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L. INTRODUCTLION AND STATEMENT OF PROBLEM

Loran-C, a 100 KHz, time-difference, hyperbolic radio navigation
scheme, has certain advantages for use as a primary navigation aid for
general-aviation aircraft, Significant advantages include long-range
coverage by using a few transmitte ‘s, useful signals at low altitudes and
in mountainous terrain, and signals which are stable allowing accurate
and consistent positional data to be obtained., These advantages have
prompted federal authorities to consider this system as a primary naviga-
tionlaid and for application as a non-precision (two-dimensional) landing
aid.

Lcran—A, which ope.ates at 2.5 MHz, was in use for over 30 ycars
but has now been discontinued. Loran-C, which has been in operation for
20 years, is continuing to expand with new chains in all parts of the
world., Loran-C provides more stable signals than Loran-A over long
distances and for this reason, there has been increased interest in land-
based use of Loran-C for aviation activities. Loran has traditionally
been used by the maritime services and has not becn accepted previously
in aviation circles because of users' unfamiliarity with hyperbolic
systems and their impracticality and the lack of low-cost, simple equip-
ment to convert the hyperbolic data to a more readily understood form.

Th's paper documents a rather complete effort to design, build,
and flight test a navigator unit which converts loran-C data at the out-
put of a receiver to latituce/longitude coordinates and also range/
bearing coordinates to a waypoint., This work has taken advantage of
contemporary microprocessor technology for simplc implementation of new
algor'thms to give accurate positional information from loran-C. This
has ii..olved investigation and testing of various data conversion
methods, designing and building the necessary microcomputer hirdware and
the writing of the data conversion software. Finally, the entire concept
was tested during approximately 30 hours of flight in a Piper Cherokee
and a Douglas DC-3. It was proved that a simple method will indeed con-
vert loran-C data to a pilot-usadble form. The microcomputer equipment
necessary is low in cost and readily available and the system works well
in providing good navigation information in an aircraft flight environ- 3
ment. With the continuing trend toward more powerful and lower cost »
electronic devices, the roadblocks to implementing fully a Loran-C navi-
gator have essentially been removed.

i

i e

The international standard method of navigating is to use the VOR )
(VHF Omni Range) aad DME (Distance Measuring Equipment). This system,

with over 1000 stations in the United States, has proven to be acceptable

o wgil

1Non-ptecuion is used to connote that no vertical guldance is pro-
vided. An extensive study in this area has teen ongoing in the
state of Vermont. See, for example, Polhemvs, W.L., "Evaluation of
Loran-C for Enroute Navigation and non-Precisinn Approach Within
the State of Vermont,” Proceedings of the National Aerospace
Symposium, Dayton, Ohio, March 1980.
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and very capable. Information 18 provided to the pilot in the form of
the angular bearing and distance relative to a VOR/DME statlon [1]. A
more r3icent feature called area navigation (RNAV) works in conjunction
with VOR/DME d.ta to allow the pilot to set up arbitrary waypoints (et

alrports, VOR/DME stations, etc.) and then fly a straight-line course
between these points,

The incentive to consider low-frequency systems is that the VHF
and UHF signals from a VOR/DME station do not propagate to follow the
earth and provide low altitude coverage and signals and can be blocked by
mountains. Also, with low-frequency systems, 20 to 30 stations could
cover the entire continental U.S. which would be considerably cheaper and
easier to maintain than over 1000 stations.

With the ability to cover low altitudes, Loran-C could provide,
at no extra cost, an accurate approach navigation system currently un-
available at many airports. There are over 14,000 airports in the U.S.,
half of which do not hive :lectronic instrument landing aids. By having
an all-weather approaci. =id, such as Loran-C could provide, the utility
and cost effectiveness of existing airports could be increased.

Clearly, there are other methods of ailr navigation including non-
directional beacons (NDB), dead reckoning or inertial navigation. There
is also some promise of using satellites for navigation [2]. These
methods have disadvantages. For example, the NDB is not as preclse
to use as the Loran-C and inertial navigation and satellite systems are
certainly much more expensive than Loran-C.

The present-day, Loran-C network curcrently covers much of the
northern hemisphere as s3hown in Figure 1-1. The possibility of using
this system especially for non-precieion approaches and RNAV has
generated much interest and has been inves.igated extensively [3,4].

This research has dealt with ways to handle such practical problems as
GDOP (geometric dilution of precision), which occurs when the hyperbolic
lines—-of-position cross at acute angles, and the effect of passing over
a loran-C station. It has been shown that these problems can be handled
effectively without seriously affecting the overall utility of the system
[5,6].
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This brief reviesw of low-frequency navigation systems,

including loran, is intended to show how present-day loran-C has bene-

fitted from experiences gained through experiments with other systems.

The operation of the Loran-C system 1s discussed, and the details of

how navigation information is derived from Loran-C are preseanted.

1L, REVIEW OF LORAN-~C DEVELOPMENT AND OPERATION

A. Historical Development. Eariy in aviation history it
became apparent that Ilylng activities needed to be conducted at times
Jhen navigetion by visual cues alone was no: adequate, Other means of
navigation weie needed, and these can be divided into sclf-contained
and ground-based systems. Self-contained systems such as inertial
rnavigation have all the navigation components on board the alrcraft,

A ground-based system sends a signal or signals to the atrcraft whece
navigation information is derived. Ground-based systems, such as
VORs, are preferred oecause the heavy and bulky equipment can be kept
off the aircraft., In addition, use of ground-based nivigation systems
can provide correlation among all users to a fixed reference point

(or a set of points fixed with respect to the uscrs) thus allowing
users to establish their position and avoid collisions with each
other.

1. Reasons for low-Frequenc Systems. It is most -~atural
to use radio signals to transmit navigation information to an
aircraft, although there are restrictions as to which frequencies are
optimum. As shown in Table 2~1 the propagation charactertistics
of various frequency regions vary considerably [7,8]; at very low fre-
quencies the transaitted waveform follows the earth's curvature in a
duct formed between the earth and the ionosphere, and in the VHF¥
region the waveform follows a straight-line path from the transmitter
to the receiver and can be blocked by the horizon or large objects
such as mountains.

While low-frequency s.gnals may be transmitted over several
hundreds or thousands of kilometers, with sufficient power, these
signals often are contaminated with noise to the extent that the level
of average noise is higher than the signal. The transmission of
medium-frequency signals for navigation use has a serious disadvantage
in that these signals are refracted by the ionosphere causing the path
length of the signal ro rrange as the height of the lonospherc . aries
with tiwe of day and s2ason. The use of VHF or higher frequencies
affords S:ndwidths of several kilohertz to regahertz Ltor transmitting
navigation information; however, with line-of-sight coverage, the cost
nf placing and maintaining the transmitters necessary .o provide adequate
coverage is a serious disadvantage.

For covering a large area of several hundred thousand kilome-
ters or more, a low-frequency system appears appropriate., At very low
frequencies, transmitter and antenna design is difficult because of
the high power levels and long wavelengths involved. The bandwidth

-4~
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Frequency Wavelongth Deslgnatlon Type of Prupagation
Range (metars)
JHz - 3JOKHz 10% to 104 very low f(req. Glubal ™
- -t - - ® s e S o W - - ;
30KHz to J0OKHz 104 o 103 low (req. 2000 K ]
300Khz to JMiiz 103 o 102 medium frey. ground wave 500 to ]
1000 X skywave 1000U- ;
2000 Kin
IMHz to 30MHz 102 ¢o 10! high freq. ground wave limited Lo 3

<50V Km, skywave can
cover sceveral thousand

Km
— e e e

JUMItz to 3J00Mitz 10} o 109 very high treq. wostly Line-ol=sight
Nt I
300Miiz to Gz 100 ¢o 174 ultra high freqd line-oul-sight é
and above 10-1- :
|
i
i
3
Table 2-1.  Rang: of Radio Frequencles and Thelrc 5
Propuagation Characteristics. 5
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available at very low frequencies is narrow, less than that required
for voice transmission, thus limiting “.ow much {nformation may be
sent [9]. The low~frequency band allows enough bandwidth to use
pulse~typ» navigation systems which simplify retection of navigation
information compared to the use of continuour-wave systens,

2. Con.ributions of Other Systems. Many tests were con-
ducted using low frequencies for navigation. Some of the tests led to
systems that did work, although they were not very practical and were
difficult to use. Because of the stable nature of very-low-fiequency
signals, some systems were developed which used variations in phasc
selative to receiver location. The use of continuously transamitted
signals was necesvary because of the bandwidth restriction on the
antennas. The European Decca and the more recently developed Omepa
systeas are examples of these, In these systems, the receiver com-
pares the relative phase between two or more stations, ard these phase
differences then define a set of hyperbolic lines of position, the
intersection of which i{s the receiver's location. A lane iden-
tification probler is inherent to thesc systems because of the cyclic
redundancy of the transmitted signal. There can be considerable
variation of the transmitted phase because of natural phenomena, =2nd
this has been the subject of much research [10,11].

In the 19408, work was begun on pulse-type navigation systems
operating at various frequencies, mostly in the medium-frequency
cange [12]. These systems attempted to derive navigation information
by using the time difference of urrival between pulses rece’'ved from
different statiora. Over a period of time, the technology of
designing highly stable oscillators became very refined and it was
soon recognized that much better navigation coverage could be obtained
in the low-frequency band. Becausc of the demands of the Second World
War, a pulse-type system, called Lo-an-A and operating near 2 MHz, was
astablished while research on low-frequancy techniques continued. In
1946, a system callec Cyclan usiag automatic cycle ldentitication and
phase measuring techniques was develcped. Thir soon led to the
testing of another system called Cytac, operatlng in the 90-100 kiiz
band, which used the leading edge of pulses to reasure time differ-
ences. In the late 1950s, a sct of specificat’ons was developed which
was considerably improved over the standard Loran, and thus the Cytac
tests became what 1s known today as Loran-C [13]. The Loran—-A systeam
was then phased out beginning in the late 1970s with complete
withdrawal of the system in 1980.2

Throughout many early experiments there was very little known

about the propagation cuaractecristics at low frequencies and how these
characteristics would influence the outcome of the navigation experi-
aent. Often, some rather surprising discoveries were made ducing the

A good discussion of these navigation methods is provided by
Sandretiv, P.C., Aeronautical Radio Eanginecring, McGraw-hiii Book
Company, New York, 1942,

——
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testing of these prospective sysLems and much knowledge was gained by
actual field work. Loran-C today contains many elemencs such as long-
range coverage and pulse transmission to avoid mutual interference and
skywave cont:minat:on, which were discovered years earlier. The
systen is an optimization of many cf its predecessors,

. Basics of Loran-C Time Differences (TD). Each loran-C sta-
tlor traismits a seriec of pulses with a carrier frequency of 100 kHz.
An exampl. of a transmitted pulse is shown in Figure 2-1., The n the-
matical description of this pulse is:

£(e) =( %n )2 exp(2(t —<%»)l Cusw_t
p P

where t, = 65 us and w, = 2rx100 kHz. Thi: equation represents a
pulse with rapid rise time to allow the receiver to lock onto the
early part of the pulse before a skiwave pulse appears. The latter
part of the pulse has a slow decay time to confine the energy to a
band extendiag from 80 to 120 kHz. r(he phase of the leading edge ls
tightly controllea since this is where the receiver samples the signal
to determine time differences [14].

l. Deveclopment of Time Differences. Lloran~C stations ar:
associated in groups of betweer three and five statfions; one station
{s designated the master and the others are designated sccondary or
slave stations. As shown in rigure 2-2, the master station transmits
nine pulses, the first eight separated from each other by 1000 us, and
the ninth separated from the eighth by 2000 ps. This is done for
identification purposes. Esch of the recondary stationg transmits
eizht pulses separated from each other by 1000 us. A particular group
of statione i3 called a chain and is identified by the chain's group
repetition interval (GR1) which is the race that a station trausmits
pulse groups. Further identification ia provided by perlodically
reversing the phase of the carrier for each station in a set sequence
[15]. Typical GRIs are in the range of 49900 us to 99900 us. By
measuring the amount of time between the arrival of a pulse set for
different stations, the lLoran-C time differences are determined which
can then be used to lccate the receiver's position. This will oe
exaained {a wore detsil in the next chapter.

2. Hyperbolic Coordinstes. As will be pcinted out later,

the Loran-C TD readings are of the form of a hyperbolic equation.

This places loran—-C with most other navigation systems used below

30 MHz whose primary source of information is a set of hyperbolic
coordinares. The reasou for this {8 that narrow bandwidths at low
frequencies do not allow sufficient data rates to transait signal:
«ith a higher information content than the pulse system. Unfortu-
nately, it also puts more of a burden on the receiver or operator who
sust then convert the cooxdinates to a mcre convecnient form. The most

3
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natural form of navigation information {s the user's location Is rela-
tive to a reference point. A hyperbolic system only provides an

abstract set of coordinates defined by the particular setup of sta-
tions.

3, Lines-of-Position. By measuring the difference in time
of arrival of a set of pulses from two stations, a TD number is found.
Referring to Figure 2-3, a TD number is a poiant on the locus cf points

all having the same value. Denoting the distances from each of sta-
tions to the polnt as dl and d2, and the constant difference as 2a,

then
d, = Jexin? + ¥ ORIGINAL PAGE \1_3 -

GF POOR QUALI

and

d, = |/(x-c)2 +y? (2-2)

Since the difference of the distance is constaant, i.e., dl - d2 = 2a,
then

i) + 52 -l + yP = 2 (2-3)
Rearranging and squaring both sides
(x+e)? + y2 = 4a? + 2a J(x=c)? + y* + (x-c)? + y? (2-4)
By further rearranging equation (2-4)
(82 - cz)xz _ a2y2 - a2(32 - CZ) (2-5)

substituting cz - a2 + b2, the standard hyperbolic equation is pro-

duced. That is .-

é.z_-ﬁ-l (2~6)
a2 b2

£ P .
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Figure 2-3. The TD Value Received ot Point P From the Loran
Stotions at (-c,0) and (c,0) is on the Locus of
Points with Constont TD of 2a.
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Point & represcats the x—-axis crossing of the hyperbola and
polat b {s the conjugate axls lungth such that the asymptote of the

hyperbola is y = bx.
a

Each hyperbolic locus of points is a line-of-position (LOP).
Since one LOP does not uniquely define the receiver's position, a
second master-secondary pair must be used to define a second LOP; the
intersection of two or more LOPs defines the recelver's posfitlon, as
shown in Figure 2-4,

C. Method of computing time-differences. Reference for the
following discussion will be made to Figure 2-5. The signal
transmitted by the master station (M) is radlated in all directlious,
The time it takes for the signal to reach a given point is related to
the speed of light (approximately 300 meters per us) and to a lesser
extent, the medium through which the ;;{gnal travels. The secondary
statlons always transmit after the master; the time interval between
the transmission of the master signal and the secondary signal is
equal to the amouui of time it would take the master's signal to reach
the secondary (baseline time) plus a codinyg delay. Coding delays are
introduced at the socondaries to ensure that no two statlons will
overlap anywhere in the coverage region. At the receiver position,
there will be two signals present, the master and the secondary
separated by a certain amount of time. The amount of time can be
expressed mathematically as:

TD =8+ A+ T.~-T (2-7)

S M

where TD i8 the time difference in arrival of the master and secondacy
signals, B is the one-way baseline time between the mister and secon-
dary, 4 is the secondary coding delay inserted by the secondacy, Tg is
the one-way baseline time between the secondary station and the
r:ceiver, and Ty is the one-way baseline time between the receiver and
the master station. The baseline time Ty is subtracted from the above
equation to account for the receiver's dispiacement from the master
station, Equation (2-7) contains the difference of x and y terms in
the form of Tg and Ty plus additional constants and is thus in the
form of a hyperbolic equation.

The bascline quantity B and the coding delay are generally
kaown from the values set up during the installation of the Loran-C
chain. The baseline quantity B can be accurately measured and the
coding delay is chosen to provide ressonable distribution of the
secondary signals throughout the group repetition interval. These two
quantities are usually combined and published in the data for a par-

ticular chain by the U. S. Coast Guard [16]. The two baselire times
from the receiver, Tg and Ty, are unknown and must be calculated

before they can be applied to the TD equation. This involves computing
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2.

Receiver

]
M

TDs Receive-, from the Variovs Master=-Secondary Pain Define
LOPs which All Intersect at the Keceiver’s Pusition. Cach
LOP corresponds to u particular TD number (in microseconds).
The LOPs are actually hyperbolos with their corresponding
master-secondary pair of stations as foci.
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Figuie 2-5. The TD Reading ot the Receivur is Formed by the Amount of Time
the Signal Travels Betwsen the Master and Secondary, Plus the
Coding Delay, Plus the Amount of Time tho Signal Travels from
the Secondary to the Receiver, Minus the Amount of Time the
Signal Traveled from the Master to the Receiver.
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the length betwesn the receiver and the Loran-C stations and computing
how much time it would take for the loran-C signal to traversc thls
distance. Being able to do this is the most important part of a TD
prediction algorithm,

Computing the amount of time required for an electromagnetic
wave to travel from one point to another involves two factors: calcu-
lating the aexact baseline distance between the two points taking into
account. the non-spherical nature of the earth, and applying correc-
tions to the velocity of the signal as {t passes through the medium
around the baseline. The conductivity of the earth and effect of the
air have the greatest impact on the velocity of propagation.

