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ABSTRACT

This Final Report contains all r~levant data on the implementation, development
and operation of the St. Marys River LORAN-C Precision Guidance System which
was built under Contract DOT-CG-61419A for the U,S, Coast Guard. The system
is being used as a research and development tool to evaluate the feasibility of
using LORAN-C to navigate vessels, especially ore carriers, in the St, Marys
River which is a restricted waterway where channels are very narrow and many
navigational aids are removed in the winter. The U,S. Coast Guard's objective in
this project is the determination of a vessel's position within 25 feet, 95% of the

time.

The St. Marys LORAN Precision Guidance System project was organized into
three phases: (1) the design and implementation phaﬁe interfaced equipments

and detailed software, (2) the testing phase verified the design concepts and
mechanization through laboratory testing, calibration, and verification field
testing, and (3) the demonstration phase, which included demonstrations aboard
Coast Guard vessels on the St. Marys River, provided qualitative and quantitative
data as to the validity of the concepts and design., The system has been demon-

strated aboard the USCGC MACKINAW during ice breaking missions,

The report documents the signal processing hardware (1) as an overview of
functional characteristics, (2) in terms of signal processing and filtering
dynamics, and (3) in terms of electrical design and mechanical construction,

The hardware so described includes the LORAN Receiver and Antenna Assembly,
the Minicomputer, the Flexible Disk System, the Mini Data Station, the Graphics
Interface Unit, and the 17-inch Graphics Display Unit.

The computer DOS III (Disk Operating System) software, which performs the
major processing tasks of initialization at turn-on, continuous LORAN signal
processing and Kalman filtering, displaying and updating a representation of the
St. Marys River on a 17-inch screen, and displaying navigational data for steering

on a 12-inch display, is described in flow diagrams and by the basic mechanization

equations from which the software programs were derived.
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SECTION 1

INTRODUC TION

For a number of years mariners have needed a Precision guidance system
that would allow them to safely traverse restricted waters such as those of
the St. Marys River where channel varies in width from 300 feet to over
2,000 feet. During periods of low visibility and when other aids to navigation
are not available, such as when buoys are removed during winter months,
shipping essentially comes to a standstill. This has a great impact on the

economy.

The national policy on marine radionavigation states that LORAN-C will be
the radionavigation system for the U.S. Coastal Confluence Zone (CCZ). To
maintain compatibility between CCZ and restricted water areas, the U.S.
Coast Guard is conducting a series of tests in the area of the St. Marys River
in Michigan to examine the feasibility of using LORAN-C to navigate ore
carriers in the St. Marys River. They have installed an experimental four

station LORAN-C Mini Chain to provide coverage along the river area.

Teledyne Systems Company designed and implemented a shipboard LORAN-C
Precision Guidance System that is capable of providing precision navigation
which is being used to evaluate the feasibility of using LORAN-C for precision

navigation. The system has the flexibility and functional capability to be used

as a research and development tool in the future development of precise naviga-

tion techniques.

This Final Report consists of two volumes. Volume 1, System Definition,
gives a description of the LORAN Precision Guidance System's configura-
tion, software operation, and navigation capabilities. Volume 2, Software,
has a detailed description of each software routine (flow diagram and

listing). Procedures are provided to make program changes.
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SECTION 2

LORANC

DESCRIPTION

LORAN (LOng RAnge Navigation) is a highly accurate position determining
system which utilizes the difference in the time-of-arrival of radio fre-
quency pulses broadcast by three or more broadcasting stations. Each
LORAN chain is composed of a master station and two or more secondary
stations which transmit their pulses in a fixed time sequence. By measuring
the difference in the time of arrival of the master and secondary pulses,
hyperbolic lines of position are established over the earth's surface. The

intersection of these lines then designates the LORAN receiver position.

LORAN C signals take the form of groups of eight pulses from each of the
transmitters in the chain, repeated at intervals of from 40 to 100 milli-
seconds depending on the particular chain. Typical LORAN C signals are
shown in Figure 2-1. The pulses have a carrier frequency of 100 kHz and
an envelope characterized by a very rapid rise time, peaking in 6 or 7
cycles from the start. The leading edge envelope shape is controlled to
very precise limits, as are all other parameters of the transmitter chains,
allowing the very high accuracy position determination that is possible with
the LORAN C system. The interval between pulses in a group is 1 milli-
second and the interval between the master, and each of the several
secondary stations in a chain is derived from an atomic standard, as is

all timing for the transmitters.

