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ABSTRACT

Loran-C time difference (TD) readings were taken
consecutively at several survey stations near Monterey, CA,
over a period of three days. One station, Range-7, was
designated the "known" point of a differential Loran-C
system. Readings from the known point were used to correct
readings from a second survey station, Luces Point. A method
of improving the precision of Loran-C TD readings based on
the redundancy and relative accuracy of three LOP's was
developed and applied to the data. Since only one receiver
was available, a 1linear regression of TD vs time was
calculated and used in the differential correction.

Based on 496 sets of data taken at 5-second intervals at
Range-7 in two groups, before and after about 250 readings at
Luces Point, the absolute accuracy of Luces Point data was
improved from about 385 m to about 48 m - Dared to the known
position of the point. Precision was proved from about
14.9 m to about 12.6 m circular error (CEP) using the three-
station correction. Further improvement would probably have
resulted if two receivers were available for real time

i
cnrrections.
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I. INTRODUCTION

A. Purpose

The purpose of this study was to investigate the potential
accuracy of the ILoran-C navigation system using a differential
correction technique and a correction for the use of three secondary
stations rather than the usual two.

Sources of error were first examined and their magnitudes
estimated. Methods of expressing the accuracy of a determination of
geographic position were also considered.

It was determined that position accuracy is composed of two
factors: the absolute accuracy of the position (which can be
considered the bias, or systematic error, in the system) ard the
precision of the individual readings.

Over longer periods of data collection it was considered possible
to subtract out the system bias by means of a quasi-differential
correction based on intermittent time difference readings at a fixed
point, designated the "known" point of the differential system, and
to improve the precision of TD readings by taking advantage of the
redundancy of the reception of three master-secondary pairs.

For this purpose, a theory of corrections was developed and an
experiment was designed to determine the effectiveness of the
corrections. The experimental data was processed by computer, and the
relative accuracies were calculated. Camputer programs for processing
and displaying data were written for this purpose.

1




B. Method

To collect data for processing, several known survey points with
published positions were chosen as locations for collecting Loran-C
data. Using known points provided a means of comparing results. One
point in a relatively central location was chosen as the "known" point,
where a larger amount of data was collected. Data from the other points
was corrected based on the data from the "known" point.

During periods of about eight hours, the receiver was moved from
one survey point to another. The antenna was set up over the points
and time difference data was collected for periods of about 20 to 30
minutes at each point. The time required to move the receiver fram one
point to another varied from about 30 to 60 minutes.

Data was collected by a Racal Megapulse monitor receiver with
internal clock accuracy of about 0.02 usec. A Silent 700 data terminal
was used to collect the data on cassette tapes. Data was recorded at
intervals of 5 seconds. Ilater, the data was transferred to 54" disks
for use on a computer,

Since there was no way to collect time difference data at two
points similtanecusly, a method of estimating the time differences at
the known point was developed. This involved using the available data
to establish linear regression lines of time difference versus time at
the known point.

Using the known time of data collection at the other points, an
estimate of the time differences at the known point could be used to
calculate a correction for data at the other points at the times of

data collection.




A number of camputer programs were written to calculate the
required information for differential corrections. A Correction For
Three Secondary Stations was developed mathematically and used to
process the data in an effort to reduce the randam error of the time
difference readirgs.

Based on reduction of standard deviations of the data and
reduced circular error, the three station correction was
effective to some degree, although absolute error turned
out to be the 1limiting factor in the experiment. Reduction
of absolute error by means of the differential correction

was significant.




II. THE ILORAN-C NAVIGATION SYSTEM

A. Basic Description

loran-C is an electronic positioning system based on the reception
of pulsed LF (90-110 kHz) signals fram a master transmitting station
and one or more secondary stations which comprise a Loran-C "chain". A
brief description of the system will be provided here as a basis for
later discussions of the accuracy considerations and differential
methods used in the experiment.

In the hyperbolic mode, geographic position (GP) is determined fram
time difference (TD) readings provided by a loran-C receiver. The
difference in reception time of pulses received from the master station
ard pulses received from each secondary station give the receiver's
position in terms of a hyperbolic lattice system. Geographic position
can be calculated fram the TD readings using Loran-C lattice tables
published by the Defense Mapping Agency or computed directly using
various computer techniques. Nautical charts overprinted with Loran~C
TD lattices are also available for plotting geographic position
directly without converting first to latitude and longitude.

The hyperbolic lattice system is a series of hyperbolas. A pulse
(actually a group of pulses) is first transmitted by the master
station. The wave travels to each secondary station of the Loran—C
chain, and each secondary transmits its own pulse after a time delay

(called the coding delay) which is unique to each secondary.




The master pulse is received first by the receiver. A short time
later the pulses from the secondaries are received. The time dif-
ference between reception of the master arxd each secondary is measured
in the receiver. Each TD identifies one line of position (LOP) in the
set of IOP's for a master-secondary pair. Figure II-1 shows a cypical
Loran—C master-secondary pair with a set of hyperbolic LOP's. Each LOP
in this set represents a 1line of equal time difference between
reception of the master pulse and reception of the pulse from the
secondary. Figure II-2 shows an example of a hyperbolic lattice system
formed by two master-secondary pairs

As with latitude and longitude, two 1OP's are required to define a
geographic position. Unlike latitude and longitude, two TD readings
from different secondaries do not uniquely define a GP, since the TD's
may intersect at two points within the coverage area. This is normally
not a problem, since even an approximate knowledge of the geographic
position of the receiver will allow determination of the correct
intersection point.

When more than two LOP's are available to define a GP (when signals
from more than two secondary stations can be received), the
intersection of the three IOP's define three geographic points (s>~
Figure IVv-2). The accuracy of the two best pairs of I0P's is
sufficient for most navigation purposes, but it is possible to combine
three or more IOP's to estimate the position of one point. A method
using corrections from three IOP's is used in the experiment and will

be discussed in Section IV.B.
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FIGURE II-1. Typical set of hyperbolic LOP's associated with a master-
secondary pair.
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FIGURE II-2. Typical hyperbolic lattice formed by sets of IOP's
associated with two master-secondary pairs with a
common master station.




B. Time Difference Equations

The difference between arrival time of the signal from the master
and arrival time of the signal from a secondary can be described by
the following equations (Ref. 1):

The basic time “ifference equation for lLoran-C is:

™ = tg -ty (II-1]
where:

TD = time difference at a given point P.

tg = time of reception of secondary pulse.

ty = time of reception of master pulse.

A more useful form of this egquation takes into account the
camponents which make up the travel time of the signals over each

section of the paths from the stations to point P:

TD = (Tg + DIg + ED) — (Tp + DIy) + ASF [II-2)
where:
TD = Time Difference at a given point P.
Tg = Distance in time units between the secondary station

and point P.

Ty = Distance in time units between the master station
and point P.

DIg = Secordary Phase Correction for all seawater path
between secondary station and point P.

DI, = Secondary Phase Correction for all seawater path
between master station and point P.

ED = BEmission Delay fcr the secondary station.

ASF = Additional Secondary Phase Correction for point P.




Equation II-2 cuitains two corrections which are applied to Loran-C
TD readirngs. The velocity of electromagnetic waves in air under
standard conditions is changed when the wave propagates over a surface.
The Secondary Phase Correction Factor (DIg and DTy, in equation II-2) is
a time correction for the change in velocity caused by propagation of
electramagnetic waves over seawater. This change in travel time can be

calculated by the following empirically derived equations (Ref. 2):
For distances greater than 100 statute miles (T > 537 usec):

DT = Ag/T + Ay + Ax*T [II-3]
where:

DI = Secondary Phase Correction for all seawater path.

Ay = 129.04398 psec’

A; = -0.40758 usec

A, = 0.00064576438

T = Travel time (Tg or Ty in eguation II-1) in usec.

For distances less than 100 statute miles (T < 537 usec):

DT = Bg/T + By + By*T [II-4)
where:
By = 2.7412979 usec’
B; = =-0.011402 psec
= 0.00032774624
T = Travel time in usec.




In equation II-2 the Additional Secondary Phase Factor (ASF)
corrects for propagation over land (actually any other non-seawater)
surfaces, which have a wide variety of conductivities (see Section
III-C-2 or Ref. 3 for further explanation of ASF Corrections). The ASF
correction is in addition to the Secondary Phase Correction for all
seawater path.

Secondary Phase Corrections for all seawater path are always added
in before calculation of the geographic position from TD's. ASF
corrections are much smaller, and are often determined fram tables
which require a dead reckoning position within 10' of latitude amd
longitude of the final position. If no DR position is available, the
position calculated from TD's corrected only for all seawater path is
used as a DR position to determine ASF corrections. When used in
hyperbolic mode, the ASF correction in Equation II-2 is a net
correction which applies to the particular master-secondary pair (the
difference between the range-range corrections for each station).

Emission Delay (ED) in Equation II-2 includes a coding delay, which
is the time between reception of the master pulse at the secondary
station and trarsmission of the secondary's pulse, plus one way travel
time from the master to the secondary, including the Secondary Phase
Correction for all seawater path for the master-secondary baseline path
(Ref. 4).

The result of application of these corrections to the basic time
difference between reception of master and secondary signals is a
reduction of the time difference to a path through air with an Index of

Refraction of 1.000338 (Ref.4:p.4).




C. Differential Corrections

Differential techniques can be used to improve the absolute
acauracy of loran-C TD readings. Differential ILoran~C uses monitor
receivers located at fixed points in or near the area where improvement
is needed. The most cammon method is to use TD readings of the
monitor receivers to determine the magnitude of the variations in the
TD's from the long term average of the TD's at the fixed points. These
variations are then applied to receiver readings in the area of
interest before geographic positions are calculated from them.
Corrections are updated periodically as explained later in this
section. (Ref.1l:p.434)

The differential correction (including geographic correction) to
Loran-C readings at an unknown point P, with a monitor receiver at a

known point P, can be described by the following equation:

TD at P, = Received TD at P, + Differential Cor. + Geographic Cor.
or
e = T, + (TD) - i) + Thy [11-5]
where
TDyc = Corrected TD reading at Point P, (the unknown point).
= Long term average TD at P; (location of the monitor).
= TD reading of receiver at the known point (Pp).
TD reading of the receiver at the unknown point (P5).