A method of calculating baseline length between two polnts on
the surface of the earth will now be presented. As shown in Figure
2-6, the earth is approximated by an ellipsoid witt major (equatorial)
radius, a, and minor (polar) radius, b. The usual coordinate frame
for defining a point on the surface of the earth i: the geodetic
spherical coordinate system where the latitude 1s represented by ¢ and
longitude {8 represented bv A. The geodesic arc-length between two
poiats on the earth may be computed by the following procedure which
zalculates the arc-length on a plane through the center of the
ellipsoid [17]. One begins by defining ¢ as the geodetic latitude of
the receiver and ¢4 as the geodetic latituuz of the second point
(Loran-C transaitter) and A\ as the difference in longitude between
the receiver and second point. The procedure for computing the arc
length {8 to consider a sphere of radius a circumscribing the earth.
By projecting the latitude of a point on the earth onto the sphere,
the point on the sphere has a parametric latitude denoted by 8 [18].
The parametric or reduced latitude is computed as:

tang = (1 - f)tan¢ (2-8)
tang, = (1 - f)tand}i (2-9)

where the subscript i represents the second point and f is _he flat-
tening of the ellipsoid:

a->b (2-10)

The generalized direction cosines of .the projected point are:
Cl = cosf sinA) (2-11)

C2 - cosBsinB1 - sinBcosBicos(AA) (2-12)
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Figure 2-6. The Eorth is Approximated by an Ellipsoid. A sphere is circumscribed
oround the ellipsoid with the major radii equal. Then the point p
on the eorth is projected onto the sphere.
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The bedring angle, with respect to true north, from the receiver to the
second point, measured at the recelver is:

C)
tan¥ = — (2-14)
)

The approximate angle from the receiver to the second point, in a
plane through the center of the ellipsoid is:

Czcos? + ClstnY
tan0 = o - (2-15)
3

The geodesic arc length between the receiver and the loran-C
transmitter may be found from

ae.§£ (mu + nv) (2-16)

where:

(sing + sinei)2

m-
. sinB‘: sinB1 2
sin0 (2-17)
- 1 -~ cos0 0 - sinQ

v = (=mo— ) (“Smo )

v = (1 + cosQ) (0 + sin0)
To calculate Loran-C time differencec, it is necessary to do this pro-
cedure twice; once for the receiver to master station arc length and

once for the receiver to secondary station arc length. The units of
depend on the units used to specify the radius of the earth, a. If
the units of a are in microseconds (300 meters = 1 us), then p gives
directly the amount of time needed for the loran-C signal to travel
from one point to another. This method uses an oblate spheroid model

-17-
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of the earth to dpproximate the guodusic. OCver distances typical ot
those :involved with loran~C work, this usually is adequate. In a
generalized development of geodesics on an ellipsoid by lhlmstrom, a
three~dimensional model of the earth was developed allowing the three
axes to be unequal. Using an oblate spheroid casc where the aqua-
torial axes are equal, the demonstrated error over a 482 km ygeodesic
was 0.82 m with a 0.035 sacond of arc error {19].

Although the above procedure may be used to calculate Loran-C
time differences, the assumpticn made is that t!~ loran-C signal will
travel over the baseline path with & coastant wlocity, independent of
the ad jacent medium. In practical loran-C work, the loran-C signal
travels over media which can have widely varying characteristics.
Except for all-water paths, the signal travels over a surface of
{nhomogeneous conductivity and dielectric constants and also one which
has irregular surfaces. There have been many attempts to produce a
working model of the earth's surface in order to resolve the problem
of predicting the signal phase delay, but such attempls uare very dir-
ficult in light of the non-spherical and the irregular surface lape-
dance nature of the earth. In an integral equation model of 4
nonhomogeneous, irregular earth proposed by Samaddar, predicted secon-
dary phase delays of 2.5 to 3.5 us over 3 path length of 300 co 400 km
were calculated which compare favorably to measured values [20]. The
difficulty in applying such models lies in getting an accurate profile
of the section of the earth over which the signal will pass. The
numerical calculations finvolved in solving the integral equations arc
complex and yield a phase factor correction of only a few microse-
conds More general impedance models are typlcally employed, such as
with the Defense Mapping Agency3

The total time difference equation including secondary phase
factor corrections discussed above is:

TD = % (B = B + (g = £) + (3 - ) (2-18)

where Pg and P, are the calculated baseline lengths to the loran-C
secondary and master statlons, respectively, using equation (2-16),

v 18 the index of refraction over the geodesic, C is the free-space
speed of light, L is the baseline length between the master and secon-
dary stations, A is the secondary coding delay, and tg and gy are tue
secondary phase factor corrections for the secondary and master geode-
sics, respectively,

3The Defense Mapping Agency computes corrections for overland phase
retardation based on a4 data base of calibrated statlons.
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Appendix 1 lists a FORTRAN-IV program run on an 18M 37(/158 to
calculate loran-C time differaaces. Various constants, including the
geodetic latitudes and longitudes of the loran-C master and secondary
stations, the master-to—-secondary baseline time delays, the scecondary
cuding delays, and earth constunts are all siored i{nternal to the
program. The program accepts the coordinates of the recelver as
faput. The oblate spherical earth sodel discusscd above is used,
however, no secondary phase factor corrections are applied. Figure
2-7 shows the results of using this program with several points a'ong
with actual time difference values calculated for these goints using
over-land phase retardatiun corrections [21]). This shows a typical
error of two to three microseconds. The aailn source of error in this
program is the lack of fnput for the sccondary phase factor correla-
tions. 1t should be noted that the Defense Mapping Agency maintains
phasc factor cocrections for only a few control points; thus thelr
calculations are not always exact for the user's positior.
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Position Control TLS Calculated TUSs
41%18'49.5"N ' 206477 .02-X 2647/ ,.59-X
72%61'33.57VW 44062.39-Y 44058 . 64-Y
41°339'55 UN 27140.17-X 27137 .3-X
73%°49'21.0"wW 44309 .04~Y 44306.42-Y
39°19'22.81"N 28539.50-X 28538 ,44-X
82°5'5 ,42"wW 42593.39-Y 42593 .52-Y

56775.49-¢ 50777.75-¢

- — ————— e

Comparsson of TDs Calculated by Defensc Mappin, Agency {[21]

(Control TDs) vs.Tbs Calculated by Program in Appendix I
for Three Different locations.
(U.S. Northeast) was used here.
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ILl.  CONVERTING TDs TO POSITLON OF POOR QUALITY

The preceding chapter has deait with how to ccmpute the Loran-C
time Jifferences which may be cxpected at a given location. As will
be scen, this (s necessary for swome iteratlive loran ThD-to-position
solutlons., Now, the inverse problem will be counslderced, that of con-
verting received loran-C time differences to more gen:rallzed position
coordinates, such as, latitude and longitude. 1In this chapter,
several differan: techniques will be examined to evaluate their
simplicity, accuracy, and suitability for being used in a small
aicrocomputer-based navigation system. Some methods of converting
these first-order derived position coordinates into a range and
bearing form simulating a VORTAC reference which is more familiar to
pilots will also be discussed.

A. Conversion Methods Available. The time difference readings
obtained from the loran-C receiver are genecaily of little use to a
pilot. Even if a pilot could become familiar with the time differ-
ences in certain areas through expecience, using similar time dif-
ferences for a different triad of statfons or with a diff:rent chain
would be meaningless. As shown in Figure 3-1, there i3 no simple
relationship between the Loran-C lines-of-position and a geocentric
grid coordinate system, such as latitude-longitude. Further, the
spacing between successive LOPs varies with the position ' . the cover-
age reglon; at large distances betwecn stations, a change of 10 us
might relate to a linear change of 10 km, while at a distance clos. o
the station, a change of 10 ps wmight cerrespond to a linear change of
| Xm. Thus, navigating by loran-C time differences alone 1s 1ot
a very suitable method.

The classic method of relating tim: 2lfferences fo a more uni-
versal set of coordinates is through the use of charts or tables.
While this may suffice for maritime services (for which such charts
and maps are made) where craft velocity is low, it is very unsuitable
for alrcraft use. Ideally, the navigation unit should allow the pllot
to lnattuct the unit what course the pilot wants to fly, and the unit
will then provide the pilot with course gu.dance Information as the
flight progresses without the pilot naving to derive course guidanc:
from wa,". or tables. For this readgon, it is desired to calculate
autosatically the actual positisn in a universal set of coordinates
from the Loran-C time differences. This information may then be used
for input to a course directorv computer. The course direction com-
puter weuld then drive a display indicating whether or not the
atrcraf: is on course, and the pilot woild then simply maintair an on-
course indication.

There are many means available for counverting loran-C time dlf-
ferences to latitude and longitude. These may be divided inte two
basic processes, those which require repetitive calculations to arrive
at the final result, &nd those which usz . direct or closed-form solu-

tion to do the conversion,
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An iterative TD-to~position algoritha functions by assuming
tha: the veceiver is at a given locatioan, thea comparing the position
determined by the recelved TDs t» the assumed position. The Tus for
the assumed position are calculated before the comparison and thea the
assumed position is adjusted so as to minimize the error in comparison
of the two sets of TDs. A way of mechanizing this (s shown In Figure
3-2, where for a given triad of Loran-C stations, a table of TD values
{s genarated spanning the coverage reglon of the triad, and another
table is generated to the corresponding pesitions for the TD table.
When a set of TDs are received, a process of linear interpolation is
done betwecn the two tables to find the actual position. This could
be done several times to increase the accuracy of the fix. Other ways
of relating received TD values to assumed TD values will be discussed
in Chapter III.C.

A non-iterative, or closed~form solution, calculates the pre-
sent position of the receiver by setting up a set of spherical
equations in such a way that the recelved TDs can be used as parame-
ters in these ecquations, then the equations are solved for the unknown
values representing the receiver's position. This is generally
complicated because spherical equations have angles us thelr argu-
ments, and relationships between position on a geocentric grid aad
these spherical angles must be found. Once this is done, the
equations are solved, generally with a computer, and the resulting

functions are related back to the geocentric grid to find the laticude
and longitude of the receiver corresponding to the received TUs.

B. Analysis of Conversion Methods. There are many specific
TD-to-position methods to choose from, and there may be several that
perform ln a similar fashlion. At inis polnt, several criteria will be
developed to select one for use in the microprocessor controlled navi-
gator unit.

The overall accuracy of any particular method is ilimportant;
some conversion methods are simple from a computaticnal point of view,
but suffer from poor accuracy and possible instabilities in their
calculation. For alrcraft use, the conversion method should have an
accuracy of better thaa one kilometer; accuracles on the order of
0.1 na should be more typical. This assumes that the received TDs
correspond exactly to the actual position; then the Th-to-position
conversion will converge to this polnt with a pcssible error of
0.1 nm. This confidence interval assures that a pilot will be able to
reach a given navigation fix or alrport with good accuracy.

A sccond limiting factor on choosing a conversion method is how
much computational time will be required. For maritime use, where
craft velocities are low, computation times of one minute, or more,
are reasonable. However, for aviation purposes, a considerably faster
position computatlon is needed. Most general purposc microprocessors
on the market today, do not lend themselves very well to arithematic
calculations; typically, there are many involved calculations that
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need to be made {n a TO-to-position converslon. Thus, a conversion
alogrithm should {nvolve a minimum of complex type mathematical calcu-
lations, particularly transcendental functions, so that the micropro-
cessor system can perform a TD-to-position conversion in less than one
second.

Finally, the size of the conversion algorithm nceds to be con-
sidered. In most microprocessor applications, it i{s deslrable to kecep
the memory size low to avoild excessive power draln and other opera-
tional problems that can arise in large memory systems. Even on large
computer systems, a small conversion program is easier tu store, and a
program that requires a small amount of memory i easier to manage in
maln storage and will often run faster for that ceason alone.

C. An Algorithm for Microcomputer ‘Jse. Several possible
TD-to-position conversion methods will now be analyzed using the con-
cepts developed above. Iterative coaversions are examined first.

As mentioned briefly in Chapter ILI-1, after recelving a palr
of Loran-C time differences, it is necessary to compute the amount and
direction in which the initial position should be adjusted. A pro-
perty of hyperbolic navigation systems is helpful in this problen
(Figure 3-3); referring again to the TD equation TD = B+A+T.-T,, it
can be scen that as the receiver is moved closer to the master
(farther from the secondary), T will Increase and T,, will decreasc,
and the TD value for that master-sccondary pair will (ncrease. Thus
{f the difference between the assumed positfon and the measured Ths is
positive, the new estimate of position should be made closer to the
master statlon to increase the value of the calculated TD and decrease
the result of the subtraction of the two TDs. This process is
{llustrated in Figure 3-4.

Note that this algorithm could take many f{terations to reach an
acceptable estimate of actual position., The amount of position change
to be made with respect to the magnitude of the TD error must be care-
fully chosen for the chain and particular stations uscd. Depending on
the actual position relative to the loran-C stations aad any baseline
extensions between stations, this routine could suffer from a large
radlus of convergence and poor convergeace time.

Another method of calculating the actual position based on the
recelved TDs is to assume an initial reference point and calculate the
T0s at that point as before. Then the measured [Ds are compared with
the TDs based on the assumed position. The assumed position is then
moved to A new position based on the magnitude and sign of the TD
error. This procedure differs from the previously discussed case In
that an attempt is made to relate TU errurs Lo position errors; l.e.,
the angle of the LOP passing through the -sceiver position 18 broken
down to cartesian components and the TD error is used as a welghting
factor along with the LOP components to calculate the new position.
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Figure 3-3. By Moving the Receiver Pasition (R) Closer to the Master (R")
Along the Master-Receiver Baseline, the Assumed TD May Be
Made to More Neorly Correspond to the Received TD
Provided the Initial TD was too high.

—26-

A




E pAGE 13
GINR'-
| %‘:\ POOR QUAL\TY

Compare Received

N TDs to Assumed TDs

;

{ Difference Difference

E Positive Negative

i Add Subtract
Positive Correction
Correction to TD

to TD

Compare With

E Received

i TDs

F Repeat Until

: Difference is

Small

; Estimate of

Position
E Figure 3-4. A Method of Converting TDs to Position by Minimizing the
. Comparison Error by Moving the Assumed Position Closer
f to or Farther from the Master.
3
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This process is iterated until the TUs based on the adjusted position
agree with the measured TDs within an acceptable range.

The mathematics of this algorithm will be more fully developed
at thl point. Referriang to Figure 3-5, the targent Lo Lhe hyperbolic
LOP passing through the cecelver position (s:

. . Yo + ¥y (-1
sM T 2

where Y. and Y, are the bearings, from true north, of the geodesic
arcs from the receiver to the secondary and master statlons, respec-
tively. The tangent to the hyperbola also bisects the angle betwecn
the two arcs to the Loran-C stations, as shown in Figure 3-5. A rela-
tionship between TD error and position error is found by considering a
vector whose magnitude 1is:

|v] = Zetn( =) (3-2)

The north and east couwponents of| Vl are [22]):

a --é (cos\'S - cos*M) - -Vsin?sM
Y --é- (sin¥g - sinyy) = VeosYgy
(3-3)
The TD errocs are calculated as follows:
$Tp = Tra = Toa
8Ty = Try = Tos (3-4)

where T A and T, are the TDs corresponding to the assumed position,
and T,, and TOB are the measured TDs (a position fix requires the usc

0
of at Qenst two secondary stations, resulting in two time dif(erence
measurenents). The new estimate of position {is:
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-28-

e

e

Z,

st .




i Y

ORlGlNAL Poan o
OF POOR QUF\UTY

R-A geodusic arc

T(Jngun t o LOP

Boseline A —))

M M- A goodesic arc |

Figure 3-5. Geometry of Master (M), Secondary (A) and Recciver (R)
Pasition, The tongent to the LOP bisech the anyic
formed between the goodesic orc from the recciver to the
master and secondory.
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¥y = 0+ (8T, v, = 8Tyy))

1 . :
8= By * pcawe (ST = 8Ta 7 STae)

whera

D= oy, = agyy = V V,Stal¥gyy = Yoqy)  (370)

-

and the aubscripts 1| and 2 refer to quantities assoctiated with secon-
dary stations A and B, respectively,

Analysis of thie algorithm showed that it involves talrly
extensive calculations; as many {terations are required, the TO pre-
diction algorithm {8 called many times and can cause a severe time and
memory penalty.

For use (n a navigation unit, once a position fix has heen
determined, succeeding fixesn will he close to the preceding ones, a
fact which can staplify position fix calculatlions. Many {tecative
algorithms cannot make use of this fact, since thelr ({evt correction
may overshoot the actual position and may be along a direction which
is not colncident with the aavigation track,

A computer program developed by the Naval Oceaanvgraphic
Off{ice (23] uses a technique whereby a set of Loran-C TUs may be con-
vertued to latitude and longitude f a starting point close to the
actual position {8 known. This process uses the basaeline lengths to
the stations (expressed (n microseconds) to sel up a homogencous st
of transcendental oquations which are then solved for unknown correc-
tions applied to the initial position, If the initial position is
more than 10 to 20 kilometers from the actual position, cyclic ambi-
guities arisde in the solution to the set ot equations, thus . secies
of {terations on the {nftial position may be necessary before the
actual position may be determined. This program will converge
directly on thie correct position, thus eliminating the problem ot
having a large radius of converge, common with the previously
discussed cases. Although this program has provea to be very accurate
for use on an IBM 370 [24], a considerable number of calculations are
necessary to obtain the solution, For use {1 a small computer, this
would result {n a large amount of memory for the calculations, The
solution s faster than the previous case; however, uince only oue
{teration is necessary once an inttial point close to the actual
receiver position has becn determined.

Several other {terative-type solutions are possible and have
been investigated., One sot of conversion methods in particular has
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been developed which solves the TD-to-position on the transverse
Mercator xy grid and are fairly simple [25]. However, to use this, a
large set of conversion equations must be solved to convert from the
UT (Universal Transverse Mercator) coordinates to the standard
lat/long coordinates, which involves the solution of many transcenden-
tal equations.

A non-iterative, explicit solution to the TD-to-position
problem has often been envisioned as an ideal substitute to the above
algorithms. FExplicit solutions are complicated by having to deal with
the non-spherical nature of the earth and also with the non-constant
propagation properties of the Loran-C signals, as discussed in Chapter
11. Thesc effects can be introduced as local correction quantities in
the lterative solution once the {terated position becowmes close to the
actual position. However, with expliclt solutions, these corrections
must take the form of a general model which represents a large area.
Thus, an explicit solution can be simple 1if precise accuracy is not
necessary.

Non-iterative solutions may take several different forms,
however, most form a relation between the received time diffecrences
and the corresponding distances from the recelver to the Loran-C
stations. From here, these distances and angles betwecn baseline arcs
are used to form a final expression from which the receiver position
is found [26].