Because of the fast risetime of the pulses, the LORAN C transmissions
occupy about 20 kHz of the RF spectrum centered at 100 kHz. All
LORAN C transmitters in the world (and incidentally LORAN D also)

operate on the same frequency without mutual interference, because they

2-1
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all have different group repetition intervals (GRIs) which enable the trans-

missions from a particular chain to be uniquely identified. Because of this,
the LORAN Precision Guidance System can operate in any area with LORAN
C or D.

2.1 LORAN EVOLUTION

In the thirty years since work began on a long range, pulsed navigation
system, major changes have taken place in the form of the signals, the
mechanization of the receivers and the primary applications. Operating
frequencies have gone from 2 MHz to 100 kHz, receivers have progressed
from manual, analog devices which only used envelope information to
automatic digital sets which employ phase and envelope data, and recently,
there has been considerable commercial interest in what was for a number
of years a military system. The step-by-step development of LORAN as
a precision navigation system will briefly be traced in this a=ction. The
intent is to familiarize the reader with the system as it is now constituted

and the coverage and capabilities that are now available.

LORAN A - In 1940, the U.S. National Defense Research Committee was
assigned a project to develop a LOng-RANge precision navigation system.

It was planned to use synchronized pairs of pulse-type transmitting stations
separated by distances of several hundred miles. The project was assigned
to the Radiation Laboratory of the Massachusetts Institute of Technology in
the summer of 1941. Experimental transmitting stations were located at
U.S. Coast Guard facilities near Montauk Point, N. Y., and Fenwick Island,

Delaware.

Trials in moving vehicles were undertaken in June 1942. A four station
chain was inaugurated for extended field trials in October. In January
1943 the U.S. Coast Guard was assigned the responsibility of operating the
LORAN A transmitters which transmitted in the 1800 to 2000 kHz band.

2-3 {
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LORAN A accuracies were t+ 0.5 mile line-of-position error and 1 to 2

mile position fixing error.

It was recognized early in the program that a low frequency LORAN
system would provide improved accuracy and greatly extended navigational
coverage during the day and night with fewer transmitting stations. The
first experimental low frequency LORAN system (operating at 180 kHz and
called LF LORAN) was placed in operation in 1945 with transmitting sta-
tions at Cape Cod, Massachusetts, Cape Fear, North Carolina, and Key
Largo, Florida. Monitor stations for overwater observations were
installed at Bermuda, the Azores, Puerto Rico, and Trinidad. Overland
signals were observed at monitor stations in Ohio and Minnesota and

aboard specially equipped aircraft.

The LF LORAN system was basically an extension of the techniques of

2 MHz LORAN to the lower frequency. However, the LF stations operated
in synchronized triplets instead of pairs, and in addition to pulse envelope
matching, the individual RF cycles of the master and secondary pulses
were displayed on the user's receiver-indicator. The receivers were
designed to provide for visual match of pulses and cycles. A rough match
was made first using the envelopes of the two pulses (as in 2 MHz LORAN)
and then a fine measurement made by matching selected RF cycles within

each pulse.

In 1946, all equipment installed in the experimental East Coast LF LORAN
system was transferred to the northwest section of Canada where it served
the requirements of special Arctic maneuvers in the area. Upon comple-
tion of the maneuvers, a joint Canadian-United States project was initiated
to evaluate the system. Nine fixed-monitor stations and a number of
specially equipped aircraft were placed in operation and comprehensive
festa were carried out over a period of many months. These operational

tests, together with results of the East Coast tests, showed that the LF

g




system could operate with substantially longer baselines than was feasible
with the 2 MHz system and that the 24-hours service coverage overland

would be of the order of two-thirds of that of sea water (as against an

almost negligible overland coverage provided by the existing 2 MHz
LORAN). The accuracy achieved was equivalent to an average LOP

error of 160 feet at 750 miles.