= TD variation which is a function of location.

RN
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For practical purposes it is possible to use any correction from
real time to a correction averaged over a period of up to several days.
The method used in this experiment (described in Section IV-C) was to
determine a regression line of monitor receiver TD readings at the
known point. A camputed correction was applied to the TD reading at
the unknown point based on the time of the TD reading at the unknown
point and the equation of the regression line. This method was used
because only one monitor receiver was available and it was used as both
a monitor at the known point and at the unknown points. In this
experiment a correction based on reception of three secondary stations
(rather than two) was applied to the TD readings from each secondary
station before the regression line parameters were calculated, as
explained later in Section IV-B.

The geographic correction - that part of the difference in TD
readings at points P, and P, which is a due to the differences in ASF
corrections at the two points - is a particular problem. For
geographic points at sea, tables of ASF corrections within 10' of
latitude and longitude are available, and may be accurate enough to
provide corrections within the necessary accuracy. Tables of
corrections for geographic points on land are not published, but were
cbtained for this experiment from the Defense Mapping Agency
Hydrographic/Topographic Center.

Test results of differential Ioran—-C on the East Coast U.S. chain
have shown accuracies of about 4.6 m CEP at distances up to 140 km from

the monitor site (Ref.l:p.434).
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ITI. GENERAL ANALYSTS OF ERRORS

To quantify the amount of error and compare the accuracy of
different types of corrections made to Loran—-C geographic position
fixes, it 1s necessary to provide same basic definitions. The
following sections give the definitions used in this study for the
types of accuracy and measures of accuracy. One and two dimensional
sources of error in Loran-C positioning are listed and approximate
values for the error are given where possible. Error reduction based

on differential correction is described.

A. Types of Accuracy

There are several ways to specify the accuracy of electronic
navigation systems. The following definitions of three types of
accuracy have been found useful in this study (from Ref. 5):

Absolute Accuracy: For purposes of this study, absolute accuracy

is a measure of the ability to determine geographic position (in terms
of latitude and longitude or other fixed coordinate system) from a
given set of Loran-C coordinates (Ref.5:p.172). The error includes all
types of systematic and randam error associated with the system.
Absolute accuracy in this experiment refers to the accuracy of the
calculation of the positions of the "unknown'" points based on receiver
TD readings, three station corrections, and differential corrections,

compared to the known published positions of those points.

12




Repeatable Accuracy: The camon navigation definition of
repeatable accuracy is the ability to return to the same point using a
given set of electronic coordinates (Ref.5:p.172). Error is measured
in linear units. This differs fram absolute accuracy in that the
position itself need not be known in terms of some other coordinate
system. Repeatable accuracy is normally better than absolute accuracy
because the part of systematic error which is a function of position
has been removed (the position remains the same), leaving only random
error and time dependant systematic error. Repeatable accuracy in the
context of this experiment is a measure of the precision of measurement
of the TD's, which is most affected by the electronic circuitry of the
transmitters and receivers involved (over short periods of time in
which terrain and atmospheric factors do not change significantly).

Repeatable accuracy is similar to the accuracy expected fram
differential corrections. The difference between the two is that
since repeatable accuracy refers to the ability to return to the same
point using the same set of received TD readings, there is no
difference in the ASF (terrain) correction but there may be same
difference due to wvariability of TD's with time.

Differential corrections have different ASF corrections
at different points. These must be calculated and applied
to the TD readings. At a single point the ASF corrections
will probably not change over the time period of interest,
but over longer periods some error will be introduced. The
uncertainty in ASF correctlons could be a significant

source of error.

13




Relational Accuracy: The accuracy with which it is possible to
determine the position of one cbserver in relation to anocther abserver
using the same system (Ref.S5:p.172). A form of relational accuracy
enters into differential corrections when two different receivers are
used. Even at the same point at the same time there will usually be a
slight difference in the Loran-C readings of different receivers. This
is caused by errors associated with the receiver circuitry and randam
exrrors over the slight differences in the time at which the readings
are made by each receiver, since all other factors are the same. The
same type of error exists with two different receivers separated by
some distance (as with differential corrections), although this type of

error is usually small campared to other sources of error.

B. Measures of Accuracy

In addition to the types of accuracy listed above, it is necessary
to specify how accuracy is to be measured. This can be viewed as an
estimate of the amount of error. The following are definitions of the

basic methods used here of specifying the measures of accuracy of

position. Their usefulness and limitations in this application are
also described.

Root Mean Square (RMS) Error: This is the linear (one dimensional)
error in the location of an IOP (Ref.5:p.172). It can be specified in
linear units or time units (meters and microseconds are used here).
The normal specification of RMS error is the number of meters or
microseconds representing some whole mmber of standard deviations fram

the mean. 1In the application used here, the variation in TD readings

14




fran each master-secondary pair can be expressed as a standard

deviation in microseconds, which corresponds to a displacement of the
IOP by a corresponding number of meters measured normal to that line of
position.

Circular Error Probable (CEP): This is the two dimensional error
which specifies the radius of a circle within which there is a 50%
probability of being located, based on positions calculated fram the TD
readings of the receiver. The estimated position of the point (based
on latitude and longitude or other coordinate systems) and the radius
of the circle are used to specify this measure of accuracy. Circles
other than the standard 50% circle can be used (67% and 90% are
camon) . (Ref.5:p.173) The main advantage of using CEP (rather than
the error ellipse described below) is that direct comparison between
accuracies of different systems, techniques, or at different points can
be made. CEP in this experiment is used as a measure of the precision
of the TD's indicated by the receiver at a fixed point and the
precision of corrected TD's based on these uncorrected TD's.
Corrections for the absolute position (the bias of the TD's from true
readings) is of secondary importance in this application.

Circular error estimates in this experiment are based
on the radius which 50% of the data are greater and 50% are

less, as calculated by a sorting program.
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Error Ellipses: Error ellipses are the preterred way of
describing the accuracy of electronic navigation systems for many
purposes. As with circular error, accuracy is specified in terms of
the probability of an estimate of geographic position falling within a
geametric figure centered on the actual geographic position (an ellipse
rather than a circle is used) (Ref.6). Unlike the circle used in CEP,
an ellipse provides additional information about the directional
characteristics of the accuracy, which can be very important in some
applications. The specifications for elliptical accuracy are usually
the lengths of the major and minor axes amd the orientation of the
ellipse (such as the azimuth of the direction of the major axis). A
disadvantage of using error ellipses in this experiment is the
difficulty of directly caomparing the accuracy of different ellipses
with different orientations. For that reason most of the accuracy
camparisons in this study have been specified in terms of circular
error. Error ellipses have been used where appropriate.

Error ellipses are related to the orientation of two intersecting

I0P's by the following equations (Ref.6:p.72-74):

012 sin 2¢
tan 26 = [III-1]}]
012(cos 2¢) + 0,2

012 + 02 + ((012 + 052)2 - 4(sin?g)0120,2)*
0y? = [III-2)
2 sin%p

16




. L
012 + 052 = ((072 + 052)2 - 4(sin?p)0120,2) "

2 _ -
oy = — (ITI-3]
2 sin“g
where:
® = the 3angle of the major axis of the ellipse
from the direction of the LOP with smaller
variance, toward the LOP with greater variance,
in the direction of the smaller angle.
012 = variance of the IOP with smaller variance.

0,2 = variance of the IOP with the greater variance.

¢ = the smaller angle between LOP's.

These equations were used to calculate the dimensions and
orientation of the error ellipse for Range-7, the "known" point used

for differential corrections (see Figure V-3).

C. Saurces of Linear Error in loran—C Time Differences

The position fixing accuracy of the LORAN-C system depends on a
nunber of factors. These can be divided into two categories
(Ref.7:p.18): temporal errors affecting the repeatability of the
system (errors which vary with time), and systematic (time invariant)
errors. Both of these types of error may also be functions of

- geographic position.
The effect of these errors is to produce TD readings at the

receiver which differ from those which would be expected on a perfect

17




hyperbolic lattice on the surface of a perfect ellipsoid, resulting in
error in the calculation of the geographic position. A linear error of
1.0 usec in time difference is approximately equivalent to 150 m on the
baseline, with one dimensional error at other points being up to about
ten times greater, depending on the location within the geametry of the
system.

The main sources of error in the determination of TD's used to
calculate geographic position can be classified as follows (Ref.8):
Transmitter synchronization timing errors.

Errors associated with propagation effects.
Atmospheric noise.

Receiver errors.

1. Transmitter Synchronization Timing Errors

Since time differences between reception of a master pulse and
secondary pulses are used to calculate geographic position in
hyperbolic loran~C, it is essential that the synchronization of timing
between transmissions from the master and secondaries be highly
precise.

In order to accomplish this, each station is individually timed
using cesium clocks which drive pulse and group repetition interval
timing circuits. Independent monitor receivers are used to provide
data to camputers which adjust the relative timing between master and
secordaries of the chain in small steps (usually 10 to 20 ns).
Absolute timing of the master stations is adjusted to operate in

coordination with Universal Time, Coordinated. (Ref.8:p.1129)

18




Estimates of timing error due to transmitter synchronization
are on the order of 0.05 usec (Ref.9:p.537). Actual data from an
operational Ioran-C chain showed time differences controlled within
0.024 usec of the standard value, with a standard deviation (in
absolute time) of 0.032 usec (Ref.10-p.227). A transmitter
synchronization error of 0.01 usec is believed to be attainable if
ground monitor data is used to remove the mean synchronization error

(Ref.11:p.401).

2. Errors Associated with Propagation Effects

This includes most types of error external to the electronics
of the system, and is the main source of error in the determination of
geographic position.

