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AREA NAVIGATION IMPLEMENTATION FOR A MICROCOMPUTER~BASED

LORAN-C RECELVER

This report describes the development of zu area navigation program
and the implementation of this software on a microcomputer-based
Loran~C receiver to provide high-quality, practical area navigation
information for general aviation. This software provides range and
bearing angle to a selected waypoint, cross—track error, course
deviation indication (CDI), ground speed and estimated time of
arrival at the waypoint. The range/bearing calculation, using an
elliptical earth model, provides very good accuracy; th« error does
not exceed more than 0.012 nm (range) or 0.09° (bearing) for a maxi-
mum range to 530 nm. o-p filtering is applied in order to reduce
the random noise on Loran~C raw data and in the ground speed calcu~
lation. Due to the o-g filtering, the ground speed calculation has
good stability for constant or low—accelerative flight. The execu-
tion time of this softwarz is approximately 0.2 second. Flight
testing was done with a prototype Loran-C front-esnd receiver, with
the Lordn—~C area navigation softwar demonstrating the ability to
provide navigation for the pilot to any point in the Loran—-C cover-
age area in true area navigation fashion without line-of-sight and
range restriction typical of VOR area navigatien.
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I. INTRODUCTION AND SUMMARY

This paper describes specific engineering work which has been
done to make Loran-C a more useful and practical navigation system for
general aviation. This work, in particular, deals with development of
new software, and implementation of this software on a (M0S6502) micro-
computer to provide high quality practical area navigation information
directly to the pilot. Flight tests have been performed specifically to
examine the efficacy of this new software. Final results were excep-

tionally good and clearly demonstrate the merits of this new Loran-C
area navigation system.

LORAN~C (Long Range Navigation) is a hyperbolic, radio navigation
gsystem that has been in operation since 1958 [1]. It uses ground waves
at low frequencles to provide positional information, not restricted to
line~-of-sight [2]. This system can be used in nearly all weather con-
ditions to obtain position accuracies which are essentially independent
of altitude. As of 1983, it 1is not yet a complete navigation system in
the United States., In the midwest, which coustitutes one third of the
U.S. land area, coverage is deficient for some flight operatioms.

The VOR/DME (VHF Omni~directional Range/Distance Measuring
Equipment) navigation system is well known as the contemporary, short-
range navigation system which covers the whole United States with over
1000 stations, but this system is sensitive to siting and terrain, and
has limits for low altitude coverage because VOR is a line-of-sight
system. By relieving these shortcomings, Loran is considered to be a
possible supplement for VOR/DME system [3]. '

The hyperbolic lines of position assoclated with Loran-C present

a problem for the pilot. Historically, the hyperbolic lines of position
do not convert readily to a meaningful display without comparatively
high airborne equipment cost. However, the present availability of
microprocessors makes low-cost airborne coordinate conversilon equipment
feasible. Contemporary technology provides for light-weight small- _
volume equipment with a low power drain for small aircraft. Thus, auto-
matic Loran~C navigation can be made practical for general aviation
users simply by iaking use of a microcomputer.

In thils paper, work is described indicating rather elementary
mechanizations that can provide the pilot very useful navigation at all
altitudes. This development of software provides Area (Random) Naviga-
tion (RNAV) information from Time Differences (TDs) in raw form using an
elliptical earth model and a spherical model. It is prepared for the
microcomputer based Loran~C receiver which was developed at the Ohio
University Avionics Engineering Center. 1In order to compute naviga-
tional information, a microcomputer(M0S6502) and a mathematical chip
(Am9511A) were combined with the Ohio University Loran-C receiver.

Final data in the report reveals that this scftware indeed provides
accurate informationm with reasonable operation times.
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II. PROBI.EM DESCRIPTION

The purpose of an alr navigation system is to provide position
information to a pilot in all weather conditions. 1In order to achieve
this goal, certailn operational factors, such as accuracy, coverage,
integrity and reliability must be considered.

A. Present-Day Nawvigation System.

1. VOR/DME system. Early air navigation relied heavily on
good visibility and pilot skill. However, increased interest in
aviation as a viable transportation system necessitated developing navi-
gation equipment that would provié# guidance in all weather conditions.

By the 19308, radio navigation systems were being used routinely.,
The VOR (Very High Frequency Omnidirectional Range) was developed by the
end of the Second World War, and shortly thereafter, was put into use
across the U.S., VOR was accepted as the international standard for air
navigation by the International Civil Aviation Organization (ICAQ) in
1949. VOR transmissions, which range in frequency from 108 to 118MHz,
provide signals which the airborne receiver uses to define an angular
bearing with respect to the transmitting station [4].

In the 1960°'s, DME (Distance Measuring Equipment) was added to VOR,
as a part of the colocated TACAN (Tactical Air Navigation) ground~radio
beacon system [5]. DME determines the distance f£rom the VORTAC to the
aircraft, therefore, a VOR-DME station (or VORTAC) provides magnetic
bearing and the distance to the station for the pilot (figure 2-1). The
VOR/DME system is relatively easy to use and easy to vigualize in a nav-
igation sense; hence, it has become a useful, practical system for civil
aviation users.

While the VOR/DME system satisfies most of today's enzoute navi-
gational requirements, it has some notable disadvantages. One of these
is a result of the fact that VHF propagation 1s essencially line-of-
sight, meaning that there must be no obstructions between the transmit-
ter and the receiver. Thus, low-altitude aircraft cannot receive signals
from behind mountains, or in valleys. Consequently, even with more than
1000 VOR stations operating in the United States, complete low-altitude
coverage 1s not provided. Further, there is a high cost associated with
the maintenance of 1000 stations. Moreover, low-altitude aircraft like
helicopters may need additional systems to fulfill their navigational
requirements.

2. RNAV using VOR/DME. The definition of Area/Random Navigaticon
(RNAV) according to Advisory Circular 90-45A, is as follows [6];

'A method of navigation that permits alrcraft
operations on any desired course within the
coverage of station referenced navigation
signals or within the limits of self-contained
system capability.’'
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RNAV equipm¢ "t (primarily VOR/DME dependent systems) is now
available on the market which enables an aircraft to fly directly to any
destination within VOR/DME signal coverage area. A discussion of the
computations involved with RNAV is given in appendix A. Numerous equip-
ments are currently marketed to perform these coordinate translations,
convergion and rotations (e.g., King Radio Corp. KNS~81 Navigation
System) .

Although a large number of RNAV routes have been established by
the FAA, the 'line-of-sight' problem has not been solved for low-
altitude navigation.

3. Other systems. There are other navigation systems, such as,
Non-Directional Beacons (NDB), Omega, inertial navigation, Glebal
Positioning System (GPS) and Loran-C.

The NDB, sometimes called ADF (Automatic Direction Finding), sys-
tem operates in the 200 to 1600 KHz bands to indicate the direction of a
selected ground station with respect to aircraft heading as depicted in
figure 2-2. This system is inexpensive but does not provide the guid-
ance afforded by VOR. For example, if there is crosswind, the aircraft
may drift with respect to the desired path [7]. A comparison between
VOR and ADF in the presence of a crosswind is shown in figure 2-3. And
also, ADF is only as accurate as the magnetic compass.

Omega 18 a very-low-frequency (VLF} hyperbolic navigation system
which offers nearly worldwide coverage with eight stations. Position
determination is based on a comparison of phase values cbtained from the
gignal of three or more transmitting stations (figure 2-4). Inaccuracy
can be caused by ilonospheric changes and conductivity of the ground.
Therefore, the system needs propagation-phase-~correction for proper
phase stability. Lane skipping also causes inaccuracy. Consequently,
it is a suitable aviation aid primarily for lomg-range, oceanic naviga-
tion [8], or for updating inertial systems.

The inertial system is a completely self-contained navigation
system based on the measurement of alrcraft acceleration using accelero~-
meters and gyros. It provides position, velocity, altitude and heading
at all latitudes in all weather [9]. However, because the position and
velocity information degrades as a function of time elapsed and the air-
borne system expense is high, this method, used alone, is unsuitable for
the general aviation applications.

GPS is a radio-navigation system using satellites in space.
Extremely accurate three~dimensional position and velocity information
can be obtained from the system worldwide and unaffected by weather con-
ditions. The position determination is based on the measurement of the
transit time of microwave signals from four or more satellites. Three
satellites permit solving of the user position equations in three dimen-
sions, and the fourth satellite estimates the user's clock error [10]
(figure 2-5). GPS is still being tested and is expensive; however, the

P R s
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implementation will begin in 1986 and will be completed approximately
two years later [11]. It is regarded by some as a future navigation
system which has a capability to be a single universal system.

The Loran-C system is now belng evaluated as a supplemental sys-—
tem, and possibly, as a replacement for the contemporary VOR/DME system,
which is described in the next section. It is the Loran-C system that
is addressed in this paper.

B. Low-Altitude Navigation Using Loran-C.

Loran~C system uses a pulsed, low-frequency (LF) signal, result-
ing in a hyperbolic navigation system. The intrinsic stability of LF,
and the time difference measurement of pulsed signals, provide reason-
able accuracy.(about 2-D r.m.s. system error of +0Q.3nm).

The relativaly low propagation path losses of LF .ground waves,
and the resulting long station-to-station separation provides a wide
coverage area, including low altitude coverage in mountains and valleys.
Thus, about 40 stations are sufficient to cover the entire. continental
United States [12]. Figure 2-6 shows the present Loran—-C coverage area.

Three or four Loran—-C radio navigation transmitting stations are
constructed to form chains. Two sets of hyperbolic lines give position
iuformation in a hyperbolic coordinate system, and this information can
be readily used as input to an RNAV computer. As a result, if the
Loran—-C user chooses, he can perform great-circle navigation between any
two points within the coverage area of the entire Loran~C system.

There are certain problems associated with the use of Loran-C.
Geometric Dilution of Position (GDOP) causes inaccuracies typical of any
hyperbolic system. Inaccuracy arises when the crossing angle of two
lines of position is small or when, the aircraft position is near the
baseline extension for a master-secondary pair. ' Operating too close to
the transmitter also causes instability on time difference (TD) readings
[13]. However, these problems can be avoided by provisionally using
another station, or avoiding passage near a station.

There are other problems due to interference caused by natural
causes and by man-made sources. Static and lightning are examples of
"natural interference. However, static noise reduction from 20dB to 50dB
.in the Loran-C frequency band is achieved by implementation of static
dischargers for aircraft [i4]. Man-made sources such as powerline
carrier systems and noise sources near alrports cause some interference.
According to some measurements, interference was found when the carrier
frequency of powerline is synchronous with the frequency of the Loran-C
pulse spectrum, and solutions to this problem are still under consider-
ation. Interference measurements near major alrports did not show
significant interference to Loran~C receivers [15].

The effect of station outages is another problem; reliability of

Loran—-C stations must be increased for practical, safe air navigation
{16]1.

-10-
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Early Loran-C recelvers were configured for military use. Since
Loran~C requires a relatively complex signal prccessing system for alr-~
borne use, they cost $40-50,000, which made them impractical for general
aviation. This processing can be achieved with a low-cost microcomputer
as 1s presented here., This allows a high-performance Loran-C receilver
to be in the the cost and size range that is attractive for general
aviation usage.
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IIXI. LORAN~C NAVIGATION

A. Background.

During World War IIL, Loran-A was developed as a ploneering long-
range radio navigation system at the Radiation Laboratory of the Massa-
chusetts Institute of Technology {MIT), and operated under the U.S.
Coast Guard to satisfy wartime need. Loran-A operated at 1600kHz and
provided position information to receivers aboard military afid commer-
cial ships and planes. Beginning in 1977, it has been phased out with
the shut down of the final chain in 1980. ‘

After the war, the liepartment of Defense developed a new genera-
tion of radio navigation system, called Loran-C, operating at 100kHz.
Loran-C provides improved accuracy and increased area of coverage. The
Loran~-C system began to replace Loran-A in the late 1950s. ...e Depart-

ment of Defense predicted that the Loran-C system would cover all of the
coastal waters and the entire U. S. by the end of this decade [17].

B. Low Frequency System,

The Loran-C system uses time neasurement with ground waves at low
irequency (LF). LF signals, which are the most suitable for time mea-
surement accuracy, have predictable ground wave propagation conditions
though they are subject to skywave interference at long ranges.

Although very low fregquency (VLF) can algoe be usad for long range
sir navigation (e.g., navigation with the international Omega system),
propagation, mainly by sky wave or the waveguide wmcde, depends on
fonospheric conditions which vary with time of didy and season. Though
the cyeclic redundancy of the transmitted signals cause a lare identifi-
cation problem, there are adjustments which can be used to successfully
overcome it.

Medium frequency (MF) and high frequency (HF) signals meet the
requirement for the time measurement but, unfortunately, suffer high

propagation losses over land and loss of propagation due to natural and

man-tmade physical characteristics whose size is a significant fraction of

a8 wave length [18].

Hence 100kHz low frequency was selected for Loran-C to take
advantage of the stable propagation and long range of this frequency
band {19].

C. Loran-C Time Difference,

The Loran~C chain contains a master station and two to four sec-
ondary stations. The transmitting stdtions of thie chain transmit groups

of pulses forming a Group Repetition Interval (GRI). Each station has
its own GRI in the range of 49900 ys to 99900 pus. The master station

transmits a nine-pulse group spaced 1000 psec with 2000 psec between the

-13-
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eighth and ninth pulses. Secondary stations transmit an eight-pulse
group with pulses spaced 1000 psec. The secondary stations transmit
after a coding delay and a baseline delay that 1s specifie for each
secondary in the chain (figure 3-1).

Measuyring the time differences (TDs) between arrival of pulse
sets from different stations can be used to locate the receiver's
position, The hyperbolic navigation system operates on the Loran—c ™
readings because narrow bandwidths at low frequencies do not allow high
enough data rates to transmit signals with a higher information content
than the presence or absence of the pulse at a given time.

The TD value is found by measuring the difference in time of
arrival of a set of pulses from two stations. A constant TD number
traces a hyperbolic line (figure,K 3-2).,  The hyperbolic equation (3-2)
is constructed as follows,

_ 2 2
dA =y (x+c)” + ¥y o

4y = / (xecr? + v

d, ~d, = 2 -

Luw Vb

* . s : . . . -
: o i vt . . ' 1 AL . 4

where d and f are the distances from each stationto the receiver.f”ﬁ
Put d and d iv (equation 3-1) and rearrange the equation ' ‘
ST P 2 R .
¥, =]
2 2
‘e b (3-2)

where é = /a + b ; point”a is the intersection point between the hyper—
bola and the X—axis, and b is the’ conjugate axis length. '

Each hyperbolic locus of points traces a line of position (LOPi " There-=
fore, a second master secondary pair must be used to trace a second LOP,
and the crossing ‘point of two or more LoPs, define the receiver s loca- .

tion (figure 3-3).

o
~

D. Computation of Time—Differences.

The master station transmits a signal in all directlons, once per
n ‘secondary’ stations transmit, aftet the transmission time of
the signal from the master. station to the secondary station (baseline

time) plus a coding delay. The delay ‘avoids overlapping signals from Ldi
secondary stations anywhere in the coverage region (figure 3-4).
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Figure 3-2. The TD Values Received to Point P From the Loran-C

Stations.
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The receiver gets two signals from the mister and the secondary,
separated by a TD. This TD in mathematical form is:

TD = + A+ Ts - TM

where TD = the time difference in arrival of the master
and secondary signals

g = the one-way baseline time between the master
and secondary

A = the secondary coding delay inserted by the
secondary

T_ = the one-way baseline time between the
gecondary station and the receiver

TM = the one-way baseline time between the

recelver and the master station

The baseline time g and the coding delay A are generally known

quantities which are get up during the installation of the Loran-C
chain. These two quantities are published in the data for each chain by
the U. S. Coast Guard [20]. The two baseline times to the receiver, T,
and T, have unknown values and must be calculated in order to be
applied to the TD eauation.

There are two factors irnvolved for the computation of the value
of travel time from one point to amother. In calculating the accurate
baseline distzuce between the two points one should consider the non-
spherical nature of the earth, and the corrections to the velocity of
the signal which are required when it passes through the medium along
the baseline. The velocity of propagation is mostly affected by the
conductivity of the earth and the dielectric constant of the air [21].

The baseline length between two points on the earth will be pro-
vided by using the elliptical method (Chapter IV). This method uses an
oblate spheroid model of the earth to approximate the geodesic. Accord-
ing to the testing (Chapter IV), th 3 usually is adequate for Loran-C
work.

If the Loran-C signal travels over the baseline path with a
constant velocity, independent of the adjacent medium, the above method
may be used to calculate time differences. As a matter of fact, the
Loran-C signal travels over a surface which has inhomogeneous conduc-
tivity and dielectric constants, and also has irregular terrain [22].

