the

5
routes, with some additional data points used for field
strength calculation. Ths first run, A, started at Vancouver
and went north to Williams Lake, where 2z ssries of readings
were taken 20 mil== from the Master transmitter for calibration

purposses.  The route went then by way of Frince George and Fort
St. John to Fort Nelson. The next morning Run B went northwest
from Fort Nelson to the head of the Mackenzie Trench, then down
the trench to Frince Georgs. Run G, that afternoon, went from
FPrince George to Smithers, then north toward Whitehorse. Run
D, the next morning, went south from Whitshorse, past the Shoal
Cove, Alaska, station, to Terrace. From there Run E went
southesst across the mountains to Vancouver.

Run F covered the southeast portion of the province, goling
from Yancouver east to Cranbrook, then northwest up the trench

to Einbasket Lake. From thers the run went southwest down the
VFR route to Hamloops, then down the canyon o Hope, and
returning to YVancouver. The final run, G, went up the coast
from Yancouver, past the Z station at Fort Hzrdy, to Sandspit.

DATA ANALYZSIS

Az stated above, the procedure used for fis ;ng the position
2f the zircraft was to visually fly over polntes identifiable on
aercnautical charts. An estimate of the accuracy of this
approach can be obtainsd from the following series of estimates
2f the probable errors in Table 1.
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TABLE 1 ESTIMATED MEASUREMENT ERRORS

Chart inaccuracy .1 n.m.
Chart reading error 0.2 n.m.
Aircraft positioning error 0.2 n.m.

Frobable position error (RES) 0.2 n.om.

The remaining error components affecting the positioning
results consist of the srrors in the loran receiver. These are
the Time Difference errars, which consist of random errors,

caused by noise and interference, and bias errors, ctaused by

propagation variatiocns., The nolse and interference produce
random fluctuations whose amplitudes vary with time and
location. The propagation variations are a function of the

varying characteristics of the terrain over which the signals
pass.

The geometric =zccuracy to be obtained from the 5990 loran
chain calculated for of British Columbia is shown 1in
figure 4. The general cwtline of the province, the location of
the stations of the 5220 chain, and the survey routes are
shiown. The numbers represent thousands of feet position error
per microsecond of ftime dif ncs Srror It can be seen that
the geometric accuracy 1s gensrally good, except in the

= f TV in The loavrzn coverage in the
iz actuzlly provided by the
showr o thils diagram. In
provinocs ., east of Williams
1f Zhoal Cove cannoct be

4
northwest corner of
Gulf of Alaska chain iz not
the east central purt1ﬂr o f
Lake, the accuracy deteriorat
raceived.

10
LI

A total of 218 good data points were taken in measurement

of loran system accuracy on the 5390 chain. Three points were
discarded which were found to contain an srror 1IN
identification of the waypoint. For each point, the latitude
and longitude as read by the loran was comparsd with the
position determined from the chart . The error distance 1n
Nnautical miles was rescorded. An sestimate of the overall
accuracy of the system and iis relation to the positioning of
the receiver can be obtained from Table 2

TASLE = AYERASE CIZSTANCE ERRORS

S0OF NO  FOIMNTZ AVGE ERRCR

1 55 CGo49 nm

e AL 4%

3 17 O 4de

4-5 =2 0. .42

£—-7 20 0.E4

S-10 15 0. 83

11-15 13 1.9

=15 21 1 &S
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It should be noted that there was a bias in
errors, an average of O 21 nautical miles, cause
uncompensated propagation errars. If these were

the latitude
3 in part by
calibrated

out, the above results would be notably improved.

Interpretation of the signal strength data to

determine

earth conductivity was more complex.
make a direct signal strength calibration of the loran

It was not possible to

receiver

grior to the
close enough
signal field
conductivity

which allowed use of ths amplitude calibration

loran receilve
tests.

To relate
over the rang
study, 1t was
Ralph Johler!
gQraphs. Filgu
inverse dista
conductivity,
The first use

close to Willi

rﬁnduttivity
2 or higher,

20 miles to b
field strangt

The radia
e Coast Gua

|

attenuation a
from figures
conductivity
produced the
Columbia. Fi
includes the
expected lora
uniform paths

w

Figure &
The conductiv
shown on &30y
which fits the
oraviously oo
1.0, On figu
Nautical mile

ul

level is reac
Fe range of

The actual coverage area,

satisfactary

tests. Calibration was accomplished by flying

to the transmitter at Williams Lake that the loran
strength would be very little affected by the

in that =a2rea. That gave one point of calibration
of the R-40

r as a field strenath measurement throughout the

at1uns to ground conductivity

field st
1 cnductivity found In this

es of di
necessary to pull daLﬂ from scme of Jim Wait and
classic works (Ref. 1&2) and gensrate some new
and & plot the additional attenuation, abave
t 100G kHE, as a function of effective ground
i from 10 to 500 statute miles.

S the attenuation

=
no
f

e
n that the

plain, had a value of
A . o 1 cated the attenuation at
e less than 1 4B This made the calibratiocn of

h Quite zimple.

ted power for each loran transmitter published by
rd was used in each case for calculation of

long the paths to =zach data point, and the curves
5 and £ then applied to determine the effective
of each path. Analysis of ithe many paths then
final estimate of so01l conductivity for Eritish
gure 7 1g an overall propagation chart which
poorest values of conductivity. This plaots

N signal fisld strength versus distance over

of different conductivities.

shiows the results of the conductivity analysis.
ity value of 0.1 millmbos per meter is lower than
sther conductivity maps, but this i1s the value
e chssrved data. The worst conductivity
Nsidered for mountalnous redlons was sigma of
re 7, the 40 JE 1 vel iz reached at about &850

Ily ©¢.1, as 1in B. C., this
, the distance. fo wonder
s than had been expected.

=1 If the sigm
Fed at 225 mil
the chain 1s 1

the ar=za within which
loran navigation can be achieved, depends on,

amzng the other variables, the atmospheric noise level. The
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standard reference for atmospheric noise is CCIR Report 322,
WORLD DISTRIBUTION AND CHARACTERISTICS OF ATMOSPHERIC RADIO
NOISE. From the charts and formulae in that report it was
calculated that the atmpspheric noise level in the loran band
90-110 kHz, the noise level not exceeded 95% of the time at
night is 29 dB above ons microvolt per meter. The
corresponding daytime value is 22 dB. Using the criterion of
-10 4B signal-to—noise ratio to determine the maximum range,
two sets of limits, shown in figure 3, sestablish the areas for
full time and for daytime only operation. The signal field
strengths used for the curves were the measured values,
supplement=ad by calculstions based on the conductivity chart.

CONCLUSIONS

The major conclusion relative to the ground conductivity is
that the large area of very poor conductivity, designated as
0.1 on figure 8, is the dominant feature affecting the
performance of loran in British Columbia. The measured area of
Jond loran coverage conforms Jquite closely to the calculated.
area based on noise levels and signal strength. The system
error can be seen to be quite small if the northerly bias
(Q.21nm} and the experimental error (O .2Znm) are deducted from

the measured position srrors. One area of poor operation is
east of Williams Lake, the baseline esxtension of the 2
secondary, where the signal from Shocal Cove, the X secondary,
is weak . The reason for bthis is sesn 1n the conductivity map.
Over half the propagation path of =ignals from Shoal Cove has
conductivity of 0.1, resulting 1n very low signal strength.

In the north, signals from George (YY) are severely
attenuated, so that only skywaves are received. The signals
from FPort Hardy (2) are alsc attenuated to the result that
operation north of the S2th parallel is marginal.
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12/07/88 10:43:08 PST LAT N S0 5486 LON W 127 2468

WP Gi6 DIS 99939 BRG 0035 TK 280 GS 204 EPE 01 GRI 5330
TDV -009 S 28 E -17 SN 94 STA T TD 1399685 § 13 E =31 SN
TD 8004949 S 40 E ~14 SN 90 STA T TD 4114587 8 74 E +05 8N

12/07/88 10:45:03 PST LAT N S0 5952 LON W 127 3217

WP G17 DIS 99998 BRG 0035 TK 294 GS 213 EPE 01 GRI 5830
TDV -014 S 19 E -17 SN 92 STA T TD 13940339 § 30 E -26 SN
TD 3007224 8 33 E -13 SN 92 STA T TD 4116217 8 74 E +07 SN

+12/07/88 10:55:22 PST LAT N 51 2328 LON W 128 0674

WP G618 DIS 999939 BRG 0034 TK 297 GS 222 EPE 01 GRI 53390
TOV -013 S 30 E -18 SN 94 STA T TD 1363187 § 52 E ~07 SN
TD 3020373 S 01 E -17 SN 83 STA T TD 4130045 S 70 E -02 SN

12/07/88 10:58:07 PST LAT N 51 3921 LON W 128 03793
WP G18 DIS 39399938 BRG 0034 TK 334 GS 223 EPE 01 GRI 5930

TDV =025 & 31 E -15 SN 83 STA T TD 1356855 S 49 E -11 SN
TD 3024748 S8 01 E ~-31 SN 71 STA T TD 4135800 S 69 E -02 SN

12/07/88 11:01:20 PST LAT N 51 5023 LON W 128 1678

WP G20 DIS 938898 BRG 0034 TK 307 GS 218 EPE 01 GRI 5990
DV -017 € 3 E -17 SN'94 S€TA T TN 13475383 & 4B E -15 SN
TD 3028831 8 01 E -31 SN 74 STA T TD 4141128 S8 67 E -04 SN

12/707/88 11:04:02 PST LAT N 51 5923 LON W 128 2480

WP G21 DIS 99998 BRG 0033 TK 306 GS 229 EPE 01 GRI 5530
TDV -016 8 32 E ~-17 SN S5 STA T TD 1338428 S 44 E -17 SN
TD 3032077 S8 01 E -28 8N 66 STA T TD 4144738 8 68 E —-04 SN

12/07/88 11:06:55 PST LAT N 52 0884 LON W 128 3274
WP 622 DIS 99998 BRG 0033 TK 307 GS 227 EPE 01 GRI 5880

TDV -012 § 32 E -15 SN 82 STA T TD 1328803 8 46 E -15 8N
TD 3035183 8 01 E -30 SN 61 STA T TD 4148478 S 67 E -06 SN

12/707/88 11:09:31 PST LAT N 52 1554 LON W 128 4309

WP G623 DIS 9939938 BRG 0033 TK 286 GS 215 EPE 02 GRI 5330
TDV -008 8 40 E -14 SN S2 STA T TD 1319382 8§ S4 E -13 8N
TD 3036870 S 0L E ~-33 SN €1 STA T TD 4149957 S 67 E -03 SN
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"A REALTIME LORAN NAVIGATION SYSTEM FOR AERIAL PHOTOGRAPHY"

J. Fred Welter, President
North West Geomatics Ltd.
Edmonton, Alberta, Canada

Aerial photography requires precise positioning over
the project area to various degrees of accuracy  depending
upon the scale of the photography being acquired. The
procedure or practice to date has been to plot the proposed
flight line layout on the best topographic maps available.
The task 1is to then position the aircraft as accurately
over this location as is possible by an optical navigation

sight. This <can become increasingly complex; requiring
considerable skill on the part of the navigator and pilot
where sufficiently detailed maps are not available. 1In

extreme cases it may be necessary to acquire small scale
reconnaissance photography 'on which to plot the desired
lines and then refly the required scale. Post recovery is
the reverse, after the photography is processed and printed
a comparison 1s made to the map to determine the actual
position of the photo center. Only at this time 1is one
assured of the area as having been adequately covered.

North West Geomatics had, in addition to the aerial
photography capacity, expertise in hydrographic and
geodetic surveys. This association encouraged the aerial
photography section to assess electronic positioning aids.
Loran was initially assessed in 1985 as a possible
navigation aid augmenting visual navigation. The initial
results out of our Edmonton base were rather discouraging.
A project with good Loran coverage in California convinced
us of the potential benefits. Since 1985 we have modified
existing Loran receivers to operate as range/range units on
multiple <chains. Extensive software was developed
permitting real time electronic navigation to an accuracy
of 150 meters. The system is still being improved but has
been a most cost effective and time saving addition. There
are considerable applications in other sea or air
navigation that could utilize this technology.

The paper will provide an overview of the technology
and procedures used with problems encountered and their
solutions.
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1 INTRODUCTION

Loran-C (an acronym for LOng RAnge Navigation; the 'C'
refers to the third version of the system) is a hyperbolic
radio positioning system developed by the US Navy for
defense purposes. The system was initially designed for
marine use but 1in recent vyears has seen considerable
hardware developed for aircraft. The system works on the
time difference between receiving a pulse from the master
and a secondary transmitter. The pulses are phase coded to
distinguish between master and secondary, and also to
resolve the skywave interference between successive pulses
in the pulse group transmitted by each transmitter. The
pulses are transmitted at nominally 100 kHz with decreasing
signal strengths out to 85 kHz and 115 kHz. The high
resolution of this low frequency system is made possible by
the receiver identifying and tracking the beginning of a
specific cycle within each pulse. Designed as a pulsed
system to avoid skywave interference, the transmitters can
produce high power during a short duration of each pulse;
thereby ranges of up to 4000 kms have been achieved. The
system was originally designed for marine use where the low
frequency wave propogates very well over the water surface.
The recent use 1inland creates some unique and difficult
problems due to signal attenuation over the various land
paths. Additionally, designed originally for optimum
marine coverage, the geometry inland 1is often lacking.
Coverage 1is again confined to the east and west coastlines
of Canada and the US, the Great Lakes, Hawaii, the north
Atlantic, Europe,. Middle East and parts of Asia.

2 INITIAL EVALUATION OF LORAN

Development of a Loran based navigation system for
aerial photography applications has not been a simple or
easy task. Our firm first evaluated Loran with a standard
Arnav R40 receiver with mapping software in 1985. The unit
was installed in a Cessna Congquest propjet operating
throughout Western Canada; from Saskatchewan to British
Columbia and into the North West Territories. Initially
the R40 was connected to a Hewlett Packard Model 85
computer logging raw data to disc over the serial line.
The results were most discouraging. This was single chain,
hyperbolic on the Canadian West Chain (5990) with the
default secondaries being Shoal Cove, Alaska and George,



Washington. In .retrospect; but  of considerable

consternation at the time, the problems were geometry

aggravated by peculiar transmission problems with Shoal
Cove. Numerous missions were conducted with the system
passively logging data. After each mission the results
were reviewed. Our assessment after the 1985 Canadian
evaluation was that the system was unreliable and of
insufficient accuracy to be of use in our aerial
photography applications. We were convinced that we would
have to wait until the Global Positioning System was fully
operational or for more difficult areas install a local VHF
or UHF system. ‘

In the fall of 1986 our firm was engaged to perform an
aerial photography contract in southern California. We
decided to evaluate the Loran in this operations area,
again with the R40 and HP85 computer. Some additional
software was developed to permit simple tracking along a
predefined line. Again all of the data output by the R40
was written to disc, as well as the raw time differences at
the instant of exposure. The initial results as provided
by the R40 were inconclusive. The actual photo centers
were plotted on topographic maps and geographic coordinates
digitized for over 2000 points. Software was developed to
compute geographical inverses and theoretical time
differences at each camera exposure. The theoretical time
differences as compared to the recorded values had a
definite correlation. Up to this time geographic
coordinates as provided by the R40 had been used in all our
evaluations. Apparently the algorithm only computes a
single triad, initially selected by default but can be set
manually. Software was developed to permit reprocessing
the data utilizing all the triads, iterating from the
computed R40 position. This was subsequently improved by
rigorous least squares hyperbolic processing. The
improvement to the results was spectacular, we were now
able ta see some real potential to Loran. Additional
research and evaluation was warranted. The technical
problems that we isolated as having to solve were:

1) dynamic filter system
2) ceometry related to hyperbolic positioning
3) system calibration

Prior to the start of the 1987 season the Arnav R40
unit with its mapping software had been utilized to assist
in navigation with the data stored to disc. In early 1987
we commenced development of our present real time
navigation software and hardware.

83



84

3. AERIAL PHOTOGRAPHY FLIGHT MANAGEMENT SYSTEM

A team comprised of aerial photography personnel,
software and hardware experts were assembled. Upon
identifying our requirements they were not dissimilar to
the standard hydrographic procedures using either
hyperbolic or range/range positioning systems. The
software started with a hydrographic package as developed
by Challenger Surveys and Services Ltd, Edmonton. This
package contained the standard menus, hyperbolic algorithms
and least squares adjustment routines. As previous test
data was reprocessed two problems became obvious:

1) the acquisition and processing speed were
unique to aircraft and the hydrographic rout-
ines were completely inappropriate.

2) hyperbolic positioning alone on a single
chain was geometry dependent causing consider-
able degradation in results in our operations
area.

The ramifications of the aircraft speeds were not
fully realized until this point and continue to cause
lnaccuracies to the present. We had selected a HP series
200 computer system. This system had more than adequate
processing speed and capacity for = hydrographic
applications. The HP series 200 has a MC 68000 processor
with 16/32 bit 1internal architecturs and was one of the
most powerful portables available. The operating system
was HP Basic 4.0. Every effort was made to minimize cycle
speed in that we realized the timing would be critical.
The <cycle time for a single chain including all of the
mathematics and refreshing the monitors was 3 seconds, of
which + 1 second was spent getting Loran data over the
serial line. With aircraft speeds of 150 m/sec this was
deemed unacceptable.

Arnav was most helpful when approached with our
problems. The R40 puts out a standard data string with the
usual navigation data for incorporation into other
navigation instrumentation. A test string 1is also
available which in addition to the standard information
includes all of the time differences and signal
characteristics. The strings are very 1long (+/- 150
characters and +/- 500 characters) for the standard and
test string respectively, transmitted at 4800 baud maximum.
Special EPROMS were provided by Arnav to transmit only the
required information. Essentially we are interested in the
chain and time differences only; as well as the operational
status of each station (ie. signal strength, signal to
noise and envelope cycle discrepancy). In addition the



request interval was divided by 10, essentially permitting
continuous output. With the data acquisition improved the
cycle time was reduced to less than 2 seconds.

Software solutions were reviewed for a speedier
throughput; ie. non-iterative routines and an attempt to
map and use _a local rectangular grid system instead of
geographic coordinates. Rectangular coordinates quickly
proved unsatisfactory as did spherical coordinates. The
accuracies sought versus distances and speeds dictated a
true ellipsoidal earth model (WGS 72) with rigorous
computation of all parameters.

A sophisticated filter algorithm similar to a Kahlmann
filter was developed to permit any degree of dead reckoning
from nil to absolute from previous heading and velocity.
To date heading and velocity has been determined solely by
geographic inverse between previous positions. The filter
is adjustable through operator input with default being 1.0
g or 9 meters/sec. The maximum filter setting is 0.1 g,
essentially holding the aircraft to nil acceleration. The
default and value generally used is 1.0 g. This compares
to the acceleration allowed in hydrographic work of 0.01 to
0.02 g; a factor of 1000 times.

For the start of the 1987 season we were operational
with single chain, hyperbolic realtime navigation in our 3
aircraft. [Figure 1] The standard procedure for each
project was to digitize the flight lines on the flight maps
provided. This was performed on a digitizing table by
transformation of defined geographic or UTM values. The
beginning and end of each flight line was digitized and
written to disc as geographic coordinates. The navigator
could load a particular flight line, ie. beginning and end
of 1line into the system. By adding the position of the
aircraft solved from the Loran system he was able to
electronically relate the aircraft to the line.
Considerable effort was put into simple, yet effective
menus and displays. The operator can view any of the
following

1) filter operation

2) survey parameters

3) Loran operation

4) base stations being used

5) miscellaneous printouts etc.

The pilot has a small (10 cm square) secondary monitor
showing only the essential line and aircraft relationship,
ie. distance from start, lateral distance off the line,
etc. This was mounted directly in front of the pilot on
the sunscreen. [Figure 2]
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Figure !

Figure 2



Using the system in production in 1987 assisted the
crew immeasurably in positioning the aircraft. Previously
a skilled crew were able to break off one line and commence
another line in 6 minutes, all done wvisually while the
aircraft banked and turned in the opposite direction to
within 500 meters. Mistakes were often made, particularly
in difficult areas, necessitating another two turns taking
up to an additional 10 minutes. The Flight Management
System (FMS) permitted end turns averaging 4 minutes with a
very high success rate.

The initial 1987 prototype system was not completely
satisfactory in that we were still experiencing occasional
accuracy problems due to aircraft speed, cycle time and
hyperbolic geometry. The accuracies we were experiencing
were approximately 500 meters over a two hour mission in
Western Canada. ‘

In the summer of 1987 the US Geological Survey (USGS)
tendered the first phase of the National Aerial Photography
.Program (NAPP). This was 1:40000 scale flown at 6000
meters above the ground. The photo centers were designed
to fall on predetermined geographic coordinates within a
300 meter error circle. The expected execution would be by
visual navigation off 1:100,000 USGS maps, the 1:250,000
series would not provide sufficient accuracy. The fallback
would be the 1:24,000 series which because of the small
area covered would necessitate several filing cabinets 1in
the aircraft. We were sufficiently confident in our FMS to
tender on this work assuming to do same electronically with
some improvements to our system. Simulations dictated we
could never expect the required accuracy with hyperbolic
methods operating off a single chain. Simulations were
performed with two chains and using range/range or true
times rather than the time differences. The simulations
indicated the required accuracies could be achieved. The
R40 was modified to accept an external 10 mHz input
replacing the internal oscillator. This was provided by a
portable rubidium frequency standard complete with battery
backup. Again Arnav were most helpful in providing the
modification procedure and range/range software internal to

the R40. The 1initial results were most encouraging.
Unfortunately range/range positioning over the large areas
we proposed to cover exposed unique problems not
encountered in hyperbolic mode. Primary and secondary
phase corrections must ‘be applied due to changes in the
atmosphere and due to the degradation of the wave
travelling over land. This is by no means an exact

science. After some considerable effort to model the
corrections we decided it was not predictable and could
only be eliminated by calibration prior to takeoff and then
in the operations area. The calibration process solves for
primary and secondary phase corrections on all time
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differences as well as any cycle slips and then maintains
and uses this information on all future time differences.
This was quite straightforward for a static calibration but
was incredibly complex for dynamic calibrations; fixing and
adjusting up to 5 ranges while moving over 250 meters.
After considerable airborne testing this was finally
resolved. We are now able to calibrate on the ground prior
to takeoff or during flight over known geographic
coordinates and adjust/correct all ranges simultaneously.
Accuracies were now at 150 meters.

The range/range software was developed in time for the
USGS NAPP contract we were contracted to perform in
Utah/Idaho. Over 12000 kms (5000 photos) were successfully
completed, all electronically positioned. Algorithms were
developed to permit the operator to input the line and
station number which automatically computed the geographic
coordinates of the line. The pilot electronically
positioned the aircraft and the computer fired the camera
at the instant the required coordinates were passed. The
system was extremely productive and cost effective., Our
production was increased by up to twice that expected by
being able to accurately and consistently navigate to the
required location. Again end turns were consistently and
accurately made within 4 minutes versus 8 minutes estimated
with conventional visual navigation. Fiqure 3, 4 and 5
show a sample area on a 1:250,000 map, the same area on a
1:100,000 map and the electronic printout respectively.

Minor improvements have been made to the software and
hardware since the 1987 season. Early in 1988 a second R40
with range/range was added to the FMS to provide a
crosschaining capability. The cycle time was degraded
necessitating fabrication ' of a buffer box concatenating and
being continuously and automatically refreshed with data at
0.2 second intervals from the two R40's. The cycle time
now varies from 2.5 to 3 seconds when operating two chains
comprised of 6 to 8 stations.

Work has been conducted throughout northern and
western Canada with the dual chain range/range FMS in all
our company aircraft with considerable success. We have
worked along the Arctic Coast and as far east as the
Saskatchewan/Manitoba border. A long wire antenna is used
to improve the low signal strengths found in some areas.
The R40 has the ability to operate on extended range or
with sky waves at some considerable distance from the
chain. This 1is appropriately weighted in the algorithms
and corrected for during calibration, again with
considerable success.
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“ATA FRONM FILE: AG107
NATE OF CAL!BRATION: 23 AUG 1988 TIME OF CALIBRATION: 156:07:00

- - -
SSS3== B+t S=I=2 == -

LHAING: 5990: CANADIAN WEST COAST CHAIN 9940: U.S. WEST £OAST CHAIN

STATIONS LATITUDE LONGITUDE (W) DELAY  SHIFTS{usecs)
WILLIANS LAKE, B.C. 31-57-58.8 122-22-02.2 .00000000 -4925.27
SHOAL COVE, ALASKA 33-26-20.9 131-15-19.7 013343460 +0.00
GEORGE, NASHINGTON $7-03-48.9 119-44-39.5 02892734 -4940.92
PORT HARDY, B.C. 50-36-29.7 127-21-29.0 04226461 -4914.89
FALLON, NEVADA 39-33-04.6 118-49-34.4 - 00000000 -2008.78

GEORGE., WASHINGTON 47-03-48.0 119-44-39.3 01379690 ~2008.78
MICOLETONN, CALIF, 38-44-597.0 122-29-44.5 02809430 =2008. 43
SEARCHLIGHT. NEVADA 33-19-18.2 114-48-17.4 04194730 -2008.36
CALIBRATION POINT: 40-46-33.9 111-57-33.0

oeom o
== === >+ 2 -=

REC# PHOTO LINER DATE’ TIME-GMT LATITUOE LONSITUDE D LAT(ft) D _LONG(ft)

001 0545 1094E 23 Aug  16:53:24 40-59-56 109-24-24  -44D t148
(02 0544 1094€ 23 Aug 14:53:49 40-58-06 109-24-23 -102 +70
003 NS43  1094E 23 Aug  16:S4:14 40-56-14 109-24-24  +144 +109
004 0542 1094E 23 Aug 16:54:40 40-54-23 109-24-26  +4° 283
207 0541 1094E 23 Aug 16:55:03 40-52-29 109-2¢4-22  -83 -16
006 0340 1094E 23 Aug 16:53:30 40-50-35 109-24-26 -183 242
007 0539 1094E 23 Aug 18:55:55 40-49-44 109-24-31 -85 +423
008 0538 1094E 23 Aug 16:56:20 40-46-35 199-24-30 4278 +343
309 0337 1094E 23 Aug 14:56:45 40-45-00 109-24-29  +13 +483
010 0536 1094E 23 Aug 16:57:10 40-43-09 109-24-2%  +191 +23

011 0335 1094E 23 Aug 16:57:36 40-41-16 109-2¢-24  +83 -
012 0334 1094 23 Aug 16:58:01 40-29-22 109-24-2¢ -3 +106
M3 0533 1094E 2T Aug  16:58:26 40-37-30 199-24-2¢ -10 +143
214 0532 1094E 23 Aug 16:58:31 40-35-39 109-24-2%  +183 +284
N1S 0931 1094E 2T Aug 14:59:16 40-33-48 109-24-26 +288 +109
015 0529 1094M 23 Aug 17:05:17 40-29-39 109-28-0¢  -80 -89
D17 0530 10948 23 Aug 17:0S:45 40-31-S4 109-28-17  +la9 +H9
018 0531 1094M 27 Aug 17:06:12 40-33-43 109-28-0¢ -214 +132
019 0532 10948 23 Aug 17:06:41 40-35-40 109-28-94  +214 -3
020 0333 1094N 23 Aug 17:07:09 490-37-30 109-28-08 -3 +28
021 0534 1094W 23 Aug 17:07:37 40-39-21 109-28-09 -144 +95
022 0535 1094W 23 Aug 17:08:05 40-41-18 109-28-09  +263 +99
N23 0536 1094N 23 Aug 17:08:32 40-43-06 109-28-08 -118 61
024 0537 1094W 23 Aug 17:99:00 40-45-01 109-28-07  +70 =12
225 0338 1094 23 Aug 17:09:27 40-44-52 109-28-10  -49 +#22

026 0539 10940 23 Aug 17:09:56 40-48-47 109-28-97 4139 -39
927 0540 10940 23 Aug 17:10:2¢ 40-50-39 109-28-01 +14b =330
028 0341 10944 23 Aug 17:10:52 49-52-31 199-28-04  +42 -250
029 0542 1094N 23 Aug 17:11:18 40-54-21 109-20-08 -14) +48
030 0343 1094N 23 Aug 17:11:44 40-56-12 109-28-07 -302 -62
931 0584 10948 23 Aug 17:12:15 40-58-07 109-28-05  -19 -173
032 0545 10940 23 Aug 17:12:43 41-00-00 109-28-07  +34 -4

Figure 5
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4 FUTURE DEVELOPMENTS

The FMS has proved itself and we will be propérly
packaging the system, probably with a IBM compatible laptop
with the new 386 processor. Early tests indicate that the

cycle time will be reduced to less than 1 second because of

the multitasking capabilities. This will improve the
accuracies by an as yet unknown amount. We have also
investigated incorporating heading and speed inputs into
the algorithm. Heading input 'could be achieved from
directional gyros,etc or an auxiliary digital fluxgate
compass.

North West Geomatics Ltd. expects to be able to
market the FMS by mid 1989 for those airborne applications
requiring realtime navigation accuracies of better than 250
meters.
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LORAN-C COVERAGE SUMMARY

GRADIENT - 7000 FEET/MICROSECOND, NOISE BANDWIDTH 30KHZ
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COVERAGE WITH 5 NEW 400KW ST ATIONS
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COVERAGE SUMMARY
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INAUGURAL LORAN NON-PRECISION APPROACHES

BEDFORD,MA 11-94‘-‘85
BURLINGTON,VT 02-11-86
COLUMBUS,OH | 10-06-86
PORTLAND,OR ~ 05-30-86
SALEM,OR ' 05-30-86
LAKEFRONT,LA 10-21-86
ORLANDO,FL o 05-22-87
VENICE,LA | | «04-1;5;88{_’ o
'KALAMAZOO,MI 07-29-88

NORWICH,NY 08-30-88

901"



VENICE , LA: April 28 - May 2 1987
- FIRST LOCATION WHERE A LORAN NONPRECISION
APPROACH ISESTABLISHED THAT DOES NOT OVERLAY AN
EXISTING CONVENTIONAL AID (ILS, VOR, NDB) APPROACH.

- FIRSTFACILITY WHERE A NON-PRECISION APPROACH IS USED

WITHOUT THE MONITOR AND AIRPORT BEING COLLOCATED.

LOT



NFOLDS FUNCTION

THE NFOLDS PROGRAM ESTABLISHES A
FACILITY TO GATHER THE MONITOR DATA
FROM EACH OF THE INSTALLATION SITES,
PROCESS THE DATA AND DISTRIBUTE
DATA PRODUCTS.

80T.
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LORAN MONITOR IN THE U.S. NATIONAL AIRSPACE SYSTEM

' OPERATIONAL CONFIGURATION

RMC-F
(FSS)

LORAN |[«——>F

VOR «——>»1C

DME > P -

TACAN |e—>U
~ VORTAC

CLEARANCE | -

DELIVERY

ARTCC

RMC-C

P

MPS

AF WORK NFOLDS

CENTER
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FAA - LORAN LONG TERM PLANS

¢ INTEROPERABILITY WITH GPS
e COMPATIBILITY
e AIRPORT CAPACITY RELIEF

o STATE PARTICIPATION

¢ APPROACH PROCEDURES

¢ DEPENDENT SURVEILLANCE

IT1



SOLE - MEANS NAV-SYSTEM

" KEY FACTORS

e ACCURACY
¢ INTEGRITY
- @ AVAILABILITY
¢ COVERAGE
e RELIABILITY
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LORAN-FIX DISPLACEMENTS DUE TO A MODEL CHANGE IN PULSE
PROPAGATION VELOCITY

E. A. Lewis and D. E. Meyers
'Megapulse, Inc., Bedford, MA 01730

Conventional Loran fixes are found by measuring Time Differences (TD’s) between groundwave pulses
from three transmitting stations. Slight changes in pulse propagation velocity cause changes in the
TD’s and result in a small displacement of the plotted fix. This paper considers the displacements
caused by the passage across the coverage area of weak frontal velocity step. Analysis is given for
both -absolutely synchronized transmissions, and for SAM-synchronized transmission. Computer
results are presented for selected illustrative scenarios.

PART I ANALYSI

1.0 PULSE-VELOCITY MODEL

Part I of this paper discusses theoretically the displacement of the hyperbolic fix position
caused by a simple-model change in groundwave pulse velocity. In this flat-earth model,
the ‘velocity is uniformly* v, on the leading side-of ©  a straight-line "front"; while on the
trailing side, the velocity is uniformly v,(1-f) where f is a small fraction, perhaps in the order
of 10*. Initially, the front lies well outside the coverage area and the effective velocity is v,,

but as the front advances, remaining parallel to its original line, the pulse travel-times tend
to increase. After the front has passed beyond the coverage area, the velocity is again
uniform but slightly lower than it was initially. The variation of travel times and TD’s
during the passage cause displacements of thefix which are difficult to visualize intuitive-
ly**, and must be calculated by a detailed analysis. Part I of this paper gives formulae for
computing the- directional ‘components of the ‘displacements and their magnitude in meters.
Part II gives numerical results in the form of displacement-contours for a number of
arbitrarily selected cases.

20 TD CHANGES IN TERMS OF PATH TRAVEL-TIME CHANGES
Let pomts A, B and C represent the geographlcal locahons of the Loran stations, Station B
being the master. The following notations are used:
(TOT),:  Instant the Loran pulse leaves the antenna of Station A.
Tap: Travel time of the pulse from A to point P in the coverage area.

(TOA),p = (TOT), + Tz Time of Arrival at P of pulse from A.

*A more complicated model might allow the velocity to vary with propagation distance.

**With absolute synchronization it is intuitive that the passage of the model front leaves no
permanent fix-displacement at the special point which is equi-distant from all three
stations. Also, it is clear that with ideal SAM-synchronization discussed in Section 2, there
is never any appreciable fix-displacement at the SAM itself.
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 Similar quantities with subscript A replaced by B and by C apply t0 stafions B apfi C.
Ignoting coding delays, which play no role in the following considerations,. additional
notations are:
(TD)ABP = (TOA)AP h (TOA)BP = (TOT)A + TAP - (TOT)B - TBP:
= Time Difference in arrival at P of pulses from A and B.
(I‘D)K:P = (TOA)BP - (TOA)CP = (TOT)B + Tgp - (TOT)C - TcpZ
= Time Difference in arrival at P of pulses from Stations B and C.
Unprimed quantities are used to designate pre-frontal conditions with pulse velocity v,, and
double primes indicate quantities which may have been modified by the passage of the
front. The changes in TD’s at P due to the front are then written formally:
A(MD) e = (TD) g - (TD)ge = [(TOD)”, + T"4p - (TOT)"g - Tl
- [(TOT), + T,p - (TOT)g - Typl 2.1
A(TD)pcp = (TD)"scp - (TD)gep = [(TOT)" + T"gp - (TOT)"c - T el
- [(TOT)B + TBP - (TOT)C - Tcp] (2.2)

Two cases must now be considered. In the simpler case, the transmissions are all synchro-
nized to some absolute time base (sometimes called TOE or TOT synchronization). Then

(TOT)”A = (TOT')A

(TOT)"s = (TOT), : (23)

(TOM)"c = (TOT)
and Equations (2.1) and (2.2) become

A(TD)up = (T”AP - T/u’) - (T”np - TBP) ' 2.9)

A(TD)” = (T”BP - TBP) - (’I‘”CP - TCP) ’ (2-5)
In the second synchronization scheme (sometimes called SAM synchronization), a Systems
Area Monitor (SAM), located at a chosen point S in the coverage area, receives the Loran
signals, and via communication links, adjusts the transmission times of Stations A and C so
as to prevent the AB and BC TD’s at S from changing. The formal changes in TD’s at S,
written in analogy with Equations (2.1) and (2.2), are then to be set equal to zero:

A(TD),gs = (TOTY"s + T s - (TOTYg - Tl - [(TOT), + Tys - (TOT)g - Tasl = 0 (2.6)

A(TD)acs = ((TOTY'5 + T"g - (TOT)"e - Tl - [(TOT)g + Tps - (TOT)¢ - Tl = 0 (2.7)
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It 15 assumed that the SAM does not control Master Station B, so that as before
(TOT)"y = (TOT)y . | 2.8
It follows from the last three equations that
A(TOTY’, = (TOD), - (T"4s - Tag) + (T"5s - Tis) (2.9)
(TOTY"e = (TOT) + (T - Tao) - (T"cs - Teo) (2.10)
Substituting Equations (2.8), (2.9), (2.10) in Equations (2.1) and (2.2) gives
ATD)pge = (170 - Tae) - (T = Tap)) - {(T"as - Tad) - (T"ss - T} (2.11)
A(MD)aer = (T - Tap) = (T"c - Tep)) - (T7s - Tae) - (T7cs - Tos)) (2.12)

These equations for the SAM-synched case are similar to Equations (2.4) and (2.5) for
absolute synchronization, except that each contains an extra term of similar type.

3.0 CALCULATION OF TD CHANGES

In an XY rectangular coordinate system let the equation of the frontal line be
y =Y, + mx 3.1)

where m is the slope of the line and vy, its intercept on the y-axis. For brevity the special
case m = oo, which leads to even simpler expressions, is excluded from the following
discussion. The passage of the line is simulated by choosing a succession of increasing
values for y,. If point P has coordinates (xy;), the perpendicular distance D, from P to the
line is given by

D, = Yo - MXp - ¥, (3.2)

This formula gives a positive distance if P is above the line, and a negative distance if it is
below the line. Similarly the distance of transmitter A (coordinates x,,y,) from the line is

DA =)%:_M 3.3)
Vy1+m

The reader may show by making rough sketches, that the fraction F,; of the path AP having
velocity v, must have one of the four possible values listed in the chart, Table 3.1,
depending on the values obtained for D, and D;,. In the case D, = 0 AND D, — 0, the
propagation path grazes the interface between the two  velocities and wave refraction
phenomena including total reflection may be significant. Since those topics are beyond the
scope of this paper, the grazing case is simply regarded as being indeterminate.



Table 3.1. Possible Values of the Fraction F,r

D,: >0 =0 Y
Dy
>0 - 0 | 0 D, I?ADP
=0 0 . 1
<0 %— 1 1

The travel time on the path AP is evidently

N VamN
AP a.pp AP (3.4)

T'ar = Far v(1-f) v,

Since f << 1, to a sufficient approximation

1—}1,— =1+f 3.5)
and since the initial travel time was
N
Tar = AVP 3.6)
it follows that
VR
T”Ap B TAp - f FAP AP = ffAP .V(XP _ XA)z + (YP ~ yA)Z 3.7)
Similarly for Stations B(xg,ys) and Clxcyc),
’ f . 2 2
T% - Twe = — Fio /0 - X9 + (¥ - o) (3.8)
’ f " "
T,CP - T = _‘; Fep .V(XP - X))+ (YP - yC) (3.9)
Similarly with a SAM at S(xgys),
’ f ‘ " 7
T,AS - TAS = 7 FAS V(xs - x,\) + (yS - y,\) (3.10)
y f ) 7 .
T’Bs - Tes = v Fis V(Xs - xg) + (¥s - ya) (3.11)
T” T f . 2 2
ce ~ lcs = 7 Fes V(xs - X+ (yS - yC) (3.12)

For each path the fraction Fy, etc., is to be found by reference to a table similar to

Table 3.1, using equations similar to Equations (3.2) and (3.3) obtained by the appropriate
changes of subscripts. The changes in TD’s are then given by Equations (2.4) and (2.5) for
absolute station synchronization or by Equations (2.11) and (2.12) for the SAM-synched case.
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4.0 FIX-DISPLACEMENT

It remains to find the fix-displacement in terms of the two TD changes. ' For this purpose it
suffices to assume that the propagation velocity is uniformly v, over the coverage area.
Then the TD at field point P for Station-pair AB, depends on the distances AP and BP:

(TD) gy = 17 (AP - BD) 4.1)

Small displacement dx and dy move the field point from P to P, and cause a change in TD
given by the total differential:

A(TP) g = a—‘%‘i’—“"- dx + a—(Ta%E dy (42)
_1(0aP_oBp\, 1 (0aP 8P\ 3
EEACTERES v.\3y dys ) '

now

AP _ 3 -

" Ve - X+ (yp - ya)? = XLXP—\X—" (4.4)

and similarly for the other partial derivatives. Then on replacing differentials by finite
differences indicated by the A-symbol.

V,A(TD) g = 0, AX + B,Ay 4.5)
where
o, = XP/'\XA . XP/'\XB 4.6)
AP BP
B, = Yo Ja JeYe 4.7)
AP BP
Similarly the move from P to P’ causes a change in the TD for Station-pair BC:
V,A(TD)ger = QLA + B,Ay (4.8)
where
o, = XP/'\XB _ XP/'\XC (4.9)
BP CP
B, = Yo Ys Ve Ye ©(4.10)
BP CpP

Solving Equations (4.5) and (4.8) simultaneously,

Ax =:’§ (BA(TD) 4gp - BLATD)ger) (4.11)
Ay == (0,ATD)ger - OLA(TD) g0} (412)

D

EE!



where

BH=op; - o, (4.13)

Since the A(TD)'s were found in Sections 2 and 3, the x-, y-displacements can now be found.
The magnitude of the displacement

~
PP =y (A% + (Ay® (4.14)

(It is noted that if changes in TD’s are calculated in nanoseconds, taking v, = 0.3 meters/ns
gives the displacement magnitude in meters.

PART 11

The numerical calculations were originally programmed on an HP-41CX pocket calculator.
This program was checked by laboriously working through a few examples by hand. The
program was then transferred in modified form to a PC-type computer.

The algorithm developed by Dr. Lewis was implemented on PC clone computer with an
8087 math chip installed. The programming was done in a high level language called
"FORTH." The operating system was from "Harvard Software.”

The program was set up to allow versatile implementation by the user. The parameters
under user control are: ,

a) Station location. Master and two Secondaries.
b) SAM location.

c) Location of the field points. (Depending on outputs required, either five (5)
points may be specified or a range of field points may be specified.)
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d) The angle of the front may be from 1 to 179 degrees in increments of 1 or more

degrees.

e) The distance of front with respect to the Master may be specified. The range is
from -10,000 to +10,000 in increments of 1 or more.

There are two types of control used in the Loran-C. These are Time of Transmission (TOT)
and Surface Area Monitor (SAM). In the former case, the time differences of the Secondaries
from the Master station are fixed. In the latter, the emission time of the Secondaries from
the Master are adjusted to keep the error zero at the SAM site. In the presence of a front,
each of the control systems will have displacement. This model allows an examination of
the displacement under varying conditions.

The conditions which we have chosen to present are for the three stations to be in a
symmetric configuration. In recti-linear coordinates, the Master station "B" is 0,0, the
Secondaries are "A" -866,500, and "C" at 866,500. The propagation front is represented as a
straight line inclined at an angle of 45 degrees to the vertical. The propagation velocity is
considered to be lower below the front line. The front is shown in three positions in the

coverage area. These are just entering, in the middle, and just leaving. The displacements
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are represented by curves drawn to enclose the 50 meter and under displacements and the
100 meter and under displacements.

Twelve figures are shown. These represent the fronts in three positions: 1) just entering the
coverage, 2) in the middle, and 3) leaving the coverage. There is one representation of TOT
control and three representations of SAM control. The three SAM are for three differing
SAM locations.

In the TOT control, under conditions of uniform propagation, the zero will be at the
perpendicular bi-sector of the two baselines. For this configuration, the zero is 0,1000. In
Figures 1 and 5 the zero error is at that point. Note along the front the 50 and 100 meter
contours are distorted. In Figure 3, the front is in the middle of the coverage area. There
are major distortions in the 50 and 100 meter displacements.

Figures 2, and 4 through 6 represent SAM control. The SAM is located at the 0,1000
location. By definition, under SAM control, a zero error will be at the SAM location. Again
note the distortion of the contours along the front line.

Figures 7, 9, and 11 are again SAM control with the SAM control at location 0,500. Figures
8, 10, and 12 are SAM control with the SAM near one of -the Secondary -500, 500.

The distortion of the displacement contours when the anomaly is in the middle of the
coverage area was a surprise. Several checks were done to confirm the distortion.

SUMMARY

We have developed a program which will be of aid in the analysis and evaluation of past
and future Loran-C installations. :

The algorithms can be expanded to account for spherical earth. Efforts are being made to
improve the presentation of the data generated.
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Eigures 1-6. Loran fix displacement (50 and 100 meter) due to propagation velocity change.
The front is represented by the heavy 45° line and is located at 0, 500, or 1000 km from the
Master transmitter (B) as shown. Secondaries are under Time of Transmission (TOT) control
in figures 1, 3, and 5, and under System Area Monitor (SAM) control in figures 2, 4, and 6,
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. Eigure 9 ; . ! Fix-displacement
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Figure 11
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Eigures 7 - 12. Loran fix displacement (50 and 100 meter) due to propagation velocity
change. The front is represented by the heavy 45° line and is located at 0, 500, or 1000 km
from the Master transmitter (B) as shown. Secondary transmitters are controlled by a Surface
Area Monitor located variously as indicated in each figure.
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But evidentely Sovjet’s Chaika (Loran-C-similar system) has

a coverage over the better part of the Baltic Sea. Future will
tell if the US Coast Guard and their Russian counterparts can
get things tuned together sa that Loran-C and Chaika can form
a true navigational system together.

Maybe the Loran-C-system one day can be a =ztrong system in my
“home market", '

Waiting for this let us look at burst-sensing in Loran-C-
-recievers of hardlimit-type.

A Burst—-Sensbr.

Hardlimiting the Loran—C—-=ignal - .

- is goad when it comes to determine the time of the
zero-crossings.

- gives no help to determine which zero-crossing that
is to be read.

— gives no help to indicate if the probability is high
that the a zero-crossing comes from a Loran—-C-signal and
not from an interference.

It is well~known how the waveform aof a Loran—-C-burst looks.

The useful part lies in the beginning of the burst. But in the
early beginning the zero—-crossings are of low amplitude, to much
overridden by noice. A few zero—-crossings later sky-waves are
polluting the navigational information content.

The part of the burst with useful information (typically 10-40
psec after burst-start) gives rise to a number of zero—-crossings
that as well could have beern generated t-cm a CW-signal.

Mo good; could envelope-manjpulation help us to select the spe-
cified zero-crossing with hard-limiting; without direct analogue
comparisons? -

Let us for a moment think of the envelope of the Loran-C signal
and the first resp. second time-differential of same envelope (E,
E’resp. E" of fig. 1).

It can be noted from fig. 1. that the second time-differential
of the envelope is the anly of these functions that changes

sign during the first part of the burst - which is the only part
we are interested in. Can we use this peculiarity?

If the second time-differential of the envelope - in =ome myste-
rious way -— was produaced in the reciever, modulated on the zame
carrier then we could - using an algorism - combine it

(hardlimited) with the raal Loran-C-zignal (also hardlimited)
and obtain a switch message saying: “We are now ® 19 psec’s after
burst-start."