Factors which influence groundwave propagation include the
following (Ref.12:pp.39-53 and Ref.13:pp.173-187):

Electrical Conductivity of the surface material
Dielectric Constant of the surface

Index of Refraction of the air
lapse Rate of the Index of Refraction with altitude

These factors are complex finctions of several variables, the

main ones being:

 type and composition of the surface over which the wave travels
* topography of the surface
* meteorological conditions

19




At any particular geographic position the effect of these
variables may or may not be considered a function of time, depending on
the time periods of interest.

Also of importance is the effect of these factors on TD as a
function of geographic position. For each different geographic
position, the electromagnetic waves from each transmitter must traverse
a different route, with different types of surface, topography, and
atmospheric conditions, to reach the receiver.

The effects of irregular terrain are practically time
invariant, while ground conductivity and dielectric constant may vary
seasonally (due to changes in moisture content of the soil, changes in
vegetation, or other factors). Observed cyclic annual variations on
the order of 0.5 usec are prubably due to seasonal variations in ground
conductivity and dielectric constant and to seasonally vaiying
atmospheric conditions.

Meteorological conditions sufficient to cause noticeable
variations in TD readings may change in very short time periods (days
or hours). Short term variations due to meteorological effects (cold
front and warm front passage through the line of propagation) on the
order of 0.025 usec have been observed. These correlate with changes
in the dry adiabatic lapse rate of the index of refraction.
(Ref.14:p.1119).

For most differential Loran-C purposes it is necessary to
consider only those temporal propagation effects which occur in short
time periods (hours or days at most, for most applications). The

variation of propagation effects with geographic position must also be

20




considered for precise positioning. Many of these variations can be
corrected by a camputation of the Additional Secondary Phase Factor
(ASF) .

The Additional Secondary Phase Factor (ASF) is a measure of the
systematic error resulting from differences in velocity of electramag-
netic waves over ground with different conductivities and dielectric
constants. The Defense Mapping agency uses a camputerized system of
maps with estimates of ground conductivity (effectively including
dielectric constant) over large areas, and calculates ASF corrections
in the Loran—C coverage areas. These corrections are published as
tables of ASF corrections to be used in correcting loran-C TD readings
from receivers.

ASF corrections can be as large as 4 microsecords (Ref.3).
The corrections provided in the Defense Mapping Agency tables require
estimates of the geographic location of the receiver to the nearest 10!
of latitude and longitude. ASF corrections based on the known
positions of the survey points used in this experiment were provided by
IMA using a camputer program which calculates the corrections using the
Millington Method (Ref.3:p.V).

3. Atmospheric Noise

The effects of atmospheric electrical noise are reduction of
the range at which Ioran-C signals can be effectively received and an
increase the error in TD's computed by receivers in marginal reception

areas. This is primarily dependent on the circuitry of the receiver.
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In marginal areas the effect of atmospheric noise will be an
increase in the standard deviation of the TD's amd increased difficulty
in locking on and maintaining reception of the weaker signals.
Atmospheric noise varies with time and geographic location, with a
significant diurnal variation (noise levels are higher at night). 1In
this experiment, significant effects due to local sources of electrical
noise were noticed in the Monterey harbor area.

4. Receiver Errors

Receiver errors are of two main types:

+ timing error caused by limitations of the internal clock
cirauitry of the receiver
« errors caused by processing time of the receiver
For a receiver at a fixed geographic location, processing time
is not a source of error. The receiver will be at the same location
regardless of the time required to output the TD's or geographic
coordinates. The main source of receiver error at a fixed location
(cther than the noise considerations discussed above) is the timing
error in the internal clock circuitry. Loran-C receivers vary greatly
in their timing errors. The Racal Megapulse Monitor receiver used in
this experiment has a specified timing error of 0.02 usec or better.
For mobile receivers the processing time of the receiver
circuitry can be important. After the signal is received it must be
processed and either stored in the form of electronic information or
visually displayed. Error is introduced if the receiver moves during
this time interval.
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Obviously, the amount of error in the determination of
geographic position fram this source depends on the processing time and
the speed of the receiver. Receivers which output data in the form of
geographic coordinates must calculate latitude and longitude from the
TD readings of the receiver, requiring more processing time and
resulting in greater error fram this source.

At the speeds normally used in hydrographic surveying
(typically less than 20 kt) the processing time is insignificant for
practically all receivers. For data which is stored in the form of
receiver ocutput TD's for later correction and conversion, as with the

Racal Megapulse receiver used here, error should be insignificant even
at much higher speeds.

D. Geametric Dilution of Precision

This source of error in geographic position results from the
Crossing angle of the Ioran-C IOP's (lines of position). Figure IV-1
shows two hyperbolic IOP's with standard deviations g7 and o5 (in time
difference) and crossing angle a. The optimm crossing angle of any
two IOP's is 90°, resulting in minimum error in geographic position for

a given set of standard deviations.
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E. Summation of Errors

1. Absolute Accuracy vs. Precisian

The absolute accuracy of an electronic positioning system can
be viewed as a measure of its ability to give the geographic position
of the receiver. Precision is a measure of the variation of individual
time difference readings. If the receiver is set up at a point for a
sufficient amount of time, many of the random errors can be averaged
out; the average of a large mumber of readings can provide a basis for
determining absolute accuracy.

In practice this is more difficult than it would seem, since
same factors which do not vary significantly over short periods of time
(hours or days) may vary significantly over longer periods (weeks or
months). It is necessary to consider the time periods involved in
order to determine which factors to consider random and which to
consider "bias" in the system.

For this experiment, the sources of randam error are considered
to be transmitter timing errors, same meteorological corditions,
atmospheric noise, and most receiver errors. Errors caused by long
term "bias" of the system are due primarily to ground conductivity and
type of surface, same meteorological effects, and any non-random bias
in the timing of the transmitters.

Taking these factors into consideration, data taken at the
"known" point (Range-7) of the differential system was processed to
remove random error by averaging over a period of time, while long term

error was removed by camparison of the TD's to their expected values
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derived fram calculations provided by camuter camputations of the TD
at that point.

Errors which may change within the time frame of the experiment
were reduced by a linear regression of the trend of data taken at the
known point and projected to the correction at the unknown point
mathematically.
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IV. THREE STATION AND DIFFERENTIAL OORRECTIONS

A. Basic Geametry of loran—C Hyperbolas

This section provides a summary of the information necessary for
the analysis of loran-C corrections for three secondary stations and
for differential Loran-C corrections presented in parts IV.B and IV.C,

adapted fram Iaurilla (Ref.1) amd others as noted.

1. lLanewidth

The baseline of a lLoran-C master-secondary pair is the shortest
path over which the transmitted signals may travel between the master
station and the secondary station. On a spherical earth model it is
the arc of the great circle through the positions of the master and
secondary stations. On an ellipsoid it is the geodesic fram the
master to the secondary station. In the set of hyperbolas of time
difference for the master-secondary pair, the separation between
hyperbolas is a minimum constant value along the baseline.

A lane is the distance between two adjacent hyperbolas of unit
time difference. The unit normally used is the usec (1076 sec). In a
series of hyperbolas, as shown in Figure II-1, it is ocbvious that the
lanewidth varies with location. At any point, lanewidth can be
viewed as the inverse of the gradient of the ratio of the change in

time difference to the change in distance (Ref.15), or:

L = (|(amyan) |yt [IV-1]
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Figure 1IV-1. Typical intersection iof two 1lines of
position. Most probable point is at the 1intersection of
the two LOP's.

I0Py
10P,
1OP;
Figure 1V-2, Typical intersection of three 1lines of
position. When three or more secondary stations can be
received at a geographic position, calculated position
depends on the LOP's which are used to make the

calculation.

27




The lanewidth at any point in the set of hyperbolas can be
expressed in terms of the lane width on the baseline. Baseline lane

width can be expressed by the following equation:

c
Iy = — [IV-2]
2
where:
Iy, = Ilanewidth on the baseline (meters/usec)

c = Speed of electromagnetic waves on the baseline (m/usec)
(note that time units are in the unit lanewidth)
lanewidth at any other point (not on the baseline) can be
expressed by equation IV-3a, where B is the angle subtended by the
baseline from the point. Note that this angle is the absolute
difference between the azimuths from the point to the master and from

the point to the secondary station. .

L = Iy(sin(B/2))1 [IV-3a)
or
L = LG
where:
L = ILanewidth at a point (per unit of time)
Lanewidth on the baseline (per unit of time)

= Angle subtended by the baseline from the point

@ 'th‘
I

= fThe Lane Expansion Factor, G = (sin(8/2) )"1 .

' Note that the lane expansion factor depends only on the angular

separation of the master and the secondary stations. This obviously
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depends on the distance of the point fram the baseline center and the
angular separation of the baseline and the vector from the baseline
center to the point.
Equation IV-3a provides a means of calculating the normal
. distance between any two hyperbolas, provided they are near enough that
their lanewidths are not significantly different:

d=1It [IV-3b)

where:
d = distance in meters between the two hyperbolas.
L = lanewidth at the point of interest (in m/usec).

t = time difference between the two hyperbolas in usec.

2. Direction of Hyperbola

The direction of a hyperbola at any point on the hyperbola is
along the tangent at that point, directed away from the baseline of the
master and secondary stations used to define the hyperbola. For
applications in this experiment, lLaurilla (Ref 1) provides the follow-
ing useful definition of the direction of a hyperbola: "... the
direction of a hyperbola at any point coincides with the bisector of
the angle formed by the lines joining the point to the pair of
stations." (Ref.l:p.92)

For purposes of this experiment, it is convenient to express

: the direction of the hyperbola by its azimuth. This azimuth can be
expressed in terms of the azimuths (from north) of the master and
secondary stations by:
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(o + ag)/2 (where |ap—0g|>180°) [IV-4a)

o4
i

180° + (o + ap)/2  (where |opag|<180°)  [IV-4b]

&
i

where:
an, = azimuth of the direction of the hyperbola.
aym and ag = azimrths of the master and secondary from the point.