An excellent method for converting TDs to position coordinates
in the form of latitude and longitude was preseanted by Razln [27] and
{8 presented here. Referring to Figure 3-6, the spherical arc angles
to the secondary stations are:

OXB - 0lllS + PX

0 = +p
ys Ous y (3-7}
where:
v
Px ® X (Tx - Tcx) = Onx
v
P = T - -
y = R Ty = Tey) - Oy
(3-8)

and v = v,/n, the velocity of light divided by the index of refraction
over the surface, R is the radius of the sphere i{n Figure 3-6, T  and
T are the measured time differences received for stations X and Y,
rzupectlvely, and T X and T are the secondary coding delays for sta-
tions X and Y, respectively.” Notice that in this case, the measured
time differences are converted into spherical arc angles for the
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Figure 3-6. Geometry On a Sphere of a Loran-C Complex Consisting

of Master (M), Secondary-X (X), Secondary-Y (Y) ond
the Receiver (S). TheO's are arc ongles measured at the

center of the spherc and the other ongles are spherical
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recelver baselines to the Loran-C statlons. Now taking the cosine of
3 equation (3-7):

coso‘s - coaonxcost - sinom‘slan

L cosGys - cosomcos?y - sinonssinPy (3-9

& From the propertlies of arc lengths on a sphere, these equations may
1 also be expressed as:

cosOxs - s:oao“xc:mxoms + sannxsinOmscoan

k cosoy“ - cosemycosoms + slnomysinomscosey i
i (3-10) ]
4 3
Equating cquations (3-9) and (3-10) results {n
cosP - cosQ . ;
tanom - —,:—-P——-;--.i..o._..._.._._
sin X sin mxcosax
(3~-11)
From Figure 3-6, ]
cosBy - cos(K—Bx) - cochosBx+sinKsian (3-12)
1
t and Bx may be solved in terms of the known quantities:
u.u, + u ‘.xz'b-uz—u2
k cosB_ m b2 1 2 3 (3-13)
X u2 . 2"
17 %
where:
ul - axcosK-—ay
3
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u2 - stan

sinp sinp
Yy =4y 3'1](0'"; T % Z?L'.{o";y"
(3-14)
A
“x s1in0Q T
mx
P .
y 84n0
my
sinpP
b = ———
X sin0
The angle O  1is found thea by:
d
-l X
O = tan = s—--ie-o- -
ms bx + &OSBX
(3-19)

and equation (3-7) may be used to find Oye and Oys’

To fiad the latitude and longlitude of the present postition, the
spherical arc angles just calculated must be converted to spherctical
latitude and longitude. This process is rather complicated, but Lhe
results are a series of constants multiplied by the arc angles, These
conslanls need be computed once for cach set of stations used and may
then be stored in the navigation computer., Let b ¥y and ¢ he the
latitudes of the master, seconddary-x and sccondary-y and O.’ 0 and
0, be the longlitudes of the master, sccondary-x and secondary-y. The

rgcelvcr's position 1s denoted by ¢ and O. The following relattons o.

a sphere were developed by Fell [28]:
cos@xslnox(coawsino) + cos¢XCnsOx(cus¢coso) + s£n¢xstn¢ - CUSOXS

(3-10)

cosoysxnoy(cos¢sin0) + coswycosoy(cusqcoso) + sLnoysino - uusuyb

(3-17)
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cos¢msin0m(cos¢slno) + cos@mcosom(cos¢coso) + sln0m51n¢ = cos0

(3-14)

Thesc may be trested as three linear equatfons in threce unknowns by
letting g=cos¢sin0, f=cos¢cos0 aad hesing. The solutlons of Lhese
equations are found by using Oyxg, Oyy und Opg from equactons (3-15),
(3-16) and (3-17). Thesc are:

f = Clcosoxs + Czcosoms + C3cosoys (3-19) R
g = Cacosoxs + Cscosoms + Chcosoys (3-20)
h = C7cosOxs + C8cosoms + C9cosoys (3-21)

The constants are:

c

1 (c:os@n‘sinomss;inoy - sinomcos@ysinoy)/l) ORIGINAL PARE i3
OF POOR QUALITY

I S N T S

c, = (91n¢xcos¢ysinoy - cos¢xsin0xsin¢y)/0

C3 = (cos¢,sin0 sing siuéxcos¢msin0m)/0

Cb - (slnomcos¢ycusoy - cos@mcosomslnwy)/u
C5 - (cos¢xcosoxsin¢y - sin¢xcoschosOy)/D
C6 - (91n¢xcos¢mcosom - cos¢xcosoxsin¢m)/b
7 = (con¢mcon¢y)(cosomsin0y - sinomcosoy)/b

Cy = (cosoxcosoy)(sinoxcosoy - cusOxsinOy)/D
C9 - (cosoxcos¢m)(cosox3in0m - SinOxCOHOm)/U (3-22)
D = bin¢xcon¢mcos¢y(cosOmsinOy ~ slnomcnsoy)

- sinqmcosoxcosoy(cosoxs1nOy - sanxcUsOy)

- Iy N -~ — . (- _2")
+ biﬂ@yCOSQxCOS¢m(CObbeindm sinoxcohom) (3-23)
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Then the latitude and longitude of present position is:
-1 -
¢ = sin 'h (3-24)
0-tan! § (3-25)

The converston of the received Ths to position using Lhis
metuod Is 1llustrated in Figure 3-7. This algorithm uses a spherical
model of the earth to tind the lat/long of present position. Ry
extending the treatment of converting thc spherical arc angles to the
corresponding geoceatric coordinates, an elliptlcal wodel of the earth
may be Ipcorporated.

Using the Clarke 1866 spheroild, the major radius of the carth
is R and the minor radius is r., Let P, with latitude ¢, and longitu-
tude O, be approximately in the cenfer of the coverage area of the
master and two secondary stations. Then the ceater of the sphero
osculating at P, (see Figure 3-8) is:

X = (R - /£281n2$0 + rzcnszgo) cos$osln00

//2 Wy 2. 2% ~
Y = (R = /R%sin"¢, + r7cos"¢,) cosQ,ycos¢,

Z= (r --§ /£251n2$° + r2

cosZ§y) sing, (3-26)

Fo = tan” (2 tang,) (3-27)

(Geodetic, or map latitude, is denoted by ¢, while geocentric latitude

by ;.\ Also let p be a point on the spheroid with latitude ¢ and
longicude O.

Its Cartesian coordinates are:
X = Rcusssan

y = Rcos$cosO (3-28)
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¢ - Luu"( & tun; } (3-29)

Let p' be the {mage of p under the map {rowm the spherold Lo the sphere,
Then the coordindtes of p' are:

re(x=X) o (y-v) v (e2) (3-30)

L L 1

2,172

) )
L= ((x=X))" + (y=0)" + (2-2)7) (3-31)
2.2 2 7
RE8in%¢. -~ r7cos’ ¢, (3-32)
rc W e e e - o cmamm a - -
r
The latitude and leogitude of p' are:
$f = Sln—l(f{-’{)
o' -1, x=X
- tan ( — - )
=Y (3-1)

To implement this, the above procedure is done tor cach ot the
stat lons. (n other words, letting ¢,, &c, dy, Oy, Oy and O be the
latitude and longitude of the wmaster and two secondartien, tzon the
image of these on the sphere are calculated giving @;, 0;. 0;- O&

O; end 0; . These are then used to calculate the constants Cl through

Lq as nefore.

With these nine constants and the calculated ave anples, the
latitude and longlitude must be mapped back onto the spherotd. The
result (s:

-1 &+ Co,
089 = tdan ( -‘.’—-Cl.l.J

h + C
RLY (3-34)

< -1
gu = tan () 8tn0gy ooy <,
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Qgs - (Jﬂ-l L?tansgs) (3=3%)

The other coastants, ClO through Cl“ are:

R (3-30)

‘1o = %
Note that the computation of the C-constants (s done ‘once for

each triad of loran-C stations and in the navigation computer; only
equations (3-7) through (3-20) are computed, and the C-constants are
then used as multiplicative parameters., A FORTRAN-LV program lmple-
ment ing the non-iterative TD-to-posittion procedure is shown 1in
Appendix 11, A FORTRAN-IV program which calculates the C-constants
using equations (3-21) through (3-35) s given in Appendix 1V. Lt can
be scen that the TD-to-position program is fairly short and does not
involve very many complex calculations., Figure 39 shows a breakdown
of the mathematical operations used,

D. Distance and Bearing Anple Computations. Having present
position described in terms of latitude and longltude (s of limited
value for the pilot since the pilot will often need to refer to A
charl or map to locate the present position relative Lo geographlce
features or other navigation aids. 1t is more helpful to have the
present position given la terms of the range, or distance, and the
azimuth, or bearing angle, to or from a waypolnt, which could be the
departure airport, the destination alrport or some other reference
point along the alrcraft's route. The pilot may wish to use several
different waypolnts and these would in turn be stored In the naviga-
tion computer. Then, as the flight progresses, the computevr would use
the currently selected waypolnt and the mewest estimate of position to
compute the range and azimuth, A way of computing this was prescnted
{n Chapter Il for the development of computing Loran-C TUs given 4
known position. An alternate method is prescented here which (=
simpler and better suited for these range and azlmuth (also called
rho/theta) calculations. Refecrcing to Figure 3-10, the coordinates of

-40-




Nathemal iceal operatinns used fﬁ.'ll".'i‘.'.‘.
Addilion 1Y
Subtraclion 9
Mulliplicalion 2%
Nivision "
Sinoe 5
Cosine Y
Square root |
Arc-Lanqnent 3
Tnolal HY

%1 conslants/variablc uscd

Figure 3-9. Breakdown of Mathematical Operations and Variables
sed in Explicit Coordinate Converter Program.
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Present Position

Figure 3=10. Geometry on Sphere Used for Range and Bearing Angle
to Waypoint from Present Position Calculations.
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present position are denoted by ¢, and A,, and the coordinates ol the
waypolnt are denoted by ¢, and A, for the latitude and longitude,
respectively. The bearing angle te the waypoint is [29]:

bw
(AR ) cos(——=-2)
og = can™ F___"__-_____.;___ ]

$w = OR _ (3-37)
and the range to the waypoint is:

¢\vl 2— l/l
SRp = R| (Ag - Aw)cos(-.._i._) + (¢y - ¢p)

(3-38)

where R 18 the radius of curvature of the earth. This may be computed
for the mid-region of the coverage for the particular Loran-C statlons
used and stored as a constant. After choosing the midpoint of the
coverage region, R is8 found by:

azsinzqnn + b2C082¢nn
R = _—

b (3-39)

where a and b are the semi-major and semi-minor radil of the reference
ellipsoid and ¢g, i8 the latitude of the mid-point.

E. Program for Coordinate Conversions. Table 3~ lists trade-
off considerations for the various TD-to-position mecthods. The non-
iterative TD-to-position procedure outlined in Sectlon C was found to
be the most suitable of any for application to a microprocessor-bascd
coordinate converter. As already mentioned, the most complex calcula-
tions, {involving the C-constants, may be carried out on a central com-
puter. Then the resulting C-constants are transferred to the
microprocessor system. For any given triad of Loran-C stations, the

same C-constants ara used regardless of the alrcraft's position.

The cllipsoidal model gives better results than the spherical
model, as might be cxpected. The degree to which the cllipsoidal model
does better depends on the choice of P, in equation (3-25). This
should be chosen to be in the center of the coverage region of the
triad. This {s most simply dcne by averagling the latitudes and long!i-
tudes of the master and two secondary stations. This average latitude
and longitude is then used for P,.

The direct TD-to-position algorithm described in Sectlon C was
tested for accuracy and to determine if it exhibits any singularities,
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or pulnts where convergence was poor. The results of Lhils Ltestl are
shown in Figure 3-11, which shows randomly selected points alony with
thelr corresponding TDs, which were calculated using a program devel-
oped by the Naval Oceanographic Office, and the calculated position
determined by the direct algorithm using the program in Appendix Il.
Two tusts were conducted; one using a spherical approximation of the
earth and the other using an ellipsoidal approximation of the carth,
As can be scen, the ellipsoidal verslion gives more zccurate solutions
and the solutions tend to show smooth deviatlons from the correct
values, as shown in Figure 3-12., Also, as evident by standard
deviations, the spherical approximation shows sharper deviations from
the normal errors expected.

It in quite evident that the ellipsoldal model gives better
performance than the spherical model. The two models were cun using
FORTRAN-IV programs of the type shown in Appendix II on an IBM
370/158. The programs used approximatcly 1300 byues of memory and
executed in 0.02 seconds.
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Chain ID=9960, Triad=M-Y, M-Z (Sencca, Carollna Beach, bLana)
Range < 50 nm

[ Control Valucs 5 i _Computer Kewults 77
LAT/ TLX/ RNG/ LAT/LONG KNG/ BR] LAT/LONC KNG/ BRG
LONG TDY BRG. (SPHEROID) | ERROR | (ELLIPSOLD) | ERROK
39 0 O] 42511.78[ 35.5] 38 59 26.19 [ 38.81 [ 3y 0 1.21| 1.20
< O 0] 57694.23 17.7179 59 8.97 51.03180 0 1.70 l.76 :
39 30 0] 42802.08 39.1 | 39 29 18,75 41,251 39 29 59.01 0.99 N
80 30 0| 57590.86 | 16.7 |80 29 14.35| 45.65] 80 29 59.89 | u.ll
39 0 0] 42436.48| 36.3| 38 9 206.11 33.89(1 39 0 1.43 1.473
81 30 01! 57006.86 | 282.1 | 81 29 25.506 34.44 | 81 29 52.20 7.80
38 0 0] 41839.48| 53.9| 37 59 44,45 15.55| 38 0 5.42 H.82
81 0 O 57049.77 | 193.1| 80 59 24.07 | 35.93| 80 59 57.20| 2.80
1 SO U | DU
average erroc 0.75 nn 0.06 na
standard deviation 0.16 um 0.05 wn

50 < Range < 150 nu

(41 0 0] 43700.85 | 127,840 58 SIS0 [ 1 8.507[ 407597 53,08 | 6.9

0

80 30 0 57984.40 4.9 80 29 1l1.61 48.39 | 80 30 0.60| U.06

40 0 0] 42871.44 | 89.2|39 59 7.7¢ 52,24 | 39 59 57.91 2.09

82 0 0] 50966.91 ] 319.5| 81 959 32.53 27 .47 | B1L 99 L3.63 6.3/

39 0 0] 42356.71 | 152.7 | 38 59 21.82 38,18 |39 0 2,75 2.7

84 0 0 55769.31 ) 273.8|84 0 1.98 1.98 ]| 63 59 43.96 | 16.04

38 0O 0] 418061.78 | L18.7 | 37 5Y 4l1.16 I13.84 )| 38 0 b.43 G4

83 0 O 56157.62 | 244.4| 82 5Y 51.60 8.40 ] 82 59 48.52| 11.48

37 0 O 41225.11 | 113.1 | 37 O 1.54 1.5 ) 37 0 10.60 ] 10,60

8l 0 O 56896.70 | 186.3 | 80 59 206.44 33.56 | 80 59 56.81 3.19

37 30 0| 41504.07 | 101.3| 37 29 54.73 5.27 | 37 30 7.75 .75

79 30 0] 575601.40 | 144,279 29 5.51 546,49 79 30 2.64 ] 2.64

40 0O 0 43361.77 | 144,239 59 12.70 47.301 39 99 50.21 3.79

78 0 0] 58808.94 | O61.2| 77 58 .40.29| 1 19.71 |78 0 10.05( 10.05

38 30 0 42267.50( 130.8 | 38 29 38.25 21,75 38 30 3.19 3.19

78 0 0] 58344.52| 99.1 |77 58 43.81 |1 16,1978 0 8.84| 8.84 ?
average error 0.84 nm (spherical) 0.15 nm(ellipsoldal)
standard deviation 0.37 nm (spherical) 0.0&( nam(ellipsoidal)

Figure 3-11. Test Results of Explicit Coordinate Converter Prryrawn
Using Both Spherical and Ellipsoidal Earth Modess.
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150 < Range < 300 am

T35 0 O 407IIT2y 09,635 0 2 5'.")'2‘[ AR VAR PR VN YA WTRY)
85 O 0] 55394.47 | 222.6| 85 0 27.74 27.74 | 8B4 5Y 19.62 | 20.738
34 30 0] 39907.81 | 262.5| 34 30 43.23 43.23 | 34 30 22.96 | 22.90
81 O 0| 56645.87 | 182.8| 80 59 730.19 29.61 | 4C 9 9%.21 3.79
38 30 0] 42436.63 | 270.7 | 38 29 36.98 23,021 38 30 3.3Y EPR )
79 O 0O 59149.22| 93.0] 74 58 6.13 | 1 53.87| 75 0 14,06 1&4.00
43 0 0] 44322,59 | 253.8| 42 58 2.61 | 1 57.39| 42 99 4Y.84 | Lu.lb
82 C 0 57669.90 | 347.4 | 81 59 24.07 35.93 | 81 59 54.84 5.16

| I P
average error 1.23 nm(spherical) 0.30 ma(celllipsoldal)
stundard deviation 0.66 nu(spherical) 0.13 nw(ellipsoldal)

Figure 3-11. Continued.
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300 nm

Figure 3=-12. General Relationship of Conversion Errors to Distance from Central
Point. The top number in each circle is the spherical mogel error,
ond the bottom number is the ellipsoidal model error.
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IV.  THE MICROCOMPUTER SYSTEM OF POOR QUAL

This chapter will detail the process of running the direcl TD-
to=position program described in the last chapter on a micrcprocessor-
bascd system. A description of the microprocessor system to be used
uill be given ulong with the necessary additional hardware cequired.
Also, special software problems unique to thls process will he
discusscd. Finally, results will be given showing how well the coor-
dinate conversion program works and how well it can be used with a

Loran-C software-based sensor processor recelver in a gencral aviation
environment.

Most popular miccoprocessors on the market contaln an accumula-
tion reglster (accumulator) which is eight bits wide. All data pro-
cessing, then, takes place on eight-bit words. Thesc processors
contals other registers; for instance, most have a 16-bi reglster
which drives the processor's address bus to fetch instructions and
data, there are usually several reglsters intecrnal to the processcr
which can be used for scratch pad purposes in calculatlons or as
indices to an address, and there ls usually a register for Lnalcating
the status of the processor at any given time. Most processors are
not suited to doing arithmetic work such as multi-preclsion addittion,
subtraction, multiplication and division when only elght-bit words can
be handled at one time. Because of the range of nuahers Lnvolved in
the calculations i(n the coocrdinate converter, {t {8 necessary to use
floating-point numbers; arithmetic computations on thesc can be rather
comple <.

A microproucessor which has been usced previously in loran-C
development work at Ohio University is the MOS Technology MOS6502; the
internal architecture of this microprocessor ie shown in Figure 4-1.
This microprocessor conna.sts cf one accumulator where arithmetic and
logical results are collected, two eight-bit index reglsters, one
eight-bit stack nointer, a six-bit flag or status reglster and a
program counter [30]. Figure 4-2 18 a list of instructlons and
addrensing modes for the 65(2 [31]. The software development suppcrt
for this system includes a symbolic assembler [32] and a simulator
both of which reclde on the IBi 370/158 at Ohio Universlty. Most of
tne microprccessor work done ar Ohio Universily was done on a Super
Jolt microcomputer, shown schematicnlly in Figure 4-3.

A. Design Considerations. The coordinate converter algorithm
described in the last chapter was written Ln FORTRAN-IV for testing
and evaluation., 1In order to run the eoordinate converter on the Super
Jolt, {t is necessary to coavert the FORTRAN- IV program statements to
asscnbly language statements which the 6502 can then run after the
statements have been assembled. The main problem to he solved ia
doing this {s the mathematical operations which must be performed.