On the other hand, operators found they could not select the correct pair
of RF cycles more than about 75 percent of the time without prior knowledge
of the correct pulse envelope delay. The resulting positional ambiguities
were operationally unacceptable and the system was judged unsatisfactory
for general purpose navigation. To correct these positional ambiguities,

. work was begun in 1946 on the development of cycle identification and

phase-measuring techniques. This work was carried out jointly by

government and industry and culminated in the field tests of a low fre-
! quency, cycle-matching LORAN system called CYCLAN (CYCLe matching ;
' LorAN). #

3 CYCLAN - CYCLAN was the first fully automatic LORAN system. The
cyclic ambiguity problem was solved through the use of pulse trans-
missions on two frequencies 20 kHz apart. (180 and 200 kHz were used
at first, followed by operation on 160 and 180 kHz.) Slope matching on
the first 50 microseconds of the pulse was followed by cycle matching

within the pulse envelope for precise determination of arrival time-

differences. Incorrect cycle-matching at one frequency was readily |

-

apparent by an obvious mismatch at the second frequency utilized.

CYCLAN coverage was limited to the groundwave regions and gave a

2 B N e el bt Sl

range of about 1000-1500 miles. Operational tests with CYCLAN were
complicated by serious interference problems involving broadcast stations
and aeronautical radio beacons on adjacent frequencies. The tests did

show, however, that the RF cycle-identification problem could be solved.
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Very significant progress was also made in the area of instrumentation. It
became necessary to seek another solution when the Atlantic City (1947)
Radio Conference designated the 90-110 kHz band (20 kHz bandwidth) for
the development of long range navigational systems CYCILAN required a

total bandwidth of approximately 40 kHz.

CYTAC/LORAN C - In 1952, work began under government contract on a

long range, automatic ground-reference tactical bombing system known

as CYTAC. A pulsed, hyperbolic navigation system operating in the
90-110 kHz band was an integral part of the CYTAC system. Equipment
development was completed by 1955 and three transmitting stations were
constructed at Forestport, N. Y., Carolina Beach, N.C., and Carrabelle,
Florida. Tests with the navigational component of the system throughout
1956 showed that automatic instrumentation could solve the RF cycle identi-
fication problem and could measure time-difference in a hyperbolic system
with an average error of a few tenths of a microsecond. The coverage
area extended from the Atlantic Ocean to the Mississippi River and from
the Great Lakes to the Gulf of Mexico. Monitor stations installed at widely

separated locations collected data during a year of testing.

The results of the tests demonstrated that the system was not only capable
of a high degree of precision, but also that the laws controlling its accuracy
were sufficiently well known to permit sound predictions of accuracy prior

to installation.

The initial system installation at Cape Fear, North Carolina; Carrabelle,
Florida; and Forestport, New York, was extensively evaluated over the
eastern part of the United States during the period 1952-1955. The results
indicated that it was possible to obtain a fix reoeatability within 250 feet or

less over an area of more than one million square miles.

2-6

e m—




N — -

2.2 LORAN C Coverage - An operational'Fequirement was developed for a

highly accurate long range maritime radio navigation aid in 1957. The
stated accuracy and range requirements were considerably in excess of
the capabilities of existing LORAN A equipment. On the basis of the
results of the CYTAC tests referred to above, it was believed that this
requirement could be satisfied by implementing the CYTAC concepts as
well as some of the CYTAC equipment. Consequently, equipment from
stations at Forestport, N. Y., and Carrabelle, Florida, was transferred

to new stations — Martha's Vineyard, Massachusets, and Jupiter, Florida,
respectively. These stations, operating in conjunction with the existing
station at Carolina Beach, N.C., were placed in operation in 1957. The
U.S. Coast Guard, in accordance with U.S. Federal Laws, assumed
responsibility for operation of the stations in August 1958, Comprehensive
tests by both surface and airborne units showed that the original concepts
were sound. The new system, designated LORAN C, was at that time
placed on operational status. Evaluation of this chain was conducted in
1958 over an area roughly defined by Natal, Brazil, Trinidad, the Bahamas
and Newfoundland. For peak radiated powers of 60 kw, the groundwave and
first hop skywave ranges were approximately 1500 and 2300 miles,
respectively. Second, third, and fourth hop skywaves were monitored at
various distances up to 3435 miles. World wide LORAN C will be possible

in the near future.

St. Marys LORAN C Coverage - The U.S, Coast Guard has installed an experi-
mental Mini- LORAN C chain operating on rate 4930 (GRI = 49, 300 us) for

evaluation on the St. Marys River. The coverage area includes the St. Marys
River from Whitefish Bay in Lake Superior to Detour Passage in Lake Huron.