3. Applications of Geametry of Hyperbolas to Error Anmalysis

The geametric description of Loran-C hyperbolas in parts IV.A.1
and IV.A.2 is particularly important in the analysis of error and the
derivation of corrections used in this experiment. Some of the direct
applications are outlined in the following paragraphs.

The error expressed as an error ellipse requires the directions
of hyperbolas in order to determine the orientation of the ellipse.
The dimensions of the ellipse require the conversion of variances of
time differences of each hyperbola to variances of distance in the
major and minor axis of the ellipse. Standard deviations of time
differences can be converted to distances by the following equations:

0g = oL [IV-5a]

04 = op2L2 [IV-5b]
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The correction for three secondary stations uses variances in
time differences converted to distances as an input, using egquation
IV-5b. Converting time difference to distance in this way correctly
weights the precision of the IOP's when determining the correction

factor based on geametric considerations.

B. Correction for Three Secandary Stations

In situations where three secondary stations can be received, the
result is three I0OP's which do not, in general, intersect at one point
(see Figure IV-2) when they are used to calculate the geographic
position, although they must in fact intersect at the cammon point at
which the readings were taken concurrently. Under usual navigation
conditions the two best IOP's are used to determine a geographic fix.
A drawback of this method is that it fails to consider all of the
available information (i.e. one of the available lines of position is
not used in the calculation of the geographic position). By utilizing
all three IOP's it should be possible to improve the accuracy of the
geographic fix.

Sections B.1 and B.2 will develop a mathematical adjustment which
can be used to calculate the most probable corrected TD readings of a
Loran—C receiver used as the fixed receiver in a differential lLoran—-C
system utilizing three IOP's (i.e. receiving the master and three
secondary stations). When the ocorrection is applied, the three
corrected TD's will intersect at the most probable point, based on long
term average values of the TD's. The derivation of this adjustment

could take any of several possible forms, but a primary consideration
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here is the need for a form which is easily applicable to camputer
processing. Section B.3 describes a method of applying the corrections
for non—-differential use, using only one receiver and with no known
fixed point.

Section B.4 will develop regression equations for calculating the
corrected TD's directly from time for use as a differential correction
for a remote receiver. Note that the methods developed in these
sections are primarily for use in the differential lLoran-C camputations

necessary for this experiment.
1. Geametric Oonsiderations Used to Develop a Correction Factor

The following assumptions are made for this derivation:
» Each IOP has a unique direction (described in Section IV.A.2)

* long term average TD's (designated TDly,, TD2,y, and TD3,y) for
for the known point are available

e Variances of the TD values (designated 012, 022, and 032) are
known or can be calculated

e Variations of TD's from their average values is in the form of a
Gaussian distribution

e Over the relatively small area being considered, the surface can
be considered a plane ard IOP's for the same master-secondary
pair can be considered parallel straight lines

Several things should be noted about these assumptions. Long
term averaging times for this experiment will be on the order of a few
hours during acquisition of data; for purposes of the derivation,
standard deviations are converted between time units (usec) and

distance units (m) using Equation IV-5a; and, the assumptions of a
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FIGURE IV-3. Geometry used in the derivation of a correction factor
for three IOP's not intersecting at the same point.
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Gaussian distribution, plane surface, and parallel IOP's are reasonable
for this type of data (Ref.6:p.8). When two I0OP's with different
standard deviations intersect (see Fiqure IV-1), the point of
intersection is the most prabable geographic position (Ref.6:p.8-12).
The prabability of the location of the true position is best described
using an error ellipse as described in Section III-B.

A typical situation is shown in Fiqure 3, a set of three
concurrent IOP's intersecting at three different points. Point P is
the location of the monitor receiver used to determine differential
corrections, with TDl,,, TD24,, and TD3,, being the long term average
TD values at that known point (note that in figure IV-3, the IOP's of
TDlay, TD24y, and TD3,, are not shown, but are parallel to TD,, TD,,
and TD3, respectively, and pass through point P, as shown in Figure
Iv-4). Although the long term average IOP values intersect at point
P, triangle P;,P;3P,3 represents a triangle of fixes formed by the set
of TD values which may occur from any concurrent set of TD's, which are
unlikely to equal the long term average. Each set of TD readings
(which occurs in the data every few seconds) will result in a new
triangle of fixes.

The vectors rj, rp, and rj represent the difference between the
individual TD values in a concurrent set of data and their respective
long term TD values. The r vectors are at right angles to both the
long term and current IOP's. For example, if the long term average of
TD; (TDlyy) 1is 29939.200 and the value of TDy in a set of TD readings
currently being considered is 29939.300, the value of r; for the

current set of TD readings is 0.100 (all in usec). When converted to
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meters using equation IV-3b, this is the distance between the average
TD values (IOPi,,) and current TD values (TDj). These IOP's can be
considered as parallel straight lines over the relatively small
distances considered for this correction. Note that there are three
IOP's in each set of concurrent data representing TD values for three
master-secondary pairs. The master station is cammon to each of these
pairs.

Within the triangle of fixes Pj,P)3P,3 formed by the three
IOP's of a set of data, point P' represents the most probable point of
the true geographic position indicated by that particular concurrent
set of data compared to the long term average data. The distances of
P' from each IOP (the lengths r;') are related to the relative
precision of each IOP, P' being closer to IOP's with higher precision
(to be discussed in more detail in the next section).

The problem must be solved in general terms so that any set of
TD's in the data can be corrected to a new set of TD's which intersect
at the most probable point. Since the triangles formed by all sets of
data are similar triangles, the lengths of r;', r', and r3', will have
the same proportion for each set. The corresponding ri' values between
sets of data will be related by a common factor, which will be
designated as the Correction Factor, k.

Other information which should be noted about Figure IV-3
include the following:

« The following sets of lines can be considered parallel over the
area represented by the figure: TDl,, I TD; ; TD25, Il TDs;
TD35y || TD3 5 i, Wirz' and rj ﬁ rsy'.

(continued on next page)

b
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» The following sets of lines are perpendicular: r; and ry' L
TD1,, and TD, ; ry ard rp' L TD2;, and TD, ; r3 and r3' L
TD3,, and TD3.

« The azimuths (from north) of the directions of the IOP's
represented by TDl,,, TD2,y,, and TD34, are a;, ap, and aj,
respectively. These are the same as the azimuths of TD;, TD,,
and TD;, respectively.

» The following angles of triangle P);P;2P,3 are defined by:
a3 =@ —013 o3 =w/2 - (a3 - o) ; and ap3 = a3 - 3.
These angles will be the same in the similar triangles formed
by any lengths of r;, rp, and rj.

» IOP's 1 and 3 have the largest absolute angle (+ or -) between
them, and IOP 2 is the intermediate angle.

The next section will provide a mathematical derivation of the
expression for a correction factor to determine the lengths of r,',
ry', and r3' amd the correspording time adjustments to TD;, TD,, and

TD3, based on the geametry presented in this section.
2. Mathematical Derivation of the Correction Factor

An important question in this analysis is how to weight the
relative precision of each IOP in such a way that it can be used in
the calculation of a correction factor. Reference 16 shows that for
this type of data the "weights are inversely proportional to variance"
(Ref.16:p.60), meaning that the lengths of the rj' corrections should
be proportional to the variances (in units of length) of - the
corresponding TD values for each IOP. Using units of length, in the

general solution for all sets of data, the following equation applies:

ri'Li = ko?Li? [IV-6)
where:
ri' = corrections for TD's 1, 2, and 3 (in pusec).
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042 = variances of T™'s 1, 2, and 3 (in usec?).

x
I

the Correction Factor (units are meters)

lanewidths of TD's 1, 2, and 3 (in m/usec).

Y
h

Note that 0;2L;2 is a unitless weighting factor.

For any triangle there will be same unique value of k which
relates the distances fram puint P' to each IOP to the variances of the
I0P's according to equations IV-6. To dbtain a general expression for
k which can be easily calculated by camputer, it will be helpful to use
only the known values of the TD's, variances, azimuths, and lanewidths
for each I0P. The r values are readily obtained from each set of TD
data by subtracting the long term average values from current TD
values. Values of 032 and L; are constants for this small area.

If each IOP is considered a straight line and a cartesian
coordinate system is assumed with north as the +y and east as the +x
direction of the coordinate axes, then each LOP can be specified by the

general equation for a straight line:
Yy = mjx + bj (=1, 2, or 3) [IV=7]

Three such equations can be written (one for each IOP), giving
three linear equations in two unknowns, x and y. These equations will
not have a common solution when the three IOP's do not intersect at a
common point.

For each master-secondary pair, all IOP's of the set will have
the same slope (mj) within the small area being considered (TD; is
parallel to TDi,, for any TD;). The y-intercepts (the bi's) will be

zero for the average IOP's intersecting at point P. Y-intercepts for
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other IOP's with non-zero r values can be calculated from the
relationships between azimuths (denoted aj) and the r values of each
10P by the following equation:

ry rj

by = = (i=1, 2, or 3) (TV-8]
cos (aj-n/2) sin aj

FIGURE IV-4. Typical average LOP through the origin of a cartesian
coordinate system and corresponding parallel IOP of an individual
TD reading. Slopes are the same for both. Y intercept is the b
value in equation for the IOP (zero for the average LOP).
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Slopes of the TD's can be expressed in terms of ¢ as:
m; = -tan ¢; [IV-8b]

Figure IV-4 shows the assumed coordinate system along with the
I0P's for which the slopes and intercepts are described. when
corrections are applied, the corrected r values are as follows:

ricli = rilj - ko3%L; [TV-9]

Note that in the equation for corrections (IV-9) the units of
riclj are meters. If 0j2L;? is considered a unitless weighting factor,
then the units of k must be meters. This agrees with the units of
Equation 13.

The value of r; is calculated by:

vwhere:
ri = deviation of an IOP fram the long term average (usec).
TD; = time difference reading of a master-secondary pair at

point P.

TDi,y, = long t;lﬁtmpaverage of the TD for the same pair at
w .