A table {s set aslde in memory which ccntains various numbers used as
constants and »'80 numbers used for intermediate calculations. As was
mentioned, it is necessary to use a floating-point format for repre-

e f—.
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septing the numbaers since the numerical range Is approxbmately lu-l Lo
107, approximately 13 orders of magnitude, The software to do

float ing=-point arithmetic on a microprocessocr uses a large amount of
memory and can take several milliseconds to do a floating-polnt
multiplication Lf the difference between the range ol numbers is
large.

The amount of memocy in most small microprocessoc systems is
1imited, especially for appllications requiring much arithmetic pro-
cessing and intecfacing to other devices. The mlcroprocessor system
used at Ohio University Cor Loran-C development work has (lve kilo-
bytes of read/write memocry available and provisions for adding more
memory, either read/write or oermanent type. To cut down slze and
cost, lt s deslrable to place the coordinate coaverter control
program in a 2048 byte erasable, read~only memory (EPROM) and use
approximately 500 bytes, or less, of read/write memory for scratch pad
calculations, storage of computed results, and transfers of data to
and from the sensoc-prucessor. This represents a practlcal require=
ment from the sense of designing and bullding such a system.

As part of the project, a peripheral mathematlcs processor was
used to do the necessary floating-point calculations. This device s
the Am9511 by Advanced Micro Devices and is shown in Figure 4-4., This
device is designed to be used on microprocessor systems which use an
eight-bit data bus. 1t can handle 16-bit and 32-blt fixed point
arithmetic and 32-bit floating polnt arithmetic. Figure 4=5 is a lisL
of instructlons for the Am9511A.

The input to the coordinate converter comes from a loran-C sen-
sor routine which runs in the same microprocessor system [33]. The
output of the coordinate converter consists of the computed lat/long
for the recelved TDs and the range and bearing to the selected
waypolnt. These values are displayed on a video display unlt con-
nected to the microprocessor systen  .4]. These computed values,
alonp with the recelved TDs are also recorded on a data recording il
which Ls interfaced to the microprocessor system. The overall scheme
of the mlcrocomputer system used for the coordinate converter is shown
ln Figure 4-6.

B. System for Coordinate Conversion. In order to Intecface

the An9511A to the Jolt microcomputer syslem, it was necessary Lo add
additional hardware to tl:c Jolt to handle device selection and data .
transfer, aad also to write a sct of subroutines In assembly language
to handle the transfer of data in user memory Lo the 9511 and vice
vevrsia, to command rthe 9511 to perform a function and to check the sta-
tus of the 9511. Since the 9511 wes designed to laterf{ace mainly with
the 8080, 8085 and 7Z80 family of mlicruprocessors, which use a dif

- ferent method of handling data transfers and monitoring of pecipheral
devices, an M6820 peripheral i(ntecface adapter (PLA) was used for the
hand-shaking. The method of dolng this is {llustrated [n Figure 4-7.
The M6820 consists of two eight-bit ports and severdal other registers
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Figure 4-5. Instruction Set of Am9511A.
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Figure 4=7. Schematic Dicgraom of Microcomputer Interface to 9511
Designed for TD-to-position Computation System.
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ased Lo interlace to peripheral devices as shown in Fipure 4=Y |I9].

Stde A of the PLA iR used to transfer clght blts of data between the

9511 and the microprocessor system. Various ports on side B are usad
to set and read [/0 lines on the 9511 for readlng data, writing data,
sclecting Internal reglsters n the 9511, etes The intercupl cepgls-

ters on the M6H20 are used by the 9511 to Wndleate when the 9501 haw

made valld data available to the micruprocessor and whea the 9501 has
completed excecution of a command.

The next part of the (ntecfacing to the 9511 is the development
of a standard set of programs (subroutines) which are usced to ni-
tlallze the hardware Interface and the 9511, to write, or load a
single floating=point (32-bit) number, to read or unload a Floating-
oolnt (32-blt) number, to send an elght-bit word to the 9511 repre-
senting o command to be executed, and to cead the 9511 eight-bit
status reglater. Figure 4-9 gives a summary of the necessary proce-
dures to do the (tems llsted above. 1t {s desired to make thesc
subroutines complete to the point where the main program can speclty a
pointer to a partlcular number or specify a partlicalar operation to b
executed and then call the appropriate subroutine to do the function
and return when the operatlon is completed. To this end, an area of
storage Ln read/write memory i{s reserved for storing all numbecs which
will eventually be passed to and from the 9511, The base address
(beginning of table address) is stored at an address to which the
subroutines have common access, then all the numbers are rceferenced by
a single eight-bit offset from the base address. Since cach aumber
occuples 32 bits, or four bytes, in memory, 64 numbers can be stored
by thils procedure, 1If more than 64 numbecs must be stoced, then a
sccond number table and a different base address musl e sel up.

Figure 4-10 shows a set of tlow diagrams to (llustrate the
logic flow of a sct of standard subruutlnes Lo do the processes pre-
viously discussed. The flrst, called "PINT,™ inittalizes the M6H20
PLA, which consists of scetting the data ports to elther lnpuls or ovut-
puls, as required, and setting up the Intecrupt reglsters, then the
control lines to the 9511 are desclected so that the 9511 will not
respond to Llnvalld data during the Llnittallizatlon period. Also
{ncluded in this subroutine (s a scetion which moves a sel constants
stored Ln the permanent memory Lo the read/write number Ltable and inl-
tializes an area of menmory used tor video display work,

Subrout lne "PUSH" 1is usced Lo copy a four=byte numbec (rom
cewd/write memory ovato the stack of the 9511, The Y-reglster contains
the clght=-bit offset from the base address of the number table for the
number tu be copled. In this case, four individual transfers are
made, since the number (s 32-bits long and only eight blts are Lrans-
ferced at o time., The number which is copled appears at the top of
the stack in the 9511 and any other numbers stored on the stack .are
moved turther Jdown [n the stack by one locatlon. The number stored at
the bottom of stack (s lost.
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Opercand entry
l. Place least slgnilicant byte on data bun.
2. Set /L low.
3. Set CS low.
4. Set WR low. Pause will become low.
5. Pause returns hlgh.
0. Scet WK high=data, C/D, CS may then change.
7. Repeat above slx Lo write eatire 32-bit number.

Data removal _
l. Set C/b low.
2, Set CS low.
3o Set RD low. Pause becomes low.
4. Pause returns high - data i{s then avallable, most signila=
cant_byte firest. B
5. Sct KD high = CS, R/D, data may then change.
b. Kepeal above flve to cead entice 32-bLL number.

Command initiation
l. Place command byte on data bus.
2. Set C/L high.
3.  Exccute steps 36 of ovperand eantry.
4. END output remains low untll commar’ completes.

Stutus read _

l. Set C/L high.

2, Execule steps 2=5 of dala removal.
3. Status byte ls avallable on bus.

Figure 4-9. Summary of Steps to Communicate to 9511.
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PINT OF POOR QUALITY PLISH
Cleor Interrupts Set PIA side-A to
o outputs
Sct int i
md"c‘o.;‘\ftrr‘m I -
bits in 6820 Set count of
L - four
Set 1/O direc- -
tions in 6320 Load 8 bits |
of numbers
W J
Disable 9511 Send to 9511 viu
T PlA side-A
Initiolize\ RAM -
locations for Set WR and C/D low on
scratch-pad use 9511 via PIA side-B
L
Set WK high on
9511
R
Decrement count
VE
POP LNO | Count =07
Set PIA Side-A | 5
to Inputs | END
i
Set Count of
Four
Set RD ond
C/D low

'tVoit for pouse to |

go high

T Figure 4-10.
Transfer 8=bits

from 9511 viaPIA Control Program
side-A

Cxecutes to Communi-
T cate With 9511,
Set 2D high
W

Decrement count

N
e Count=0? |

Loyic Flow Diayrarm,
IHustrating Steps
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CMND
SET PIA SIDE-A
TO OUTPUTS

\A

; SEND 8-BIT COMMAND TO
9511 VIA PIA SIDE-A

N

SET C/D HIGH,
WR LOW

7

WAIT FOR END
TO COME HIGH

l v

SET PIA SIDE-A
TO INPUTS

N

SET C/D HIGH,
RD LOW

WAIT FOR PAUSE
TO COME HIGH

|
W

GET 8-BIT STATUS FKOM
9511 VIA PIA SIDE-A

4

DISABLE 9511

~

ENDG

Figure 4=-10. Continved.
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Subroutine "POP" is used Lo do the opposite of the above; a
32=-blt number s removed from the top of stack in the S$S1L1 and placed
in storage. The addrass where the number {8 stored (s polated Lo by
the Y-reylster offset relative to the basc address. Aftec Lhis opera-
tion s complete, the number that was at the top of stack {s lost and
any other numbers (n the stack are lnccemented up by ovae posltion.
This subroutine lncorporates a test of the pause output of the 9511
before loading data over the data bus. 1In some {nstances, Lt may take
the 9511 several microseconds to present the data; when the datae Is
avallable, an intercupt blt {n the PIA is set. This (s not necessary
for writing data, however.

Subroutine "CMND" is used to comumand the 9511 to pecform a
glven functlon, the functlon code Ils contalned in the .iccumulator.
After the 9511 has accepted the command, it {mmedlately beplas exccu-
tion of that command. During this time, its status reglster will
{ndicate that {(t is busy; when the command has finlshed executlon, the
status line will set an Lntecrrupt bit in the PIA. The subroutine
loops until this blt i{s set before returning to the miln progr:=n; thus,
on retucn, the func-ion will be completed and the maln progcam need
not check for completyi-n,

As part of the "CMND" subroutine, a check Is made of the status
reglster to determine the final outcome of the completed command.
This may consist of an error la processing because of divislon by
zero, an input number out of range, cetc. The recurn code {8 returned
in the accumulator for further processlng by the main progran,

Other subroutlnes are necessiary (or the conversion of bintry
coded declmal (BCD) input data rcepreseatlng the tlme difterences Lo
the internal floating-point format used by the 9511 and from ~‘u-ting-
point to BCD for displaying the final resuits. One of the c.uwn’ids
available with the 9511 is one for converting a fixed-point (integer)
number to floating=polnt. The flxed-polnt number wusi. be Ln binary
and Lt {s not posslble to represent a fractlon using this command.

The time Jifferences from the receiver are ln base 10 in units of
microsceconds with a single dizlt representing a fractlon of a microse-
cond, for example, 42594.2. The two Lime differences are stored at a
certaln location In memory by the recelver and are In packed format;
{.e., two digits occupy one byte of memory. Before the TD-to-position
calculatlons may be performed, thesec two TUs must be converted to
binary, then to floating point. 1In the microcomputer program, this is
done by treatlng each TD without regard to the the declmal polat; the
actual binary TD t? multipliec by 10, the correct TD is obtalned by
multiplying by 107/ to get them {n mi{:roseconds.

The process of converting a base 10 number to biniry is
{llustrated Ln Flgure 4=11. This ts done by starting with the mosc
slgnificant digle (MSD) of the base 10 number and adding it Lo a
reglster then performing a blnary multipllcation by 10. In this way,
each diglt position of the base 10 number is converted to binary by
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Set Up Index to Point to
Most Significant Digit of
Decimal Number

A

Clear Register

&
v

Get Decimaul Number
‘ Pointed At by Index

Add to Contents
of Register

|

Decrement Indcx to Point
to Digit in Order of
Decreasing Significance

NO Incex =07
\; YES
END

Perform Binary Multi-

plication by 10 on ]
Reqgister

Figu-e 4=11. Method of Convert'ny Decimal (BCDL) Numba E
to Bincry ond Exumple.
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I';x.unp le

BCD number - 1981
reglster conteals U

pet Mo = |
add Lo cepginter = |
multiply registee by 1O = A (hex)

add next digit = 1y (hex)

multiply by 10 = Wil (hex)
add next digit = o Chex)
mulCiply by 10 = JB¢ (hex)
add Lsb = 7 B (hex)

stop = answer = JBD (hex)

Flgure 4=11. Continaed
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the multiplicatlon and added to a partial sum to form Lhe final
Answer,

The binary multiplication is performed by a process called
dooth's algorithm [36]. This is also applicable for blnary division,
as used at the end of the mlcrocomputer coordinate coaverter progran,
In this algorithm, the multiplicand is stored in successlve locatlons
in memocry and the multiplier is stored in the accumulator. The
multiplier (in binary) represents a string of zeros and ones; the
number of iterations through the multiplication loop is set by Lhe
length of the accuwaulator, in this case, eight, With each iteration,
a residue table (initially set to zerd) is rotated left, the bit
shifted out of the left, reenters on the right. Also, the bits in Lhe
accumulator are shifted left, when a one ls shifted out, the multipli-
cand is added to the residue, Lf a zero is shifted out, no adding
occurs. This is illustrated in Figure 4-12. This process is very
similar to the way multiplication would be handled with declmal
numbers; as the residue is shifted left, it is effectively increased
by a power of two. When a one is encountered, the multipllcand is
then added to the partial sum.

When the coordinate conversion process is completed, the
resulting latitude and longltude of present position and the range and
bearing to the waypolnt are in the binary floating-point format and
must then be converted to BCD for display and use by the loran-C sen-
sor program if they are to be stored on tape ov processed further. For
the latitude and longitude, the coordinates must be converted blrstL
from radlans to degrees, then broken down Lo the standard degrees,
minutes, seconds format. This {s done by taking the Lateger part of
the coordinate and storlng Lt as the degree part, then sublracting the
integer (rom the original coordinate and multiplying by 60 to obtain
the muiautes part. Doing this a second time ylelds the seconds part.
Most of this work is done by using the float-to fix and fix-to-float
commands In the 9511,

The binary to BCD conversion is done by taking the binary
number and pecfoeming a binary dlivision by ten, This ylelds a
quotlent and a remainder, the remainder is the corresponding declmal
digit of the new base 10 number, working from LSD to MSD. The
quot fent Ls then divided by 10 again to yield the next decilmal digit.
This {s continued for a anumber of lteratlons cocresponding to the
number of bits in the original base 2 number. The subroutlnes which
perform these functions appear near the end of the program listing in
Appendix IV.

The Loran-C coordinate converter program was designed Lo run on
the Super Jolt microcomputer a ng with another control program which
operated software alded loops that lock onto the Loran=C pulses and
compute the corcresponding time differcnces. The exccutive program in
this also operates Interfacing to a video disrlay and a data recorder.
CerLaln addresses in page zero (0000 hex to OOFF hex) of the MCS6502
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CLEAR KRESIDUL REGISTER

| 7

LOAD MULTIPLIER REGISTER

SET COUNT OF &

W

ROTATE RESIDUE LEFT
(MULTIPLY BY TWO)

SHIFT MULTIPLIER LEFT
ONE BIT

i YES ZERO SHIFTED OUT

LNO

ADD MULTIPLICAND TO
RESIDUEL

| L

DECKREMENT COUNI

NO 4
COUNT = 07

YES
END

Figure 4=12. Process of Binary Multiplication.
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memoury scheme are reserved lor data communication between v o tan=C
sensor program and the coordinate converter progcam. Tlese .. adi-
cated on the flrst few pages of the program listing in Appendix 1V.
These locations are used to pass the two time differences to the coor-
dinate converter and to cecelve the subscequent latitade, longltade,
vange and bearing. All of these are stored as packed BCD numbers,

The complete microprocessor progran for the coordindte conver=
sion is shown in Appendix V and occupies 2045 bytes of EPROM. ‘The
program also uses one-half kilobytes of read/write memory (or scratash pad
calculations. Figure 4=13 shows a photograph of the coatrol hardware
Inc onding the Am9511, the 6820 PLA, a spare EPROM and associated
interfacting components. This bhoard plugs into the Loran-C developmen-
tal recelver, shown In Figure 4-14. This mnit was testes nolh on the
bench and in several flight checks, which are ceported in the next
chapter.

As an ald to preparing the coordinate coaverer software, a
service program was written for use on the IBM 370 to allow base 10
numbers to be iLyped in from the user's tecminal, and then converted Lo
the equivalent binary floating=polnt number for Lhe 9511 and displayed
on the user's terminal. The program listing for Lhis appears in
Appendix VL.
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V. TESTS ON MICROCOMPUTER SYSTEM OF POOR QUALITY

Detalls of the development of the Loran-C cuvordinate converter
and the microprocessor system have been given. Following Is a verlifi-
cation of the performance capabilities of the coordinate converlec
system. This consists of tests run to determine the accuracy oo
the process and the suitability of the system to used in an aircraft
environment fcr navigation.

The microcomputer coordinate converter was placed on one 2716
erasable, programmable, read-only memory (EPROM) chip. This EPROM has
capacity for 2048 bytes of data; the coordinate converter occuples
2045 bytes. With the Am9511A running at a clock speed of 1 MHz, a
complete conversion requires 0.18 second to complete. (The maximum
clock speed on the 9511 is 2 MHz and data transfer between the 9511
and the central processor is asynchronous, thus computation throughput
could be doubled by running the 9511 at 2 MHz while keeping the 6502
central processor at 1 MHz.,) The total memory requirements for the
coordinate converter are: 2045 bytes of permanent (EPROM) stocrage for
the control program and constant numbers, 37 bytes of page-zero
storage for temporary variables and flags and communication to the
Loran-C sensor program, and 120 bytes of general read/write storage
for results of intermediate calculations.

Testing of the coordinate converter consisted of checking
repeatability, ability to compute correct position given the time
differences of a known polnt, and a check for any singularities or Len-
dencies to converge on the wrong result. Checking of repeatabllity
consisted of using the eame time difference readings as input and
determining Lf the coordinate converter gave the same answer cach
time. 1In all cases, given a particular TD reading, the coordinate
converter ylelded the same answer regardless of when the test was
done. Thus, the evidence indicates casual environmental factors had
no influence on the consistency or computational time of a solution.