An attempt to resolve the problem of predicting the signal phase
delay is very difficult because of the nonspherical and the irregular
nature of the surface impedance of the earth. An integral equation

model of an inhomogeneous and irregular earth, was proposed by Samaddar [23],
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to predict the secondary phase delays. This calculation is complex and
does not obtain a valuable phase factor correction. More general imped-
ance models are fypically applied by the Defense Mapping Agency.

E. Converting Time-Difference.

The time difference measurement, which was discussed in the pre-
vious chapter, does not directly provide generalized position coordi~
nates such as latitude and longitude to the Loran—-C users. Although the
time differences contain position information, they should be converted
into pos.,tion coordinate systems.

The classic conversion method is through the use of charts, maps
snd tables. This method is adequate for low velocity craft like a ship,
wut not for high velocity aircraft. Therefore, the Loran-C receiver
should have an automatic¢ conversion from TD to the actual position coor-
dinate system.,

There is no simple relationship between the Loran~C lines of
position {LOP) and a geocentric grid coordinate system (figure 3~5)[24].
However, there are many ways for the conversion, and basically, there
are two main methods. One requires iterative calculations that lead to
the final result, and the other uses a direct or clos~i~form solution to
do the conversion.

The iterative TD-to-position method assumes the receiver's posi-
tion firet, then compares the position determined by the recelved TDs
and the assumed receilver position. Before the comparison, the TDs for
the assumed position are calculated and then the assumed position is

‘regulated to minimize the error in the TDs comparison. This mechanism

prepares two tables. A table of TD values is generated encircling the
covered region of the three sets of Loran~C stations and the other table
is generated to the corresponding pesitions for the TD table. After
receiving a palr of Leran~C TDs, a linear interpolation process is
applied between the two tables to find the position. This is repeated
until the differencé between the two sets of TDs, becomes small for posi-
tion estimation [25].

There are other ways which relate received TD values to assumed
TD values. Those ways calculate TD errors from a comparison between
measured TDs and assumed TDs, and move the assumed position according to
TD errors until errors become acceptable.

" The non-iterative, or closed form solution, method provides the
actual position of the receiver by setting the received TDs as parame-
ters in spherical equations. Then the unknown values which represent,
the receiver's position are calculated by solving the equations. It is
generally complicated to find the relatlonships between position on a
Loran-C hyperbolic¢ grid (geocentric grid) and spherical angles. Besides,
the non-spherical nature of the earth and the non-constant propagation
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attributes of the Loran-C signals, as discussed in Chapter III.C,
require corrections depending on local conditions. For a non-iterative
solution, a general model which covers a large area is needed to make
corrections. However, the non-iterative solution can be simple 1f exact
solution 1s not necessary.

For the Ohio University Loran-C receiver, a non~-iterative, expli-
cit solution presented by Razin [26] was adopted for TD-to-position con-
version. The TD-to-position conversion software for the microcomputer
was developed by Fischer [27].

F. Area Navigation.

Since the Loran-C system provides position information at any
point inside the wide-coverage area, this position information can be
used for Area(or Random) Navigation(RNAV) which provides range, bearing
angle, ground speed, cross track error and estimated time of arrival
based upon arbitrarily-positioned waypoints. It is very convenient for a
pilot to have this information in order to fly on a desired course to a
selected waypoint. Area navigation with charts and maps is possible,
but inconvenient for aviation use because the pilot needs updated infor-
mation every second during the flight.

The Loran—C system has automatic area navigation capability. The
VOR/DME-based RNAV system also provides this information, but this sys-
tem needs a VOR receiver, DME plus RNAV computer. The Loran-C receiver
developed at the Ohip University Avionics Engineering Center computes
all navigational information with one microprocessor. The portion of
this computation for area navigation is discussed in the next chapter.

eyt FILBAEDR
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TV COMPUTATION FOR AREA NAVIGATION

In order to provide sufficient area navigation information for a
pilot, proper computation should be made by the software of a micro-

computer—based Loran-C receiver.

It is very important to include the computation of range and
bearing angls in the area navigation software because calculations of
other RNAV information requires range and bearing angle factors. Range
and bearing angle errors, especially, are very critical for a ground
speed calculation because the ground speed calculation deals with small
range and bearing differences. This will be discussed in more detail
later on in the chapter.

A. Range and Bearing Angle.

The computation of range and bearing angle between two points om
earth is not simple because the shape of the earth is an irregular el-
lipsoid, as was mentioned in the previocus chapter. It is not necessary
to perform exact calculations, but there is a certain accuracy which is
mandated for practical area navigation. On the other hand, the capacity
of memory and execution time for the microcomputer must be adequate for
the microprocessor-based Loran—C receiver.

In the previous work by Fischer, his software provides range
bearing angle using a simplified elliptical model after the TD-to-
position conversion. Three mathematical models including the simplified
elliptical model are corpared for range/bearing angle calculations to
determine which model is suitable for RNAV calculations.

1. Splierical model. If the earth is considered a perfect i
sphere, the spherical model is the proper model for the calculation nf
range/bearing angle between two points on the earth. The great-circle
calculations are used for this model.

Referring to figure 4-1, R and W are two points on the earth's
surface; R is the receiver point and W is the waypoint. The angles X
and Y at R and W of the great circle passing through the two places and
the distance D between R and W along the great circle can be calculated
as follows [28]:

From Napier's Anglogier:

sinlh (¢ ~¢p)
tanlf2ax coslp (o #¢p)

tanlp (Y-X) =
(4-1)

and

cosh@(¢w~¢R)

tanl2(Y+X) = tanl2A) sinlfaCoutop)

(4-2)
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Figure 4-1. Spherical Model.
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o 1 o
where ¢R = the latitude of the receiver. Of !gggr; g SIS

= the latitude of the waypoint. west i
AY the difference of longitude between the
receliver and the waypoint,

The bearing angle X is found using (4~1) and (4-2),

X = (X)) - 12(Y-X)

1 - 1 -
= t:an_l °o8 /2(¢’W ¢R) - t:.anm1 o0 /2(¢W ¢R)
, tanlf2ax sinl2{e F¢p) tanl2an cos1 (g ¢ )
. The distance D (in nautical miles) along the great circle between R and

W is given as follows:

tanlp( owoR) sinlp (Y+X)
sinlp (Y-X)

tanlpd =
D=4d x 60.0 (in nautical miles)

2, Simplified Elliptical rpdel. The simplified elliptical
model which was applied in Figcher's software might be one of the com~
promise solutions for the range/bearing angle computations. This model
uses mid-latitude approximation. Suppose the earth is approximated by
an ellipsoid with major (equatorial) radius, a=3443.9174 nm, and minor
(polar) radius, b=3432,3707 nm. The radius of curvature of the earth,
R, may be computed for the mid~region of the coverage for the particular
Loran-C stations. Referring to figure 4-2 [29], ¢4, and ¢, are same as
the previous model, and ), and ), are the longitude of the receiver and
the waypoint [30]. The bearing angle to the waypoint can be calculated
as follows:

¢
(A -\ )cos (M)

¢y 9R

; and the distance to the waypoint is:

ppto
D =R (AR—Aw)zcosz(—%——H) + (¢w‘¢R)2

R is computed with mid-latitude approximation and is stored as a con-
stant number. R is calculated after choosing the midpoint of the
coverage region:

z 2 2 2

a“sin"¢) + b cosTgy
. b
\ where ¢, is the latitude of the midpoint.

R =
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Figure 4-2. Simplified Elliptical Model.
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3. Elliptical Model. The elliptical model can be expected to
be the model which provides more accurate data. The calculations of

this model are more complicated than other models.

This elliptical model projects the point on the ellipsoid onto
the sphere circumscribing the elliptical earth model, because the cooxr-
dinate system uses the sherical earth model. After points are pro-
jected onto the sphere whose radius is the earth's major equatorial
radius, a, oblique triangle equations are used. For the range computa—
tion, the difference between an arc on the sphere and an arc on the
ellipsoid is considered [31). Figure 4-3 shows that the point on the
sphere has a parametric latitude by projecting the latitude of a point
on the earth onto the sphere. $p» ¢y and Ax are defined as before. The
parametric latitude 1s defined as:

tan gy = (1-f)tangp
tan g, = (l-f)tampw
where f = (a-b)/b = 0.00335278 : the flattening of the ellipsoid.

The generalized direction cosines of the projected point are:

Cl = cosswsin(AA)
C2 = cosBRsingw - sinBRggsgwcgg(AA)
C3 = sinBRsinsw + cosBRcosswcos(AA)

The bearing angle at the receiver of the geodesic arc from receiver to
waypoint, measured from north, is (figure 4-4):
Cl

tany = —C'2"'

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

C2cosy + Clsiny
C3

tang =

The geodesic arc length between the receiver and the waypoint can be
calculated as follows:

D = a[e - {(mu + av) ]

where m = (sinsR + sinsw)2

sinsR - Sian 2
n= ( sinpg

CRIGINAL PACE
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Figu}e 4-3. Circumscribing Sphere Around the Elliptical
Earth Model.
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Figure 4-4, Elliptical Model.




1 -cos8 9 ~ 8ing
u = ( sind )( 8ing )

v=(_(1l+cosd ) 0+ sing )

4. Comparison Among Three Models. There are three factors
concerning the comparison, such as accuracy, computation time and memory
capacity.

The accuracies of the threz models are shown in figure 4-5 (and
numerically in table 4-1). The data (coordinates, range/bearing) of
numbers 1 to 5 were taken from reference [32], and the data of numbers 6
to 9 were,taken from reference [33]). These data are known to have high
aceuracy (much less than 0.0005nm error). Thé results were computed
using a Fortran-IV program (appendix B) on an IBM4341. As the figure
shows, the accuracy of the elliptical model is much better than two
other models. The errors from the model are less than 0.013nm (about 79
feet), even.the distance bétween the ‘receiver and the waypoint becomes
greater than 500nm. The simplified elliptical model and the spherical
model have enough accuracies for an area navigation application. Com-
paring the two models; the simplified model shows better accuracy on
range computation, and the spherical model shows Latter accuracy on
bearing computation.

" Execution time depends on numbers of mathematical operations,
especially since trigonometric' functions consume much computer time.
Table 4-2 shows the numbers of mathematical operations in each model.
The simplified elliptical model needs the least e§ecut10n time among the
three, and the elliptical model rieeds’ much more execution time than the
other two. An amount of memory space is directly proportional to execu-
tion time in this case. . . C A

[3 SRS

Choosing an optimum model among tliem depends mostly'on the type
of receiver. The elliptical model is applied to the Ohio University
receiver because the execution time and ‘the amount of memory space can
accept this model and the accuracy is great with respect to the ground
speed calculation, .

B. - Other Navigational Information.

1 Cross—Track Error. It is very important for a pilot to
know whether the aircraft 1s on course or not. If it is off course, by
how much?. <Cross-track error (CTE) indicates the position error measured
on. the .perpendicular from the desired track to the actual position of
the aircrafi, and cross—track error bearing (CTEB) indicates the angular
difference between the desired track and actual track (figure 4-6).
Since the error of the spherical model is small for short distances, the
spherical trigonometry is adequate for the CTE calculation which pro-
vides small distances (generally less than 10nm). CTE can be calculated

I N AL

ORIGINAL PAGE I8
OF POOR QUALITY

- -30-




iy Sl e\ |
oA, T T Y

nm) t;au:;» -8 :‘
( } 0.781 OF PCOR Q@&ﬂﬁk‘f
l 0.549
0.5 NI
0,417 \ /
Xl
N\ /] 0.005 N /4 0.004
'§ i) @ o ) I
(a) mean error (b} standard deviation
A. Range (nm)
(degree)
2.54
2.4 2,37
2.3
2.2. 2.33
= @
0.2] E
0.1y 0.06 0.04 0.07 0.06
N\ | = NN =
— T — _ T e —
§ =8 38 5 &8 08
s 88 B T T8 =
T 33 S T OET 0T
(a) mean error (b} standard deviation

B. Bearing Angle (degree)

Figure 4-5. Accuracy Comparison among Three Models.,
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Spherical Simplified Eillipfical
- Operation Elliptical

Addition

and 4 4 ,2
Subtraction
Multiplication,
Division
Square Root -
Trigonometric
Function 10 2 16

"y

Table 4-2. Number of Mathematical Operations in each Model.
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Figure 4~6. Cross-Track Error (CTE).
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as follows:

Since waypoint 2, the aircraft position and point P form a right spheri~-
cal triangle,

sin a = sin ¢ sin ¢

where a =-9%E y C= 55%53 » o = CTEB

where r is a midpoint radius between i;irplane and waypoint,

r = /izcoszsl + bzsilnze1
o * 4y

4) =
1 2

8, = tan * [(l—f)tan¢l]

9 and $o are the latitude of waypoints, 1 and 2 respectively. r may be

set as a constant ngmler such as r= /% + b” = 343B8.1489 for the computer
use because of rhe small-angle approximation.

Cross—-track error includes airborne equipment; ground equipment,
and flight technical error (FTE).

2. Ground Speed and Estimated Time of Arrival. Theoretically,
the calculation for ground speed (GS) between two points is simple.
Figure 4-7 is the diagram used to determine the ground speed c¢alcula-
tiOl’l ] RS

cs = //(Range Difference)2+(Bearing Difference)zRange2
- Cycle Time (4-3)

However, as an application for Loran~C area navigation, the com~
putation cycle is about one and one-half second, and range difference is
less than 0O.lnm, so that a small range error causes a large ground 'speed
error. For example, if the range error is O.lnm per 1.5 second then the
ground speed error becomes 240nm/hour. Since time differences (TDs)
have random noise errors, an accurate ground speed cannot be obitained
by simply using equation (4-3), To solve this problem two processes
are made: process 1 calculates the GS using the present point and a
point which occurred sixteen cycles previously, then uses a recursive
filter (q-g filter) on the calculated GS; Process.2 uses the same filter
on TD values and calculates GS between the present point and a point
which occurred four cycles previously. The flowcharts of the two pro-
cesses are shown in figure 4-8.

Process 1 computes GS after sixteen data points are collected in
a memory table, and replaces the old data of the 16 cycles by the present

=36~
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Figure 4-7. Ground Speed (GS).
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Figure 4-8, Process~1 (One o =B filter) and Process-2 (two a~f3

filters) for Ground Speed Calculation.
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data. Computing the GS between the present point and the oldest 16

cycles just minimizes the random noise errors. More cycles might reduce

‘random noise errors; however, they consume more memory space and cause

large errors on turns because the distance between a straight line and a

curved line’ becomes larger. In order to eliminate random errors, the
recursive filter loop [34] is added after the GS computation. This

filter is a valuable aid in data smoothing and prediction, and is easily

implemented on a microprocessor system.

Initial condition(n=0) is:
ACP(0) = 0 !
GSP(1) = GS0(0)

Inside the loop(npl):
GSS(n) = GSP{n) + ¢[GSO(n) - GSP(n)]
ACS(n) = ACP(n) + g[GSO(n) - GSP(n)]/T
GS(n) = GSS(m) + T ACS(n)

For the next calculation:
GSP(n+1) = GS(n)
ACP(n+1) = ACS(n)

where GSP is predicted ground speed
GSO 1is ground speed observed by Loran-C receiver
GSS is smoothed ground speed
,Z ACEﬂis predicted acceleration
ACS is smoothed acceleration
o is first-order gain
B is- ‘second~order gain
S T is pPLiod of loop

‘To determine values of g and B, a damping ratio p and an effec-
tive timeé T_ should be" considered.

A damping ratio p;

.t O L . ?

For a compromise between rise time, overshoot, and'ringing’of the tran-
sient response unity damping p=1 was chosen.

S 0.72T
g o . ‘

An effective time decides the response time. The step response becomes
within e"“(13.5%) of the final value at t=2T_.. Random errors can be
eliminated when the effective time becomes greater than 30 seconds
(a=0.033, p=0.00028) for the Ohio University Loran~C use. This long

effective time and each 1l6-cycle old data which is used for the GS
calculation makes the GS response too slow for aircraft speed.
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Process 2 was made to speed up the slow response. This process
uses the same filter twice on TD values and GS. Although TD values have
a hyperbolic geometry, a small TD change (less than 1 microsecond per
cycle) can be considered a linear change. The purpose of filtering on
Ths minimizes random errors on position information and avoids a long
response time of the filter on calculated GS. Also, four cycles are
used instead of sixteen cycles for the GS calculation to reduce errors
on turns. The effective time of the filter on TDs should be short
enough to provide adequate response for position information, The
Tf=69ec.(a=0.167, g=0.007) on TD valuev and T.=l2sec.(q=0.08, g=0.0017)
on GS are chosen for Ohio University Loran-C use. Process 2 also mini~
mizes memory space. Although the response is still slow for accelera-
ted flight, it is adequate for most flight conditions.