Figure 2-2 illustrates the locations of the transmitting stations,

To provide the desired coverage in all areas of the St. Marys River, and to
provide the accuracy required for a precision guidance system, four stations

(two in Canada and two in the U,S,), are used, each transmitting 100 watts.

2-7
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Within the coverage area, the signal-to-noise at the peak of the pulse from
the master and at least two of the secondary stations is designed to be at
least +3 dB. Each transmitting station is continuously monitored at the Sault

Ste. Marie monitor station, and is remotely controlled to maintain the required

accuracy.

Basic LORAN C Positioning Accuracy - As with all radio navigation

systems, the ultimate accuracy that is available with LORAN C depends
upon the signal-to-noise ratio (SNR), the geometrical dilution of precision
(GDOP) and the predictability of the velocity of propagation in time and
space. These external factors which affect the use of LORAN C for

precision navigation are considered in this section.

LORAN RF Environment - The RF environment in which the LORAN

signals must be received is contaminated in various ways which ultimately
limit the performance of any radio system to a greater or lesser degree,
depending on the properties of the basic system, and steps taken to combat
such contamination. Of all radio navigation systems developed to date,
LORAN appears to be optimum in this respect for the RF environment

found in most restricted waterways and harbors.
The contamination of the RF environment, and hence of signals to be
received, can be categorized as foliows:

a. Atmospheric noise, caused by cosmic radio noise, noise from
sun and radio emitting stars, and thunderstorms and other

natural sources.

b. Man-made noise, which is unintentional radio frequency noise

generated by electrical equipment.




R
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Ce Intentional radio transmissions other than those desired which

exit on adjacent frequencies.

d. Skywave contamination, which is a replica of the desired signal
reflected from the ionosphere that is delayed by from 40 to
over 200 microseconds with respect to the groundwave (direct
signal) depending on the height of the ionosphere and distance
from the transmitter. This reflection can, of course, occur
more than once resulting in multi-hop skywaves, which can be
considerably delayed from the groundwave. The amplitude,
delay and number of skywaves varies considerably with time
of day, atmospheric (and ionospheric) conditions and distance
from transmitter, but they are generally much greater at night,
and at considerable distances from the transmitter. Stations
in a Mini LORAN chain such as St. Marys River LORAN C are
very close together, up to 70 miles maximum, therefore,

skywave contamination is no problem.

e. Propagation anomalies and multi-path effects due to the nature
of the path between transmitter and receiver. These, of course,
are of particular concern in a harbor environment where there

may be many large buildings, etc.

The first two types of contamination, atmospheric noise and man-made

noise, can be grouped together as random noise, since they are random

in nature and unpredictable except in a purely statistical way. They afflict

all radio systems to a similar extent, and usually represent the limiting
factor in the performance that can be achieved. The LORAN system is able to
reduce the effects of this noise on position determination, First, because of

the pulse nature of the transmissions, and low duty cycle, it is possible

2-10




to transmit a much greater peak power in the pulse than the power trans-

mitter input power, thus resulting in a better signal power to noise power
ratio. Second, the Teledyne receiver uses correlation and signal averaging
techniques, made possible by the precise repetition of the pulses, to cause
noise effects to cancel out. In this way it is possible to operate satisfac-

torily with the noise as much as 20 times greater than the signal.

Additionally, the hard limiter used in the Teledyne receiver gives much
better rejection of burst type noise than the older linear type of LORAN
receiver. This burst type noise (with large amplitude spikes) is observed
to be the type received at these lower radio frequencies, and is also parti-
cularly characteristic of man-made noise likely to be encountered in the

restricted waterways and harbor environment.

The third type of contamination, interference from other radio transmiesioni,
should not be much of a problem since the band from 90 - 110 kHz is
reserved on a primary service basis for LORAN in ITU Region 2, which
covers North and South America. However, high power transmissions
on adjacent frequencies, such as a close by Decca transmitter or a high
power naval transmitter can occasionally cause interference. The phase
coding of the pulses provides discrimination against such interference,
but in the rare cases where this is not enough, it is relatively‘ea.ay to
use a notch filter to remove the offending frequency. (In the Teledyne
LORAN receivers designed for military use, where intentional jamming
is likely, two tunable notch filters are installed). The wide spectrum

of the transmitted pulses ensures that several notches can be uaed in the
receiver passband, without affecting the pulse shape in the area of the

sampling point, and hence with no effect on the accuracy.