A. Testing With Pre-Determined Points. Accuracy checks were
accomplished by picking random locations in the loran-C coverage
reglon for a gliven triad and computing the corr<s)jonding TD readings
for that trlad of statlons. These TDs were theu used as Lnput to the
coordinate converter and the results were compared with the original
position coordinates. These are shown in Figures 5-1 and 5-2. Figure
5-1 are the results obtained using an early version of the program
which employed a spherical earth model, while Figure 5-2 shows the
results of the latest version which uses an ellipsoidal earth model.
In both cases, the center point used in the TD-to-position zalcula-
tions was chosen to be the center of the Loran-C triad used. This is
done by finding the average latitude and longitude of the master and
the two sclected secondary stations used. Comparing the two results
shows that with the spherical approximation, errors tend to Lncrease
sharply as the distance from the center polnt {ncreases beyond 150
nautical miles. In the elliptical case, the errors are much smaller
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Tus Lat. (N) / Long. (W) Rag (nm.) / Bray, (degs.)
Y=¢ Actual Measured Actual Measured

L2416,1 3 0 0 39 0 2 9.9 19.0
56705.7 82 0 0 81 5 S0 3406.0 345.9
42891.9 4 0 0 40 0 Y 58.2 58.3
56446.5 83 0 0 83 0 4 134.0 134.4
42971.4 40 0 0 4 0 6 40,8 41.0
50966.9 82 0 0 81 59 53 186.5 186.6
42382,2 39 0 0 39 0 22 46.3 46.0 OFIGAVY. PAGE 13
. . . o
56272.6 83 0 O 83 0 O 64.9 65.6 F POOR QuALITY
42162.8 8 30 0 38 30 23 89,7 89.6
57362.0 80 30 v 80 29 33 303.9 303.1
41924.7 3 0 0 8 0 51 199.7 199.1
54840.5 86 0 O 8¢ 0 11 65.3 60.8
40978.1 36 0 O 36 1 26 218,.7 217.6
55686.7 8% 0 0 84 0 O 23.8 24,5
43947 .6 42 0 0 4l 59 52 160.6 160.6
57449.3 82 0 0 82 0 1 181.6 181.6
40294.2 35 0 0 35 1 42 259.1 257.8
56354.4 82 0 0 81 59 46 359.0 358.9
41150,5 37 0 0 37 0 45 202.2 201.9
57642.7 79 0 0 78 59 17 314.5 313.3

STATLSTLCS

Lat.: mean erroc = 35,67, stan. dev = 35.5", max = ]1' 42"
Long: mean error = -b.5", stan. dev. = 16.1", max. = 43"

Range: mean crroc = =0.37 nm., stan. dev. = 0.5 nu., max. = 1.3 nu,
Bearing: mecan crror = 0,06 , stan. dev. = 0.81 , max. = 1.5

Waypoint: Clippinger Labs; 39 19 22.8 N, 82 5 58.4 W

Figure 5-1. Test of Microcomputer Coordinate Converter
with Spherical Modal.
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Chaln 1D=9960, Triad=M-Y, M-4 (Scucca, Carolina Beach, Uuna)

Range < 50 na
_'___CJ nteol Values | Caleulated Vulues =™~
|

LAT/ TDX/ KNG/ | LAT/LONG | KNG/ KNG/ BRC
1.ONC TOY BRGC BRG ERROR
59" 0 0] 4250078 35.5 | 39 00 01994 0.1
80 0 0] 57694.23 | 257.7 ] 80 00 Ol | 257 .8 0.1

39 30 0] 42802.08 | 39.1( 39 29 59| 39.1] 0.0

80 30 0] 57590.86 | 196.7 | 80 29 59| 196.8 0.1

39 0 0 426436.48 | 30.3| 39 00 0l] 3J6.1| 0.2

8l 30 O] 57006.86 | 102.1 ] 81 29 51| 10l.9 0.2

3 0 Gl 41839.48 53.9 | 38 00 0¢ 53.8 0.1

8l 0 01 57049.77 13.1] 80 59 50 12.9 0.2

avgeraga arror 0.1 nm, 0.15 degrec
standard Jdoviation 0.08 nm, 0.00 degred

50 < Range € 150 nm

41 0 0] FZ'STMI.LES' L2740 SY 3| 12 e] 0.0 )
80 W 0/ 57984.40 | 184.9| 80 30 00| 184.9| 0.0

60 0 0] 42971.64 | 89,239 59 57| 89.1| 0.1

82 0 0] 50966.91 | 139.5) 81 59 93| 139.1| 0.4

39 0 0]42356.71 | 152.7|39 00 03| 152.1| 0.6

86 0 0] 55769.31| 93.8| 83 59 43| 92.8| 1.0

38 0 0]41861.78 | 118,738 00 06| 118.3]| 0.4

83 0 0 50157.02| 64.4)| 82 59 48| 03.6| u.n

37 0 0] 41225.10 | 113,037 20 1t 113.1| 0.0

8l 0 0/ 56896.70 6.3 | 80 59 5 6.1] 0.2

37 30 0] 415064,07 | 101,337 30 08| 101.1| w.2

79 30 0 57561.40] 324.2( 79 30 02| 324.6| 0.4

40 0 0] 43301.77 | 144,21 39 59 S| 143.8] 0.4

78 0 0] 58808.94 | 241.2 ) 78 00 10| 242.0| O

38 30 0] 42267.50| 130.8| 38 30 03| 130.3| 0.5

78 0 0 58344.52|279.1| 78 00 08| 279.9| 0.8
_—-w----—L—-—-.—-—Oi > cm— - o

avurapge orroc 0.28—&;,—_0.')5 deproe
standard doviatton 0.23 am, 0.39 deyrec

Figure 5-2. Test Rewlts of Microcomputer Coordinate Converter with
Ellipsoidal Model.
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O | 40711.29

50 < Range < 300 rm

55394.47

39907.81
56045.87
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59149.22

44322.59
57669.90
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42.6
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2.8
270.7
273.0

253.8
167.4

84

34
80

38
75

42
8l

35 00

59

W
b1

30
o

9
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8

1)
55
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202.0
2.7

209.8
274.8

253.8
167.0

average crrocr 0.38 nm, 0.9 degree
standard deviation 0.41 nm, 0.79Y degree

Figure 5~2. Continued.
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out to the edge of the coverage region and the results tend to be more

stable as a functlon of distunce from the center of the coverage
reglon.

The results presented here uare much the same in terms of
accuracy as the tests done in Chapter IIL using the FORTRAN-IV test
program. The results in Figures 5-1 and 5-2 also include the range
and bearing angle calculations presented in Chapter TI[.D. The range
and bearing calculations 2llow only a single waypolut to be stored In
memory, which must be established before TD-to=-position updates are
run. There are 1l steps required for each rang:/bearing computation
and this {s normally done immediately after the lat/long calculations.
The output of the microcomputer program consists of the computed
lat/long and the range/bearing stored Ln memery in both the binary
floating-point format and in BCD for data storage and display.

Additional testing of the microcomputer Loran-C system
described in Chapter IV was performed during actual flights in a Piper
Cherokee and Douglas DC-3. These tests were done mainly to demon-
strate the fact that the microcomputer system could be used in flight
environments to provide navigation information. This flight testing
also allowed the output of the coordinate converter to be recocded
over a long period of time in flight situations for checking the sta-
bility of the microcomputer hardware and software system. Approxi-
mately 30 hours of flight testing werc done and it was demonstrated
that the outpu:t of the coordinate converter, in the form of range and
bearing to a waypoint, could be uscful to a pilot. Figure 5-3 shows a
plot of the recorded data from the coordinate converter on a particu-
lar flight along with the recorded data from a commerclal loran-C
recelver. From here It can be noted that there is an obviocus blas in
the microcomputer data on the east-west track to the north; this track
coincides nearly with the LOP from the Seneca Carolina Beach pair,
which was used for one of the TDs. The other pair used was Seneca-
Dana, in the 99600 Loran-C chain. This particular flight path
illustrates an interesting characteristic; the flight path along the
north-south directlon coincides more nearly tc the Seneca-Dana LOP,
which is a stronger signal pair, and the cast-west track coincides
with the weaker LOP signal pair. As ls evideat, the north-south track
is on course and cast-west track is slightly north of course. The
commercial receiver flown incorporates signal path corrections, while
the microcomputer system does not. It is obvious that signal path
corrections are needed, although the inaccuracy witliout them amounts
to one-half to one nautical mile.

The flight testing was done to assess the microcomputer-
controlled navigation system's capabilities rather than evaluate abso-
lute Accuracy. Analysis of other flight tests similar to thosc shown
in Figure 5-3 showed typical position uncertalnties of one-half to one
nautical mile. For general aviation use, this represents sufficlent
accuracy for eanroute navigation and to place the pilot near navigation
fixes at an airport for landing approaches. Much of the error noted
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in flight testing could be traced to the recelver where the TDs are
derived. As:suming that the TDs could be derlved correctly, the
available accuracy would be on the order of 0.1 to 0.3 nm,. Tha
effects of the derivation of the TDs in the receiver Is a function of
how the pulse (s svampled.

Flight lesting also showcd that the lLoran-C signals may be
recelved well at low altitudes, even In the hilly terraln where the
tests were conducted. Effects on the yround such as 60 Nz power=1jae
{interference are much less pronounced during Flivht.,

I. Frrors as Function of Distance. Obviousiy, the choice
of the central ;»int used to compute the constants Cl Through C9 in
the spherical case, and Cl through Cl4 in the cllipsoldal case, has a
definite bearing on how accurate the solution will be ct any given
point. If it is krown that most operations will take place within a
small part of a given triad coverage regior, the central point could
be chosen there. In general, though, the accuracy will deteriorate
rapidly as the distance from the central point extends beyond 200 to
250 miles. The central point in the microcomputer program was chosen
to correspond to the center of the triad region to provide good

accuracy throughout the triad's coverage region.

B. Possible Fixes for Errors. Certalnly, more accurate models
vide more accurate solutions. This becomes a very difficult task In
practice becausc of al! the various profiles which exist in any piven
area and it {s not practical to store these and perfurm the necessary
geodesic calculations on a small microcomputer system.

Many modern receiver designs are ilncorporating methods of
applying propagation corrections to the received time differences as
the position calculations are made., This is done by gclng to wvarious
locations and observing actual time differences. Propagation correc-
tions become very fmportant in determining how accurate any recelver
system is, although as mentioned in Chapter II, thesc covtructions typi-
cally are on the order of several tenths of a mile, thus "he
complexity of including propagation correcti.ns may not be justified
for some situations. It is also possible to include minor earth wmodel
corrections into the propagation corrections, although these would, in
most cascs, be very small corrections.

As was discussed sbove relating to Figure 5-3, the best way
to provide more accurate TD-to-puiition calculations is to incorporate
some sort of method of compencatiag for weak signals from the Loran-C
stations. The strength of the signal is generally related tc the
signal path length and can thus provide useful information for other
corrections, such as the profile of the earth over which the signal
travelled. Although thls can decrease inaccuracies from one nautical
mile to lecss than onc-tenth nautical mile, the odded complexity of
getting atation signa'-to-noise ratios from the lLoran-C receiver and

=
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applying corrections based on these can sometimes be too wach of a
burden in processing time or storage requirements. It may be quite
feasible to have several ground monitoring stations in the coverage
region to determine local corrections (differential Loran) which could
then be disseminated by some means to the pilot or operator and
entered into the Loran—-C navigation systenm.
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VI. CONCLUSIONS AND RECOMMENDATLONS OF POOR QUALITY

In this paper, one objective has been to show the suitability
of using Loran-C as a navigation system for general aviation use.
Loran=C has many inherent capabilities which makes it attractive with

respect to along and cross-track accuracy and signal coverage. Key
conclusions reached as a result of this research are:

l. The obstacles to fully implementing a coamplete Loran-C navi-
gator because of the hardware and the computational burdens are demon-
strated to be removed with the wide availability of low-cost
microprocessors and rclated devices.

2. The problem of converting Loran-C data to a more natural
and easily understood form for the pilot using simple and fast tech-
niques has been solved.

3. The cost of implementing a microprocessor-based Loran-C
navigator unit can be comparable to the cost of a small microprocessor-
based, general-purposc computer system in terms of hardware and soft-
ware required.

4, The TD-to-position algorithm developed has comparable
accuracy to that which can be achieved with raw Loran-C data; approxi-
mately 0.1 to 0.3 nm or less.

This work effort has concentrated on the computational aspuects
of a Loran-C navigator. The fact that transcendental functions are
involved has impeded implementation of these ideas in the past; thesc
functione are still difficult to implemeat on an eight-bit micropro-
cessor. The trzdeoffs between extra hardware to handle these func-
tions or doing them in software must be made in terms of speed since
other tasks aust be done in the navigator. Thus, usc of an external
mathematics chip, such as the Am 9511, has a strong advantage in specd
over software mathematics routines. This is especially true in light
of recent price reductions for such satellite processors.

Recause of velocities typical of aircraft operations, it is
ideal to have complete position updates in one second. It should be
noted that extra area-navigation computations in addition to the
Loran-C position calculations (stated at 0.18 second) may exceed this
desired value. The Am 9511 may be run asynchronously at speeds up to
2 MHz allowing the microprocessor cime for other navigator tasks.

In view of the speed and accuracy of processor loading parame-
ters of the coordinate conversion routine, the conclusion is that
these techniques may be successfully used for general aviation Loran-C
navigation application.

During the course of the investigation for this paper, secveral |
{ .ems were found which need to be addressed further. One is the

o e - L..-J




acceptance of lLoran-C as a primary means of navigation for alrcraft.
The present Loran-C system is maintainea primarily for the maritime
interests which means that some engineering changes may be necessary
before full implementation of Loran-C for aviation could take place
[37,38]. additioral stations are desired to cover fully the United
States, and it is important to place these to provide maximum capabi-
lity to users, especially those in areas of rough terraln or areas
lacking in numbers of other services [39,40].

A very important issue is the consideration of how over-land
propagation of the lLoran-C signal affects the phase velocity of the
signal. Explicit solutions to this are difficult to implement becausc
of the very inconsistent nature of the propagation path. Empirical
models are usually iused. This is done by monitoring the Loran-C
signal at many iocat.ons and averaging the results over long periods
of time. A table of s.~h results could be published and the values
could be stored iu the navigator unit, or broadcast to the aircraft
much &8s barometric pressure readings are. Another important effect on
the propagation path model is the geodetic model of the ecarth [41].

It is felt that these problems are manageable [42] and are not a
serious impediment to fully using Lovsa~-C as a primary means of air
navigation,

ORIGINAL PAGE 18
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Appendix I. Program listing for position-to-TD
prediction program. This program is written in standard
FORTRAN-1V computer language for the IBM/370-158 [43].
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THIS PROGRAM IS A TEST PROGRAM FOR COMPUTING LORAN-C
TIME DIFFERENCES. THE EQUATION USED IS:

TD = BETA + DELTA + TS - ™™
WHERE BETA IS THE BASELINE LENGTH, AND DELTA 1S THE
SECONDARY CODING DELAY, TS AND TM MUST BE CALCULATED ORIGINAL PACE IS
AND REPRESENT THE BASEL!NE LENGTH FROM RECEIVER TO THE UALITY
SECONDARY STATION AND (HE BASEL INE LENGTH FROM THE OF POOR Q
RECEIVER TO THE MASTER, RESPECTIVELY. THESE TWO ARE
COMPUTED BY ®ARC*" AND THE ACCURACY DEPENDS ON THAT
SUBPROGRAM. ALL GEODESIC CONSTANTS ARE NAD 27,

JJ.P.FISCHER 07,79
CHAIN CONSTANTS ARE FOR U.S. EAST COAST (9960).

QOO0 O0OOOO0OO0OO0O

REAL®8 PHIR ,GAMR,PH IM,GAMM, PHIW ,GAMW ,PH | X,GAMX,PHIY ,GAMY, PH I Z ,GAMZ
COMMON PHIR,GAMR

DATA PH IM,GAMM/0. 74 55002761, 1, 340870724/

DATA PH IW ,GAMW/0.81 69491 590, 1.185559303/

DATA PHIX,GAMX/0.7200063971 ,1.22134 5098/

DATA PHIY,GAMY /0,594 5057338, 1,359840319/

DATA PHIZ ,GAMZ/0.69554764 39, 1.526928009/

DATA COBW/1.379724E4/,CDBX/2.696991E4/,00BY/4 ,222161E4/,CDBZ/5.716

>205€4/

5 PRINT 21
READ(S, 1,END=6) | DEG, MI N, SEC, I DEG1, MI N1, SECI
PHIR=( | DEG+(MI N+SEC/60.)/60.) %3, 14159265/183.
GAMR={ | DEG 14+(MI N1+SEC1/60.)/60.) *3. 14159265,180.
TOM=ARC(PH IM ,GAMM)
TOK'=CDB WHARC (PH IW ,GAMW) = TDM
TOX=COB X+ARC(PHIX, GAMX )=T[M
TOY=COBY+ARC(PH | Y, GAMY )= TOM
TOZ =COB Z+ARC(PH1Z ,GAMZ ) =TOM
PRINT 22,TOW,TDX,TOY,TOZ
GOTO 5
6 STOP
| FORMAT(14,1X,12,1X,F5.0)
i FORMAT ('OENTER RECEIVER LATITUDE/LONGITUDE.'/' SDDD MM SS.SS')
2 FORMAT(' W = ',FB8,2,5X,"X = ',F8,2,5X,'Y = ' ,F8.2,5X,'Z = ',F8,2)
END
FUNCTION ARC(PH | |, XLNG2)

THIS PROGRAM |S DERIVED FROM KAYTON AND FRIED;

IT IS USED TO CALCULATE THE BASELINE DISTANCE BETWEEN TWO
POINTS ON THE REFERENCE ELLIPSOID BY DERIVI'IG THE GEODESIC
ARC LENGTH IN A PLANE THROUGH THE CENTER OF THE ELLIPSOID.
REFERENCE ELLIPSOID USED IS CLARKE 1366 (NAD 27).

JP FISCHER 7/79

IMPLICIT REAL®*8(A=H,0-2)

REAL™ ARC

COMMON PHI ,XLNGI

DATA A/6.,378206406/ ,F/3.3900752%040-3/
DATA CL/299.792458/

OO0OOOOO0O0

DXLNG=DABS(XLNG 1=XL NG2)

BETA=DATAN( (1,.=F)*DTAN(PHI))

BETAISDATAN((1.=F ) ®*DTAN(PHI 1))

C1=DCOS(BETAI)®DS| N(DXLNG)

C2=DCOS(BETA)®*DSI N(BETAI )=DSIN(BETA)*DCOS(BETA! ) *DCOS (DXLNG)
C3=DS|IN(BETA)*DSIN(BETAI)+DCOS(BETA) *DCOS(BETA I ) *DCOS (DX L. NG)
PS I=sDATAN(C1/C2)

THETA=DATAN( (C2®*0COS(PS 1)¢C1®*DSIN(PS1})/C3)

XM=(DS IN(BETA)+DS IN(BETA1) ) *#2

XN=( (DS IN(BETA)=DS IN(BETAI) )/DSIN(THETA) ) *#2
XU=(1,=OCOS(THETA) ) /DS IN(THETA) ® (THETA=DS IN(THETA) ) /DS IN(THETA)
XVe (), 40COS(THETA) ) * (THETA+DSIN(THETA) )

RHO=DABS (A" THETA-A® F* ( XM®XU+XN*XYV)/4.)