Estimated time of arrival (ETA) can be provided after the calcu-
lations of range and ground speed. The equation is as follows:

- Range
ETA S

C. A Scheme for Microcomputer Use.

The area navigation (RNAV) program can be executed after TDs and
coordinates of position are computed. The program which measures two
TDs with Loran—-C phase-locked loop operation and the cther program which
does TD-to-geographic conversion were already available for the Ohio
University Loran~C [35,36]. For the ground speed computation, an g-8
filter was added to the TD-to-geographic conversion program. The flow
chart of these programs is shown in figure 4~-9. These three programs
form a loop to provide navigation outputs every short period of time
GRIxl4, (about 1.4 second when GRI=9960us). The TD measurement program
is the main program and jumps to subprogram 1 (the TD-to-geographic
program) after two TDs are meagured. The TD-to-geographic program
calculates the coordinates of fhe position by reading two TDs and con~
tinuing to subprogram 2 (RNAV program). The RNAV program gets input
data from the 7D-togeographic program (coordinates of the pogsition) and
other input data from the user (coordinates of the waypoints) and calcuy~
lates RNAV informations.

Since the RNAV provides a cross—~track error, the desired course
is calculated first, and then the GS calculation starts four cycles
after the cross-track error calculation, because the GS calculation has
a four-cycle interval., More detail will be shown in the next chapter.
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TD Measurement
(Lilley, McCall)

o filter on TDs

4

TD-to~Pesition
Conversion

(Fischer)

Range/Bearing

Computation

Is desired course
calculated?

CTE/CTEB

Computation

Are 4 GS

references collected ?

GTS Computation

o-B Filter on GS

)

ETA Computation

Figure 4-9. Flowchart of Navigation Program for Ohio University Loran-C Receiver
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v. THE MICROCOMPUTER SYSTEM

A, System Desiga.

The navigation programs are software additions for the microcom-~
puter-based Loran-C receiver. The total system design is the main con-~
straint for the design of the software.

1. Hardware. The configuration in figure 5~1 shows that the
recelver utilizes z whip antenna, a wide~band preamplifier/coupler, an
AGC processor, an RF frond-end processor and tracking loop hardware/
software to receive Loran-C signals and to measure TDs [37]. The MOS
Techaology 6502 Super—~Jolt does all of the microprocessor work. The
software is written in 6502 assembler language (figure 5-2 [38]). A
pillot enters control functions and input data to the receiver from the
panel-mounted keyboard or the hand-held ASCII terminal. All naviga-
tional information is displayed on the CRT screen for the pilot, and can
also be recorded on a digital cassette wnit for data reduction purposes.

The TD~to-position and RNAYV calculations require a numerical
range of approximately 1077 to 106, therefore, it is necesary to use a
floating-point format. Besides, these calculations involve multi-
precision addition, subtraction, multiplication, division and trigono-
metric functions. The 6502 microprocessor has only an 8-bit data bus,
so that the processor needs a large amount of memory and rapid access.
For many applications of the microprocessor, including the Loran—-C
application, the access time and memory amount are limited, therefore,
it is desired to use an external device to support the microprocessor
for these calculations.

The Am9511A by Advanced Micro Devices is a peripheral mathematics
processor which does the necessary floating-point calculations. It is
designed to be used in microprocessor systems which have an eight-bit
data bus. It can handle 1l6-bit and 32-bit fixed point arithmetic,
32-bit floating-point arithmetic and trigonometric functions using a
stack-oriented operand storage (sixteen 8-bit words). Hence, this de-
vice can provide useful support for the microprocessor's calculations.
A listing of the insftruction set for the Am9511A 1is shown in figure 5-3
[39].

To interface the Am9511A to the Jolt microcomputer system, it is
necessary to use additional hardware in order to handle device selec-
tion and data transfer. An M6820 peripheral interface adapter(PIA) is
used as the additional hardware for the hand-shaking between the Jolt
and the 9511. The M6820 consists of two eight-bit ports and several
other registers used to interface to peripheral devices. The overall
design of the microcomputer system is shown in figure 5~4.

2. Interfacing Software. Particular software is required in order
to initialize the hardware interface and the 9511, to write a single

floating—point (32-bit) number, to read a floating-point (32~bit) number,
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N\

- ADC’

AND
ASL
BCC
BCS
BEQ
BIT
BMI
BNE
BPL
BRK
BVC
BVS
.CLC
. CLD
* ClI
CLV
CMP
CPX
CPY
DEC
DEX
DEY
EOR
INC
INX
INY
JMP

ORIGINAL PAGE 1S
OF POOR QUALITY

Add with carry

Logical AND
Arithmetic shift left
Branch if carry clear
Branch if carry set
Branch if result = 0
Test bit

Branch if minus
Branch if not equal to 0
Branch if plus

Break

Branch if overflow clear
Branch if overflow set
Clear carry

sClear decimal Aag

Clear interrupt disable

Clear overflow

Compare to accumulator
Compare to X
Compareto Y
Decrement memory
Decrement X
Decrement Y
Exclusive OR
Increment memory
Inerement X
Increment Y

Jump

JSR Jump to subroutine

LDA Load accumulator

LDX Load X

LDY Load ¥

LSR Logical shift right

NOP No operation

ORA Logiceal OR

PHA Push A )

PHP Push P status

PLA Pull A

PLP Pull P status

ROL Rotate left

ROR Rotate right )

RTI Return'from interrupt

RTS Return from subroutine ;-

SBC Subtraet with cdrry, u
SEC Set carry g .
SED Set décimal

SEI Set interrupt disable

STA Store accumulator

STX Store X

STY Store Y

TAX Transfer A to X
TAY Transfer A to Y
TSX Transfer SP to X
TXA  Transfer X to A
TXS Transfer X to SP
TYA Transfer Y to A

Figure 5-2. Instruction Set of MOS fechndlogy 6502,



ORIGINAL PAGE I3
OF POOR QUALITY

t

. Command | Hex Code | Mex Code Execution Summary

:» Mnemonic (nr = 1) {or = @) Cycies Description

| © 16-BIT FIXED-POINT OPERATIONS

. SADD £C [ 18+18 Add TOS 10 NOS, Result 10 NOS, Pop Stack.

! ssue €0 0 3032 Subtract TOS fram NOS, Renut 1o NOS, Pop Stack,

i osMuL £E (14 84.94 Multticly NOS by TOS, Lower result 10 NOS, Pop Stack.

, SMWU Fo 76 2096 Muitiply NOS by TOS, Upper resuit 10 NOS, Pop Stack.

v soiv €F ¢F 8494 Divide NOS by TOS, Rewtt 16 NOS, Pop Stack,

! 32-BIT FIXED-POINT OPERATIONS

| OAco AC 2c 2022 Add TOS 3o NOS, Resut ko NOS, Pop Stack,

i osus AD 20 3840 Sublract TOS from NOS, Result 1o NOS, Pop Stack,

t o pMuL AE 2€ 194-210 Multiply NOS by TOS, Lowst result 1o NOS, Pop Stack,

' DMW B6 36 182:218 Muliply NOS by TOS Upper result 1o NOS. Pop Stack.

‘o pow AF 2F 196210 Divide NOS by TOS, Resutt 1o NOS, Pop Stack,

! 32-BIT FLOATING-POINT PRIMARY OPERATIONS

i FADD 90 10 54:.260 Add TOS to NOS, Resuit 1o NOS, Pop Stack,

| FSUB " " 70370 Subtract TOS from NS, Result to NOS, Pop Stack.

i FMUL [ 73 12 146-168 Muttiply NOS by TOS. Result %0 NOS, Pop Stadk.

i FOIvV 2] 13 154-104 Divide NOS by TOS. Result 1o NOS, Pop Stack,

] " 32.B{T FLOATING-POINT DEMVYED OPERATIONS

©  SQRT » o 782870 Squisre Aoot of TOS, Resitt 1o TOS,

MR -TY =2 07 3796-4808 Sine ol TOS. Rasult 1o TOS,

¢ cos “ ) 38404878 Cosine of TOS, Result 10 TOS.

. TAN v o4 4B94-5806 Tangent of TOS, Result b TOS,

. ASIN '] 05 6230-7838 inverse Sing of TOS, Result to TOS,

' acos % o8 8304-8284 tnverse Cosine of TOS. Rezult 10 TOS,

g ATAN . o7 49826536 Inverse Tungent of TOS. Resudt 18 TOS,

i 106 Y o 4747132 Coavron Logarithen of TOS. Reult 1o TOS.

f LN » o9 42986956 Natural Logaritein of TOS, Rasult 1o TOS,
€xp [ [+7Y 7944878 & raesadt 10 power in TOS, Result to TOS,

1 PWR o o8 8290-12032 NOS raisad (0 pawer in TOS, Result ko NOS, Pop Stack,

i DATA AND STACK MANIPULATION OPERATIONS

. NoP ) 00 ) No Opedation, Clear or sel SVREQ,

; :::2 :: :: z::} Convert TOS trom Hoating point format 10 fhixed powt format,
it:; :g :g ::_::: } Convert TOS from fixed point lovmat 10 floating pord format.
2::2 :: ;: :i:: } Change sign o lixed pnt operand on TOS,

CHSF [ 15 1620 Change sign of ficating point operand on TOS,

PTOS Fr ™ 16

PT0D :Y4 37 20 } Push stack, Duplicate NOS 1 TOS.

PTQF 97 17 20

POPS Fo 78 10

POPD 8s 3 12 } Pop stack. Old NOS becomes new TOS, OId TOS rotatss to boftom.
POPF 8 18 12

XCHS F9 7% 18

XCHD a9 39 26 } Exchiangs TOS and NOS

KCHF ] 19 26

PUP| 9A 1A 16 Push hosung pent constant m onlo TOS. Previous TOS Decornes NOS.,

Se—

ir-vw

Figure 5-3.

Instruction Set of Am9511A,
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to send an eight-bit word to the 9511 representing a command to be exe-
cuted, and to read the 9511 eight-bit status reglster. Four subroutines
were developed for the interface by Fischer.

These four subroutines are: "PINT", "PUSH", "POP" and "uMND".
"PINT" initializes the M6820 & PIA and also initializes RAM locations
for the scratch-pad use. "PUSH" is used to copy a four-byte number from
read/write memory onto the stack of the 9511, and "POP" is used to do
the opposite. "“CMND" is used to command the 9511 to perform a given
function. A part of the "CMND" subroutine checks the status register to
determine the final outcome of the completed command. Figure 5-5 shows
a set of logic flow diagrams illustrating steps of the contral program
which execute to communicate with the 9511.

B. Navigational Programs.

1. Relationships Among Navigational. Programs. There are
three navigational programs for the Loran-C receiver, as was mentiocned
in Chapter IV. The main program "LORPROM5" does Loran—-C tracking phase-
locked~loop operation providing two TDs. The execution time of this
program is ten group repetition intervals(GRI) because the program com-
putes two TDs per one GRI and calculates each average TD with ten TD
references,

After two TDs are calculated, ten GRIs later, the main program
jumps to subprogram 1, "COORD2" which filters two TD values and provides
coordinates of the position using a TD-to-position conversion. The
filter included in "COORD2" is the q~g filter with an effective time
constant of 6 seconds., This time gives acceptable response for position
information, considering typical alrcraft spéwds.

Subprogram~2, "RNAV", which provides the area navigation infor-
mation, can be executed after "LORPROM5" and "COORD2" are executed. Two
sets of input data are needed for subprogram 2; one is the set of coor-
dinates of position from "COORD2" and the other is a set of coordinates
of a selected waypoint from the user's waypoint table.

The execution time of subprogram "COORD2" and subprogram "RNAV"
is three to four GRIs depending upon the content of the calculation.
After the execution of "RNAV", the program process goes back to the main
program "LORPROM5" and repeats the same process. Hence, the outer loop
including "LORPROM5", "COORD2" and "RNAV" forms the Loran-C software to
provide navigational informatio.. such as TDs, coordinates of aircraft
position, range and bearing angle, CrE/CTEB, GS and ETA, every thirteen
to fourteen GRIs (every 1.29 to 1.39 seconds at 93560 GRI). Figure 5~6
shows this scheme for Loran-C navigatlon soZtware, and figure 5-7 shows
the address map for these prograns. The main program (LORPROMS5) is
placed on 2K erasable, programmable, read-only memory (EPROM). The
subprogram (COORD2 and RNAV) is placed on three 2K EPROM and uses two
pages (256 byte per page) of general read/write storage for results of
intermediate calculations. The page zero (in RAM) is for temporary
variables and flags.
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ORIGINAL PALI I8

PINT OF POOR QUALITY PUSH
Clear Interrupts Set PIA side-A to
T outputs
Set interrupt ] A\
and ¢ontro
bits in 6820 Set count of
T four
Set 1/O direc- oy
tions in 6820 .__,L-fnumbers
R \"

Disable 9511 Send to 92511 via
PIA side-A

i J

Initialize RAM Set WR and C/D low on

locations fo
scratchopad use 9511 via PIA side~B

v
END Set WR high on
9511
v
Decrement count
v
POP INO !Count=07?
Set PIA Side-A v S
to lnpuf END
Set Count of
Four
_\
Set RD and
C/D low
v
Wait for pause to
go high :
T Figure 5-5, Logic Flow Diagrams

IHustrating St
Transfer 8-bits ustraling Steps

) Control Program
from S?SLIAVIG PlA Executes to Communi-

cate With 9511, [40]

W
Set RD high
)
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—= Count= 07
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END |
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CMND

"SET PIA SIDE=A
TO QUTPUTS

v

ORIGINAL P12 18
OF POOR QUALITY

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

v

SET C/D HIGH,
WR LOW

"WAITFOREND
TO COME HIGH

v

SET PIA SIDE-A
TO INPUTS

)

SET C/D HIGH,
RD LOW

N 4

WAIT FOR PAUSE
TO COME HIGH

)

GET 8-BIT STATUS FROM
9511 VIA FIA SIDE-A

¥

DISABLE 9511

W

END

Figure 5-5. Continued.
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ORIGIIAL PREE 53
OF POOR QUALITY

Table

Memory

TDA

TDB

NLOOP

LAT

LONG

RANG

BEAR

CTE

CTEB

€S

ETA

RTS

lAll jnform?ﬁoq

vvovy

O

Key Board

)

M

Pilot -==

> Program Process
Line

-==> Data Line

Screen

'Figure 5-6, Process of Loran-C Navigation Programs.
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AIFF
: Video Display Memory
AQ00
2FFF %
FLTNAV ' (coord2 + RNAV)
‘]800' —
LORPROMS |
1000
03FF |- '
Floating Point and GS Table -
(RNAV) : :
0300 -
Floating Point Table (coord)
0200
STACK
001 - - ;
Scratch Space and Waypoint Table i
0000 ;
. 'Hexadecimal
Address

' Figuré 5-7‘. Memory Map of Loran-C Navigation Software.

g
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2. RNAV Program. The RNAV program is the main subject of
this paper. Figure 5~8 shows the flow chart of the whole program,
There are four parts in this program.

The first part of the RNAV program takes care of finding selected
waypoints from the user's waypoint table, displaying waypoint numbers
and converting the degree-minute-second format (BCD) to the floating-
point format in radian units.

The flow chart for the waypoint conversion is shown in figure
5-9. The coordinates of the waypoints and desired waypoint numbers are
input to the waypoint table from the keyboard by the user. The input
has a certain format in the waypoint table as a part of figure 5-10
indicates. Since the 9511 is used for calculations, it is necessary to
convert each element for navigational calculations into 32~bit floating-
point format.

An example of waypoint conversioun 1s shown In figure 5-10. Sup~
pose the user chooses waypoint No. 3 whose latitude 1is 125° 53' 41". A
four-byte waypoint register, three~byte temporary register and accumula-
tor are used for this conversion, and the final result is stored into
the four-byte waypoint register. One of the commands available with
the 9511 is to convert a fixed-point (integer) number to floating-point
(step 14 in figure 5-10). The fixed-point number must be in binary
because it is not possible to represent a fraction using this command.
Therefore, step 14 must come before step 15. This waypoint conversion
is not repeated until the user changes waypoint numbers for a desired
course change.

The second part of the RNAV program calculates range and bearing
angle, For the first loop, which includes all programs (LORPROMS,
COORD2 and RNAV) after the user chooses the desired waypoints, this part
calculates range and bearing angle of the desired course. From the
second loop, it starts calculating range and bearing angle between the
position of the ailrcraft and a TO waypoint.

After range and bearing angle are calculated, the third part
calculates CTEB and CTE.

Calculation of CTEB is as follows:

CTEB = (Present Bearing Angle)
~(Bearing Angle of The Desired Course)

However, when the calculation includes a transition between 0°
and 360°, a certain correction is necessary. For example, when a pre-
sent bearing angle is 358° and a bearing angle of the desired course is
1°, the CIEB becomes 357°. The resultant number, which shouid be 3°,
can be obtained by subtracting this CIEB of 357° from 360°.