The skywave contamination problem is one that has been paid particular

attention in the design of the LORAN system navigation, since it very
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much limits the accuracy and usefulness of other comparable systems,
particularly continuous wave systems such as Decca and Omega, which
have no way of discriminating against skywave. In the LORAN C system,
however, skywave problems are eliminated completely by two factors.
First, the sampling point on the p\ulse is chosen at the third cycle, or

30 microseconds after the start, which is before the earliest possible
time at which skywave from the start of the pulse could be received.
Secondly, the pulses are phase coded in such a way that in the rare event
that multihop skywave is delayed sufficiently (i. e., nearly 800 micro-
seconds) for the skywave from one pulse to affect the following pulse, the
contributions from the skywave completely cancel out over 16 pulses, or

two repetition intervals.

The fifth type of contamination, i.e., propagation anomalies, is of parti-
cular concern for the LORAN Precision Guidance System, where large
structures may be encountered along waterways. Because LORAN C uses
.a. low carrier frequency of 100 kHz, which has a wavelenth of about 2 miles,
it is likely to be much less affected than systems using higher carrier fre-
quencies because reflection and refraction effects occur mainly where the
size of the structure concerned is comparable with or greater than the
wavelength concerned. Tests indicate that this is in general the case. Some
structures, such as railway lines and high voltage transmission lines do
have dimensions of wavelengths at 100 kHz and 'warpage'' of the LORAN C
grid is produced. This will not create any great problems in the Precision
Guidance System, since such structures are rarely moved, and due

allowance can be made in the calibration process to compensate for any propa-

gation anomalies,
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SECTION 3

SYSTEM CONFIGURATION AND DESCRIPTION

A Precision Guidance System employing LORAN-C as a position reference is
described in this section. The system is designed to meet all of the U.S. Coast
Guard's requirements for evaluating the feasibility of using LORAN-C to satisfy
i the navigation requirements of large vessels traversing the St. Marys River

under conditions when low visibility and/or winter ice make conventional visual

aids to navigation ineffective or unuseable.

A functional description is first presented to put the various elements in proper
perspective and indicate the overall operation of the system. Next separate
sections are devoted to more detailed explanation of system operation and

capabilities.

3.1 PHYSICAL DESCRIPTION

The LORAN Precision Guidance System (LPGS) is a high-precision LORAN

navigation system that was implemented to provide an accuracy of better

than 50 feet and display navigational data for navigating vessels of 150 to 1000

foot length through the St. Marys River where channel widths are from 300 to

over 2000 feet. In addition the system has the provisions to be used as a

research and development tool to study future navigation requirements. Figure

3-1 shows a block diagram of the system and illustrates the required equipments
interfaced to make up the LPGS and Figure 3-2 shows the system, less the {

LORAN-C receiver and gyrocompass interface unit.

The LORAN Precision Guidance System (LPGS) is comprised of five subassemblies:

a. Shock mounted equipment bay which houses, computer, flexible

disk drive assembly, graphics interface unit, and LORAN receiver,

b. A Graphics display unit with 17-inch screen.
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Figure 3-2, LORAN Precision Guidance System
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Cs A Mini Data Station with keyboard assembly and 12 inch display

unit.
d. An antenna assembly with 150 feet of RG-58/U cable.

& MK-14 Gyrocompass and interface unit with 125 feet of cable.

The only new equipment design was a Gyrocompass Interface Unit and a LORAN/
Gyrocompass interface board. All the other equipment is off-the-shelf hardware

thereby simplifying hardware maintenance logistics.

The LPGS is a disc operating system controlled by Hewlett-Packard's

DOS III software routines. A disc unit accommodates two IBM compatible
diskettes with 128K (16 bit word) capacity per disk. This provides sufficient
storage for the operating program and for future program development. The
majority of the computer programs were developed in FORTRAN IV which allows

for rapid software checkout and program changes.

3. 2 SYSTEM CAPABILITIES

The LORAN Precision Guidance System is implemented to provide the following

navigational information and capabilities:

o Present position in latitude and longitude.

] Course, heading, attitude, and speed of vessel.
° Range and bearing to selected waypoint.

° Off-track steering data.

® Time and distance to turn at selected waypoint.
° Thirty-five prestored waypoints.

® Status and quality of LORAN data.