Figure IV-3 shows that the rj' corrections must be subtracted
from r; and r3, and added to r,, for the configuration shown. It can
be demonstrated that the rj' corrections are always of the same sign
(both + or both -) for the two most widely spaced IOP's and of the
opposite sign for the intermediate ILOP, where the direction vectors at
point P are in the positive directions of increase of TD and the angle
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is in absolute terms (maximm being 180°). This is true for all
positive and negative r values. Positive and negative k values will
reverse the signs of all corrections in equations IV-9 so that they
will be correct for all configurations.

The corrected r values of equations IV-9 can be substituted
into equations IV-8, providing a set of y-intercepts (the bj values in
the set of general equations IV-7) for the corrected IOP's which
intersect at point P'. These intercepts contain the unknown Correction
Factor k. Note that the slopes of the corrected IOP's are equal to
those of the corresponding uncorrected IOP's, meaning that the mj
values in equations IV~7 are unchanged.

Substituting the corrected y-intercept (bj) values into
equations IV-7 results in three linear equations in three unknowns: x,
y, ard k:

rily - koy%0y2
y = (-tan ¢9)x + (IV-11a)
COos ¢1
roly + kog?lp?
Y = (-tan ¢y)x + [IV-11b]
cos ¢,
3L3 - k0’321.32
y = (-tan ¢q)x + [IV-11c)
CcOos ¢3
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Equations IV-11 can be rewritten as the following set of linear

equation in the unknowns x, y, and k:

01212 rilg
(tan ¢1)x + y + ( Yk = - [(IV-12a)
- cos ¢ cos ¢
022152 ralp
(tan ¢)x + y - ( )k = [IV-12b]
cos ¢y cos ¢,
03152 rsls
(tan ¢3)x + y + ( 'k = {IV-12c)
cos ¢3 Cos ¢3

Solving equations IV-12 by Gaussian elimination gives the following

general expression for the Correction Factor k:

tan¢>3-tan¢2 tan¢3-tana1 tan¢2—tan¢1
Inry - Iprp + Inrj
K cos ¢1 Ccos ¢2 COos ¢3
Ltan¢3—tan¢2 tan ¢3 - tan ¢; tan ¢, - tan ¢;
110y + 1p%052 + 152032
cCos ¢1 cos ¢2 cos ¢3
(IV-13]
where:
ri = differences from average TD's (usec).
k = Correction Factor for three master secondary pairs (m).
¢; = directions of increasing TD (azimuth from north).
g oiz = variances of IOP's (part of unitless weighting factor).
L; = lanewidths (in meters/usec)

Note that Lizoiz terms in denominator are unitless weighting factors.
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Equation IV-13 may be simplified by the following substitutions:

A] = Lp(tan ¢3 - tan ¢,)/(cos ¢;) (IV-14a]
Ay = ILp(tan ¢3 - tan ¢))/(cos &) [IV-14b]
A3 = IL(tan ¢, - tan ¢1)/(cos &3) [IV-14c]
Ay = Lq0923; + 15052A; + L13032A3 [IV-14d)

Resulting in the following equation for k:

k = (Alrl - A2r2 + A3I‘3)/A4 [Iv-15]

The x and y coordinates of point P' can be calculated by:

r1008 ¢ - rycos ¢ - koj2cos ¢ - koy2cos ¢,
X = [IV-16]
(cos ¢7) (cos ¢,) (tan ¢ - tan ¢q)

- (tan a1)x + (r; - 012K)/(cos ¢) [IV-17)

<
I

Two other useful parameters can be calculated fram the values
of x and y. These are the azimuth and range of the of point P' fram

point P. These are given by the following:

Azimith (from north):

app: 7/2 - tan~1(y/x) (x > 0) [IV-18a)
apP-

Note: when x=0 the azimuth is zero for positive y and 7 for negative y

i

an/2 - tan~1(y/x) (x < 0) (IV-18b]

Range(P to P'): Rppr = (x2 + y2)* [IV-19]
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Using the camputed value of k for a set of concurrent TD data,
a correction can be made to the TD values using equations IV-9. Since
IV~9 is in meters it must be converted to usec using egquation IV-3b.
The resulting corrected TD's will intersect at the point P'.

Equations IV-15, IV-16, and IV-17 do meet the requirements
stated at the beginning of this section. The inputs are limited to
azimrths, variances, long term average TD values, and concurrent TD
data, and the values of k, %, y, and the corrected TD values can be
camputed directly from these by egquations which can be calculated

easily by a camputer.
3. Non-Differential Correction for Three Secondary Stations

When using the method of Section IV.B.2 with a single Loran-C
receiver (i.e. not using differential methods) a correction can be
calculated based on existing computer programs. While not used in this
experiment, the method of correction will be outlined in this section.

Since variation from a known point cannot be used, the two best
IOP's can be used as the basis for this calculation. While not as good
as using a known fixed survey point, this will provide a correction

based on three IOP's. The method is outlined below:

1. Using the two LOP's with the best fix accuracy (available from
existing camputer programs), calculate the geographic
position of the point of intersection. This corresponds to
point P.

2. From the geographic position of P, calculate the TD of the
third master-secondary pair (the one not used in the previous
step) .

(continued on next page)
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3. Using point P calculate the azimuths (from north) of the IOP's.
Nurber the TD's as described in the previous sections, with
the intermediate TD as TD, and the TD's with the greatest
angular separation as TD; and TD;.

4. Use TD variances calculated over short time periods in the
general area, or use the values of meters/microsecord cal-
culated using equation IV-3 as the approximate weights of
each IOP. Substitute these for the 04 values in equation
Iv-13.

5. Assume r values of zero for the IOP's with the best fix
accuracy used in step one.

6. Calculate the difference between the cbserved third TD and the
calculated value obtained in step 2. Use this for the third
r value.
7. Calculate corrected r values as in the previous sections.
8. Using any two corrected TD's, calculate geographic position.
This is the position corrected for three secondary stations.
Note that all of the above calculations are based on computer

methods and programs already in use (Ref. 2) allowing corrected posit-

ions to be calculated readily using the method outlined.
C. Differential Corrections

One of the main objectives of fhis experiment is to apply
differential corrections obtained at a known point to time difference
data taken at unknown points. One problem encountered was the
availability of only one Loran-C monitor receiver, making simultaneous
data collection at two points impossible. Differential Ioran-C does
not require continuous updating of the differential correction for
general navigation purposes (hourly or daily corrections are possible),
but the need for the most accurate corrections possible for the

experiment required a continuous update of the correction.
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1. Mathematical Description of the Differential Correctian

Data from the experiment consisted of a series of readings at
each point. Data was recorded at intervals of 5.0 seconds for much of
the experiment, although other time intervals were also used. Data
consisted of time versus TD for up to four possible master-secondary

pairs and the signal to noise ratios for each, in the following format:

Time (M) GRI TD; T, TD3 TD; S/N; S/Ny S/N3 S/Ng

Only three master-secondary pairs were receivable in the area
of the experiment. One survey point (Range 7) was designated the
"known" point, from which differential corrections were calculated for
data taken at the other points. Over a period of several days, data
was collected at the known point for periods of 20 to 30 minutes at
irregular intervals spaced at about one to three hours (data was
collected at the other points in the intervening periods as described
in Section A.2).

To provide estimates of the continuous TD readings at the fixed
point during all time periods (including the periods between data
collection at that point), a least squares curve fitting process is
used. The result is three equations: TD as a function of time, for
each master-secondary pair.

These three equations can be used to provide an estimate of the
TD values at the fixed point at any time. The difference between the
calculated TD at a certain time and the long term average TD is the
Differential Correction at that time. The ASF corrections at the fixed
point and an estimate of the ASF correction at the unknown point (as
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described in Section II-B) also enter into the Differential Correction

at the unknown point. An equation is written for each IOP:

Cg = TDg - TDyy + (ASF, - ASFg¢) [IV-20]
where:
Cq = Differential Correction at the unknown point.
TD. = TD (at known point) calculated from regression equation.

TD,y = Long term average TD at the known point.
ASF = ASF correction at the known and unknown points.

2. least Squares Regression Bquations for Time Difference

Linear regression equations for each TD can be written in the

following form (Ref.17):
T = by + bit (IV-21]

The b; coefficients of the regression equation can be found by

solving the following set of linear equations:

nbg + biZty = XID; (Tv-22a]
-22a
bosty + blz.‘tj_z = ZtiTD{

An alternate method of calculating the b; values directly is:

nztiTD; - (Tty) (TID4)

b1 = 2 2
mEELT T (FE) (IV-22b]
ZTD4 ZTD;
bo = - bl D
n n
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In equations IV-22, Ztj, Zt{TDj, etc., refers to the sum of
the time values, the sum of the products of time and time difference
values, etc., for the whole set of data available at the fixed point.

The total nmumber of sets of TD vs t data is n.
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V. RESULTS AND OONCIIISIONS

Part A of this chapter preserts the results of calculations based on
the theoretical principles previously discussed and data obtained from the
experiment. Part B provides a summary of tne results obtained, how these
results differ from what would be expected based on the theory, possible

reasons for any variations from expected outcome, and a general conclusion.

A. Calculatians
1. Azimrths, Directions of Hyperbolas, and Directians of TD's

Azimuths of the loran—-C stations from the survey points are one
of the basic requirements of several calculations used in this
experiment. Station positions of Range-7 and ILuces Point (the primary
stations used in this experiment) and other points were obtained from
Horizontal Control Data published by the U.S. Dept. of Commerce, Coast
and Geodetic Survey (see Appendix A). Station positions of the Loran-C
transmitters were obtained from Loran-C Data Sheets provided by the
Defense Mapping Agency, Hydrographic/Topographic Center (see Appendix
B). For convenience in avoiding datum conversion, the North American
Datum 1927 (NAD 27) was used because published positions based on this
datum were available for all of the station positions used in the

experiment. Station positions arc summarized in Table V-1.
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Azimuths: Azimuths fram Range-7 and Luces Point to Loran—C
stations 9940M, W, X, and Y were calculated using a Fortran 77
subroutine provided by DMAHTC (Appendix C). Operation of the.
program was checked using known data points and azimuths. Results of
these camputations are presented in tabular form in Table V-2. For
convenience in visualizing the angular relation- ships, results are
also presented in graphic form in Figures V-la and V-2a.