It is very convenient for the software to show whether the course
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Read TO Waypoint No.
and FROM Waypoint No.

~ Are Waypoints

ORIGINAL PAGE |5
OF POOR QUALITY

Changed?

. Yes

Display FROM/TO
Waypoint

Get Coordinates of the
WPTs from the WPT Table

Get Coordingtes of the
eceiver from its
emory Location

[~

Range Computation
| v

Bearing Computation

B

Are Waypoirits

Changed?

v

Cohverf GRI into
32~bit Fixed=-Point Format.

CTEB Computation -

v

~ Blank Display for
- RNAYV Information

1 ~ CTE Computation

;5 ©

v

Store Range/Bearing of

| Desired Course on Memory

v

Return to the Main
Program

Figure 5-8. Flow Chart of RNAV Program.
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CDI Display

NO

After 32 loops?

Are 4 references

NO

for GS collected?

GS Computation

v

a- B filter for GS

is GS Zero?

YES

1

Return to the Main
Program

NO

ETA Computation

L

Blank Display for ETA

i

W

Display on the CRT
screen and go to the
next block

Figure 5-8. Continued.
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Clear Waypoint Register and
Temporary Register

Set up Index to Point to
st Significant Digit (MSD

Get MSD

No

Yes

Add 64 (HEX) to Contents
of WPT Register

increment Index to Point to Digit
in order of Decreasing Signi ﬁcancei

Get Number Pointed ai by Index

&

Get upper digit

N

(upper digit) x 10> WPT register

~ Get lower digit

N

Add contents of WPT register

v

;
i
§
i
i
i
b
¥
j
¥
!

WPT Register «<- WPT Register +
Temp. Register

v i
Convert from fixed-point i
format into floating=pt. format i

v

WPT Register <+ 3600

Temp. Register < WPT register x 60

Convert into radian unit

Cleor Temp. Register

T

Figure 5-9. Flow Chart of Waypoint Conversion.
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, MSD
Waypoint no. 1 L .
. Latitude | 1 ,
Inside Waypoint Table (@ byte) i
All digits are BCD wpf. no. - degree minute  second
R Lon%ﬁfude
(4 byte) i
don't care m minute  second
Waypoint no. 2
Latitude |2
Conversion ° ° . °
. ° ° )
. ° ° °
exponent __ ’\ mdntissa
Latitude  ~ : ‘
p
Inside Waypoint N v
Register radian
32-bit Floating- Longitude ~,
point

® e o o 4 bits (upper digit) +4 bits (lower digit)

" Figure 5-10, Steps of Woypoiﬁf C:Ionversion» :

~56-

BN S A e e e

~,-—~
s o B st




i

JALITY

o

kA

)

EE

” -
&4

ORIGINAL |
OF POOR @

"panuiue)  “Q|-g 94nbig

0t OV 28 20 ITUR UBTIPEY OUF 3ADAU0D *9]

61 VO €1 (0 009€ & 193STB9Y JaM °*CT

H0 61 #D 1g¢ PuTod Surisoyy ©3 IJUFOd POXTL WOIT 1ISAUCY *HT

€9 V4 90 00 puodIsS 103 § 03 H Woxy Ieadey ¢y

ot Vi 90 00 sInum 3o [T 03 % woay jeadey °Zr

00 00 00 a93st8sy °dwel 1eaTd 1T

o¥ 4l 00 00 183sydey *dwel = (9 X I193I9T39Y¥ IaM 01

as 00 00 00 a93sy8ey 1AM o3 1935189y *dwel PPY °6

61 00 00 19381894 LaM ©1 PPV °8

S0 ITBIQ I9MOTT 399 °/

¥T 00 00 01 X 1935789y *dusy °9

0 00 00 1338189y *dwa] 01 PPy °¢

20 33¥8Tq 12ddn 399 °y

%9 0C 00 00 1238398 1dM 03 (XHH) Y9 PPV °¢E

10 , as® 399 *¢

00 00 00 { 00 00 00 00 1935739y 4IM Puw I93syday *dwey IBOT) 1
(P34 €) | (234q ¥)
*gnooy {*Bay*dway | -83¥ IdM

(OPNITIBT) . TH €5 STV € "oN 3jugodiem

SN

=57~




«

Pt rom 1

et s g

ST

is to the left or to the right. When the CTEB is between 0° and 90°,
the desired course 1s on the right-side of the airplame, but if the CTEB
is between -90° and 0°, then the course is on the opposite (left) side
of the airplane. Furthermore, the magnitude of the CTEB exceeds 90°
after the airplane passes the To waypoint. 1In order to find the side of
the desired course from any airplane position, the procedure in figure
5-11 was added inside the CTEB calculation routine. Letters "L" and "R"
are added to the front of the CTEB display.

The CDI (Course Deviation Indicater) shows the CTE value
visually. A zero center is the desired course, and a needle shows CIE
(FTE). The Ohio University Loran—~C display uses a video board, so that
a graphic display 1s possible. 1In the program, a position register is
set according to a CTE value (see figure 5-12).

The last part of RNAV takes care of the ground speed calculation
(figure 5-13) and estimated time of arrival at the waypoint. Since
ground speed fluctuates due to any kind of position error, the ground
speed calculation needs some delay so that TD values become stable.
Usually, TD values need several computation cycles to become stable
after the receiver starts tracking Loran~C signals. The 32 loops delay
after the first TD measurement was added between the third part and the

-last part to eliminate the TD transition errors.

After calculating €S, the ground speed gces through a recursive
filter loop, as was discussed in Chapter IV. The effective time of the
a~p filter for ground speed (12 seconds), gives the fastest response
without conspicuously noisy data. However, the ground speed has a ran-
dom noise error range of zero to 30 knot(=nm/hour) when the receiver is
at a fixed position; therefore, the display indicates zero ground 1f the
speed is below 30 knots. Although this response is still slow for acce-
lerated flight, it is reasonable for a constant ground speed flight.

All navigational information are displayed on a CRT screen. ,
Figure 5~14 sghows a Loran-C receiver display. To display information on
the screen, all data must be converted from floating-point format to
BCD. A subroutine now available for this conversion was developed by
Fischer.

The complete mi¢roprocessor program for area navigation is shown
in appendix C. This program occupies 2064 bytes of EPROM-2716 and 400
bytes of read/write memory for scratch calculations, a waypoint table
and a reference table for GS averaging. Total RNAV calculations require
about 0.20 second to complete with the AM9511A and the 6502 running at a
clock speed of IMHz. Figure 5-15 is a photograph of the Loran-C
recelver developed by the Ohio University Avionics Engineering Center.
The efficacy of the RNAV program was checked using this receiver.
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Calculate Cross-Track
Error Bearing

CTEB2 0°

CTEB >180°

CTEB < -180°

CTEB «— CTEB ¢—
2 - CTEB _,____m__l 2n + CTEB
Side =0 Side =1 i

| 3
i
ok

Calculate Cross-

Track Error
YES NO ;
Display CTEB and Display CTEB and ¢
CTE with letter "L" CTE with IeH,e( A i

Figure 5-11. Flow Chart of Cross-Track Error and Cross-Track Error Bearing.
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Convert CTE into 4=
digit BCD Format with
one~tenth nm,

¥

CTE Display

v

CDI=0,0
Set a Position Register

Check the

CTE less
than CDI

-~ No No

llRIl

sign of CTE, S

CTE greater
than CDI

Change the
position register

Change the

)

CDI=CDI - 0,1

position register

v

CDI = CDI + 0.1

_V V

CDI Display on
the CRT Screen

Figure 5-12, CDI Display.
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Put present Range, CTE
band no.of GRI on the
reference table

|

Add number of GR! to
total number of GRI

Caiculate Range differ-

and time interval using
the reference table

ence, Bearing difference

v

for 4 cycles interval

Calculate Ground Speed

!

a- B filter

¥

Convert from Floating-
Point to BCD

NO

Ground speed <30

Ground speed = 0

2

on the screen

Display Grawnd Speed

Figure 5-13. Flow Chart of Ground Speed.
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VI. TESTS WITH MICROCOMPUTER IN AREA NAVIGATION APPLICATION

A verification of the performance capabilities of area navivation
was examined by testing with simulations and flight testing. Accuracy
and operational stability of the system were the focus of the testing.

A. Testing with Simulations.

Accuracy checks were accomplished by picking random locations on
the earth, including some locations inside the northeast U.S5. Loran-C
chain because the following flight testing was performed in this chain.
Coordinates of each point were stored in random access memory either as
a receiver position or as a waypoint, then the range/bearing calculation
routine was executed. Table 6-1 is the result, comparing the actual
range to the waypoint and bearing to true north, as calculated using the
elliptical model. The accuracy is consistent with the Fortran simula-
tion using the IBM4341 computer (Chapter IV.A.4).

After testing the accuracy of the range/bearing calculation,
other testing to check the CTE/CTEB calculation routine was made. As
figure 6-1 shows, two desired courses were set for this test; one is
from waypoint 2 to waypoint 1 and the other is from waypoint 3 to
waypoint 1, and points A, B and C are observed points with respect to
the desired course from wpt2 to wptl, point D, E and F are observed
points with respect to the desired course from wpt3 to wptl. All
observed points are in the northeast U.S. chain. The coordinates of
each point were stored in random access memory and the RNAV program was
excuted without the other programs (LORPROM5 and COORD2). Table 6~2
indicates the results of this test which are indicated with 1071 reso-
lution on the CRT screen (figure 5-14). The numbers in this table are
comparisons with the results of the receiver RNAV program, and those
calculated by the Fortran program using the elliptical model, since the
high accuracy of the elliptical model was demonstridted in table 4-1.
The correct sense of the CTE/CTEB display including the effects of
ground track To or From waypolint computed by the CTE/CTEB calculation
routine were verified by. this test.

The ground speed calculation was tested by a simulation program
which created a moving observation point; however, it was difficult to
simulate these computaticnal results without actual flights with random
noise. For evaluating the ground speed computation, the flight test was
necessary.

Moreover, the total program software (LORPROM5 + COORD2 + RNAV)
was tested by using a Loran—C simulator manufactured by Epsco Inc. As
a result of this testing, the bias errors were determined to be due to
signal strengths for reception of Loran-C stations in the local area
[41], and the i'/~to-Geometric conversion. The simulator produced essen-
tially no noise.
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Microcomputer RNAV
No.| Receiver To Range/Bear Range/Bear| Exrror of
Point Waypoint (nm/degree) || nm/degree | Range/Bear
N.LAT/W.LONG | N.LAT/W.LONG A
1 40 30 37.8140 00 0.0 43,448 Y ,448 0.0
17 19 43,3118 00 0.0 225 .43 22.,.39 0.04
2 9 59 48.3§10 00 0.0 86.897 86.896 0.001
16 31 55.9118 00 0.0 270.26 270.25 0.01
3 69 48 5.7170 00 0.0 173.794 173,788 0.006
9 37 28.6}18 00 0.0 277 .87 277 .86 0.01
4 13 04 12.6 (10 00 0.0 260.690 260,697 0.007
14 51 13.3]18 00 .0 225,63 225.55 0.08
54 73 35 9.2 ({70 00 0.0 347 .588 347 .576 0.012
3 26 35.1118 00 0.0 238.84 238.84 0.0
6 42 42 50.6 141 15 11.9 318.621 318.619 0.002
76 49 33.9169 58 39.1 103,57 103.68 0.09
7 42 42 50.6 | 46 48 27.2 452,416 452.410 0.006
76 49 33.9 67 55 37.7 54,05 54,04 0.01
8 42 42 50.6139 51 7.5 511.412 511,409 0.003
76 49 33,9187 29 12.1 253.91 253,95 0.04
9 42 42 50.6 | 34 03 46.0 521,045 521.052 0.007
76 49 33.9 )77 54 46.8 185.92 185.97 0.05
Table 6-1. Accuracy of Microcomputer Range/Bearing

Computation with Elliptical Model,
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B. Flight Testing.

The purpose of the flight testing is to prove the effectiveness
of the area navigation system for an actual flight. The filtering of
time differences to smooth the raw data, filtering the ground speed to
reduce random noise, range/bearing, CTE/CTEB and CDI indication were
verified during the flight test.

Nineteen flight test paths, whose time length varied between 10
minutes to 20 minutes in a Piper Cherokee were flown with a total flight
time of approximately 5 hours. Two fiight tracks are shown in this
paper. Figures 6-2 to 6~8 are from flight test 1 and figures 6-9 to
6-19 are from flight test 2.

l. Filtering time differences. TFor flight test 1 (figure
6-2), the pilot tracked from the Ohio University airport runway 25 (RWY
25) threshold, made a left 180° turn, tracking right of the desired
course (from the BIAS NDB to the BIAS RWY 25 TRESH), made a left 180°
turn again, passed above the NDB, making two loops around the NDB,
tracking back to the RWY 25 threshold using an instrument landing system
(ILS) localizer on RWY 25.

The filtered TD flight path of flight test 1 is shown in figure

6-2, and the nonfiltered TD flight path simulated by the Fortran program
(appendix D) is shown in figure 6-3. As indicated by the comparisonm,
about +0.lnm random noise was detected with the error caused by the time
delay on turns about O.lnm. The bias error was measured about 0.7nm to
the north. Figure 6~4 is the output simulated by the Fortran program
(appendix E) which shows very nearly the same flight path as in figure
6~-2; therefore, the Fortran simulation can be used for data analysis.

After 14 flight test paths were recorded, the IMHz clock (which
is used for the 6502 aund the AM9511A), showed some instability, so 5
additional flight tests were made with a new stakle clock.

For flight test 2 with the stable clock (figure 6-9), the pilot
flew very similar patterns as - in flight test 1, but after passing the
NDB the pilot made one race track pattern and returned to the RWY 25
threshold. The coordinates of the two waypoints (Rwy 25 threshold and
UNL NPB) are biased waypoints based on the previous flight tests. The
flight path was smoother than the previous flight test due to the
improved stability of the clock. Comparisons between figure 6~9 and
figure 6-10 indicate the improved raw TD data which has less than +0.lnm
random noise with the bias reduced to about 0.5nm. Since the old effec~
tive time comnstant for the filtered TDs is too long for the TD's, using
the same clock, the effective filter time constant can be reduced. The
new time constant of 4 seconds (the previous time constant was 6 seaconds)
is used for the plot in figure 6-11. This reduction of the time cunstant
improved the acceleration effect of turns, furthermore the ground speed
computation process was speeded up.

2. Ground speed. The ground speed calculation 1s affected
the wost by random noise as was mentioned before. Two filters (one on
TDs and another on GS) to filter the random noise were evaluated.
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Figures 6~5 through 6-8 plot the ground speed of flight test 1.
Figure 6~5 is the result of flight test 1 and figure 6~-6 is the simu-
lated data using nonfiltered TDs and nonfiltered GS. In figure 6-6, the
ground speed iadicated 400 knots when the actual speed did not exceed
150nm/hr. In the comparison between these two figures, the significant
effect of the two filters is shown. Figure 6~7 indicates the results of
filtering ground speed alone and figure 6-8 indicates filtering of TDs
alone, but the best result was obtained by a combination of ground speed
and TD filtering as indicated by figure 6-5.

Figures 6~12 and 6-13 plot the ground speed of fiight test 2.
Although the TDs have less random noise than the TDs of flight test 1,
nonfiltered ground speed is not acceptable for RNAV information.

3. Range/bearing, CPE/CTEB and CDI indications. The accuracy
of the range/bearing calculation and the CIE/CTEB calculation was eval-
uated by simulation; however, relative accuracy was tested during the
flight tests.

Figures 6-14 and 6-15 are plotted using the result of flight
test 2, and figures 6-16 and 6-17 are plots made by the Fortran simula-
tion. According to these four figures, relative accuracy of the range/
bearing are adequate. Figures 6-18 and 6~19 plot CTE and CTEB during
the flight, and they are accurate with respect to the desired course.

However, the CDI indicator produced confusion for the pilot
because the indicator showed the wrong direction to the course whenever
the airplane was moving with an angle which was more than 90° to the
desired course bearing angle (241.19° for flight test-2). A CDI indica-
tor using a VOR station alsc causes a similar problem.

In order to indicate the desired CDI indication, it is necessary
to determine the flight path vector. Since the Loran-C provides true
position information, the receiver has the capability to compute a
flight path vector for providing the correct CDI indication for any
alrplane position. A software routiiie for computation of a flight path
vector and the angle difference between the vector angle and desired
course angle is added to the CTE/CTEB calculation routine.

The corrected CTE and right/left indication of flight test 2 was
plotted in figu:2 6-20 using the Fortran simplation. The corrected

CTE/CTEB routine in the RNAV program was tested using the Loran—-C simu-
lator.