® Look-ahead vector in distance or time.

el A e ot L b b e e g
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® Alphanumeric display of navigational data and an analog

(graphical) display showing vessel's relationship to the trackline

on a l2-inch screen.

. Graphics display of St, Marys River on a 17-inch screen showing

vessel, trackline, channels, shore line, and channel markers.

® Remote operation of graphics display.

H
. Capability to compensate for receiver bias.
[ Capability to calibrate graphics to compensate for chart errors,

and LORAN grid distortion by entering waypoint offsets in Latitude
and Longitude.

® Operates on any LORAN chain,

® Operates input commands (see Section 3, 5) allow control of system,

and change of numerous parameters,
° Data recording for post-mission analysis,

® Entry of new waypoints and chart data stored on tape cassettes

for navigating in any area in the world.

Table 3-1 outlines the navigational parameters which can be entered or displayed.

Present latitude and longitude of the LPGS is determined by optimal processing
of the LORAN C measurements from the LORAN receiver. The measurements

are gathered approximately three times per second (about every seventh GRI)
and process by a four state Kalman filter algorithm. The Kalman filter reduces

the random errors in the signals which in turn produces a relatively stable

position determination.

Course and speed of the vessel is derived by the Kalman filter which takes advantage
of the correlation of the systems velocity and position errors. The improved posi-
tion error reduction allows for a more accurate estimation of the vessel's velocity
components. The Kalman filter processes the gyrocompass data to further refine
the course and speed estimates. Course data is displayed on a CRT in degrees

and tenths and speed is displayed in statute miles per hour and tenths.

3-5
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Range and bearing from the vessel's present position to a preselected waypoint
is computed by the Andoyer-Lambert geodetic range routine and a great circle

bearing routine.

Steering data consists of the off-track distance, miles to turn, and time to turn

of the vessel from a predetermined great circle track line. When the vessle is on
the desired great circle path, the off-track distance is zero. A video type steering
indicator on a 12-inch CRT displays off-track error relative to trackline along
with off-track parameters. Refer to Figure 5-1 which shows the displayed data

and steeri.g indication for on-track course.

The graphics capability of the system is a great asset for navigating in the

St. Marys River area or any other restricted waterway by displaying a replica

of the channel area being traversed and a vessel symbol to show precisely where
you are relative to channel edge or danger areas. This includes shore lines,
channel boundaries, buoys, lights, and any other prominent geographic objects.
Presently, the LPGS has St. Marys River chart and waypoint data from Whitefish
Bay to Detour Passage stored on diskettes for navigating in the St. Marys River

area,

The vessel's position is updated every five seconds. When the vessel image
reaches within 15% of the edge of the screen, the next sector of the channel is

paged for display.

A 17-inch cathode-ray. tube (CRT) is used to display the graphics. The CRT is
equipped with a green contract filter with an anti-glare surface to enhance viewing
in bright daylight situations. Brightness and focus are manually adjustable from

the front panel.

The operator has the capability to change the scale factor of display (1 to 20

inches/mile) or to change the orientation angle (Northup or trackup). Also the

operator can calibrate the graphics by entering a position-offset to the waypoints.




This provides compensation for errors found on Navigation charts, or errors
caused by LORAN grid distortion. In addition, vessel's size is entered by
operator during system initialization, therefore the size of vessel displayed

is proportional to channel width,

The data points in latitude and longitude required to display a replica of the

St. Marys River on the graphics display, were extracted from U. S. Lake
Survey Charts No. 61, 62 and 63 and stored on diskettes. Changes to the

' display such as adding or deleting lights or buoys may be accomplished by

editing this chart data. Provisions are also provided for recording system

navigational data on optional line printer or paper tape devices for post-mission

analysis. Recording can be done manually or automatically at any rate.

3o 3k SYSTEM SPECIFICATIONS
L; The specifications for the LPGS are given in Table 3-2.
Table 3-2
Ferformance
Sensitivity 10 pvolts
Dynamic Range 90 dB
Signal Unbalance 60 dB
E
Envelope Discrepancy + 4 usec
Minimum SNR - 14 dB
.
Number of Stations Tracked 5 (Master and 4 Secondaries)
y LORAN Acquisition Time 50 seconds
f Avg. Time to Initialize System 3 minutes
(Power-on to Nav. mode)
4 t Waypoint Entries 35 waypoints
: Graphics Scale Factor 1 to 20 inches/mile
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Table 3-2 (Cont.)