Directions of Hyperbolas: The directions of hyperbolas for

9940-W, X, and Y were calculated using equations IV-4 and the azimuths
obtained as described in the previous paragraph. A sample calculation

follows:

Hyperbola Direction for 9940-X at Range-7:

(Azimuth of 9940-X) + (Azimuth of 9940-M)

HDp7 =
2

343.071686 + 38.358551
= = 190.715118"
2

(fram North)

Decimal degrees are used in the calculations for convenience.
Results of the calculations are again presented in Figures V-1b and 2b.

Direction of Increase of TD: Directions of increasing TD are

at right angles to the hyperbola Airections and increase in the
direction of hyperbolas which approach the master station. This
involves either adding or subtracting 90° from the direction of the
hyperbolas. For checking purposes, a lLoran-C chart of the area was
used. Results are again presented in Figures V-1 and 2.
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TABIE V-1. Station Positions (NAD 27).

Station Latitude Longitude

Range 7 36° 39' 02.47787" N | 121° 49' 08.58202" W
Luces Point 36° 38' 10.524" N 121° 55' 38.399" W
9940-M 39° 33' 07.046" N 118° 49' 52.241" W
9940-W 47° 03' 48.594" N 119° 49' 52.241" W
9940-X 38° 46' 57.472" N 122° 29' 40.050" W
9940-Y 35° 19' 18.342" N 114° 48' 13.946" W

TABLE V-2. Azimuths From Range-7 and ILuces Point.

Range-7 to Degrees,min, sec. Decimal Degrees

9940-M 38° 21' 30.784" 38.358551°
9940-W 7° 32' 22.823" 7.539673°
9940-X 343° 04' 18.070" 343.071686°
9940-Y 101° 47' 36.229" 101.793397°

Iuces Point to

9940-M 38° 51' 08.262" 38.852295°

9940-W 7° 45' 43.837" 7.762177°

9940-X 344° 23' 49.981" 344.397217°

9940-Y 101° 36' 16.319" 101.604533°
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9940-W 7.539673°

9940-X 343.071686°
9940-M 38.358551°

9940-Y 101.793397°

FIGURE V-la. Azimuths Fram Rarge-7 to 9940-M,W.X,and Y.

—
9940-Y 250.075974° * ﬁ
/]

/
9940~-W 202.949112°
// j9940—X 190.715118°

FIGURE V-1b. Directions of Hyperbolas at Range-7.

9940-Y 340.075974° \

\

9940-X 100.715118°

9940-W 112.949112°

FIGURE V-1c. Directions of Maximm Increase (Gradient) of 1D's at R-7.

51




9940-W 7.762177°

9940-X 344.397217°
9940-M 38.852295°

9940-Y 101.604533°

FIGURE V-2a. Azimrths From Inces Point to 9940-M,W.X,ard Y.

9940-Y 250.228424°

/

9940-W 203.307236° /
9940-X 191.624756°

FIGURE V-2b. Directions of Hyperbolas at Imces Point.

9940-Y 340.228424°

9940-X 101.624756°

9940-W 113.307236°

FIGURE V-2c. Directions of Maximm Increase (Gradient) of TD's at LP.

52




[

2. lanewidths

Lanewidths were calculated fram Equation IV-3a using the
azimuths camputed in Section V-A-1. Note that the units of lanewidth
are m/usec. With a standard lane of 1 usec the width of a lane is the
same number in meters. Velocity of transmission was calculated using c

and the index of refraction specified in the table of Loran-C constants

supplied by the Defense Mapping Agency (Ref. 4). Sample calculations of

lanewidth follow:

c
. (V-1]
n

Velocity of Transmission

2.99792453 x 108 mysec

. 1.000338

2.996911624 x 108 mysec

fl

Lanewidth of 9940-Y at Range-7 for standard 1 usec lane:

(10™%sec) (2.996911624 x 108 m/sec)

101.793397° - 38.358551°

2 sin
2

285.024 m

Results of the calculation of lanewidths are given as the L
values in Table V-3. 1In the table, I, 1, and Iy correspond to the

lanewidths for 9940-W, X, and Y, respectively.
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3. Average TD's, Stamdard Deviatiaons, Variances

Because of the large amount of data involved, it was necessary
to compute statistical information using a camputer program. Since
data was in the form of three TD's (one for each master-secondary pair)
every five secords, and readings were taken for periods of 20 to 40
minutes at each station, a Fortran 77 program with subroutines for
statistical information was written (see Apperdix C).

Station Range-7 was the "known" station of the differential
system, at which more readings were taken than any other. For this
reason, ard because regression egquations of TD vs Time were needed only
at that station, statistical information was calculated only for
station Range-7.

Mean of the TD's was computed by the following (Ref. 18):

Z.'I‘Di
Mean TD =

(V=2]
n

Variances of the TD's were calculated using the following (Ref. 18):

, TID;2 - (STDy)2/N
s¢ = [V-3]
N-1

Standard deviations were calculated from variances by (Ref. 18):
forrula (Ref.18):

s = (52)‘i [v-:4]
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Equations V-2, V-3, and V-4 were incorporated into a Fortran 77
canputer program which was used to calculate statistics of TD's for
9940-W, X, ard Y.

It should be noted that these statistics were in terms of time
differences, while in some cases it was necessary to know standard
deviations and variances in terms of distances. Equations IV-5 were
used for this conversion where necessary.

Corrected vs Uncorrected Data: One use of the statistics of

the data was to compare the standard deviation of raw data to the
standard deviation of data which was corrected for three secondary
stations. It was considered unlikely that the three station correction
could remove bias from the TD readings (error in terms of absolute
position) because most of this is due to systematic error rather than
random variations. It was believed that the three station correction -
would be most effective in reducing the effect of random variations in
time differences. The statistics on uncorrected and corrected data show

results consistent with this expectation (Table V-7).

4. Error Ellipse and Circular Error at Range-7

Range~7 was used as the known point of the differential system,
and a larger amount of data was collected at that point. Using the
crossing argles, standard deviations and variances of 9940-X and Y (the
best pair at that point), dimensions and orientation of the standard
error ellipse and CEP 50% and 90% circle radii were calculated for the

point using the information outlined in section III-B.
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The standard error ellipse and error circles for 50% and 90%

were plotted over a scatter plot of data fram Range-7. The result is

shown in Figure V-3.

Calculations of the standard error ellipse dimensions were as

follows:

Using 9940-X,Y:

01 = 0Ogga3p-Yy = (0.072546) (285.024) = 20.677 m
Oy = Ogggo-x = (0.068638)(322.024) = 22.103 m
¢ = 250.075974° - 190.715118° = 59.360856°

Calculating the semi-major and semi-minor axes of the ellipse:

20.6772+22.1032+( (20.6772+22.1032) 2-4 (20.677222,1032sin2p) )

ax -

2sin?g
oy = 30.595m
R 20.6772+22.1032-((20.6772+22.1032) 2-4 (20.677222.1032sin2¢) ) *
o =
Y 2sing
op = 17.362m

Orientation of the major axis of the ellipse:

20.6772sin 2(59.360856°)

tan 26 =
20.6772 cos 2(59.360856°) + 22.1032

8 = 26.474268°

Azimuth of major axis = 250.075974° - 26.474268 = 223.601716°

i

223.601716° - 180° = 43.601716° (from North)
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Figure V-3. Scatter Diagram, Standard Error Ellipse, and CEPgy and
CEPgq Error Circles, for Range-7 Data (see text for details).
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Using tables in Reference 6, pp.18-20, radii of the 50% and

90% error circles were calculated as:

@Pso = 27.936 m CEPgq = 63.226 m

Because the data included in the plot of Figure V-3 includes
two intervals of data oollection, the points are not as evenly
distributed as they would otherwise be. For this reason there are
fewer points near the center of the plot than would normally be the
case. The error circles and ellipse seem to be reasonably correct for

the given data.

5. Oorrectiaon Factor far Three Secandary Stations

The correction for three secondary stations was designed as a
technique to reduce the random error associated with time difference
data. It was expected to increase the precision of the position rather
than the absolute position.

For a variety of reasons there will be same covariance between
concurrent time difference readings from different master-secondary
pairs. The correction for three secondary stations is not expected to
reduce the error associated with this type of random error. The non-
correlated random error in TD readings should be reduced by this
correction to same extent.

In order to reduce the number of crmptations and the time
required to process data, most constant factors associated with the
correction factor can be camputed in advance and used as constants in

the computer program. This reduces the correction to only a few lines
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of relatively simple camputation. Because of the large amount of data,
this reduces significantly the time required to campute corrections.

In the calculations of adjustments to positions of Range-7 and
Iuces Point, the only factors which differ significantly are the long
term time differences at the two points. In this case the same Aj
factors can be used for correcting both positions for three secondary
stations. In cases where same of the parameters may differ
significantly, it would be necessary to calculate different A; factors
for each position. Table V-3 gives parameters for input to the Fortran
77 correction program for calculation of the A; parameters and

calculation of the corrections to data.

TABLE V-3. Parameters used in calculation of correction

factor k.
Parameter Value

3] 112.949112°

(.5} 100.715118°

?3 340.075974°

o1 0.150606 usec
(o) 0.068638 usec
03 0.072546 usec
In 563.934 m/usec
L, 322.966 m/usec
Iy 285.024 m/usec
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6. Regression Equations for Time Difference vs Time

Since only one Loran-C monitor receiver was available, it was
necessary to develop a method of estimating TD's at the known point
during times when differential corrections were required at the unknown
points. Linear regression equations of TD vs time were used for this
purpose.

Using equations IV-21 and IV-22, the data fram Range-7 was
processed to abtain the required summations of time and time difference
necessary to calculate the by and b; coefficients of the linear
regression equation. Only Range-7 data from the nearest time periods
before and after the differential correction period for luces Point
data were used.