Figure 6~21 is a photogragh of the Ohio University Loran-C
recelver inside the Piper Cherokee for the flight test.
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VII. CONCLUSIONS AND RECOMMENDATIONS

Some specific conclusions can be reached as a result of the work
performed in developing a microcomputer-based Loran-C receiver for
generdl aviation appliration.

The objective of this area navigation software implementation is
to provide high quality air navigation information by using Loran-C as a
navigation system for general aviation. The following conclusions are
made according to the test results in Chapter VI.

The conclusions are:

l. The high accuracy of the range/bearing calculation using the
microcomputer~based Loran-C recelver was demonstrated; the error without
a bias error does not exceed more than 0.012nm (range) or 0.09° (bearing)
for ranges to 530um.

2. Operational performance, as observed on a flight in a general
aviation aircraft, is obtained using a q~g8 filter on time differences to
reduce random noise, Filtering TDs with the new, stable clock, with an
effective time constant is 4 seconds, effectively smooths the flight
path and does not cause serious delay on the turns.

3. The ground speed calcuiation with 10 kmots resolution has
operational stability for a constant or low—acceleration flight. Since
the ground speed calculation process passes through two filters, the
ground speed cannot be easily updated with high acceleration., According
to the effective time constants for the two filters (4 seconds for TDs
and 12 seconds for the GS calculation), a step response becomes 86.3% of
final value after Z4 seconds. So the ground speed_calculation can
accept an acceleration which is legs than 0.13nm/s“.

4. The CTE/CTEB indication provides the relative position and
proper direction respectively to any desired course inside the Loran-C
coverage area. Even with an airplane very close to a To waypoint (less
than 0.lnm) the CTE has sufficent sensitivity to calculate an accurate
CDI indication, while the VOR navigation system at close range is too
sensitive.

5. An execution tim ¢f the &ri;% navigation system routine does
not exceed more than 1.5 #gd¢ouds, which is short enough for adequate
position update information for air navigation. In the northeast U.S.
chain (GRI=99600us), the execution time 1s about 1.39 seconds for RNAV
position updates.

6. The Loran~C navigation system with the new stable clock
recorded an average bias error of 0.5nm which meets the requirement
stated in AC90-45A (enroute 2.5nm, terminal 1.5nm). Even for an
approach, this system has the capability to meet the total ecror of
0.6nm stated in AC90-45A.
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7. The Loran~C area navigation software makes it possible for
the general aviation user to fly to any point inside the Loram-C cover-
age area in true area navigation fashion unlike VQR navigation system
with its line-of-sight and range restrictions, ‘.

Some problems were identified during the testing, and these
should be addressed and solved prior to implementation by general
aviation.

1. The bias error to the north is due to signal-strength dif-
ferences of Loran-C stations and Avionics Engineering Center's receiver
implementation. The bias error can be significantly reduced with a new
RF front end [42) and applying propagation corre¢tions. The recent
tests with the new RF front end indicated a bias error of 0.2nm. These
data were collected in the same area as the previous flight tests. The
bias error of 0.2nm could be further reduced with the application of a
propagation correction.

2. An improved ground speed response for accelerated flight.
The ground speed response for accelerated flight can be improved by
implementing a three dimensional filter [43]; however, improvement of
measuring time differences to reduce random noise should be made to pro-
vide better data for ground speed calculations.

Contemporary microprocesso. Ctechnology has gresatly improved the
capability for quality high navigation, and allows for achieving low-
cost and light welght receivers for general aviation applications. This
RNAV software promises to provide the pilot with significant operational
advantages through the use of a microcomputer-based Loran-C receiver,

C -
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APPENDIX A. The computation for an area navigation(RNAV) equipment
based on the use of VOR/DME.

B = 8,(t) - 8,

il

Distance dtg(t) = /ég(t) + pze - precoss(t)

where I The angle from true north relating to the

aircraft

8_ = The angle from true north relating to the
VOR/DME station

p(t) = The distance between the VOR/DME station
and the aircraft '

p(t) = The distance between the VOR/DME station
and the waypoint
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Figure A-1. Area Navigation (RNAV) Equipment.
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APPENDIX B. Program listing for testing range and bearing angle

computational models.

This program was written in standard Fortran IV programming

language and run in the IBM4341 system at Ohio University.

0TI 060 Y606 3606 036 38 3 36 206 I 6 16 36 36 36 3636 36 36 06 30 3630 90 36 30 D00 D0 30 36 06 00 00 6 36 6 0626 30 36 06 36 36 3696 0 00 06 06 08 3030 0 06 D D K% 0

LH#;O’:R?'GRM CALCULATES A DISTANCE AND A BEARING BETWEEN TwWO
A NTS .

COMPARISON AMONG THREE MODELS (SPHERICAL ,SIMPLIFIED ELLIPTICAL
AND ELLIPTICAL)

DEVICE 5 IS A INPUT DEVICE

DEVICE 6 1S A OUTPUT DEVICE

FEBRUARY/1982 F,OGWRI

I 0036 38 30 36 36 2636 369636 36 36 3636 36 96 36 30 36 36 26 36 36 D63 26 3 96 36 3630 36 9636 3636 3636 2630 6 I 3696 3626 96 36 36 D6 300 36 36 36 06 36 36 36 3 3 6 36 3¢ 3¢ 04

LAl= LATITUDE OF THE RECEIVER
LOt= LONGITUDE OF THE RECEIVER

LA2= LATITUDE OF THE SECOND POINT
L02= LONGITUDE OF THE SECOND POINT

REAL LA1,LAZ,LO1,L02,MJ,NV,LAA,LAB,LAC,MAB

READ COCRDINATES OF THE TwO POINTS AND CORVERT GEOCENTRIC
COORDINATES TO RADIAN COORDINATES .

CALL ROLL(LA1,LO1)

CALL RDLL(LA2,L02)

TO 00000 OOO0NQO00000

C READ RANGE AND BEARING ANGLE TO CALCULATE THE CRROR BETWEEN
c MEASURED VALUES AND ACTUAL VALUES,
CALL RABE (RANGE,BEAR)
DATA A/3443,917387/
P1=3,1415926535898
c
c ELLIPTICAL MODEL
c

FF=1,-0,00335278
F=0,00335278
A=3443,917387
B=3432, 370680
DLO=LO1-L02
TB=FF*TAN(LA1)
TBI =FF ¥TAN (LA2)
CB=SQRT (1, +TB¥*¥*2)
CBI=SQRT(1,+TBI ¥¥2)
SB=TB/CB
SBI=TB| /CBI
CD=C0S (DLO)
C1=SIN(DLO)
C2=(TBI-TB*CD)/CB
C3=(TB| ¥TB+CD)/CB
TBA=C1/C2
BA=ATAN{TBA)
o TAA=SQRT (C1 #¥#24C2%%2) /C3
" AA=ATAN (TAA)
i CAA=1,/SQRT (1, +TAA%¥2)
i SAA=TAASCAA
| MU=(AA-SAA) ¥(SB+SB1 ) %2/ (1,+CAA)
f NV=(AA+SAA) *(SB-SBI ) ¥¥2/(1,~CAA)
DS 1=ABS (A% (AA-F* (MU+NV) /44 ))
BAID=BA¥180, /P |
IF(C2.LE.0.) BAID=BAID+180.
IF(C1,LE,0, AND,C2,GE,0,) BA1D=360,+BA1D

c
c SPHER | CAL MODEL
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MAB=(LAZ-LA1) /2. ORIGINA! B
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TA=TAN (DLO/2., ) OF POOR QUALITY
T1=ATAN(SIN(MAB )/ (COS (PAB) *TA) )

T2=ATAN (COS (MAB)/(SIN(PAB)*TA))

BET=T2-T1

BAZD=BET*180, /P |

IF(C2,LE .0, .AND,C1 ,LE.O.) BAZD=BA2D+360.,

I F(C1.LE. 0..AND.C2.GE.0. ) BAZD=360,+BA2D

LAC=2. “ATAN(TAN(MAB)*S IN(T2)/SIN(T1))

LAC=LAC*180, /P|

D152=60,0%LAC

SIMPLIFIED ELLIPTICAL MODEL

X=DLO*CO5(PAB)

Y=LA2-LA1

RR=( (A¥SIN(PAB) ) #*2+(B#CQS (PAB) ) ¥¥#2) /B
D IS3=RR¥SQRT (X% ¥2+Y #42)

BA3=ATAN(X/Y)

BAZD=BA3*180, /F|

IF (X.GE .0, ,AND,Y ,GE.0, ) CONTINUE
IF(X,LE.O. ,AND,Y ,GE,0, ) BA3D=360,+BAZD
IF(Y,LT,0.) BA3D=BA30D+180,

ERROR CALCULATIONS FOR THREE MODELS

ERR1=D |S1-RANGE

ERR2=D | 52-RANGE

ERR3=D|S3-RANGE

ERRB1=BA1D-BEAR

ERRB2=BA2D-BEAR

ERRB3=BA3D~BEAR,

ERROR1=( (D1S51-RANGE ) /RANGE ) *100,

ERROR2=( (D!S2--RANGE ) /RANGE ) *100,

ERROR3=( (D |S3~-RANGE ) /RANGE ) ¥100,

ERRBA1=( (EA1D-BEAR ) /BEAR ) *100,

ERRBA2=( (3A2D0-BEAR)/BEAR ) *100,

ERRBA3=( (BA3D-BEAR)/BEAR) %100,

WRITE(6,200) D!S1,ERRY,BAID,ERRB1,D1S2,ERR2,BA2D,ERRB2,

D153,ERR3,BA3D,ERRB3 .

FORMAT (1X, ! DISI=1,F%1,5,5X,! ERR1=',F9,5,5X,! BAID=1,F7,3,
4X,! ERRBI=1,F6,3/
1H ,?' DJS2=1,F11,5,5%, ! ERR2=1,F9,5,5X, ' BA2D=1,F7,3,
4X,' ERRB2=!,FA,3/
1H ,t! DIS3=',Ff11,5,5X, ' ERR3=1,F9,5,5X,! BA3D=1,F7,.3,
4X,! ERRB3=1,F6,3)

WRITE(6,300) ERROR1,ERROR2,ERROR3,ERRBA1,ERRBAZ,ERRBAS

FORMAT (1X, ' ERRORI=',F9,6,5X,! ERROR2=',F9,6,3X,! ERROR3=',F9,6/

3 iH , ' ERRBA1=',F9,6,5X,! ERRBA2=',79,6,3X, ' ERRBA3=',F9.6)

STOP
END
SUBROUTINE RDLL(PHI ,THE)

(CHHEII 0 I I3 636 6 D606 000 37 20 3032 30 6363634 3036 36 36 3636 D6 2036 36 JE 3036 36 36 306 3024 36 98 36 36 3. 06 6 3630 362024 5 3 2 3 36,

(¢XeX2XoXeXeoloNelel

THIS SUBRCUTINE CONVERTS GEOCENTRIC COORDINATES ENTERED BY THE
USER TO RADIAN COORDINATES, INPUT FORM IS: DDDD MM S§S§,.SS
WHERE  'DDDD' IS THE DEGREES PORTION OF THE LAT. OR LONG.,
INCLUDING SING, 'MM' IS THE MINUTES PORTION, AND 'SS.SS' IS THE
SECONDS PORTION. READ FORMAT 1: 14,1X,12,1X,F5,0,

B3I U336 3 0 3036 30 IEHE 206606 3T AE 00 003 DI T30 36 3 3838 0636 38 00 6 3000 34036 36 6 3036 38 0 36 36 38 0 260 300 36 2 3 00 096 30 06 3¢ 96 3¢

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

REAL*4 PH|,THE

DATA Pl/3,1415926535898/ -

DATA MSG1/'LAT1'/,MSG2/'TUDE!/,MSG3/%:  1/,MSG4/'LONG'/,MSG5/

11iTUDY/,MSG6/1E: Y/

Pi1=P1/180,
PROMPT USER,
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WRITE(6,1) M5G1,MSG2,MSG3
READ(5,10) ID1,1M(,S51
PHI=SNGL (P11 *(DFLOAT (1D1)+(DFLOAT( IM1)+551/60.1/60,))

PROMPT USER FOR LONGITUDE ENTRY,

WRITE(S,1) MSG4,MSG5,MSG6
READ(5,10) 1DV, 1M1,S51
THE=SNGL (P1 1*(DFLOAT (101)+(DFLOAT (IM1)4551/60,1/60, ))

RETURN

1 FORMAT (' ENTER ',3A4/' DDDD MM S$S,SS')

15 FORMAT (2X,14,1X,(2,1X,F5,2)

10 FORMAT (14, 1X,12,1X,F5,2)

3 FORMAT("LATITUDE = 1,i4,:1%,12,1X,F5.2/! LONGITUDE = 1,14,1X,12,
* X,F5,2)

QOO0

END
SUBROUTINE RABE(DIST,DEGR)

CRIMIIIIINI NI DN NI I 2202 0000 0060630 0 00020 00 D D600 3606 36638 3600 W 363696 06 30 30 D0 36 36 00 006 3% 3626 36 3636 34 36 9630 3¢ 3 %

c
c THIS SUBROUTINE READS RANDG AND BEARING WHICH ARE PUBLISHED,
c

CHTENIIIIIIIEI DI I N IEN U6 0060000000000 0 000 0030 3606060636330 30 000 00 D0 00 0 696 063696 62600003 3 2 30
c
DATA MSG7/10{ST!/,MSG8/ TANCE!/,MSG9/'BEAR'/,MSG10/1ING 1/

c
WRITE(6,2) MSG7,MSG8
READ(5,20) OIST

c
WRITE(6,4) MSG9,MSG10
READ (5,40) DEGR

c

RETURN )
2 FORMAT(’ ENTER 1,2A4/!' 0DDD.DDDDDY)
4 FORMAT(' ENTER ',2A4/' BBB.BEB')
20 FORMAT (F10,5)
40 FORMAT (F7,3)
25 FORMAT(2X,F10,5)
45 FORMAT (2X,F7,3)
END
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APPENDIX C. Program listing for microprocessor version of area
navigation (RNAV) program. This program is written in
standard M0S6502 assembly launguage and assembled by a

cross assembler on the TBM4341.

0000 D60 00606 26 0600 0606 30 36 36 36 06 3600 06 06 06 D636 36 26 360030 3656 36 36 3006 36 36 30 36 30 6 36 96 96 36 30 06 0030 00 006 30 00900600 30 0 2 0 CO000010

* * £0000020
* THIS PROGRAM PROVIDES NAVIGATIONAL INFORMATION USING THE *

* MI CROCOMPUTER 6502 AND THE AM9511A MATH CHIP, THERE ARE TWO  *

* PARTS, THE FIRST PART |S DESIGNED TO CONVERT LORAN-C TIME-  #

* DIFFERENCES TO LATITUDE/LONGITUDE BY J,P.FISCHER(TRACK ING *

* FILTER ON TIME DIFFERENCES WERE ADDED LATER BY F.OGURI), AND THE

» SECOND PART |S DESIGNED TO CALCULATE RANGE/BEARING TO A WAY-  *

" POINT, CROSS TRACK ERROR FRM DESIRED COURSE, GROUND SPEED *

* AND ESTIMATF?: TIME OF ARRIVAL TO THE WAYPOINT BY F, OGURI, *

% BOC~TO-HEX CUNVERS!ONS ARE MMDE FOR TIME-D |FFERENCES, »

* WAYPOINTS AND GRI, AND HEX-TU-BCD CONVERSIONS ARE MADE FOR *

* ALL CALCULATED NAVIGATIONAL INFORMATION; ALL |NTEFNAL #

* CALCULATIONS ARE MADE USING BINARY FLOATING-POINT, ALL SuB- *

* ROUTINE ARE AT THE END OF THE MAIN PROGRAM, THE NUMBER TABLE *

* AREA IS DESIGNED TO BE PLACED AFTER THE SUBROUTINES; *

* CONSTANTS ARE FIRST, CALCULATED VARIABLES LAST, *

# FIRST PART: ALGORITHM |S BASED ON FORTRAN PROGRAM 'DEXLRN.)' %

* _ 7/1981, J, P. FISCHER *

» SECOND PART: ALGORIYHM IS BASED ON FORTRAN PROGRAM 'DIST3,! ¥

* ELLIPTICAL MODEL, 1/1982, F, OGURI *

* CHANGE FOR THE VIDEO BOARD,  10/1982, F. OGURI *

* * C0000150
3903630 36 363 36 303 98 36 36 36 36 36 36 36 36 36 36 36 6 36 36 D6 36 36 366 36 36 9636 36 06 36 Db 36 36 20 36 36 3 30 36 36 36 0 36 36 06 309 3 36 3 36 6 3 6 3036 28 34 34 36 08 34 2 b C0000160
* 0000150
PIAA  EQU $9000 PEF {PHERAL AND DDR SIDE A

PIAB  EQU $9002 PERIPHERAL AND DDR SIDE B

* £0000210
* AMI511A COMMANDS, €0000220
* 0000230
FADD EQU $10

FSUB  EQU $11

FMIL  EQU $12

FDIV  EQU $13

SQRT  EQU 1

SIN  EQU 2

COS  EQU 3

ATAN EQU 7

PTOF  EQU $17

PUPI  EQU $1A

FLTD EQU $1C

FIXD EQU SIE

CHSF  EQU $15

TAN  EQU $04

XCHF  EQU $19

ASIN  EQU $05

OMUL  EQU $2E

* 00000370
* VARIABLE MAME TABLE(FOR TD-TO-POSITION CONVERSION)

* €0000390
* THE FOLLOWING ARE CONSTANTS, CC000410
* £0000420
TOY  EQU O .