SBut the second time-differentiation of the envelope modulated
on the same carrier as the recieved Loran—-C—-signal is not so
easyly produced in a Loran—-C-reciever. We can therefore use the
vwords William Shakespere put in prince Hamlet’s mouth: “ “tis a
consummation devoutely to be wished."
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Let us do non-stringent ¥irst and second time-differentiations of
the 1ncoming signal iz described hersunder. We call it

Falgsification 1.

B
s
o

Start with the real recieved Loran—-CT-=zignal Lit) whers

Lttty = r@¥a-— ‘2.!‘/&"‘* 1N 2KTEEXE)

and where £ = ti1me after pburst-start in psec;
T o= carrier Frequency. (100 kHz.)

) Apply on L %Y the tiae-differentiating formula
dLit) /it = limes ((Lit+St)~-L(£)) /&%) when &St -3 0.

hut let &t ‘1nstead af -+ O) be the time of onéd pericod of
the carrier wavelenght, namely 10 psec.

2) This i1s don2 bHv d2laving the Laoran-C-signal one period
and then zubtract the original signal from the delayed
nne.

DY The dif+terence from C) above can we naow call a false,
on the sams2 carrier modulated, first time—differential
of the envelope.

EY Do similar +alesifications ta aobtain a false, modul ated
=earnnd tlme"H1vrPrﬂnf1 1 of the =2nvelope.

The Loran—-C-signal L in fig. 2) and the ralzsified two differen-
tials (L7 and L=y in Fig.2) are demonz-i-ated in fig. 2. If ane
now applies hard-limiting Yo the obtained wavetorms and thereaf-
ter gives a at a zignal reports "no” 1f Loran-C
and ftalse s=cond vate ara bobth poitive or hoth negative
wheraas the report for other conditions. The "vez'" report
(lLgw 1n f1g. 2 cemgs here almost 30 psec. after hurst-start,

-h

Thi=z 1= rmo doubt one way Lo report burszt-start (affer a kEnown
delay) uszing a hardlimiting process and without making anplitude
COoOMPArLEANE using aralog methods o mulbi-boh A/D-conversions.

But the report comes a2 hit late: ¥ I0 psec. after burst-start.
et us see 1+ we can dn =omething smarber:

Falsification 2.

oparatiaons as 1in the first falsification with
Lwo changes:
i, rnstead of 10 psec.
agadiftion 2 the original signal to the delaysed ona
4

Lead of Fubfrav:ign. (fPdding every second halfperiod
nﬁdw‘:fﬁr carriers glves results of the zame btype as

avary Zecornd periad of the modulated carriar

et us have a look at L,'L’pz, L"e= r"2@3p. Leow 10 f1g. H
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ANAL O l_“__ L P I T O S - 1Y - —- , -
following the rules of “+al:1f1c:t1gn o, Dnlw delayr and
adding of zi1gnals are used.

Realization af the 3halogue part is shown in fig. 4. with the
output signals here called A, B and C.

Signal A: The recieved Loran-C-signal,

Signal B: The first time-differentiation of the anvelope
modiull ated with the zame carrier as signal A.

Signal C: The z2cond time-differentiation of the envelope
modutl ated with the same carrier as signal A,

Signal B az well as 213nal © ars now obtained via non—stringent

derivations as defined 1n falsification 2 above.

e can now gJo aver to one-bit A/D-conversion of signal A, B and Cj
thes- o5 obtaining the hardlimited zignals A, B and Ch respecti-—-
@iy rlrac—-pulses Ap. Z2p and Cp.

~Therefore let us have a look at fig 5. showing these signals.

If we now wantz to use these puls-trains to

ay find the =2lected zero-croszing (25 psec after burst-
—start) and
b) at the same time +t+ind out (with decent probability) that

the chozen zero-crossing comes from a Loran-C-transmitter
hurst :

then let us for instance use a set of conditions as described
hereunder to create the needed algorism:

- make a shitt register (sizeo: two ragicstrations/enough bites?

for time—reading

~ make another zhift register (four ragistrationssone bit)
for polarity obaservations

- it Ap, Bp and Cp are simultaneous (within zpecified value)
with Ap and Bp of same polarity then let Ap initiate a
clock reading to be sent to the zhift regizter +or time

- 1f Cp has the same polarity as Ap and Bp then send "+7 to
the shift register for polarity

- it Cp has ‘the opposite polarity as Ap and Bp then send ~—°
to the shift register for polarity

- 1f the four registrations in the polarity register are -7
=7, 7+’ and T+ respechtively then arc=pf the time-readout
that was done before last readout az "provably Loran-C-
—burst; time-reading 25 psec. after burst-start’.

This algorism giv vas'" faor time reading only if Ap and Ep
are simultaneous ni hav he same zign. This neans that we have
repeated zero-crossings 5 psec apart and the thus obtained i1n-
dications are cariried on 100 kHz and that the last halfperiond of
the carrier has a bigger absolute value than its predecessor

but 1s of cppozite sign.

UI
w

PR

reading of the polarity register 1:3:

bime 1= 30 psec atter hwwst-start. B=2ading

time-regizster before !lateszt input gives then bthe redout val
25 psec afrter burst-start.

When the algorism’s last
(’_+_J,.‘+S!.‘__.‘ Eﬂ-\d .v___:-) +

3

It seams obvious that an interfering signal will meet diffi-
cultins 1f 1t wants £t coatmansuver this algorizm. The nead
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- a built—-out system using the principles above produ-

ces probablv f2wer but more reliable time~readoutss;
the conzequenses for the sequential tracking system
that follows has not bheen dealt with in this paper

possible enlargements of the algorism to make (for
instance) sky-wave-adaptability possible has$ neither
been dealt with

because ot hthe historical (and geographical) back-
ground of the author as indicated above there might
be a risk that some of what is said abaove is not
new. A nunber of claims are therefore given to the
Swedizh Fatent authorities to get these questions
sarted out.

Bengt G Gustafson, HOLGUS ABE, Box 117, S—-197 00 Sigtuna, Sweden.
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PERSONAL NAVIGATION

by

Dennis Bahr
Paul Schick
- Erich Ziemann

-~ BAHR TECHNOLOGIES INC.
1842 Hoffman St.
Madison Wisconsin 53704

ABSTRACT

The cambination of the latest techniques in Digital Signal Processing along with the current
technologies relating to multiple High Integration microprocessors, VLSI circuit use and
HCMOS processes has yielded a new generation of LORAN receiver characterized by high
performance, low power consumption and true handheld portability. This new type of design
described herein as a Linear Averaging Digital Receiver will establish new standards of
performance for LORAN navigation and will result in the application of LORAN to new market
concepts, i.e. the "Personal Navigator".
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HARD LIMITED versus LINEAR AVERAGING DIGITAL Receivers

The majority of LORAN receiver designs today have evolved to the
standdrd Hard Limited approach mainly because it offers a
‘reasonable level of performance with low cost and simplicity of
design. With high integration microprocessors, a minimum of
electronic support circuits are needed; single and dual circuit
board LORANs are the state-of-the-art for the industry.

Antenna Bandpass -1 Fixed
i > i >| Cycle Channel
Coupler L(> Filter Gain -——l———* oS Limiter
v
Gain ' l
v g
Envelope
5 uSec —®- Channel
Delay Hard Limiter
— | Timer - |9
and
Sampler
Master
- Clock é'
Displa
. Microprocessor| > P2y
Guidance and
and < Memory <=1 Keyboard
Control Switches
Subsystems

Fig. 1 Hard Limited LORAN Receiver Block Diagram

Hard-Limiting receivers quantize signals to one bit before
processing with the analog carrier and envelope signals being
created before separate hard-limiting. A variety of signal
processing methods may be used on these signals in order to
acquire the LORAN station TD information. Hard-limiting allows
for a simple receiver design that rejects large amplitude burst
noise. The cost of an error is the same from a large burst or
relatively small burst, at worst only a sign change may occur.
The hard-limit design suffers from the inability to reject CW
interference and also neglects information which may provide more
rapid acquisition.



QUANTIZING REQUIREMENTS for the LINEAR AVERAGING RECEIVER

Linear Averaging Digital receivers quantize the LORAN signal with
multi-bit resolution and maintain an averaged waveform in memory.
The quantizer (A/D converter) is similar to the hard limit
receiver when the resolution is one bit and logically no
additional information is obtained by this configuration. For
additional increments in resolution, Figure 2 shows the digitized
representation for 2 bits(2a), 4 bits(2b) and 6 bits(2c¢c). 1In all
representations, the guantizer clip level equals the LORAN pulse
peak.

A,
PN
\’V\,//
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Fig. 2 Resolution for various A/D configurations
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GAIN ZONES

For minimal quantizer bit resolution, it is important to properly
frame the first 50 microseconds of the LORAN signal with regard
to quantizer signal clip level. For this purpose, a means of
dynamically adjusting the front-end gain is required and is
accomplished with the microprocessor establishing Gain Zones for
each station received, dependent on the on-going evaluation of
the magnitude of the received signals. Figure 3 relates the
method of establishing assigned zones of gain for the purpose of
equalizing or normalizing quantizer resolution. Important
features of the gain stages is that they do not cause the filter
stages to ring for gain transitions and that the phase shift be
minimal for every level of gain allowed.
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a IR IR [TEREBNT] e+ ERRERN
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™ b g L 4 2
1) TIME
< GR1 )I
Fig. 3 . GRI Gain Zonirg

CLIP DETECTION

A major difference between the hard-limited and linear detector
designs is in the treatment of burst or impulse noise. As
previously discussed, a large impulse whether it be due to
natural or manmade origin, would only contribute an error of one
bit to a hard-limit signal average, but a linear detector allows
the impulse to contribute a multi-bit error. One scheme to
reduce the sensitivity of the Linear Averaging Digital receiver
to large amplitude noise is to use the fact that the desired
signal is framed to use most of the resolution the quantizer,
with any larger signal or noise causing the clipping of the A/D
output. Error contributed by the corrupted samples towards the
average would then be limited. Even with this limiting process,
it is undesirable to add clipped samples to the average so a
further method is to detect the occurrence of an excessive number

of clipped levels and then to discard the entire sampled signal
before averaging.
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AVERAGING

Linear averaging of the LORAN signal is a technique that has been
used mostly on an experimental basis in the past. Operating on
the basis that the phase coding of the signal repeats every
second GRI, a very basic averaging receiver could be fabricated
with a large acquisition memory and a highly stable clock. The
repetition rate for each ensemble is thus equal to two GRI’s and
all phase codes will be additive regardless of their position
within the GRI. A block diagram of this type of receiver is
shown in Figure 4.
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Fig. 4 Basic Averaging Receiver
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By adding together a number of GRI’s (limitgd only by the
constraints of clock stability and memory Wldth),.the ;egultant
signal would show improvement in the signal—to-n01se_51mllar to
the simulated waveforms of figure 5. After, or possibly even
during the signal acquisition phase, the output'could.be fed to a
cycle detector for evaluation of the zero crossing points.

e L
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25 12.5 225 325
TIME (MICROSECONDS)

Fig. 5 Effects of Signal Averaging on Gaussian Noise
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CLOCK SYNCHRONIZATION

Critical to the successful use of signal averaging techniques in
LORAN receivers is the synchronization of the local GRI counter
to the exact frequency of the GRI chain being used. Typical
averaging intervals dictate short term clock stabilities of one
part per million or better. Prior technologies have not allowed
this type of performance at the low cost needed for a commercial

product.

The clock synchronization method used in this design includes a
processor controlled oscillator in conjunction with software
algorithms to detect synchronization errors. Appropriate
adjustments are then made on a real-time basis and the clock is
literally phase locked to the strongest LORAN station’s Cesium

reference.

PHASE CONTROL

Much has been written on the LORAN phase coding characteristics
and the built-in (and not quite optimal) ability to reduce the
effects of cross-rate interference, CW interference and skywave
contamination. Most of the concerns documented have been made
with regard to the use of receiver phase strobing for the purpose
of minimizing Cross Rate Interference through cross correlation
processing techniques. Similar techniques are easily performed
in the Linear Averaging Digital design. Figure 6 shows the usual
phase coding scheme utilized in LORAN transmissions today.

GROUP A GROUP B
PULSE NUMBER PULSE NUMBER
812345678981 2345¢6 7829
MASTER +| ==t +]=|+|-|N]|+ =]l ] |+ ]| +]+IN|-
secoNDARY | ++]+{+[+ [- [~ [+ININJ+]=[+][-[+[+{=[=| N[N

Fig. 6 LCRAN Phase Patterns
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In the design of this particular LORAN receiver, the phase coding
is of critical importance for several reasons: 1) in the initial
acquisition phase certain phase patterns can identify the
position of the master and group codes within the GRI time frame;
2) in subsequent acquisition phases, the location of the slave
stations can then found more readily with selective phasing of
the input signal; 3) once all stations are identified as to
their position spatially in time within the averaging interval,
averaging of the pulse signals together within a pulse group is
allowed.

The LINEAR AVERAGING DIGITAL RECEIVER .

The final design configuration of the Linear Averaging Digital
receiver includes all of the features previously described; GRI
gain zoning, clip detecticn/redjection, phase toggling, clock
synchronization, signal averaging and additicnal features not
described herein.

. v
Antenna Bandpass Variable Phase Cl Input and
Coupler |->| Filter >| Gain  >|MP |~ Control™ Derector"'> Fel:dback ‘ jSummorl
A Control
i 3
Gain P l ] 9
File e Clip Control] Acquistion| _
. Cozt"{l Fie | |File Memory |~
= : : ] [ 1
Counter ——>|cp
File ——>!Counter
Clock JA
Trimmer Clock—J
Master > (jock c
; ycle <5 :
Clock [ Detector i
V- ' 23
Dispia
Microprocessor Gt play
G::.lance and
a D e .| S—
Control cmory < ls(eybo;ex;d g
Subsystemns wite

Fig. 7 Linear Averaging Digital Receiver 3lock Diagram



AUTOMATIC NAVIGATION with the LINEAR AVERAGING RECEIVER

The linear technology of this receiver makes it possible to track
stations beyond 1000 nautical miles (1850 Km.). At more
reasonable distances, cycle slip conditions are corrected in
seconds to less than a minute.

Cycle position tracking is limited by CW interferers, statistical
noise, cross rate interference, and skywave contamination.
Adequate signal strength is nct a problem! Contrary to some
advertising claims, groundwave amplitudes are large, well in
excess of 100uv/m even at 11C0 nautical miles, for the weakest
U.S. stations, but the noise is larger still, in the millivolts.

Cross rate interference is reduced by a brcad notch at 100KHz.
This distorts the pulses s htly, but the linear front end makes
amplitude and phase availab independently. There is enough
information available to ¢ ect the distortion fully. With
cross rate and narrowband ) interference, it is useful to
average before signal proc ing so that the signal information
is not swamped out.

lig
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orr
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ess

The most serious limitation on tracking, even of moderately
distant stations, is sky wave contamination, which appears as
ECD; encugh ECD to cause cycle slip unless it is corrected. At
our location, (Madiscn, WI) or example, the skywave from Seneca
routinely exceeds the Minimum Performance Standard values (12dB
larger than groundwave Qnd ue¢ayed 37,5uS), and Seneca is only
550 nautical miles (1000Km.) away. Some LCFRAN receivers track it
quite poorly (especially at :igh:) despite Zreathtaking
advertising claims.
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Figure 8 shows received groundwave data for Raymondville, Texas
(1066 nautical miles away) normalized and fitted over the first
25uS to received data from Dana, Indiana. The skywave distortion
can be seen (approximately) as the difference. £ The distortion is
huge, and it begins very early, long before any 30 microsecond
sampling point. Hard limit receiver designs will have great
difficulty determining an accurate zero-crossing point on this
signal. ‘

Dana vs. Raymondyville Q”c” Modu'son “

0
i
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A
- _"lu"‘.\ _L‘El.b iy ;'k\'nn"“k\ “\ »

v \
ref Vv V v

— sub ) \
—— sky

Fig, 8 Raymondville and Dana Data



Figure 9 shows comparative data (samples two minutes apart) from
near Sawyerville, Illinois, fitted in the same way. Cross rate
interference at this location is negligible (less than 0.6%) and
we apparently have a skywave fluctuation early in the'waveform.
We are only 212 nautical miles (393 Km.) from Dana, with around
50 millivolts of signal!

Dana vs. Dana at Sawyerville (1

—— sub

—— sky

Fig. 9 Received Data, Sawyerville, IL

These figures illustrate why standard hard limit detection
techniques often don’t work well. The skywave contamination is
simply inescapable. There is a front-end filter in use, so that
both the pulse and the skywave begin 7-10uS earlier than their
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nominal starting points although this is not clearly visible at
the scale of the figures. The portion of the groundwave which
has both significant amplitude and is uncontaminated-is
essentially nonexistent.

The consequence of this condition is that many receivers have to
average long enough to average skywave phases. It can take some
receivers many hours, if ever, to correct a cycle slip. The test
is simple: turn the receiver off, drive it two miles away, turn
it on again, and see if it ever recovers. If it does, see if it
also stays recovered.

The linear receiver normally recovers from cycle slip in 15

seconds to a minute for stations out to 850 nautical miles. All

of the signal information is available for processing. It is

free of the aliasing, second order distortion, and confusion of

amplitude with phase, produced by hard limiting. Signal -
measurements are made primarily by cross-multiplying with

carefully designed templates. The full, toleranced portion of <
the signal enters the calculations. Signal, noise and other
amplitudes are available directly so that the averages weight
correctly. Amplitude and phase are distinct, making good skywave
correction possible.

PERFORMANCE OF A LINEAR AVERAGING RECEIVER

The receiver has a settling time typically less than 20 seconds
and rarely exceeds 30 seconds during the dayzime. Stations up to
a distance of 1100nm can be tracked accuratel.y since any skywave
contamination is removed by software filters. The unit will
locate and track signals as low as -15 dB in about two minutes.

The unit performs automatic GRI selection and, in fact, can be
turned on anywhere in the world and iz will determine its current
location without user_ intervention.
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PROPRIETARY DESIGN FEATURES

Three patents are in process with the basic patent on ensemble
averaging having been issued. One of the patented items is the
antenna. In a handheld unit, an antenna with a low driving point
impedance is important to minimize capacitive coupling with
people and objects near the antenna. One consequence of doing
this is an antenna with a near zero impedance at zero Hertz. This
eliminates any possibility of static build-up on the antenna.

The antenna needs to be znly two to three feet long and the unit
can be operated inside of the chain with a one foot antenna. We
have found that holding the antenna nearly horizontal degrades
the performance only slightly.

Six automatic notch filters have been incorporated together with
a circuit which acts like a spectrum analyzer. Interferences can
be detected and notched out in two seconds. The notches are 2KHz
wide at the -3dB points, 200Hz wide at the -20dB points and have
a minimum depth of -30dB.

A second order tracking loop takes into account the effects of
system data smoothing and the effects of velocity on position
using a modified Kalman filter.

All of the features and functions found on standard lorans have
been incorporated except the ability to track sky waves. When
,one can track ground waves, why bother tracking sky waves?

NAVIGATIONAL EQUATIONS

The navigation equations are set up in a pseudc-ranging form and
solved using a maximum likelihood method, depending on such
factors as station geometry, signal strength and signal-to-noise
ratio. GDOP calculations are made on each slave/master pair and
are used to weigh the contribution of each station to the
position calculation. A modified Andoyer-Lambert geodesic
equation is used since it provides calculations nearly as good as
the Sodona equation with less computer overhead. Errors for
distances from typical loran stations amounts to 1 - 3 meters.
The unit normally operates using a single GRI, however, the unit
can operate using all the slaves from two GRI's. If required,
the unit can be made tc do its calculations in the typical
three-station hyperbolic mode.
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ADVANTAGES OF A LINEAR AVERAGING DIGITAL RECEIVER

What is the end result improvement in LORAN performance when the
previous design features are incorporated in a LORAN receiver?

1)

2)

3)

4)

S)

6)

Improvement in the rejection of

continuous wave interference;

Increase in the extraction
the information content 3f
LCRAN waveform;

Speed of acquisition;

Sky waves and Cross Rate
rejection

Improved accuracy;

Tracking of Russian
Chay Ka Stations

of
the

Phase toggling prior to
adding a sample provides
cancellation of most
coherent interference.

Linear detection provides
an inherent 3 to 6 db
signal increase over
hard-limited detectors.

TD acquisition times of
15 to 20 seconds in
typical signal areas.

Sky waves and cross rate
easily removed from
linear signal.

Allows the unraveling of
ground and sky waves by

usirg cross correlation

masks.

Software masks can be
changed depending on GRI.
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TECHNOLOGY NECESSARY TO MAKE A LINEAR AVERAGING DIGITAL RECEIVER

How can today’s technology make possible a high performance yet
moderately cost effective LORAN receiver, i.e. a PERSONAL

NAVIGATOR?

1) Through the use of multiple High Integration High Speed
CMOS type Microprocesscrs that are available at
relatively low cost.

2) By reducing the high component count/cost of a
averaging receiver through the use of HCMOS VLSI parts.

3) Through the simplification of front-end circuit
complexity with Standard Cell Analog CMOS Application
Specific Integrated Circuits (ASICs).

4) Through the use of cost effective dynamic memory
integrated circuits.

5) By fabricating such a receiver using surface mount
component technoclogy and automated assembly technigques.
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LOSP: A LORAN-C RECEIVER SIMULATION PROGRAM

M. Beckmann and A. Duym

Delft University of Technology

The Netherlands

ABSTRACT.

In the design of a Loran-C navigation receiver one of the most
important  design choices is that of a suitable receiver architecture.
Such an architecture specifies what type of antenna. bandpass filter,
signal processing algorithms etc. are used. The choice of a receiver
architecture ~ should be  considered  carefully  because it  determines
largely the receiver quality and can be changed only at high cost
afterwards; therefore a way to calculate quickly the properties of
several different architectures would be a verv  helpful tool for a
designer.

Because mathematical analysis of a complete Loran-C receiver is very
complex if not impossible, a computer simulation program (called LOSP)
for Loran-C receiver§ has been designed at the Delft University of
Technology. It simulates a signal as can be received with a normal
Loran-C antenna, the receiver front end with bandpass and notch filters,
a digital-to-analog conversion and the consequent processing of the
converted signals.

The formulae used to calculate the antenna signal and the receiver
parts as e.g. the bandpass filter, are derived and the program structure
iIs shown. Also, an example is given of the usefulness of the program in

the analysis of signal processing techniques for interference
suppression.



I. INTRODUCTION.

Loran-C, with its complex signal format and the presence of all- kinds
of dangers to its quality and reliability, presents’ some - special
challenges to designers of navigadon receivers. A problem encountered
very early in the design of a Loran-C receiver is the choice of a
receiver  architecture.  The  architecture  determines  which.  type  of
antenna, bandpass filter, interference suppression and signal processing
algorithms are used. _

This problem is especially challenging for two reasons. First, once a

receiver  architecture has  been  chosen, it is very <costly and -
time-consuming to alter this choice. Second, with the introduction of

Loran-C in Europe, new receiver architectures will be necessary, as the

traditional ones do not perform optimally in the environment encountered
here.

Much research work has been directed towards the optimal design of -

parts of Loran-C receivers: suitable active antennas, bandpass- and
notch-filters, A/D converters (hard-limiting or linear) and all kinds of
algorithms for acquisition and tracking of Loran-C signals. However,
trying to understand what happens if all these “building blocks" are
combined to form a complete receiver, is difficult. One could try to
find a towal "transfer function” of the receiver, with which the Time Of
Arrival or Time Difference as experienced by the ‘receiver” can be
calculated, with a  well-defined signal at the antenna input. For

practical receiver architectures this approach will quickly become so

complicated as to be useless.

A much more viable way to gain understanding of the behavior of a

complete Loran-C receiver, would be to write a computer simulation
program. Such a program could “generate” signals coming from an
imaginary antenna and calculate numerically the influence of each
"building block” (e.g. filters, A/D conversion and tracking algorithms)
on these signals. Developing formulae for these calculations is not too
difficult, and the results of these calculatons can be combined to
yield the response of the total .receiver architecture on an _ antenna
signal.

So in order to be able to do research into receiver architectures,
the Delft University of Technology started development of the simulation
program LOSP, an acronym for LOran Simulaton Program. This program runs
on IBM- and compatible Personal Computers (XT or AT types).

149



150

2. WHAT IS SIMULATED BY LOSP?

Fig. 1.1 shows a complete navigadon system, from a transmitter over
a radio path to the receiver.

wm-cj/ ‘ - s(1) [STONAL
. /—\—_V'_-- 7t = AD ] PRO-

CESSOR

INTERFERING
TX

Fig. 1: Loran-C navigation system: transmitter, radio path and
receiver.

The Loran-C transmituer generates a pure Loran-C burst, which will be
contaminated on its way to the receiver by noise, interferences etc. The
task of the receiver is to measure the Time Of Arrival (TOA) of the
incoming Loran-C burst even under unfavorable circumstances. It consists
of several "building blocks", as the example of fig. 1 shows. In order
to be able to write a simulation program, one has to define first which
"building blocks” are to be simulated.

In LOSP a general choice has been made to simulate all those
receivers which have the commonly used architecture of fig. 1: analog
bandpass- and notch-filters in the front end, some kind of A/MD
conversion  (hard-limiter or linear) of the filtered signal and a
(micro-)processor systém used for the acwal Time Of Arrival or Time
Difference measurement. Note that all sclcttiyity is assumed to be
concentrated in the filter system: therefore amplifiers present in the
receiver won’t change any amplitude rado’s (e.g. SNR) and can therefore
be neglected. It is assumed too that the receiver does not actually
calculate a position in longitudes and latitudes; this is more a
geodetic than an electronic problem and is therefore not implemented in
LOSP.

As shown in fig. 1, simulation of the analog part of the receiver
yields a signal S(t) going into the signal processor. This processor
will take care of all algorithms necessary for locking onto the Loran-C
ransmission frame, identifying the proper cycle and measuring TOA’s. So



for proper receiver simulatibn LOSP has to be able to calculate the

.signal S(t) going into the signal processor at any time t, as well as

the intermediate signals which are used to "build up" S(t). These are:

- A signal as mansmitted by a standard Loran-C transmitter, with phase
coding. For internal research purposes, a possibility to add Pulse
Place Modulation to the 8 pulses in one GRI has been added. Note that
for the purpose of this prbgram (receiver analysis), it is enough to
simulate one transmitter signal. Simulating more than one transmitter
signal would not be useful, as the extra data would be used only in
position calculations. These won’t be simulated: by LOSP anyway, as
they present geodetc problems, not electronic problems.'

- The influence of the radio path between transmitter and receiver on
the Loran-C signal: Envelope%o—Cycle-Discrepaqcy (ECD), noise,
interfering signals and skywaves. k

- The influence of a filter system in the front end of a receiver on
all incoming signals. In order to be flexible, there should be a
choice of as many bandpass filters as possible and a  possibility to
add more than one notch filter. | '

Note that wherever suitable, LOSP keeps to the definiions of Loran-C
and other signals as published in the Minimum Performance Standards
(MPS) [1] of the Radio Technical Commission for Marine Services, Special
Committee no. 70.

After the signal S(t) has been calculated, LOSP will execute the
algorithms implemented in the signal processor of fig. 1. Because these
algorithms can differ widely, the user of LOSP is not offered a choice
at run-time, as this choice would have to be very limited. Instead, the
user is offered a well-defined interface between the analog "receiver"
part and the signal processing part of LOSP, with which he can write his
own signal processing software to be included in LOSP.

3. SIMULATION METHODS.
3.1. Introduction.

In the previous chapter it has been shown that a very important task
of LOSP is to calculate the signal S(t1) going into the signal processor
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conform the USCG standards, at any time t This signal consists of
several parts: groundwave, skywave, interferences and  noise. In a real
receiver these signals are summed in the antenna and then . filtered and
processed. In LOSP, the signals are first filtered scparately —and then
summed. Because the filter system is linear, this is completely legal;
and filtering separately first and summing afterwards is easier and

faster than summing first and filtering later. S
So in order to calculate S(t), the parts which together form S(t)

have to be calculated first and then summed. In order to be able to

properly sum these “sub"-signals, a reference amplitude has to be
established. In LOSP. the amplitude at the peak of the Loran-C
groundwave burst at the receiver antenna is set to 1; the amplitudes of
all other signals are referenced to this amplitude (incidcmally, as

LOSP does not simulate groundwave attenuation, the barnplirgde at the peak

of the transmitted burst is | too in LOSP). Note however, that most

Loran-C specifications are not referenced to the peak of the Loran-C

burst, but to a continuous sine wave with the same amplitude as the

envelope of the Loran-C burst at 25 ps. This value will be called Envzs
in all following formulae, and for a peak amplitude of 1 it is about

0.506.

The four signal types of which S(t) is built up, are then:

- A filtered groundwave, optionally with ECD. The method used to
calculate a filtered Loran-C burst with ECD is explained in § 3.2.

- A filtered skywave, again optonally with ECD. The filtered skywave
is calculated in the same way as the filtered ground wave. and then
multiplied with the sky-to-ground-wave ratdo (this won’t be changed
by the filter system) and delayed with the skywave delay.

- The filtered interference signals. LOSP is designed to simulate
Continuous-Wave Interferences (CWI) only, though later editions will
be able to simulate Cross Rate Interferences (CRI) too. CWI signals
can be written as:

Sl'mm(t) = A - sin(mlt + q( )]
In this formula. w, and o, are specified directly by the user, but
amplitude A has to be calculated from the specified
Signal-to-Interference Ratio (SIR). For this calculation, the USCG
definition of the SIR is used. This definition makes use of the value
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of the envelope of the burst at 25 ps:

\ 4
En 2s

SIR
10(50_)

A= 2

with the SIR specified in decibels. The effect of filtering such a
signal can be expressed as:

S M = A+ [HGo)| « sin(@t + ¢ +H(®)) 3

with |HGo)| and ¢(w) resp. the amplitude and  phase transfer of the
filter system at . The calculation of these filter parameters will
be explained too in § 3.2.

- Filtered noise, specified and simulated according to the USCG
specifications. The methods used to simulate noise in LOSP are
explained in § 3.3.

3.2. Calculation of filtered LORAN-C bursts and simulation of filter
systems in LOSP.

In LOSP, three kinds of filter calculations have to be done:

1. Calculation of amplitude- and phase-transfer of the filter at any
frequency w: |H(jw)| and ¢(jw), for e.g. simuladon of CWI-signals.

2. Calculadon of the noise bandwidth of the filter: this 1is the
bandwidth of a filter with a square amplitude transfer and the same
noise power at its output as the filter selected in LOSP.

3. Calculadon of the filtered Loran-C burst: phase transfer at the

Loran-C transmitting frequency of 100 kHz and influence of the group
delay on the Loran-C envelope.

A bandpass filter in LOSP is represented by the poles and zeros of
the corresponding normalized low-pass filter. Data of these normalized
low-pass filters can be found in all filter handbooks and therefore new
filter types can be introduced relauvely easily. A iow-pass to bandpass
transformation is then done on the filter selected for simulation,
yielding complex conjugate pole- and zero-pairs (pi,'ﬁi) and (zi,'ii). For
each (optional) notch, one pole pair and one zero pair are added on the
proper places. The general filter tansfer funcion of the complete
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filter system is then:

s iEll (s-zi)(s-ii)

4)

H(s) =H-

a

ig‘ (s-pi)(S-ﬁi)

For a frequency ®, the amplimude- and phase-transfer functions are
simply:

1, Jjoz | fjo-Z|

(5)

[H(w) |

n

T |jo-p | |jo-p |

@mE + I (oGoz)ioD) - T (ogop)reio)) ©

i=1 i=

o(jw)

and with these two formulae the calculaion of amplitude- and
phase-transfer for e.g. CWI-signals can be done.

For the calculation of the noise bandwidth, the amplitude transfer of
the filter has to be integrated from (ideally) 0 Hz to e. With a noise
source with power density = 1|, connected to the filter input, this
integral then yields the total noise power Pn at the filter output:

o0

P = J |H(w)|* do (7)
0

This noise power has to be equal to that of a filter with transfer

characteristic:
[HGw)| = 0 0 <w<w- B
0 2 n
i = b L b
IH(jw) | 1 W, an <w< W, an
. _ i -
|[Hjw)| = 0 wr 5B < os

with Bn the noise bandwidth to be calculated. Such a filter will have ‘a



noise power at its output of:

l.
m0+EBn

P = f |H(w)|* do = f do = B_ O ®)
0 mO_%Bn

The noise powers of formulae (7) and (8) have to be equal, so the noise
 bandwidth simply becomes: '

B = f |H(w)|* do | )

0

For the calculanon of a filtered Loran-C burst first the standard
Loran-C  burst is Laplace-transformed, then it is muitiplied with the
filler twansfer of formula (4) and the result of this multiplication is
transformed back from the Laplace- into the time-domain.  This
calculation is complex but contains only standard mathematcs, and
therefore here only the results will be shown.

The transmitted Loran-C burst is given by:

2kt

£, = (kt)? « e . sin(@_0) (10)

with k = ESIE and @ =21 - 100 kHz. The Laplace-mansform of this

burst is:

£{f(t)}=j-(ek>2-{ Lo ! } (11)
tu (S_pL)3 (5’§L)3

with p = -(Zk = ju)o).

The filtered Loran-C burst can be calculated by muldplying (11) with
(4) and transforming the resulting formula back to the time-domain. The
result from this (complex) calculaton is:

3 A

C‘Zkt' Z {(_1)1-‘___x__ . tl-l. Sin(mot_(p )}
. - (x-1)! .

£ (0 = 2-He(ek)™ (12)

n -t
-2 {e b Ae Siﬂ(BiHPi)}
i=1
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with n the number of pole pairs in the filter system and parameters A,

0., A and 9. funcdons of the filter poles and zeros. The formulae used

to calculate these parameters are not given here, as they are rather
complex. Parameters o and B in formula (12) are simply the Tteal and
imaginary parts of the ﬁlter poles p: p, = @ + jB

Formula (12) represents a ﬁltcred Loran C burst without ECD. For the
derivation of a formula of ‘a filtered Loran-C burst with ECD. the Laplace
transform of such a burst has to be calculated again, that function has
to be multiplied with the filter transfer function and the result must
be transformed back into the time domain. The result of this complex
calculation shows that ECD can be simulated by shifting the filtered
envelope in formula (12) with respect to the filtered carrier, and using
slightly different functions for the calculation of Ax,,‘(px, A. and 9.

3.3. Simulation of noise in LOSP.

According to the Minimum Performance Standards, two different noise
sources can be used for simulation of Loran-C signals:
1. White noise. This noise is filtered with a single-resonator LC filter
with a bandwidth of 30 kHz and the level of the filter output signal
is used as a reference for SNR calculations.

(3]

Armmospheric noise, simulated by:
- a noise source as described in point 1
- bursts of 100 kHz sine waves, lasing 30 us each and distributed

randomiy in time according to a Poisson distribution.
8%%% to simulate

The 1two sources are added with a ratio of
armospheric noise.

It will be clear that the first method mendoned above, is easiest to
implement and will be executed much faster by the computer. The only
problem to be solved with this noise source is the effect of the 30 kHz
LC filter. It will however be shown that at the sampling rates used in a
typical Loran-C receiver, the only effect of filtering white noise will
be to limit the noise power. .

As mentioned in paragraph 3.1, in LOSP the signals used to simulate
the total signal going into the signal processor, are calculated and
filtered separately first and added afterwards. This means that the
noise source used in LOSP should generate noise, not only filtered by a
single-resonator LC filter of 30 kHz bandwidth, but filtered by the



whole filter system used in the simulated Loran-C receiver (including

the 30 kHz LC-filter). Such a filter system will have two effects on a

noise signal:

1. Samples of pure white noise, transmitted through a filter, will have
a correlation coefficient which is not zero. This means: when taking
noise samples at regular distances, the value of a filtered sample
will not only depend on the momentary value of the unfiltered noise
signal, but also on the values of the previous noise samples. ‘

2. The total noise power will be limited: ideal white noise has a
constant power density from 0 Hz to infinity, while the filter will
transmit only a part of this spectrum.

In a rtypical Loran-C receiver, samples of the antenna signal will be
taken at distances around 1 ms. Filter theory, however, states that the
correlation coefficient between signals coming out of the filter, will
be approximatély zero at sampling intervals of more than é—, with B the
-3 dB bandwidth of the filter. This would mean that even with a 1 kHz
bandpass filter in the Loran-C receiver, samples taken at the Loran-C
repetiion rates will not be correlated. With the normal bandwidths in
Loran-C receivers of 15 to 30 kHz, this will be even more so. So for
samples taken at the burst repetiion rates, one can safely take
uncorrelated gaussian noise t0 simulate the noise coming out of the
filter in a real Loran-C receiver.

Because of the above mentioned reasons and the wish to keep noise
simulation in LOSP as efficient as possible, a choice was made to use
uncorrelated gaussian noise at the filter output for noise simulation.
The only problem not yet solved is the calculaton of the proper
variance or noise power o of the gaussian noise.

The noise power GLCSOZ of the antenna noise simulated according to
the MPS, can be calculated easily (remember: in the MPS all amplitudes
are referenced to the burst amplitude at 25 ps, which is equal to Env,
in LOSP):

Env_ |? [m]
g 2= 25) . qpl10

LC30 (14)
This is the power of the noise simulated according to the MPS at the
antenna input. By dividing this power through the noise bandwidth of a
30 kHz LC filter, the power density N of the antenna noise can be
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found:

o0 |

Ny o g Le3o (15)
0 8,LCI0 :

with B 130 the noise bandwidth of the filter wused in the MPS

specifications. This noise bandwidth can be calculated relatvely easily

and is found to be 47.124 kHz. '

Once the noise power density of the antenna noise is found, the power

of the noise after the filter system can be calculated easily:

2 . .
oﬂheud = Bn,ﬁher No (16)

with | B et the noise bandwidth of the filter system (bandpass- and

notch-filters) chosen by the user of LOSP. So, filtered noise in LOSP is
simulated with uncorrelated gaussian noise with power (14 + 15 + 16):

2 SNR
1 Bitiie [Env“) [TB“]
o, 2= pghtite. L3 Ly
fikered n,LC30

(17)

As formula (17) does indicate, every time the filter configuration is
changed the noise bandwidth of the system has to be recalculated,
because otherwise no proper noise simulaton can be done.

The only problem still to be solved is how to generate uncorrelated
gaussian noise. This is done in LOSP by generating and adding 12 random
numbers with a pseudo-random noise generator. This technique has been
described in among others [2] and vyields a good approximation of a
gaussian distribution with average | =6 and standard deviaton © = 1.
Both p and ¢ can be scaled to the values wanted by the program designer.

As will be described in paragraph 3.4, LOSP can also take more than
one ‘"sample" per burst (in order to be able to do interference
suppression or cycle identficadon) and in that case the uncorrelated
noise model does not work. As stated, the minimum sampling distance for
a correladon coefficient = 0 s 11; With a bandpass filter of 20 kHz,
this minimum distance will then become S50 ps, which is often more than
the distance used between samples taken within one burst.

In order 1o solve this problem, an experimental correlated noise
generator has been developed. This generator works only for samples
taken within one burst; correladon between samples in different bursts



is stll assumed 10 be zero. As- work on this generator is stll

continuing, no further details will be given here.
34. The time base used in LOSP.

Until now the methods used to calculate signal S(t) at any time t,
have been explained. For calculating and displaying unfiltered and
filtered waveforms, t can be increased linéarly, which is rather easy.
For use of LOSP in analysis of signal-processing algorithms however, a
time base has to be established which determines at which moment t
signal S(t) is sampled. The time base value can be changed by the signal
processor in order to e.g. track a zero crossing. The tdme Dbase
implemented in LOSP works according to the following rules:

- Two coupled time bases are used:

1. Time base T contains the time in microseconds from the start of
the simulaton on. This tme base is used for all processes which
are independent of the Loran-C burst generation.

2. Time base SPP (acronym for Sample Point Position) contains the
time in microseconds from the start of the current burst on. This
time base is used for calculaton of Loran-C signals.

Fig. 2 shows how the time bases are used for the calculaton of

signal S(t).

T=0 T=25 us T=1000 us  T=1035 ps
; g

SPP=0 spp%zs s SPP=0 spp;35 IS
— —

Fig. 2: Reladon between the time bases used in LOSP.
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: As can be seen from fig. 2, as long as the sample point is stationary
time base- SPP won’'t change at all, while tme base T will increase
with 1 ms steps within a series of 8 bursts, and GRI - 7 ms while
waiting for the next series of 8 bursts. Every time the sample moment
is ‘changed ‘and SPP is increased or decreased (c.g. because of
tracking action), time base T is changed with the same amount of time
t00. .

.= A "main sample” is taken every time a phlse is gcncmted at thc time

stored in SPP, 8 samples per GRI at 1 ms spacing.

- Every ‘time a main sample is taken, up to 10 relative samplcs can be
taken too. These relative samples are taken at equal spacmgs of 5 us
and are  located 2.5+nf5us(-10<=n<-10) from the main samplc
moment. This ‘means that when the main sample moment is used for zero
crossing tracking and a 2ero crossing has been found, the relative
.samples will - be .taken at. the surrounding  positive and negative. tops
of the, sine :wave. These samples . can . be wused for interference
.suppression, cycle. identification etc. Note - that at the -moment an
experimental correlated -noise model is used for noise simulation
- within one Loran-C burst. . B

- When pulse place modulation is apphed thxs means that thc pulse is
moved forward or backward in tme. This is done by adding or
subtracting the specified amount of time to the sample moment SPP.

.Every time a set of samples has been taken, a procedure is called
which  contains the user-written signal processing  software. = This
procedure. can of course make use of: all samples taken.

3.5. Block diagram of LOSP.

After the basic simulation methods as used in LOSP, have  been
described, a block diagram of the .setup of LOSP can be drawn. As has
been ; explained in the  previous paragraphs, LOSP calculates the filtered
signals  separately and adds everything together behind the. filter
system. This signal then goes into the signal processing part. As shown
in fig. 3, a menu conwol block has been added, which ecnsures that LOSP
is easy and comfortable to use. Most simulation blocks -in fig. 3 are
connected to the menu block via a dashed line; this, means . that
parameters of these blocks can be changed during program execution under
menu control.



SIMULATION OF
=3 TX TRANSMITTED
SIGNAL

RADIO SIMULATION OF
PATH NOISE, SKYWAVES,
INTERFERENCES ETC.

CALCULATION. OF

M o lacian| |H(j@)|] FILTERED SIGNALS
D (BANDPASS - AND
DISPLAY E ¢(®) 9(©) NOTCH-FILTERS)
— ¥ v
N
KEYBOARD

A/D CONVERS ION
U A/D (HARD - LIMITER OR
LINEAR CONVERTER)

E

T1T1— SAMPLING PROCESS

A j;sppu SPP

o p ; SIGNAL PROCESSING
s ds”’ - (PHASE TRACKING.
CYCLE IDENT ETC.)

Fig. 3: Block diagram of Loran-C simulation program LOSP.

4. APPLICATIONS OF LOSP.

In this chapter an example of an applications of LOSP will be given,
which will show its usefulness in the analysis of all' kinds of signal
processing  algorithms. Such algorithms can include: locking onto a
Loran-C transmission frame, identifying the cycle to be tracked, and
tracking a zero-crossing. In this paragraph, attenton will be focused
on the use of LOSP in the analysis of receiver behavior if Loran-C
signals are contaminated with CW interferences. A detailed theoretical
analysis of problems caused by CW interferences can be found in [3] and
the interested reader is referred to that publication. Here only some
results will presented of simulatons done with CW interferences as
measured in Delft, The Netherlands.

In the example presented here, a setup is chosen with a Bessel filter
with minimum group delay and a bandwidth of 20 kHz. The amplitude
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transfer of this filter is shown in fig. 4.

SnFR 3roup delav

+
$5 004 ; . . '
! L. 00 £0 S0 Ty owu Fa S0 AL.N0 S0 Lad.d 4200 130,90 4.0 xNT.

Fig. 4: Transfer function of a Bessel minimum group delay- filter.

This filter has a zero-crossing at 5508 ps, which is being tracked
by the “receiver” in LOSP. It is assumed that the Loran-C signal comes
from the Norwegian Sea Chain, with a GRI of 7970. One of the most
dangerous interference signals found in Delft is a signal from a dutch
DECCA transmitter at 115.552 kHz. Fig. 5 shows what happens to the
tracking of the receiver if this (strong) signal is not properly
suppressed.

operating conditions:

-SNR = 0 dB
- no skywaves present
- interference f{requency:
115.552 kHz
- bandpass filter:
: e s : : . ol Betsel, minimum group
L IR ; : ' delay

RY i : S i : s ; {1 -position of zero-
5,00 Y P T Ty Ty v T VRS SRR i :
0.0 $6.00 106.0 160.0 200.0 250.6 350.0 350.0 %00.0 480.0 &AL ;;o;;nn to be tracked:
.08 us

Fig. 5: Effect of interference on tracking of =zero crossing. The window
shows the sample moment SPP (which should try to follow the zero
crossing at 55.08 us) with strong interference on 115.552 kHz

The normal way to suppress an interfering signal as in fig. 4, would
be to set a hardware notch filter on that frequency. However, other
methods have been proposed as well, using software techniques to



suppress interfering signals. One such method has been described in [4],
and relies on the fact that interfering signals will either affect the
even pulses (0, 2, 4, 6, 8 10, 12 and 14) in a group of 2 GRI or the
uneven pulses (1, 3, 5, 7, 9, 11, 13, 15). This depends on the number N,
which is defined as:

N=2+GRI-f (18)

with t‘im the interference frequency. If N is even or nearly even, then
the pulses with even numbers will be affected; if N is odd or nearly
odd, then the pulses with odd numbers will be affected. So a way to
suppress interference would be to take samples in either the even or the
odd pulses. With an interference frequency of  115.552 kHz,
N = 184189888 or nearly odd, so a way to suppress the interference
would be to sample only the even pulses. This can be done easily with
LOSP, and the result is shown in fig. 6.

3pD
1z R
M 1
- T A D T O S SO i
i : i
L i
i [0 S 5 [ U .
: !
’ CC 30 . e {
i : !
SC M. . i e e i
— — —— — |
3, pags DR 1 T L T ——— '
T SN L
TROITS. e s e
TIoENL.
T2 Flm e e e .
F3.00 -
[T z 4 H 50 1300 53 3

Fig. 6: Effect of sampling only even pulses in a GRI, with interference
present at f = 115552 kHz. Operating conditions are equivalent
to those of fig. 5.

As can be seen, the oscillaion present in fig. 5 due to the
interference signal, has disappeared. What can be seen too is that the
tracking has become quieter and slower, due to the fact that only 8
pulses per GRI are sampled instead of 16 and that therefore the
information bandwidth is lower. This example is rather straightforward,
but shows clearly the abilities of LOSP in analyzing all kind of signal
processing techniques.
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5. CONCLUSIONS.