The procedure for processing the data was first to apply the
correction for three secondary stations to the Range-7 and Iuces Point
data during the time periods of interest. Range-7 data was then
processed to obtain the necessary summations for the calculation of the
b parameters of the regression equations. Using the regression
equations for Range-7 data and long term TD averages at the two points,
differential corrections for the ILuces Point data were calculated as
described (Section V-7). Fortran subroutines (Appendix C) were added
added to the statistics program to obtain the summations and a separate
program was used for the differential correction of Iuces Point data.
Results of the corrections were compared to calculated values of TD's
provided by the Defense Mapping Agency, Hydrographic/Topographic
Center. TD vs time is plotted in Figures V-4 along with the regression
line for the data. Regression equations are in Table V-4.
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{Uaoec)

TD

TIME vs TD
9940-W 9/28/87
16316.8 <L
1€6.4 §
6318.3 — + +- + - +

5.0 1.0 1.0 1.0 3.0 4.0
TIME (PST)

Figure V-4a. TD vs time and the regression line for 9940-Vw
for Range-7 data corrected for three secondary stations.
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TIME vs TD
9940-X 9/28/87

EEEJ#

k)

:’m.3'

B)
J
9
3 4TR.2A
0
I

2752244 I

-
8.0 10.0 1.0 12.0 13.0 14.0

TIME (PST)

Flgure Vv-4b. TD vs time and the regression line for 9940-X
for Range-7 data corrected for three secondary stations.
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(Usec)

TD

TIME vs TD
9940-Y 9/28/87

42743.81

L]

Ll

12749.3

149,44
JERISN AR
ok
By

wead

477492 4 + + —— - +
3.0 10.0 1.0 12.0 13.0 4.0

TIME (PST)

Figure V-4c. TD vs time and the regression line for 9940-Y
for Range-7 data corrected for three secondary stations.
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TABLE V~4. Regression Equations of TD vs Time at Range-7.

9940-W: TD, = 16316.51564 - 0.00807243t
9940-X: TDy = 27522.33725 - 0.01385199t
9940-Y: TQY = 42749.29371 + 0.01056707t

time units: hours with minutes and seconds in decimal hours.
7. Differential Corrections

Equation IV-20 describes the differential correction which is
applied to TD readings at an unknown point based on TD's at a known
point. In this experiment the positions of all points are known, based
on their published positions from survey data (see appendices). One
point, Range-7, was chosen as the known point for purposes of
differential corrections. Data from one other point was chosen as the
unknown point for purposes of comparison to its known position.

Three things must be known to calculate a differential
correction based on equation IV-20. Rather than use long term averages
in this equation, the expected TD's at both points were camputed by a
standard Loran—-C program. Current TD's at Range-7 were calculated from
the regression equations described in the last section. The ASF
corrections in equation IV-20 were calculated for each point by the
Defense Mapping Agency using a computer program which is used in the
preparation of ASF correction tables, but which can be used for

determining the correction at individual points. The difference in ASF
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corrections is used in equation IV-20. Table V-5 gives expected TD

values (used as long term averages) at the two points of interest:

TABIE V-5. Calculated TD's used as long term averages (in usec).

Rarnge~7 Luces Point
9940-W 16314.68 16300.09
9940-X 27523.13 27496.79
9940-Y 42749.49 42755.87

ASF corrections were approximately the same at both points due
to the nearness of the points. Differences in ASF corrections used in
equation IV-20 were very small: 0.005, 0.002, and 0.003 usec for 9940-
W, X, and Y, respectively. Corrections of this magnitude are probably
less than the accuracy of the data used to calculate them, but at
longer ranges these may be large enough to be significant.

The final equation for the differential corrections based on
TD's at Range-7 are in Table V-6. Note that t is Pacific Standard Time

in hours, with minutes and seconds expressed as a decimal.

TABLE V-6. Differential Corrections (Cy in wsec, t in hours PST)

Cqw = -1.83064 + 0.00807243t

Cax = 0.79575 + 0.01385199t

Cgy = 0.19829 - 0.01056707t
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8. Accuracy of Position Fix

Figure V-5a shows a plot of uncorrected Range-7 data based on
expected TD's calculated fram the known geographic position. The grid
is in meters, oriented north-south and east-west, and with the center
at the published geographic position of Range-7. When the Correction
For Three Secondary Stations is applied and the average of the Range-7
data is placed at the origin, the result is as shown in Fiqure V-5b.

Note that the plot is now centered on the origin due to the
fact that all absolute error (bias) has been removed from the data.
The three station correction has also decreased the standard deviation
and variance of the Range-7 data as shown in Table V-7.

Figure V-6a shows Iuces Point data before application of any
corrections. These points are plotted based on the expected TD's at
the known coordinates of the point. The center of the uncorrected
Iuces Point data is at x = 375.820 m, y = 85.501 m, and at a range of
385.423 m and at an azimuth of 77.183° (from North) fram the origin.
Radii of the CEPgqy and CEPgqy error circles are 14.9 m and 28.4 m,
respectively.

Figure V-6b shows Iuces Point data after the application of
both three station and differential corrections. Again, the origin is
at the known position of the point. For visual comparison purposes,
the same scale is used for both Figures V-6a and b. For the corrected
data, the center of the data is at x = 47.213 mand y = -7.015 m, with
a range of 47.731 m and at an azimuth of 98.451° (from North) from the

origin. CEP5n and CEPg radii were 12.6 m and 26.0 m, respectively.
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Figure V-5a. Scatter Diagram For Range-7 Uncorrectzd Data. Scale is
in meters oriented N-S and E-W, centered on the time
differences calculated from the published coordinates
of the point.
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CORRECTED 9840-X,Y

304 SCATTER DIAGRAM
[ STATION RANGE-7

"?’ ' 100 200 300
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Figure V-5b. Scatter Diagram for Range-7 Data Corrected for Three
Secondary Stations and Differential. Scale is in
meters oriented N-S and E-W. Center of data is
corrected to correspond with calculated time
differences for the published coordinates of the point.
See text for details.
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Figure V-6a. Scatter Diagram For Iuces Point Uncorrected Data. Scale
is meters oriented N-S and E-W, centered on the time
differences calculated fram the published coordinates
of the point.
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Figure V-6b. Scatter Diagram for Iuces Point Data With Differential

Corrections Based on Range~7 Data and With Correction
For Three Secondary Stations. Origin of plot is at the
time differences calculated fram the published
coordinates of the position.
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TABLE V-7. Standard Deviation and Variance of Range-7 Data With and
Without the Correction For Three Secondary Stations.

Pair Without Correction With Correction
c 0.068638 0.051161
9940-X
02 0.004711 0.002617
o 0.072546 0.052081
9940~Y
0.005263 0.002712

B. Conclusions

Based on the results given in part 2, the absolute accuracy of
the Inces Point Data was improved from an average error of 385.423
meters to an average error of 47.731 meters. Practically all of this
improvement was a result of application of the differential correction.

Precision of the Iuces Point data was improved fram 14.9 m and
28.4 m for the 50% and 90% CEP radii, uncorrected, to 12.6 m and 26.0 m
for the corresponding radii, corrected. Most of this improvement is a
result of the correction for three secondary stations.

These figures are based on the processing of 486 sets of TD
data from Range-7, the "known" point of the differential system, and
252 sets of TD data at Iuces Point. Each set of data included time and
three TD's, one for each master-secondary pair (9940-W, X, and Y).

Under ideal conditions a better absolute correction would be
expected for these points. From an examination of the characteristics

of the data, the weakest point is probably the lack of a continucus set
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of TD readings at Range-7. Error in the estimate of TD's based on the
linear regression lines may be as much, or more than, the 48-meter
average error in the corrected positions calculated for Iuces Point.

Othersoarcesoferrormyincluieﬂmefactthatsaneofthe
Loran-C signals traversed same seawater path near Iuces Point, with
unknown results on TD readings at that point. This type of error is
known to result under similar conditions, but no means of estimating
its magnitude is available at this time.

In sumary, the absolute positions calculated from differential
corrections of Loran-C data seem to be a significant improvement over
the positions calculated from raw data. While the correction for three
secondary stations does not add much to the estimate of positions in
this experiment, the improvement of 50% CEP radii by about 15% does

seem significant enough to warrant further consideration.
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APPENDIX C-1

THIS PROGRAM READS DATA PROM A PILE OF VINE, A, B, C

CONTINUES YO THE END OF THE FILE, CALCULATING THE NEAN,

VARIANCE, AND STANDARD DEVIATION OF TME A, B, AND C COLUNNS,

AND PRINTS OUT THE RESULTS INTO A FILE tdout.t
doudble precision tise, timel . tise2,tined,n,d,c,nn,ne,nd,ne,
CIUR,BUNE, BUBD, SUBC,3UB82,8unb2,5uUBC2,sump], suRd],suncl,8],bl,c!
open (unjtal,ffle & ‘out9.?°, fors s ‘forestted’,
ssccesss'sequentiel’)

open (unfts2,file s ‘outs.f’, form s 'foraatted’,
enccesse'sequentisl’)
revinog }

resdl(1,*} frstin

resd(1,*) secin

50 write (*,4) tinel,tinme2,tinel.nl,b1,cl,ne.na,.nd,nec

time = timel « time2/60. ¢ tine3/3600.

vrite 12,8) time,01,b},cd
Sus = sua ¢ 1,

sSUBE = SURS ¢ @
susal = susal ¢+ ol
suRs2 = suma? ¢« 2"
susb = susd ¢+ b
suabl = susbl ¢ D1
susb? 5 susb? ¢ D°D
SUBC & BUBC ¢ €
sumc) s sumc] ¢ ¢!