ARC=RH\/CL

RETURN

END
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Appendix II. Program listing for TD-to-lat/long
conversion program.

This program was written in

standard FORTRAN-1IV programming language and run on
the IBM/370-158.
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THIS PROGRAM USES AN EXPLICIT NON=ITERITIVE APPROACH TO SOLVE THE
LzGNITSQ.UTIW OF CONVERTING TIME DIFFFRENCE READINGS TO LATITUDE
LONG | TUDE .

EARTH CONSTANTS NAD-27 (CLARKE 1866 SPHERICAL EAKTH MODEL)
11/1980 J.P, FISCHER

ELLIPSI00 CORRECTIONS APPLIED 6/1981

DATA TCY,TCZ/3.9€-2,5.4E=2/

DATA THAY/0,15129258/ ,THMZ/0. 14849557/, XNR/A6.986746/

DATA CTMY/0.98857709/,5STMY/0.15071607/,CTMZ/0. 98899478/
DATA STMZ/0.14793043/,CXK/0, 37466368/ ,5XK/0. 92716079/

DATA C1/2.9832071/,C2/4.,3111683/,C3/-/.1717116/

DATA CA/4.0896360/.C5/-4.4643647/ ,C6/1.1496479/

DATA C7/-5.0510869/,C8/5. 1185063/,09/ .5%92 1480/

DATA C10/1.5850077E-3/,C1 1/2. 5836473E~4/,C12/-2.9670318E~3/
DATA C13/1.5850077€-3/,C14/1.0034014/

7 PRINT 12
READ(S5,3,END=10)TY,TZ
TYsTY® |, E=6
TZaTZ*1,E-6

O0O000O0O0OO0O

PYSXNR® (1Y=TCY )=THMY

PZeXNR® (TZ-TCZ)~THMZ

CPY=COS(PY)

SPY=SIN(PY)

CPZ=COS(PZ)

SPzeSINEL) .
AY= (CPY=CTMY) /STMY AGE 1S
AZs(CPZ-CTMZ ) /STMZ ORIGINAL PA LITY
BY=SPY/STHY OF POUR QUA
B2eSPZ/STM

U1 =AY SCXK-AZ

U2=AY *SXK

US=AZ*BY-AY*BZ

UL=UT %1 +U2°U2

CDBY= (U3®U 14U2*SQRT (UU-U3*U3) )/UU

THMS=ATAN(AY/ (BY+COBY ) }

CBCOS(THMS)

CA=COS (THMS#2T)

CORCOS( THMS#PZ)

F=C1 ®*CA+C2%CB+C3"CC
G=C4 ®CA+C5*CB+C6*CC
HeC7SCA+CE® CB+C9* CC

THGS=A TAN( (G+C10) /(F+C11) )
PHGS=ATAN(C14*C1 4"S IN(THGS ) ®(H+C12) /(G+C13) )
CALL LLRD(PHGS,THGS)

GOTO 7
10 STOP
3 FORMAT(F10.0)

12 FORMAT(- ENTER TIME=D IFFERENCES, ')
END
SUBROUTINE ROLL(PHI,THE,*®)

THIS SUBROUT INE COMVERTS GEOCENTRIC COORDINATES ENTERED 8Y THE
USER TO RADIAN COORD INATES. INPUT FORM IS: DODD MM SS.SS

WHERE 'D0DO' IS THE DEGREES PORTION OF THE LAT. OR LONG., INCLUDIN
SIGN, MM IS THE MINUTES PORTION, AND SS.SS IS THE SECONDS PORTION.
READ FORMAT 1S: 4,1X,12,1X,F5,0.

OO0O0O00OO0O0

IMPLICIT REAL®"3(A-H,0~2)

REAL® PHI,THE

DATA P1/3.1415926535898/ |
DATA MSG1/'LATI'/ ,NSG2/' TUDE '/ .MSG3/': '/ ,MSGA/'LONG'/ ,MSGS/' I TU
>0'/ ,M566/'E: '/

Pi1=P|/180,

PROWPT U3ER.

e Ne kel

PRINTI,MSG 1, MSG2 , MSG3 Y

<O~
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READ(5,10,END=21) ID1,1M1,5S1
PHI=SNGL(P 1% (DFLOAT(ID1)+(DFLOAT(IM1)+551/60.)/60.))

PROMPT USER FCR LONGITUDE ENTRY, ORIGINAL PAGE 1S

PR INT1, MSGA , MSG5 , MSG6 OF POOR QUALITY
READ(S . 10,END=21) 101, IM1, 551
THE=SNGL (P11 ® (DFLOAT (1014 (DFLOAT(IM1)4551/60.)/60.))

RETURN
21 RETURN 1
ENTRY LLRD(PHI,THE)

o000

THIS SUBSECTION DOES THE REVERSE OF THE ABOVE GIVEN RADIAM
CCORDINATES.

PH =P |2%PH |

THE=P |2°THE
LDi=PH |

XM1=(PH I=LD1) %60,
LM1=XM1
SSIm(XMI=LM1)*60.

(s XsXeXel

LD2=THE
XM2=( THE-LD2) *60.
LM2=xM2
SS2=(XM2-LM2) *60.
PRINT3,LD!,LM1,SS51,L02,LM2,552
RETURN
1 FORMAT(' ENTER ',3A4/' DODD MM SS.SS')
10 FORMAT(14,1X,12,1X,F5,0)
3 FORMAT(' LATITUDE = ',14,1X,12,1X,F5,2/' LONGITUDE = ',14,1X,12,1
>X ,F5.2)
END
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Appendix III. Program iisting for microprocessor
version of TD-te-lzt/long program. This program was
written ip standard MOS6502 assembly language and
assembled by a cross assembler on the IBM/370-153.
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TRV T FRTRe— TSN ——w—.n—-———_’m

RN RN RN RN NP R R RERNR RN RR LR NN RN RN RN R RRR PR R aRREl

*3®
53

FAOD
F SuB
FMUL
FOIV
SQRT
SIN

Cos

ATAN
PTOF
PUP|
FLTD
F1XD

TCZ
THRY
THMZ
XNR
CTMy
STMY
c™Z
STMZ
CXK
SAK
C1

Cc3
C4
Ccs
(o}
c7
c8
c9
cio
cn
c12
Cla
EMS
FCR
WO

»
THIS PROGRAM |S DESIGNED TO CONVERT LORAN-C TIME-O IFFERENCES  *
TO LATITUDE/LONGITUDE AND RANGE/BEARING TO A WAYPOINT »
ON THE MICRCOOMPUTER USING THE AM9571A MATH CHIP., THE .
ALG. I THM 1S BASED ON FORTRAN PROGRAM 'DCXLRN.' BCD-10-EX »
AND HEX-TO-BCD CONVERSIONS ARE WANE AT THE BEGINNING AND "
END OF PROGRAM EXECUTION; ALL INTERNAL CALCULATIONS ARE ®
MADE USING BINARY FLOATING-POINT. ALL SUBROUTINES ARE AT -
THE END OF THE MAIN PROGRAM, THE NUMBER TABLE AREA IS *
DESIGNED TO BE PLACED AFTER THE SUBROUT INES; CONSTANTS ARE »
FIRST, CALCULATED VARIABLES LAST. *
-
L]
®
L]
-

VERSION 1,0, SPHERICAL MODEL, 11/198G, J.P.FISCHER
VERSION 2.0, ELLIPSOID MODEL, 7/1981, J. P. FISCHER

SRR RO R a R R RN RN IR RCRRREERNRER NG RARRRRRREINAARRARERRARERR AN

EQU $9000 PERIPHERAL AND DDR SI1DE A
EQU $9002 PERIPHERAL AND DOR SI3k 9

A49511A COMMANDS.

o 11 ORIGINAL PACT 153

EQU $.12 IALITY
EU $13 OF FOOR QU ¥
EQU 1

EQU 2

EQU 3

EQU 7

EQU $17

EQU $1A

EQU $IC

EQU S1E

VARIABLE NAME TABLE

THE FOLLOWING ARE CONSTANTS,.

EQU O

EQU TCY+4
EQU TCZI#4
QU THMY+4
EQU THMZ
EQU XNR+4
EQU CTMY+4
EQU STMY+4
EQU CTMZ44
EQU STMZ+4
EQU CxxX+4
EQU SXX+4
EQU Cl+4
EQU C2+4
EQU C3+4
EQU Ca+4
EQU C5+4
EQU Co™
EQU C7+4
EQU C8+4
EQU C9+4
EQU C10+4
EQU Cl1+4
EQU C12+4
EQU Cld+4
EQU EM6+
EQU RCR#4
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C256
P180
C60
PHI
RLAM
.

TY
Tz
PY

cPy

cPz
SPZ
AY
AZ
8y
8Z
u1

w3
uu
coay
THMS
cs
CA
cC

THGS

CF1
DLAM
DPHI

EQU TwO+4

EQU C256+4
EQU P180+4

EQU C60+4
EQU PHI

THE FOLLOWING ARE CALCULATED VARIABLES.

EQU RLAM+4

EQU TY+4
EQU TZ+
EQU PYH
EQU PZ+4
EQU CPY+4
EQU SPY#4
EQU CPZ+4
EQU SPZ+4
EQU AYH
EQU AZ#
EQU BY™
EQU BZ#4
EQU UI+4
EQU U2
EQU U3
EQU UU+4
EQU COBY "¢
EQU THMS+4
EQU CB#4
EQU CA®4
EQU CC+4
EQU F4
EQU G+4
EQU He4
EQU THGS*
EQU PHGS+4
EQU CF1+4
EQU DLAM+4
EQU DPHI

ORIGINAL PACE 13

PAGE~ZERQO ASS|IGNMENTS

BSS
BSS

m

BSS
BSS
BSS
BSS
8SS
B8SS
8SS
BSS
8SS
BSS
BSS
BSS
BSS
B8SS
6SS

—"\’NUU""“""‘-‘N—-‘S..O

PACKED BCD /W TENTH DIGIT
PACKED BCD /W TENTH DIGIT

BASE ADORESS FOR NUMBER MOVE

INDEX LIMIT USED IN NUMBER CONVERSION ROUTINES
SAVE AREA FOR X-REGISTER

SAVE AREA FOR Y-REGISTER

COUNT-DOWN REGISTER

TABLE FOR BUILDING UP HEX NUMBER FROM BCD
RESIDUE TABLE FOR B!NARY MULTIPLICATION
HEX NUMBER TU 3F CONVERTED TO BQD

RESULT OF HEX-TO-BCD CONVERS|ON

CONSTANT USED 1M BINARY DIVISION
REMAINDER FROM BINARY CIVISION

THE FOLLOWING ARE THE

COMPUTED LATITUDE/LONGITUDE AND RANGE/BEARING, ALL
ARE IN PACKED BCD FORMAT., THESE ARE DESIGNED TO
INTERFACE TO SENSOR SOF TWARE,

BSS 3
BSS 3
BSS 2

FORMAT: (EX.) 39 19 20 - DEGREES, MINUTES, SECON
FORMAT: (EX.) 82 05 56 - DEGREES, M!NUTES, SECON
FORMAT: (EX.) 00 96 - NAUTICAL MILES /W TENTH DI
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BASE
“

TOHEX

UFOWR

LFOWR

TOS

NOC

TR

LSR
LSR
JMP
INC
LDA
AND
I NX
CLC

STA
BCC
1
oEY
BEQ
STY

LDA
STA
STA
STA
LDA
LDY
cLc
ROL

ROL
ASL
BCC
PHA
CLC
LDA

STA
LDA

STA
LDA
ADC
STA
PLA

FORMAT: (EX.) 22 04 - DEGREES /W TENTH DIGIT

2
2 ADDRESS OF FLOAT ING=POINT TABLE
$1700

CONVERT TO'S FROM BCD TO FLOAT ING=POINT

=0
=TY CONVERT TDA FIRST
YTEP
=2
COUNT CONYVERT TWO TDS

SET DECIMAL MCOE OFF

BCD=-TO-HEX CONVERSION

% SIX DIGITS
=0
HEX
HEX+1
HEX+2
FLAG
LFOWR DO LOWER PART FIRST
FLAG
TOA,X GET A BYTE
A
A
A
A
T03 DO THE MAIN CONVERS ION
FLAG
TOA, X GET A BYTE
=$F REMOVE UPPER FOUR BITS
FOR ADDITION
HEX+2
HEX42 ADD DIGIT TO PARTIAL SUM
NOC GO IF NO CARRY OUT
HEX#+1
NEXT DIGIT
T® IF DONE, LEAVE
XTEwP SAVE COUNTEK

MULTIPLY PARTIAL SUM BY TEN

=0

RES CLEAR MULT. TABLE
RES+!

RES+2

=10 DIVISOR

=8

RES+2
RES+1
RES

A
NOC2

RES+2
HEX+#2
RES+2
RES+1
HEX+1
RES*+!
RES
HEX
RES
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NOC2  DEY ORIGINAL PAGE IS
BNE T2
LOY XTEMP OF POOR QUALITY
4 LDA RES
i STA HEX
| LDA RES+!
! STA HEX+)
LDA RES+2
A STA MEX+2
‘ LDA FLAG
oy BNE UFOUR
| JMP LFOWR
i . €0002080
. NOW CHANGE INTEGER PART TO FLOATING-POINT C0002090
U THEN ADD IN THE FRACTIONAL PART. €0002100
. 000021 10
TOD  LDY YTEMP
STX XTEMP SAVE THE CURRENT DIGIT LOCATION
LDA =0
STA (BASE),Y  CLEAR THE UPPER TWO BYTES
INY
LDA HEX MSB OF HEX |NTEGER
STA (BASE),Y  PUT IN TABLE FOR 9511
INY
LDA HEX+1 LSB OF HEX INTEGER
STA (BASE),Y
INY
LDA HEX+2
STA (BASE),Y
LDY YTEMP POINT TO TD NUMBER
JSR PUSH GIVE IT TO 9511
. LDA =FLTD
JSR CMND CONVERT INTEGER TO FLOATING-PO INT
LDY =EM6 CONSTANT 1E=7
JSR PUSH
LDA =FMUL CONVERT FROM M|CROSECONDS. ..
JSR CMND TO SECONDS
LOY YTEMP GET THE TD LOCATION AGAIN
JSR POP AND STORE THE TD
DEC COUNT SEE IF BOTH TDS CONVERTED
BEQ SUTD IF SO, START TD=TO~POSITION CONVERS ION
LOX XTEMP SET UP FOR NEXT TD
INX
LDY =72 ADDRESS OF TDB
STY YTEWP STORE IT
JMP TOHEX REPEAT
. €0002770
. CALCULATE 'PY! C0002780
o C00027%0
SUTD  LDY =XNR 'XNR!
JSR PUSH 21SH ON STACK
LDY =TY Y
JSR PUSH
LDY =TCY "TCY!
JSR PUSH
LDA =FSU8
JSR CMND SUBTRACT TY=TYC
LOA =FMiL
JSR CMND XNR* (TY=TYC)
LDY =THMY TTHMY !
JSR PUSH
LDA =FSUB
3 JSR CMND XNR® (TY=TZ)-THMY
‘ LOY Y Py
- JSR POP PUT 'PY' INTO TABLE
L ]
. CALCULATE 'PZ!
[ ]
- LOY =XNR X!
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JSR
LDY
JSR
LY
JSR
LDA
JSR
LDA
JSR
Loy
JSR
LDA
JSR
Loy
JSR

LoY
JSR
LoY
JSR
LDA
JSR
LDY
JSR
LDA
JSR
LDY
JSR
LDY
JSR
LoY
JSR
LDA
JSR
LoY
JSR
LDA
JSR
LoY
JSR

LDY
JSR
LDY
JSR
LDA
JSR
LY
JSR
LOA
JSR
Loy
JSR

LDY
JSR
LDY
JSR
LDA
JSR
LoY
JSR
LDA

PUSH PUSH ONTO STACK
T2 T2

PUSH PUSH ONTO STACX
=TCZ Taz

PUSH PUSH ONTO STAXX
=F SUB

CMND TZ-TCZ

=FMUL

CMND XNR® (TZ=TCZ)
=THZ 'THMZ!

PUSH

=FSUB

CMND XNR*(TZ=TCZ)=-THMZ
=pZ LOCATION FOR 'PZ!
POP STORE RESULT IN 'PZ2"

CALCULATE CPY,SPY,CPZ,SPZ

LY Py
PUSH PUSH IT

PY Py

PUSH DUPL ICATE STACX
=C0S

CMND COS(PY)

CPY FOR CPY

POP GET IT

=SIN

CMND SIN(PY)

=SPY

POP GET SPY

-7 Pz

PUSH

7 Pz

PUSH

=C0S

CMND COS(PZ)

=CPZ LOCATION FOR CPZ
POP

=SIN

CMND SIN(PZ)

=SPZ LOCATION FOR 'SPZ!
POP

CACULATE 'AY!

“CPY "ePY!

PUSH

=CTMY "CTMY!

PUSH

=F SUB

CMND CPY-CTMY

=S TMY TSTMY!

PUSH

«FDIV

CMND (CPY=CTMY) /STMY
cAY TAY!

POP

CALCULATE 'AZ!

=CPZ 'cez
PUSH

=C™MZ 'cTM2!
PUSH

=FSuB

CMND cPZ-C™MZ
=STMZ 'STMZ?
PUSH

=FDIV
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JSR CMND
LOY =AZ

(CPZ-CTMZ)/STMZ
LOCATION FOR 'A.’

JSR POP

CALCULATE 'BY!

LDY =SPY 'sey!
JSR PUSH
LDY =STMY 'STMY!
JSR PUSH
LOA =FDIYV
JSR CMN’ SPY/STMY
LDY =BY LOCATION FOR 'BY!
JSR POP GET IT
CALCULATE 'BZ!'
LOY =SPZ 'SPz’
JSR PUSH
LDY =STMZ 'STMZ!
JSR PUSH
LDA =FDIV
JSR CMND SPZ/STMZ
LOY =2 LOCAT ION FOR 'BZ"'
JSR PP GET T

CALCULATE 'u

LDY =AY TAY?
JSR PUSH
LDY =CxK 'CXK!
JSR PUSH
LDA =FMUL
JSR CMND AY*CXK
LOY =AZ 'AZ!
JSR PUSH
LDA =FSUB
JSR CMND AY ®*CXK~AZ
LOY =y1 LOCATION FOR 'U1!
JSR POP

CLACULATE 'y2!
LDY =AY TAY!
JSI PUSH
LDY =SXx 'SXK!
JSR PUSH
LDA =FMUL
JSR CMND AY *SXK
L0Y =2
JSR POP GET 'u2'

CALCULATE 'u3!