Computer simulation of a complete Loran-C system (signal generation,
propagation ecffects and receiver  behavior) has proven to be a very
powerful tool for research into Loran-C receivers architectures and
design of receivers. The methods used for simuladon of noise, filters
etc. have been chosen in such a way that the calculations are not too
complex for the computer but accurate enough for mcaningful simulation.
Because of this emphasis on computing efficiency, simulation can be
done on personal computers, and a software package has been written
implementing the simulation models on IBM and compatible PC’s.

The program as presented here, is not complete. In future releases
features like a correlated noise model with high computing efficiency
and simulation of Cross Rate Interference will be included.
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L.QBHL-Q IIMING CONTROL AND/OR MONITOR TIECHNIQUE

James P. Van Etten
Consultant

230 Rutgers Place
Nutley, NS 07110

ABSTRACT

This paper® presents a technique for developing
Yfar field" signal equivalents for both local and remote
Loran-C signals at the transmitting antenna location -- thus
providing the capability to control and/or monitor Loran-C
performance at the transmitter sites. Implementation of this
technique can provide significant system monitoring
advantages particularly if all stations use time of emission
(TOE) control. It can provide:

© the capability for full chain control and/or
monitoring based on measurements made only at the
transmitter sites.

o acocurate real time measurement of baseline electrical
paths.

o real time correction factors for area broadcast to
improve system accuracy in all sectors.

o simplified chain calibration by elimination of
requirement to determine baseline length by baseline
extension measurements.

An adjustment procedure (which can be automated) is
described which insures integrity of the technique even with
antenna detuning due to weather or other causes. The paper
describes the implementation applicable to a transmitter
station configuratiion utilizing a 625’ top-loaded monopole
and an AN/FPN-44A transmitter. However the technique is
equally valid with all configurations of transmitters and
transmitting antennas .

- MR MR n s eh WD TR ER A n WD AN G R N N S e e e R e WD G G S G e me W e dm e  ar o e e em e e e G e e - wn e

* This paper reports on work done by the author and a former
colleague, the late Milton Dishal, in the mid 1970‘s.
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OBTAINING THE OPEN-CIRCUIT VOLTAGE AT THE BASE OF AN ANTENNA

The open-circuit voltage which would be developed at the
base of the antenna if it were open circuited, will be used
as & measure of the received radiation field.

The following paragraphs describe a circuit procedure
which, with no high level RF switching required, allows one
to obtain this open-circuit-voltage even though the antenna
is fully connected to the n=3 (or na2) output network being

used for high power transmitting, that is, even though the
antenna is not open circuited, but is instead fully
resonated. Simply stated, the frequency selectivity of the

input impedance of a network can be completly cancelled by
using & properly-proportioned combination of voltage and
current sampling. Indeed this same principle has been used in
the AN/FPN-44A transmitter to cancel unwanted frequency
selectivity within the feedback loop and achieve closed loop
stabilization. ‘ :

In this instance when we wish to use the transmitting
antenna for receiving, the input impedance frequency
selectivity we wish to cancel is that observed from 'the other
end of the transmitter coupling network; that is, it is the
frequency selectivity presented to the open circuit voltage
which has been induced into the antenna by the remote field.

TUBES BIASED TO
FULL CUTOFF

r—

]
&

T 4

Figure | The n=3 circuit involved when the transmitting
antenna is used for receiving.
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-'I!ithe=antenna input impedance could be ;imd{qted by an
equivalént circuit having a2 constant resistance preceding 2
purely reactive Foster or Cauer network, and if it were
possible to physically contact the point immediately, to the
right of the equivalent antenna resistance, then Figure 2
shows the manner in which the voltage and current probing
would be performed to make the total voltage labelled Vo be
an exact replica of the open circuit induced voltage,‘eé.

Figure 2: Simplified (but not realizable) circuit to
4 produce replica of open circuit antenna voltage.

However, the antenna input impedance cannot be simulated
by the equivalent of Figure 2; and even ifiit could, the
point l@beled;V, in Figure 2 does not physicmlly§existt
Therefoge }heAcltern&te configuration shown in Figure 3 will
be implemented, The equivalent circuit shown in this
illustration for the antenna will be discussed in detail in
a later sgbtioh of this paper.
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Figure 3 illustrates the physically realizable sampling
ﬁrocodure which will be used, and which can be adjusted so
that the Vg4 output from the sum circuit is an exact replica
of the open circuit induced voltlge.4‘ &

TUBES BIASED TO

FULL CUTOFF \

Figure 3: Physically realizable

sampling procedure to
obtain Vg output, an exact replica of open
circuit induced voltaqe,-‘eé.

As observed in Figure 3, this procedure requires the use
of an auxiliary '"matching" circuit whose input impedance
Zg4 matches the total input impedance of the antenna plus its
tuning coil. (A straightforward adjustment procedure
used which experimentally enables adjustment of the
auxiliary matching circuit until it satisfactorily matches
the antenna plus tuning coil impedance. Therefore, it is not
4 matter of hoping that one has satisfactorily matched the

impedance;, instead there is a& solid experimental procedure
for obtaining the satisfactory match. )

1s
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It is worthwhile to mathematically demonstrate the
circuit relationships which must exist in order that Vg in
Figure 3 will be proportional to the open-circuit induced
antenna voltage 4{¢(

In Figure 3, at the SUM port:
\4 = VQ + kvvh (1)
In the antenna mesh of Figure 3:

Vo = 4e6 - 41, @

Across the matching circuit of Figure 3:

Z, |
V‘ _— - KI 1' : (3)
&’a - Z, :
In the implementation, the R in Figure 3 is at least 20

times greater than Zg4 even at the extreme ends of the
frequency band of interest, (say 80 kHz and 120 kHz);, thus
for all first order phenomenon, Equation (3) becomes:

W = 2

g,

Substitution of Equation (2) and Equation (3a) in Equation
(1) produces Equation (4):

k&-I' (3a)

_Eéi_ k&p[, + ‘<v »“(GG; "2;.23 (4)
"3

k;“;‘g + [-£;£ - Kv:] 2513 (42)
J

Vy

Equation (4a) tells us that if we proportion Kg and Ky
correctly, we can make the second term in Equation (4a) be
tero, and then Vg will be 2 direct replica of 4<¢€ with
2 gain factor of Ky - From Equation (4a) we observe that
for the previous statement to be true, we must make the
bracketed expression in Equation (4a) be zero; that is, we
must satisfy Equation (35):

Kz x K (5)
Ky 4




"We have described the need for, and use of, an
auxiliary matching circuit whose inputyipb}dance matches the
total impedance of the antenna plus its tuning coil. The very
important practical point is that there is a solid
experimental procedure which enables one fd'ad)hst the
auxiliary matching circuit until 1t does satisfactorily match
the actual antenna input impedance: ‘The procedure is also
used to monitor the match, so that any drifts in the actual
antenna impedance will be tracked by tho ;uxxlxary matching
cireuit. : :

Figure 4 shows the simple cxrcuitry'involvod in the
‘experimental matching and monitoring proceduro ‘With the
circuitry of Figure 3 unchanged, we use the voltago dovolopod
across Cjzy by the normal tr;nsmxtter sxgnal -1f the sampling
network has been correctly ad]usted in’ lccordgnce with
Equation (5), a broad-band null will be produced at Vo when
the input impedance of the &uxxlxa;y matchxng cxxcuxt
satisfactorily matches the 1nput xmped;nco of-the actual
antenna. S : :

Figure 4: The auxiliary matching circuit is adjusted to
produce a broad-band null when the normal transmitter
signal produces its voltage across C o

171
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i
: |

The mathoqatical proof{ of the correctness of this
nulling procedure {s simple and straightforward, and is

presented here for the sake of ' completeness.

Equ(tiont}(1>. (3), and (3a) previously developed still
apply exactly. Now paying '‘careful attention to the arrow
directions in Figure 4, we observe that:

. f :
: = - VG& . ‘ (6)

1,;..|‘ + » : ' ‘ ‘ l !
Subs'titufioniof Equation (6) into Equation (3a) produces
Equation (7): '

V‘l = - i’. Vis AT
<y
Substitution of Equation (7) into Equation (1) produces

Equation (8):
Vo = [Ky - rA ] Vt$‘ ' (8)
In our p;rouit) we have caro!ully‘adjustod Kv and Kt'to

satisfy Equation (5). .Of course this makes the bracketed

expression in Equation (8) be zero, thus:
. i ‘ ’

Vp = "0 b . (8a)

W ow

. > R/
. N A - 7
If X, and KI havp een correctly proportioned a null of
output from the cxr uit of Figure 4. wxl b obt i d,.
trmz 4 het ﬂ%iﬂ%mittor’ﬁs Jr:vi:, iy ﬁ%n% nigthe : ?F vgi£?PQH
natohknq %1rch1%3lnd ‘the &d- plus the tuning coxl of the
actual antenna are correctly adjusted to be identical. This
nulling procedure during the transnft ime wle be usod to
gusrantee the cortgqgnes§>o}-tho ﬁatchhnq circuit.

£ 7“_1 - e L& -ui

QEIAIHLHQ IHE EADL&IED ﬂEAB Elﬁhgm AT I%F Eﬁiﬁ QE IHE ANTENNA

The prccoduro usod to obtalﬁﬁt network whose transfer
1mpodanco simulates the transfer impedance between antenna
baseicurrent and resuting radlltod f&r field is based upon
tho !ollow!ng basic concepts - !

i
i H

° In.a‘network made up of pure reactances plus a single
internal resistance, all the power delivered to this
network must obviously be absorbod by thAt single
internal resxst&nce

"o 'I{'thq'rea; part of the inputiimpedlnce to the
g "previous neétwork truly simulates the radiation
‘"resistance of the antenna, then, because of the
proviously‘exprossed power relationship, the voltage
across thé;ginqi: internal regnstor in the previous
nﬂtworkwwirl trﬁiﬁ simullti the phenomonon in the
3 radiated far fiel from that antenns.



o To simulate ground loses, copper losses, and
dielectric losses, resistors must Bo}addod to the
previous network in such a way that the total input
resistance versus frequency is correctly simulated
but the radiation variation with frequency is not
disturbed.

A SIMPLE NETWORK SIMULATION OF THE 625’ TOP LOADED MONOPOLE

The report on Project W 215, performed by the U.§. Coast
Guard at the Electronics Engineering Center in Wildwood
includes a graph of the measured total input impedance of the
625~-foot top-loaded monopole antenna. Total input impedance
values obtained from this graph are listed in Table 1.

FREQUENCY (kHx) INPUT IMPEDANCE <(ohms)
50 1.0 - j20S
75 1.5 - jot
100 2.5 - j16
125 o 4.0 s ja7
159 | - 6.8 + j108
; “ zéo 17 + j245
200 : 210 + j1000

Table 1: Measured:.Values of the Total Input Impedance
to the 625-foot Top-Loaded Monopole Antenna.

Figure 5 shows & network configuration and component
values which matches the experimentally measured values of
Table | to better that 3 percent up to 150 kHr. Because of
this, the (Vt /I i ) of this network gives a very good
approximation to the transfer impedance of the 625-foot top-
loaded monopole (TLM) antenna.

la 0.0123 ¢
Do Y |
>—o——
0.00129uft 165 uh 64000
™
0.50 '

Figure 5: Network configuration and values that matches
the total input impedance of the 625‘ TLM.
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Table 2 gives the total input impedance of the network
of Figure 4.

FREQUENCY (kHz) INPUT IMPEDANCE (ohms)

50 0.94 - j205.8
78 1.54 - j90.9
100 2.5‘-'116.2
125 4.0 + j45.6
150 6.24 + j105.3
200 15.7 + j246.9
300 245 + j1184

Table 2: Total input impedance of the network of‘Fiquro 4

The network of Figure 4 will be used to simulate both
the input impedance and the transfer impedance of the 625°
TLM antenna.

INTEGRATION OF THE LOCAL AND FAR FIELD MONITOR SUBSYSTEM WITH
AN/FPN-44A TRANSMITTER, 625° TLM, AND RECEIVER SUBSYSTEM

Figure 6 shows how the circuiiry and concepts which have
been discussed could be combined with switching
local “far field" transmitted signal
proportional to the

to send the
{(the voltage *&

transmitted radiated field) to the
monitor receiver subsystem during the

remote received signal(s) (the voltage Vy proportional to the
received open circuit radiation field) during the remote
signal intervals.

local interval, and the

[

[CHES

St ericnr
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= TO NULL INDICATOR FOR AUTOMATIC
ADJUSTMENT (IF DESIRED) OF MATCHING
j_l, NETWORK DURING LOCAL INTERVAL

LOCAL
INTERVAL

T0 COAST GUARD
| MONITOR RECEIVER SUBSYSTEM
| -

Figure 6. The remote signal circuit of Figure 3 and. the
local signal circuit of Figure 4 are combined
with switching to complete “"far field"” probes
at (and referenced to) the TLM location.

As previously mentioned, the value of Rg in Figure 6 is
s0 great, compared to the input impedance to the network it
is driving, that the network is effectively being driven with
& constant current which is a replica of the actual antenna
current being sampled by the current transformer.

A null indicator for manuel]l or automatic adjustment of
the auxilliary matching network during the local interval
insures the integrity of the "far field"” pickup of the remote

signals at the TLM location. Note that both local and remote
" radiated field signals are phase-referenced to the
geographical location of the 625 TLM antenna.
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W
ASF Chartlets: A Picture Is_ Worth a 1000 Numbers

P e e

David H. Gray
Canadian Hydrographic Service
Ottawa, Ont., Canada

R. Michael Eaton
Canadian Hydrcgraphic Service
Dartmouth, N.S., Canada

Abstract

After five years of producing chartlets that show the Additional Secondary Factor (ASF) only
where it was actually observed in the field, the Canadian Hydrographic Service (CHS) is in
the final preparation stages of publishing the ASF corrections in a contoured map format
throughout most Canadian Loran-C waters. The method of calculating the theoretical ASF
(based on certain electrical properties) and then the incorporation of 100,000 data points of
observed ASF data will be discussed as well as the visual presentation in map form. The
impact and usefulness of such a product will also be discussed.

Background
During 19’80 and 1981, the Radio Technical Commission for Marine Services' (RTCM)
Special Committee No. 75 met to discuss the minimum performance standards for Loran-C
coordinate converters. One of the most significant realizations of those meetings was the need
for information about the Additional Secondary Factor (ASF) of each Loran-C rate. The
Defense Mapping Agency (DMA) undertook to prepare booklets of ASF predictions
throughout the coastal waters of the United States. Although Canada was not bound by any
recommendation of the RTCM, the Canadian Hydrographic Service felt that providing similar
information to Canadian mariners was necessary. However, after discussions within CHS
and with several ship's captains, we considered that a map presentation was more useful than
a digital one. Our reasoning was based on such points as:
- our publishing of Decca Fixed Errors (which are roughly akin to Loran-C ASF) in the
form of correction tables was poorly received by the maritime public to the extent that
they were not used,

- the Decca Company's publication of the same Decca Fixed Errors in map form was far
more readable,



- condensation of information (particularly since we intended to go 200 miles off-
shore), |

- better portrayal of areas of rapid change versus areas of no change, and ,

- mariners probably have a better idea of where they are on a niap than in a matrix of
tabulated values. -

One consideration was that we did not have a sophisticated ASF prediction package such as
~ our colleagues at DMA had, but to more than offset that disadvantage, we had extensive data
collection of observed ASF. By that time, the Loran-C public was well aware of the pitfalls of
using only ASF predictions as was demonstrated by the early large scale charts near Los
Angeles. We now know that phase recovery is underestimated off a rocky, low conductivity
coastline and that the models also assume geometrical straight line propagation rather than
wave propagation. This is particularly serious in the case of a transmission path grazing a
coastline.

We had already begun making chartlets showing the actual observed ASF in the areas that we
had surveyed, for internal inventory purposes; therefore, it was a relatively easy matter to
improve the cartographic quality of these diagrams for publication. Over the past five years
we have continued to add the new survey data to these chartlets and to publish them in a
relatively timely manner.

Nevertheless, we felt that observed ASF chartlets were only an interim measure until we could
provide a contoured format for the ASF correction. Now is the time to get away from interim
measures and do the job properly!

Great Lakes

In the Great Lakes, we have extensive ASF observations throughout Lake Ontario, Erie,
Huron and Georgian Bay, including the North Channel, and adequate information in Lake
Superior. We also have National Ocean Survey and/or US Coast Guard data provided by
DMA in Lake Ontario, Erie, St. Clair, Huron, Michigan and some very sparse data in Lake
Superior. We were able to fit mathematical polynomials to this relatively dense data and
present them in a contoured format on the chartlets. The preparation of the chartlets brought
forth a problem that had been identified earlier in the 9960-Z ASF in Lake Huron near Point
Clark where the American and Canadian data sets differed by about 1 microsec. That
prompted a resurvey of the area in 1988 which has not completely resolved the problem.
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Atlantic Coast & Gulf of St. Lawrence

Our data base of observed ASF in Atlantic Canada is probably our most extensive since this is
a vast area; we have surveyed a great deal over a nine year period, including detailed
observations in some test areas for special studies. Our surveys include the whole coast of
Nova Scotia (including Sable I.), New Brunswick, Prince Edward Island, the Gaspé
Peninsula, St. Lawrence River estuary, the Magdalen Islands, the Strait of Belle Isle, and
selected areas of the coasts of Newfoundland. Along with this data, we also have GPS
positioned data on Georges Bank and Doppler satellite positioned data scattered throughout the
Scotia Shelf and Gulf of St. Lawrence. We have also received US Coast Guard data from
New York City to Grand Manan.

In support of our off-shore multi-discipline surveys by using rho-rho Loran-C/Doppler
Satellite/Doppler Sonar Log fixing, we developed an on-line Millington's Method ASF
computation using the CIA digital coastline. We brought this ASF computation program into
the office and improved it. We realize that there are perhaps more sophisticated ASF
prediction techniques, however by using this method we have found that there is usually a
systematic residual difference, around 0.5 microsec., between the computed and observed
ASF that is almost a constant over a large area. We are exploiting the fact that the shape of the
ASF surface is roughly correct but that the surface must be tacked down with groups of real
ASF data. Because of this relationship between computed and observed ASF, we have
developed a routine for applyving this residual difference to the computed ASF values and to
use these adjusted values as input to a lattice drawing routine or for contouring the ASF
chartlets. Subjective judgment and experierice are necessary in the application of the expected
differences in areas where there are no observed data. The geographical variation of
conductivity, the varying amount of land, and the wrong estimate of the conductivity cause
only slowly varying residual differences which can be easily handled. What causes us more
trouble is; 1) the fact that our prediction model underestimates phase recovery within a few
wavelengths of a rocky coast, and 2) the fact that the model treats propagation in a straight line
rather than wave motion which bends around corners.

Pacitic Coast

Our data includes detailed surveys in Georgia, Juan de Fuca and Hecate Straits and the
approaches to Prince Rupert as well as off-shore data based on Doppler satellite fixing. We
also received from DMA detailed surveys in Juan de Fuca Strait and off-shore data
presumably based on Doppler satellite fixing. During the off-shore surveys, using the same
rho-rho Loran-C/Doppler satellite positioning system, it was found that the Millington's
Method ASF computation routine sometimes gave unreliable answers because of the many



fiords and islands. -Also the topography contributed to significant delays that were not
accounted for in the ASF computations. By using only the observed ASF data, we have been
able to use the same methodology as in the Great Lakes; namely, the use of polymonials to
express the ASF. For satisfactory results, the data upon which the polynomial is based must
be adequately distributed over the region of interest and may not be adequate for prediction in
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areas with no surveys and is definitely not valid close in-shore where the ASF changes rapidly

due to phase recovery. There is also the inability of the chartlets to show all this detail close to
shore. Therefore, some areas have been identified with the note,"Insufficient data" and have
also been ear-marked for surveys. '

Publication

The observed ASF diagrams have been published in a Canadian Coast Guard publication
"Radio Aids to Marine Navigation" which is required on board ships under the Charts and
Publications Regulations promulagated under the Canada Shipping Act. The following
contoured style ASF chartlets will supercede the observed ASF diagrams in Radio Aids to
Marine Navigation:

Loran-C Rates: Area:

5930 X &Y West end of Nova Scotia,
5930 X&Y South of Sable Island,
5930 X,Y&Z Halifax to SW Newfoundiand and to PE!,
5930 X, Y&Z West part of Gulf of St. Lawrence,
5930 X, Y&Z East part of Gulf of St. Lawrence,
5930 X,Y&Z Southeast of Newfoundland,
5930 X, Y&Z East of Newfoundland,
5990 X,Y&Z Juan de Fuca and Georgia Straits,
5890 X, Y&Z West of Vancouver island,
5990 X,Y&Z Queen Charlotte Sound,
5090 X, Y&Z Hecate Strait & Dixon Entrance,
7930 W Halifax to SW Newfoundiand and to PE,
7930 W West part of Guif of St. Lawrence,
7930 W East part of Guif of St. Lawrence,
7930 W&X Southeast of Newfoundland,
. 7930 W&X East of Newfoundiand,
7930 W&X Northeast of Newfoundland,
8970 X&Y Lake Superior,

8970 X&Y Lakes Huron & Erie and Georgian Bay,
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9960 W& X West end of Nova Scotia,
9960 W& X West part of Gulf of St. Lawrence,
960 W, X, Y&Z Lake Huron, Erie & Ontario and Georgian Bay.

At present, only a few of the chartlets have been prepared and are available for constructive
criticism, which we would be glad to receive. We have learned that it is best to have proto-
types available for such a purpose since we do not necessarily think of all aspects on the first
drafting.

Technical Concerns

We, the authors, are very concerned with the derivation of ASF and the use of it. We are
looking at Loran-C as providing a positioning capability that will complement GPS - which
we believe it is capable of doing in many areas. We also foresee that at least some of the

future user public will have Electronic Chart Displays and that there will be a Loran-C

coordinate converter as part of the positioning system. It therefore follows that ASF data is
necessary to calculate the correct position. Consequently, accurate ASF is needed to produce
a position without systematic biases that can be used in conjunction with GPS data.
Therefore, such matters as the knowledge of the horizontal datum of the survey , error-free
survey data, the integrity of the receivers used, the Loran-C transmitters and controlling TD's
being correct have to be confirmed.

We are also concerned that the prediction techniques used by CHS and by others are not
sufficiently realistic. The conductivities are selected very subjectively, topography is
neglected, and dispersion, because there is a faster propagation path than the geodesic line, is
never considered. Yet they all degrade the accuracy unless they are thoroughly mapped and
appreciated. Even after an accurate position is determined, that position may be very wrong
when applied to certain charts - at least in Canada and possibly elsewhere too. This is because
a number of CHS charts are based on very old surveys and the geographic grid on those
charts is not consistent with any geographic grid used today - be it North American Datum of
1927 or 1983 or World Geodetic System of 1972 or 1984. In fact, we are so concerned with
the possibility that a user will use Loran-C correctly, apply the ASF correction correctly and
determine an accurate position but will apply that position on one of these old charts and come
to grief because of the inaccuracy of the horizontal grid of the chart that we plan to warn him
that the ASF is INACCURATE so that he is duly cautioned. Of cbursc, the mariner using
GPS will have to be similarly cautioned.

We also realize that we are preparing these chartlets at a scale of about 1:2,500,000 and at that
scale we cannot display the intricacies along the coast line because detail is suppressed and
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some resolution is lost. Our tests have undeniably shown that there can be a rapid phase
recovery near the coast of up to a full microsecond exceeding that predicted by Millington's
Method. Hence we are planning a caution note to go on each ASF chartlet for the near-shore
effects. We suggest that the large scale latticed charts should be used instead because the rapid
change in the ASF has been included closer to the shore in the lattices than in the ASF
chartlets. Also, the mariner might be induced to use his radar or make visual fixes.

There is a concern that is independent of chartlet scale. It is accepted mathematical practice
that the accuracy of a contoured map is plus/minus half of the contour interval 95% of the
time. Therefore, by the properties of a Gaussian distribution, the standard deviation is a
quarter of the contour interval; or in the case of the area from Cape Sable to LaHave River
(southwest of Halifax, N.S.), the 5930-Y ASF is 2.0 microsec * 0.05 microsec. That
accuracy is equivalent to 10 metres! Or, in other terms, the equivalent of a lattice line on a
chart of 1:5,000 scale. This scares us because we would not think of latticing a chart at that
scale! Therefore, an expected accuracy of * 0.3 microsec is stated in the title block of each
diagram. That value roughly accounts for the seasonal stability of the pattern, prediction
techniques, and calibration survey accuracy. We are concerned that the mariner will select the
wrong Time Difference pairs, but we also acknowledge that some manufacturers are writing
sufficient software into their converters that the converter will know which Time Differences
to use.

We invite you to make your commeénts known to CHS on our presentation of the ASF data
and to express your suggestions on other forms of presentation of this data that might be
useful to you. To those of the audience that are thinking of improving the Loran-C system by
getting rid of the controlling monitors, we ask that you consider the fact that we have eleven
years of TD calibration data at stake. Any change to the method of controlling the timing
would change the location of the line of position which, in turn, changes its location on large
scale charts. Also, because a timing change would allow users to select whatever station pairs
he chooses, there would be an additional work-load of providing the ASF chartlets for the
extra station pairs.

Conclusion

The Canadian Hydrographic Service will be publishing a whole new series of chartlets in the
Radio Aids to Marine Navigation that will show Loran-C ASF in a contoured format. We
believe that the data is accurate since it is based on surveyed ASF values and that it is provided
in a meaningful yet compact manner for the user.
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DIFFERENTIAL LORAN-C SYSTENM (DLCS) PROJECT
A STATUS REPORT

LCOR C. S. Viehweg, Mr. R. D. Crowell,
CWO3 A. Averin, COR R. H. frazier
USCG R&D Center
Groton, CT 06340

ABSTRACT

The U. S. Coast Guard Research and
Development Center is investigating ways to
meet the 8 to 20 meter accuracy requirements in
the Harbor and Harbor Approach (HH‘) areas as
outlined in the Federal Radionavigation Plan.
One of the ways under examination is a
Differential Loran-C System (DLCS). The R&D
Center’s project team has been working on the
DLCS project for approximately four years and
has made significant progress during the past
year.
DLCS installations and findings in Orange
County, California, and on the Great Lakes.
The paper will also cover the differential
broadcast corrections and changes the R&D
Center is recommending to the RTCM and the WGA
to standardize DOLCS broadcasts and make them
compatible with other differential systems.

This status report will summarize the

INTRODUCT 10N

The Coast Guard Research and
Development Center has studied the stability
and characteristics of the Loran-C Signal since
1977. In 1984, the R&D Center began
investigating the use of pifferential Loran-C
as a way to meet the 8 to 20 meter accuracy
requirements of thé Federal Radionavigation
Plan. The R&DC Project has installed
Differential Loran-C Systems in New London,
CT., Hampton Roads, VA., Orange County, CA.,
and near the St. Marys River in Michigan. The
project team published a status report last
year uhi?h'reported on the success of these
systems.

The authors of this paper are officers
or employees of the U. S. Coast Guard. The
opinions or assertions contained herein are the
private ones of the authors and are not to be
construed as official or reflecting the views

of the Commandant or the Coast Guard at large.

ORANGE COUNTY, CALIFORNIA, DLCS

The County Sanitation District of
Orange County, California, has two out fall
pipes for discharging sludge into the ocean.
One of these pipes extends five miles of fshore
and terminates at a depth of two-hundred feet.

‘Under a variance from the Environmental

Protection Agency (EPA), the District was
allowed to continue ocean discharge if they
closely monitored ocean water quality and took

bottom samples at fifty-three predetermined .

locations in the area near the out fall pipe.
In order to comply with the provisions'of the
variance, the vessel taking the samples had to
position itsetf within ¢« 12 meters of the
predeterminedwtocﬁtion.

In 1986, Tetra Tech conducted a survey
of possible positioning and surveying systems
(conventional and electronic) to determine
which systems could provide the necessary
accuracy for positioning a vessel for purposes
' This study
concluded Loran-C could not meet the accurac

of obtaining these samples.

requirements in the Orange County, CA, area.
Figure 1 shows the area of interest and
approximate Loran-C geometry. The poor
crossing angles of the Loran-C time differences
are primarily responsible for reduced accuracy
in the Qrange County, CA, area. The study also
stated Differential Loran-C might provide the
required accuracy, but more information was
needed before Tetra Tech could properly
evaluate DLC.

Orange County personnel, faced with
very high costs using some of the positioning
systems, wanted to explore OLC and determine if
it could provide the necessary accuracy to meet
EPA standards. In May, 1987, the R&DC project
team installed a DLCS in Orange County and ran
several tests. The initial results indicated
DLCS might meet the EPA’s accuracy
requirements; Orange County personnel decided
to investigate further and to validate DLCS
fully.

In January, 1988, the R&DC project team
and engineers from Tetra Tech conducted
extensive accuracy validation tests in Orange
County, California. Figure 2 shows the
equipment configuration for the truth system

and Loran-C data collection equipment.
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arange County Differential Loran-C System
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Based upon the May, 1987, experiment,
the project team learned that one Differential
Loran-C observation would not give them the
necessary accuracy for EPA requirements. The
team decided to try averaging several time
difference observations to determine if this
would improve the accuracy. This averaging or
windowing process is illustrated in figure 3.

Window

Time Differencs
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(or number of
in the average) was a

The width of 'the window

observations to include
key issue for the team. If the vessel taking

the bottom samples were fixed to the bottom and
would not move, a large window could give very
accurate position information over a period of
time. However, practicality dictates that a
vessel not be fixed to the bottom, and a
skilled seaman can only keep 3 vessel on
station for short periods of time.

Figure 4 shows standard deviation of
the X and Y values for OLC position as a
function of window size. One can see that
increasing the window size beyond 6 samples
does little to improve the standard deviation
of the smoothed data.

Figure 5 displays a scatter plot of
miniranger positions and raw (i.e. window size
of one) Differential Loran-C positions for a
stationary vessel. Figure 6 shows the same
data displayed in figure 5 except in this case
the window size is set at six observations.
The OLC data is more concentrated and shows a
minor offset from the miniranger truth data.

Time
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File: .82 r T T T -+ T T T T
BS2STSL!@ r .
Samples= 49 r -
- 4
X~-Ray Std } .
- 4
Deviation (uS)Hk -
- 4
o 4
a F e 1. L A A A \j
@ 4 B 12 18 20 24 2B 32 36 49
.22 r T v T T T T T - -
[ ]
C !
C ]
Yankee Std L 4
:\- i
Devtation (uS)H :i
1
4
a L . - i e 4 i L \}

Window Size

Figure &



190

L T T T T T T T
- + 1
- .
i H '] i [l i 1
! L] L L] T T L)
L -l
. d
58 1 1 1 1 1 1 1 'y S0
Figure 5
Stationary Data far
Miniranger and DLC
Window = 1 \
1 L T R] H B3 k] L) L] :
L 4 -
o <+ r) E
of
M
$ { { { gai ¢ } t 1
) !
! ‘§§
L
S8 1 1 1 1 1 1 n 1 S8
Figure 6

Stationary Data for
Miniranger and DLC
Window = 6

Total records:

Diff toran

Riniranger

40

Averaging Windou:

Yards/Div:

Total records:

Diff Loran = 0

Kiniranger =

10

X

40

Averaging Window:

Yards/Div:

10

6

1



191

¥ T 1 1 T T T T
Total records: 62
L i (] E
. 9 . ®
.l
, v .
L +*s 1 T a s
. ruth = Niniranger
R} ’ '
-+ + -+ + ,éva + } ! -+ oLC s 0
I| .
[ 2
Averaging Window: 1
- 4 4
Yards/Div: 20
L 4 4
100 , " 1 3 N : : , 109
Figure 7

Dynamic Data for
OLC with Miniranger as Truth
Window =z 1

T T R 1] Al g H T
" + 4
- e -
Total records: 62
- e -
e
-’
»* .
~ :;‘: . 7 Truth = Miniranger
.. . .
$ + t +— EJ' — + + —— pLc =0
L ]
. Averaging Window: 6
ol - -
o + 1 )
Yards/Div: 20
108 , 1 L L ! 1 i ; 1909
Figure 8

Dynamic Data for
OLC with Miniranger as Truth
Window = 6



192

Figure 7 displays a scatter plot of the
difference between miniranger positions and raw
(i.e. window size of one) DLC positions for a
moving vessel. One might look at these results
as the errer between DLC and the truth system.
Figure 8 shous the same data displayed in
figure 7 except in this case the window size is
set at six observations.

The test results shown in figures 7 and
8 were the first evaluation of DLC in a dynamic
environment. The maximum error for the
filtered data (i.e. figure 8) is approximately
30 yards and most of the points show an error
of 20 yards or less, This method of filtering
is geod for stationary positioning, but
introduces an additional lag in position
information caused by the averaging.
Performance can be improved dramatically for
dynamdc platforms by using more sophisticated
filtering methods. One such method is to use a
two state Kalman filter with DLC and ship’s
heading as inputs. The Kalman filter approach
does not increase the lag of the position data
but decreases the cross track excursions of the
derived positions.

The initial results and findings of the
Orange County, California, experiments were
very encouraging. Tetra Tech, Inc., is
performing an in-depth analysis of the data and
will make a report to the EPA on their
recommendations and conclusions.

SAULT STE. MARIE, MI DLCS

The USCGC BUCKTHORN is a 110 foot buoy
tender whose operational area includes the St.
Marys River from Lake Superior to Lake Kuron.
The St. Marys River is the main artery for
Large ships (1000 feet length, 105 feet beam)
to transit between these two lakes. The river
{s narrow in many places. with channel widths of
300 feet. This leaves little room for
navigation-or-buoy-placement errors.

The USCGC BUCKTHORN has historicatly
used horizontal sextant angles to position
buoys. Use of horizontal sextant angles
provides a mechanism for obtaining a highly
accurate position. One of the problems with
using sextant angles is that this system
requires surveyed markers along the shore.
Many of these markers are being destroyed every
year due to ice flows, river flooding, and
building along the river frontage.
Additionally, the derived position is no more
accurate than the known positions of the
markers. The project team found a few of the
marks whose documented positions were wrong.

"Due to these reasons and others, there are not

enough markers in some areas of the river to
facilitate buoy placement using horizontal
sextant angles. This prompted the USCGC
BUCKTHORN to contact the R&D Center for
agsistance in positioning -buoys using an
electronic navigation system. The R&D Center
installed a DLCS in response to this. request.
Figure 9 shows the St. Marys River DLCS
installation.

St. Marys River Differential Loran—C System
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The differential monitor for the St.
Marys River is located two miles from the A-1
chain monitor gite at Dunbar forest, MI. The
8970 LORAN-C chain is controlled to a 100
nanosecond tolerance which could cause
approximately a 100 foot error in a receiver'’s
position. This error is excessive for the
narroW channels of the St. Marys River and is
removed by the shore based differential
monitor, ‘

The position obtained from the OLC
sboard the USCGC BUCKTHORN inputs to another
REDC project development, Automated Aids
Positioning System (AAPS). AAPS is an
integrated navigation and record maintenance
system which is connected to the following
sensors; ship’s gyro, DLC, and Electronic Angle
Measurement Devices (EAMD). Additional sensors
such as GPS may be added. AAPS is capable of
positioning the ship during the approach to the
buoy by a visual display which is called the
bull’s eye or an AN position plot’ which is
shown in figuée 10. This display is scaled
automatically to show the ship on the screen as
the approach is made to the buoy. When the
ship is in the center of the bull’s eye and the
buoy is set, AAPS will automatically produce
and Aid Pogitioning Record (APR) form and
update the dats base entries on that buoy.

AAPS will also produce an ‘AN error plot’
(figure 11) which shows the error ellipse of
the position fix in reference to the accuracy
class of the buoy.

LES CHEN ISLMID ENTB 8 AN POSITION PLOT
DELTANORTH 6 yds - ° 14 Jui 1988 14:39
OELTAEAST 4yds ,,, SET

43

APTOMPP  Tyds
BEARING  330dag

270 + 0

GRID IS § yds/div

Figure 10
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GAID IS § yda/div

LES CHEN ISL MID ENTB 8 AN ERROR PLOT
SEML MAJ AXES 8 yds 11 MAY 1988 16:02
SEMIMIN AXES 4 yde ‘ SET

ELLIPSE ANGLE 340 deg

X TO STO DEV .007 MICRO SECS
Y TO STOOEV .017 MICRO SECS
NOLOPS «2

LAT MPP 45:57:40.12
LONG MPP 84:21:32.17

e BUOY STN OIM CIRCLE
ERAOR ELLIPSE
GRID 1S 80.0 yds/div

ON STATION

Figure 11

The use of Differential Loran-C with
AAPS has demonstrated that the operating time
of the USCGC BUCKTHORN can be reduced by 60
percent. figures 12 and 13 show some
preliminary dats from testing done onboard the
USCGC BUCKTHORN on two different days. These
graphs show the approach and buoy setting times
required for a typical navigation aid. The
approach time consists of piloting from a point
2000 yds. away from the buoy’'s actual position
(AP) to within 50 yds. of AP. Buoy setting
time consists of maneuvering the vessel to drop
the buoy within a circle around the AP; the
radius is specified by the accuracy class of
the buoy. The four different types of tests
conducted were: 1) Approach using manually
plotted bearings and Buoy setting using
manually plotted horizontal sextant angles. 2)
Approach using LORAN-C and Buoy setting using
manually plotted horfizontal sextant angles. 3)
Approach using DLC sensor with AAPS display and
Buoy setting using EAMDs with AAPS display. &)
Approach and Buoy setting using DLC sensor on
AAPS display. Approach time and buoy setting
time are indistinguishable operations in method
4.
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BUCKTHORN DATA 7/13/88
30 -
20
% B APPROACH
1 0O suovseT
! 10 4
0 -
MAN RANAY e
MAN MAN EMAD o Vo
TEST TYPQ
Figure 12
BUCKTHORN DATA 7/14/88
30 -
] 20 4
-
i u oo
4 O suQyser
i o
0 ' -
MAN | RANAV o
AN MAN EMAOD (s ¥
TEST TYPR
Figure 13

In the spring of 1987, the crew of the
USCGC BUCKTHORN positioned and set 92 of their
268 buoys using DLC. In the spring of 1988,
they increased the number of buoys set using
DLC to 198. The USCGC BUCKTHORN has saved
considerable time and operating expense with
this system; this has allowed the vessel and
crew to complete needed work which otherwise
would have been performed by a contractor. If
this system were made available to other buoy
tenders, the Coast Guard could save
considerable time and money.

SYAIDARﬁlZED DLCS BROADCASTS

Differential Loran-C has been shown to
improve the accuracy of the Loran-C position,
but the advent of GPS may negate any need for
Loran-C in the future. Ffor the near term, the
accuracies offered by GPS are not within the

reach of every boater. When GPS does become
available (satellites up and equipment price
down) the accuracy will be degraded by
selective availability (SA) induced by the 000.
In the presence of SA, Loran-C can continue to

"compete with GPS as a precision radio

navigation aid with a DLCS. In order to have a
OLCS, corrections must be provided to the user
equipment. The manner in which these
corrections are provided is as numerous as the
number of companies/manufacturers investigating
their usage. Providing a universal method of
correction broadcast promotes interoperability
of DLC signals among various manufacturers’
equipment which in turn enhances tﬁe
attractiveness of a DLCS.

) The nature of Loran-C signal
propagation Limits the area in which DLC
corrections are valid (spatisl correlation).
for a given harbor or river, two or more OLC
reference stations may be required to obtain
the necessary accuracy. Simultaneous
correction broadcasts from each station can be
accomplished by time multiplexing the
broadcasts on a single frequency or by
assigning a different frequency to each
reference station. Another method is to
combine the corrections from all the reference
stations in a OLCS network into one correction
broadcast. This broadcast method is supported
by the differential navigation message format
of the Radio Technical Committee for Maritime
Services, Special Committee 104 (RTCM SC-104).

The Coast Guard has been actively
invoelved with the RTCM in the creation of a
differential message format for th
Differential GPS (DGPS) community. Other
forms of radionavigation can use this same
message format for differential broadcast; the
Coast Guard has proposed the adoption of DLCS
correction messages by the RTCM. The use of
the proposed RTCM standard for DLC would
eliminate the need to generate and maintain a
separate standard; this would save considerable
time and resources. Presently there are four
RTCM message types proposed for use with DLC.

‘"These message types have been given interim

numbers of 60 through 63 by the RTCM SC-104.

The specifics of the RTCM SC-104 format
can be found in reference 3. The proposed
messages are;



Nessage Type 60 DLC Corrections

Figure 14 and table 14-1 present the
content of message type 60. This is a primary
message which provides the Time Difference (TD)
corrections. The length of this frame is
varisble depending on the number of secondaries
contained in the message. Only the corrections
from one DLC reference station are sent in a
single type 40 message. If the DLC network
consists of multiple DLC reference stations,
additional type 60 messages must be sent.
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Equation 14a shows the application of this
correction to the receiver TDs where TD is a
theoretical. or predicted TD received ovgrvan
ideal all sés water path, TD is the actual
received TD, TD is the TD corrections provided
in message ty ec60 by the DLC reference station
and TDa is the\ASF corrections for a given '
point. (The ASF.corrections are discussed in
more detail in conjunction with message type
63). ‘Also provided is a 4 state age value for
each correction which may be used by the
provider to indicafe usability of a TD pair.

Y

T =710 + 10 - 1D (14a)
p r c a
|v“"
GAl sc poc|  comrecTion
1 10 ha 15
PARITY
2 12h3 18 21 23
PARITY
cORRECION | SEC... REPEATED ASNEEDED -
12
PARITY

Figure 14 TYPE

60 MESSAGE FORMAT
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PARANETER

GROUP REPETITION

IMTERVAL (GRI)

SECONDARY 1D
(SEC)

AGE OF CORRECTION

(AOC)
CORRECTION

FILL

*2!s complement

[w]
m

000
001

01
100
101
110-111

TABLE 14-1 COMTEMTS OF A TYPE 60 MESSAGE

0. OF
81TS

1

SCALE FACTOR
AND UNMITS

10
see table 14-2

provider dependent

-9
10 sec

alternating 1’s and 0’s as required

TABLE 14-2 SECONDARY ID

INDICATION

No further secondaries follow
Secondary V

Secondary W

Secondary X

Secondary Y

Secondary 2

Unused

4990 - 9990

+1023ns*

x:



ldcsajc Type 61 DLC Reference Station
Parameters ‘

Figure 15 and table 15-1 present the
content of message type 61. This message
contsins information Concernin§ the DLC
reference stations of the OLC network.

The length of this frame is two words. Only
the parameters for one DLC reference station
are sent in a single type 61 message. If the
DLC network consists of multiple DLC reference
stations, additional type 61 messages must be
sent. :

€2 ] LATITUDE »I
1 10 24
' PARITY
* LONGITUDE #0OLCS FILL
1 15 21 :
PARITY
Figure 15 Type 61 MESSAGE FORMAT
» TABLE 15-1 COMTENTS OF A TYPE 61 MESSAGE
NO. OF SCALE FACTOR
PARAMETER BITS AND UNITS RANGE
GROUP REPETITION
INTERVAL (GRI) 9 10 4990 - 9990
LATITUDE 14 0.02° + 90°*
LONGI TUDE ' 15 0.02° + 180°*
No. DLCS 6 1 1 - 64
FILL A alternating 1's and O's

*2’s complement

197
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_Message Type 82 Signal Interference
Nessage

Figure 16 and table 16-1 present the
content of message type 62. This message
provides information concerning interference

frequencies which may exist in the ares of the
DLC network. Using programmable notch filters,

[

FREQUENCYOFFSET | .DB

receivers can use this information to enhance
toran-C reception by filtering extraneous noise
sources. The length of this frame is variable
depending on' the number of interference
frequencies broadcast. Each word can contain
information for two interference frequencies.
The frequency offset is from 100khz.

PARITY
N

-Figure-16 TYPE 62

oy

MESSAGE FORMAT

TABLE 16-1 CONTENTS OF A TYPE 62 MESSAGE

SCALE FACTOR

NO. OF

PARAMETER BITS. AND_UNITS RANGE
FREQUENCY OFFSET 10 0.1 khz + 51.1 khz*
SIGNAL LEVEL ’

(db) 2 see table 16-2 s i
. 208 éonpléuent

TABLE 16-2 SIGNAL LEVEL
CODE INDICATION -

00 - 11

Unassigned



Message Type 63 Additional Secondary

Phase Factor (ASF) Table for Network
Aces o

) Figure 17 and table 17-1 present the
content of message type 63. This message
provides the ASF information for waypoints
within the network area which tie Loran-C
positions to a geodetic coordinate system. The
ASF base line values are average ASF value for
that secondary in the network coverage area.
Delta ASF values are added to the Base line ASF
values to obtain the Total ASF of the secondary
at that waypoint. Total ASF values are
subtracted from
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the receiver TDs to derive an all sea water
path predicted TD. (see equation 14a) The
length of this frame is variable depending on
the number of waypoints to be broédcasg. Each
type 63 message contains at least 7 words
(including header). Words 3 and 4 contain
general data concerning all waypoints included
in this broadcast.
the specific ASF data for each waypoint.
the number of waypoints contained within a

Words 5 through n contain
If

network coverage area is large, this table may
be broke into multiple broadcasts so as to
avoid monopolizing the data link.

GR | #wpT | vasF | wasF
| 21
1 10 16 PARITY
| xasF YASF | zasF | FILL
2 7 e 17 PARITY
WPT# LATITUDE 7
22
i U PARITY
LONGITUDE | = | ASF
v 17 PARITY
21
4 7 P PARITY
22
8 1 PARITY
ASF ] FILL
1 P PARITY
Figure 17 TYPE 63 MESSAGE FORMAT
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"TABLE 17-1 CONTENTS OF A TYPE 63 MESSAGE '

: NC. OF SCALE FACTOR
PARANETER 8ITS AND UNITS . RANGE
GROUP REPETITION L
INTERVAL (GRI) 9 : 10 “ 14990 - 9990
NO. WAYPOINTS

(#UPT) ' 6 1 Tl - 6k

ASF BASE LINE V o

(V BL ASF) 5 : R 1  sec + 15 usec
ASF BASE LINE W 6

(W BL ASF) 5 1  sec + 15 usec
ASF BASE LINE X -

(X BL ASF) 5 1 sec + 15 usec
ASF BASE LINE Y 9

(Y BL ASF) 5 1 =~ sec + 15 usec
ASF BASE LINE 2 . 6

(Z BL ASF) S 1 sec * 15 usec
WAYPOINT NO.