Physical
Size:
Equipment Cabinet
Mini Data Station
Display
Keyboard
Graphics Display
Antenna Coupler Assembly

Antenna (Mounted on Coupler
Assembly)

Gyrocompass Interface

LORAN Receiver

Weight:
Equipment Cabinet (loaded)
Mini Data Station
Graphics Display
Antenna Assembly
Gyrocompass Interface
LORAN Receiver
Total

Environmental Conditions

Temperature
Non-operating
Operating

Humidity

Power Requirements

Input Voltage:

Power Consumption:

3-9

25"W x 36"H x 27"'D

17.5"W x 18"D x 13, 5'"H
17.5"W x 8, 5"D x 3, 5"H
16, 5'W x 22, 5"D x 16. 2"H
3,5"W x 3"D x 7, 5S"'"H

2 meters (7 feet)
12.75"W x 11"D x 8. 25"H
9,62"W x 11,75"D x 6. 75"H

315, 0 lbs.
54, 0 1bs,
58.0 lbs,
4.5 lbs,
35,0 lbs.
8.25 lbs

474,75 lbs

-15 to +65°C
0 to +40°C

20 to 80% (non-condensing)

115 + 10% single phase
at 60 + 1 Hz

875 watts




3.4 FUNCTIONAL DESCRIPTION

The Marine Microlocator LORAN receiver provides positional data received from
a LORAN C transmitter chain for hyperbolic navigation, The basic measurements
derived from the 100 KHz LORAN C signals are time difference information. The
time difference information is the result of taking the difference between the pulse
groups from the Master and secondary station's transmitters. The time difference
information corresponds to a unique hyperbolic line where each of a particular

pair of LORAN C transmitters serves as the foci.

A LORAN C position is derived from the intersections of two hyperbolic time-

difference lines as illustrated in Figure 3-3,

The hyperbolic time difference lines are known as line-of-position (LOP), The
intersection of LOP 12 and LOP 13 determines the position of a LORAN C receiver
with respect to transmitter 1, 2 and 3. The geographic position of each transmitter
is maintained in the Mercury 1960 datum. Thus, the geographic position of the
intersection of LOP 12 and LOP 13 can be computed. The information content

of the LORAN C signal is a function of the random noise corrupting the measurements

STATION 2 STAT.ION 1
> Py o
/ * STATION 3
nonzy

Figure 3-3, Three-Station LORAN C Geometry
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and the geometry of the intersecting LOPs. The effects of random
noise on the Loran-C signals can be reduced by employing an algorithm
that will sequentially process the measurements. The net result is
an averaging or smoothing effect which reduces the noise. The geo-
metry of the LOP crossing angles determines how well the position can

be measured.

KALMAN FILTER IMPLEMENTATION

When the receiver is in motion, then a moving sequence of intersect-
ing LOPs are obtained. Thus, the receiver measurements are given by

LOP5(t;), LOPp(ty), LOPc(t;) for
LOPa(tz), LOPL (t3), LOPc(tz) for
LOPa(t3) v LOPb(t3) v LOPc(t3) for

LOP,(t,), LOPh(t,), LOP;(t,) for

The Loran-C receiver basically provides
modeling the dynamics of the vessel and
estimation algorithm, both the position

time t)
time tj
time tj3

time tg

position data. By properly
employing a Kalman filter
and velocity of the vessel

can be obtained. The Kalman filter algorithm estimates the velocity
components of the vessel by taking into account the derived correla-
tion of velocity with the position errors. The dynamics of the
vessel (at time tk) are described by the 4xl1 state vector:

LT Latitude (radians)
X, = LN Longitude (radians)
k Ve Velocity east (meters/sec)
Vn Velocity north (meters/sec)
tx
3-11
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The purpose of the Kalman filter is to minimize errors in the system
dynamics X by computing a correction vector X and employing this to
calibrate X. The 4x1 correction vector X is defined by:

SLT Latitude error (meters)
v = |SLN Longitude error (meters)

§Ve Velocity error, east (m/sec)

é§Vn Velocity error, north (m/sec)

The filter sequentially processes the Loran-C measurements in order
to provide the best estimate of the vessel's position. The gyro-
compass input is used as an aid to further refine the navigation
accuracy.