susc? = sumc2 ¢ ¢'c
readi1,2,errs0,iostatsjoerr) timel tine2, tinel 81,0,b1,b,
scl,c .
it (foerr) 10,%0,10
10 sur 3 sur = 1,
vrite(®, 61 foerr
col) s2{suma2.suse,sus,sunatl)
eall 32(sunb2,sunb,sun,sunbl)
call s2(sumc2.sumc, sum, sunct)
2 format(t},d2.0,04,02.0,87,02.0,818,08.3,821,04%.3,t27,
opa.3.!30.65.3.!36.6!.3.!39.65.31
¢ Tormet(13.0,25,13.0,2x,13,0,25,130.3,2x,110.3,2:,710,3. 21,
ofé, 18,14, 14)
¢ torast!('joerr s ', 13}
8 forsat(#312.8,25,130.3,21,910.3,212,110.3)
9 formet(°dste error’)
40 stop
end

subroutine s2(12,1,d,81)
double precision 12,1,d,me0n,varfan,sd,s)
seon ¢+ 81/¢
verfen s (22<1°3/d)/(d-})
sd s dsart{verien)
write(®,12) sesn,vorian,sd
vrite(2,12) sean,verien,sd
return
12 forsst('mean o *,112.3,21, 'verdance s ', 112.8,21, 8¢ v *,112.8)
end
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220
224
230
240
250
25%
20
2¢5
270
280
290
295
300
305
310
320
330
340

360
3es
370
37%
380
390
400

420

2%
430
433
800
810
820
830
$40
$80
560

APPENDIX C-2

Fg8 *-vecrecccccmrranccerentrtstsecnrsaveenceonrecocaroacaans
res === PROGRAN FOR GAUSSIAN ELININATION WITH PIVOTAL CONDENSATION eccce--
rem =cevce==ec FOR SOLUTION OF SYSTEMS OF LINCAR EQUATIONS ecccccanccecnecs
Fed mevvevececcccncncs WITH UP TO 10 UNKNOWNS semcsscvecsscrcacronannns
8 TcccmcrromsesccrsrectersasROcca TGRS anan bt bl b A Al bl L A L
res

open ‘1%, 81, “ytest. .t : dim AD(10,1)):dis BO(11):0ie RE(31):dim 20(1))
fnput 01, rovs!, cols!

r s rovs! : c s cols! : rov] = 1 : ¢coll = 1 : hohrov s )

res
res =--==-= {nput the sotris:
res
tor J = 3 to rovs!

for & s 1 to cols!
input 81, AB(J,k)
it kx () cols! then 160

AS(J.k) s =1 * AS(J,k}

next k

next §

ree

res ~---- beoin mein program ------- R cereccccccann eeeecccsceccaven
res

gosud $00 : rem --= check §if uniaue solution

gosub 890 : , res --- prints out array

gosub 650 : _rem =-=- checks for rov with highest first non-zero entry
res

i1 highrov s row] then 240

ree

posudt 700 : res --- eachsnge rovs §{f necessory

oosut 760 : res --- gets first non zero entry in row) to 1,0
posud 830 : rep -~ gets tirst entry tc zero fin to}loving rows
ren

rovl] = rovy ¢ § : co)l s ¢coll ¢+ 1 ; highrow s rowl] : res -=- fncresent counters
ree

it rowl () rowvs then 200 : res -~- chechs if Jast rov has been reached
gosub 760 : : rem --~ sets first non 2ero entry in finsl rov to 1.0
oosudb 890 : res --- tinal printout of erray

rem

reg =-e--- calculntes the unknown 1 values:

res

18(cols!) = 1 : o & rovs!

for § s 8 to 1 step -}

for § 5 { to cols! - 1

801} o an({) - 38{5e1) * ABli, §el)
nert J§

nest |

res

res ----- prints out the r values:
res

for k s § to rovs!

print "8° kef * o ' yg(k)

nert &

end

res cccc- end O0f BOIN Program ccerrceoccccccconcreccccncssncvncasccsacnsnns
res

rem c~ewe Degin subroutines secccccctvrcncccsnacretsuntensintensernecsoans

ren

for § s § to rovs!
for § = ) to rovs!
it 4 s § then 610

for h o § to cold!

i1 AR(i,k) o O then 840
nelv)o AD{S,M)/A008,0)
nert &
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870 for @ & 1 to cols! - 1§

S80 1t nela) () Ne(med) then 10

$90 nest »

600 print “EQUATIONS NOT INDEPENDENT ... NO UNIOUE SOLUTION ... ONE SOLUTION roLLous’®
610 next §

620 nest |§

630 return

635 res

640 res ~---~ subroutine to check for rov with highest first non-zero entry:
650 tor §{ = row! to rowvs! - 1

660 1f abs{AB{i,col1)) ) abs{AB(iel,c0ll)) then 68D

670 highrov = { ¢ 1§

630 next |

690 return

695 rem ----- gunroutine to eschange rovs and put highest first entry first:
700 for { = coll to cols!

710 88{{) » AB(rovi, §)

720 Ab{rovl,i) » AB(highrow,i)

730 ASlhighrow, ) » BR{{)

7640 nesxt §

750 return

75% rea ----- gudbroutine to set first entry §n first rov to 1,0:
260 N8 = AR{rowi,col))

770 for k s ¢coll to cols!

780 {f AB{rowi,coll) s O then 310

790 As(rowvi,k) = AS{row}, k)/m2

791 print k

800 nert k

810 return

815 res ~---- subroutine to set other first entries to rero:

2C for J 3 rowl ¢ | to rovs!

€30 P8 = AS{j.col3)/A0(rovi,coll)

84C tor k = col) to cols!

850 AB[J,0) = AB(j,k) - A¥{rowl,k)’PE

260 nest &

870 next §

880 return

885 rems ----~ gubroutine to print out the watris A:

890 for J = 1 to rowvs!

900 for k = 1 to cols!

910 print A(J, k),

920 neat k

930 print

940 next J

950 print rovl; *secmccccccccracitreteccncericecrttrtercttttaccratcnssestnoennaans
960 return

970 print "NOT ENOUGH EOQUATIONS ... MANY SOLUTIONS ARE POSSIBLE®
980 return

990 eng .
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. APPENDIX C-3

PROGFAN AZM
Ay £378208.4
£ v 6280082, 8
OFENIUNITRY FItEn'nzfn. ¢’ FORNS PFORRATIED",
eACCESSs "SLOULNTIAL")
REVIND )
szimuth i3 froe pofnt 1 to ooint
READ(Y,2) ALAT2,ALONZ
READ(1,2) ALAT), ALON]
FLAG » 0.0
CALL INVIA B, ALATI, ALONI,ALAT2,ALON2,FLAT,DIST AZI
A2 3 A2 ¢ 3,041%92¢54
A2 5 A2/3.043%0265¢%18C.0
IF (A2.360.01 16G,10,20
20 A2 ¢ A2 - 360.0
10 WRITE(®,3) DISY,A2
Y oa ALATZ/N. 141892¢%¢°100.0
Y » ALONE/3.141502¢50%)180.0
Vs ALATI/S.16)890¢%¢%18C.0
Wor ALONI/3. 3e3%62e%¢°12C.0
WRITE(®,6) x.Y
WEITEL®, 5 v, b
FORRAT(FO B T12.FO Y
FOFRATI DISTANCE = “,F32. 3,00, "HMETERS , 30, A2IN0TH & ", P12, 2,20,
G INGRTHY )
G FOFMRTI POINTS: 2%, LAY, 20 P8 S N ,Sx, "LON:",20,F0. 8, W)
S FOPFATITFOINTY: "0, "LAT: 22X, FE. S, N, CLON:" 20 ke 8, ")
L

DY A ]

SUBKOUTING JNVIEQFAL POFRAD FLYS RUNI . RLYZ RUNS CFLG.0DST, AT
1€ 1CFLGY 3CL.00.100
161 FLAY 3 ), CG-FOFRl ELFAD *
Fa 217 1 FLAYFLRY
Fl = FALATID® Y. 2%

Foow FA LTI
FYl s FALATZ®C.O!
FL s FALATZ'L. 12
Fe x FALAY2°0.0e0
Fe s FALATZoF LAY
F™ s Fee1. 0

Fe » Fe°0.%

Pl o2 3.040%62¢%¢
TUOFT » o, 28312%2C°
CFLG s 3.0
100 CETAY o AVANL(1. 0-FLATIPSINIRLIII/COSIRLYL)Y
SEETA) » SINIRCTAY}
CECTAY s COSIRETAY)
BETAL = ATANI()1,0-FLAT)*SINIRLT2)/COSIALYDY)
SELTAD & SINIBETAL) '
CRETAZ o COSIPETAT)
DELL = RLNJ-FLNS
ADELL = ARSIDELLY
IF FAOELL-P]) 30e.1C%, 800
100 ALELL s TWOPLA0ELL
106 SI0EL o SINIADLLL)
LOEL 0 COSTADELL)
bos SEEYALCLRLTAD
B oo (RUTAIICEETAS
COPMI & AesR?CODEL
CI1PKHL s
BSORTIISIOEL CRETAI 24 SRETA'COPYAY-SRETAI CBETAR I CODELY 2
C s B'SIOLL/SIPNHY
s §,000%¢C
Pl e ALINISIPHEY
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207
208

209
210

214
211
220

212
218
21¢
217

218
22}

213
219,

IF (CoPul) 207,208,208
PHI » PY-PH]
PHISO = PHI"PH]

CSPHY o 1,0/31PNH]
CIPH]I s COPHI/SIPH]
PSYCO s SIPHI*COPHI
1ERAL & F2°PH]

erne »

TERAY »

TERMG o AAPF2°PSYCO
1LRAS &

1ERNG &

TERRY s FO'PNKI

ACIPe*SIPHI-FR PHISOCCEPN])
ENC(F2'PHISOCIPHI-FB (PHIePSYCO))

TERNE o A®(F2°SIPHIOPALAT2°PHISO CSPHT)

TERMS = EN*(FIF3I*PSYCOFALAT2 PHISO CIPHI-F1°PH])

2LAN 5 CCTERM?-TERMBTERNY) ¢ ADELL

CTAZs(SBETA2°COETAL-COS{ZLANZ)*SBETAI CBETA2)/(SINIZLAN) CBETA2)

1F (C1A2) 210,209,210
CTAY = 0,0000000%
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