(WPT#) 6 : 1 1 - 64
LATITUDE 15 ’ 0.006° + 90°*
LONGITUDE 16 ‘ 0.006° + 180°*
SECONDARY 3 see table 17-2

-9

DELTA ASF 1" 1 sec + 1023 ns*

¢ 2/s complement

TABLE 17-2 SECONDARY 1D

COOE INDICATION
000 No further secondaries follow
001 Secondary V
010 Secondary W
011 Secondary X
100 Secondary Y

' 101 Secondary 2

110-111 Unused



CURRENT AREAS OF EVALUATION

, The DLCS project team is currently
providing theﬂpreciaion navigation sensor for
conductlng Q-route surveys in the New London
Harbor. The navugat1on sensor being ‘used is
pLCS. Prelimlnary results of the data from a
commercially available nav1gat1on package
(QUILLS 1) lndlcates a5 - 20 meter
correlatlon betueen bLES and DGPS in WGS 84
coordinates. The pro;ect team is- currently
utilizing the RTCM format message to broadcast
corrections and station information to the
vessel. These corrections are carried on the
same data link as DGPS corrections.

conclusnous ’

ln several exper1mental systems the
pro;ect team has shown that with DLCS an
_operator can relxably obtain 8 to 20 meters
.accuracy. It also nppears llkely that an
operator can achreve 8 to 20 meters absolute
geodetic acgurdcy (in areas of good crossing
. angles andxgradfenfs). oLCS is a good
candidate for filling the gap in precision
positioning ability until DGPS is available
full time. For the small boater or fishing
fleet who may never be capable of affording a
GPS receiver, DLCS can provide the repeatable
level of accuracy which may be required, and it
is available now. OLCS holds prohise as a
radionavigation aid in the setting and
retrieving of Coast Guard buoys. The time
saved can free up Coast Guard resources for
other commitments.

-1989.
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FUTURE

The project plans to install and to
operate a DLCS netuoék in Puget Sound during
1989. 1Installation of this system will begin
in late March, 1989, and be completed by June,
- The system is intended for use.by the
USCGC FIR in pesitioning buoys, but will be
available to the public for use and evaluation.
The system will consist of at least S,bLC
reference stations and :he'cprrections.from all
stations will be broadcast over one data link
uysing the RTCM message format. This“sYstem
will be built to the current design
specifications of the R&DC.

~ RECOMMENDATIONS

The authors strongly recommend. that the
WGA promote the development and implementation

‘of Differential Loran-C as a navigational

service .in the commercial or.government arena.
If Differential Loran-C is to be a commercial
service, then the WGA should support changes to
existing- laws and regulations. The authors
further recommend that the:WGA adopt a
standardized format for the broadcast of
Differential Loran-C information. These
actions would aid the manufacturers of receiver
equipment to work toward a common goal while
holding down production and user costs. It is
additionally recommended that the WGA push for
a standardization of TD to LAT/LON conversion
algorithms. ' [f DLCS is to ever become a factor
in obtaining absolute geodetic position
accuracy, these algorithms must be common to
all user equipment and Differential Loran-C

reference stations.
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Geometric Dilution of Precision

.~ Sanjaya Sharma and Robert H. Miller
II Morrow, Incorporated Salem, Oregon 97309

ABSTRACT

The effects of geometry on position uncertainty for two dimensional
radionavigation sytems is investigated. Both hyperbollc and direct
ranging, or rho-rho, system types are covered. Expre551ons ‘for the
distance root mean square (dRMS) error measure are derived. Geometric
Dilution of Precision (GDOP) is extracted from the’ dRMS expressions
as a dimensionless quantity providing a relative measure of p051tlon
accuracy. The angles used to formulate the GDOP expre551ons are fully
discussed. The most critical of these angles is the cr0551ng angle
formed by the system lines of position (LOP's).

INTRODUCTION

No attempt has been made,to research the historical development of
the GDOP concept; Swanson~ has presented this aspect quite well. The
authors of this paper presume that the fundamental concept of GDOP is
familiar to our readers. With the advent of satellite navigation and
other three dimensional sytems, however, GDOP can be formulated in
different ways. In addition, @ time " measurements constitute an
additional variable in GDOP for direct ranging systems. GDOP for the
three dimensional direct ranging system incorporates geometric
effects in the "horizontal" plane of latitude and longitude, the
vertical direction for < altitude, and in time space. Modern
terminology has evolved to the point where we have Horizontal
Dilution of Precision (HDOP), Vertical Dilution of Precision (VDOP),
and Time Dilution of Precision (TDOP). Furthermore, Position Dilution
of Precision (PDOP) is commonly used to combine HDOP and VDOP or to
address the coordinate space versus time space. How each of these
contribute to GDOP overall are summarized below:

Three Dimensional Direct Ranging Systen
(GDOP)’—[(HDOP)‘+(VDOP)’]+(TDOP = (PDOP) * + (TDOP) *
Two Dimensional Direct Ranging System
(GDOP)‘=(HDOP)’+(TbOP)2=(PDOP)2+(TDOP)2
Two Dimensional Hyperbolic System
(GDOP) 2 =(HDOP) * = (PDOP) ?

For the two dimensional systems, therefore, PDOP is identical to
HDOP. In the hyperbolic mode of the two dimensional system, GDOP,

PDOP and HDOP are all identical. The balance of this paper, with
respect to the terminology just described, will address HDOP.
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We will now derive an expression for dRMS.from which we will extract
the dimensionless HDOP factor. Our derivations will be based upon the
area of position uncertainty associated with the variables used to
determine a position fix. We will use the loran triad system for the
"two dimensional hyperbolic case with time differences (TD's) as the
variables and then proceed to the direct-ranging system.

r

ONAL LIC

The loran triad system consists of a Master transmitter (M) and two
Secondary transmitters (A and B) generically illustrated in Figure 1.
Emphasis is placed on the quadrant designations for the receiver (or
observer) location in this triad system for the discussions that
follow. Receivers (R_) are illustrated in the four quadrants with
n=1,2,3,4 labelled dlockwise from True North. Quadrant ‘1 is the
triad's primary service area defined by the sector bounded by both
baselines and an included angle of <180 degrees. Quadrants 2 and 4
are the sectors between a baseline and a baseline extension.
Quadrant 3 is the sector lying between both baseline extensions.

Figure 2 shows a receiver located in Quadrant 1. The angles between
the lines of bearing (geodesics) to the Master and to the Secondaries
are labelled a and B. The bisector of these angles gives the line
of bearing for the respective Line of Position (LOP) at _the receiver

location. LOP's are shown by dotted lines, and the angle between the
LOP's is the crossing angle (T'). For the case illustrated, I is equal
to (a+8)/2.

Pigure 3 depicts the area of position uncertainty where the TD
variances (o) in microseconds have been converted to distance (d) in
meters from the loran gradients: :

d = g-V*/Sind (1)

In equation (1), ¢, is the angle at the receiver's location between
the LOP and the geodesic to the Master (M); V° is the time~-difference
velocity along the baseline, about 150 meters/microsecond. The
crossing angle (I') in- is the sum of QA and L 2N which, in the
illustrated case, is identical to (a+B)/2.

The line R in Figure 3 is dRMS which is formulated from the root sum
square value of two components dA and (dBl+de) as expressed in
equation 2:
=R2 = 2
dRMS? =R (dA) +(dB1+§BZ)’ (2)
Using the angle, ¥, which is related to T by:
7“=9o-r (3)

we find:
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dBl—dACosf (4

dg,=dp/Cos ! (5)

Substitution of (4) and (5) into (2) and using trigonometric
identities gives:

dRMS? =(1/Sin'T) [d,* +dg* +2d,d CosT] (6)
The complete expression when equation (1) is used for dA and dB is:
dRHS'=(V'/SinF)’[(UA/SinQA)‘+(UB/Sin§B)‘+20A0BCosP/($1nbA/Slan)] (7)

If we assume a correlation coefficient of 0.5 affecting the last term
in the brackets and assume equal TD variances, we have the classic
expression used in generating coverage diagrams:

X

dRMS=(0+V*/SinT) [ (1/5ing,)* +(1/Siné;)* +CosT/ (Sing, -Sind ] (8)

From either (7) or (8), HDOP is extracted wusing only the
trigonometric terms leaving a dimensionless quantity:

L
HDOP=(1/Sinl) [1/Sin® &,+1/Sin? # +Cosl/(Sin¢,Sind )" (9)

For the case of a receiver in Quadrant I or in Quadrant III (see
Figure 1), when the line of bearing to the Master is situated between
both LOP's, the crossing angle will be the sum of ¢, and ¢&_,. But when
a receiver is located in Quadrants II and IV, the fine ofBbearing to
the Master is not situated between both LOP's. Figure 4 illustrates
the relationships for a Quadrant 4 case. For this case the crossing
angle is given by:

T = ¢ = a/2 - B/2 (10)

N
and for the Quadrant II case, it can be shown that:
T = ¢,-%, = B/2 - a/2 (11)

With the definitions given for a and B8, it should be clear that the
LOP's crossing angle is not always % their sum. It is always true,
however, that the <crossing angle always can be unambiguously
determined by taking the difference between the bearings of the
LOP's.

TWO DIMENSIONAL DIRECT RANGING

The situation is slightly different with the direct ranging mode. In
the first place, the gradient for the LOP's is invariant and Equation
1 becomes:

d = gv° (12)
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reflecting a constant gradient with respect to dlstance from the
transmitter site.

Figure 5 is an exagerrated illustration of the direct ranging case
where I' is the crossing angle and the 11ne R is the dRMS obtained
from the root sum square of d and (d Bz) From Figure 5 and
frigonometric identities:

dRMS? =(1/8inr)? [ (d (13)

L}

A)’+(d )1+2dAdBCosF]

Using the gradient relationship, assuming equal variances, and a
correlation coefficient of 0.5 to complete the expression:

dRMS = (0+V°/Sin I') - (2+Cos r)’ C(14)
HDOP = (1/Sin T) - (2+Cos r)* (15)
DISCUSSION

To illustrate the circumstance of ignoring the quadrant identity for

the hyperbolic system, a simple analysis was conducted for GRI 9940.
In this analysis, the crossing angle was determined in two ways: (1)
as ¥ the sum of the angles ¢ and B, which we contend is not always
correct, and (2) from the difference in the bearings of the 1OP's.
Figure 6 (not to scale) shows the two paths of movement in an
easterly direction: (1) from Portland at about 45° North latitude to
110°* West longitude, and (2) from 47° North to the same longitude.
Both cross the 9940W baseline moving from region I to region II; the
latter being close to the secondary transmitter at George. Figures 7
showS the difference between the crossing angle, dRMS, and HDOP,
respectively, for the southerly path. Figures 8 shows the same
differences for the northerly path. In each of these figures ths
solid line results from method (2) above while the dotted 1line is
from using method (1).

The derivations given above for both dRMS and HDOP are representative
of position errors due to geometric effects. HDOP is a dimensionless
quantity extracted from the appropriate expression for dRMS; the
latter is an uncertainty measure in the form of a circle's radius.
For the hyperbolic system, we have stated  that the quadrant
relationship of the position is transparent when the angular
quantities are determined from the bearings of the lines. Since these
bearings can be determined using the Sodano methodology (Reference 1)
and the two principal components of dRMS can be calculated, the error

elipse 'is calculable. The dRMS components are the semi-major and

semi-minor axes of the error ellipse. In the opinion of the authors,
the error ellipse provides a much more comprehensive understanding of
the position uncertainty because of the directionality knowledge
contrasted to the circular dRMS. This knowledge of the directionality
relationship can sometimes be put to advantage which the authors
intend to investigate by modelling.
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FIGURE 1. .
LORAN Triad Geometry

FIGURE 3.
LOCAL AREA OF POSITION UNCERTAINTY (HYPERBOLIC)

FIGURE 2.
Recelver In Quadrant 1

Loe,

FIGURE 4.
LORAN Trad Quadrant {V Representation
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FIGURE S&.
LOCAL AREA OF POSITION UNCERTAINTY (RHO-RHO)

George, WA
Latitude 47.06 ° N
Longitude 119.74° W

| -

Latitude 47 °N Latitude 47 °N
Longitude 122° W Longitude 110° W
Region I Region II

@ -
@

POX
Latitude 44.59 °N
Longitude 122.61 ° W

Latitude 44.59 °N
Longitude 110° W

Master

Latitxde 39.55 ° N
Middletown Longitude 118.83 ° W
Latitude 38.78 ° N

Longitude 122.49° W

FIGURE 6.
HYPOTHETICAL PATHS FOR GRI 9940 ANALYSIS
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ABSTRACT

_ As measured by market penetration, Loran-C has become the
technology of choice for automatic vehicle location monitoring (AVLM)
systems. This success results from the availability of low-cost computerized
receivers that generally perform well in the land mobile environment.
Numerous manufacturers are beginning to integrate dead-reckoning backup
to provide continuous location information in even the most difficult urban
settings, and the U.S. Coast Guard is investigating Navstar GPS time
synchronization of master stations for cross-chain tracking which will give
further improvements in accuracy. These improvements, along with the
completion of continental U.S. coverage in the early 1990s, assure a large
share of the expanding AVLM market, and make Loran-C an 1ncreasmgly
attractive option for general automotive navigation applications.

The current directions of worldwide automobile navigation system
development suggest that dead reckoning with map matching may become a
common denominator in system design, and that system differentiation- may
- ‘be primarily in the means used for absolute location updates-and for the
communication of real-time traffic data to on-board routing subsystems. The
presently identified alternatives for location updates are proximity beacons and
radio navigation. Proximity beacons have the advantage of simultaneously
providing traffic data communications, but their outlook is dimmed by the
high costs of instrumenting the street and highway infrastructure. The
principal radio navigation candidates for location updating are Navstar GPS
and Loran-C. GPS's promise of high accuracy and worldwide coverage once
the satellites are fully deployed is tempered by uncertainties in availability and
cost. Loran-C is a mature low-cost technology that can provide adequate
accuracy for automobile navigation location updates but has limited
geographic coverage, a drawback that will soon be eliminated in the United

tates. :

This paper reviews the status and directions of automobile navigation
system development, and describes the potential role of Loran-C in future
systems.
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INTRODUCTION

On-board navigation and information systems for future automobiles

~will automatically keep the driver informed of current location, deduce best
-routes to specified destinations taking into account current traffic and

road conditions, and prowde turn-by-turn route guidance according to
where the automobile is along the route. These systems have been developed
during the 1980s to the point that we are now at the threshhold of large-scale

introductions that will occur during the early 1990s. Although most of the

underlying technology originated in the U.S., most actual system development
to date has occurred in Europe and Japan.

. Automobile navigation and information systems are distinctly different
from maritime and aerospace navigation systems because automobiles are
constrained to operate primarily within defined road networks. Rather than
dealing with traditional position fixes in terms ‘of latitude and longitude,
automobile location arid guidance information must be specified in terms of
street name, intersection, etc. if it is to be useful to the ordinary driver.

‘Consequently, state-of-the-art automobile navigation systems invariably use

digitized map information.

In virtually all of the latest European and Japanese systems, digitized
map information is also used with map-matching algorithms to correct dead-
reckoning calculations of vehicle position and, in the process, maintain
precise knowledge of where the vehicle is along a particular road. Dead
reckoning with map matching is also regarded as the preferred systems
approach by leading U.S. motor companies (1).

In some European and Japanese systems, proximity beacons are
expected to be installed throughout the road networks to provide occasional

. “absolute position fixes and, of equal or greater importance, to communicate
‘real-time traffic information to aid the on-board systems in generating optimal

route guidance instructions .to direct the driver to a desired destination.
Proximity beacons, which involve a significant investment in spec1a1
infrastructure, are not included 1n all system concepts being pursued in
Europe and Japan, and are not a part of current system concepts in the U.S.
RDS (Radio Data System, which uses available sideband of regular
commercial FM-radio stations) and teleterminals (a cellular-like digital radio
network) are being tested as alternative traffic data communication links in
Europe and Japan respectively.

Although the U.S. has not yet focused on a particular type of
communication link for providing traffic data to on-board systems, it appears
unlikely that proximity beacons will be used because of the formidable task of
instrumenting the infrastructure. It follows that automobile systems based on
dead reckoning with map matching will need an alternate method of obtaining
absolute position fixes to avoid the tedious manual resetting that would
otherwise be required on occasions when the systems lose track of location
because of dead-reckoning anomolies or poor map data.. At present, it appears
that Loran-C will be one viable option for this location role in the U.S. once
continental coverage is complete.



AUTONOMOUS NAVIGATION SYSTEMS

Autonomous navigation systems are self-contained within the vehicle,
and are capable of performing useful functions even in the total absence of
external navigation signals or other information from proximity beacons and
land- or space-based radio transmitters. Three categories of autonomous
systems have appeared during the 1980s.

Directional Guid

Several relatively simple directional guides were introduced in Japan (2)
and West Germany (3) from 1981 through 1986, but, because their capabilities
were limited compared to more sophisticated systems on the horizon, most of
them have been withdrawn from the market. Nonetheless, this category of
system is worthy of description because it introduces dead reckoning concepts
to which other features may be added to develop autonomous electronic map
and route guidance systems. :

The principal components of a directional guide include heading and
distance sensors, a microprocessor, a keypad or other input means, and a
display unit. The driver enters the coordinates of the origin and destination,
the microprocessor computes the vector connecting the two, and the display
indicates the "crow flight" distance and direction to the destination. As the
vehicle travels from the origin, signals from the distance sensor (usually
derived from the speedometer cable) and the heading sensor (typically a solid
state flux-gate magnetic compass) are used for dead-reckoning computations
of the updated position of the vehicle and the corresponding distance and
direction to the destination.

Dead reckoning is the process of determining a vehicle's location and
heading relative to an initial position by integrating measured increments and
directions of travel. The dead-reckoning sensors most commonly used in
automobile navigation systems were developed long before the automobile itself
(4). These include the odometer (~50 B.C.), the differential odometer (~300
A.D.), and the magnetic compass (~1200 A.D.). The differential odometer is
essentially a pair of odometers, one for a wheel on each side of the vehicle.
Real-time computer analysis of differential odometer signals yields
information on heading changes as well as distance travelled.

Dead-reckoning accuracy decreases continuously with distance
travelled. For example, systems based on the odometer and magnetic
compass typically accumulate one mile of error per 50 to 150 miles driven.
Thus dead-reckoning navigation systems require periodic reinitialization to a
known position.

Electronic Maps

Dead-reckoning errors notwithstanding, a simple directional guide
keeps the driver informed of distance and direction to the destination.
However, since the vehicle is usually unable to travel the "crow flight" path,
the usefulness of this information is diminished unless the driver has
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sufficient knowledge of the road network to devise a rational route to the
destination. More advanced systems thus include a road map display that
indicates the position of both the vehicle and the destination in the road
network.

The first such system to be marketed was the Honda Electro Gyrocator
in 1981 (5). This system used a gas-rate gyro and odometer to compute and
display the vehicle path on a CRT screen. A transparent map overlay of
appropriate scale was used to show the road network. This pioneering system
was soon superceded by systems which use digitized road maps.

With state-of-the-art systems, digital road maps may be automatically
selected according to the vehicle's location, shown on a CRT screen or flat
display panel, and zoomed to the best scale for a particular situation. Vehicle
location as well as destination may be indicated by symbols, and roads and
streets may be shown with various intensities or colors to indicate
classification. The most recent dead reckoning system to be introduced with a
sophisticated electronic map display is the Electro Multivision available in
Japan on the Toyota Crown (6). The Electro Multivision, which includes color
TV, radio with cassette player, and CD player, is the first system to reach the
market with CD-ROM for storing nationwide roadmaps, highway guides and
dealer information (7). A single CD-ROM can store 550 MBytes of data, enough
for an entire country.

In addition to providing the driver with a view of the road network, the
on-board availability of vector encoded digital maps enables map matching, a
software pattern-recognition process which continuously correlates measured
vehicle path with the road network and thus prevents the accumulation of
dead-reckoning error. In map matching, the pattern of the vehicle's path is
analyzed as a sequence of vectors deduced from any of a variety of dead-
reckoning processes. As the vehicle travels, its measured vector sequence is

. continuously compared with the digital map. Each time a turn is executed

whose sense, magnitude, and location closely approximate those of a mapped
turn, the vehicle is presumed to be at the mapped location. The matching
process thus removes any dead reckoning error accumulated since the last
turn (4).

The first commercially available electronic map navigation system
based on dead reckoning augmented by map matching is the Etak Navigator™
marketed in California starting in 1985. The Etak system uses a flux-gate
magnetic compass as well as differential odometer for dead reckoning, and
uses 3.5-MByte tape cassettes to store digital map data approximately
equivalent to two paper street maps (8). The vehicle's location relative to its
surroundings is continuously displayed on a monochrome CRT map
presentation which may be zoomed to different scales. A fixed symbol below
the center of the CRT represents the vehicle position, and points to the top of
the display indicating vehicle heading. As the vehicle is driven, the map
scrolls and rotates about the vehicle symbol to maintain an orientation
corresponding with the driver's view through the windshield. The
destination, which is input by street number and name or by street name and
nearby cross street, is shown on the Etak screen as a flashing star



Route Guidance Svstems

Accurate electronic map displays, while far more useful than simple
directional guides, have two shortcomings as autonomous navigation systems.
First, the driver must view a busy display which some critics consider to be a
potentially dangerous distraction from the driving task. Second, it is up to the
driver to devise the most appropriate route and then follow it to the destination.
Both problems are solved by the addition of algorithms for devising the best
route to an input destination and for issuing real-time route guidance
instructions to prompt the driver turn-by-turn over the route. Once the driver
specifies destination and routing criteria (fastest, shortest, scenic, etc.), the
route guidance software makes all navigation decisions, freeing the driver to
concentrate on = driving safely. Explicit route guidance may be in the
form of spoken instructions, displayed symbols (e.g., arrows shaped according
to the maneuver), and/or displayed text messages.

Real-time route guidance over preplanned routes by an autonomous
dead-reckoning/map-matching system was first demonstrated in the 1970s (9,
10). The first autonomous system to demonstrate on-board generation of
best routes as well as real-time route guidance was Micropilot, a 1981 prototype
that used an Apple computer to calculate the quickest route between an input
starting point and destination (11). Digitized voice was used to give turn
instructions as each junction along the route was approached based on
position estimated from simple odometry alone.

Although none have yet reached the market, there are several recent
examples of advanced autonomous route guidance systems. Philips'
CARIN (12) was the first developmental system to use CD-ROM for storage of
digital map data. The vehicle navigation subsystem employs dead reckoning
(differential odometer and electronic compass based on the magneto-resistance
effect) augmented by map matching. The system includes a route-search
algorithm and provides step-by-step route guidance. In the original test and
demonstration version, a color CRT map display shows vehicle location
relative to the surroundings, and synthesized voice instructions prompt the
driver when operating in the route guidance mode. The latest version has a
flat-panel display for symbolic route instructions in addition to synthesized
voice, and includes a CRT map display only as an option. Philips proposes to
equip CARIN with an RDS (radio data system) receiver so that broadcast
traffic information may be taken into account in route selection (13).

Blaupunkt's EVA (14) is an autonomous map-matching system which
uses a differential odometer and includes route-search software to generate an
optimum route to coded input destinations. Turns at intersections, lane
changes, etc. are specified on an LCD in the form of simplified diagrams
which show lane boundaries and arrows to indicate the path to be taken.
Synthesized voice capability is included, and is used to confirm destination
entries as well as to articulate turn-by-turn real-time route guidance
instructions. The first version, which has been tested and demonstrated since
1983, stores a digital map of the test city in EPROM. An enhanced version
under development uses CD-ROM for map storage. Production versions of
EVA may include an RDS receiver for traffic information.
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Nissan's NAV (15) also uses dead reckoning with map matching
autonomous navigation. Map data is stored in a 1M-bit ROM. Optimal routes
are computed in two stages using a skeletal network for the initial
calculations, and then interpolating using a more detailed network. The route
is traced on a CRT map display, and special screens guide the driver through
intersections along the way.

Autonomous route guidance systems, by definition, require no
infrastructure support for the basic location and navigation functions,
including route guidance based upon static or historical information.
However, for maximum route guidance effectiveness, it is highly desirable for
autonomous navigation systems to have access to information on current
traffic conditions in the area being travelled. This, in turn, requires
infrastructure support of two types.  The first is for collecting information on
traffic conditions and the second is for communicating this information to the
on-board systems.

One of the most popular means under consideration for transmitting
such data to autonomous navigation systems aboard vehicles in Europe is
RDS. Since RDS uses side-band capacity of existing FM radio stations, it has
the advantage of low implementation costs and of not requiring additional
frequency allocations. Car radio receivers may be readily adapted to receive
and decode RDS transmissions for input to the navigation system. General
RDS test broadcasts are underway in several European countries, and RDS
gxperiments in the Netherlands already include the transmission of traffic

ata (13).

Another communications approach that is suitable for autonomous
navigation systems is the teleterminal being promoted in Japan by the
AMTICS project (16). @ AMTICS (Advanced Mobile Traffic Information &
Communications System), which has the objective of providing on-board traffic
and navigation information by integrating a variety of subsystems, was
established by the National Police Agency (NPA) through the Japan Traffic
Management and Technology Association in cooperation with the Ministry of
Posts and Telecommunications (MPT) at the beginning of 1987. An
experimental pilot system will be started in Tokyo this year, and the first
commercial operation may be as early as 1990. A display screen in each
equipped car will show traffic information gathered at control centers and
broadcast to the cars using a mesh of cellular-like teleterminals each with a
range of approximately 3 km. Teleterminals are relatively small, and may be
mounted atop buildings or at other locations to form a mesh with
approximately 3-km spacing. Packet data transmission technology is used,
and there is a-capability for addressing messages to individual vehicles.
Operation in at 800 MHz with data rates of 4800/9600 bps.

Project Pathfinder, a demonstration of the use of in-vehicle traffic
information in conjunction with autonomous navigation systems, is being
included in the Los Angeles "Smart Streets" project. Pathfinder is a joint
undertaking of the California Department of Transportation (Caltrans), the
Federal Highway Administration, and General Motors. Traffic data collected
by conventional means will be augmented and communicated (via two-way



packet radio) to approximately 25 vehicles equipped with the Etak Navigator
described elsewhere in this paper. While the Etak system does not provide
route guidance per se, software modifications will superimpose real-time
traffic information on the electronic map display so that the driver can take it
into account in route planning. The communication link will also be used to
relay recent travel experience of Etak-equipped vehicles to the traffic data
center for additional information on traffic conditions.

RADIONAVIGATION SYSTEMS

Radionavigation, which is commonly used for aerospace and maritime
navigation, is becoming of more interest for land vehicles with the expanding
coverage of land masses by Loran-C and with the advent of satellite positioning
systems. Radionavigation has the inherent advantage of providing absolute
location information. Its major drawbacks are that radio signals may be
blocked or reflected by man-made structures in urban areas and by rugged
terrain, and that radio receivers are subject to interference from various
sources. Another drawback is the present high cost of satellite receivers, but
this problem should be ameliorated when the systems come into large-scale
use.

In most cases, the availability of radionavigation signals depends upon
land- or space-based navigation transmitter facilities operated by government
entities. In the United States, radionavigation policy and planning is
established by the Department of Defense (DOD) and the Department of
Transportation (DOT), and is promulgated by the Federal Radionavigation
Plan (FRP) which is updated every two years (17). Other than the obvious
requirement for external radionavigation signals, the infrastructure support
requirements for radionavigation systems are identical to those discussed
above for collecting and transmitting real-time traffic data to autonomous
navigation systems for dynamic route guidance.

Although Loran-C has been used for decades for marine and aircraft
navigation, and has often been considered as a possible basis for automatic
vehicle location monitoring systems, dependable cost-effective Loran-C
receivers designed specifically for the hostile electromagnetic environment
encountered by land vehicles have become available only in the last several
years. Results of performance testing of state-of-the-art Loran-C receivers in
the Boston area in 1985 indicated that terrestrial navigation was feasible when
signal coverage is adequate (18). Examples of state-of-the-art Loran-C AVLM
systems &re reported by Janc (19), Bronson, et al. (20), and by Carter and
Warburton (21).

Loran-C AVLM systems, unlike the obsolescent electronic signpost
approach to AVLM, have the advantage of not requiring infrastructure
support other than the existing Loran-C transmitter chains operated by the
U.S. Coast Guard which is now installing mid-continent chains to complete
nationwide coverage in the United States. European coverage is presently
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limited to the Mediterranean area and northern part of Europe, including the
recently introduced French-operated chain. A European Working Group,
formed to continue Loran-C service after 1994 when the U.S. Coast Guard
plans to discontinue overseas Loran-C operation following completion of the
Navstar GPS system (17), is considering expanding European converage.

Each Loran-C chain of 3 to 5 stations transmits time-synchronized
groups of pulses at approximately 100 KHz. The time difference between
arrival of pulses from the master and each secondary station describes a
hyperbolic line of position. A Loran-C receiver measures the time difference of
two or more master-secondary pairs, and the intersection of the lines of
position defines the receiver's location. Time differences are usually
transmitted from the vehicle to the monitoring dispatch office for conversion to
location coordinates which are used to show vehicle location on a CRT map
display. Most systems include driver-operated switches for reporting status as
well as location. Land mobile radios, which many fleet operators already have
installed for voice communications, are often fitted with modems to transmit
vehicle location data to the dispatch office.

With the availability of high-performance Loran-C receivers at moderate
cost, the types and number of AVLM installations have proliferated in the
United States. Although Loran-C has not yet been seriously pursued as a basis
for automobile navigation, the experience base being acquired through AVLM,
along with the expanding geographical coverage and successful integration
with various dead-reckoning techniques (22), make it probable that Loran-C
will be used in some future automobile navigation systems.

Since 1983 General Motors Corporation has tested and demonstrated
Loran-C and other navigation systems installed in an automobile (23). In
addition to Loran-C, the systems include Navstar GPS, and a flux-gate
compass and odometer sensor for dead reckoning. This test configuration,
shown in Figure 1, permits the relative evaluation of three independent or
integrated approaches. The few satellites currently deployed limits GPS signal
availability to approximately 4 hours per day. Loran-C is used at other times to
demonstrate radiolocation along with the integrated map display. Both Loran-
C and GPS automatically shift to dead reckoning when their signals are
obscured or when an unreasonable vehicle location is indicated by Loran-C or
GPS. :

In 1985, Nissan Motor Co. developed a special delivery van with Loran-C
navigation and route-assistance features (24). The hardware configuration is
shown in Figure 2. The van is equipped with software to provide route
guidance as well as to manage the delivery of goods. The van equipment is
supported by computer files downloaded by floppy disk from the main
distribution computer to identify customer stops to be served on a given run.
An in-vehicle color CRT displays a delivery list, delivery sequence, maps, etc.,
to facilitate deliveries in the most efficient order and along the best route. The
Nissan Delivery Van was developed as a special project for Seibu Department
Stores and, contrary to implications in some published accounts, was intended °
primarily for promotional purposes rather than as a prototype for a fleet of
such vehicles.



DIGITAL
FLUX-GATE LORAN
COMPASS RECEIVER
OPERATOR [ . POWER
CRT MAP CONTROLS L ANTENNA
DISPLAY I';/ .

ANTENNA
PRE-AMPLIFIER

NAVSTAR GPS
SATELLITE RECEIVER

DISPLAY COMPUTER

Figure 1. General Motors Navigation Test Vehicle

o\
v
LORAN C
ANTENNHA
COLOR CRT M W
9-INCH
( ) —— SELECTOR SWITCHES |
LORAN € ON-BOARD
FLoPPY RECEIVER COMPUTER
ISk ]
T T~ .~ 4] HEMORY OEVICE
\ {FLOPPY OISK ORTVE)
\____/

Figure 2. Nissan Delivery Van with Navigation System

223



224

Satellite

The Navstar Global Positioning System (GPS) (17) has received
considerable attention as a basis for automobile navigation. Although the
present focus is on Navstar, the older Transit satellite system has also been
considered. The Transit satellite navigation system, implemented by the U.S.
Navy in 1964 and scheduled to be phased out in 1996 (17), has several satellites
logitudinally-spaced in polar orbits at a height of approximately 1,075
kilometers to give worldwide, albeit intermittent, coverage. KEach satellite
transmits information which, in combination with Doppler analysis, permits
calculation of receiver location by interative solution of a set of equations. Since
a Transit satellite is not always in range, vehicle systems based on Transit
must include dead reckoning for continuous determination of position between
satellite passes.

Ford Motor Company demonstrated the integration of Transit satellite
navigation with dead reckoning for automobiles with an operational system
installed in the Concept 100 car in 1983 (25). This system periodically obtained
accurate position fixes from the Transit navigation satellites to update the
primary location from the dead-reckoning subsystem. The dead-reckoning
calculation was based on odometer signals and a flux-gate magnetic compass
which was software compensated for magnetic field pertubation by the vehicle.
The vehicle's position was tracked on a map displayed on a color CRT with
touch-screen controls.

The U.S. Department of Defense's Navstar GPS, which is still in the
implementation stage with 24 (21 plus three operating spares) satellites to be
launched into 12-hour orbits by the mid-1990s, has received most attention as a
possible basis for automobile navigation. When the GPS satellite constellation
is complete, any point on earth will always be within range of at least four
Navstar satellites. A GPS receiver could accurately determine its three
position coordinates by analyzing the travel time of signals from only three
satellites if the receiver's clock is precisely synchronized with the atomic
clocks that time the satellite signals. However, given the timed signals from
four satellites, the GPS receiver solves a system of four equations for its three
position coordinates and the error of its less precise quartz clock. Locations
may thus be determined to within approximately 10 meters using P-Code
signals intended for government authorized applications. Less precise C/A-
Code signals for general use will permit location determination to within
approximately 100 meters. Differential GPS, which uses a broadcast
correction derived from a local receiver at a precisely known location, can
increase the C/A-Code accuracy to within a few meters.

Navstar GPS was the basis for CLASS (Chrysler Laser Atlas and
Satellite System), a navigation system included in a concept car displayed at
the 1984 World's Fair in New Orleans (26). CLASS included a nationwide set of
AAA maps stored in image form on a video disc, and software for
automatically selecting and displaying on a color CRT the map area
incorporating the vehicle's current location as indicated by a cursor.



Although GPS has good potential accuracy and will provide continuous
coverage, auxiliary dead reckoning is required in automobile applications to
compensate for signal loss due to shadowing by buildings, bridges, foliage,
mountainous terrain, etc. Dead reckoning may be used as a secondary system
to maintain location information in the absence of GPS satellite signals or,
alternatively, dead reckoning may be used as the primary vehicle location
method with GPS employed as the secondary system to make position updates
when usable signals are available. For example, a Nissan system relies upon
dead reckoning whenever satellite position data disagree by 2 km or more, or if
two consecutive satellite measurements taken at one second intervals exceeds
the amount of vehicle movement indicated by dead reckoning (27).

A Department of Transportation evaluation of radionavigation for land
vehicles notes that, because of differing ellipsoidal reference systems, the task
of relating GPS (as well as Loran-C) location to local maps is formidable (18).
Hence map-matching may be useful with GPS as well as with dead reckoning.
‘In fact, one Japanese automobile navigation system, the MAPIX-III (28)
already integrates dead reckoning, GPS and map matching. GPS signals,
when available, provide absolute location which is reconciled with dead
reckoning and matched to specific roadways included in the map data base.

PROXIMITY BEACON SYSTEMS

The proximity beacon approach to vehicular navigation uses
strategically located short-range transmitters, and the very reception of their
location-coded signals indicates the receiving vehicle's instantaneous location.
In route guidance applications, proximity beacons transmit routing and traffic
information as well as location, and may include two-way communications
with equipped vehicles.

The widest initial application of proximity beacon technology was for
AVLM systems such as those used for monitoring the location and status of
transit buses from a central dispatch office. In this type of application, an on-
board system receives and stores a location code as the vehicle passes a
proximity beacon or "electronic signpost.” Upon periodic polling, the last
beacon location and possibly the distance or time since passing the beacon are
automatically radioed to the dispatch computer.

Several variations of the proximity beacon approach have been
investigated for interactive route guidance (29). Typically, the driver enters a
destination code for automatic transmission to a roadside unit as an equipped
vehicle approaches instrumented intersections. The roadside unit, which may
be networked with a traffic management system, analyzes the destination code
and instantly transmits route instructions for display on the vehicle's panel.
Alternatively, the roadside unit may only transmit its location to the vehicle
where an on-board computer, using stored road network data, will generate
instructions for continuing the route from the identified location. The
proximity beacon approach, inactive in the U.S. since the demise of the ERGS
project (30) in 1970, has undergone further development in West Germany, the
U.K. and Japan.
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A state-of-the-art example of proximity-beacon route guidance systems
is ALI-SCOUT, a joint project of the Federal Republic of Germany, Siemens,
Volkswagen, Blaupunkt and others (31). ALI-SCOUT combines certain
characteristics of autonomous systems in that, while dependent upon
proximity beacons, the in-vehicle equipment includes dead-reckoning and
map matching features that permit autonomous navigation between beacons
which, consequently, may be spaced at greater intervals. :

The ALI-SCOUT vehicular equipment receives approximately 8 KBytes
of area road network data and recommended route data when passing
strategically-located infrared beacons. Simplified graphic driving directions to
the input destination are presented in real time on a dashboard LCD. As an
equipped vehicle passes each beacon, it transmits to the beacon stored data on
its travel history since passing the last beacon. The equipped automobiles thus
serve as traffic sensors. ALI-SCOUT is undergoing large-scale field testing in
the LISB (Leit- und Information System Berlin) project in West Berlin starting
this year. Beacons are installed at 20 percent of the traffic lights, and 700
equipped automobiles will be used in the tests. :

In 1986, the U.K. Department of Transport proposed Autoguide, a
proximity beacon project starting with an early demonstration of interactive
route guidance and traffic management in London (32). Autoguide is a system
for helping drivers find their way through the primary road network. A route
computer is mounted in the vehicle and the driver enters the destination and,
possibly, preference for the type of route -- the driver might want the quickest,
or the shortest (the two are not necessarily the same), or have some other
requirement such as "no motorways." Either visually or using synthesized
speech, the computer then gives easy-to-follow instructions during the
journey. The on-board computer communicates with infrared beacons near
main junctions. As in the case of ALI-SCOUT, the beacon transmits
electronic map data including up-to-the-minute routing advice to the vehicle,
and the vehicle transmits its travel history since passing the last beacon.
Autoguide communications standards are being coordinated with the West
German group developing ALI-SCOUT.

In Japan, the vehicle navigation systems approach currently being
tested by the Ministry of Construction (MC) in the Road/Automobile
Communications System (RACS) project depends upon proximity beacons for
communicating traffic data and other information to on-board systems (33).
Although the vehicular systems of several manufacturers participating in the
program have autonomous navigation capabilities based on dead reckoning
and map matching, proximity beacons are used for updating vehicle location
as well as for communications.

Infrastructure requirements are heaviest for proximity beacon
navigation and route guidance systems because of the requirement for
equipped vehicles to pass beacons locations at frequent intervals as they travel
about. In addition to the real-time traffic data collection requirements for
dynamic route guidance using autonomous and radionavigation systems,
dynamic route guidance with proximity beacons also requires wire-line or
other communication links between the beacons and the central traffic data



system. Thus, including the beacons themselves, the infrastructure expense
is far greater for proximity beacon systems than for autonomous systems.
Nonetheless, conventional wisdom has traditionally held that route guidance
systems which distribute most of their intelligence at the roadside rather than
aboard individual vehicles leads to the minimum overall system cost because
there are far more vehicles to be outfitted than there are junctions to be
instrumented with beacons.

However, it should be noted that designing for the lowest overall system
cost is not necessarily the most effective way to proceed because this incurrs
heavy infrastructure expense which must be paid out of public funds unless
some kind of user fee scheme is devised to transfer this expense to the owners
of equipped vehicles. In addition, if vehicle units have no independent
capability in the absence of proximity beacons, there will be no incentive for
their purchase before sufficient infrastructure is in place, and even then the
units will be useless when driving outside of instrumented areas. Upgrading
of in-vehicle equipment would tend to occur gradually as vehicles are replaced,
whereas upgrading of infrastructure equipment would probably be at
infrequent intervals once the installations are in place. The argument for
intelligent infrastructure rather than intelligent vehicles is further
diminished by the continuing downward spiral in the cost of microelectronics
aboard individual vehicles.

FUTURE SYSTEMS

Autonomous vehicular navigation systems are expected to come into
widespread use between now and the year 2000. These systems will use digital
maps for map matching to enhance dead reckoning accuracy and for
computing optimal routes for automatic route guidance. Some systems will
optionally display the digital maps for orientation and reference purposes.
Lack of widespread availability of standardized digital maps will slow the
market penetration of autonomous systems for the next few years.

As shown by the dashed lines in Figure 3, the architecture of the
autonomous systems will accommodate the addition of optional receivers or
transceivers to take advantage of whatever type of traffic data communications
scheme is available in the country or region in which equipped vehicles
operate. Possibilities include RDS, teleterminals, and satellites, as well as
adaptations of cellular telephone. Although proximity beacons (radio
frequency, microwave, infrared, etc.), will give way to map matching for
position updating, and to radionavigation for reinitialization, the proximity
beacon concept is sufficiently well entrenched that it may persist in some areas
as a first generation communications link. However, by 2010, standardized
infrastructure to provide traffic data for dynamic route guidance will be in
place in most high traffic density regions of the world, and the majority of new
vehicles will be equipped to receive this information.

The autonomous systems will also be able to use optional
radionavigation receivers as "locator sensors” to avoid the need for manual
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Figure 3. Future System Configuration

reinitialization (i.e., telling the system where it is) on infrequent occasions
when dead reckoning anomalies or erroneous map data confuse the software.
Navstar GPS will be a universal option, and Loran-C will be an option in
regions where signals are available. As receiver prices are reduced through
volume production, they will begin to appear as standard equipment. But even
then, the basic navigation systems may be characterized as autonomous
because they can operate effectively in the event radionavigation signals are
not available, as well as in areas where traffic information is not collected and
broadcast. -

The principal argument for the radionavigation role in future
automobile navigation and route guidance systems being for automatic
reinitialization is that, once all the features required to make a
radionavigation system perform well under all circumstances are added, the
satellite or Loran-C receiver could be turned off and the system would continue
to perform quite well until reinitialization is required. Specifically, dead
reckoning is required because useful radionavigation signals are not always
available, particularly in urban areas. On-board digital maps are also
required to relate location coordinates to the real world because location
coordinates, however, accurate, are of little value to the driver. In addition,
on-board map data are required for route generation and route guidance. With
these elements in place, only software additions are required to match vehicle
location with the digital map, thus overcoming minor map errors as well as
location errors. '
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Abstract

In conjunction with the Federal Aviation Administration (FAA}, the United
States Coast Guard (USCG) is proceeding with the development of two new
Loran-C Chains that will become operational in the early 1990s in the mid-
Continent region of the United States. Contrary to the more traditional
role of providing navigational capabilities to the mariner, these new
chains are being established for the aviation community as well as an ever
increasing number of terrestrial users. Signal propagation paths associated
with these chains will be overland. One key Loran-C parameter that must be
correctly developed and controlled to allow proper operation of the system,
is the Envelope—to-Qyéle Difference (ECD). This parameter has proved to be
one of the most difficult to measure, define, explain, and to understand.
Behavior of ECD is influenced by the propagation path, with more severe
changes observed when the signal travels overland. A definition of ECD is
provided, its importance is discussed, and control techniques are
presented. Extracts of recently collected ECD data from the mid-continent
region are included, and finally, through the use of conductivity data,
predictions are made as to what ECD values are anticipated when each of the
new chains become operational.

Introduction

The forerunner of the present day long-range navigation (loran) system
was developed during World War II to meet the needs of the Navy during
convoy operations and to provide all-weather navigation for military
aircraft. At the close of the war, some 70 loran transmitting stations
were in operation, providing over 60 million square miles of coverage [1].
This system was known as Loran-A. In the late 1950's, as efforts continued
to improve coverage and navigational accuracy, a new form of loran was
developed. The new system, called Loran-C, co-existed with Loran-A well
into the 1970's. When United States Coast Guard Loran-A operations were
discontinued in 1980, Loran-C took over the role as the primary land-based
navigation system serving the marine community. A review of the present
day Loran-C chains indicates that the principle user considered during the
planning stages was the mariner.

The development of low cost, microprocessor-based receivers over the
last ten years has resulted in a significant increase in the number of
Loran-C users, both in the marine environment and elsewhere. Today, Loran-
C chain planning has progressed to the point where the U.S. Coast Guard, in
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conjunction with the Federal Aviation Administration (FAA), is preparing to
construct two new Loran-C chains for the mid-continent region of the
Continental U.S. (CONUS). The project is called the Mid-Continent
Expansion Project (MEP). If no delays are encountered during the
construction phase, the two new chains will become operational in the fall
of '1990. The names of the two new chains are Southern Continental U.S.
(SOCUS), and Northern Continental U.S. (NOCUS). The SOCUS chain will
consist of six transmitting stations, three new stations and three stations
from adjacent existing chains that will be dual-rated. The NOCUS chain
will be made up of four stations, two new stations (one new dual-rated with
the.SOCUS chain) and two stations from adjacent chains also being dual-
rated. Control of these new chains will be accomplished by five new
monitor sites. The two chains, the monitor sites and their respective
monitoring responsibilities, are shown in Figure 1,
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Loran-C Control

Two basic requirements necessary for the proper operation of the
Loran-C system are precise control of the time each transmitter outputs a
pulse group, and control of the transmitted pulse shape. Monitoring and
control of these two key parameters is necessary to ensure that receivers
can properly determine and precisely measure time difference values.
Timing, or phase control of U.S. Coast Guard operated Loran chains is
accomplished by Loran-C receivers installed in the service areas. These
monitor sites are called Alpha-1 and Alpha-2 sites. Alpha-1 sites are the
primary monitor sites with fixed reference time differences assigned.
Alpha-2 monitor sites are standby, or secondary sites. At Alpha-1 sites,
control is maintained by adjusting the transmission of the secondary
stations so that the reference numbers are maintained within limits,
typically +100 nanoseconds. With regard to pulse shape, transmitting
stations are responsible for the generation of pulses with the prescribed
phase code, power level, pulse-to-pulse compatibility and a parameter known
as Envelope-to-Cycle Difference, or ECD.

ECD Definition

Envelope~to-Cycle Difference (ECD) is defined in [2]:

"ECD is the time relationship between the phase of the RF carrier and
the time origin of the envelope waveform." [2]

This definition is explained as follows:

A single Loran-C pulse is described by the equation

i(t,tau) = f(t,tau)sin(wt) (1)

where i(t,tau) is the antenna current as a function of time, t, with tau
representing the ECD.

f(t,tau) is an amplitude function depéndent on t and tau that
modulates a sinusoid with a frequency of 100kHz. This amplitude modulating
function has the form:

f(t,tau)= A2(t-tau) exp [-2(t-tau)/65] (2)
where t and tau are in microseconds

Figure 2 shows a single Loran-C pulse with tau equal to 0. Also drawn is
the first derivative of the modulating function f(t,tau). Phase modulation
of the sinusoid is assumed to be zero and the 100kHz frequency is therefore
maintained throughout the pulse, e.g. all zero crossings occur at 10-
microsecond intervals.
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Figure 2
Zero ECD Loran-C Pulse

If a poll of the Loran-C user population were made and they were asked
what ECD was, it is almost a certainty that a significant majority of the
users would not even know that the term was associated with Loran-C. Their
receivers most likely don't display it, and accompanying literature, if
mentioning it at all, won't explain why it is important. So the question
becomes; "Why is this term important?"