TCZ  EQU TCY+4
THMY  EQU TCZ+4
THZ  EQU THMY+4

XNR
CT™Y

EQU
EQU

THMZ+4
XNR+4

-101-

S AP e

P




THGS

1YS
TZS
VTYP
vize

TDA

AGUF
AGCB
BASE1
XL M

EQU CTMY+4
EQU STIY+4
EQU CTHZ+4
EQU STMZ+4
EQU CXK+4
EQU SXK+4
EQU 11i+4
EQU CZ+4
EQU C3+4
EQU C4+4
EQU C5+4
EQU C6+4
EQU C7+4
EQU C8+4
EQU C9+4
EQU C10+4
EQU Ct1+4
EQU C12+4
EQU C14+4
EQU EMG+4
EQU C256+4
EQU P180+4
EQU C60+4
EQU ALP+4
EQU BET+4

ORIGINAL FACH I3
OF POOR QUALITY

ALPHA FOR FILTER ON TDS
BETA FOR FILTER ON TDS
TIME INTERVAL. FOR FILTER ON TDS

THE FOLLOWING ARE CALCULATED VARIABLES,
{FOR TD~-TO-POSITION CONVERSION)

EQU TM+4
EQU TY+4
EQU TZ+4
EQU PY+4
EQU PZ+4
EQU CPY+4
EQU SPYH4
EQU CPZ#4
EQU SPZ+4
EQU AY+4
EQU AZ+4
EQU BY+4
EQU BZ+4
EQU UI+4
EQU U2+4
EQU U3+4
EQU UU+4
EQU CDBY+4
EQU THMS+4
EQU CB+4
EQU CA+4
EQU CC+4
EQU F+4
EQU G+4
EQU H+4
EQU THGES+4
EQU PHGS+4
EQU TEMP+4
EQU TYP+4
EQU TZP+4
EQU TYS+4
EQU TZS+4
EQU VTYP+4

LONGITUDE OF THE RECEIVER
LATITUDE OF THE RECEIVER

PAGE~ZERO ASSIGNMENTS

ORG O
BSS 4
BSS 4
ORG $68
BSS
BSS 1
8ss 2
BSS 1

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

BASE ADDRESS FOR NUMBER MOVE

INDEX LIMIT USED IN NUMBER CONVERSION ROUTINES
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00000750
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ORICIEL (el g

OFE POOGR QUALITY

XTEMP  BSS 1 SAVE @4EA FOR ¥-REGESTER
YTEMP BSS 1 SAVE AREA FOR Y-REGESTER
COUNT  BSS 1 COUNT-DOWN REGGSTER
VY  BSS 1
FLAG BSS 1
HEX  BSS 3 TABLE FOR BUILDING UP HEX NUMBER FROM BCD
RES BSS 3 RESIDUE TABLE FOR BINARY MULTIPLICATION
DVDN  BSS 2 HEX NUMBER TO BE CONVERTED TO BCD
CNT2  B8SS 1
CHT3  BSS |
CNT2 8S5 1
CNT5  BSS 1
PREW BSS | PREVI0US WAYPOINT NUMBERS
FLG3 BSS 1
T BSS 2 TEMPORARY REGISTER FOR GR, CONVERSION
GRI1  BSS 1 ADDRESS OF GS REFERENUE 7ABLE(GRI LOOP COUNT)
ARCN  BSS 1 ADDRESS OF GS REFERENCE TABLE(RANGE)
CTEBN BSS 1 ADDRESS OF GS REFERENCE TABLE(CTEB)
LOLA  8SS 1
LOPG  BSS | FLAG FCR LOWPAGE OF VIGEQ SCREEN :
FLT  BSS 1 ,
NOLP  BSS 1 ;
TDTMP  BSS !
PRTM BSS 1 I
SMTMP  BSS | :
VLTW BSS 1
i €000 1270
* THE FOLLOWING ARE THE 0001280
* COMPUTED LAT I TUDE/LONG ITUDE AND RANGE/BEARING, ALL 00001290
* ARE IN PACKED BCD FORMAT, THESS ARE DESIGNED TO C0001300
* INTERFACE TO SENSOR SOFTWARE. C000 1310
* 00001320
LAT  BSS % FORMAT: (EX.) 39 19 20 - DEGREES, MINUTES, SECON
BSS 3 FORMAT: (EX.) 82 05 56 - DEGREES, MINUTES, SECON
BSS 3 FORMAT: (EX.) 01 34 52 - HOURS, MINUTES, SECOND
G BSS 10 FORMAT: (EX.) 20 56 - 205.6 NM
BASE  BSS 2 ADDRESS OF FLOATING-PGINT TABLE :
VIDEO BSS 2 ADDRESS OF VIDEO SCREEN MAP
W  B8SS | MV : WAYPOINTN M=1,5 N=1,% 8
WG BSS | TO WAYPOINT
WPS  BSS | FROM WAYPOINT
LLLP  BSS 1
WPTB  BSS 48 ND DD MM SS 00 DD MM 55 : LA2 AND LO2 IN DEGREE

*
: USER'S WAYPOINT TABLE

ORG $AC
HEX 12
HEX 00
HEX 00

*

+#*

»*

*

GRI  EQU $0012

BIFT  EQU $0041

GRIN  EQU $03E0

*

»*

RCR2

EYU 0

F1 - EQU RCR2+4
F2 EQU Fi+4
ONE EQU F2+4
FOUR  EQU ONE+4
D3618 EQU FOUR+4
D36E6 EQU D3618+4
F20 EQU D36E6+4
P18 EQU F20+4
PAlZ EQU P18+4
Pi2D  EQU PAI2+4
D60 EQU PI2D+4

-WP
-WPG
-WPS

ADDRESS OF GRI AND BIF1

GRI DATA BUFFER
LOOP COUNTER

REFERENCE TABLE FOR GRI LOOP COUNT
THE FOLLOWING ARE CONSTANTS, (FOR RNAY)

3443,9174NM
0.00335278
1-F1

1

4
3600%180/P|
36.0E6

20

180/P|

2P| RADIANS
360 DEGREE
60
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ALPG
BETG
Lot
LAt

LAZ

CoBR
S8

cBl
SBi

co2
Co3
BA
SAA
CAA
AA

NY
ARG1
ARC?
PSh
PS{2
BNYY
HELPP
TIME
CTeB

CTEBI
W

CTEBO
ARCO
GRITT
GSPRD
ACPRD
3594

*
*

Xk X

- X

OHEX

EQU D60+4
Egu ALPG+4
EQU BETG+4
EQU LO1+4
EQU LA1+4
EQU LO2+4

ORIGINAL PACE §
OF POOR QUALIYY

ALPHA FOR FILTER IN GS CALCULATION

BETA FOR FILTER IN GS CALCULATION
LONGITUDE OF FROM WAYPOINT

LATITUDE OF FROM WAYPOINT
LONGITURE OF TO WAWPOINT
LATITUDE OF TO WAYPOINT

CALCULATED VARIABLES,.(FOR RNAY)

EQU LA2+4
EQU Q0B+«
EQU SB#4
EQU CBI+4
EQU SBi+4
EQY C01+4
EQY CO2+4
EQU C03+4
EQU BA+4
EQU SAAH
EQU CAA+4
EQU AAH4
EQU Mi+4
EQU NV+4
E£QU ARC1+4
EQU ARC2+4
EQU F31i+4
EQU PSI2+4
EQU BNYY+4
EQU HELPP#+4
EQU TIME+4
EQU CTEB+H
QU BS+4
EQU CTEB1+4

FOR GROUND SPEED CALCULATION.

EQU Wi+d

EQU CTEBO+4
EQU ARCO+4
EQU GRITT+4
EQU GSPRD+4
EQU ACPRO+4

PRIVIOUS CTEB FOR GS CALCULATION
PRIVIOUS RANGE FOR GS CALCULATION
TOTAL GR{ LOOP COUNT

GS PREDICTED VALUE

CALCULATED VARIABLES FOR BCD TO FLOATING POINT FORMATCONVERSGION,

ORG $038C

BSS 4 WAYPOINT REGISTER

BSS 4 GRI CONVERSION REGISTER

GRG $0380

BSS 4 TOTAL REFERENCE OF GRI LOOP COUNT

ORG $3A4 _

BSS 4 TEMPORARY REGISTER FOR WAYPOINT CONVERSION

ORG $1800
0001390

CONVERT TD'S FROM BCD TO FLOAT ING-POINT 0001400

00001410

LOX =0

LOY =TY CONVERT TDA FIRST

STY YTEMP

LDA =2

STA COUNT CONVERT VWO TDS

STA BASE+]

cLD SET DECIMAL MODE OFF
C000 1480

BCD~TO-HEX CONVERSION , 0001490

00001500

LDY =6 SIX DIGITS

LOA =0

~-104-
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ORIGINAL Pl E:j
FLETS
STA HEX OF POOR QU:
STA HEX+1
STA HEX+2
STA FLAG
JMP LFOUR DO LOWER PART FIRST
UFOUR DEC FLAG
LDA TOA,X GET A BYTE
LSR A
LSR A
LSR A
LSR A
JMP TO3 DO THE MAIN CONVERSION
LFOUR INC FLAG
LDA TDA,X GET A BYTE
Arg =§F REMOVE UPPER FOUR BITS
|
TO3  CLC FOR ADDITION
ADC HEX+2
STA HEX+2 ADD DIGIT TO PARTIAL SUM
BCC NOC GO IF NO CARRY OUT
INC HEX+1
NOC DEY NEXT DIGIT
BEQ TOD IF DONE, LEAVE
STY XTEMP SAVE COUNTER
C0001760

MULTIPLY PARTIAL SUM BY TEN 0001770
00001780
LDA =0

STA RES CLEAR MULT, TABLE
STA RES+1
STA RES+2
LDA =10 DIVISOR
LDY =8
T2  CLC
ROL RES+2
ROL RES+1 3
ROL RES ]
ASL A i’
BCC NOC2
PHA .
cLe ‘
LDA RES+2
ADC HEX+2 ‘
STA RES+2
LDA RES+1 ;
ADC HEX+1 ]
STA RES+1
LDA RES E
ADC HEX :
STA RES
PLA
NOC2  DEY
BNE TO2
LDY XTEMP
LDA RES
STA HEX ‘
LDA RES+1 ;
STA HEX+1 }
LDA RES+2
STA HEX+2
LDA FLAG
BNE UFOUR
JMP LFOUR

* X %

C0002080
NOW CHANGE INTEGER PART TO FLOATING-POINT 0002090
THEN ADD IN THE FRACTIONAL PART, 00002100

00002110
oD LDY YTEMP
STX XTEMP SAVE THE CURRENT DIGIT LOCATION
LDA =0
STA (BASE),Y CLEAR THE UPPER TWO BYTES -

-4 %k % X ¥k

LOA HEX MSB OF HEX INTEGER
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ORIGHIAL el 7

STA (BASE),Y  PUT IN TABLE FOR 9511 OF POOR QUALITY
N

LDA HEX+] LSB OF HEX INTEGER

STA (BASE),Y

INY

LDA HEX+2

STA (BASE),Y ;

LDY YTEW POINT 70 TD NUMBER

JSR PUSH GIVE IT TO 9511

LDA <FLTD ,

JSR CMND CONVERT INTEGER TO FLOATING-POINT

LDY =EM6 CONSTANT 1E-7

JSR PUSH

LDA =FMIL OONVERT FROM MICROSECONDS, .,

JSR CMND TO SECONDS

LDY YTEMP GET THE TD LOCATION AGAIN

JSR POP AND STORE THE TD

DEC QOUNT SEE IF BOTH TDS CONVERTED

BEQ ABFLT IF S0, START TD-TO-POSITION CONVERS{CH
T1 X XTER SET UP FOR NEXT TD

NX

LDY =TZ AUDRESS OF TDB

STY YTEWP STORE 1T

JMP TOHEX REPEAT

ALPHA BETA FILTERING

BFLT LDA NOLP
CWP =1
BNE ABFLT2
LDX =0
LDA =0
ABFLT1 STA $02F8,X
54
CPX =8
BNE ABFLT1
LDY =TY
JSR PUSH
LDY =TZ
JSR PUSH
LDY =TZP
JSR POP
LDY =TYP
JSR POP
JMP SUTD

*
*
*
A

*

ABFLT2 LDA =$7C
STA TOTWP TY
LDA =$E8
STA PRTWP TYP
LDA =$F0
STA SMTMP TYS
LDA =$F8
STA VLTMP vTYP
ABFLT3 LDY TDTMP
JSR PUSH
LDY PRTWP
JSR PUSH
LDA =FSUB
JSR CMND TY-TYP
LDA =PTOF
JSR CMND
LDY =ALP
JSR PUSH
LOA =FMUL
JSR CMND ALP*(TY-TYP)
LDY PRTMP
JSR PUSH
LDA =FADD
JSR . OMND TYP+ALP#(TY-TYR)
LDY SM™™P
JSR POP TYS=TYP+ALP*(TY-TYP)

-] 06~
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ABFLT4

x*

LDY =BET
JSR PUSH
LDA =FMUL
JSR CMND
LOY =T™
JSR PUSH
LDA =FDIV
JSR CMND
LDY VLTWP
JSR PUSH
LDA =FADD
JSR CMND
LDA =PTOF
JSR CMND
LDY VLIWP
JSR POP
LDY =TM
JSR PUSH
LDA =FMUL
JSR CMND
LOY SMTMP
JSR PUSH
LDA =FADD
JSR CMND
LDA =PTOF
JSR CMND
LDY PRTMP
JSR POP
LDY TDT™P
JSR POP
LDA TOTWP
SMP =380
8EQ SUTD
INC TOTMP
INC PRTMP
INC SMTMP
INC VLTW
LDA TDTMP
CHP =$80

BNE ABFLT4
JMP ABFLT3

BET* (TY-TYP)

YTYP=VTYP+BET*(TY-TYP)/TM

TMEVTYS

TYS+TM*VTYS

TYP=TYS+TMEVTYS
TY=TYS+TM*VTYS

CALCULATE 'PY?

LDY =¥AR
JSR PUSH
LDY =TY

JSR PUSH
LDY =TCY

J5R PUSH
LDA =FSUB
JSR CMND
LDA =FMUL
JSR CMND
LDY =THMY
JSR PUSH
LDA =FSUB
JSR CMND
LDY =PY

JSR POP

YXNR?
PUSH ON STACK
TY?

1TCY !

SUBTRACT TY-TYC

XNR* (TY~TYC)
TTHMY !

XNR¥* (TY~TZ)~THMY
1pY?
PUT 'PY'! INTO TABLE

CALCULATE 'PZ!

LDY =XNR
JSR PUSH
LDY =TZ
JSR PUSH
LDY =TCZ
JSR PUSH
LDA =F5UB
JSR' CMND
LDA =FMUL
JSR CMND

IXNR?
PUSH ONTO STACK
[R74)
PUSH ONTO STACK
1TCZ!
PUSH ONTD STACK

TZ-TCZ
XNR¥*(TZ~-TCZ)
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00002770
€0002780
€0002790

00002960
00002970
C0002980
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bt A

* K x

* X

* X

»* ¥

by ez e ORIGINAL PAGY 15

JSR PUSH OF PCOR QUALITY
LDA =FSUB
JSR CMND XNR*(TZ~TCZ)~THMZ
LDY =PZ LOCATION FOR 'PZ?
JSR POP STORE RESULT N Pz
CALCULATE CPY,SPY,CPZ,SPZ
LOY =PY U
JSR PUSH PUSH IT
LOY =PY 1Py
JSR PUSH DUPLICATE STACK
LDA =00S
JSR CMND COS(PY)
LDY =CPY FOR CPY
JSR POP GET IT
LDA =SiN
JSR CMND SINCPY)
LOY =SPY
JSR POP GET SPY
LY =PZ oAl
JSR PUSH
LDY =PZ YAl
JSR PUSH
LDy =005
JSR CMND COS{PZ)
LDY =CPZ LOCATION FOR CPZ
JSR POP
LDA =SiN
JSR CMND SIN(PZ)
LDV =SPZ LOCATION FOR 'SPZ?
JSR POP
CACULATE fAY!
LDY =CPY 1Pyt
JSR PUSH
LOY =CTMY 1ICTMY
JSR PUSH
LDA =FSUB
JSR CMND CPY-CTMY
LDY =STMY ISTMY ¢
JSR PUSH
LDA =FD{V
JSR CIMND (CPY-CTMY ) /STMY
LDY =AY tAYY
JSR POP
CALCULATE 'AZ?
LDY =CPZ 1CPZ
JSR PUSH
LoY =CT™MZ ICTMZY
JSR PUSH
LDA =FSUB
JSR CMND CPZ-CTMZ
LDY =8TMZ 1ST™MZ!
JSR PUSH
LOA =FDIV
JSR CMND (CPZ-CTMZ)/STMZ
LBY =AZ LOCATION FOR 'AZ!
JSR POP
CALCULATE 'BY!?
LDY =SPY 15PY?
JSR PUSH
LDY =STMY 1STMY?
JSR PUSH
LDA =FDIV
JSR CMND SPY/STMY
LDY =BY LOCATION FOR 'BY’
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x K Xk

x X X

* %k x

x X

ORIGINAL PAEE 10

ALIYY
JSR POP GET IT OF POOR QUALY

CALCULATE 'BZ!