LOY =AZ YAZ!

JSR PUSH

LDY =BY '8y

JSR PUSH

LDA =FMUL

JSR CMND AZ*BY

LDY =AY TAY?

JSR PUSH

LDY =82 ‘Bz

JSR PUSH

LDA =FMuL

JSR CMND AY*BZ

LDA =FSuB

JSi. CMND AZ*EY-AY®BZ
LOY =3 LOCAT ION FOR 'u3!
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JSR POP

CALQULATE 'yu! ORIGINAL PAGE IS

WY U1 mu OF POOR QUALITY

JSR PUSH

LOY =) wn

JSR PUSH

LDA =FMUL

JSR CMND uteu

LOY =y2 w2

JSR PUSH

LOY =2

JSR PUSNH

LDA =FMUL

JSR OMND u2%u2

LDA =FADD

JSR OMND Ul U «u2%y2
LDY =yy LOCAT ION FOR 'uu'
JSR POP

CALCULATE 'Coey!

LOY =uu !
JSR PUSH
LDY =u} Uy
JSR PUSH
LDY =y} w3
JSR PUSH
LOA =FMUL
JSR CMND us*uy
LDA =FSUB
JSR CMND uu-u3*uy
| DA =SQRT
JSR CMND SQRT(UU-U3*UY)
LOY =72 2
JSR PUSH
LDA =FiUL
JSR CMND U2®SQRT(UU=U3"UY)
LOY =u3 "u3?
JSR PUSH :
LDY =1 e r
JSR PUSH
LDA =FMUL
JSR CMND us*ul
LDA =FADD
JSR CMND US*UT+U2* SQRT(UU=U3*UY)
LDY =Uuu e
JSR PUSH
LDA =FDIV
JSR CMND (US*UIT+UZ®SQRT(UU=U3*U3) ) /U
LDY =CO8Y LOCATION FOR 'CDBY!
JSR POP

-

: CALCULATE 'TeMS!
LDY =AY YAY!
JSR PUSK
LOY =BY By
JSR PUSH
LDY =CDBY 'eoBY!
JSR PUSH
LDA =FADD
JSR CMnD B8Y+CDBY
LDA «FDIV
JSR OMND AY/(BY+CO8Y)
LDA =ATAN
JSR CMND ATAN(AY/(BY+CO8Y) )
LODY «THMS LOCATION FOR 'THMS!
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<
<R

LDY
JSR
LDA
JSR
LOY
JSR

LOoY
JSR

JSR
LDA
JSR
LDA
JSR
LDY
JSR

LDY
JSR
LOY
JSR
LDA
JSR

JSR
LOY
JSR

LDY
JSR
LDY
JSR

JSR
LoY

LOY
JSR
LOY

CALCULATE ‘'cs!

=THMS "THMS Y

PUSH

=C0S

CMND COS(THMS)

=CB8 LOCATION FOR 'CB'
POP

CALCULATE 'CA!

=THMS 'THMS!

PUSH

Y Py

PUSH

=FADD

CMND THMS+PY

=C0S

CMND COS(THMS+PY)

=CA LOCATION FOR 'CA!
POP

CALCULATE tCC'

«THMS 'THMS!

PUSH

=P Wz

PUSH

=F ADD

CMND THMS+PZ
=C0S

CMND COS(THMS#Z)
=CC LOCATION FOR 'CC!
POP

CALCULATE 'F!

=C| L

PUSH

=CA 'CA!

PUSH

=FMUL

CMND C1*CA

=C2 c2

PUSH

=CB 'ca!

PUSH

=F MUL

CMND Cc2%Cs

=FADD

CMND C1*CA+C2CB
=C3 c3

PUSH

=CC ool

PUSH

=FMUL

CMND c3*cc

=F ADD

CMND C1%CACT =04C 3 CC
=F LOCATION FOI? *F?
POP

CALCULATE 'G!

=CA Ca

PUSH

=CA ICA!
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JSR
LDA
JSR
Loy
JSR
LDY
JSR
LDA
JSR
LDA
JSR
LOY
JSR
LoY
JSR
LDA
JSR
LOA
JSR
LOY
JSR

LoY
JSR
LOY
JSR
LDA
JSR
Loy
JSR
LDY
JSR
LDA
JSR
LOA
JSR
LDY
JSR
LOY
JSR
LA
JSR
LDA
JSR
LOoY
JSR

LoY
JSR
Loy
JSR
LDA
JSR
LOY
JSR
LDY
JSR
LDA
JSR

PUSH
=FMUL

CMND CA*CA

<5 cs!

PUSH

=C8 "car

PUSH

=FMUL

CMND c5*ca
=FADD

CMND CA*CA+C5*CB
“ |“'

PUSH

=CC rec

PUSH

=FMUL

CMD ce*cC
=FADD

CMND CA®CA+C5*CB4C67CC
< G

POP GET G
CALCULATE 'H!

=C7 e

PUSH

=CA 'CAY

PUSH

=FMUL

CMND CT*CA

~C8 rca

PUSH

=CB rca!

PUSH

=FMJL

CMND ca*cs
=FADD

CMND CT*CA+CB*CB
=Cy "y’

PUSH

=CC rcct

PUSH

=FMUL

CMND c9*ce
=FADD

CMND CT*CA+CB*CB4CI*CC
H LOCATION 'H!
POP

CALCULATE 'THGS'

G
PUSH
=C10
PUSH
=FADD
CMND
=fF
PUSH
=C11
PUSH
=FADD
CMND

LDA =FDIV
JSR CMND
LDA =ATAN
JSR CMND
LDA =PTOF
JSR CMND

G
'cio!
G+C10
10

HARL

F+Cl1 1

(G+#C10)/(F+C1 1)

ATAN( (G+C10)/(F+C11))
DUPLICATE STACXK

ORIGINAL PACGE IS
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=THGS

JSR POP @ T THGS PAGE IS
LOY #180 180/P | ORIGINAL UALITY
JSR PUSH OF POOR Q

LDA =FMUL

JSR CMND CONVERT FROM RADIANS TO DEGREES

LOX =3 POINT TO LONGITUDE FIELD

LOA =6 INDEX L IMIT

STA XLIM

LDA =380 VIDEO LOCATION FOR LONG.

STA VY

JSR TOBQD2 CONVERT TO DEGREES, MINUTES, SECONDS

CALCULATE 'PHGS'

LDY =THGS 'THGS'
JSR PUSH
LDA =SIN
JSR CMND SINCTHGS )
LDY =C14
JSR PUSH
LDY =Cl4
JSR PUSH
LDA =FMUL
JSR CMND Cl4"Ci 4
DA =FMUL
JSR CMND C14%C14"S IN(THGS)
LDY =H TH!
JSR PUSH
LDY =C12 "ci12!
| ISR PUSH
| LT -FADD
{ JSR CMND H+C12
| LDA =FMUL
JSR CMND C14*C14"SIN(THGS ) * (H+12)
LDY =G "G
JSR PUSH
LDY =C10 'c1o!
JSR PUSH
LDA =FADD
JSR CMND G+C13
LDA =FDIYV
JSR CMND Cl14"C14"SIN(THGS ) * (H+C12) /(G+C10)
LDA =ATAN
JS] CMND ARCTAN(C14®C14%S IN(THGS ) * (H+C12) /{G+C13))
LDA =PTOF
JSR CMND DUPL!CATE STACK LOCAT IONS
LOY =PHGS
JSR POP GET PHGS
LOY =P 180 180/P |
JSK PUSH
LDA =FMUL
JSR CMND CONVERT PHGS FR(4 RADIANS TO DEGREES
LOX =0 LOCATION FOR LATITUDE FIELD
LDA =3 INDEX LIMIT
STA XL IM
DA =360 VIDEO LOCATION FOR AT,
STA vY
JSR TOBCD2 CONVERT TO DEGREES, MINUTES, SECONDS

RHO-THETA CONVERS ION
CALCULATE 'CFI!

LOY =PHGS 'PHGS'
JSR PUSH
LDY =PH| "PHIY
JSR PUSH
LDA =FADD

CMND PHGS+PH I

!
1
|
i
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LDy
JSR
LDA
JSR
LDA
JSR
LoY
JSR

LOY
JSR
LDY
JSR
LDA
JSR
LOY
JSR

LoY
JSR
LY
JSR
LDA
JSR
Loy
JSR

LDY
JSR
LDY
JSR
LDA
JSR

JSR
LDA
JSR
LoY
JSR
LDY
JSR
LDA
JSR
LDA
JSR

JSR
LDY
JSR

ISR
LOX
LDA
STA
JSR

LOY
JSR
LOY
JSR
LDA

P an ORIGINAL PAGE 1S

¥ OF POOR QUALITY
CMND (PHGS+PH 1) /2

=C0S

CMND COS( (PHGS+PHI)/2)
=CF1 LOCATION FOR 'CF1?
POP

CALCULATE 'OLAM

=THGS 'THGS

PUSH

=RLAM TRLAM!

PUSH

=F SUB

CMND THGS =R LAM

=0 LAM LOCATION FOR 'DLAM!
PoP GET T

CALCULATE 'OPHIY

=PHI P
PUSH

“PHGS TPHGS !

PUSH

=F SUB

CMND P 1--PHGS

=DPHI LOCAT ION FOR 'DPHI!
POP

CALCULATE 'ARC!

=0 LAM 'OLAN!

PUSH

=CF1 1CF1Y

PUSH

=FMUL

CMND DLAM*CF1

T OF

CMND OUPLICATE STACK LOCATIONS
sFMUL

CMND (DLAM®CF 1) *#2

cDPHI 'OPHI!

PUSH

=DPH |

PUSH oPHI!

=FMUL

CMND DPH*DPHI

~F1O0

CMND (DLAMECF 1) ®**240PH I *DPHI
=SQRT

CMND SQRT( 4es )

=RCR 'RCR!

PUSH

=FMUL

CMND RCR*SQRT( ... )

=0 POINT TO RANGE FIELD
'v:GO VIDEO LOCATINN FOR RANGE
RNGB GET RANGE IN BCD

CALCULATE 'pPSI!

=D LAM TOLAM!
PUSH
=CF) ICEY
PUSH
=FMUL




L30

L33

JSR
LOY
JSR
LA
JSR
LDA
JSR

LOY
LOA
BMI
LoY
LA
BrL

LOA
JSR
DA
JSR
LOA
JSR

JSR

SED
RTS

CMND
0PI
PUSH
=fDIV
w0
=ATAN
CMND

OLAM®CF |
YOPHI Y

DLAM®CF 1 JOPH |
ATANC(DLAM®CF1/0PH 1)

ADJUST 'PSI' FOR PROPER QUADRANT

=OPM |
(BASE),Y
L30

=D LAM
(BASE) ,Y
L33

©UPI
CMND
PUuPI|
CMND
=FADD
CMND
=FADD
CMND
L33

“©UP|
CMND
=F ADC
CMND

=180
PUSH
=FMUL
CMND
=2
=500
VY
RNGH

DONE

GET THE SIGN OF 'DPHI!
GO IF NEGATIVE

GET SIGN OF 'DLAM!
GO IF POSITIVE
PUSH PI

PUSH PI

MULTIPLY PI BY TWO
PS4+ 2%

PUSH PI
PS1+P1
180/P |

CONVERT TO DEGREES
LOCATION FOR BEARING

VIDEO LOCATION FOR BEARING

SET DECIMAL MODE FOR SENSOR

ORIGINAL
OF POOR

THIS SUBROUTINE INITIALIZES THE FPIA FOR USE WITH
THE MATH CHIP AND THEN SETS THE CONTROL INPUYS OF THE
MATH CHIP TO INACTIVE STATES,

PAGE 1S
QUAL\ Y

.
PINT

LA
| DA
LLA
S iA
LDA
STA
LDA
STA
LDA
STA
LDA
STA
STA
LDA

PIAA
PIAB
=314
PIAA+|
=0
PIAB+|
=3CF
PIAB
-4
PIAE+)
=]
AGCH
PIAB
wiF

CLEAR INTERRUPTS

SET INTERRUPT CONTROL AND DOR

SET DOR LOW
SET INPUTS AND OUTPUTS
SET DOR BIT MHiGH

FOR 99511

SET BACKGROUND COORDINAT ION BYTE

SET CO, RD AND WR HIGH
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STA PIAB SET SVACK HIGH

LDA PIAA CLEAR ANY | NTERRUPTS OF POOR QUALITY
LDA =0 GET LSB OF NUKBER TABLE

STA BASE SAVE FOR | NDEXI NG

LDA =2 GET MSB

STA BASEe!

LDA =3A

STA DVSR STORE 10 FOR BINARY DIVISION

MOVE NUMBER TABLE TO READ/WRITE SPACE

LOY =0 CLEAR INDEX ONE
LOX =0 CLEAR INDEX TwO
LDA TABLE

STA BASE!

LOA TABLE+!

ST BASE!+1
MVE! LOA (BASE1),Y GET A DIGIT

STA $200,X STGRE IT IN NEW LOCATIONM
I NX

I NY

CPY =120 MOVE 120 YETY

BMI MVE! IF NOT, CONTINUE

«

INATIALIZE VIDEO DISPLAY QUTPUT

LOX =0
WRSCN  LDY SCLC,X

LDA LSCRN,X

AND =$3F

STA $2200,Y

1 NX

CPX =16

BMI WRSCN
L

RTS
L ]
.
(R LA R AR AR A A R S R A R R R R R R A R R R R R R R A R A AL
L] L]
g SBRO!UTINE TO SEND DATA TO 9511, \
. ITM NUBER 1S IN REG-Y, BASE ADDRESS .
. IS '™ "SASE,! "
. L
(R I R R R R R R A RN A R R R AR RN R R R R R R R R R R R R RN
L
PUSH JSR SAC SET PIAA TO OUTPUTS

INY ADJUST REG~Y SO IT

I NY POINTS TO LSB OF NUMBER

INY

LDX =4 LOAD COUNT OF 4
PSHI LDA (BASE),Y GET A BYTE OF THE NUMBER

STA PIAN GIVE IT TO 9511

LDA =$A

JSR Sv10

LDA PIAA CLEAR ANY INTERRUPTS

DEY NEXT BYTE

DEX

BNE PSHI LOOP UNTIL ENTIRE WORD WRITTEN

RTS IF DONE, RETURN

L]
.
LR A AL R R R R A R A R R A R L R L Rl L A R A R A R R R R R R R R R

v .
. SUB"WUTINE SETS UP PIA SIDE A AS OUTPUTS. ®
. .

SAO LOA PiAA*Y GET THE CONTROL REGESTER
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ANC ~4FB SET ACCESS THE DOR
STA PIAA#Y RETURN IT

LDA =$FF OF POOR QUALITY
STA PIAA SET ALL TO QUTPUTS

LDA PIAA®|

ORA -4 SET DOR BIT HIGH

STA PIAA#I RETURN 1T

RTS

o
LA AL AL A AL AL L L A L R L R R L L R L R L R R R R Y]]

® e
» THIS SUBROUTINE FOPS A NUMBER OFF OF THE by
" 9511 STACK., NUMBER 1S RETURKED TO LOCATION 2
: W'TH 'BASE' AS BASE ADDRESS; ITEM MUASER IN Y, :
L e e R Y T T T R Y T T Ty Y
.
POP JSR SA| SET PIA AS INPUTS

LOX =4 LOAD COUNT OF 4
POP1  LDA =9

JSR V9

STA (BASE),Y STORE IN TABLE

LDA =38

STA AGCB

ORA AGCF

STA ;A8 SET RD HIGH TO INCR. STACK PO INTER

INY

DEX

BNE POP1 0O 4 BYTES

RTS

»
.
AR RN LN AN AN RERR NN IREOR RN PR AR NP EER RRBR R RS

. r
o SUBRCUTINE SETS UP PIAA AS INPUTS. .
k] -

LR IO L L R R R L R R R R T R R R R R R A R R R R R L R R A L
.

SAI LODA PIAA+|

AND =$FB SET DOR BIT LOW

STA PIAA+]

LDA =0

STA PiAA SET SIDE A TO ALL INPUTS

LOA PIAA+!

ORA -4 SET DLR BIT HIGH

STA PIAA+!