To answer, first a brief review of the principle behind Loran-C.
Precise time measurement, which is converted to range information for
positioning, is obtained by cycle-matching Loran-C signals. To ensure that
loran receivers consistently identify the proper cycle, or track point, the
Loran-C pulse must be formed in such a way as to provide sufficient energy
so that receivers can distinguish between the relatively predictable ground
wave and contamination from delayed skywaves. A very rapidly rising pulse,
a square wave for example, would ensure this; but spectral requirements
which specify that 99% of the radiated Loran-C power exist in the band 90
to 110 kHz would be violated.

The Loran-C pulse, described by equation (1), offers a good compromise
between bandwidth and rise time. The positive-going 30- microsecond zero-
crossing is the track point designated for cycle matching. The problem for
a receiver is how to distinguish between the 30- microsecond positive-going
crossover and the one corresponding to the 20- or 40-microsecond point.
This is not accomplished by simply counting subsequent crossovers until the
proper one is reached. Signal-to-noise ratio (SNR) levels even at
relatively short distances from the transmitter eliminate this possibility.
The alternative to cycle counting, is pulse shape matching. The first
derivative of equation (2), f(t,tau) is shown superimposed on the zero-ECD
Loran-C pulse in Figure 2, and gives an indication of how the pulse shape
changes with time.

Once a Loran-C pulse is radiated from the antenna, it is affected by
attenuation along the propagation path. Higher frequéencies are attenuated
more as a function of distance relative to lower frequencies, leading to
pulse shape distortion. In the case of the Loran-C pulse, higher frequency
components add sharpness to the pulse leading edge and contribute to the
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rapid rise of the pulse. Considering the effect of propagation path
attenuation, a receiver processing a distorted pulse could mistakenly
select an envelope track point that is different from the standard phase
track point. The 40-microsecond point rather than the 30-microsecond point
for example. So, Why is ECD important? The answer is that receivers use
the envelope shape, which is a function of ECD, in the cycle selection
process. If ECD is significantly different from those values anticipated
by the receiver, the probability of improper cycle selection, more commonly
called "cycle slip", is significantly increased. The result will be
serious positioning error.

One example concerning ECD and its importance to proper cycle
selection is highlighted as follows: In late 1985, as a result of a
request from the European Loran Working Group, the U.S. Coast Guard's
Activities Europe (ACTEUR) office directed the experimental dual-rating of
Loran-C Station Sylt, Germany. This dual-rating effort was conducted in
order to develop a Loran-C triad using the two French (8940) stations and
Sylt, Germany. The drive behind this effort was the evaluation of Loran-C
as a navigational aid in northwestern Europe. Almost immediately after
declaring the chain available for user evaluation in mid-November 1985,
reports were received in ACTEUR complaining of cycle slips. Investigations
revealed that the French stations, which are used in the rho-rho mode of
navigation, were transmitting an ECD not consistant with that of Loran
Station Sylt. This did not create a problem for rho-rho users since their
receivers were specifically calibrated for that system. The experiment was
halted in late December of 1985 until the ECD problem could be resolved.

As of this date, no additional tests have been conducted on this
experimental triad [4].

ECD Measurement:

A number of important facts concerning ECD are listed as follows {2]:

1) The ECD of a transmitted loran pulse is determined by measuring the
amplitudes of the first eight half-cycle peaks of the transmitting antenna
ground return current. The deviations relative to an ideal pulse as
described in equation (1) are computed using a minimum mean-square error
(MMSE) over ECD and pulse peak amplitude [3].

2) An antenna ground return current with O ECD will result in a
radiated E-field with an ECD of positive 2.5 microseconds in the far field
close to the station.



3) The relationship between ECD and distance for an all-seawater path
is approximated by .the empirical equation:

ECD = 2.5 + NECD - 0.0025d (3)

where NECD = nominal ECD of the transmitting station antenna
ground return current determined using the
technique described above.

d = distance in nautical miles from the transmitting station.

Equation (3) was determined during an extensive set of measurements
taken off the East Coast in December of 1977 using a calibrated Austron
5000 receiver. The standard deviation of the resulting ECD estimates was
approximately .5 microseconds.

The above relationship shows that for an all-seawater path, the ECD at
1000 nautical miles from a transmitting station (with O ECD at the antenna
ground return current) will be close to zero. If a user's receiver is
adjusted to optimize cycle selection for 0.0 ECD, then it is convenient
that at distances from the transmitter where SNR values are low, the
resultant ECD value will be best-suited for the cycle selection process.

In the period from 1977 to 1979, a number of changes cohcerning the
Coast Guard's monitoring and controlling of ECD were being implemented.
They were:

- An improved piece of equipment was developed to monitor the
transmitted ECD in real time. The device, known as the Electrical Pulse
Analyzer (EPA), monitors and displays the ECD of the antenna ground return
current and the peak current of selected pulses and half cycles. This
device is still in use today.

- As a result of the EPA, the development of the ECD calculation
routine, and other timing equipment improvements, Coast Guard Loran-C
transmitting stations were adjusted to ensure that transmitted ECD values
were nominally set at zerc (with some exceptions). This was done based on
the relgtionship shown in equation (3) as well as the Coast Guard's radio
navigation policy that Loran-C transmitting stations will adjust
transmjtted ECD values to provide ECD in the coastal service area in the
range +2.5 microseconds [5].

- A new chain control receiver was being deployed. This receiver,
the Augtron 5000, was first used on the West Coast and Canadiap West Coast
Chains [6]. It provides an "envelope number" that is easily converted to
ECD. Service area ECD is monitored with limits of +1.5 microseconds
applied to a Controlling Standard ECD (CSECD). Testing completed at the
USCG Electronics Engineering Center (EECEN) in the late 1970's indicated
that a calibrated Austron 5000 exhibited small errors in ECD over the range
of -4 to +4 microseconds as shown in Figure 3[7].
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ECD Overland Effects

My discussion of propagation-induced effects on ECD so far has been
limited to an all-seawater path. "Considering the traditional role of
Loran-C for the marine community, this would usually be the dominant
propagation path encountered by the majority of Loran-C users. However, as
discussed in many earlier technical papers, the ECD of Loran signals
propagating overland are not as well behaved as they are for Loran-C
signals propagating over seawater. For example, during the early period of
operation for the West Coast and Canadian West Coast chains problems with
cycle slips were reported in some areas. Propagation effects caused by the
mountains of the west coast had distorted the signals so that resultant ECD
values in portions of ‘the primary coverage area were lower than desired. To
compensate for this distortion, the transmitted nominal ECDs (NECDs) were
adjusted positively at a number of transmitters. For example, stations in
these two chains with NECDs other than O microseconds atre:

Williams Lake, BC, Canada +1.0 Canadian West Coast Chain (5990-M)

George, Washington +0.5 Both Canadian West Coast and the
U.S. West Coast Chains. (5990-Y
and 9940-W)

Middletown, California +0.5 U.S. West Coast (9940-X)

Fallon, Nevada +1.0 U.S. West Coast (9940-M)

oy
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During the planning stages of the Saudi Arabia chains overload
propagation effects on ECD were considered. As a result, an ECD prediction

scheme was developed.
prediction scheme [8].

Figure 4 and equation 4 present the results of that
The equation, as presented here, is in matrix form.
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z \
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CONDUCTIVITY IN mho/m
Figure 4
Change in ECD(microseconds/100NM)
versus
Path Conductivity(mho/meter)
ECD(n) = 2.5 + NECD(n) - A¥*C + e(n) M)
Where ECD(n) a vector of resultant ECD values for n
stations. Units are: microseconds
2.5 a vector reflecting the 2.5
microsecond shift between antenna current
and radiated fields
NECD(n) vector of transmitted ECD for n stations
{(Nominal ECD)
Units are: microseconds
A(n x 6) Matrix of path segment lengths
- Units are: nautical miles
9(6 x 1) Vector of Delta ECD values relative to path
segment lengths
Units are: microseconds/nautical mile
e(n) Vector of errors

Units are: microseconds

In this paper, the results discussed in [8] are applied to the two MEP
chains using conductivity contours, observed ECD data and a simple modeling

technique.
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Figure 5 shows conductivity contours for the Continental United States
[9]. Conductivity values were determined for frequencies greater than
Loran-C's 100KHz frequency, but previous work predicting Additional
Secondary Phase Factor (ASF) Loran-C corrections using these contours
proved quite successful and therefore, the contours are used here.

Figure 5
U.S. Conductivity Contours Units mmho/meter.
Seawater has a value of 5000mmho/meter

One final point made in [8] (and also mentioned in previous studies)
concerns positive shifts in ECD values based on sharp changes in the
terrain. These positive shifts (no magnitudes were reported) were observed
within approximately one hundred miles of sharp terrain discontinuities.
This observation will be discussed later.

Data Presentation

In July and September of 1988, engineers from EECEN conducted monitor
surveys at six sites located in the FAA's Southwest and Northwest Mountain
regions. Table 1 presents ECD data taken at these six sites. Included in
Table 1 are: sites where monitoring was completed, date, station
monitored, nominal ECD of the observed station, distance from the site to
the station (in nautical miles), various path conductivity types and
lengths (from Figure 5), calculated ECD for an all sea-water path, the
calculated ECD using the relationship in equation (4), and the ECD measured
with an Austron 5000 Loran receiver.
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Site Bate

Stand Juactlon 9720-21/88
folarado

‘Burango, (0 9/15-16/98

Little Rock, A 7/14-15/88

Pine Bluff, AR 7/14-15/88

Hidland, TX 1/11-11/88

Big Springs, TY 17/23-24/88

. ugec
Station RECD

Observed

Fallon, BV +1.0
9940-1

Searchlight, 1Y 0.0
9940-1

Srangeville, LA -0.5
1980-1

Gearge, A +0.5
9940-¥

#iddletown, CA +0.5
9940-1

Searchlight, WV 0.0
9940-1

Yalone, FL 0.0
1980-K

Crangeville, L4 -0.5
1980-4

Raymondville, TXY 0.0
1980-1

Nalone, FL 0.0
§970-1

Dana, 11 0.0
8970-4

Nalone, FL 0.0
1980-K

Grangeville, LA -0.5
1980-%

Raymondville, TXY 0.0

' 1980-X

Halone, FL 0.0
8970-4

Dana, I¥ 0.0
3970-1

Halone, FL 0.0
1980-4

Crangeville, LA -0.5
1980-%

Raymondville, TXY 0.0
1980-X

Searchlight, NV 0.0
9940-Y

Halone, FL 0.0
1980-1

¢rangeville, LA -0.5
1980-4

Raymondville, TI 0.0
1980-X

Dang, I¥ 0.0
8970-4

ECD and PATH CONDUCTIVITY DATA AT SIX PROPOSED MEP MONITOR SITES

| ]
Distance

to Statioen
489
366
1013
6f9

642
160

421
250
570
22

82

i
m
550
b))

402

815
590
397

661

840
555
390

821

Path segment(XN)
Conductivity (mmho/meter)

15

1 2
(|
0 0
0
9 0
0 0
(|
0 110
(|
0 0
0 110
0 0
0 110
0 0
(|
0 110
0 0
146 67
0 0
0 0
0 0
158 19
0 0
0 0
0 0
Table 1

L

18

0

201

281

192

A8

145
114
123
146

49

105

n
117
105

61

158

93

85

30

8

64

fA)
141
m

128
142

166
136
106
166

EEE}

n
136
33
1M

34l

u2
U3
209
408
255
3

195

328

187

130

442

30

170

162

41

141

160

{3}

183

122

131

30

0

51

153

92

65

3
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usec

Calc ECD
Seawater

- 41.33

+1.59

0.0

+1.]

+1.4

+1.6

+1.5
+l.4
+l.1
+1.5

+1.5

+1.5
+1.5
+l.1
+1.9

+1.5

+0.}
+0.5
+1.5

+0.8

+0.4
+0.6
+1.5

+0.5
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usec usec
Calc ECD ECD
Land-Path Observed
+1.5 +1.9
+1.1 +0.5
+1.5 +1.2
+0.2 0.0
+0.5 +0.9
+1.1 +0.1
+0.6 +1.5
+0.9 +2.1
+0.3 +2.1
+0.5 1.1
+0.9 +1.1
+0.1 +1.1
1.1 1.2
+0.5 +.2
$0.1 +2.2
+0.8 +2.1
-1.4 +1.1
-0.3 +2.1
+1.12 +1.5
-0.2 +0.95
-1.3 +1.6
-0.1 +2.1
+1.0 +1.8
+0.4 +1.1
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The total path lengths shown in Table 1 were computed from the
latitudes and longitudes of each station and the latitudes and longitudes
of the data collection sites. The path segments were obtained by plotting
each station and monitor site on a photographically enlarged copy of Figure
5 and measuring the path length for each conductivity value encountered.

Admittedly, a very rough approximation.

Relating Table 1 to equation (4), the A matrix is defined by the path
segments for each conductivity value (1, 2, 4, 8, 15 and 30 mmho/meter). ¥
The C vector, is taken from the relationship shown in Figure 4. The C .
vector has values as shown below.

(c1® = [0.006, 0.0053, 0.0045, 0.004, 0.0038, 0.003)

units are: microseconds/nautical mile

The elements correspond to the conductivity values of 1, 2, 4, 8, 15,
30 mmho/meter respectively. The seawater prediction column in Table 1 was o
calculated by setting all values of the C vector equal to 0.0025 (from
equation 2).

If the relation obtained in Figure 4 is valid, and there is a
correlation between ECD change and path conductivity, then equation (4) can
be used to compute the € vector that minimizes the error vector e(n). It
can be shown that the € vector that minimizes the error is described by the
equation:

) = [A"A]

A" [2.5 + NECD(n) - ECD(n)] (5)

Using the data collected, the resulting € vector has the components:

[6]T = [-0.0057, -0.0069, 0.0049, 0.001, 0.0041, -0.0039]

units are: microseconds/nautical mile

A literal interpretation of the model would imply that the path
conductivities of 1, 2 and 30 mmho/meter don't decrease ECD but actually
increase ECD in a positive direction. Path segments with conductivities of
4, 8 and 15 mmho/meter, decrease ECD similar to the relation shown in
Figure 4. 1In fact, the magnitudes of the ECD changes per nautical mile for
the C estimate vector for 4, 8, and 15 mmho/meter are relatively close in
magnitude to those shown in Figure 4 (converting units to NM versus 100NM).
Note that the majority of the paths for the limited database also fall in
this range. The number of data sets having path segment conductivities in
the 1, 2, and 30 mmho/meter range are fewer in number and this most likely
accounts for the unusual sign and magnitudes of the estimate of the €
vector. Clearly, more data is needed before a definitive statement can be
made about the usefulness of this € vector modeling approach.
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‘One item not accounted for in the ECD predic%ion approach described by
equation (#), is the positive shift observed when Loran-C signals pass over
sharp changes in terrain. If observable shifts do actually occur, they
would most likely occur in the mountainous areas near the Durango and Grand -
Junction, Colorado sites. A review of the data in Table 1 neither supports
nor weakens the shift concept: at a few sites, observed values are greater
than predicted, while at some they are lower. One unusual pattern in Table
1, is the significantly positive values of ECD measured at the four
southern central plains sites, namely, Little Rock, Pine Bluffs, Midland
and Big Springs. The ECD of the observed signal from Grangeville (7980-W)
is considerably more positive than predicted. Note that the nominal ECD at
Grangeville (7980-W) is -0.5 microseconds [2]. Coast Guard chain
management specifies tolerances of +0.5 microseconds for the nominal ECD
values. Therefore, it is possible that Grangeville is transmitting an ECD
more positive than that indicated by the nominal value. In fact, all of
the NECD values could be more positive (or negative) by .5 microseconds.
Applying these limits to Table 1, and favoring the addition of .5
microseconds, the predicted values accounting for land path attenuation are
closer to those observed but not in all cases. In some cases they are
actually made worse.

Table 2 presents the proposed MEP monitor sites and their associated
responsibilities (Alpha-1 control) for each of the SOCUS and NOCUS
baselines. The additional Great Lakes baseline, and the change in control
responsibilities for the existing Great Lakes Whiskey baseline (Dana to
Malone) are also shown. For the two MEP chains, five new monitors are
planned. The resulting baselines and the change of existing monitor
responsibilities for the Great Lakes Whiskey baseline will result in 12 new
Alpha-1 control responsibilities. Note that the Great Falls, Montana
monitor, shown in Figure 1, is not mentioned in Table 2. Present planning
calls for this site to be used only as an Alpha-2 monitor. Table 2
includes: total path length, path segments with respect to conductivity,
seawater predicted ECDs, land path predicted ECDs (using the method
described by equation U4), the predicted ECDs using the estimate € vector
from equation (5), and observed ECD values for those existing stations that
are presently transmitting on other rates. Note that nominal ECDs are
assumed to be zero except for those existing stations having nominal ECDs
other than zero, i.e Grangeville and Williams Lake. It is not a
requirement that dual-rated stations have the same NECD for both rates, but
in order to not change the observed ECDs, the existing NECDs are used in
the calculations. Also note that ECD data for the proposed NOCUS-Z
secondary (Williams Lake) was obtained from the existing Austron 5000
presently operating at Whidbey Island for the Canadian West Coast Chain.
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Soiltor Site

Little Rock

Bidlaa¢, 11

terangs, (0

Plerre, SD

ssec

Station To Be Controlled NMECD -

Sreageville, LA (SOCUS-2) -0.5

{50C85-1)
Boise City, OF 0.0
{Great Lakes-1)
Halone, FL 0.0
(Sreat Lakes-¥)
Raysoadville, T 0.0
(S0CUS-1)
Las Cruces, ¥ 0.0
{s0Cus-1)
Searchlight, 1V 0.0
{S0CUsS-¥)
Boise City, OK 0.0
{S0CUsS-H)
Cillette, WY 0.0
(S0Cus-v)
Cillette, VY 0.0
(NOCus-1)
Baudette, NN 0.0
(NoCus-I)
Havre, AT 0.0
(n0CUs-K)

Thidbey Island, Williams Lake, Canada +1.0

(§0CUS-1)

| 1.}
‘Distance

to Station

250
512
4
91
238
360
11
47
31
48
418

1l

Path tegment(Md)
Conductivity (mmho/meter)
12 & 8 15 130

0 0 14 136 0 0

0 o 53 331 148 0

0 110 145 166 0 0

0 0 0 209 1 o

0 0 4 142 170 0
0 63 74 0 100 O
0 162 128 ¢ 132 O
0 06 0 131 100 204
0 0 67 9 61 220

0 0 0 36 162 0

Table 2

MEP ALPHA-1 ECD PREDICTIONS

usec

usec
Cale ECD  Calc ECD
Seawater Land-Path
4.4 +0.9
+1.2 +0.4
+1.5 +0.6
4.5 +1.0
+1J9 +1.5§
+1.6 +l.1
+1.9 +1.5
+1.4 +0.6
+1.9 +1.6
+1.6 +1.3
+1J3 +0.6
+2.9 +2.1

usec

Cale ECD

Vector ¢
t1.8
+1.9
+2.0
+l.4
+2.1
+2.4
+1.9
2.1
+1.5
+1.}

+2.}

+4.17

nsec
£CD

Obs

“ A

+1.5

+1.5

i

+0.1

1)

[ 1Y

n

1)

L1

+0.9 .
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The ECD predictions using the estimate for the C vector are unrealistic
in some cases but are presented here for completeness. It is hoped that
additional data collection, planned for the spring of 1989 at sites in the
coverage area of the future NOCUS chain, will help "round-out" the
database and lead to further improvements in the prediction scheme.

Conclusions

_ ECDs predicted for the proposed MEP monitor sites using the approach
presented in [8] indicate that at distances from the transmitters on the
order of a few hundred miles, no ECD problems are likely. Observed data
from Loran-C Station Searchlight, specifically at the Durango and Grand
Junction sites, indicate that the predicted values may be optimistically
positive. It is likely that when the SOCUS and NOCUS chains become
operational, stations such as Searchlight, Las Cruces, Boise City, Havre,
Gillette, and Williams Lake will have to be adjusted to transmit pulses
with positive values of ECD so that proper cycle selection in the
mountainous regions will be possible. At stations such as Raymondville,
Grangeville and Baudette, nominal ECD values of 0.0 microseconds will be
acceptable. In any event, additional data is needed and will have to be
collected.
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Loran-C Applications to Terrestrial Vehicle Tracking

Ransom K. Boyce
IT Morrow, Inc.
Salem, Oregon

ABSTRACT

The economic, safety, and control benefits of monitoring vehicles
automatically has long been recognized. During the 1970's many
studies were commissioned and a number of demonstration systems
were implemented. By the beginning of the 1980's only a small
number of Automatic Vehicle Monitor (AVM) systems were in
operation due mainly to the cost and complexity of the system.
Most of these early systems were of the Sign Post type.

The requirements and demands of the user of today has increased
dramatically at an equal if not greater pace than the techno-
logical improvements and cost reductions of the equipment. An
ever increasing number of terrestrial applications with their new
and unique requirements has also challenged the Research and
Development efforts for Vehicle Tracking Systems (VTS). Where
the number of Loran-C receivers in the Aviation and Marine
environments is limited by the number of aircraft and vessels,
the number of potential users in the terrestrial environment is
almost limitless; from the tracking of a small parcel pick=-up and
delivery truck in a small geographical area to the tracking of
long haul trucks cross country. These factors have all set the
stage for continued development and improvement in Loran-C based
vehicle monitoring systems.

This paper will discuss in broad terms Loran-C based Vehicle
Tracking Systems presently in use and their general application
with regard to vehicle type and employment. At the conclusion a
close overview of the Detroit Project will be presented
supplemented with color slides to fully described this Automatic
Vehicle Locating (AVL) System which tracks 760 Police, Fire and
EMS vehicles and is integrated into a system supported by a pair
of Microvax Computers incorporating a Mobile Data Terminal (MDT)
and a Computer Aided Dispatch (CAD). To date this is the most
ambitious undertaking of its kind in this country and is
scheduled to go into operation at the end of this month.
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[STO VEHICLE TRACKING

In the early 1970's a small number of Loran tracking systems were
developed to compete in the DOT/UMTA development studies to
implement tracking of buses in large metropolitan areas. Although
a small Phase I contract was awarded for wide area coverage in
Los Angeles, no major systems were installed. The Loran receivers
and base station computers were large, expensive and complex,
while the Loran coverage was sparse in many areas of the United
States.

By the early 1980's things had changed dramatically; Loran
signals covered about 75 - 80% of the continental U.S.; new solid
state Loran transmitters had been installed; microprocessor and
LSI chip development had been designed into new sophisticated
Loran receivers resulting in small, low cost units; base stations
had been reduced to desk top computers or PC's displaying high
resolution graphics on color monitors.

‘The first application of this technology at II Morrow was a

system developed for the police department of Salem, Oregon.

The design requirement was to display the location and status of
25 police vehicles on a detailed map of the city in the Dispatch
Center. The color/graphic map display was to allow for 10 levels
of detail to be selected by zooming in and expanding the area of
interest. The active patrol car ID's were to be displayed on the
map corresponding to their actual position while the color of the
icon displayed was to be significant to the operation or
deployment of the vehicle. The status of each vehicle was to be
shown in a 1list on the left side of the map display. The
dispatcher was also to have the option of viewing a table of data
on all active vehicles. The table was to tabulate and display
vehicle location to the nearest intersection or landmark, status,
time of last position update, time of last status change, and
each line was to be color coded to indicate emergency situations,
Loran signal condition, and position data transmission condition.
The location of each vehicle was determined by a Loran-C Receiver
located in the trunk and connected to the two-way radio by an
interface/modem board. Position data and voice commmunications
shared this same channel. '

In the three (3) year interval since this first VTS system was
installed, a total of forty (40) II Morrow fleet management
systems with over one thousand (1000) vehicles have been
installed, not including the 760 AVL equipped vehicles in the
Detroit Project to be described 1later. The types of systems
break down as follows:

Ten (10) systems have been installed for Truck Dispatching
and status reporting in the concrete and timber industries.

Eigpt (8) Law Enforcement systems have become operational in
California, Florida, Louisiana and Oregon. All but one (1)
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are located in dispatch centers. The remaining one is
installed in a mobile command center for undercover
operations. As previously mentioned a major system is being
installed in Detroit and is scheduled to become operatlonal
at the end of this month

Five (5) systems have been installed for Securlty Operations
ranging from marine vessel theft protection to nuclear plant
security.

Five (5) systems are operating in the Trucking Industry
including an eighty nine (89) vehicle system in Dallas,
Texas for the U.S. Postal Service.

Four (4) systems are installed for U.S. Government Agencies.

" Four (4) systems have been sent out of country for Foreign
operations in Canada, Italy and Saudi Arabia.

Two (2) systems are installed in Public Transit bus systems
in Champaign, Illinois and Sheboygan, Wisconsin.

Two (2) Other systems use portions of the VIS for precise
0il Exploration and EMS STATUS operations.

VEHICLE TRACKING SYSTEM APPLICATIONS

A vehicle tracking system is able to provide a graphic and static
display of the vehicle's position and this position information
may be useful for several purposes. The majority of
applications, however, fall into one or a combination of four
main categories; (1) Reduced response time in being able to
dispatch the <closest vehicle to a desired location; (2)
Optimization of a vehicle's operation by knowing in advance its
time of arrival at a predetermined destination:; (3) The ability
to keep vehicles evenly spaced on a given route, usually on a
given schedule, while entering or removing vehicles from the
route as conditions require; and (4) The ability to integrate a
large number of vehicle positions into a Computer Aided Dispatch
(CAD) system and efficiently control their deployment to a degree
that would be impossible for one or more human dispatch
operators.

The underlying elements of each of the above categories is public
safety or service in one form or another, and/or economics. Note
also that the above categories cover both random as well as
repetitive routing of vehicles where both can benefit from a
vehicle tracking system. And finally a vehicle tracking system
can provid= historical data which may be archived for later
retrieval .r determining a vehicle's time of departure, time
enroute, time stopped at a particular site or location, and time
in a particular status. All of this information finds
application in automated statistical record keeping and billing,
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and is a growing area which was not orlglnally recognized as
significant or important in the early days of vehicle tracking.

Category one deals with reducing response time by being able to
dispatch the closest vehicle to a desired location. This
obviously fits public safety from both a law enforcement as well
as an emergency services aspect. It also tends to optimize the
movements of a vehicle noted in category 2, thereby reducing the
number of vehicles necessary to carry out any assigned workload.

The primary underlying reason for police, fire and EMS to utilize
vehicle tracking systems seems to be to reduce response time.
Category one also fits a parcel pickup and delivery truck which
is randomly routed at different times to pick up and deliver. A
dispatcher who can graphically see in real time which truck is
nearest to a newly designated pickup location can easily dispatch
the appropriate vehicle, reduce response time and optimize each
vehicle's operation.

Category two mainly attempts to optimize the use of the vehicle
by knowing 'in advance its time of arrival at a predetermined
location. This is the case of a cement truck, which itself is an
extremely expensive vehicle and normally has a driver who is
highly paid because of much overtime and usually favorable fringe
benefits. For every minute the truck and driver are stopped and
idle, the company is loosing money due to lost production. By
closely scheduling loaded vehicles to arrive at a site at an
exact time the operation of the vehicle and driver are obviously
optimized. More important, by knowing in advance exactly when a
truck is going to return to the plant for a new load, a new batch
of concrete can be mixed in advance of the truck's arrival rather
than waiting for the truck to arrive and then delaying the
departure of the truck until the new batch is mixed and ready for
loading. The movements of a long haul truck such as a loaded
Moving Van can also be optimized by closely coordinating
unloading services at each intermediate stop before its final
destination. The more expensive the cost of the vehicle and
driver, the greater the benefit to the company in optimizing the
operation of the vehicle.

The third category obviously relates to mass tran51t where it is
important to keep buses evenly spaced and on schedule on a
predetermined route and then be able to add and remove buses as
the number of riders changes throughout the day. The ability to
maintain buses on schedule obviously: results in increased
ridership of the mass transit system with increased revenues to
the transit company. Buses also fall partly into category two
wherein the movements of the buses can be optimized by. knowing
their real time movements and belng able to compensate for
vehicle breakdowns or increased service requirements. The total
number of buses necessary to carry out the operation can
therefore be reduced to a minimum with a resultant reduction in
capital equipment expenditures.

Finally, category four can relate to any of the previous



251

categories when the number of vehicles becomes so large that
attempting to direct, coordinate or monitor all their movements
becomes an 1mposslble task for the human mind, especially when
the vehicles cannot be broken up into separate geographic areas.

When a call for service is received for Police, Fire or EMS, the
CAD which vehicles are appropriate to meet the call for service;
ie, Police, Fire or EMS. Next the CAD determines which of these
vehicles are closest taking, into account one way streets,
highways with limited access, median divider strips which may
prevent a west bound vehcle from responding to an east bound
call, and dead end streets which do not go through. Next the CAD
determines the status of the closest appropriate vehicles; ie, is
the driver of the vehicle on a coffee break, is the police
officer out of the vehicle on traffic duty, 1is the vehicle
temporarily out of service for repairs, etc. Next the CAD
examines the suitability of resources on the vehicle to meet the
‘call for service; ie, is the fire vehicle a Pumper when a Hook
and Ladder is required, does the EMS vehicle have the particular
type of medical equipment to treat cardiac arrest, etc. And
finally after all this analysis of resources the CAD recommends
to the dispatcher a vehicle to assign. This resource analysis
closely describes the City of Detroit AVL Project where the city
will direct and optimize the deployment and movement of about 760
Police, Fire and EMS vehicles. This type of system also lends
itself to the data storage and archiving necessary for
statistical record keeping mentioned above and Detroit is
availing itself of this type of capability.

ADVANCEMENTS IN THE TOTAL LORAN-C SYSTEM

Loran-C is a mature but expanding system having been in place for
some 30 years while there still continues to be an increase in
the number of stations world wide as well as domestically.
Loran-C 1is the least expensive electronic earth referenced
navigation systems to operate and maintain, and has come a long
way since the earlier days when Loran-A was considered the "poor
man's electronic navigation system." None the less industry and
other users are continuing to place continuing demands for
improvement on our existing Loran-C system:; (1) Increased
accuracy, (2) Increased coverage, (3) Increased availability, (4)
Increased reliability, and (4) Decreased cost to the user. With
regard to vehicle tracking applications all of the above
requirements are being met in varying degrees.

Looking first at position accuracy for vehicle tracking purposes,
many users are demanding some form of differential correction to
improve on the inherent errors present in the predictable mode.
The City of Detroit Project is an example of such a requirement
where an initial survey indicated that a 300 ft accuracy over 95%
of the area could easily be met with a simple differential
correction being applied to all reported vehicle positions in the
Host Computer at the fixed end. Increased accuracy is also being
addressed by manufacturers as a result of the proposed closing of
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the Mid-Continent Gap. With the availability of redundant chains
in many areas, the use of Dual Chain tracking will find increased
application over a large portion of the continental U.S. and this
type of receiver is already being found on more and more
manufacturers' drawing boards. With the increase in the number
of redundant Secondaries available, an inexpensive Cross Chain
tracking receiver can create pseudo Base Lines between
Secondaries of different chains and greatly improve geometry in
many areas. This Cross Chain tracking is only available in the
inexpensive receiver if both Masters can be received or if the
error in the Time of Coincidence (TOC) between the two Masters
can be determined in some manner. The necessity to be able to
receive both Masters obviously limits the areas where Cross Chain
tracking is presently available in the inexpensive receiver. The
U.S. Coast Guard at this time appears to be investigating more
seriously the possibility of synchronizing the Master Stations of
all Chains in some manner which would in affect eliminate the
error in the TOC between the Masters and make an inexpensive
Cross Chain tracking receiver (determination of any TD with only
one Master signal available) a near term reality. While much of
the pressure to synchronize Masters is coming from the aviation
community, its implementation will also greatly improve the
accuracy of positions in vehicle tracking. With the
establishment of the North and South Central U.S. Chains and
their eight (8) new base lines, as well as the possibility of
greatly increasing the number of pseudo base 1lines in the
foreseeable future through Cross Chain tracking, the accuracy of
Loran-C will improve greatly over what is available even today in
many areas. The addition of Dead Reckoning to enhance Loran-C
may further improve the accuracy by as much as two fold in many
areas and applications.

With regard to increased coverage within the 1limits of the
continental U.S., the previous discussion of the closing of the
Mid-Continent Gap should prove adequate for purposes of vehicle
tracking at least in the near to mid term.

The question of improvements in Availability and Reliability can
be handled together to some degree for purposes of this
discussion. Both availability and reliability of Loran-C have
been very high and have achieved a degree that probably cannot be
improved appreciably at an acceptable cost. For purposes of
vehicle tracking, the only complaint from industry relates to the
individual station down time, either scheduled or emergency. In
areas with a 1limited number of stations combined with poor
signals and/or poor geometry, the loss of any single station,
especially the Master, can be a serious obstacle to the
satisfactory operation of the tracking system. This one
shortcoming can at 1least be partially overcome through a
redundancy of chains and/or secondary stations when operating
with a Dual Chain or a Cross Chain type of receiver and multiple
LOP fixes. As these new type receivers become more common in the
market place, the question of Availability and Reliability
becomes less critical.
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The final question with regard to required improvements to the
Loran-C system demanded by industry relates to decreased cost of
mobile and fixed end equipment. As with so many other high-tech
components and pieces of equipment, the price of chips has
rapidly decreased and an ever increasing number of specialized
chips are becoming available everyday. In a way this presents
one of the most complex questions facing any manufacturer of
Loran-C receivers used for .vehicle tracking.' If developed today,
héw long will it be before a specific Loran-C receiver becomes
obsolete in the market place, and can a reasonable profit be
realized in the mean time. The application of vehicle tracking
is 'still in its infancy and with new applications "being dreamed
up every day" there should be a sufficient market for new
products to be developed in quantity at a reduced cost to be
competitive in the market place. Conventional forms of vehicle
tracking will feel the major impact of reduced cost of mobile-end
Loran-C receivers first with more specialized or unique
applications feeling 1less reduction in hardware cost for the
mobile-end. Another factor which is acting to reduce the overall
cost of vehicle tracking 1is the availability of 1low-cost
computers. This means that industry has the ability to purchase
a very competitively priced computer to meet his fixed-end needs
for a graphic or static display of information and then purchase
only the necessary software and high resolution monitor from a
vehicle tracking system manufacturer. In the past two years
alone: II Morrow has seen a dramatic trend in the reduction in the
hardware in the fixed-end coupled with a greatly increased
capability and flexibility of operations through software
development at the dispatch station. All at a considerable cost
savings to the user over what such a system would have cost just
a few years ago. Once again the City of Detroit Project is a
classic example of a greatly enhanced operational capability of
vehicle tracking through software development.

DEVELOPMENT OF INTEGRATED NAVIGATION SYSTEMS

II Morrow has been working on an integrated navigation system
that incorporates various sensors with a Loran receiver. This
Research and Development effort has resulted in better than
expected results and serves as a stepping stone for further work
in this area.

The majority of customers for the Vehicle Tracking System operate
in urban environments which can cause problems for Loran only
operation as discussed in the PLC section of this paper. 1In
addition things 1like narrow streets between tall buildings,
tunnels, railroad tracks, bridges, poor geometry and weak signals
will all have varying effects on the Loran reception which will
affect the position accuracy.

One approach to correcting for the adverse effects of these
factors 1is to apply filtering techniques to 1limit their
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influence. Another approach is to integrate a navigation device
with good short term stability with long term Loran stability.

Thus the use of Dead Reckonlng (DR) to complement Loran should
provide an improvement in poor 31gnal areas. The Dead Reckoning
system consists of an inexpensive, a two dimensional flux-gate
compass and a -pulse generating speed sensor. Basically, a
processor reads the compass and speed sensor along with the Loran
receiver. This information is feed to an adaptlve algorithm to
produce an improved position solution.

The heart of this integrated navigation system is an algorithm
that monitors various sensors and determines which to use as the
primary navigation source and how reliable it is. The algorithm
works basically in two modes: (1) Dead Reckoning alone, and (2)
Combination Dead Reckoning and Loran. When the Loran is
determined to be temporarily unusable, the system uses the
compass and speed sensor for positioning and navigation. When
Loran is determined to be satisfactory, the system combines
position reported by Loran, magnetic heading and speed sensor and
produces a position via a progressive and adaptive filter. Even
when Loran is selected and could provide sole position data,
combining Loran with DR provides greatly enhanced position
tracking and accuracy.

one of the most important features in this integrated system or
any similar systems is the ability to judge the integrity of the
Loran operation. When Loran signals are blocked by 1large
structures the signal strength and/or the signal-to-noise ratio
can reliably be used as indicators. However it is not as straight
forward in the case of PLC, multipath, or skywave contamination.
In the latter instances, it has been observed that these signal
indicators are only marginal in interpreting signal quality or
integrity. Combining signal strength and signal-to-noise ratio
with envelope cycle difference (ECD), time difference (TD) rate
of change, and' jitter can help to improve the chance of
accurately determining Loran signal integrity.

Because this is an integrated navigation system, independent
characteristics among component systems should be exploited by
using one system (sensor) to check the others; in this case to
use DR sensors to check Loran integrity or to use Loran data to
monitor and correct DR sensors. For this particular mix of
sensors - Loran and flux-gate compass - caution has to be taken
since they both can be corrupted; by the same interfering sources,
(ie. steel bridge, etc.). After numerous simulations and road
tests, the results have been very encouraging. Preliminary data
has indicated obvious and substantial improvements in tracking
and accuracy over systems that use only Loran. Improvements in
the order of 25 to 60% improvement have been observed.

Integrated navigation research is continuing at II Morrow. The
challenge is to design and produce integrated navigation systems
with a cost/performance ratio that is acceptable to the customer.
With the near term addition of new Loran chains ‘and the recent
emergence of promising sensor technologies, the next few years

xx



255

will be very ‘important and busy for the integrated navigation
field.

POWER LINE CARRIER (PIC) INTERFERENCE CONSIDERATIONS

While Loran-C is susceptible to several types of both synchronous
and asynchronous interference, Power Line Communication (PLC) is

unique to terrestrial vehicle tracking systems. (Note: PLC
interference has also been reported by aircraft pilots but is
rare in comparison with terrestrial Loran-C use.) Power Line

Communications may be conducted anywhere in the 9 - 490 KHZ band,
but are most commonly found on frequencies divisible by 10 (ie,
80, 90, 100 KHZ, etc.) with a particularly high concentration
between 60 KHZ and 140 KHZ and an extremely dense concentration
around 100 KHZ. Most transmissions are of the continuous wave
(CW) type on one or two frequencies. They consist of a
continuous pilot carrier in the range of 1 to 10 watts with a
keyed command carrier in the range of 10 to 100 watts. The lower
power continuous pilot carrier is partiuclarly bothersome while
the command carrier which is used for power switching and control
purposes is used infrequently, is of very short duration and does
not cause permanent interference. PILC has been around for many
yhears and much of the equipment still found in operation is of
the "6L6 vintage!" PLC is utilized primarily on high voltage
transmission 1lines and seldom found on 1low voltage utility
distribution systems. Fortunately, the major utilities are
switching to the more modern and reliable micro-wave form of
communications for power switching and control. This means that
PLC on the higher voltage, longer transmission lines is being
phased out first with a more gradual replacement on the lower
voltage, shorter transmission lines. The range of PLC
interference is obviously dependent upon many factors but can
affect Loran-C reception for several blocks. PLC interference is
also aggravated by the fact that transmissions lines many times
are also ‘found to carry impulse noise which many originate from
almost any source. PLC interference is particularly harmful to
terrestrial vehicle tracking systems where a high voltage
transmission line runs parallel to a road or highway and the
vehicle is continuously subjected to the interference and loses
the Loran signal completely until the vehicle moves out of the
area of interference associated with the power 1line. Overhead
trolley car and electric bus power lines also are a major source
of RFI and in many cases cause the Loran-C receiver to loose
signals when the vehicle 1is driven close to or below these
overhead lines. The U.S. Coast Guard is aware of PLC and its
potential effect on terrestrial (and to a lesser degree aviation)
Loran signals, and is working with the North American Electric
Reliability Council (NERC) to try and resolve the problem. Well
documented cases of PLC interfering with Loran-C signals are
invited by the U.S. Coast Guard, Marine Radio Policy Branch who
is seeking to eliminate or reduce such interference under 47 CFR
90.63g.
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OVERVIEW OF DETROIT AVL SYSTEM

A major .contract was awarded earlier this year by the City of
Detroit to II Morrow, Inc., of Salem, Oregon for the installation
and implementation of a Vehicle Tracking System (VTS) in
conjunction with a Mobile Data Terminal (MDT) network and a
Computer Aided Dispatch (CAD) System. This is the most ,ambitious
undertaking of its kind to date and incorporates many 1nnovat1ve
features not previously found in other systems. II Morrow is the
Prime Contractor for the Vehicle Tracking System portion of the
contract and is assisted by Advanced Control Technology, Inc., of
Albany, Oregon as a Subcontractor.

The Detroit Project is comprised of approximately 760 Police,
Fire and EMS vehicles which serve the City of Detroit. The
position of each vehicle is determined by a Mobile Loran Receiver
installed in each car or truck which transmits this information
back to the Base Dispatch where the data is processed through a
Micro Vax Computer and then displayed on 6 Police, 2 Fire and 2
EMS Graphic Work sStations.  An additional 14 terminals are
available for Supervisor personnel as well as "Hot Spares" for
back up. While the initial system will be brought on line with a
digitized map of the City of Detroit developed by II Morrow,
ultimate plans call for a Geo Base file to be developed to create
a computer drawn Map which will have full capability to interface
with the CAD. This will allow for a full E-911 LAT/LON cross
reference to street address. At the Dispatch end the AVL
Communications Radios, Polling System, Micro Vax Computers, CAD
and MDT are all fully duplicated for redundancy and have a back-
up system design for the rerouting of data between the CAD, Micro
VAX Computers and MDT should one of them become inoperative.

Each City vehicle in the Detroit Project is equipped with three
totally separate and independent radio communications systems;
namely one dedicated to voice communications, one dedicated to
MDT data communications and one dedicated to AVL data
communications. The total communications load between the Base
Dispatch and vehicles could not possibly be carried out on one
radio channel and while these three independent radio
communications systems are initially expensive they have several
very important benefits: (1) They provide a degree of redundancy
and back up should one radio system fail; (2) They allow for
simultaneous communications with a vehicle at times of critical
operations; (3) They prevent an overload on any one system such
as the MDT from adversely reflecting this overload onto another
system such as the AVL; (4) They prevent the mixing of voice and
data communications on the same channel or radio system which at
best is marginally acceptable and causes the loss of many data
transmissions; and (5) They optimize each system by preventing
collisions or other interference from occurring between different
systems operating on the same radio channel. Additionally, these
radio communications systems are operating on different bands
which provides a 1limited degree of frequency diversity and
insures that all communications will not be lost with a vehicle



257

due . to .operating coriditions or limitations unlque to one
particular hand. In an effort to reduce the number of antennas
installed: on each vehicle the antenna required for the Loran
Receiver: (receiving at 100 KHZ) was duplexed with the AVL Radio
Communications (transmitting and receiving at 158 MHZ) into a
single 21 inch trunk mount whip antenna.

The Polling requirements for the Detroit Project are quite unique
in that they combine several types of vehicle polling into one
system; ie, Police, Fire and EMS. Operatlonally this spans the
spectrum of polling pursuit Police vehicles as often as once
every three (3) seconds with Fire Trucks that may be in a stand
by . readiness condition and polled only once every ten (10)
minutes. Due to the total number of vehicles being polled, two
communications channels were required. - The AVL system
continuously determines the polling load on each channel and
automatically moves polled vehicles from one channel tb the other
to balance out the, load between them.

Although the City of Detroit is fairly small geographically,
three Remote Receivers are used on one AVL Communications Channel
and four on the other. A modified Voting technique is used to
validate the received data message from the Mobile Units as well
as to insure that each Remote 'Receiver is operating normally.
The operation of both fixed end Transmitters are also monitored
by the Remote Receivers to verify normal operation of the
transmitters. The Main Transmitter is automatically shifted to
the Standby if the Polled signal is found to be missing,
corrupted or weak. With this redundancy of Transmitters and
Receivers, the City of Detroit is assured of continuous AVL
Communications at all times.

The Detroit Project is drawing considerable attention from other
municipalities’' who are carefully weighing the benefits of such a
system in their own. community.

CONC ONS

As the ‘monitoring and dispatching capabilities of Loran-C based
vehicle tracklng systems become recognized, large new markets are
opening up in such industries as long haul trucking, hazardous
waste tracking, ambulance fleets, taxi fleets, courier and parcel
pickup and delivery service companies. Since II Morrow Inc. was
acqu1red by United Parcel Service (UPS), considerable attention
is being given to the latter applications by -this company.

Military uses of Loran-C based vehicle tracking systems include
weapons and munitions material transportation, war games and
selected tactical appllcatlons. The immense popularity of
airborne Loran-C receivers and the expanding applications of
terrestrial vehicle tracking have contributed to the building of
the two new Mid-Continent Chains.

In Europe as well as in the UK, land navigation and location
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taehnologins are seriously bexng studied for traffic control and
fleet management purposes with varying degrees of success. For
the generaX¥ motoring public, in-vehicle navigation/display
systems are also being developed by most of the world's
autqnobile manufacturers for introduction in the 1990 time frame.
Systems are -being developed using Dead Reckoning, Beacons or Sign
Posts, Map: Matching, VLF/OMEGA, Transit or GPS satellites, Loran-
c, or varjous combinations of these systenms. Of all these
systens, a Loran~C, based system provides the most cost effective,
accurate, reliable and maintenance free system of all, and where
greater accuracy is required enhancement of Loran-C with such
items as Dead Reckoning flux gates and speed sensors still
provide the least expensive system to the user.

Ransom K. Boyce is a retired U.S. Coast Guard Commander having
graduated from the U.S. Coast Guard Academy in 1958 with a BS in
Engineering. He spent the majority of his Coast Guard career in
the Aids to Navigation Program where he acquired his background
in the field of LORAN-C. He has been with II Morrow, Inc. two
years:-and is the Engineering Program Manager for Aviation, Marine
and Vehicle Tracking Loran Products.
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LORAN—C OSCILLATOR REQUIREMENTS
JESSE FIPKIN

LORAN-C TECHNOLOGY
CHICO, CALIFORNIA 96928

RBSTRACT

The precision oscillator used by moderr Lorar—C receivers
for time reference is the most expensive component ir marny
designs, and, as such, has come urnider pressure by low-—cost
equipmerit marnufacturers looking for ways to reduce their bill of
material costs. Sivice stability is related to price, it is
worthwhile to analyze the requiremernts to insure that the
cscillator is rmot overspecified.