Up to three Loran-C time differences from the receiver are processed
sequentially by a software subprogram called LORAN, as shown in
Figure 3-4. This program computes the Kalman filter input parameters
Z (observation error in meters), H (1x4 measurement matrix) and R
(observation noise covariance of Z).

The Kalman filter observation error Z is defined as the difference
between the measured and predicted time differences, converted to
units of distance:

2+ (1D - T0¥)C
where
D

™° = predicted time difference (seconds)

measured time difference (seconds)

C

propagation velocity of Loran-C signal (m/sec)

Z is computed for each station pair by the formula:

- . - . P. R Py/c1c (1)
Ty = [TD- (ED - €D - (9, a) - 1R a)/Cl
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where
TD = measured time difference (seconds)
for station pair s,m

CD_ = coding delay + baseline length (sec)
for secondary station

CD_ = coding delay + baseline length (sec)

" for master station = 0

o = secondary phase error (sec)
s for secondary station

g secondary phase error (sec)

for master station
Rsp = predicted range to secondary station (meters)

Rmp = predicted range to master station (meters)

The 1x4 Kalman measurement matrix H is defined as the sensitivity of
%2 with respect to the correction vector X:

aZ
H.——-
) 4 (2)

and is computed by:

92
oLT

H(1) = cOoSs Bmp - cos Bsp

9z
9LN

~OaRE R p
H(2) sin B sin B_ h

32
aVe

H(3)

92
aVn

H(4)

where
Bsp = predicted bearing (rad) to secondary station
Bmp = predicted bearing (rad) to master station

g R is the covariance of the noise corrupting the measurements. For
the Loran-C time difference measurements, R is set to a constant of

1300 -eteraz, corresponding roughly to an expected Vi300 = 36
meters of positional jitter.
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The predicted ranges and bearing angles are computed from the
Kalman-derived position of the vessel (state vector), dead reckoned
to the time of the present measurement by the position keeping

; subprogram POSKP according to the formulas:

O 3 "
. LT LTk + At Vnk+1/Re
<P . LN ¥ LNk + At Vek+1/[Re cos LTk+1]
k+1 Ve Ve (3)
k
_Vn_ J _Vnk L
k+1
where
Xi+1 = predicted value of state at time k+1l

based on information available at time k

ty+1 = time of present measurement
ty = time of last measurement

At ® Lxs) - T

Re = equatorial radius of earth

The Z, H and R values for a given time difference measurement are
passed to the Kalman filter subprogram CORCN, which computes the
) correction vector X per the following process.

The correction vector X has an associated error covariance matrix P
given by:

P=EXT)

When the Kalman filter routine is started, the error covariance
matrix is assigned an initial value Po-

r 1

10 0 0 0 meters i

0 0 meters
(m/sec)2
(m/sec)2




The error covariance is extrapolated between measurements by:

T
where the state transition matrix for any time interval is given by:
‘ - 1
1 0 0 At
0 At O
Q =
0 0 1 0
0 0 0. 1

L ok

Q is the state noise matrix given by:

1 0 0 0 meters
0 1 0 0 meters
Q= 2
0 0 .001 0 (m/sec)
2
0 0 0 .001 (m/sec)
L =

Pk = error covariance matrix at time ty

At = tye1 - Tk

The values used in the noise matrix affect the response of the filter
to changes in the speed and heading of the vessel, and are adjusted

experimentally. The extrapolated error covariance is used to compute
the 4x1 Kalman gain matrix:

T T -1
K = PHT[HP _HT + R] (5)

Finally, the gain is used to compute the correction vector by:
X = Kz (6)

The gain K performs two functions. It transforms the measurement
error 7 into the proper units of the correction vector X, and it

_ weights the measurement error to determine what percentage should ‘
. incorporate into X.
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Having processed this one time difference measurement, the error
covariance is updated to its optimum value by:

P = [I - KH)P, (7)

where

I = Identity matrix
To complete the Kalman filter process for this one time difference
measurement at time t ,,, we add the computed correction vector to
the predicted state vector to get the new state vector:

Xe1 = Xy * X (8)
This process (equations 1,2,3,5,6,7,8) is now repeated for the next
available time difference measurement at time tk+1' (NOTE: The
covariance extrapolation of equation 4 is done only once per measure-
ment time. and is not repeated for each individual measurement.) We
compute a new Z and H, using predictions based on the Kalman present
position from equation (8), corrected for 