LDY =5PZ 'SPZ1

JSR PUSH

LDY =STMZ 1STMZ!

JSR PUSH

LDA =FDIV

JSR CMND SPZ/STMZ

LDY =BZ LOCATION FOR 'BZ!

JSR POP GET iT
CALCULATE 1!

LDY =AY TAY !

JSR PUSH

LDY =CXK 'CXK!

JSR PUSH

LDA =FMUL

JSR CMND AY ¥CXK

LDY =AZ 'AZ!

JSR PUSH

LDA =FSUB

JSR CMND AY¥CXK-AZ

LDY =U1 LLOCATION FOR 'Ui!

JSR POP

CALCULATE rfu2!

LDY =AY 1AY !
JSR PUSH

LDY =SXK TSXK!
JSR PUSH

LDA =FMUL

JSR CMND AY %SXK
Loy =U2

JSR POP GET 'u2!

CALCULATE 'u3?

LDY =AZ TAZ?
JSR PUSH
LDY =BY '‘BY?
JSR PUSH
LDA =FMUL
JSR CMND AZ¥*BY
LDY =AY TAY!
JSR PUSH
LDY =BZ YA
JSR PUSH
LDA =FMUL
JSR CMND AY¥B3Z
LDA =FSuB
JSR CHMMD AZ¥BY-AY#BZ
LDY =U3 LOCATION FOR 'U3!
JSR POP

CALCULATE tLu?
LDY =U1 we
JSR PUSH
LDY =U1 e
JSR PUSH
L.DA =FMUL
JSR CMND U1+
LDY =y2 2!
JSR PUSH
LDY =y2
JSR PUSH
LDA =FMUL
JSR CMND u2+*y2
LDA =FADD
JSR CMND U1 #J1+U2%y2
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€0004090
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00004110
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00004220

0004390
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* X

* X x

* X %

oRIGINAL BT 1T
OF POOR QUALITY

LDY =y LOCATION FOR 'UU!
JSR POP
00004580
CALCULATE 'COBY! C0004590
00004600
LDY =uy 1wy
JSR PUSH
LDY =3 w3
JSR PUSH
LDY =U3 w3t
JSR PUSH
LDA =FMUL
JSR CMND U3*y3
LDA =FSUB
JSR CMND UU-U3*U3
LDA =SQRT
JSR CMND SQRT (UU-U3%U3)
LDY =U2 2!
JSR PUSH
LDA =FMUL
JSR CMND U2¥SQRT (UU-U3*U3)
LDY =U3 s
JSR PUSH
LDY =1 i
JSR PUSH
LDA =FMJL
JSR CMND uz*yl
LDA =FADD
JSR CMND UB*U1+U2#SQRT (UU~U3*U3)
LDY =Y !
JSR PUSH
LDA =FDIV
JSR CMND (UB*1HU2 #SQRT (UU-UB2U3) ) /UU
LDY =CDBY LOCATION FOR 'COBY!
JSR POP
0004910
CALCULATE 'THMS! 0004920
00004930
LDY =AY 1AV
JSR PUSH
LDY =BY 1By !
JSR PUSH
LDY =COBY 1COBY !
JSR PUSH
LDA =FADD
JSR CMND BY+CDBY
LDA =DV
JSR CMND AY/(BY+CDBY )
LDA =ATAN
JSR CMND ATAN (AY / (BY+CDBY) )
LDY =THMS LOCAT ION FOR 1THMS !
JSR POP
0005080
CALCULATE 'CB! 0005090
00005100
LDY =THMS 1THUS!
JSR PUSH
LDA =COS
JSR CMND COS(THMS)
LDY =CB LOCATION FOR 'CB!
JSR POP
0005170
CALCULATE 'CA? 00005180
0005190

LDY =THMS 1THMS !

JSR PUSH

LDY =PY 1Py

JSR PUSH

LDA =FADD ,

JSR CMND THMS+PY

LDA =COS

JSR CMND COS(THMSHY)
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170

*

* X

LDY
JSR

LDY
JSR
LDY
JSR
LDA

LDA
JSR
LDA
JSR
LDY
JSR

Loy
JSR
LDY
JSR
LDA
JSR
L.DY
JSR
LBY
JSR
LDA
JSR
LDA
JSR
LDY
JSR
LDY
JSR
LDA
JSR
LDA
JSR
LDY
JSR

LDY
JSR
Loy
JSR
LDA
JSR
LOY
JSR
LDY
JSR
LOA
JSR
LDA
JSR
LDY
JSR
LDY
JSR
LDA
JSR
LDA
JSR
LDY
JSR

=CA
POP

CALCULATE 1CC!

LOCATION FOR

=THMS ITHMS !
PUSH

LA 1Pz

PUSH

=FADD

=FADD

CMND THUSHPZ

=C0S

CMND COS (THMSPZ)

=8§ LOCATION FOR 'CC!
P

CALCULATE 'F1

=C1 1011

PUSH

=CA 1CA!

PUSH

=FMJL

CMND C1*CA

=C2 1021

PUSH

=CB 1ca!

PUSH

=FMUL

CMND C2%CB
=FADD

CMD C1 *CA+C2%CB
=C3 1031

PUSH

=CC 1cCt

PUSH

=FMJL

CMND C3*CC
=FADD

CMND C1¥CA+C2*CB+C3¥CC
=F LOCAT ION FOR 'F!
POP

CALCULATE ‘G!

=C4 1041
PUSH

=CA 1ICAY
PUSH

=FMUL

CMND CA*CA
=C5 1c5!
PUSH _

=CB 1081
PUSH

=FMUL

CMND C5%CB
=FADD

CMND CA*CA+C5*CB
=C6 1C6!
PUSH

=CC ce!
PUSH

=FMUL

CMND Ce*CC
=FADD

CiaND CAXCA+CS*CB+C6*CC
=6 16!

POP GET '6!?

~111-

-q gyt

ORIGINAL T8 W
OF POOR QUALITY

00005300
0005310
€0005320

C000 5430
€0005440
C000 5450

€00057Q0
0005710
C0005720

R R i N i batvtso S e ety o i

i




v

e e
ORIGH . w0

wig e ™
-

¢

* *

*

OF PO QUL

0005970
CALCULATE 1H! 00005980
C000 5990
LDY =C7 ey
JSR PUSH
LDY =CA 1CA!
JSR PUSH
LDA =FMIL
JSR CMND CT*CA
LDY =C8 1ca!
JSR PUSH
LDY =CB 1ca!
JSR PUSH .
LDA =FMUL
JSR CMND ca*cs
LDA =FADD
JSR CMYD C7*CA+CE¥CB
LDY =C9 1c9!
JSR PUSH
LDY =CC 1cc!
JSR PUSH
LDA =FMUL
JSR CMND co¥*Ce
LDA =FADD
JSR CMNC CT*CA+C8¥CBHCI*CC
LDY =H LOCAT ION *H!
JSR POP
0006240
CALCULATE 1THGS! 0006250
0006260
LDY =6 16
JSR PUSH
LDY =C10 1C10?
JSR PUSH
LDA =FADD
JSR CMND G+C10
LDY ~F 1F!
JSR PUSH
LY =C11 1111
JSR PUSH
LDA =FADD
JSR CMND F4C11
LDA =FDV
JSR CMND (G+C10) /(F+C1 1)
LDA =ATAN
JSR CMND ATAN( (G+C10)/ (F+C11))
LDA =PTOF
JSR CMND DUPLICATE STACK
LDY =THGS
JSR POP GET THGS
LDY =P180 180/P1
JSR PUSH
LDA =FMJL
JSR CMND CONVERT FROM RADIANS TO DEGREES
LDX =3 POINT TO LONGITUDE FIELD
LDA =6 INDEX LIMIT
STA XLIM
LDA =$86 VIDEO LOCATION FOR LONG,
STA VY
JSR TOBCD2 CONVERT TO DEGREES, MINUTES, SECONDS
0006490
CALCULATE 'PHGS! 00006500
€0006510
LDY =THGS 1THES*
JSR PUSH
LDA =SIN
JSR CMND SIN(THGS )
LDY =C14
JSR PUSH
LDY =C14 .
JSR PUSH :
LDA =FMUL

oo




JSR
LDA
JSR
LDY
JSR
LDY
JSR
LDA
JSR
LOA
JSR
LDY
JSR
LDY
JSR
LDA
JSR
LDA
JSR
LDA
JSR
LDA
JSR
LDY
JSR
LDY
JSR
LDA
JSR
LOX
LDA
STA
LDA
STA

JSR
*

CMAD
=FMUL
CMND
=H
PUSH
=C12
PUSH
=FADD
CMND
=FMUL
CMND
=0
PUSH
=C10
PUSH
=FADD
CMND
=FD 1V
CMND
=ATAN
CMND
=PTOF
CMND
#PHES
FOP
=P 180
PUSH
=FMUL
CMND
=0

=3
XLIM
=366
VY
TOBCD2

ORIQINL Lo

“

OF POGR (uosdd

Cla%Cl4
(:,II.I?*CM“SI N(THGS)

12!

H+C12

C14¥C14%SIN(THGS) *(H+12)
161

'C1o’

G+C13

C14%C14%S IN(THGS) *(H+C12) /(G+C10)
ARCTAN{(C14%C 14551 N(THGS ) ¥(H+4C12) /(G+C13))
DUPLICATE STACK LOCAT IONS

GET PHGS

180/P!

CONVERT PHGS FROM RADIANS TO DEGREES
LOCATION FOR LATITUDE FIELD

INDEX LIMIT

VIDEO LOCATION FOR LAT,

CONVERT TG DEGREES, MINUTES, SECONDS

* AREA NAVIGATION CALCULATION
*

RNAY  LDA
STA
cLD

LDX
STX
LDA
cwP
BNE
DEC

JMP
*

=3
BASE41

=1
FLG3
w
PREWP
WPCV2
FLG3
RABAO

BASE=$300

FI.G3=1

1S A WAYPOINT CHANGED?
IF YES, GET NEW WAYPOINT COORDiNATE,
FLG3=0

* CONVERT VAYPOINT(LO2,LA2) FROM BCD TO FLOATING POINT,
"

WPCV1 LDA
wPCV2  STA
LDX
BEQ
AND
LSR
LSR
LSR
LSR
STA
ORA
STA
Jige
WPCV3  AND
STA
ORA
STA
WwPCV4  LDX
STX
Lo LDA

w
PREWP
FLG3
WGV 3
=3F0
A

A

A

A

WPS
=$30
$A0 15
WPCvV4

=3P

=$30
$A0 55
=0
CNT2
WPTB, X

READ WAYPOINT NUMBERS

STORE NE* WAYPOINT NUMBERS

WHEN FLG3=1, FROM WAYPOINT CASE.
WHEN FLG=0, TO WAYPOINT CASE,
READ FROM WAYPOINT NUMBER

STORE FROM WAYPOINT NUMBER
DISPLAY FROM WAYPOINT NO.

READ TO WAYPOINT NUMBER
STORE TO WAYPOINT NO,

DISPLAY TO WAYPOiNT NO.

13-
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WPCV5

LOO

Lo

L7

L77
L2

L22
L3

L4

[k X X

5

AND =$FO
LSR A
LSR A
LSR A
LSR A
LDY FLG3

Oitic i Foun o
OF PCOR QUALYW’
READ WAYPOINT NO. ON WAYPOINT TABLE

cwP
BEQ
LDY
INX
DEY
BNE
JMP
LDA

STA ONTI

STA
STA
STA

WPG, Y
=8

WPCV 5

Lo TRY TO FIND AGAIN
CLEAR COUNTER!

=0

FIND WAYPOINT NUMBER
Loo IF FIND NO,, BRANCH TO LOO

INCREMENT 8 TIMES

W+l CLEAR TEMPORARY REGISTER

W+2
W+3

STA BNY
LDA WPTB,X
AND =1
BEQ L7V
LOA =$64
STA W+3
LDA =1
LDOY FLG3
BEQ L2
LDY CNT2
BNE L77
LDY =0
JMP L3
LDY =820
JMP L3
LDY CNT2
BNE 122
LDY =$40
JMP L3
LDY =$60
ORA =$30

STA $A017,Y

INY

INX

LDA WPTB,X
LSR A

LSR A

LSR A

LSR A

ORA =$30

STA $A017,Y

INY

LDA WPTB,X
AND =$0F
ORA =$30

STA $AO17,Y

CPY =$0A
BEQ L6
CPY =$2A
BEQ L6
CPY =$4A
BEQ L6
CPY =$6A
BEQ L6
JMP L4

CLEAR MSB OF WAYPOINT REGISTER

IF DEGREE }|S LESS THAN 100, BRANCH TO L7

UPDIGIT*10+LOWDIGIT

LDA =0
STA BNY+3

CLEAR LSB OF WAYPOINT REGISTER
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LDY =4
L6 LDA WPTB,X
STA LOLA
L88  ASL BNY+3
ASl. LOLA
BCC LY
LOA =i0
ciC
ADC BNY+3
STA BNY+3
L9 DEY
BNE L88
LDA WPTB,X
AND =30F
CLC
ADC BNY+3
STA BNY+3
L25  INC CNT1
INX

ORIGIAL (370 7 18
OF POOR QLALW‘.’

WEN 1T!'S DONE, (BNY+3)=UPR!GIT*10,
READ LOWDIGIT

(BNY+3)=UPDIGIT*10+LOWCIGIT
NEXT BYTE

*  WPT, REGISTER = TEMP,REGISTER+WPT.REGISTER

CLC
LDA W+3
ADC BNY+3
STA BNY+3
BCC L28
INC W2
128 LDA W+2
STA BNY+2
LDA W+l
STA BNY+1
LOY ONTI1
CPY =3
BNE L35
P LSO

MULTIPLY BY 60

35 STX CNT3
LDY =BNYY
JSR FUSH
LDY =D60
JSR PUSH
LDA =DMUL
JSR CMND
LDY =WW
JSR POP
LDX CNT3
JMP L5

*

L50 STX CNT3
LOY =BNYY
¢3R PUSH
LDA =FLTD
JSR CMND
LDY =D3618
JSR PUSH
LOA =FDIY
JSR CMND
LDA FLG3
BEQ L70
LDA CNT2
BNE L60
LDY =LA}
JSR POP
INC CNTZ
LDX CNT3
JMP LOO

L60 Loy =LO1
JSR POP
DEC FLG3
JMP WPCV 1

L70 LDA CNT2

r~ox ok X

jUiERa

S

IF IT'S NOT [DONE, BRANCH TO L35
IF THE CONVERTION 1S DONE, JMP TO L50

TEMP REGISTER = WPT ,REGISTER*60.
\F THE MULTIPLICATION 1S CONE, JUMP TO LS

CHANGE FIXD TO FLOATING POINT

DIVIDE BY 3600 AND CONVERT IT INTO RADIAN UNIT

CONVERSION FOR LATITUDE OF FROM WPT, IS DONE

CONVERSION FOR LONGITUDE OF FROM WPT, IS DONE
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ORIGINAL FALT 2
OF POOR QUALITY

BNE L8O
LOY =LA2
JSR POP CONVERSION FOR LATITUDE OF TO WT, 15 DONE,
INC CNT2
LDX CNT3
JMP LCO
L80 LDY =L02
JSR POP CONVERSION FOR LONGITUDE OF TO WPT, S DONE,
. INC FLG3 FLG3=1
: TRANSFER CONTENTS OF THGS, PHGS TO LO1, LAY IN THIS PROGRAM
LDY =LAl WHEN WAYPOINT ARE NOT CHANGED,
J5R PUSH DESIRED COURSE 1S CALCULATED,
. JMP TRAN1
: CALCULATE 1COB' AND 'SB!?
RABAO DEC BASE+l BASE=$200
LDY =PHGS PHGS IS LATITUDE OF THE RECE|VER,
JSR PUSH
INC BASE+] SASE=$300
TRANI LDA =TAN
JSR CMND TAN(LAT)
LOY =F2
JSR PUSH
LDA =FMUL
JSR CMND F2¥TANCLAL)
LDA =ATAN
JSR CMND B=ATAN (F2¥TAN(LA1))
LDA =PTOF
JSR CMND
LDA =008
JSR CMND Cos(B)
LDY =C0B
JSR POP C0B=005(B)
LDA =SiN
JSR CMND SIN(BY
LDY =38
JSR POP $B=SIN(B)

: CALCULATE 1CBI'" AND 'SB{!