The sffects of abscalute coscillatar accuracy ocn the raw
acquisitiori «f the lorar signals, the phase—~lockirng, ard the TD
measurement are described; chariges of frequericy with voltage and
temperature are considered; and; finally, arn implementation is
showrs usirng an oscillatoar with a stability specification of +/—-25
pprm cver the temperature rarige of -18 toa S5 degrees cerntigrade.

INTRODUCT ION

Before the fall of the doallar, marny U.S. manufacturers of
Lorar—~C Receivers, feelirng the pressure from lower—priced but
goad quality Japarnese praducts, remained coanpetitive by reducirng
their marnufacturing costs. Corisiderable erngineerirng wernt into
coriverting hardware to software and utilizivig more powerful
micraprocessors with built—in timers, input/coutput avnd cortrol
bits, serial commuriicatioris, retentive mewmncry, ard even analog-—
to-digital coriverters, all of which elimirated exterrial hardware.
A gocd example of this is the Moteoercla MCESHC11 Microcomputer
(Reference 1) currently used by eight U.5S. marufacturers for
their riewest Lorar—C products; this processor can be programmed
to do all the digital furictions of & low— to mid-cost Lorarn—-C
receiver, everr includirg drivirng & display ard a kevybcocard leaving

no digital parts to elinmirate. Ffuture effcrts to reduce costs
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Figure 1. BLOCK DIARGRAM DOF "SINGLE-CHIF” { ORAN-C RECEIVER
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M ! ¢ 1 o Iy K3
must address the receiver's analog/filtering section, the
display, packagirig, or the precision oscillator. This paper
explores the last possibility.

: _J
D\sm_.wg‘, DICITAL  WAwars A a

NaLs G TCXO
Daiveg C.Phutaem‘

Figure 2. RELATIVE COSTS OF RECEIVER SECTIONS

THE OSCILLATOR FROBLEM

Ter: years ago, precision cscillaters with stabilities dowr
to +/- {1 part per million over the rarige of —1@ degrees
cerntigrade to +55 degrees ceritigrade were common, with some even
better. As prices for most comporients declined dramatically, the
price of this ocscillator locked groassly cut of place in low—end

FART - _COS57T % OF EOM
Enclosurei{s) $ 6.00 1)
Hardware 3.90 3.5
Cormectors 2. 00 <4
PCE's 3. 50 3.5
tCD 8. S@ 8.5
Display Driver 2. 5 2.5
Keybocard S. 00 S
Microprocessor 7.5 7.5
RAM, ROM 4,50 6.5
Regulators 1. 00 1
Power supply filter S. Q0 S
Limiters 1.5 1.5
Analocg compornerts:

7% capacitors 6. Q2 6
100 resistors 1.5@ 1.5
1S irductors 5. S0 5.5
Transformers 4H, QO 4
10 transistors 2.5 2.5
Mariual .00 Z.0
Packagirg 3. 00 3.@
S. OO 25. 0

TCXO 2

Figure 3. HYPOTHETICAL %10Q.20 BILt OF MATERIAL RECEIVER
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sets, and scme manufacturers sinply relaxed the requirements,
using +/— 2 ppm ard +/- 3 ppm oscillators cover 0-5@ degrees ard,
where possible, livirng with the cornsegquernces, thereby saving S8%
of the oscillator cost. By the time they got to +/- 5 ppm,
thowever, acquisition arnd phase lock became problems as well as
the TD measuremert error created just by temperature charge.
Investigativrig and scalving these problems has led to the
possibility of usirig much less expersive comporents: a +/- 2% ppm
oscillator is crne—ternth the cost of +/- 1 ppmn. The rext step,
+/— S@ ppm, is the high end of off-the-shelf comporents (0.Q25%),
the use of which would make the oscillator simply arcother part.

$30 :
$2s

ilo

45

LD NS 10 A% ¥/-So

Figure 4. DSCILLATOR COST VS, STRBILITY

STABILITY REQUIREMENTS

The actuxl frequercy cf the oscillatcr that provides the
Lorar—C with its timirig refererce is, withiri limits, uriimportardt;
fregquencies ir use irclude 4 Mnhz, S Mhz, & Mhz, 1@ Mhz, 2@ Mhz,
and cthers. Whether the fregquercy is exactly, say, 190 Mhz or
10. 980081 Mhz or 10, Q10300 Mhz or 10, 123456 Mhz is immnaterial
because, i1f the actual frequency is krown, the processor's



262

software can adjust for any offset. #Arnd, if the Lorarn—C receiver

cari somehow acquire ard track {(phase lock to) cne tLorarn—C sigral,
the actual frequency of the receiver's cascillator can be measured
and adjustmerits made so that &ll sigrnals can be tracked
accurately. This is riet usually done since & nomival 1@ MHz
oscillator is easier to come by tharn a 19.@1 MHz oscillator, ard,
of course, the TD's rieed tc be corrected as is shown later.

EXTRA COUNTS NEEDED
GR1I MICRODSECONDS COUNTS AT 1@ MHz FER GRI AT 12,010, 80 HZ

9360 . 239, 600 396, 000 396
3949 29, 400 334, QD0 3934
837 813, 7@ 837,000 837
7380 73, 8va 738, O 738
533 53, 300 533, 002 533
593 59, 300 : 533, 003 £33

Figure ©. CORRECTING FOR AN "OFF-FREQUENCY" OSCILLATOR

The difficulty arises wher the fregquency chawmges with
temperature or valtage cor age. There are three separate areas cof
cperatiorn, or processes, that are affected whern the frequervricy
is urkwnowr: acquisitiorn (search), phase lock (tracking), and
measuremert. For purpcses of this paper, the foallowing
defirnitions are used:

ACQUISITION: the "coarse” idertificatiorn of the lorart sigral;

FHASE LOCHK: the "fire"” idertificatiocr of ar edge of the sigral;

MEQSUREMENT : the time betweer edges of the sigrnals from different
staticons.

Irn this discussicry, selectior of the "proper” edge, i.e.,
“third cycle matchirvrig, ” is riot corsidered, as that is arn analysis
of the shape cof the pulse rict of the timirng betweer pulses or the
isclatior ¢of a sirngle edge. Each «f the three prcocesses defired
is discussed separately.

ACQUISITION

Methoads of acgquisition (lccating the Lorarn—-C sngﬁal ivi time)
are as varilied as the number of desigris. Cammnarily, marny GRI's are
used, averagirg the signal response to elimiriate the rcocise. Thas

apprcach 1s most susceptible tc chariges irv the frequerncy of the
timivng refererce, arnd, the more GRI's that are used, the more

stable the oscillatcr must be. A charge cof five ppm from what is
expected will cause a five microsecornd drift in teri GRI's which
will make averaging urusable (averages toa zerc). A charige of S

ppmm {(from plus 2% to mirus 25 will give & five microsecond error
per GRI! Without predictivig (or guessing) the frequewrcy error,



necessary. Such

Nno averaging is possible with this amcunt of errcr. Due to the

time cormsumirng rature of averagirig, a repeated trial-and-error
approach i8 usually riot desirable.

(Since many of the commor rates are close to 12@, 02Q
microseconds (2960, 29349, etc.), this rumber will be used as a
refererice for simplicity. Although all the problems asscciated
with oscillator freguercy charige are lessered for shorter rates
(rict the least of which 15 more sigrial per urat time), all the
differerices are less thar 2:1, which is small compared to the
magrnitude of the errors considered.)

]
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Figu = 6. APFRARENT SIGNAL DRIFT AT @.5 uwSEC/GRI (I ppm)

Arc agquisiticon mettiod that uses but a single GRI, with or

withcocut & secoard GRI for correllatiorn, is irndeperdernit of the
cscillator error up to huridreds of parts per million (+/-2.5%5

S usec
per 7 msec), arnd reither predictimng rior guessing the freguercy is

an approach was developed by the author 1v the
early 198®'s ard has beeri successfully used by more tharn ten
companies ir some twoe dozern praducts aggregat ing over 104, QGQ
receivers. Ffersisterice pays off in a ricisy envirarmert, because
crily & severn-milliseccrd reiatively clear wiridow is reguired for
arty orie of the Lcorarn-C sigrals—--it only takes firdirig ore tc lock
up the oscillator sc that conventiomnal averagirg can

be used.
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EHASE L OCK

After the receiver has the approximate location of the
sigrnal, usually high intc the best SNR porticar, it must "lock” to
an edge (zero-crossing) to make timing measurements between
sigrnals from differert statioms. A detailed discussicn of phase
lock loaps is beyornd the scoape of this paper, but, withcut proof,
it can be said that arny locp has a lock range that carnmot be
exceeded, arid, giver the rature of the Lorarn~C sigral, it must be
less than five microsecorias per GRI which is less tharr S@ ppmnr.

lSuaISual
1 i
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l
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Figure 8. FIVE MICROSECOND SLIP FRER GRI.

This reguires arn initial gairv cf cre for the first order loap; in
order to be stable, rict toc say useful, arn adaptive filter 1is
required ard 1s used by most moderr sets. To insure stability in
the ricisy LoranTC envircrmert, a reliable loop would be less than
that amocunt giving a practical lock-in rarnce of 10-25 ppn.

Although a phase lock lcocop, thowever complex, may be desigrned
tae use a 25 ppm oscillator, a simpler loocp may be erharnced by
usirig the predictive technigues discussed later ir this paper ard
will erable use of ever less stable oscililators.

TD MEASUREMENT

With & +/- S ppm csci1llatcry, a TD measuremert of S0, @&
mioraseconds uncorrected for oscillator error will be in error by
+/— @.285 microsecornds ouwe 1o the oscillator alore. Thus, sittirig
i one place, measuring & hypothetical TD of S@, Q0. @ wher very
hot, 1f the temperature decreases so the oascillator chariges by
its full stability, the measurement will charge tc S, Q@00.5 due
tc the charige of oscillator frequevicy alorme, ir additicn to

whatever else the praoapagati1or does cr the receiver does.

‘TW H- 7
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Figure 3. TD ERROR DUE T0O OSCILLATOR OFFSET
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This is, however, the easiest problem to sclve because
Lorar—C receivers are excellent measurers of the oscillator
error, Simply takirng the velccity term of the set's phase-lock
locp, viormalizing it for the GRI, ard multiplyirg it by the 7D
measurenent will give the TD error which cari be algebraically

added to the TD.

T, o= T Puers (L + A Aesc)

Figure 1@. TD CORRECTION FOR OSCILLATOR ERROR.

This makes the assumptiorn that the velocity comporient due to
movemerit 1is riegligible. Irn boats this is true: at S@ knots
directly orn a baselirne, the movemerit errcor is approximately 1 ppm
which is less thar @.1 microsecond in S, @00, For aircraft
usage, however, ccrrecting the TD cnly for “"apparent” cascillator
error will produce & lag in the TD value by up to @.4%
microseconds. Fortunately, this too is easily corrected with
some additional arithmetic, Usirng the TD gradients computed in
the latitude—-lorigitude sclutiorn arnd the zctuwal motior of receiver
computed from t he positior filter, the compasite ascillator error
is broakeri irite cscillatcr "errors” in the directiors of each TD.
After the irvrdividual statiors velocities are subtracted from the
calculated comporients, the true cocscillator error 1s computed.
(This calculatiorn regquires separaste phase lock loops for each
station, as is the case for most moderr receivers.)

y

Figure 11i. CORRECTION OF TD VELOCITY FOR VEHICLE MOTION.
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GUESSING AND FREDICTING

1f the process desigr beirng used doesvi't sclve the probtlems
for acquisitiori and phase lockirig, there are still metheds to
anticipate then. The firset (arnd cheapest) is to guess at an
ervor and try it:; if unsuccesful at acquisition, guess againr.
Deperiding orn the rarge of the process and the "instability” of
the coscillator, up to some riumber of attempts "n"” will yield the
result. The drawback of this approach is how lorng it takes to
guess right, which in actwuality is only a poirnt-cf-sale problenn—-
the guessing time is typically less thar the cycle select time
which the user already waits for.

The “guess’” apprcach carn rnormally be speeded up simply by
starting at the last (turri—off) wvalue, which makes the reascrable
showrcom assumptior that the turri-orn temperature is the same as
the turri—off temperature. This is the simplest (ard cheapest) of
various predictive schenes.

The majgcr variation in frequency is due to temperature
charge. If the receiver has a method of measuring the
temperature, a highly accurate predicticorn may be made corice crie
point or the freguerncy-temperature curve is knowr. Actually the
prablem isn't everi that difficult because the temperature dces
rot rieed to be known absclutely, cnly relatively. So, if the
processor has a built—-in analog—-toa-digital cornverter (as the
MC68HC 11 has) a very simple circuit (worth ter certs) carn be used
to measure chariges 17 tempersture ard very reliably predicting
the turri—-or freguericy. Updatirg the temperature erd poirts (as
arn RA/D value) with the rormalized cscillatcr error (corrected for
the GRI sco that the GRI may be charged) allows a very simple
algorithm to predict & very accurate oscilliator error for the
"current temperature. ”
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Figure 1Z. TY£ICAL CRYSTAL OSCILLATOR FREQUENCY-TEMFERATURE
CHARARCTERISTICS
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TEMﬁERQTURE CHQNGES, AGING, HAND ACCELERAT ION

A change in the cscillator frequericy due to aging,
large ericugh to be noticed, is easily accomcdated by the
continual recalibratior techrniqQue described above. Ar
acceleratiorn (startinyg, stappirng, and/cr chariging directior)
appears to an operating receiver like the frequency charige due tc
a temperature charige (withcout the temperature change). This errcr
cari be accomcdated by the phase-lock lcop either withirn the
tracking lock—-iv rarge, or, if extreme, the adaptive filter can
be desigried toc accommncdate the charnige as is commorly dore with
aircraft receivers. This is typically a rwion—problemn: a tern
degree certigrade charige in temperature in ore hcur for a +/- 25
ppm oscillator is only @.@31 microsecordd per GRI (approximately),
hopefully well within the phase-lcck loop resporise; 8-6@ in zerc
time (ory a baselire) procduces & velocity of riearly 0.2
microseccords per GRI--irn 28 GRI's the uricorrected error would
reach five microsecords and the tracking would slip a cycle.
Using a five secand time constart loop filter, the first order
locp gaivi would rieed to be &t least 3.02, which, to the author,

seems to be less thari & minimun riumber arnyway. All boat ard all
to achieve a

practical aircraft acceleraticrs are withirvi thisg
B¢Ad—-krict stardard rate 180 degree turrn or a baselirie would
require arn adaptive filter to irncrease the first corder locop gain

during the acceleratiorn.

V+

if it is

Ream A ID
TEM?,
SeY AL -processar

(C{<5-4§a>

Figure 13. SIMPLE (RELATIVE) TEMPERATURE MEARSUREMENT CIRCUIT.

EXamMeL e

A riew, low—cost Lorarn—-C receiver based orn the ideas of this

paper has beern irntroduced fcocr 1983, The specification of its
agscillator is +/- 25 ppwm over the operating temperature rarnge.
In additior, the cscillatcre have rio freguercy adjustmerts and
are received with room tenperature frequervicies up to 175 Hert:z
off (plus arnd mirnus) their riominal frequevnicy of 8 mhz.
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S8irnce the individual oscillator frequerncies are not
predictable, the first factory turr—orm must pgo through a puess
approach or allow technician input of the current frequency.
Once, however, the receiver achiesves phase lock on some loran
sigral, it goes through a self-calibration sequerice which is
continuously updated wher: the receiver is operating. Sivnce
waypoints, routes, and start-up data are stored iri nom-volatile
RAM, it is & mimple matter tc save the “ernd-points.”

CONCLUSION

The oscillator stability for the Loran—C timing refererce
has always beer specified to very tight toleramnces because the
necessary software processes for acquisition, phase locking, and
TD’éorroction had not beer developed to adjust for the offsets.
Although the TD correctior is riot difficult, a ore—GRI
acquisitiori and a sophisticated adaptive phase lock loop is
required to tolerate an "irnstability” to +/- 25 ppm over the
operating temperature range with ric degradaticon of specifications
in low—priced sets. Addivig a rudimeritary temperature measuremert
capability to predict the oscillator offset can extend the rarige
even further without a loss irvi acquisition and phase lock.

Reference 1. "SirigleChip Loran-C Transducer’ Jesse Pipkin, Wild
Goose Association Technical Symposium, October, 1388.

Reference 2. "“"Demign of Phase—tLochked Loop Circuits” Howard M.
Berliri, EBlacksburg Corntiriuirig £Educat ior, Series

JESSE PIFPKIN

Jesse Pipkiri is & real-time sigrnal processing specialist.
His iritroduction to Lorarn (R) was in the United States Air Force
where he served as a Navigator arnd used lorari during hur.
His irtroduction to Lorarnn (A) was in the United States Air fForce
where he served as & Navipator arid used loran during huridreds of
trans—-Atlartic ard trars-Pacific flights. He has beewv irwvclved
in Loran-C equipmernt desigrn for the last ten years, corcentrating
the last three on his "Single-Chip Loran—C Trarisducer” (Wild
Gocse Associatiorn Technical Symposium, October, 1986). He
received the BSEE from the uUniversity of Florida and did graduate
electroric desigrn work at the University of California, Berkeley.
His desiprs are used by more thar. a dozen compariies irivolved in
both marine and avionics applications.
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SESSION 6
LORAN AND GPS INTEROPERABILITY
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QUTLINE:

Define Interoperability

Potential Benelit Areas lor POS/N AV Users
Matrix ol Comvbinulions" |

Interesting Combinations

Some Conclusions -- Where are We Going...

Should We Go?

10/88nvtc




POS/NAYV Interoperability

" Use of Two Or More Systems
to Provide Complementary Capabilities
with Enhanced Uscer Benelits."
or.:
" Use of Two or More Systems
to Provide Symbiotic (Cooperative) Capabilities
with Enhanced User Benelits."

10/88nvtc :

|
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Potential Benefit Areas:

COVERAGE:
-- Geographic
-- Daily Time
-- Evolutionary Time
(Improvements with T'ime)

ACCURACY:
- Posttion
» Absolute/Relative
« 2D/3D
-- Velocity (Absolute)
» LLow Dynamic
» Lligh Dynamic

RELIABILITY
-- OUTAGIES

» Probability

« Notification

COST

10/88nvtc
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GPS /INS

GPS Can Provide

INS Can Provide

Common Systems
Cost Savings

10 Meter Accuracy Usually
Bounding of INS Drifts
Calibration for INS Parameters
(Gyro Drift/Accelerometer Bias, clc.)
Integrity Checking of INS (KAL 007)

Velocity Aitding for GPS Tracking Loops
Inertial Flywheel if GPS is Jammed
Coverage for Outages

Integrity Checking

Cheaper INS Components (Strap Down)
Sharing of Sub-systems

» Clock
« Compuler
« Conurol Display

10/88nvtc
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GPS ECCM

100

30
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(nmi) 10
3
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LORAN | GPS

GPS Can Provide

- Master Station Synchronization
Periodic Accurate Coverage
Precise Velocity
Airborne Calibrations of LORAN (ASH)
Ocean Area Coverage

[LORAN Can Provide

« Early, Wide-Area Continuous Coverage
 Integrity Checking for GPS (Receiver Autonomous)
e Failurc Backup

Synchronized LORAN / GPS Provides

. Additional Ranging Signals / Smart Filter Accuracy

« Control/Display Cosl Savings s
10/88nvic
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GPS INTEGRITY

« National Notification
(The Integrity Channel/ GIC)

« Receiver Autonomous Integrity Monitoring
(RAIM)

10/88nvtc
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- ASF Corrections over 1 month

| D O I I O O R

b

N
+200m

Dates are 5/88
unless otherwise

marked

-200m
S |

98z



Center at:  Latitude 379 23.567986'
Longltude -1220 2.258480"

Datum: WGS 84

Flie: 0423gps.cap
RMS Distancae: 7.15m
Center to Mean: 2.03m Radlus of Clrcle: 40.0m

Throe Days of GPS and GPS Corrected Loran

L8¢
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The Combined Solution

Caveats | Comments:

-~ Front End Calibrdtions B /B
us ' “ul

-- Integrity by Looking at Residuals

-- Stability of Intersystem Biases
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CONCLUSIONS:

- -- LORAN / GPS Interoperability Very Desirable
» Accuracy
« Coverage
» Integrity
-~ Further Measurements are Needed
- Costs Can Potentially Be Reduced
« Control Display Unit

« Oscillator
« Navigation Computer

[\)
O

)
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INTEZGRATION AND INTEROPERABI_ITY
D] "c
OmEZzR. 3.P.S8. and ORS8N - DL

The three racic navigaticon systems: Omeca. G. .S,
-C snould be thoughs of as a campined set of ©
ang intercperable radio ravigation systems |
whole) 1n the future arnd not as three comoet
system has its advartages and disadvantages. "1
the acvarntages, it is oossible ¢o builc a suoerior nav
system.
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'“*=ft5t;go_éné_lntntuggzéglilzx

introduction

The ornlv wice rarnce rad:o navigation svestems availiable tocavy
are Loran = C, Umena anc 1 thne future: G.P.S. Other svstems
sucn as the DECCA retwork f{analogaus to Loran-£) are highly
iocallzeg anc outsige th: di1sSCuUsSS 1. In fTact,, of these only
Omega and G.P.S. oravice true woirld coverape, anc - §.P.S. is rnot
auite here vet. I shoul like to also point out here that the
V1IEWS exXoressed are mine o not . riecessarlly those of Canagilan
Marconi Combarnv.

I,f |

[‘L

10

There are a numzser i real or ootentilial G.P.S. syestems.
1ncikclng the U.S.S.=. GLONARSS svstem. the oroooseds BGECSTRS
nav1gatinn svstem wnich o4&y oniv be made worldwlds if GECSTAR

exparnces its coveracs To the whaole plade, anc the recerntiv
oradosed INMARSAT rnavigaticon acdditiorn f$o thme wnternational
communlications satellite svstem that has been araound o mamy
vears mainly for fh2 marine commarniiv. t 15 now alse bDeino
ceveiloned for airiing use. Firmalilv. we have the NRAVE™RA G, P.E.
wnicn 1s the sveiam Daln; imolementes ov tne2 U, 5. Brmed Few:es
o tn91r ST L CP Wil

i (]
(R
o
-t
§ ot
mn
t
]
1
<
-
0
m
a
3
1}
4
n
N
=
Nt
ot
]

ft orecsent, svsiem irntepration has beern oercsued bv the
avionice manufacturers for verv gractical reasons, Ut svetem
1 b

-

intercoeration is sti1il & vervy rew Tield and ex:e*vne|ta‘ 1
riature. Never—-the-iess, the comginaticr o7 inmtegraticn 2nC
interoperation carn orovide some surorising berefits.

Inteoration

The larger worid of aircraft rnavigation equioment users has
developed & real and growing demand for multisensor svstems., FAn
example of such a system 1s the Caradian Marconi Comparny CY& -
Je@ Navigaticon Marmagement System (Fig. 1.). Here we have a
rumber of seoarate sensors, each oroviding arn estimate of the
aircraft ozsitiaon to a central comouter which accepts some.
rejects cthers on the basis of the ohase of flight arnd the
guality of signals. Some sigrials, such ‘as DME or Lorarn-C ar,
&t oresent and for some time, G.P.S.. are relatively iccalized.
Never-the-less. they can pravide a considerable improvement orn
flioht path accuracy cver such systems as INS ar OMEGA, which are
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the only truly warld-wide ravigation systems co2raticnally
available todav.

I do rot interc to deal with INS (Irertial Navigatiorn
Systems) here. other than to sav thev are very exoensive, and
commercial versicrs have arn accuracy drift rate of typically fwa
miles per hour. DME (Distance Measurinc Ecuioment) offers
accuracies of better thar a tenth of a mile., but signal coveraoe
is not generally available cuteide the U.S5.FR.. Eurcpe and the
most heavily poouiated areas of the rest of the world. It is not
suitable for trans-zeoeanic Tlvine., but is usefull for wodsting
Omega and INS syetem oositions where available.

Omega has its own weakrnesses, such as less than desirezxble
signal coverage irn some areas, notably 1n the area around

n

Wirmioeg (the infa 'z Winrnioes hole) aver o Chicapo and oantly
down the Mississiool Valley. Advances irn Om2ga sicnal recelvers
and sional orocessing saftware, couoled with the use of fthe U.S.
Mavy VLF signals, ve largely eliminateo this olfrl:u_tv.

Other sicnal anomaiv areas have heen discovered. but are Delns
successtully cealt with or an cri—going Dasis by the
mariutacturers, Carnacian Marcornl Comnsany o

aintaihs a comouterized
signal oroccessing labnoratcry and a set of airborne sigral
recorders for This gurocsa.

-

Loran - L groviges Scood sccuracy where si cn:is are pood, but
T

like the ilittlie ciri with trhe curl i;m thne micclie of hsr Toreheac.

whern 1T 1s bad, 1t is very very bad. Unforturmatelv, 1% 1 also

relatively exnensive arnd 1t mav He impossiisle to try fo olankel

the worlic with stations. Desnite this., _orarnm — © sicrnals can and
1

co oermit exceilent navicat
southern coasts anc Jarts <
gap is closed the entire nation will be covered. bﬂeat, Gt orlv
of marginal value to Africa or South America or China, o aven
northern Canada. ‘

ar in the U.3. EAST . W st anc
Eurcoe. fice the J. 5. mid-continent

1
b

=
i

G.P.5. is the critical factor that can fie the threa radia
based svstems into & conesive total which is creater tharn (he sum
of its individual paris.

Combining the calculated pbosition outouts of a number of
sernsors 1n & Kalmarn, least-mean—souares., or similar filter. evern
with some intelligent data selection, is still anly integraticonm:
i.e. each subh-syvstem is still essentiallvy independent.
Intercperablity can remarkeably imoraove navigatiorn reliability.
You can have integratiorn without imtercperability, but you can’t
have intercoperability without integration.

Intercoerability

Intercoerability makes use of signals available in arne sub
system to imoraove on the weliability or accuracy companion
systen.
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Jmeca/5.P. S

Canadian Marcaorni nas cesigned a 6.7.5. sernsor that can we
olugped inside the CMA - 771 svstem. (Figc. 2). Ancther unit can
ne mounted beside the Ddmega RPU as inm Figure Orme. Once the
EPS receiver is installed for position calculatians, 1t 1s fairly
gasyv to nick the timing signal off the GPS data stream (Fig. 3)
anc use it to stabiliize tne Omena svstem internal qlock. This is
2 I tomic clock on board. i & result, in the

of three Cmeca staticns, & rho-rho tyvoe of navigation
F time 5Sscomes possible. Glterrnatelyv., with thres
1O7E, TOS1lTlan accuracy is ernnanced for uo o
2l mivetes., evern f all G.°5.5. sigrnalse disapoear. In the evant
thet Tfull NARVSTAR satelliize coverace ie not available. cue S«
DTON Ares Ooverage suUcsS at tne artic lavitudes. or & satellite
Faris (Yes., it will nhazozerid), the Omsga c=n act as an intecraior
o srevent grastic Cilzlogartlions iv the Tlizht Track
& tvoical Threes o hivoerbolic Umecs
T cevelooment now acds ta the interessinc
meacsa stationm “imino clocks have been
cther ard to the G.P.5. satellites via trne
G a resuii. 1t will be oossible tTo caveloo
i & combimation of one Omega and one G. ~. 5.
mig i3 an obvious advantace in the evert of

TSI fraom one o both gvsiame. Rigs 1S wmotr To Ze
confused with Tne simoler out less effective aanroach in which
oomc-liete 0=51 (_02' e} From pach sud-system o sensor
1e COmDl he L of arnciher subp-svetem sernsor. This

by CmMC and hae oravew oo

iatter tecnnicue 1is oresently in use &
orovide very smooth tramsitlons fror one mode of Fli
arncther (i.e. trans oceanic Omeoca to convinental DMZL)

By svrnchronizing the B.P.S. and Loran—C time clocks. master
and clave stations 1n a chain as well as other chains can be used
in coniunction with each other for oreatly expanded coverage anc
sigrnal reliabilictwv. The irntervooerabilitv of Lorarn-C and G.P.S.
1s simular to that describec for Omega. O0f course with all three
svstems svrchronized, LOP's could be generated using mixes of all
three types of trarsmitted siornals. (Fig. &)

I'm sure that the detaiis «f Loran—C and G.P.S. integraticn
and irntercoerabilitv are covered in much greater detail by some
of the other soeakers todav.
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cMA-92e

As merticrec earlier. the CMA-Z@& regraesenmts am ideal svstem
in which Omega. G.3.5. and Loran—-C can be internrated and macde
intercoerable. A brief averview of this svstew may be of
interest to atterdeeses at this conference. Slease remember, this

eauipment 1is aimed at the larper coroorate sircraft. commercial
carrier and military mariets, rnot the smaller siricle erigine
users, therefore flexibility and reliability are more imocortant
than extreme small size, weight and cost.

The CMR-920@ reoresents the company’s latest aoorcach to the
design of an airdorre navigation managerment svstem using the
aonlication of state-of-the-art techrolagies Tor & break- —thraouch
in size. weicht, flexibility and reliability (Fig. &) for this
ciass of eauioment. But, first allow me to digrese by describing
wnat we mearn Dv a Navigation Manapement Svstem o N.M.S,, since
similar furcticons are also ocerformecd by what we call a Flicht
Mariagement arnd Contral System or FMES.,  There aooesars to be
considerable confusion on this ooint, Basicalliv & Tull FMCS
automaticaly controlis all the flight functions of arn aircraft in
three cimencsicons. That is, it orovides for ilateral anc vertical
navigation fraom one al_:e to ancther, Lateral navigation is
naraiiel to the sarth’s surface. Vertical navigation ofien
1nciudes thie & v ~coriate cruising altiftude for maximamn fuel
economy, shoviest flicht time or cimnly & ore—defirned altit
in acgifion, otv also contrais the thrust of thes erncines ¢
an electro-—mechanical conmection referred to as suio—-Ithra

+

-
4 1 J:
vary thne soded Of the aircrafti througoh the air. It alsa grovides
- -
] ec z 1

jm)
es

=
a
™

b -

ot

cisol T soeeds fior the oilot for fthe scec:

=
aircraft, 1.e. Vi,

An M. M, S, basically rnavigates in arly thne lateral dimension.
Tell the svstem where you are. where vou want to oo, amé 1t will
automatically olot a course to et vou there 1in the most direct
marvrer: unless the coerator inserts special considerations. such
as deviations from this direct or great circle path cailad
wayooints or oarallel offsets or airwavs., etc. The N.M,S.
differs from a staridard airborne Omega system iwm that it
cotimally combines the irnoutes at any civen time from orme or more
ravigaticn sensars to pravide a more accurate and veliable
position calculation. It also selectse amonio these sensors for
the most aporooriate type for a particular ohase of the flight.
Forr normal cruise, Omega/VLF would be aporcoriate: for landing
and take-coff, MLS or ILS and DME are more acorcoriate; for
termirial area operation, DME is usually most aporcpriate. An
N.M.S. alsc freauently oravides specific rarge computatien, that
is a calculation of estimated rarpe based on fuel flow and
coerator inserted values of fuel aguantitvy.

A ravigation management system is not soecific to a
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particular airframe arnd ergine comfioguration whereas an FMCE

invariably is closelv tied to the scecific ernpine. airframe snc
flight characteristics of the particular aircraft type.

The CMA-22Q@ was desigried to soan the reguirements of a nasic
navigation svstem with crlv twa or three senscrs anc onlyv
Forizontal navigation: thnrough the camabilities of a full NOM, G,
as described above ard with.the ootential oower to develaoo int
ar FMCS in the future. This great rawmpe of capabilitv with a
ecornonic cverhead 1s opassiftie onlv thrauch the extensive
apolication of recent develocoments., such as semi—rigid orinted

circuit boards. surface mount comoonents (Figure €), and soecial
cecsipgr integrated circult cate arrave. It 1s a moguiar exgpansiorn
approach to the wee of multiole sensore (Figure 7) couoied o 3
control and display terminzl carefully engirneered cesichned tao
simolify the coerator's waork 1:aﬂ anc minimize "heads—-cown t.me”
irn the cockoit. It alsx minimizes the or—going training o7
nilots, a cericus orochienm with some of the mare sophicsticated
svstems o the market. (Particularly Flight Marmagement anc
Cortrol Systemes). ' ) )
fMore gnecificallyv. thess technical ascvarncez have evacizc
Canadisn Marconl to cesign a system that. altrhough it is
e¥xtremely small anmd lichit, 1s ablz to oprovices
- an exte af st 4T
to 25,08 =, flig=: zZata.
etc., olus =z
! .
- comorehensive interfaca ©ao 11
Tor Doth digital amd anmaLoc O =l othe
coevation of and disoclay the outouts from multiole

aircraft svetems., inciucims cockoat NSt umEnT AT L.
mainternarce functions and the various navigzatioe
systems such as Omeca/VLF. GPFS, MLS, DME. 85, Loran—C.

etc. These functicns are controlled ov an

- ‘ advanced . cxlor graphic and aloha/numeric disolav |
8) caoabilityv in the contral terminal. This ss
combivied with high disolav readability and easy to use
sivicle functicon aloha/rnumeric anc Ccontroal Kevs oius
sxftware orogrammed/display linked "saft' keys This
"smart" comtrol  terminal (Multi—-Function Cuntrnl and
Disolayvy Unit-MFCDW) is alsc capable of handlinc a
sigrnificant rnumber of interfacez to systems other than
the CMA-32& NMU.,

This caoability of the MFCDU to directly interface with
other svstems, while riot soecific to todav's discussicon. is of
interest because it octerntially allows the system to be applied

i a very unlaue way. If a "Flight Critical" sub-svstem such as



298

a Microwave Landing Swvstem (MLS) is to be iveoroorated into the
overall NMS packape. it can bDe accamolished without the
comolexities irnvolved ir declaring. the entire system tao be

“Flight Critical”. #@An MLS. because of the extra reliaodility
reguired during t-he orucial. landino arnd take—of{ phases of 1@

flight, has extra reiiability and redundarcy conditlons inbosed
on it. In the CMR-22&. the MLS senscor carn be cornnected to the
control and disolay wnit (s) through one of its multi-function
interface ports. Taus. anly the terminal anc the MLS need be
corisidered “critical” ta the landing and take-off arocess,
considerably simclifying the installation and itse cwoeration,

)

lowering the cost anc we1ght and imoroving overail reliabilitwv.

ot

at1on Marnagement Systeimn sets a rnew standara
levile expancdapility while remaininc light
@ oouwnds for the basic system. It 1s the

can snable imolementatiorn of intercgerability

T

The CMR-3I¢@ Navi
for smaller sirz
in WEiEHt- und

"h 18}

as well as int ;ra'ion.

Before cornciucdirng this paper. I feel 1t is aporooriate to
raise a few thouzsnis on GRS NAVSTAR that rieed resclution before
1t can become & raslly us2ful internatiornal rmavigation signal
source. I have rmo axes to bear in this since mv company cesiegns
and marnufacrures asath Military P code and commercial C/7R2 coce
receivers,

The GPS NAVETEX sysiem cost is extremely high. While it is
currently funded bv the U.S. Congress throuch the USAF, the "user
shall pav" concent ise still very much alive. £ caomparison of
signal coverace (transmitteri costs by the U. 5. Coast Guard

indicates that

— G.0.5. caosts about $3@0 oer souware mile

Fo
m

- Laoran—-C costs about $2 to $35 per sguare mal

- O

lﬁ

costs about 12 cents per sgouare mile.

Who will everituallv oav the bill? NAVSTAR satellites are alsa
expected to be reauired reolacement at a rate «f three per vear
(at about $16M each) wheri the full constellation is in olace due
to failures. These failures also impact signal availability
while the replacement is being mancuvered intd place.

Area coverage of the satellites should be better rnow that
they will be boostecd in higher orbits. However, the oolar
regions will still be ooorly served. Crucial for many airlines
in transoclar routes
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Internaticonal acceptance of .a system under the control of
the U.S. military establishment is beirip sericusly auesticred.
Recent everits have indicated that the civil anzlications of
NAVSTAR fall far dowrn the list of zricrities of the Pertagor.

As a result., aporaval ‘of the GPS NAVSTAR as a "sole mesans”
of navigpation system is a long way off, if it ever does hapoen.
Therefore, combining the use of its sigrnals with Omega or Loran—
C.is mast aporooriate. By integrating the three senscars, the
size and weight of the resultant oackage can be reduced. Ry
further develooing the interaperability of these systems, a more
reliable and accurate system can be dewlved"even though the fulil
acteatability of the G.P.S. NRVETAR svstem (or its alterrates)
mav be in cuestior.. ‘

Fallowing are four side issues that may alsc be of interes

. Umega_ststion_savinz -

GRS will save money throuoh use of t4
via recelivers at each station. The Coast wo to now had o
transoort a soecial ca‘lbrated atomic © time standard acrass
the world to recalibrate each station aon & regular Sasis. At a
rate of crne station ner month: very exoensivel

e G5.P.S. timing siorals
5T (Guar
1oo R

N daoubt G. P.S.NAVSTAR is potentia
C.Mm.C. exberierce cshows 2D accuracy of 3_ifco S
% - charnrnel receiver and S@-32 meters 1w a
€ilgnal receiver. The C\R code sicrnal is

only  1@@ meters accuracy when the full con
still veryv goigl

s in a P—-Cuode
armel C/A code
rader to allaow
ilation is wuo—

- Omepa_accuracy_imorovement -

With G.P.S. timirg signals to imorove Dmega Rx clock
accuracy, navigation accuracy should be imoroved to @.75 to 1.0
N. Miles instead of the oresent 1.5 to Z.@ N. Miles.

- G.P.S. Military -

G.P.S. sigrals are easy to block in times of conflict by
relatively low power above user aircraft altitude levels. Omega
is almost imoossible to jam. ( Ref. J. Saganowich, G. Litchford,
Fort Mornmouth) .
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and is a growing area which was not orlglnally recognized as
significant or important in the early days of vehicle tracking.

Category one deals with reducing response time by being able to
dispatch the closest vehicle to a desired location. This
obviously fits public safety from both a law enforcement as well
as an emergency services aspect. It also tends to optimize the
movements of a vehicle noted in category 2, thereby reducing the
number of vehicles necessary to carry out any assigned workload.

The primary underlying reason for police, fire and EMS to utilize
vehicle tracking systems seems to be to reduce response time.
Category one also fits a parcel pickup and delivery truck which
is randomly routed at different times to pick up and deliver. A
dispatcher who can graphically see in real time which truck is
nearest to a newly designated pickup location can easily dispatch
the appropriate vehicle, reduce response time and optimize each
vehicle's operation.

Category two mainly attempts to optimize the use of the vehicle
by knowing 'in advance its time of arrival at a predetermined
location. This is the case of a cement truck, which itself is an
extremely expensive vehicle and normally has a driver who is
highly paid because of much overtime and usually favorable fringe
benefits. For every minute the truck and driver are stopped and
idle, the company is loosing money due to lost production. By
closely scheduling loaded vehicles to arrive at a site at an
exact time the operation of the vehicle and driver are obviously
optimized. More important, by knowing in advance exactly when a
truck is going to return to the plant for a new load, a new batch
of concrete can be mixed in advance of the truck's arrival rather
than waiting for the truck to arrive and then delaying the
departure of the truck until the new batch is mixed and ready for
loading. The movements of a long haul truck such as a loaded
Moving Van can also be optimized by closely coordinating
unloading services at each intermediate stop before its final
destination. The more expensive the cost of the vehicle and
driver, the greater the benefit to the company in optimizing the
operation of the vehicle.

The third category obviously relates to mass tran51t where it is
important to keep buses evenly spaced and on schedule on a
predetermined route and then be able to add and remove buses as
the number of riders changes throughout the day. The ability to
maintain buses on schedule obviously: results in increased
ridership of the mass transit system with increased revenues to
the transit company. Buses also fall partly into category two
wherein the movements of the buses can be optimized by. knowing
their real time movements and belng able to compensate for
vehicle breakdowns or increased service requirements. The total
number of buses necessary to carry out the operation can
therefore be reduced to a minimum with a resultant reduction in
capital equipment expenditures.

Finally, category four can relate to any of the previous
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categories when the number of vehicles becomes so large that
attempting to direct, coordinate or monitor all their movements
becomes an 1mposslble task for the human mind, especially when
the vehicles cannot be broken up into separate geographic areas.

When a call for service is received for Police, Fire or EMS, the
CAD which vehicles are appropriate to meet the call for service;
ie, Police, Fire or EMS. Next the CAD determines which of these
vehicles are closest taking, into account one way streets,
highways with limited access, median divider strips which may
prevent a west bound vehcle from responding to an east bound
call, and dead end streets which do not go through. Next the CAD
determines the status of the closest appropriate vehicles; ie, is
the driver of the vehicle on a coffee break, is the police
officer out of the vehicle on traffic duty, 1is the vehicle
temporarily out of service for repairs, etc. Next the CAD
examines the suitability of resources on the vehicle to meet the
‘call for service; ie, is the fire vehicle a Pumper when a Hook
and Ladder is required, does the EMS vehicle have the particular
type of medical equipment to treat cardiac arrest, etc. And
finally after all this analysis of resources the CAD recommends
to the dispatcher a vehicle to assign. This resource analysis
closely describes the City of Detroit AVL Project where the city
will direct and optimize the deployment and movement of about 760
Police, Fire and EMS vehicles. This type of system also lends
itself to the data storage and archiving necessary for
statistical record keeping mentioned above and Detroit is
availing itself of this type of capability.

ADVANCEMENTS IN THE TOTAL LORAN-C SYSTEM

Loran-C is a mature but expanding system having been in place for
some 30 years while there still continues to be an increase in
the number of stations world wide as well as domestically.
Loran-C 1is the least expensive electronic earth referenced
navigation systems to operate and maintain, and has come a long
way since the earlier days when Loran-A was considered the "poor
man's electronic navigation system." None the less industry and
other users are continuing to place continuing demands for
improvement on our existing Loran-C system:; (1) Increased
accuracy, (2) Increased coverage, (3) Increased availability, (4)
Increased reliability, and (4) Decreased cost to the user. With
regard to vehicle tracking applications all of the above
requirements are being met in varying degrees.

Looking first at position accuracy for vehicle tracking purposes,
many users are demanding some form of differential correction to
improve on the inherent errors present in the predictable mode.
The City of Detroit Project is an example of such a requirement
where an initial survey indicated that a 300 ft accuracy over 95%
of the area could easily be met with a simple differential
correction being applied to all reported vehicle positions in the
Host Computer at the fixed end. Increased accuracy is also being
addressed by manufacturers as a result of the proposed closing of
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the Mid-Continent Gap. With the availability of redundant chains
in many areas, the use of Dual Chain tracking will find increased
application over a large portion of the continental U.S. and this
type of receiver is already being found on more and more
manufacturers' drawing boards. With the increase in the number
of redundant Secondaries available, an inexpensive Cross Chain
tracking receiver can create pseudo Base Lines between
Secondaries of different chains and greatly improve geometry in
many areas. This Cross Chain tracking is only available in the
inexpensive receiver if both Masters can be received or if the
error in the Time of Coincidence (TOC) between the two Masters
can be determined in some manner. The necessity to be able to
receive both Masters obviously limits the areas where Cross Chain
tracking is presently available in the inexpensive receiver. The
U.S. Coast Guard at this time appears to be investigating more
seriously the possibility of synchronizing the Master Stations of
all Chains in some manner which would in affect eliminate the
error in the TOC between the Masters and make an inexpensive
Cross Chain tracking receiver (determination of any TD with only
one Master signal available) a near term reality. While much of
the pressure to synchronize Masters is coming from the aviation
community, its implementation will also greatly improve the
accuracy of positions in vehicle tracking. With the
establishment of the North and South Central U.S. Chains and
their eight (8) new base lines, as well as the possibility of
greatly increasing the number of pseudo base 1lines in the
foreseeable future through Cross Chain tracking, the accuracy of
Loran-C will improve greatly over what is available even today in
many areas. The addition of Dead Reckoning to enhance Loran-C
may further improve the accuracy by as much as two fold in many
areas and applications.

With regard to increased coverage within the 1limits of the
continental U.S., the previous discussion of the closing of the
Mid-Continent Gap should prove adequate for purposes of vehicle
tracking at least in the near to mid term.

The question of improvements in Availability and Reliability can
be handled together to some degree for purposes of this
discussion. Both availability and reliability of Loran-C have
been very high and have achieved a degree that probably cannot be
improved appreciably at an acceptable cost. For purposes of
vehicle tracking, the only complaint from industry relates to the
individual station down time, either scheduled or emergency. In
areas with a 1limited number of stations combined with poor
signals and/or poor geometry, the loss of any single station,
especially the Master, can be a serious obstacle to the
satisfactory operation of the tracking system. This one
shortcoming can at 1least be partially overcome through a
redundancy of chains and/or secondary stations when operating
with a Dual Chain or a Cross Chain type of receiver and multiple
LOP fixes. As these new type receivers become more common in the
market place, the question of Availability and Reliability
becomes less critical.
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The final question with regard to required improvements to the
Loran-C system demanded by industry relates to decreased cost of
mobile and fixed end equipment. As with so many other high-tech
components and pieces of equipment, the price of chips has
rapidly decreased and an ever increasing number of specialized
chips are becoming available everyday. In a way this presents
one of the most complex questions facing any manufacturer of
Loran-C receivers used for .vehicle tracking.' If developed today,
héw long will it be before a specific Loran-C receiver becomes
obsolete in the market place, and can a reasonable profit be
realized in the mean time. The application of vehicle tracking
is 'still in its infancy and with new applications "being dreamed
up every day" there should be a sufficient market for new
products to be developed in quantity at a reduced cost to be
competitive in the market place. Conventional forms of vehicle
tracking will feel the major impact of reduced cost of mobile-end
Loran-C receivers first with more specialized or unique
applications feeling 1less reduction in hardware cost for the
mobile-end. Another factor which is acting to reduce the overall
cost of vehicle tracking 1is the availability of 1low-cost
computers. This means that industry has the ability to purchase
a very competitively priced computer to meet his fixed-end needs
for a graphic or static display of information and then purchase
only the necessary software and high resolution monitor from a
vehicle tracking system manufacturer. In the past two years
alone: II Morrow has seen a dramatic trend in the reduction in the
hardware in the fixed-end coupled with a greatly increased
capability and flexibility of operations through software
development at the dispatch station. All at a considerable cost
savings to the user over what such a system would have cost just
a few years ago. Once again the City of Detroit Project is a
classic example of a greatly enhanced operational capability of
vehicle tracking through software development.

DEVELOPMENT OF INTEGRATED NAVIGATION SYSTEMS

II Morrow has been working on an integrated navigation system
that incorporates various sensors with a Loran receiver. This
Research and Development effort has resulted in better than
expected results and serves as a stepping stone for further work
in this area.