RTS
.
.
R L R R A A R R R R R R R R A R R R A R R RS AR R R R R AR A R R AR A A A
L -
. SUBROUTINE SENDS THE COMMAND BYTE IN ACCUM, .
. TO THE 9511 FOR EXECUTION. ROUTINE RETURNS TOQ .
¢ CALLER REGARDLESS OF WHETHER EXECUTION |S COMPLETED .
) OR NOT, .
. L
IR A R R R R R R R R R R R I R L R R R R R R R R R R R R R R RN R R R R R AR R ]
CMND  PHA

JSR SAD SET PIA SIDE A AS OQUTPUTS

PLA GET THE COMMAND

STA PIAA SEND TO 9511

LDA =3E

JSR SY10

BIT PiAA+: TEST iF COMMAND DONE

BPL *-3 KEEP TESTING UNTIL CONE

LDA PIAA CLEAR THE INTERRUPT 81T
L
. READ THE STATUS REGISTER; RETURN |F INVALID CODE
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’ WAS PRODUCED. ORIGINAL PAGT I

ISR SAI CET PIM SIDE A AS INPUTS OF POOR QUALITY
LOA =$D SET C/D HIGH, RO LOW
JSR V9
PHA SAVE 1T
LDA =§F RETURN 9511 TO INACTIVE STATE
STA AGCB
ORA AGCF
: STA PIAB
“ PLA
AND =$10011110 ZERO OUT UNIMPORTANT BITS
BEQ OK IF ZERO, CONTINUE PROCESSING
PLA POP THE STACX
PLA
SED SET DECIMAL FOR SENSOR ROUTINE
RTS RE TURN

- .g

SY9 STA AGCB
ORA AGCF
STA PIAB
BIT PIAA+I
BvC *-3
LDA PIAA
RTS

SVI0  PHA
STA AGCB
ORA AGCF
STA PIAB
< PLA
cLC
ADC =1
STA AGCB
ORA AGCF
STA PIA8
RTS

L LR L R R R TR R R R R R R R R R R R R R R R R S st

»
r41S ROUTINE CONVERTS THE BINARY FLOATING-POINT LATITUDE .
AND LONGITUDE SEPARATELY INTO THE STANDARD DEGREE, MIMNITES, o
AND SECOND FORMAT, THE RESULT 1S STORED IN B(D. "
»
»

INTG  CLD SET DECIMAL MODE OFF
LDA =PTOF
JSR CMND DUPLICATE STACK LOCATIONS
LCA =FIXD
JSR CMND CONVERT POSITION TO AN INTEGER
LDA =PTCOF
JSR OMND DUPLICATE 1T
LOY =TEMP KORK AREA
STX XTEwP
JSR POP
DEY
LDA (BASE),Y GET THE HEX RESULT
STA DVON+| AND PLACE FOR HEX-TO-BCD CONVERSION
DEY
DA (BASE),Y
STA DVDN
.
- ROUTINE TO CONVERT A TWO-BYTE HEX HUMBER TOQ A FIVE-BYTE BQD
2 NUMBER.
L
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LOX =4 COUNT OF FOUR ORIGINAL PAGE IS

.
UALITY
: DIVIDE BY TeN OF POOR Q
UNSPD LDA =0
STA RMNDR CLEAR REMA INDER
LOY =17 SET UP COUNT
JNP DOI
002 LDA RMNDR
SEC SET CARRY FOR SUBTRACT
SBC DVSR
BPL NREST GO IF NO RESTORE
D01 CLC
JMP MERGQ GO TO SET Q
NREST STA RMNDR NEW RESIDUE
SEC Q=1
MERGQ ROL DVDN+1
ROL DVON
DEY DECREMENT COUNT
BEQ RTN
ROL RMNDR SHIFT LEFT
. JMP D02 CONT INUE
RTN LDA RMNDR GET REMA INDER
STA DRES, X STORE IT
DEX
BPL UNSPD DO UNTIL DONE
.
LDX XTewP
RTS
-
*
IWG)Z JSR INTG GET “.& INTEGER PART
. STORE THE POSITION COORDINATES ON YIDEO SCREEN
.
LOY vY GET VIDEO LOCATION
LDA ORES+) LOAD MSB
ORA =330 CHANGE TO ASCI I
STA $2200,Y
INY
) LDA DRES+4 GEY LSB
ORA =350
STA $2200,Y
I NY
I NY
STY vy
L]
LDA DRES+)
ASL A MOVE LOWER FOUR BITS TO UPPER FOUR DITS
ASL A
ASL A
ASL A
STA LAT,X STORE THE DIGIT IN POSITION FIELD
LDA DRES* GET NEXT DIGIT
ORA LAT,X MERGE WITH UPPER DIGIT
STA LAT,X REPLACE
. . 1 NX
CPX XLIM SEE IF DONE
BEQ OUT2 RETURN |F DONE
LDA =FLTD
JSR CMND CHANGE INTEGER TO FLOATING-POINT
LDA =F SUB
JSR CMND SUBTRACT OFF INTEGER PART
LOY =C60 GET CONSTANT "60"
STX XTEmP
JSR PUSH
LOX XTEMP
LDA =FMUL




SR CHND MULTIPLY RESIOUE BY 60 ORIGINAL PAGE 1S

JNP Y OBCOD2

OUT2  RTS OF POOR QUALITY
L

.

LA L LA L L L L L e e LRI

. L]

. ROUTINE CONVERTS RANGE AND BEARING FROM (1 NARY TO BQD .

. AND STORES THEM, *

L ] L]

RNGB  JSR INTG GEYT THt INTEGER PART
.
LS VIDEQ OUTPUY

L]
LOY vY
LDA DRES+?
ORA =330
STA $2200,Y
I NY
LDA DRES+)
ORA =330
STA 82200,Y
I NY
LDA DRES™
ORA =3$%0
STA $2200,Y
I NY
I NY
STY VY

LDA DRES#2 WD ORCER DIGIT

ASL A MOVE LOWER DIGIT TO UPPER
ASL A

ASL A

ASL A

STA RHO, X PUT 1T IN RESULY

LDA DRES+) 2ND ORDER DIGIT

ORA RMO, X MERGE WITH LASY DIGIT
STA RHO,X

I NX

LDA DRES™ FIRST DIGIT

ASL A

ASL A

ASL A

ASL A

STA RHO, X STORL 1T

LDA =FLTD

JSR CMND CHANGE TO FLOAT ING=0 INT
LODA =F SuB

JSR CMND SUNTRACT OFF INTEGER
LDY =C2% 250"

STX XTEMP

JSR PUSH

LDA =FMUL

JSR (OMND GET FRACT ION AS INTEGLR
LDA =FIXD

JSR C'ND

LDY «TEMP WORK ARLA

JSR POP

LDA (BASE) ,Y GET THE FRACYION

LSK A SEARCH- TABLE METHOD OF
A QBTAINING CORRESPONDI NG

LSR A OECIMAL VALUE
A

TAX USE AS INDEX
LOA FRTBLI, X GEY THE DECIMAL EQUIVALENT
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LOX XTEMP

LOY VY OF POOR QUALITY
ORA =330

STA $2200,Y

AND =§F

ORA RHO, X STORE THE FRACTION

STA RHO, X

RTS
.

“ "
: CONSTANT TABLE OF NUMBERS USED IN CALCULAT IONS. .
L]

TABLE ADR (ONTS)
CNTS EQU *

HEX 7C,9F ,BE,77 00 - TCY
HEX 7C,0D,2F,1B 04 = TCZ
HEX 7E,9A,EC,71 08 - THMY
HEX 7€,98,0F,39 0OC - THMZ
HEX 06,88,F2,6 10 - XAR
HEX 00,FD,13,63 14 - CTMY
MEX 7E€,9A,55,50 18 - STMY
MEX 00,FD,2E,C3 1L - CTMZ
HEX 7€,97,80,51 20 - STMZ
HEX 7F,BF,03,EB 24 - CXK
HEX 00,ED,5A,69 28 - SXK
HEX 02,BE,6C,00 2 = CI
HEX 03,89,F5,17 30 - C2
HEX 83,E5,7E,A9 34 - C3
HEX 03,82,DE,4C 38 - C4
HEX 83,8€,0C,13 X - CS
HEX 01,93,27,AA 40 - C6
HEX 83,A1,A2,81 44 - C7
HEX 03,A3,CA,CE 48 - C8
i HEX 00,8F,28,B3 4C - C9
HEX 77,CF,C0,08 50 - C10
HEX 75,87,75,21 54 - C11
HEX F8,C2,1E,A6 58 - C12
HEX 01,80,6F,75 5C - Cl4
HEX 69,06,8F,95 60 - 1E-7
HEX OC,D6,F5, T8 64 - RCR
HEX 02,80,00,00 68 - TWO ("2%)
HEX 09,80,00,00 6C - C256 ("256)
HEX 06,E5,26,E1 70 - P180 (180/P1)
HEX 06,F0,00,00 74 - C60 (60)
L
. END OF NUMDER TABLE; START SCRATCH SPACE
L]
FRTBL) HEX 00,01,01,02,03,03,04,04
HEX 0%5,06,06,07,08,08,09,09
LSCRN ASC 'LATLONGRNGBRNG, ,'

SAC  HEX 68,69,6A
4 HEX 88,89,8A, 88
HEX AB,A9,AA
HEX C8,C9,CA,C8
HEX 83,03

END
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Appendix IV. Program listing for program to com-
pute spherical C-constant from equations 3-22 through
3-36. This program was written in FORTRAN-IV using double
precision arithmetic.




e L _ e Lo e i 40 2 M s s e o 20 L

THIS PROGRAM IS USED TO CALCULATE THE CONSTANTS USED IN THE
EXPLICIT COORD INATE CONVERTER TO CONVERT THE GECCENTRIC
ARC ANGLES TO GEOCENTRIC COORDINATES (LAT. AND LONG.)
REFERENCE H, FELL, NAVIGATION, SUMMER 1975 AND PRIVATE
COMMUN ICATION.

FIRST WRITTEN 11/1980 ORIGINAL PAZE 13

MAJOR REVISION 6/1981 OF POOR QUALITY
Jo P FISCHER

OOOO0O0O0O0O0OO0

IMPLICI TREAL "8 (A=H,0-2)

DATA RR/6378.2064/ ,R/6356.5838/
COMMON XX,YY,Z2Z

PRINT23

CALL RDLLS(PHIO,THETO,49)

CALCULATION OF THE CENTER OF OSCULATING SPHERE.

o000

B1=DSIN(PHIO)

B82=B1%81

B3=0COS(PHI10)

B4=B3*83

B85=RR*RR

B6=R*R

RC=(B5°B2+86"B4) /R
B7=DSQRT(B5"B2+86%B4)
XX=(RR-B7)*B3*DSIN(THETO)
YY=(RR-B7)*OCOS(THETO) *B3
ZZ=(R-RR/R*B7) *81
C10=XX/RC

ClisYY/RC

C12=ZZ/RC

Ci13=C10

C14=RR/R

READ IN THE COORDINATES OF THE THREE LORAN-C STATIONS.

OO0

CALL RDLLS$(PM,TM,29)
CALL RDLLS(PX,TX,49)
CALL ROLLS(PY,TY,49)

CONVERT THE GEODETIC LATITUDE TO GEOCENTRIC AND MAP THE POINTS
ONTO THE OSCULATING SPHERE.

o000

CALL SPDS(PM,TM,PHM,THM)
CALL SPO$(PX,TX,PHX, THX)
CALL SPD$(PY,TY,PHY,THY)

COMPUTE THE C~CONSTANTS USED TO CONVERT GEOCENTRIC ARC ANGLES
TO GEOCENTRIC LATITUDE AND LONGITUDE.

ONOO

A1=DCOS(PHM)
A2=DS | N(PHM)
A3=DCOS(THM)
A4=DSIN(THM)
A5=DCOS (PHX)
A6=DS|IN(PHX)
A7=DCOS(THX)
AB=0S | N(THX)
A9=DCOS (PHY)
A10=DSIN(PHY)
A1 1=DCOS(THY)
A12=DSIN(THY)

D=AS® A1 *A9* (AS"A12-A*A11)=AZ*AS®AQ* (AT*A12-AB¥A1 1)+AT0"AS* Al * (A7
>A4-A8"AS)

Cl=(AI®AL®A1 0-A2"A9¥ A12) /D

C2=(AS*A9*A12-AS5*AB*A10)/D

C3=(AS*AR®A2-AG"AI®*M ) /D

CA=(A2®A9" A1 1-A1"A3%*A10)/D

C5=(AS®AT®A10~-A6"A9*A1 1) /D

CE=(A6"AI *A3-AS*AT*A2) /D
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CTmAI®AQ* (A3®A1 2-A4*A1 1) /D
CO=AS*AQ® (AB"A11=AT*A12) /D
CO=AS"AI* (A7®A4-AB"AS)/D

PRINT THE RESULTS AND QUIT,

ORIGINAL PAGE 13
OF POOR QUALITY

PRINTY,C1,C2,03,C4,C5,06,C7,C8,C9,C10,C11,C12,C13,C14

9 STOP

| FORMAT(' C1 = ',1PD14.7,3X,'C2 = ',D14,7,3X,'C3 = ',D14.7/' CA = !
>,014,7,3X,'C5 = ',D14,7,3X,'C6 = ',014,7/' C7 = ',D14.7,3X,'C8 = *
>,014.7,3X,'C9 = ',D14,7/* C10 = ',D14.7,3X,'C)1 = *,D14.7,3X,'C12
>= 1,014,7/* C13 = ',014,7,3%,'C14 = ',014,7)
23 FORMAT('IENTER COORDINATES OF MIDPOINT OF COVERAGE ARIA.')

END

SUBROUT INE SPOS(PHIOQ, THEO,PHI1, THET)

THIS SUBROUTINE CALCULATES THE COORDINATES OF A “OINT ON
A SPHEROID AND CALCULATES THE IMAGE OF PP UNDER THE SPHEROID
TO THE OSCULATING SPHERE WITH CENTER AT XX, YY, ZZ FROM

MAIN PROGRAM .

IMPLICIT REAL*"8(A-H,0-2)

DATA RR/6378,2064/,R/6356,5838/

COMMON XX, YY, 22
PHI0=DATAN(R/RR*DTAN(PH10) )
X=RR*DCOS(PH 10) *0S IN( THEQ)
Y=RR*DCOS(PH10) *DCOS( THED)
Z=R*DS IN(PHI0)

XL=DSQRTE (X=XX)® (X=XX)+(Y=YY)®(Y=YY)+(2Z-22)*(2-22))

PH I 1=DARSIN((Z=2Z)/XL)
THEI=DATAN( (X=XX)/(Y=YY))
RETURN

END

THIS SUBROUTINE CONVERTS GEQCENTRC COJRDINATES ENTERED BY THE

USER TO RADIAN COORDINATES.

INPUT FORM |S:

=111-

DDOD MM S5.SS
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Appendix V. Program listings for service routine
to convert BCD numbers entered at user's terminal to 9511
equivalent binary floating-point numbers. First p.ogram
is written in FORTRAN-IV and second program is written in
IBM 360/370 assembly language.
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WHERE 'ODDD' IS THE DEGREES PORTION OF THE LAT. OR LONG., INCLUDING
SIGN, MM |S THE MINUTES PORTION, AND SS.SS 1S THE SECONDS PORTION.
READ FORMAT 1S: 14,1X,12,1X,F5.0,

IMPLICIT REAL®8(A-H,0~2)

DATA P1/3.1415926535898/

DATA MSG1/'LATI'/ ,MSG2/' TUDE'/ ,MSG3/"': '/ ,MSGA/' LONG'/ ,MSG5/' I Ty
>0'/ ,MSG6/'E: Y/

Pl1=P1/180.

PROMPT USER.

PRINT1 ,MSG1,MSG2 ,MSG3
READ(5, IO(;E'O‘ZI)TI 012,73

PHI=PI1*(T1+(T2- T3/60.)/60.) ORIGINAL PAGE IS
PROMPT USER FOR LONGITUDE ENTRY, OF POOR QUALITY

PRINT1 ,MSGA , MSGS , 45G6
READ(5,10,END=21)T1,T2,T3
THE=P | 1®(T1+(T24T3/60.)/60.)

RETURN
21 RETWRN 1
| FORMAT(' ENTER ',3AM/' DDDD MM $S.SS')
10 FORMAT (F4.0,1X,F2.0,1X,F5.0)

END
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c FORTRAN PROGRAM 9511
c THIS PROGRAM 1S DESIGNED TO RUN IN CONJUCTION WITH SUBROUT INE
I DECHX. A REAL NUMBER IS READ IN AND CONVERTED FROM 360/370
L FLOATING-POINT FORMAT TO THE BINARY FLOATING=POINT FORMAT
c USED BY THE AM9511A MATH CHIP. THE INPUT NUMBER IS HANDLED
c AS REAL"S TO ALLOW ROUNDING UP OF THE FINAL RESULT,
c
c J.P. FISCHER 4/81
c
REAL"8 XA
LOGICAL®! R1,R2,R3, R4 ORIGINAL PAGE IS
“ 1| READ(S,10,END=2)XA OF POOR QUALITY

CALL DECHX(XA,R1,R2,R3,R4)
PRINT 11,R1,R2,R3,R4
GOTO!

2 STOP

10 FORMAT(F15.0)

11 FORMAT(1X,22,1X,322)

ND
.I..IIEII.....Q..'.'.lIII..'".IIQ........I...llll...ll.l....l.ll.l.lll

.
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L]
. THIS FORTRAN-COMPATIBLE SUBROUT INE TRANSLATES A 360/370 .
. FLOATING-POINT NUMBER TO THE FLOATING-POINT FORMAT USED .
. BY THE AM9511 MATH CHIP. THIS IS DESIGNED AS A DEVELOPMENT *
. PROGRAM. RESULT ING NUMBER IS RETURNED AS FOUR SEPARATE .
. NUMBERS (LOGICAL*1) . .
L] ]
. J. P. FISCHER  3/81 .
L] L]
LR AR A R AR R A R R R R R R AR R R R R R R R R AR Rt s eeyd]

SPACE 2
DECHX  CSECT

BC  15,5+144(15)  BRANCH AROUND 1D

DC  XLI'S

DC  CLS'DECHX'

LR 12,15 NEW BASE

USING DECHX, 12

STM  14,12,12(13)  SAVE REGISTERS

SPACE

MYl FLAG,0 CLEAR FLAG

L 2,0(1) ADDRESS OF FLOAT ING=PO INT NUMBER

MYC  EXPO(5),0(2) MOVE INTO THIS PROGRAM

™™  EXPO,X'80" SEE IF MANTISSA IS NEGAT IVE

BZ  POSM GO IF POSITIVE

MVI  FLAG,! SET MINUS BIT

NI EXPO,X'TF! CLEAR NEGATIVE BIT
POSM  SLR 3,3 ZERO A REG;STER

IC  3,EXPO GET THE EXPONENT

SL 3,F64 SUBTRACT X'40' FOR NEW BINARY EXPONENT

Sl 3,2 CONVERT EXPONENT FROM HEX TO BINARY

SPACE

: LEFT TM  EXPO+1,X'80'  SEE IF LEFT ADJUSTMENT NECESSARY

BO  NOT IF SET, DON'T DO ANY MORE

IOM  4,15,EXPO+]  GET THE MANTISSA

SLL 4,1 SHIFT OVER ONE

BCTR 3,0 DECREMENT EXPONENT

STCM  4,15,EXPO+1

B LEFT SEE IF SHIFTING COMPLETE
NOT TM  EXPO+4,X'80' SEE IF THIS BIT IS SET

BZ  P0S IF NOT, DON'T ROUND UP

ICM  4,B'0111',EXPO+1  GET THE MANTISSA

LA 4,104) INCREMENT 1T

STOM 4,B'0111" ,EXPO+1  REPLACE IT

SPACE
POS STC  3,EXPO STORE THE NEW EXPONENT

™  FLAG,I SEE IF NEGATIVE

8Z  POSI

0l  EXPO,X'80' SET THE NEGATIVE BIT

B POS2




POSI

POS2

Fod
EXPO
FLAG

R I — RN ST A — PP T e R T ———

EXPO, X' 7F! CLEAR THE NEGATIVE BIT
RETURN THE NEW TLOAT ING=POINT NUMBER

3,6,4(1) ADDRESSES OF RETURN LOCATIONS
0(1,3),EXPO MOVE THE NEW EXPONENT

0(1,4) ,EXPO+l  MOVE THE MSO OF MANTISSA
0(1,%) ,EXPO+2 MOVE THU MIDOLE OF M) NTISSA
0(1,6) ,EXPO+3 MOVE THE LSB OF MANTI SA

RETURN TO CALLER

2,12,28(1 .0 RESTORE REGISTERS AS THEY WERE
12(13) X FF! INDICATE CONTROL RETURNED TO CALLER
15,15 ZERO RETURN COOE

4 RETURN

3

OF

Flo4!

XLS

XLt

DECHX

ORIGINAL PACLE 1S
CF POOR QUALITY
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