The majority of customers for the Vehicle Tracking System operate
in urban environments which can cause problems for Loran only
operation as discussed in the PLC section of this paper. 1In
addition things 1like narrow streets between tall buildings,
tunnels, railroad tracks, bridges, poor geometry and weak signals
will all have varying effects on the Loran reception which will
affect the position accuracy.

One approach to correcting for the adverse effects of these
factors 1is to apply filtering techniques to 1limit their
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influence. Another approach is to integrate a navigation device
with good short term stability with long term Loran stability.

Thus the use of Dead Reckonlng (DR) to complement Loran should
provide an improvement in poor 31gnal areas. The Dead Reckoning
system consists of an inexpensive, a two dimensional flux-gate
compass and a -pulse generating speed sensor. Basically, a
processor reads the compass and speed sensor along with the Loran
receiver. This information is feed to an adaptlve algorithm to
produce an improved position solution.

The heart of this integrated navigation system is an algorithm
that monitors various sensors and determines which to use as the
primary navigation source and how reliable it is. The algorithm
works basically in two modes: (1) Dead Reckoning alone, and (2)
Combination Dead Reckoning and Loran. When the Loran is
determined to be temporarily unusable, the system uses the
compass and speed sensor for positioning and navigation. When
Loran is determined to be satisfactory, the system combines
position reported by Loran, magnetic heading and speed sensor and
produces a position via a progressive and adaptive filter. Even
when Loran is selected and could provide sole position data,
combining Loran with DR provides greatly enhanced position
tracking and accuracy.

one of the most important features in this integrated system or
any similar systems is the ability to judge the integrity of the
Loran operation. When Loran signals are blocked by 1large
structures the signal strength and/or the signal-to-noise ratio
can reliably be used as indicators. However it is not as straight
forward in the case of PLC, multipath, or skywave contamination.
In the latter instances, it has been observed that these signal
indicators are only marginal in interpreting signal quality or
integrity. Combining signal strength and signal-to-noise ratio
with envelope cycle difference (ECD), time difference (TD) rate
of change, and' jitter can help to improve the chance of
accurately determining Loran signal integrity.

Because this is an integrated navigation system, independent
characteristics among component systems should be exploited by
using one system (sensor) to check the others; in this case to
use DR sensors to check Loran integrity or to use Loran data to
monitor and correct DR sensors. For this particular mix of
sensors - Loran and flux-gate compass - caution has to be taken
since they both can be corrupted; by the same interfering sources,
(ie. steel bridge, etc.). After numerous simulations and road
tests, the results have been very encouraging. Preliminary data
has indicated obvious and substantial improvements in tracking
and accuracy over systems that use only Loran. Improvements in
the order of 25 to 60% improvement have been observed.

Integrated navigation research is continuing at II Morrow. The
challenge is to design and produce integrated navigation systems
with a cost/performance ratio that is acceptable to the customer.
With the near term addition of new Loran chains ‘and the recent
emergence of promising sensor technologies, the next few years

xx
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will be very ‘important and busy for the integrated navigation
field.

POWER LINE CARRIER (PIC) INTERFERENCE CONSIDERATIONS

While Loran-C is susceptible to several types of both synchronous
and asynchronous interference, Power Line Communication (PLC) is

unique to terrestrial vehicle tracking systems. (Note: PLC
interference has also been reported by aircraft pilots but is
rare in comparison with terrestrial Loran-C use.) Power Line

Communications may be conducted anywhere in the 9 - 490 KHZ band,
but are most commonly found on frequencies divisible by 10 (ie,
80, 90, 100 KHZ, etc.) with a particularly high concentration
between 60 KHZ and 140 KHZ and an extremely dense concentration
around 100 KHZ. Most transmissions are of the continuous wave
(CW) type on one or two frequencies. They consist of a
continuous pilot carrier in the range of 1 to 10 watts with a
keyed command carrier in the range of 10 to 100 watts. The lower
power continuous pilot carrier is partiuclarly bothersome while
the command carrier which is used for power switching and control
purposes is used infrequently, is of very short duration and does
not cause permanent interference. PILC has been around for many
yhears and much of the equipment still found in operation is of
the "6L6 vintage!" PLC is utilized primarily on high voltage
transmission 1lines and seldom found on 1low voltage utility
distribution systems. Fortunately, the major utilities are
switching to the more modern and reliable micro-wave form of
communications for power switching and control. This means that
PLC on the higher voltage, longer transmission lines is being
phased out first with a more gradual replacement on the lower
voltage, shorter transmission lines. The range of PLC
interference is obviously dependent upon many factors but can
affect Loran-C reception for several blocks. PLC interference is
also aggravated by the fact that transmissions lines many times
are also ‘found to carry impulse noise which many originate from
almost any source. PLC interference is particularly harmful to
terrestrial vehicle tracking systems where a high voltage
transmission line runs parallel to a road or highway and the
vehicle is continuously subjected to the interference and loses
the Loran signal completely until the vehicle moves out of the
area of interference associated with the power 1line. Overhead
trolley car and electric bus power lines also are a major source
of RFI and in many cases cause the Loran-C receiver to loose
signals when the vehicle 1is driven close to or below these
overhead lines. The U.S. Coast Guard is aware of PLC and its
potential effect on terrestrial (and to a lesser degree aviation)
Loran signals, and is working with the North American Electric
Reliability Council (NERC) to try and resolve the problem. Well
documented cases of PLC interfering with Loran-C signals are
invited by the U.S. Coast Guard, Marine Radio Policy Branch who
is seeking to eliminate or reduce such interference under 47 CFR
90.63g.
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OVERVIEW OF DETROIT AVL SYSTEM

A major .contract was awarded earlier this year by the City of
Detroit to II Morrow, Inc., of Salem, Oregon for the installation
and implementation of a Vehicle Tracking System (VTS) in
conjunction with a Mobile Data Terminal (MDT) network and a
Computer Aided Dispatch (CAD) System. This is the most ,ambitious
undertaking of its kind to date and incorporates many 1nnovat1ve
features not previously found in other systems. II Morrow is the
Prime Contractor for the Vehicle Tracking System portion of the
contract and is assisted by Advanced Control Technology, Inc., of
Albany, Oregon as a Subcontractor.

The Detroit Project is comprised of approximately 760 Police,
Fire and EMS vehicles which serve the City of Detroit. The
position of each vehicle is determined by a Mobile Loran Receiver
installed in each car or truck which transmits this information
back to the Base Dispatch where the data is processed through a
Micro Vax Computer and then displayed on 6 Police, 2 Fire and 2
EMS Graphic Work sStations.  An additional 14 terminals are
available for Supervisor personnel as well as "Hot Spares" for
back up. While the initial system will be brought on line with a
digitized map of the City of Detroit developed by II Morrow,
ultimate plans call for a Geo Base file to be developed to create
a computer drawn Map which will have full capability to interface
with the CAD. This will allow for a full E-911 LAT/LON cross
reference to street address. At the Dispatch end the AVL
Communications Radios, Polling System, Micro Vax Computers, CAD
and MDT are all fully duplicated for redundancy and have a back-
up system design for the rerouting of data between the CAD, Micro
VAX Computers and MDT should one of them become inoperative.

Each City vehicle in the Detroit Project is equipped with three
totally separate and independent radio communications systems;
namely one dedicated to voice communications, one dedicated to
MDT data communications and one dedicated to AVL data
communications. The total communications load between the Base
Dispatch and vehicles could not possibly be carried out on one
radio channel and while these three independent radio
communications systems are initially expensive they have several
very important benefits: (1) They provide a degree of redundancy
and back up should one radio system fail; (2) They allow for
simultaneous communications with a vehicle at times of critical
operations; (3) They prevent an overload on any one system such
as the MDT from adversely reflecting this overload onto another
system such as the AVL; (4) They prevent the mixing of voice and
data communications on the same channel or radio system which at
best is marginally acceptable and causes the loss of many data
transmissions; and (5) They optimize each system by preventing
collisions or other interference from occurring between different
systems operating on the same radio channel. Additionally, these
radio communications systems are operating on different bands
which provides a 1limited degree of frequency diversity and
insures that all communications will not be lost with a vehicle
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due . to .operating coriditions or limitations unlque to one
particular hand. In an effort to reduce the number of antennas
installed: on each vehicle the antenna required for the Loran
Receiver: (receiving at 100 KHZ) was duplexed with the AVL Radio
Communications (transmitting and receiving at 158 MHZ) into a
single 21 inch trunk mount whip antenna.

The Polling requirements for the Detroit Project are quite unique
in that they combine several types of vehicle polling into one
system; ie, Police, Fire and EMS. Operatlonally this spans the
spectrum of polling pursuit Police vehicles as often as once
every three (3) seconds with Fire Trucks that may be in a stand
by . readiness condition and polled only once every ten (10)
minutes. Due to the total number of vehicles being polled, two
communications channels were required. - The AVL system
continuously determines the polling load on each channel and
automatically moves polled vehicles from one channel tb the other
to balance out the, load between them.

Although the City of Detroit is fairly small geographically,
three Remote Receivers are used on one AVL Communications Channel
and four on the other. A modified Voting technique is used to
validate the received data message from the Mobile Units as well
as to insure that each Remote 'Receiver is operating normally.
The operation of both fixed end Transmitters are also monitored
by the Remote Receivers to verify normal operation of the
transmitters. The Main Transmitter is automatically shifted to
the Standby if the Polled signal is found to be missing,
corrupted or weak. With this redundancy of Transmitters and
Receivers, the City of Detroit is assured of continuous AVL
Communications at all times.

The Detroit Project is drawing considerable attention from other
municipalities’' who are carefully weighing the benefits of such a
system in their own. community.

CONC ONS

As the ‘monitoring and dispatching capabilities of Loran-C based
vehicle tracklng systems become recognized, large new markets are
opening up in such industries as long haul trucking, hazardous
waste tracking, ambulance fleets, taxi fleets, courier and parcel
pickup and delivery service companies. Since II Morrow Inc. was
acqu1red by United Parcel Service (UPS), considerable attention
is being given to the latter applications by -this company.

Military uses of Loran-C based vehicle tracking systems include
weapons and munitions material transportation, war games and
selected tactical appllcatlons. The immense popularity of
airborne Loran-C receivers and the expanding applications of
terrestrial vehicle tracking have contributed to the building of
the two new Mid-Continent Chains.

In Europe as well as in the UK, land navigation and location
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taehnologins are seriously bexng studied for traffic control and
fleet management purposes with varying degrees of success. For
the generaX¥ motoring public, in-vehicle navigation/display
systems are also being developed by most of the world's
autqnobile manufacturers for introduction in the 1990 time frame.
Systems are -being developed using Dead Reckoning, Beacons or Sign
Posts, Map: Matching, VLF/OMEGA, Transit or GPS satellites, Loran-
c, or varjous combinations of these systenms. Of all these
systens, a Loran~C, based system provides the most cost effective,
accurate, reliable and maintenance free system of all, and where
greater accuracy is required enhancement of Loran-C with such
items as Dead Reckoning flux gates and speed sensors still
provide the least expensive system to the user.

Ransom K. Boyce is a retired U.S. Coast Guard Commander having
graduated from the U.S. Coast Guard Academy in 1958 with a BS in
Engineering. He spent the majority of his Coast Guard career in
the Aids to Navigation Program where he acquired his background
in the field of LORAN-C. He has been with II Morrow, Inc. two
years:-and is the Engineering Program Manager for Aviation, Marine
and Vehicle Tracking Loran Products.
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LORAN—C OSCILLATOR REQUIREMENTS
JESSE FIPKIN

LORAN-C TECHNOLOGY
CHICO, CALIFORNIA 96928

RBSTRACT

The precision oscillator used by moderr Lorar—C receivers
for time reference is the most expensive component ir marny
designs, and, as such, has come urnider pressure by low-—cost
equipmerit marnufacturers looking for ways to reduce their bill of
material costs. Sivice stability is related to price, it is
worthwhile to analyze the requiremernts to insure that the
cscillator is rmot overspecified.

The sffects of abscalute coscillatar accuracy ocn the raw
acquisitiori «f the lorar signals, the phase—~lockirng, ard the TD
measurement are described; chariges of frequericy with voltage and
temperature are considered; and; finally, arn implementation is
showrs usirng an oscillatoar with a stability specification of +/—-25
pprm cver the temperature rarige of -18 toa S5 degrees cerntigrade.

INTRODUCT ION

Before the fall of the doallar, marny U.S. manufacturers of
Lorar—~C Receivers, feelirng the pressure from lower—priced but
goad quality Japarnese praducts, remained coanpetitive by reducirng
their marnufacturing costs. Corisiderable erngineerirng wernt into
coriverting hardware to software and utilizivig more powerful
micraprocessors with built—in timers, input/coutput avnd cortrol
bits, serial commuriicatioris, retentive mewmncry, ard even analog-—
to-digital coriverters, all of which elimirated exterrial hardware.
A gocd example of this is the Moteoercla MCESHC11 Microcomputer
(Reference 1) currently used by eight U.5S. marufacturers for
their riewest Lorar—C products; this processor can be programmed
to do all the digital furictions of & low— to mid-cost Lorarn—-C
receiver, everr includirg drivirng & display ard a kevybcocard leaving

no digital parts to elinmirate. Ffuture effcrts to reduce costs
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OSC\CLATOR l

Figure 1. BLOCK DIARGRAM DOF "SINGLE-CHIF” { ORAN-C RECEIVER

Keysondd

| RAM/ Roh]
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M ! ¢ 1 o Iy K3
must address the receiver's analog/filtering section, the
display, packagirig, or the precision oscillator. This paper
explores the last possibility.

: _J
D\sm_.wg‘, DICITAL  WAwars A a

NaLs G TCXO
Daiveg C.Phutaem‘

Figure 2. RELATIVE COSTS OF RECEIVER SECTIONS

THE OSCILLATOR FROBLEM

Ter: years ago, precision cscillaters with stabilities dowr
to +/- {1 part per million over the rarige of —1@ degrees
cerntigrade to +55 degrees ceritigrade were common, with some even
better. As prices for most comporients declined dramatically, the
price of this ocscillator locked groassly cut of place in low—end

FART - _COS57T % OF EOM
Enclosurei{s) $ 6.00 1)
Hardware 3.90 3.5
Cormectors 2. 00 <4
PCE's 3. 50 3.5
tCD 8. S@ 8.5
Display Driver 2. 5 2.5
Keybocard S. 00 S
Microprocessor 7.5 7.5
RAM, ROM 4,50 6.5
Regulators 1. 00 1
Power supply filter S. Q0 S
Limiters 1.5 1.5
Analocg compornerts:

7% capacitors 6. Q2 6
100 resistors 1.5@ 1.5
1S irductors 5. S0 5.5
Transformers 4H, QO 4
10 transistors 2.5 2.5
Mariual .00 Z.0
Packagirg 3. 00 3.@
S. OO 25. 0

TCXO 2

Figure 3. HYPOTHETICAL %10Q.20 BILt OF MATERIAL RECEIVER
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sets, and scme manufacturers sinply relaxed the requirements,
using +/— 2 ppm ard +/- 3 ppm oscillators cover 0-5@ degrees ard,
where possible, livirng with the cornsegquernces, thereby saving S8%
of the oscillator cost. By the time they got to +/- 5 ppm,
thowever, acquisition arnd phase lock became problems as well as
the TD measuremert error created just by temperature charge.
Investigativrig and scalving these problems has led to the
possibility of usirig much less expersive comporents: a +/- 2% ppm
oscillator is crne—ternth the cost of +/- 1 ppmn. The rext step,
+/— S@ ppm, is the high end of off-the-shelf comporents (0.Q25%),
the use of which would make the oscillator simply arcother part.

$30 :
$2s

ilo

45

LD NS 10 A% ¥/-So

Figure 4. DSCILLATOR COST VS, STRBILITY

STABILITY REQUIREMENTS

The actuxl frequercy cf the oscillatcr that provides the
Lorar—C with its timirig refererce is, withiri limits, uriimportardt;
fregquencies ir use irclude 4 Mnhz, S Mhz, & Mhz, 1@ Mhz, 2@ Mhz,
and cthers. Whether the fregquercy is exactly, say, 190 Mhz or
10. 980081 Mhz or 10, Q10300 Mhz or 10, 123456 Mhz is immnaterial
because, i1f the actual frequency is krown, the processor's
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software can adjust for any offset. #Arnd, if the Lorarn—C receiver

cari somehow acquire ard track {(phase lock to) cne tLorarn—C sigral,
the actual frequency of the receiver's cascillator can be measured
and adjustmerits made so that &ll sigrnals can be tracked
accurately. This is riet usually done since & nomival 1@ MHz
oscillator is easier to come by tharn a 19.@1 MHz oscillator, ard,
of course, the TD's rieed tc be corrected as is shown later.

EXTRA COUNTS NEEDED
GR1I MICRODSECONDS COUNTS AT 1@ MHz FER GRI AT 12,010, 80 HZ

9360 . 239, 600 396, 000 396
3949 29, 400 334, QD0 3934
837 813, 7@ 837,000 837
7380 73, 8va 738, O 738
533 53, 300 533, 002 533
593 59, 300 : 533, 003 £33

Figure ©. CORRECTING FOR AN "OFF-FREQUENCY" OSCILLATOR

The difficulty arises wher the fregquency chawmges with
temperature or valtage cor age. There are three separate areas cof
cperatiorn, or processes, that are affected whern the frequervricy
is urkwnowr: acquisitiorn (search), phase lock (tracking), and
measuremert. For purpcses of this paper, the foallowing
defirnitions are used:

ACQUISITION: the "coarse” idertificatiorn of the lorart sigral;

FHASE LOCHK: the "fire"” idertificatiocr of ar edge of the sigral;

MEQSUREMENT : the time betweer edges of the sigrnals from different
staticons.

Irn this discussicry, selectior of the "proper” edge, i.e.,
“third cycle matchirvrig, ” is riot corsidered, as that is arn analysis
of the shape cof the pulse rict of the timirng betweer pulses or the
isclatior ¢of a sirngle edge. Each «f the three prcocesses defired
is discussed separately.

ACQUISITION

Methoads of acgquisition (lccating the Lorarn—-C sngﬁal ivi time)
are as varilied as the number of desigris. Cammnarily, marny GRI's are
used, averagirg the signal response to elimiriate the rcocise. Thas

apprcach 1s most susceptible tc chariges irv the frequerncy of the
timivng refererce, arnd, the more GRI's that are used, the more

stable the oscillatcr must be. A charge cof five ppm from what is
expected will cause a five microsecornd drift in teri GRI's which
will make averaging urusable (averages toa zerc). A charige of S

ppmm {(from plus 2% to mirus 25 will give & five microsecond error
per GRI! Without predictivig (or guessing) the frequewrcy error,



necessary. Such

Nno averaging is possible with this amcunt of errcr. Due to the

time cormsumirng rature of averagirig, a repeated trial-and-error
approach i8 usually riot desirable.

(Since many of the commor rates are close to 12@, 02Q
microseconds (2960, 29349, etc.), this rumber will be used as a
refererice for simplicity. Although all the problems asscciated
with oscillator freguercy charige are lessered for shorter rates
(rict the least of which 15 more sigrial per urat time), all the
differerices are less thar 2:1, which is small compared to the
magrnitude of the errors considered.)

]
GRT L fause L \/A ‘.\ y //,
* me= 13 £00.5 4 el : } ~
’ /‘\\ f'/
b

6T 2. Puwie 4 /A} / \\ A/

T omma = 199 Zo: gamo

Figu = 6. APFRARENT SIGNAL DRIFT AT @.5 uwSEC/GRI (I ppm)

Arc agquisiticon mettiod that uses but a single GRI, with or

withcocut & secoard GRI for correllatiorn, is irndeperdernit of the
cscillator error up to huridreds of parts per million (+/-2.5%5

S usec
per 7 msec), arnd reither predictimng rior guessing the freguercy is

an approach was developed by the author 1v the
early 198®'s ard has beeri successfully used by more tharn ten
companies ir some twoe dozern praducts aggregat ing over 104, QGQ
receivers. Ffersisterice pays off in a ricisy envirarmert, because
crily & severn-milliseccrd reiatively clear wiridow is reguired for
arty orie of the Lcorarn-C sigrals—--it only takes firdirig ore tc lock
up the oscillator sc that conventiomnal averagirg can

be used.
157‘ [

E e
< - -
[DAMm(F Time -y
<
- e T . S e T
! - 7 Me e s i e

ACOUISITION IN ONE GRI.
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EHASE L OCK

After the receiver has the approximate location of the
sigrnal, usually high intc the best SNR porticar, it must "lock” to
an edge (zero-crossing) to make timing measurements between
sigrnals from differert statioms. A detailed discussicn of phase
lock loaps is beyornd the scoape of this paper, but, withcut proof,
it can be said that arny locp has a lock range that carnmot be
exceeded, arid, giver the rature of the Lorarn~C sigral, it must be
less than five microsecorias per GRI which is less tharr S@ ppmnr.

lSuaISual
1 i

l
l

GRI { Puise 4 / :
i

v

I
GaT 2 Pucard : l :
. . |
i l t
7
SLP

Figure 8. FIVE MICROSECOND SLIP FRER GRI.

This reguires arn initial gairv cf cre for the first order loap; in
order to be stable, rict toc say useful, arn adaptive filter 1is
required ard 1s used by most moderr sets. To insure stability in
the ricisy LoranTC envircrmert, a reliable loop would be less than
that amocunt giving a practical lock-in rarnce of 10-25 ppn.

Although a phase lock lcocop, thowever complex, may be desigrned
tae use a 25 ppm oscillator, a simpler loocp may be erharnced by
usirig the predictive technigues discussed later ir this paper ard
will erable use of ever less stable oscililators.

TD MEASUREMENT

With & +/- S ppm csci1llatcry, a TD measuremert of S0, @&
mioraseconds uncorrected for oscillator error will be in error by
+/— @.285 microsecornds ouwe 1o the oscillator alore. Thus, sittirig
i one place, measuring & hypothetical TD of S@, Q0. @ wher very
hot, 1f the temperature decreases so the oascillator chariges by
its full stability, the measurement will charge tc S, Q@00.5 due
tc the charige of oscillator frequevicy alorme, ir additicn to

whatever else the praoapagati1or does cr the receiver does.

‘TW H- 7

/O Sed seu &
o0&, sOL WL J

Figure 3. TD ERROR DUE T0O OSCILLATOR OFFSET
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This is, however, the easiest problem to sclve because
Lorar—C receivers are excellent measurers of the oscillator
error, Simply takirng the velccity term of the set's phase-lock
locp, viormalizing it for the GRI, ard multiplyirg it by the 7D
measurenent will give the TD error which cari be algebraically

added to the TD.

T, o= T Puers (L + A Aesc)

Figure 1@. TD CORRECTION FOR OSCILLATOR ERROR.

This makes the assumptiorn that the velocity comporient due to
movemerit 1is riegligible. Irn boats this is true: at S@ knots
directly orn a baselirne, the movemerit errcor is approximately 1 ppm
which is less thar @.1 microsecond in S, @00, For aircraft
usage, however, ccrrecting the TD cnly for “"apparent” cascillator
error will produce & lag in the TD value by up to @.4%
microseconds. Fortunately, this too is easily corrected with
some additional arithmetic, Usirng the TD gradients computed in
the latitude—-lorigitude sclutiorn arnd the zctuwal motior of receiver
computed from t he positior filter, the compasite ascillator error
is broakeri irite cscillatcr "errors” in the directiors of each TD.
After the irvrdividual statiors velocities are subtracted from the
calculated comporients, the true cocscillator error 1s computed.
(This calculatiorn regquires separaste phase lock loops for each
station, as is the case for most moderr receivers.)

y

Figure 11i. CORRECTION OF TD VELOCITY FOR VEHICLE MOTION.
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GUESSING AND FREDICTING

1f the process desigr beirng used doesvi't sclve the probtlems
for acquisitiori and phase lockirig, there are still metheds to
anticipate then. The firset (arnd cheapest) is to guess at an
ervor and try it:; if unsuccesful at acquisition, guess againr.
Deperiding orn the rarge of the process and the "instability” of
the coscillator, up to some riumber of attempts "n"” will yield the
result. The drawback of this approach is how lorng it takes to
guess right, which in actwuality is only a poirnt-cf-sale problenn—-
the guessing time is typically less thar the cycle select time
which the user already waits for.

The “guess’” apprcach carn rnormally be speeded up simply by
starting at the last (turri—off) wvalue, which makes the reascrable
showrcom assumptior that the turri-orn temperature is the same as
the turri—off temperature. This is the simplest (ard cheapest) of
various predictive schenes.

The majgcr variation in frequency is due to temperature
charge. If the receiver has a method of measuring the
temperature, a highly accurate predicticorn may be made corice crie
point or the freguerncy-temperature curve is knowr. Actually the
prablem isn't everi that difficult because the temperature dces
rot rieed to be known absclutely, cnly relatively. So, if the
processor has a built—-in analog—-toa-digital cornverter (as the
MC68HC 11 has) a very simple circuit (worth ter certs) carn be used
to measure chariges 17 tempersture ard very reliably predicting
the turri—-or freguericy. Updatirg the temperature erd poirts (as
arn RA/D value) with the rormalized cscillatcr error (corrected for
the GRI sco that the GRI may be charged) allows a very simple
algorithm to predict & very accurate oscilliator error for the
"current temperature. ”
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Figure 1Z. TY£ICAL CRYSTAL OSCILLATOR FREQUENCY-TEMFERATURE
CHARARCTERISTICS
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TEMﬁERQTURE CHQNGES, AGING, HAND ACCELERAT ION

A change in the cscillator frequericy due to aging,
large ericugh to be noticed, is easily accomcdated by the
continual recalibratior techrniqQue described above. Ar
acceleratiorn (startinyg, stappirng, and/cr chariging directior)
appears to an operating receiver like the frequency charige due tc
a temperature charige (withcout the temperature change). This errcr
cari be accomcdated by the phase-lock lcop either withirn the
tracking lock—-iv rarge, or, if extreme, the adaptive filter can
be desigried toc accommncdate the charnige as is commorly dore with
aircraft receivers. This is typically a rwion—problemn: a tern
degree certigrade charige in temperature in ore hcur for a +/- 25
ppm oscillator is only @.@31 microsecordd per GRI (approximately),
hopefully well within the phase-lcck loop resporise; 8-6@ in zerc
time (ory a baselire) procduces & velocity of riearly 0.2
microseccords per GRI--irn 28 GRI's the uricorrected error would
reach five microsecords and the tracking would slip a cycle.
Using a five secand time constart loop filter, the first order
locp gaivi would rieed to be &t least 3.02, which, to the author,

seems to be less thari & minimun riumber arnyway. All boat ard all
to achieve a

practical aircraft acceleraticrs are withirvi thisg
B¢Ad—-krict stardard rate 180 degree turrn or a baselirie would
require arn adaptive filter to irncrease the first corder locop gain

during the acceleratiorn.

V+

if it is

Ream A ID
TEM?,
SeY AL -processar

(C{<5-4§a>

Figure 13. SIMPLE (RELATIVE) TEMPERATURE MEARSUREMENT CIRCUIT.

EXamMeL e

A riew, low—cost Lorarn—-C receiver based orn the ideas of this

paper has beern irntroduced fcocr 1983, The specification of its
agscillator is +/- 25 ppwm over the operating temperature rarnge.
In additior, the cscillatcre have rio freguercy adjustmerts and
are received with room tenperature frequervicies up to 175 Hert:z
off (plus arnd mirnus) their riominal frequevnicy of 8 mhz.
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S8irnce the individual oscillator frequerncies are not
predictable, the first factory turr—orm must pgo through a puess
approach or allow technician input of the current frequency.
Once, however, the receiver achiesves phase lock on some loran
sigral, it goes through a self-calibration sequerice which is
continuously updated wher: the receiver is operating. Sivnce
waypoints, routes, and start-up data are stored iri nom-volatile
RAM, it is & mimple matter tc save the “ernd-points.”

CONCLUSION

The oscillator stability for the Loran—C timing refererce
has always beer specified to very tight toleramnces because the
necessary software processes for acquisition, phase locking, and
TD’éorroction had not beer developed to adjust for the offsets.
Although the TD correctior is riot difficult, a ore—GRI
acquisitiori and a sophisticated adaptive phase lock loop is
required to tolerate an "irnstability” to +/- 25 ppm over the
operating temperature range with ric degradaticon of specifications
in low—priced sets. Addivig a rudimeritary temperature measuremert
capability to predict the oscillator offset can extend the rarige
even further without a loss irvi acquisition and phase lock.

Reference 1. "SirigleChip Loran-C Transducer’ Jesse Pipkin, Wild
Goose Association Technical Symposium, October, 1388.

Reference 2. "“"Demign of Phase—tLochked Loop Circuits” Howard M.
Berliri, EBlacksburg Corntiriuirig £Educat ior, Series

JESSE PIFPKIN

Jesse Pipkiri is & real-time sigrnal processing specialist.
His iritroduction to Lorarn (R) was in the United States Air Force
where he served as a Navigator arnd used lorari during hur.
His irtroduction to Lorarnn (A) was in the United States Air fForce
where he served as & Navipator arid used loran during huridreds of
trans—-Atlartic ard trars-Pacific flights. He has beewv irwvclved
in Loran-C equipmernt desigrn for the last ten years, corcentrating
the last three on his "Single-Chip Loran—C Trarisducer” (Wild
Gocse Associatiorn Technical Symposium, October, 1986). He
received the BSEE from the uUniversity of Florida and did graduate
electroric desigrn work at the University of California, Berkeley.
His desiprs are used by more thar. a dozen compariies irivolved in
both marine and avionics applications.
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SESSION 6
LORAN AND GPS INTEROPERABILITY

MAJ WiLLiaM PoLHEmus (USAF RETD.)
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QUTLINE:

Define Interoperability

Potential Benelit Areas lor POS/N AV Users
Matrix ol Comvbinulions" |

Interesting Combinations

Some Conclusions -- Where are We Going...

Should We Go?

10/88nvtc




POS/NAYV Interoperability

" Use of Two Or More Systems
to Provide Complementary Capabilities
with Enhanced Uscer Benelits."
or.:
" Use of Two or More Systems
to Provide Symbiotic (Cooperative) Capabilities
with Enhanced User Benelits."

10/88nvtc :

|
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Potential Benefit Areas:

COVERAGE:
-- Geographic
-- Daily Time
-- Evolutionary Time
(Improvements with T'ime)

ACCURACY:
- Posttion
» Absolute/Relative
« 2D/3D
-- Velocity (Absolute)
» LLow Dynamic
» Lligh Dynamic

RELIABILITY
-- OUTAGIES

» Probability

« Notification

COST

10/88nvtc
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GPS /INS

GPS Can Provide

INS Can Provide

Common Systems
Cost Savings

10 Meter Accuracy Usually
Bounding of INS Drifts
Calibration for INS Parameters
(Gyro Drift/Accelerometer Bias, clc.)
Integrity Checking of INS (KAL 007)

Velocity Aitding for GPS Tracking Loops
Inertial Flywheel if GPS is Jammed
Coverage for Outages

Integrity Checking

Cheaper INS Components (Strap Down)
Sharing of Sub-systems

» Clock
« Compuler
« Conurol Display

10/88nvtc
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GPS ECCM

100

30
JAMMER
RANGE
(nmi) 10
3
CALIBRATED
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| |
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LORAN | GPS

GPS Can Provide

- Master Station Synchronization
Periodic Accurate Coverage
Precise Velocity
Airborne Calibrations of LORAN (ASH)
Ocean Area Coverage

[LORAN Can Provide

« Early, Wide-Area Continuous Coverage
 Integrity Checking for GPS (Receiver Autonomous)
e Failurc Backup

Synchronized LORAN / GPS Provides

. Additional Ranging Signals / Smart Filter Accuracy

« Control/Display Cosl Savings s
10/88nvic
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GPS INTEGRITY

« National Notification
(The Integrity Channel/ GIC)

« Receiver Autonomous Integrity Monitoring
(RAIM)

10/88nvtc
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- ASF Corrections over 1 month

| D O I I O O R

b

N
+200m

Dates are 5/88
unless otherwise

marked

-200m
S |

98z



Center at:  Latitude 379 23.567986'
Longltude -1220 2.258480"

Datum: WGS 84

Flie: 0423gps.cap
RMS Distancae: 7.15m
Center to Mean: 2.03m Radlus of Clrcle: 40.0m

Throe Days of GPS and GPS Corrected Loran

L8¢
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The Combined Solution

Caveats | Comments:

-~ Front End Calibrdtions B /B
us ' “ul

-- Integrity by Looking at Residuals

-- Stability of Intersystem Biases
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CONCLUSIONS:

- -- LORAN / GPS Interoperability Very Desirable
» Accuracy
« Coverage
» Integrity
-~ Further Measurements are Needed
- Costs Can Potentially Be Reduced
« Control Display Unit

« Oscillator
« Navigation Computer
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INTEZGRATION AND INTEROPERABI_ITY
D] "c
OmEZzR. 3.P.S8. and ORS8N - DL

The three racic navigaticon systems: Omeca. G. .S,
-C snould be thoughs of as a campined set of ©
ang intercperable radio ravigation systems |
whole) 1n the future arnd not as three comoet
system has its advartages and disadvantages. "1
the acvarntages, it is oossible ¢o builc a suoerior nav
system.
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introduction

The ornlv wice rarnce rad:o navigation svestems availiable tocavy
are Loran = C, Umena anc 1 thne future: G.P.S. Other svstems
sucn as the DECCA retwork f{analogaus to Loran-£) are highly
iocallzeg anc outsige th: di1sSCuUsSS 1. In fTact,, of these only
Omega and G.P.S. oravice true woirld coverape, anc - §.P.S. is rnot
auite here vet. I shoul like to also point out here that the
V1IEWS exXoressed are mine o not . riecessarlly those of Canagilan
Marconi Combarnv.

I,f |

[‘L

10

There are a numzser i real or ootentilial G.P.S. syestems.
1ncikclng the U.S.S.=. GLONARSS svstem. the oroooseds BGECSTRS
nav1gatinn svstem wnich o4&y oniv be made worldwlds if GECSTAR

exparnces its coveracs To the whaole plade, anc the recerntiv
oradosed INMARSAT rnavigaticon acdditiorn f$o thme wnternational
communlications satellite svstem that has been araound o mamy
vears mainly for fh2 marine commarniiv. t 15 now alse bDeino
ceveiloned for airiing use. Firmalilv. we have the NRAVE™RA G, P.E.
wnicn 1s the sveiam Daln; imolementes ov tne2 U, 5. Brmed Few:es
o tn91r ST L CP Wil
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ft orecsent, svsiem irntepration has beern oercsued bv the
avionice manufacturers for verv gractical reasons, Ut svetem
1 b

-

intercoeration is sti1il & vervy rew Tield and ex:e*vne|ta‘ 1
riature. Never—-the-iess, the comginaticr o7 inmtegraticn 2nC
interoperation carn orovide some surorising berefits.

Inteoration

The larger worid of aircraft rnavigation equioment users has
developed & real and growing demand for multisensor svstems., FAn
example of such a system 1s the Caradian Marconi Comparny CY& -
Je@ Navigaticon Marmagement System (Fig. 1.). Here we have a
rumber of seoarate sensors, each oroviding arn estimate of the
aircraft ozsitiaon to a central comouter which accepts some.
rejects cthers on the basis of the ohase of flight arnd the
guality of signals. Some sigrials, such ‘as DME or Lorarn-C ar,
&t oresent and for some time, G.P.S.. are relatively iccalized.
Never-the-less. they can pravide a considerable improvement orn
flioht path accuracy cver such systems as INS ar OMEGA, which are
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the only truly warld-wide ravigation systems co2raticnally
available todav.

I do rot interc to deal with INS (Irertial Navigatiorn
Systems) here. other than to sav thev are very exoensive, and
commercial versicrs have arn accuracy drift rate of typically fwa
miles per hour. DME (Distance Measurinc Ecuioment) offers
accuracies of better thar a tenth of a mile., but signal coveraoe
is not generally available cuteide the U.S5.FR.. Eurcpe and the
most heavily poouiated areas of the rest of the world. It is not
suitable for trans-zeoeanic Tlvine., but is usefull for wodsting
Omega and INS syetem oositions where available.

Omega has its own weakrnesses, such as less than desirezxble
signal coverage irn some areas, notably 1n the area around

n

Wirmioeg (the infa 'z Winrnioes hole) aver o Chicapo and oantly
down the Mississiool Valley. Advances irn Om2ga sicnal recelvers
and sional orocessing saftware, couoled with the use of fthe U.S.
Mavy VLF signals, ve largely eliminateo this olfrl:u_tv.

Other sicnal anomaiv areas have heen discovered. but are Delns
successtully cealt with or an cri—going Dasis by the
mariutacturers, Carnacian Marcornl Comnsany o

aintaihs a comouterized
signal oroccessing labnoratcry and a set of airborne sigral
recorders for This gurocsa.

-

Loran - L groviges Scood sccuracy where si cn:is are pood, but
T

like the ilittlie ciri with trhe curl i;m thne micclie of hsr Toreheac.

whern 1T 1s bad, 1t is very very bad. Unforturmatelv, 1% 1 also

relatively exnensive arnd 1t mav He impossiisle to try fo olankel

the worlic with stations. Desnite this., _orarnm — © sicrnals can and
1

co oermit exceilent navicat
southern coasts anc Jarts <
gap is closed the entire nation will be covered. bﬂeat, Gt orlv
of marginal value to Africa or South America or China, o aven
northern Canada. ‘

ar in the U.3. EAST . W st anc
Eurcoe. fice the J. 5. mid-continent

1
b

=
i

G.P.5. is the critical factor that can fie the threa radia
based svstems into & conesive total which is creater tharn (he sum
of its individual paris.

Combining the calculated pbosition outouts of a number of
sernsors 1n & Kalmarn, least-mean—souares., or similar filter. evern
with some intelligent data selection, is still anly integraticonm:
i.e. each subh-syvstem is still essentiallvy independent.
Intercperablity can remarkeably imoraove navigatiorn reliability.
You can have integratiorn without imtercperability, but you can’t
have intercoperability without integration.

Intercoerability

Intercoerability makes use of signals available in arne sub
system to imoraove on the weliability or accuracy companion
systen.
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Jmeca/5.P. S

Canadian Marcaorni nas cesigned a 6.7.5. sernsor that can we
olugped inside the CMA - 771 svstem. (Figc. 2). Ancther unit can
ne mounted beside the Ddmega RPU as inm Figure Orme. Once the
EPS receiver is installed for position calculatians, 1t 1s fairly
gasyv to nick the timing signal off the GPS data stream (Fig. 3)
anc use it to stabiliize tne Omena svstem internal qlock. This is
2 I tomic clock on board. i & result, in the

of three Cmeca staticns, & rho-rho tyvoe of navigation
F time 5Sscomes possible. Glterrnatelyv., with thres
1O7E, TOS1lTlan accuracy is ernnanced for uo o
2l mivetes., evern f all G.°5.5. sigrnalse disapoear. In the evant
thet Tfull NARVSTAR satelliize coverace ie not available. cue S«
DTON Ares Ooverage suUcsS at tne artic lavitudes. or & satellite
Faris (Yes., it will nhazozerid), the Omsga c=n act as an intecraior
o srevent grastic Cilzlogartlions iv the Tlizht Track
& tvoical Threes o hivoerbolic Umecs
T cevelooment now acds ta the interessinc
meacsa stationm “imino clocks have been
cther ard to the G.P.5. satellites via trne
G a resuii. 1t will be oossible tTo caveloo
i & combimation of one Omega and one G. ~. 5.
mig i3 an obvious advantace in the evert of

TSI fraom one o both gvsiame. Rigs 1S wmotr To Ze
confused with Tne simoler out less effective aanroach in which
oomc-liete 0=51 (_02' e} From pach sud-system o sensor
1e COmDl he L of arnciher subp-svetem sernsor. This

by CmMC and hae oravew oo

iatter tecnnicue 1is oresently in use &
orovide very smooth tramsitlons fror one mode of Fli
arncther (i.e. trans oceanic Omeoca to convinental DMZL)

By svrnchronizing the B.P.S. and Loran—C time clocks. master
and clave stations 1n a chain as well as other chains can be used
in coniunction with each other for oreatly expanded coverage anc
sigrnal reliabilictwv. The irntervooerabilitv of Lorarn-C and G.P.S.
1s simular to that describec for Omega. O0f course with all three
svstems svrchronized, LOP's could be generated using mixes of all
three types of trarsmitted siornals. (Fig. &)

I'm sure that the detaiis «f Loran—C and G.P.S. integraticn
and irntercoerabilitv are covered in much greater detail by some
of the other soeakers todav.
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cMA-92e

As merticrec earlier. the CMA-Z@& regraesenmts am ideal svstem
in which Omega. G.3.5. and Loran—-C can be internrated and macde
intercoerable. A brief averview of this svstew may be of
interest to atterdeeses at this conference. Slease remember, this

eauipment 1is aimed at the larper coroorate sircraft. commercial
carrier and military mariets, rnot the smaller siricle erigine
users, therefore flexibility and reliability are more imocortant
than extreme small size, weight and cost.

The CMR-920@ reoresents the company’s latest aoorcach to the
design of an airdorre navigation managerment svstem using the
aonlication of state-of-the-art techrolagies Tor & break- —thraouch
in size. weicht, flexibility and reliability (Fig. &) for this
ciass of eauioment. But, first allow me to digrese by describing
wnat we mearn Dv a Navigation Manapement Svstem o N.M.S,, since
similar furcticons are also ocerformecd by what we call a Flicht
Mariagement arnd Contral System or FMES.,  There aooesars to be
considerable confusion on this ooint, Basicalliv & Tull FMCS
automaticaly controlis all the flight functions of arn aircraft in
three cimencsicons. That is, it orovides for ilateral anc vertical
navigation fraom one al_:e to ancther, Lateral navigation is
naraiiel to the sarth’s surface. Vertical navigation ofien
1nciudes thie & v ~coriate cruising altiftude for maximamn fuel
economy, shoviest flicht time or cimnly & ore—defirned altit
in acgifion, otv also contrais the thrust of thes erncines ¢
an electro-—mechanical conmection referred to as suio—-Ithra

+

-
4 1 J:
vary thne soded Of the aircrafti througoh the air. It alsa grovides
- -
] ec z 1

jm)
es

=
a
™

b -

ot

cisol T soeeds fior the oilot for fthe scec:

=
aircraft, 1.e. Vi,

An M. M, S, basically rnavigates in arly thne lateral dimension.
Tell the svstem where you are. where vou want to oo, amé 1t will
automatically olot a course to et vou there 1in the most direct
marvrer: unless the coerator inserts special considerations. such
as deviations from this direct or great circle path cailad
wayooints or oarallel offsets or airwavs., etc. The N.M,S.
differs from a staridard airborne Omega system iwm that it
cotimally combines the irnoutes at any civen time from orme or more
ravigaticn sensars to pravide a more accurate and veliable
position calculation. It also selectse amonio these sensors for
the most aporooriate type for a particular ohase of the flight.
Forr normal cruise, Omega/VLF would be aporcoriate: for landing
and take-coff, MLS or ILS and DME are more acorcoriate; for
termirial area operation, DME is usually most aporcpriate. An
N.M.S. alsc freauently oravides specific rarge computatien, that
is a calculation of estimated rarpe based on fuel flow and
coerator inserted values of fuel aguantitvy.

A ravigation management system is not soecific to a
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particular airframe arnd ergine comfioguration whereas an FMCE

invariably is closelv tied to the scecific ernpine. airframe snc
flight characteristics of the particular aircraft type.

The CMA-22Q@ was desigried to soan the reguirements of a nasic
navigation svstem with crlv twa or three senscrs anc onlyv
Forizontal navigation: thnrough the camabilities of a full NOM, G,
as described above ard with.the ootential oower to develaoo int
ar FMCS in the future. This great rawmpe of capabilitv with a
ecornonic cverhead 1s opassiftie onlv thrauch the extensive
apolication of recent develocoments., such as semi—rigid orinted

circuit boards. surface mount comoonents (Figure €), and soecial
cecsipgr integrated circult cate arrave. It 1s a moguiar exgpansiorn
approach to the wee of multiole sensore (Figure 7) couoied o 3
control and display terminzl carefully engirneered cesichned tao
simolify the coerator's waork 1:aﬂ anc minimize "heads—-cown t.me”
irn the cockoit. It alsx minimizes the or—going training o7
nilots, a cericus orochienm with some of the mare sophicsticated
svstems o the market. (Particularly Flight Marmagement anc
Cortrol Systemes). ' ) )
fMore gnecificallyv. thess technical ascvarncez have evacizc
Canadisn Marconl to cesign a system that. altrhough it is
e¥xtremely small anmd lichit, 1s ablz to oprovices
- an exte af st 4T
to 25,08 =, flig=: zZata.
etc., olus =z
! .
- comorehensive interfaca ©ao 11
Tor Doth digital amd anmaLoc O =l othe
coevation of and disoclay the outouts from multiole

aircraft svetems., inciucims cockoat NSt umEnT AT L.
mainternarce functions and the various navigzatioe
systems such as Omeca/VLF. GPFS, MLS, DME. 85, Loran—C.

etc. These functicns are controlled ov an

- ‘ advanced . cxlor graphic and aloha/numeric disolav |
8) caoabilityv in the contral terminal. This ss
combivied with high disolav readability and easy to use
sivicle functicon aloha/rnumeric anc Ccontroal Kevs oius
sxftware orogrammed/display linked "saft' keys This
"smart" comtrol  terminal (Multi—-Function Cuntrnl and
Disolayvy Unit-MFCDW) is alsc capable of handlinc a
sigrnificant rnumber of interfacez to systems other than
the CMA-32& NMU.,

This caoability of the MFCDU to directly interface with
other svstems, while riot soecific to todav's discussicon. is of
interest because it octerntially allows the system to be applied

i a very unlaue way. If a "Flight Critical" sub-svstem such as
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a Microwave Landing Swvstem (MLS) is to be iveoroorated into the
overall NMS packape. it can bDe accamolished without the
comolexities irnvolved ir declaring. the entire system tao be

“Flight Critical”. #@An MLS. because of the extra reliaodility
reguired during t-he orucial. landino arnd take—of{ phases of 1@

flight, has extra reiiability and redundarcy conditlons inbosed
on it. In the CMR-22&. the MLS senscor carn be cornnected to the
control and disolay wnit (s) through one of its multi-function
interface ports. Taus. anly the terminal anc the MLS need be
corisidered “critical” ta the landing and take-off arocess,
considerably simclifying the installation and itse cwoeration,

)

lowering the cost anc we1ght and imoroving overail reliabilitwv.

ot

at1on Marnagement Systeimn sets a rnew standara
levile expancdapility while remaininc light
@ oouwnds for the basic system. It 1s the

can snable imolementatiorn of intercgerability

T

The CMR-3I¢@ Navi
for smaller sirz
in WEiEHt- und

"h 18}

as well as int ;ra'ion.

Before cornciucdirng this paper. I feel 1t is aporooriate to
raise a few thouzsnis on GRS NAVSTAR that rieed resclution before
1t can become & raslly us2ful internatiornal rmavigation signal
source. I have rmo axes to bear in this since mv company cesiegns
and marnufacrures asath Military P code and commercial C/7R2 coce
receivers,

The GPS NAVETEX sysiem cost is extremely high. While it is
currently funded bv the U.S. Congress throuch the USAF, the "user
shall pav" concent ise still very much alive. £ caomparison of
signal coverace (transmitteri costs by the U. 5. Coast Guard

indicates that

— G.0.5. caosts about $3@0 oer souware mile

Fo
m

- Laoran—-C costs about $2 to $35 per sguare mal

- O

lﬁ

costs about 12 cents per sgouare mile.

Who will everituallv oav the bill? NAVSTAR satellites are alsa
expected to be reauired reolacement at a rate «f three per vear
(at about $16M each) wheri the full constellation is in olace due
to failures. These failures also impact signal availability
while the replacement is being mancuvered intd place.

Area coverage of the satellites should be better rnow that
they will be boostecd in higher orbits. However, the oolar
regions will still be ooorly served. Crucial for many airlines
in transoclar routes
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[
!

Internaticonal acceptance of .a system under the control of
the U.S. military establishment is beirip sericusly auesticred.
Recent everits have indicated that the civil anzlications of
NAVSTAR fall far dowrn the list of zricrities of the Pertagor.

As a result., aporaval ‘of the GPS NAVSTAR as a "sole mesans”
of navigpation system is a long way off, if it ever does hapoen.
Therefore, combining the use of its sigrnals with Omega or Loran—
C.is mast aporooriate. By integrating the three senscars, the
size and weight of the resultant oackage can be reduced. Ry
further develooing the interaperability of these systems, a more
reliable and accurate system can be dewlved"even though the fulil
acteatability of the G.P.S. NRVETAR svstem (or its alterrates)
mav be in cuestior.. ‘

Fallowing are four side issues that may alsc be of interes

. Umega_ststion_savinz -

GRS will save money throuoh use of t4
via recelivers at each station. The Coast wo to now had o
transoort a soecial ca‘lbrated atomic © time standard acrass
the world to recalibrate each station aon & regular Sasis. At a
rate of crne station ner month: very exoensivel

e G5.P.S. timing siorals
5T (Guar
1oo R

N daoubt G. P.S.NAVSTAR is potentia
C.Mm.C. exberierce cshows 2D accuracy of 3_ifco S
% - charnrnel receiver and S@-32 meters 1w a
€ilgnal receiver. The C\R code sicrnal is

only  1@@ meters accuracy when the full con
still veryv goigl

s in a P—-Cuode
armel C/A code
rader to allaow
ilation is wuo—

- Omepa_accuracy_imorovement -

With G.P.S. timirg signals to imorove Dmega Rx clock
accuracy, navigation accuracy should be imoroved to @.75 to 1.0
N. Miles instead of the oresent 1.5 to Z.@ N. Miles.

- G.P.S. Military -

G.P.S. sigrals are easy to block in times of conflict by
relatively low power above user aircraft altitude levels. Omega
is almost imoossible to jam. ( Ref. J. Saganowich, G. Litchford,
Fort Mornmouth) .
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LORAN/GPS INTEROPERABILITY: PAST, PRESENT AND FUTURE

by

Mark Morgenthaler

and

Russ Gordon

Trimble Navigation, Ltd.
Sunnyvale,CA 94086

Abstract

During the past few years, the Radio Tech-

nical Commission for Aeronautics (RTCA) has’

been developing guidelines for GPS and
LORAN equipment used in the National
Airspace System (NAS). .During this same
period of time, Trimble Navigation has
built a LORAN/GPS product called the 10X
Navigator. In this paper we review our
operational experiences with: this equipment
and analyze established and pending FAA
regulations. Based on this survey of
regulatory and technological considerations
we make some predictions concerning the fu-
ture of LORAN/GPS Interoperability.

OPERATIONAL EXPERIENCE WITH AILORAN/GPS

RECEIVER

block; diagfém of
The 10X has both

Figure 1 shows the
Trimble’s 10X Navigator.
a LORAN and a GPS sensor.
independently powered ‘and work from
separate clocks. Their outputs may be:com-
bined together by :a central processor
called the input output processor (IOP) to
provide position outputs. In addition to
the radionavigational sensors, the 10X can
also use speed and heading inputs derived
from a number of external. devices such as
synchros, gyros, steppers and speed-logs to
operate in a dead-reckoning (DR) mode.

The output from the 10X can be sent to one
or two control/display units (CDUs), a num-
ber of different auto-pilets, and up to
three other external devices.

The GPS portion of the 10X is a two chan-
nel, sequencing, C/A code, Ll receiver. It
sequences at a 0.5 sec. rate and tracks all
satellites in view. '

|
Both sensors are

10X Block Diagram
(= h
(s
LonaN oK

SP0/m0Q
wrsaraca

[3-1]

[———— auTorwoY
[ ] wmea 0res

Figure 1

The "LORAN portxon of the 10X uses Trimble's
all-digital LORAN technology. This
receiver uses a signal processing chip
rather than analog components to implement
a hlgh quality, linear LORAN receiver witt
extremely precise’ ‘bandgass characteristics
and variable, high Q notches. A comparisor
of the standard analog LORAN and the Digi-
tal LORAN sensor black diagram can be seer
in Figure 2. ‘ :

What is the Digital LORAN?

: » :
I Y Ny T o T I

. . ) L I - :

— |
Paditian
.._‘:':“._. _.i é ) 08P Cone — g
' Digital
Advantages:

1 Reduced component count
2. Stability under severe esnvironmental conditions
3. Ol'cul precision and reilability

‘ Figure 2
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Purposes of the 10X

The 10X was designed three years ago for a
marine environment-lorg before LORAN/GPS
Interoperability was common terminology.
The original goals of the Navigator had
little to:-do with the reasons for LORAN/GPS
interoperability currently receiving so
much attention. Nevertheless, the features
listed below are still' valid in the en-
vironment that will exist for the next few
years until the full constellation of GPS
satellites is available. :

Extended Range for LORAN-

The  ability to obtain "oceanjc”
precision position fixes far from
land and normal LORAN- coverage areas
was and is of importance. The 10X
provides this extended range by aug-
menting the LORAN sensor with lines
of position (LOP) obtained from. the
two GPS satellites hence requiring
only one time difference (TD) and
frequently improving the geometry.

Improved Precision for LORAN

Another important mode for the 10X is
its ability to provide extremely
precise LORAN position fixes. This
‘mode is made possible by calibrating
the LORAN receiver during periods of
GPS coverage. . The LORAN
repeatability numbers then become its
absolute accuracy specs. This will
typically give a factor of 5 improve-
ments in absolute accuracy.

Integrity Monitoring for LORAN

Because the 10X is frequently used in
poor coverage areas, GPS (when avail-
able) 1is wused as a means of
"confirming” the integrity of the
LORAN solution. If the actual LORAN
TD measurement and the GPS predicted
measurement agree, a TD is marked
"confirmed®” and cycle selection on
the LORAN signal is discontinued. If
the position fixes don’'t agree, the
LORAN is allowed (and sometimes
forced) to determine the correct
cycle.

-~

Extended Availability for GPS

The most important advantage of the 10X is
it's ability to .extend GPS availabilicy.
GPS IS A BETTER, MORE -ACCURATE AND ROBUS
NAVIGATION SYSTEM THAN LORAN. A primar
goal of the 10X is to extend the periods
of time that GPS can be used in the posi
tion solution.

Additi&nal information on the exact
specifications of the sensors and Kalma:
filter may be found in References 1-5.

Performance Characteristics

Figure 3 shows a comparison of LORAN and
GPS data taken from the 10X over a three
day period. The center of the figure is
surveyed antenna location at Trimble
Navigation in Sunnyvale, CA.

We can see that both GPS and LORAN dat.
have roughly the same scatter characteris-
tics, but the GPS data contains con-
siderably less measurement bias. It shoul

also be pointed out that the LORAN data has
slightly smaller filter bandwidth than the
GPS data. Nevertheless, it has been ou

experience that LORAN and GPS measurements
can be considered as equals with the excep-
tion that LORAN measurements have biase

that change (slowly) with position an
time. This is an important observation,
since it greatly influences the design of
interoperable systems.
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Figure 4 shows LORAN data after it has beer
corrected by measurements made duri:
periods of GPS availability. The corre.



tions to the data collected in the LORAN -
only mode of operation are corrected in the’
state space of our filter. It is our in-
tention to change this characteristic of
our filter to make the bias corrections to
the LORAN pseudoranges 1in measurement
space. '
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Figure 4

Our static tests, however, indicate that
GPS derived LORAN bias estimation can be
extremely effective over time. The quality
of the bias estimate over space, i.e., when
the receiver is moving, is more difficult
to estimate and may cause some problems.
Differences in the dynamic behavior of
LORAN and GPS can be modeled in the filter.
Rapid fluctuations of propagation anomalies
in the LORAN measurements as a function of
position, however, can’t be eliminated.

Nevertheless, dynamic performance of the
10X shows excellent agreement between the
LORAN and GPS positions obtained. Figures
5 and 6 show actual data obtained during
operational testing of the 10X. Figure 5
shows the LORAN and GPS positions obtained
during departure from San Jose Airport and
Figure 6 shows the results of a standard
rate turn.

THE PRESENT REGULATORY ENVIRONMENT

Given that brief review of the performance
of a combined LORAN/GPS receiver, we'd like
to review the regulatory environment before
making a set of recommendations concerning
future architectures for interoperable
receivers.
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The 1984 Federal Radionavigation Plan®
seems designed to accomplish two purposes.
First, it calls for the phaseout of several
obsolete and redundant navigation systems

for the purpose of 1limiting the
government’'s maintenance and operational
expenses. Specifically, it recommends the

VOR/DME system, currently used as a primary
means of aircraft navigation, be phased out
in 1997. Second, it specifies improved
performance goals for systems used in the
NAS.

Both of these goals seem logical, espe-
cially since the GPS system is scheduled
for full deployment by 1992. It may,
however, be later than 1997 before the old
systems can be obsoleted.
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The requirements for navigation equipment

used in aircraft can be broken into two
categories: supplemental navigation systems
and sole-means navigation systeams.

'

Regulations

for Supplemental Navigation
Systenms :

The FAA has released minimum performance

requirements for LORAN equipment when the

equipment is used as a supplemental means
of navigation. The RTCA has also completed
its recommendations on a minimum av1ation
performance standard for GPS. |
We expect that manufacturers will increase
production of equipment to meet these re-
quirements since certification is a prereq-
uisite to sales into high-end market seg-
ments. Once software and hardware have
been designed which meet the requirements
for high-end products, the same designs
will be cost-reduced and sold at the low-
end.

In order to comply with these requirements
a complicated maze of regulations must
first be understood. Environmental stan-
dards are contained in DO-160B7. This docu-
ment outlines the categories and test stan-
dards for various types of avionics. Ap-
plicability of DO-160B varies with type of
equipment and level of certification
desired.

Software standards for all digital
computer-based avionics equipment should
conform ta the requirements of DO-178A8%.
While compliance with this document is not
the only means of FAA software approval, it
is the most expedient’.

LORAN as a Supplemental Navigation System

LORAN C units must meet the minimum perfor-
mance performance standards prescribed in
TSO C60B'" to be IFR certifiable. Units
not meeting TSO C60B standards may obtain
field approval of installation through FAA
Form 337, limiting their use to operation
under VFR conditions.

In addition .to TSO C60B approval, installed

perfornance and accuracy
AC20-121AY must be met.
approval are stricter and more numerous
than VFR approval standards.

standards in
Standards for IFR

Integrated navigation units using LORAN C -

in addition to or in conJunctlon with other

navigation sources. are addressed under '

"multi-sensor navigation devices.

GPS as a SuppléncntaliNavigation System

 Currently thete is no TSO outlining minimum

performance standards for GPS receivers.

Special Committee 159 of the RTCA has writ-’

ten a document'? which combined with DO-
160B and DO-178A, will 1likely form the
basis of the GPS TSO.

Multi-Sensor Navigition Devices

Navigation devices using multiple sensors

<y

to derlve position data are addressed under ’

TS0 c115'3.

Current navigation management .

and flight management - systems fall into
this category.
Examples of such systems 1include”

BENDIX/KING's KNS 660,

Global-Wulfsberg's

GNS X and Universal'’'s UNS 1lA. These units "
combine LORAN C and GPS with VLF OMEGA, VOR:
and DME. A hybrid LORAN/GPS system would be

approved under the same TSO.

Installed accuraéy and performance of

multi-sensor navs must meet requirements.

established in AC 90-45A%

IFR Certification of LORAN/GPS
Interoperable Systems

Compliance with TSO Cll5 is a prerequisite:

for IFR certification. Additionally, opera-

tional accuracy must conform to standards’

contained in AC 90-45A. IFR certification
for a particular aircraft type may be ac-

quired during the initial certification of-

type. In this instance the certified in-

stallation becomes a part of the Type Cer-

tificate. The more common form of approval
is the Supplemental Type Certificate (STC),

which is obtained subsequent to Type Cer-

tification.



After an STC is obtained, approval in other
types of aircraft begins with installing
the unit in a similar manner. Performance
and accuracy in other aircraft must be
proven to equal the performance documented
in the STC. An aircraft flight manual
supplement is written for each installation
and submitted with a Form 337 to the FAA
Flight Standards District Office having
jurisdiction over the installing facility.

Navigation devices may be approved either
on a sole-means or supplemental basis. A
LORAN/GPS system cannot be approved as a
sole-means navigation system under the cur-
rent multi-sensor system specification (TSO
Cl15), because neither system is approved
as a sole-means syscem1.

Regulations for Sole-Means
Navigation Systems

While the requirements for LORAN or GPS
Supplemental Navigation Systems seem clear
and attainable, the requirements for sole-
means navigation cannot be met by either
system. This ‘leaves the question, "What
manner of system can meet the sole-means
requirements and serve as the replacement
for the VOR/DME network?".

The sole means requirements that cause
problems are the requirements for integrity
monitoring and time to alarm. As designed,
the GPS system is capable of providing con-
tinuous, worldwide position :fixes. It is,
however, the recommendation of SC159 that
the GPS system not only provide a position
fix, but be capable of checking its in-
tegrity. The integrity and time to alarm
requirements used by the committee were
derived from VOR non-prec¢ision approach re-
quirements. These requirements are shown
in Table I below. Additionally, the FaA
has taken the position that the GPS system
must work even in the absence of one satel-
lite.

The FAA's position is understandable. It
is logical that any system, as important to
the infra-structure of our society as the
aviation system is, must be capable of
fault detection. It must also be redundant
enough to allow a single component failure.
This should be true especially when the
repair of the failure might involve a space
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launch. It would also seem logical that any
new system installed in the NAS be as
robust and capable as we can make it given
certain technological and economic con-
straints.

When the GPS system is put to this test, it
fails to provide adequate coverage. A suf-
ficient condition to meet the FaA's
criteria is that five satellites be in
view, where all combinations of four satel-
lites have a position dilution of precision
(PDOP) of less than six'?,

Some of the earliest GPS integrity work was
done under the assumption that only 18
satellites and 3 spares would be in the
constellation. Recently, the Department of
Defense has announced it’'s intention to
return to the original 24 satellite con-
stellation. - While this increase in satel-
lites greatly improves the number of satel-
lites available at any given time, it still
cannot prevent 5 percent lapses in the
coverage necessary to do receiver
autonomous integrity momnitoring
(RAIM)12'16'17.

A SUMMARY OF THE TECHNICAL SOLUTIONS
TO THE SOLE MEANS INTEGRITY PROBLEM

We have already noted only four satellites
are necessary to obtain a three dimensional
position fix, however, five are necessary
to obtain an integrity check. It is also
appropriate to mention that the periods of
RAIM outage are predictable. Hence, what
is required to solve the integrity problem
is a means of supplying other measurements
to the receiver to assure the integrity of
the position solution during those predict-
able periods when GPS is not capable of

‘determining its own integrity.

The proposed solutions to the GPS integrity
issue can be divided into four categories:

Internal Aiding

External Integrity Monitoring
Constellation Changes
Requirements Changes

summarize the
each of these

We would like to briefly
technical feasibility of
solutions.
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Ihtegrity Criteria
Present Requirements .
En Route Terminal Narprecision
Ocean Damestic Area Approach
Alarm Limit* 12.6 mi 1.5 rmi 1.1 rmi 0.3 =i
Time to Alarm 120 sec 60 sec 15 sec 10 sec
Goals for Inteqrity Criteria
En Route Terminal  Naprecision
Ocean - Damestic Area Aporoach ;
Alarm Limit* 5,000 m 1,000 m 500 m 100 B
Time to Alarm 30 sec 30 sec 10 sec 6 sec
* Radial horizontal position error |

Table 1

Internal Aiding
GPS/LORAN

One of the most promising techniques for
GPS aiding is to combine it with LORAN in-
puts, Several architectures for such a
receiver have been proposed R

We feel the architecture shown in Figure 7
below, involving a common clock for both
the LORAN and the GPS sensors, is the most
powerful combination and technically
feasible. In this type of receiver, both
LORAN and GPS pseudoranges are used in the
position solution. The advantages of this
type of receiver are:

1) The common clock requires one
less Line of Position (LOP)
than designs with independent
clocks for the two receivers.

2) The use of pseudoranges in the
solution is a natural form for
LORAN/GPS filters as well as
Cross-Chain LORAN/LORAN fil-
ters. This is especially true

%

once all LORAN master station emis-
sions are synchronized to UTC.

) The creation of fault detection
heuristics is simplified by the
homogeneous treatment of all sxg
nals.

&) The use of such a receiver wil:
provide the maximum coverage an:
availability prior to full deploy-
ment of the GPS system.

In a paper ‘by Brown and McBurney18, a sys-
tem like the one we advocate was analyzed
The analysis was primarily concerned wit..
the integrity monitoring capability of the
interoperable system. While the system wa
generally determined to work an obscur_
mode was identified which could cause
detection failure. This failure mode mus*
be studied further but we feel most of tl
internal aiding methods can have obscure
failure modes: the question becomes one of
probability.
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GPS/BAROMETRIC ALTIMETER

The barometric altimeter has been studied
and has proven to .be effective for enroute
applications. The system analyzed kept
barometric altitude calibrated to GPS al-
titude during periods of good coverage.
Only during the predictable periods of RAIM
outage was the altimeter used

In another paper20 on the same type of sys-
tem, operational tests were performed by
the Department of Transportation. Results
indicated that altimeter aiding during
periods of poor vertical dilution of posi-
tion (VDOP) degraded GPS performance.

GPS/CLOCK

High quality clocks have also been con-
sidered as a means of aiding cps?!

One paper concludes that a clock with a
short term stability of 109 can be used to
perform RAIM aiding for periods of up to 15
minutes?? Such short term stability is
relatively easy to achieve as long as the
temperature remains constant during the }8
minute interval. A stability of 10
over temperature, however, could require
prohibitively expensive clocks.

GPS/INS

In the studies that have been performed on
combinations of GPS and INS, GPS has been
used to provide a means of calibrating the
inertial system. Results to date are in-
conclusive as far as the svstems

capabilities since the exact natdde of
selective availability (S/A)2 must be con-
sidered before the results can be pre-
dicted. This is certainly one of the more
expensive alternatives for the user of this

.equipment.

External Aiding

In addition to the techniques studied
above, other alternatives for monitoring
GPS integrity include means by which the
navigation system is externally informed of
a failure or externally supplied with the
information require to make the integrity
determination. Of the systems proposed,
several not only provide the required in-
tegrity monitoring, but also improve the
accuracy of the GPS system by providing
differential measurements using the RTCM
104 protocols and eliminate the adverse ef-
fects of Selective Availability.

The solutions that improve the accuracy of
the system as well as provide the integrity
monitoring seem most desirable. It ap-
pears, however, that considerable time and
study will have to- -go into the various
proposals before funding can be obtained to
implement the differential monitors or
pseudolites necessary for such solutions.
For this reason, the systems listed below
are not considered in detail.

GPS Integrity Channel(GIC)
Long-Baseline Differential Gps®
Local GPS Wonltors26
Pseudolites27

External systems involving differential
will solve the integrity problems, reduce
the effects of selective availability, and
increase the accuracy of GPS. Long term,
such external solutions seem the most
robust.

The Table below, reprinted from Appendix B
of the SC159 Report, summarizes the dif-
ferent alternatives for receiver autonomous
navigation systems and for certain external
alternatives. 1In the case of each alterna-
tive listed below, the committee has
studied its’ characteristics and concludec
whether or not the system meets the re-
quirements dictated by the FRP.
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GPS dascribs only the

Tatle 2

Constellation Changes

In addition to the internal and external
aiding techniques mentioned above, changes
to the constellation could be made.
Several possibilities are described in the
references. One obvious alternative is to
increase the number of satellites. This
seems unlikely since only recently the
planned number of satellites had been
decreased to reduce deployment costs.
Another alternative that has been mentioned
is to slightly modify the orbits to improve
coverage in certain areas of the world 8.

Requirements Changes

The last possibility, is to change the re-
quirements. Either the accuracy goals or
the integrity goals could be changed if it
were discovered that the costs of

implementing the desired system where too
high or that other, less expensive means
where available.

CONCLUSIONS FROM REGULATORY
AND TECHNICAL ANALYSIS

In the short term, LORAN and GPS systems
meeting the requirements for Supplemental
Navigation Systems will become common.
These systems will use LORAN/GPS inter-
operability for the same purposes as those
articulated for the 10X: to improve
coverage and availability.

Within the next ten years, GPS/LORAN will
become the domestic standard for Sole Means
Navigation. It is likely that such systems
may also include barometric altimecer
aiding since such interfacing would be both
easy and low cost. We feel that this will
become the answer because:



It is one thing to read the FAA
regulations to determine the minimum
operational requirements, it |is
another to ask, as a matter of na-
tional policy, what is the best and
safest. An Iinteroperable LORAN/GPS
solution will provide the most robust
radio-navigation system alternative
to the current VOR/DME approach.

The cost of a LORAN receiver is not a
significant factor in the cost of
equipment to the user. Already, the
cost of the receiver in a Supplemen-
tal LORAN Navigation System is less
than 15 percent of the system cost.
The price of the package, power sup-
plies, displays, keyboard, database
and distribution dominate the user
equipment costs.

By the time the FAA reaches a consen-
sus on the exact requirements for
certification of GPS based equipment
for sole-means navigation systems,
the LORAN/GPS solution will have been
implemented by many manufactures as-a
means for providing Supplemental GPS

navigation before the full constella-

tion is deployed.

~accuracy will be compelling.

Long-Term, Differential GPS capabi?fé%es of
some form will be added to the NAS and
precision and non-precision approaches
using the same equipment will become pos-
sible.

Ground based, rather than satellite based
communications will prove more economical
for integrity monitoring. Once the com-
munication channel is established for in-
tegrity, the possibility of differential
The accuracy
obtained by differential systems will have
profound effects on ATC procedures, colli-
sion avoidance, and NAS operations in
general.
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Abstract

This paper presents the results of tests
performed to validate the use of an ANI-7000 Loran-C
receiver as a reference for ocean surveying. An air-
craft was flown over a 60 mile square perimeter during
GPS coverage time. Position measurements were recorded
from the ANI-7000 as well as a Litton LTN-700 GPS re-
ceiver during the flight. The measurements were post-
processed to determine the position differences; these
differences were used to develop calibration constants
for use by the Loran-C receiver in a calibrated mode
of operation. Several test flights and survey flights
were performed and the data analyzed in terms of
accuracy, stability and grid warp characteristics.
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1. INTRODUCTION

This paper results from a collection program performed
in an area located 200 miles west of Seattle, Washington. Spe-
cifically, a section of the ocean was mapped repeatedly for
several days. The track angles of the aircraft passes were based
on known wind directions as determined by surface measurements.
The INS position estimates used for navigation were not suffi-
iciently accurate for the test program. As a result, a GPS
calibrated Loran-C receiver was used to augment the INS prior to
each mapping pass. This paper describes the navigation system
implemented to achieve this enhanced accuracy along with a
description of the survey testing performed to calibrate the
Loran-C receiver. Analysis to validate the navigation system

performance is also described.

2. NAVIGATION SYSTEM DESCRIPTION

The aircraft navigation system as originally designed
consisted simply of an LTN-51 Inertial Navigation System (INS)
which was coupled to the aircraft's autopilot. Computer-generated
waypoints which define aircraft pass lines were input to the INS
before each pass. Staying on the given line (at the proper
specified altitude), then, was paramount to making that pass a
successful data collection pass. The success of the navigation
method is determined by how closely the airplane followed these

lines in earth coordinates.
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In previous measurement programs, the INS position was
updated before each pass by means of a position fix from a track-
ing radar or other reference source. In this program, such
reference sources were not available in the test area and an
alternate reference was needed. Loran-C, being designed for
marine navigation, provided such a reference in the test area.
However, Loran-C itself, while beihg stable, is not necessarily
accurate in absolute positibn'because of local biases due to RF
propagation effects. The Global Positioning System (GPS) provides
a very accurate (25 to adrmeter error) absolute position but,
because the satellite constellation is incomplete, it is only
available for several hours each day. In order to provide
accurate navigation, a system using GPS to calibrate Loran-C, and
using Loran-C in turn to update the INS before each pass, was

developed. The system realization is shown in Figure 1.

2.1 EQUIPMENT DESCRIPTION

An ANI-7000 Loran-C system and an LTN-700 GPS system
were installed along with a computer defined as the Navigation
Computer. The INS sends data to the autopilot and the computer.
Universal Coordinated Time is sent to the Navigation Computer

‘from the Time Code Receiver (TCR). The GPS and Loran-C units

send data to the Navigation Computer via RS-232 interfaces.



The Control and Display Units (CDUs) of the GPS and
‘Loran-C systems were mounted near the INS CDU in”thé;pdViSétor's
station to allow one person to operate all three systems. Each
| CDUfis equipped with a "Position Hold" button which freezes the
display while continuously calculating the current position in-
ternally. Upon release of the hold, the new position entered is
automatically updated to the new current position. This makes
in-flight position updates possible, The operator pushes the
- Loran-C and INS CDU hold buttons simultaneously and then trans-
fers the Loran-C position to the INS, After the transfer is com-
pléte and verified for accuracy, the hold buttons are released.

....................... ‘- c——- LTN-51 AUTOPRLOT
INS
|
LORAN-C
NAV TIME
COMP COOE

HP-9000 RCVR
“‘;it' ....... £TN-700 ___J———

GPS

CDU "HOLD"
BUTTONS FLOPPY
’ DISK

Figure 1  Navigation System Block Diagram
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The Loran-C receiver was operated in three different
modes during the test program. The modes are defined below.

Automatic - provides a position solution based on
measurements from all available stations

Dedicated - provides a position solution based on
measurements from three stations defined
by the operator

Calibrate - provides a differential position solution
relative to a location defined by the
operator.

The GPS receiver was operated in the normal mode where
four satellites were required to provide a three-dimensional
position solution.

2.2 DATA LOGGING

In addition to the manual entry and display of the data
at the CDU, the data is also available on a serial output port
from each havigation device. A block of data is output from each
port approximately once each second. The GPS and Loran data blocks
along with the INS and TCR data blocks are sent to the Navigation
Computer for transmission to the microdiskette. The four data
blocks are read into the Navigation Computer on a priority encoded
interrupt system. As each block is received by the Navigation
Computer, it is stamped with a time of arrival. ﬁ
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Position (latitude and longitude), time of arrival, and
error status are a few of the data words received in the data
block from each source. The data block from GPS additionally
includes altitude, HDOP (Horizontal Dilution of Precision), VDOP,
Vertical Dilution of Precision) and satellite coverage and SNR.
The Loran data block includes the current waypoints, aircraft
groundspeed, and cross-track error. The four data blocks form a
single 58-word data block within the Navigation Computer. Select
values are displayed on the Navigation Computer screen and up-
dated once each second. The entire block of data is transferred
to a buffer every five seconds. The buffer, after accumulating
one minute of data, stores the data on microdiskette. Each
microdiskette can store 2 hours of data. The buffer is designed
such that no data is lost when disks are exchanged, allowing
continuous data to be collected over long periods of time.

To perform the Loran calibration, it is of major importance
to keep track of the time of Loran and GPS positional validity., 1If
positions are compared that were not recorded at the same time, or
if this time skew is not accounted for, the resulting error will
appear as grid warp. For example, if the aircraft speed is 250
knots, a one second error in the time of recording Loran position
(perhaps due to a late time stamp) will result in up to 420 feet
(depending on the aircraft heading) of apparent grid warp. Note
that the absolute time of position validity is not needed. Only
a relative time is required to allow the GPS and Loran position

samples to be time synchronized.

Within the HP9000 Navigation Computer is a timer,
accurate to 10 milliseconds, which is used to provide the time
stamp. The time stamp is performed at the time the interrupt
from the GPS or Loran unit is serviced. Assuming the position
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data is valid at the time it is output to the Navigation
Cﬁﬁﬁﬁéer;ﬁthe time stamp is accurate to the resolution-of the
timer. Unfortunately, this assumption has not been validated.
Therefore, steps were taken during the calibration analysis to
minimize the effects of possible position validity errors. |

3. ANALYSIS TOOLS AND METHOD

Calibration of Loran is performed post-flight using the
data stored on microdiskette. Software tools are available to
plot each data word in terms of samples, seconds, or mapping
passes and to perform more elaborate analysis on the GPS and
Loran position data. In addition to providing latitude versus
longitude plots, the tools can perform time synchronization of
the positions, calculate the GPS and Loran latitude and longitude
differences, and perform statistic calculations on the differ-
ences (average, standard deviation, least square fit, and resi-
dual RMS error). The majority of this paper is based on these

calculations.

Because of the possible unknown time of position validity,
the time synchronization performed may not completely align the
position samples. Two methods were used to bypass this potential
problem. The first involved flying cardinal headings (i.e.,
East-West and North-South). By doing this, the time delay only
affects one component of the position at a time. (This was done
in the first two days of testing.) Box patterns were flown and
the biases, or grid warp, were extracted one component at a time.

The second method exploits the fact that by flying the
same line at opposite headings and compensating for groundspeed
changes, any constant time delay effect in the biases can be
cancelled out. This method was used on the third through tenth
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day of the test. Appendix A provides the details of the calcu-
lation. The equations provide a way of determining the overall
navigation system time delay. The results of the time delay
calculation show that a time delay is indeed present in the
system, but the place where it is introduced Pas not yet been»

determined.

4. NAVIGATION SYSTEM PERFORMANCE VALIDATION

Navigation validation was performed by collecting GPS
and Loran-C data during a series of measurement passes in the
area in which mapping operations took place. Two types of passes
were analyzed. First, several passes were made along the
perimeter of a 60 mile square box encompassing the operations
area. This phase of the testing is identified as survey testing.
Next, data were collected during mapping passes; this phase is

identified as mapping passes.

4.1 SURVEY TESTING OVERVIEW

Survey testing was performed over a period of four days.
The first day the perimeter of a 60 nautical mile square was to
be flown twice during the four-hour GPS window where both GPS and
Loran-C measurements would be collected. The Loran measurements
were taken with the receiver in the dedicated triad mode. The

purposes of the tests were to:

o measure GPS and Loran position differences and,

o show an indication of hour-to-~hour stability of
the relative position measurements.

Unfortunately, only three legs of the first square were completed

while collecting both the Loran and GPS measurements.
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On the second day, two boxes were again scheduled and
successfully completed. The first box was flown with the Loran
receiver in the calibrate mode using calibration constants cal-
culated from the first day measurements. This portion of the
test indicated the accuracy of the Loran receiver when operated
in the calibrate mode. The second box was flown using two dif-
ferent uncalibrated modes. One Lat/Long leg pair was flown in
the dedicated triad mode to compare with flight conditions of the
previous day. The results of the comparison indicate day-to-day
GPS/Loran position stability. The other Lat/Long leg pair was
flown with the Loran receiver in the automatic mode. This mode
provides a position solution based on measurements from all
available stations., The results of this portion of the test
indicate the Loran navigation accuracy available from an uncali-

brated 'all-stations'' mode of operation.

The third day, one longitude leg of the box was flown in
the calibrate mode to validate the effect of a longitude correction
change in the receiver. The fourth day survey measurements con-

sisted of two passes; a constant latitude pass and a constant
longitude pass were not performed due to procedural failure in
collecting the navigation data.

The end result of the limited navigation survey testing
is that calibration constants for use by the Loran receiver were
obtained but were not well validated. However, the calibration
constants determined during these survey tests were used through-
out the mapping program, and resulted in acceptable navigation
accuracy.

4.2 DETAILED SURVEY TESTING

A detailed discussion of each survey test day is

presented in the following paragraphs.



325

Day One - During this test GPS and Loran-C measurements
were collected while the aircraft flew the perimeter of a 60-mile
square encompassing the radar mapping operatiohs area. GPS
coverage was intermittent during the test time. As a result,
data were obtained from only three sides of the square. Figure 2
shows a Lat/Long plot of GPS and Loran. Note that GPS position
is erroneous in the bottom leg and some data are missing for the
right leg. The loops executed at each corner were used,td align
the aircraft along the correct flight path and stabilize the
aircraft attitude two minutes prior to the start of collecting
data. Figure 3 shows a plot of GPS and Loran longitude versus
time along the vertical leg. The jumps in the Loran longitude
are attributed to discontinuities in the propagation maps used in
the Loran receiver. Similar jumps in position were noted in the
~ other two legs of the box where survey data were analyzed. It
should be noted that longitude is not constant as a function of
time. The slope is due to the fact that the INS used by the
aircraft autopilot has a drift resulting in an aircraft position
defined by the position estimate of the INS. As a result, this
plot can also be used to characterize INS drift characteristics.

Figure 4 shows the average GPS/Loran differences for the three
useful legs of the box. A comparison of the two longitude legs
indicates a bias of 2000-3000 feet. Furthermore it appears that
there is a grid warp gradient of 1000 feet across the 60-mile
distance between the two legs.

Although no measurements were useful in the bottom leg
in Figure 2, analysis of the latitude differences of the left and
right legs of the box indicate that the latitude grid warp gradi-
ent is also approximately 1000 feet, resulting in am estimate of
the GPS/Loran difference for the bottom leg of 5200 feet. Based
on these survey conditions, corrections were selected as 2500
feet in longitude and 4600 feet in latitude, and were converted
to calibration constants for use by the LORAN receiver.
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Day Two - This test consisted of flying two 60-mile square
boxes. The first box was flown with calibration constants, obtained
during the Day One flight, and inserted into the Loran receiver
while operating in the calibrate mode. The second box was flown
in an uncalibrated mode. Two legs were flown in the dedicated
triad mode, to get an indication of position measurement stability
when compared to the previous day test results. The other two
legs were flown in the automatic mode, to determine the accuracy
capability of the receiver when using all measurements available
from the Canadian and U.S. West Coast Loran chains.

Figure 5 shows the GPS and Loran measurements of longi-
tude vs time taken as the aircraft flew north in the calibrated
mode. Note that with the receiver in the calibrated mode, the
large discrete jumps in position shown in the uncalibrated mode
(Fig. 3) are not apparent. This is because propagation maps
internal to the Loran receiver are not used in the calibrated
mode. The cyclic behavior in position at the start of the pass
was due to an aircraft maneuver to get the alrcraft aligned with
the proper flight line. Figure 6 shows the longitude differences
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as well as a linear least squares fit (LSF) to the data corres-
ponding to Fig. 5. The mean longitude bias remaining in the
calibrated mode is 941 feet. The noise characteristics are
consistent with a measured GPS noise level of 50-65 feet and a
Loran noise level of 70-90 feet. Note that the grid warp char-
acteristic can be described as a 300-foot variation over the 60
mile length and a sinusoid with a 100-foot peak deviation. Figure
7 shows a comparison of the Loran measurements relative to the
GPS measurements for all four legs. ;

The longitude measurements indicate a grid warp bias of
900 feet and a grid warp gradient of 80 feet over the 60 mile
distance. The latitude measurements indicate an eight-foot grid
warp bias with a grid warp gradient of 400 feet over a 60 mile
distance. The 900-foot residual error is attributed to the in-
fluence of the 1000-foot jumps in Loran position estimates on the
LSF used to determine the calibration constants.

209 ft RGB-008
e ¥ _ LORAN
| ’ | GPS
| |
| I
I e |
M1 ft 9 |@- - @ 861 ft

Figure 7 GPS/Loran Survey Results (Box 1)
(Calibrated Mode) - Day 2
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The second 60 mile square box was flown with two differ-
ent receiver modes. The first and fourth legs were flown with
the Loran-C receiver in the automatic mode, allowing an all-
station solution of aircraft position. The second and third legs
were flown in the dedicated triad mode. Figure 8 shows a longi-
tude plot which is almost identical to a plot of the same leg
flown a day earlier (Fig. 3). The average GPS/Loran difference
is 50 feet greater than the previous day. This similarity indi-
cates that the stability of both GPS and Loran-C measurements on
a day-to-day basis is very good.

Figure 9 shows a plot of longitude position estimates
obtained with the Loran-C receiver in the automatic mode. The
longitude bias is reduced from approximately 3000 feet to 500
feet, Furthermore, the effect of the Loran receiver propagation-
model-induced position jumps is reduced from 1000 feet to 400 feet.
Although the reduction in error is significant, it is clear that
operating the Loran-C receiver in the calibrated mode removes the
large propagation-model-induced error as well as any bias errors,
resulting in more accurate position estimates.

Day Three - For this test, one leg was run at constant
longitude with the Loran-C receiver operating in the calibrate
mode. (The position of the leg is near the center of the square
shown in Fig. 2). An additional correction of 420 feet (0.1 min.)
was added to the longitude calibration constant in the Loran-C
receiver to compensate for the 900-foot bias error measured on day
2. The whole error was not removed because of the uncertainty
associated with the 900-foot estimate.

Figure 10 shows a plot of the longitude position estimates
of both the Loran-C and GPS receivers. Figure 11 shows a differ-
ence plot with a linear LSF. The average error for this pass is
488 feet with a variation of 150 feet over the 60-mile leg. This
test again indicates the stability of the day-to-day GPS and Loran-
C measurements, in that a 900 foot bias on one day was corrected
by a 420-foot bias on the next day, resulting in a 488-foot residual
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Dai Four - On this day, both mapping passes and survey
tests were performed. The survey tests were run to validate the
calibration constants to be used throughout the mapping program.
There wereieight mapping passes run, during which navigation data
were collected. The passes consisted of repetitive runs flown
over a single defined line projected on the ocean at reciprocal
track angles of 30° and 210°. The Loran receiver was operated in
the calibrated mode with the constants the same as used on Day 3
(plus an additional 420 foot longitude correction). Since the
GPS and Loran data are not synchronized during collection, legs
of opposite track angles headings were combined so that the
GPS/Loran Lat/Long differences were averaged over the two
directions (as described in Section 3). This technique requires
that the average pass speed be the same value in both directions.
The Lat/Long GPS/Loran plots of the mapping runs are shown in
Figure 12. (Note that a GPS position anomaly developed during

49.333

LAT (Dagreca)

47.666

S

Attt

v deaa aaaa

N F) ~h T
LON (Qegreee)

Figure 12 GPS/Loran Position Estimates
(Calibrated Mode) - Day 4



334

one of the passes.) There is a considerable variation in the
Lat/Long differences over the eight passes due to aircraft
velocity effects mentioned above. The statistics (means and
variances,) are shown in Table 1. The survey tests consisted of
a constant longitude pass and a constant latitude -pass. The
South-North pass was run close to the third leg (Fig. 2) while
the West-East pass was run 0.25 degrees above the second leg
(Fig. 2). :The mean longitude error was 17 feet, while the mean
latitude error was was -320 feet.

It is clear that the longitude bias has -been effectively
removed as indicated by the small residual. Although the latitude
error appears to be large, it is consistent with expectations due
to the location of the West-East pass. Figure 13 shows a -200
foot latitude error along the top leg of the box. It is not
unreasonable to expect a -320 foot error 0.25 degrees above the

top leg.

The survey residual biases, along with the Lat/Long
residual biases tabulated at the bottom of Table 1 (-82 ft and
-110 ft), were deemed sufficiently low that no further correc-
tions would be made throughout the mapping program unless the
biases increased in size as a function of time. Figure 13
portrays the relationship of the calibrated Loran-C position
estimates to the GPS estimates assuming all biases have been
removed. The upper latitude has an average error of -200 feet
while the lower latitude average error is +200 feet. A peak
cyclic error of 100 feet is superimposed on each, and 0.66 feet
per nautical mile longitude rate of the latitude error. The
longitude error has a negligible bias and a latitude rate of 2.5
feet per nautical mile. Note that the latitude rate changes sign
as a function of longitude. A peak cyclic error of 100 feet is
also incorporated into the longitude error.
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PASS STATISTICS (Day &)
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Pass # Track Latitude (Ft) Longitude (Ft)
Angle (%) Mean /g5 Mean /s
1 210 - 66/217 206/193
2 30 2607109 103/176
3 210 -204/88 159/134
4 30 - 32/90 112/83
5 210 -227/97 353/93
6 30 - 77777 43/89
7 210 -196/* 273/*
8 30 -112/* 76/*
Summary - 82/120 110/85

*data unavailable
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4.3 MAPPING PASSES

On all succeeding days, mapping passes were made. That
‘is, a series of passes was run up and down a fixed 35-mile line
whose track angle was selected daily based on wind directions.
The Loran-C receiver was always operated in the calibrated mode
with the same set of corrections used for all passes. As stated
earlier, the GPS receiver always computed a four-satellite
position solution. Figure 12 shows a typical day's passes at a
30° track angle. The statistics are provided in Table II,
obtained using the procedure described in Appendix A.

It is clear that the statistics appear to vary as a
function of track angle. These variations result in part from
the position within the grid where the pass line is situated. In
addition, the 30° and 90° track angle data requires different
adjustments for the effects of aircraft speed variation in the
reciprocal heading passes. Although there is a track angle
dependency to the data, it is clear that both GPS and Loran
receivers provide stable measurements over a period of at least

five days.

The "Reference" column in Table II defines the midpoint
position for a set of passes. Longitude is not more precisely
defined because of longitude variations that occurred within a
given set of passes. If this midpoint is projected onto Figure
13, an "estimate'" of Lat/Long errors from Figure 13 can be com-
pared with measured Lat/Long errors in Table II. The comparison
results in differences between the estimated position biases and
the measurement biases of 100 feet or so. This prediction capa-
bility is important because the prediction can be used to modify
the calibration constants for those mapping passes that use only
a small portion of the surveyed 60 mile square.
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TABLE II

SUMMARY STATISTICS

#Pass ‘ Track | Lat (ft) Long (ft)

Day # Pairs Angle °y Mean /o Mgan /o

4 4 30 -82/120 110/85

5 3 90 331/38 25/25

6 7 30 -52/54 194/11

7 7 90 288/67 29/81

8 7 30 -175/22 191/31

9 5 90 298/45 8/13¥

10 4 30 -70/159 245/95
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4, CONCLUSIONS

The survey analysis illuminates several significant
points. First, the differences between GPS and Loran are very
stable. Considering only east/west runs which remove velocity as
an error source in latitude measurements, it is clear (from Table
II) that on three different days over a span of five days the
data shows a maximum difference in the mean latitude of 43 feet.
‘The corresponding maximum mean longitude error is only 42 feet.

_ Second, the grid warp characteristics are appropriately
described as a bias, and a non-linear gradient function. The
non-linear gradient is attributed to variations in the land/sea
path between the stations and the aircraft as it transverses the
perimeter of the survey square.

Finally, the absolute accuracy of Loran-C navigation
cannot be quahtified for three reasons. First, the GPS receiver
measurements Were never validated in flight over an instrumented
range. Furthermore, there were times when position information
was provided that was clearly in error. Second, the time tagging
of the Loran data 1is not very precise, nor is it known to have a
constant delay relative to the GPS data. As shown in Appendix A,
changes in synchronization time and aircraft velocity introduce
errors in the position accuracy. Third, the actual lat/long
error contours within the 60 mile box are not verified. It is
assumed that the errors within the surveyed box can be no larger
than those on the perimeter (i.e., the warp characteristics are
approximately linear).



340

De;pite'the’pqcential error sources described above, a
measure of.phe:quality of the Loran-C'accﬁracy relative to GPS
was determined by comparing Table 'II biases to Fig. 13 estimates
as described-earlier. It is felt that the overall geodetic
accuracy of the calibrated loran-C is in the 100-200 foot area.
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APPENDIX A

VELOCITY COMPENSATION TO LAT/LONG DiFFERENCES FOR REVERSE HEADING
PASSES -

The GPS and Loran position measurements are collected at
the time they appear at the interface port of the receiver. A
problem exists in that the Loran data block does not have an ab-
solute time at which the position data are valid, although it is
valid at the time the data block appears at the interface port.
- The GPS does have absolute time at which its position is valid,
but it appears at the output receiver sometime later. Since the
data reduction software differences the values collected at a
given time, Loran data are compared with delayed GPS data.

To overcome this problem, it was decided to take advan-
tage of the fact that if the GPS data latency at the receiver
port is constant, a procedure could be used which would compen-
sate for velocity errors. This procedure consists of averaging
the position biases from two passes over the same mapping line
that have complementary bearings. The equations used are show
below:
along = alo - Vg sin BAT (L
alat = AL + Vg5 cos BAT (2)
where

Lat/ Long = computed mean of GPS-Loran Lat/Long

difference measurements collected during

a mapping pass and converted to units of
feet

AL/aLlo actual Lat/Long position difference

converted to units of feet

Ve = aircraft speed along the pass line
in units of feet/sec.

B = bearing of the pass line in degrees

AT = data block latency of GPS relative
to Loran data block in units of seconds
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It is easily seen that for a North/South pass (sin BAT = () there
is no speed compensation term required for determining longitude
biases. Similarly, for East/West passes, no speed compensation
term for determining latitude biases is needed. For all bear-

- ings, two passes of complementary bearing are averaged. To il-

lustrate the procedure, an example of determining longitude bias
from two complementary passes is provided.

tLong (1) = ALo - Vg sin BAT , (3)
tlong (2) = Alo - V_p sin (B +180) AT (&)

For the case where the average velocity VB is different from V-B’
V_p can be defined as KV;. Then |

Along (1) = Alo - Vg sin BAT ' (5)

ALong (2) = Alo + I(VB sin BAT (6)
multiplying Equ. 5 by K and solving for Lo,

ALo = K ALong(l) +Along(2) (7)

similarly i

AL = K ALat(l) + ALat(2) (8)

~ R+1
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APPENDIX - THE 1988 CONVENTION
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Electronics Engineering Center
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