LDY =LA2

JSR PUSH

LDA =TAN

JSR CMND TAN(LA2)
LDY =F2

JSR PUSH

LDA =FMUL

JSK CMND F2¥TAN(LA2)
LDA =ATAN

JSR CMND BI=ATAN(F2#TAN(LA2))
LDA =PTOF

JSR CMND

LDA =SIN

JSR CMND SIN(BI)

LDY =SBl

J5] POP SBI=SIN(BI)
LDA =60S

JSR CMND cos(sl)

LDY =CBI

JSR PGP CBI1=C0S(BI)

CALCULATE 'CO1Y

LDA FLG3
BEQ RABA{ {F WAYPOINTS ARE NOT CHANGED, BRANCH TO RABA1
LDY =L01 WHEN WAYPOINTS ARE CHANGED,
JSR PUSH DESJRED QOURSE 1S CALCULATED.
JMP RABA2
RABA]  DEC BASE+1

»x % X
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RABA2

*

#

LDY =THGS
458 PUSH
INC BASE+]
LOY =L02
JSR PUSH
LDA =FSUB
JSR CMND
LDA =PTOF
JSR CMND
LDA =SIN
JSR CMND
LOY =CBI
JSR PUSH
LDA =FMUL
JSR CMND
LDY =CO1
JSR POP

CALCULATE 'CO2!

LDA =00
JSR CMNG
LDY =CBI
JSR FUSH
LDA =FMJL
JSR CMND
LDA =PTOF
JSR CMND
LDY =58
JSR PUSH
LOA =FMUL
JSR CMND
LDY =C0B
JSR PUSH
LDY =SB
JSR PUSH
LDA =l
JSR CMND
LDA =XCHF
JSR CMND
LDA =FSUB
JSR CMND
LDY =C02
JSR POP

CALCULATE *CO3!

LDY =COB
JSR PUSH
LDA =FMUL
JSR CMND
LDY =SB
JSR PUSH
LDY =5BI
JSR PUSH
LDA =FMUL
JSR CMND
LDA =FADD
JSR CMND
LDY =C03
JSR POP

CALCULATE 'BA!

LDY =CO1
JSR PUSH
LDY =C02
JSR PUSH
LDA =FD{V
JSR CMND
LDA =ATAN
JSR CMND

L01-L02

SIN(DLO)

COS(BI)*SIN(DLO)

OR "

C01=C0S(BI)*SIN(DLO)

00s(DLO)

COS(BI ) *COS(DLO)

SIN(B)*C0S (B )*C0S(DLO)

COS(B)*SIN(BI )

ik
(L

qof. - ¥
/7"[]‘:: P Ladia L J

OF POOR QUALITY

COS(B)*SIN(BI)~SIN(B)*COS(BI ) ¥COS(DLO)
C2=C0OS(B)*SIN(BI )~S IN(B)¥*COS(B1 ) *COS(DLO)

COS(B)*C0S(BI ) *COS(DLO)

SIN(BI¥SIN(BI)

SIN(B)*SIN(BI )4+C0S (B )*COS(BI ) *COS(DLO)
CO3=SIN(B)¥*S IN(BI )4+COS(B)*COS(BI ) %COS(DLO)

co1/c02
ATAN(CO01/002)
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e kAR ke

»*
*
*

x ®x X X%

* X%

LDA =PTOF
JSR CMND
LDY =8A
JSR pOP

CALCULATE TAA!

LDA =PTOF
JSR CMND
LDA =COS
JSR CMND
LDY =CQ2
JSR PUSH
LDA =FMUL
JSR CMND
LDA =XCHF
JSR CMND
LDA =SIN
JSR CMND
LDY =C01
JSR PUSH
LDA =FMUL
JSR CMND
LDA =FADD
JSR CMND
LDY =CO3
JSR PUSH
LDA =FD|V
JSR CMND
LDA =ATAN
JSR CMND
LDA =PTOF
4SR CMND
LDY =AA
JSR POP

oRiGINaL [/ 1 1
OF POCR QUALITY

BA=ATAN(CO1/C02)

COS(BA)
CO2*C0S(BA)
SIN(BA)

COI%*SIN(BA)
CO2*COS(BA)+COI%SIN(BA)

(CO2*COS (BA)+CO1%*SIN(BA) ) /CO3
ATAN ((CO2%*COS (BA)+CO1%SIN(BA) )./C03)

AA=ATAN ( (COZ*COS (BA)+CO1%S1N(BA) }/C03)

CALCULATE 'SAA! AND 'CAA!

LDA =PTOF
JSR CMND
LDA =SIN
JSR CMND
LDY =SAA
JSR POP

LDA =COS
JSR CMND
LDY =CAA
JSR POP

CALCULATE 'mu!

LDY =S8

JSR PUSH
LDY =SB

JSR PLSH
LDA =FADD
JSR CMND
LDA =PTOF
JSR CMND
LDA =FMUL
JSR CMND

LDY =0NE
JSR PUSH
LDY =CAA
JSR PUSH
LOA =FSUB
JSR CMD
LDY =SAA
JSR PUSH
LDA =FDIV

SIN(AA)
SAA=SIN(AA)
C0S(AA)
CAA=COS(AA)

SIN(B)+SIN{BI)

M=(SIN{B)+SIN(BI ))**2

1.=COS(AA)
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Ol e & -*»‘El‘{';;
JSR CMND (1.~COS(AA))/SIN(AA) OF poow QUA
LDY =AA
JSR PUSH
LDY =SAA
JSR PUSH
LDA =FSuB
JSR CMND AA-SIN(AA)
LDY =SAA
JSR PUSH
LDA =FDIV
JSR CMND (AA=SINCAA) }/SINCAA)
LDA =FMUL
JSR CMND U=(1,~COS(AA) )/SINCAA) * (AA-SIN(AA))/SIN(AR)
L.DA =FMUL
JSR CMND M*U
LDY =MJ
JSR POP MU=M*J

CALCULATE INV?

LbY =SB
JSR PUSH
LDY =SBI ‘
JSR PUSH '
LDA =FSUB '
JSR CMND SIN(B)-SIN(BI)

LDY =SAA

JSR PUSH

LDA =FDIV

JSR CMND (SIN(B)-SIN(BI ))/SIN(AA)

LDA =PTOF

JSR CMND

LDA =FMIL

JSR CMND N=( (SIN(B)-SIN(BI))/SINCAA) )#x2

LDY =ONE

JSR. PUSH

LDY =CAA

JSR PUSH

LDA =FADD

JSR CMND 1.4COS(AA)

LDY =AA

JSR PUSH

LDY =5AA

JSR PUSH

LDA =FADD

4SR CMND AA+SIN(AA)

LDA =FMUL

JSR CMND V=(1,+C0S(AA) ) ¥(AA+SIN(AA) )
LDA =FMUL

JSR CMND N*Y 1
LDY =NV

JSR POP NY=N*Y

CALCULATE 'RANGE!

I
R
4
i
¢

LOY =AA
JSR PUSH
LDY =MJ i
JSR PUSH s
DY =NV ‘
JSR PUSH

L.DA =FADD

JSR CMND MUHNY

LOY =F1

JSR PUSH

L.DA =FMUL

JSR CMND F1%*(MUHNY)
LDY =FOUR

JSR PUSH

LDA =FDIV

JSR CMND F1%(MU+NV ) /4,
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% x % X

L55

L66

* Xk

x* X

LDA
JSR
LoY
JSR
LDA
JSR
1Y
JSR
LDY
LDA
BPL
JSR
LDA
JSR
LDY
JSR

=F5UB

CMND AA — FI*(MUNY)/4,

=RCR2

PUSH

=FMJL

CMND RCRZ¥( AA — FI®(MJHNV)/4. )
=ARC1

PoP ARCY=RCR2% (AA-F 1% (MU4NV) /4,)

=ARCH

ORIGINAL PAGE 1B
OF POOR QUALITY

(BASE),Y IF ARC] |S NEGATIVE, CHANGE THE SIGN TO POSITIVE

L44

PUSH

=CHSF

CMND ARC1=-ARCI1
=ARC1

POP

CALCULATE 'BEARING!

LDY
JSR
LDY
LDA
BPL
LDA
JSR
LDA
JSR
JMP
LDY
LDA
BPL
LDY
JSR
LDA
JSR
LDA
JSR
LOY
JSR
LDY
JSR
LDA
JSR

VIDEO

DEC
DEC
LDX
LDA
STA
JSR

INC
LDY
JSR
DEC
L0X
LDA
STA
JSR
INC
INC

=BA

PUSH

=C02

(BASE),Y

LS5 IF CO2>0, JUMP TO L55
UPI

CMND

=FADD

CMND BA+180
L66

=01

(BASE),Y

L66 LF CO150, JUMP TO L66
A2

PUSH

=FADD

CMiD BA+360
=PTOF

CMND

I

POP

=18

PUSH

=FMJL

CMND

DISPLAY FOR ARCI(RANGE) AND PS!1(BEARING)

VIGEO+H

BASE+H] BASE=$200

= LOCATION FOR BEARING

=$D7 VIDEO LOCATION FOR BEARING
vY

RNGB

BASE+1 BASE=$300

=ARC1

PUSH

BASE+? BASE=$200

=0 LOCATION FOR RANGE

=$B87 VIDEO LOCATION FOR RANGE
vY

RNGB

VIDEO+1

BASE+1 BASE=$300

CALCULATE GRI

LDA

FLG3 IS A WAYPOINT CHANGED?

BEQ N55 IF FLAG3=0, GO TO N55

LDX

=0
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N}

N2

N3

N5

L Xk % X

STX TMP
5TX TMP+1
STX HELP
STX HELP+H1
LDY =0
LDA GRI,X
CPY =0
BEQ N2
AND =$F0
LSR A

LSR A

LSR A

LSR A

DEY

JMP N3
AND =$0F
INX

INY

cLeC

ADC TMP+1
STA TMP+1
BCC M

INC T™P
CPX =2
BEQ N5
ASL TMP+1
ROL TMP
LDA TMP+]
STA HELP+3
LDA T™P
STA HELP+2
ASL TMPH1
ROL TMP
ASL TMP+1
ROL TWP
cLC

LDA TMP+1
ADC HELP+3
STA TMP+1
LDA T™P
ADC HELP+2
STA TMP
JMP N1

LDA TMP
STA HELP+2
LDA TMP+
STA HELP+3
JMP BLNKI

LDY =PS 12
JSR PUSH
LDY =PSI1
JSR PUSH
LDA =FSUB
JSR CMND
LDA =PTOF
JSR CMND
LOY =CTE8
JSR POP

LDA =1
STA FLT
LDY =CTEB

LDA (BASE),Y

BPL Z10
LOA =0
STA FLT
LDA =CHSF
JSR CMND

(TMP)=0

(TMP+1)=0 OF POUIR GUALITA

(HELP)=0
(HELP+1)=0

A=(GRI+X)

IF FLG2=0, GO TO N2
UPPER BYTE

JUMP TO N3
LOWER BYTE
Xs=¥+1

CLEAR CARRY
A+H(TMP+1)
(TMPH1)=(TMP+1 )4+A

IF CARRY=0, GO TO N4
(THP)=1

IF X=2, GO TO N5
(TMP+1) %2
(TMP ) %2

(HELP+3)=(TMP+1)

(HELP+2)=(T%)
(TMP+1) %2
(TMP ) %2

(TMP+1) *2
(TMP ) *2

CLEAR CARRY

(TMP+1)=({TMP+1 )+ (HELP+3)
(TMP)=(TMP )+(HELP+2)

JUMP BACK TO N1

JUMP TO BLNKI

CALCULATE CROSS TRACK ERROR IN DEGREE AND DISTANCE,

PSI2-PSt1

CTEB=PS|Z~PS|1
FLT=1
IF CTEB 1S POSITIVE, BRANCH TO Z10

IF CTEB IS NEGATIVE, FLT=0
IF CTEB IS NEGATIVE, CTEB=-CTEB
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ORIGHsY, PLCE 13
OF POOR QUALITY
210 LDA =PRI

JSR CMND

LDA =FSuUB

JSR CMND CTEB-P|

LDA =PTOF

JSR CMND

LDY =CTEBI1

JSR POP

LDA (BASE),Y B

BMI Z40 IF CTEB .LT. Pi, BRANCH TO Z40

220 LDA =PUP|
JSR CMND
LDA =FsUB
JSR CMND CTes-PI
LDA =CHSF
JSR CMND CTEB=~CTEB
LDA =PTOF
JSR CMND
LDY =CTEB
JSR POP

Z30 LDA FLT
BEQ Z40 IF CTEB 1S NEGATIVE, GO TO Z40
LDY =P18
JSR PUSH
LDA =FMUL CONVERT TO DEGREE
JSR CMND
LDA =$0C
STA $A116 INDICATE L' ON CRT SCREEN
LDA =0
STA (NT2 WHEN ONT2=0, 'LEFT' INDICATION
JMP 250

Z40 LDA FLT
BEQ Z30 IF CTEB 1S NEGATIVE, GO TO Z30
LDA =PTOF
JSR CMND
LDA =CHSF
JSR CMND
LDY =CTEB
JSR POP
LDY =P 18
JSR PUSH
LDA =FMUL
JSR CMND CONVERT TO OEGREE
LDA =$12
STA $A116 INDICATE 'R! ON CRT SCREEN
LDA =1
STA CNT2 WHEN CNT2=1, 'RIGHT' INDICATION

250  DEC BASE+! BASE=$200
LDX =6 LOCATION FOR CROSS TRACK ERROR BEARING
LDA =$37 VIDEO LOCAT|O% FOR CTEB
STA VY
JSR RNGB
ING BASE+1 BASE=$300
LDY =CTEB
JSR PUSH
LDA =SIN
JSR CMND SI N(CTEB)
LDY =ARCH
JSR PUSH
LDY =RCR2
JSR PUSH
LDA =FD IV
JSR CMND ARC1 /RCR2
LDA =SIN
JSR CMND SIN(ARC1 /RCR2)
LDA =FMIL
JSR CMND SIN(CTEB)*S|N(ARC1 /RCR2)
LDA =ASIN
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CTE3

JSR CMND
LDY =RCR2
JSR PUSH
LDA =FMUL
JSR CMND
LDA =PTOF
JSR CMND
LDY =58
JSR POP
LDY =58
LDA (BASE),Y
BPL CTE3
JSR PUSH
LDA =CHSF
JSR CMND
DEC BASEH
DEC FLAG
LDX =8
LDA =$17
STA VY
JSR RNGB
INC BASE+!

* COl DiSPLAY
*

Coio

CD100

coin

cpiz2

coi3

cni4

CcD144

LDX =$C0
LDA =00
STA $A100,X
INX

CPX =$E0
BCC D10
LDA =3
STA $AICF
LDA =01
STA ONTI
LDX =$CF
LDY ONT2
BNE CDI4
LDA =$6A
LDY GSP+8
BEQ CO I
LDX =$C4
LDA =$55
JMP CD18
LDY GSP+9
CPY =$21
BCS CD100
CPY CNTI
B8CC CDI8
INC ONTI
LDY CNT1
CPY =$0A
BNE CDI2
LDY =$10
STY CNTI
PY =$1A
BNE CDI3
LDY =520
STY CNTI
EOR =$3F
CMP =$55
BNE COI1
DEX

CPX =$C5
BCS CDI1
JMP CDI8
LDA =$55
LDY GSP+8
BEQ CDI5
LDX =$DA
LDA =$6A
JMP CD 18

ORIGIIRL PAGE I8

OF POOR QUALITY
ASIN(SIN(CTEB)*SIN(ARCI/RCR2) )

RORZ2¥ASIN(SIN(CTEB)*SIN(ARC1/RCR2) )

BASE=$200
LOCATION FOR CROSS TRACK ERROR
VIDEO LOCATION FOR CTE,

BASE=$300

ERASE PREVIQUS CO| NEEDLE INDICATION

INGiCATE CENTER POINT OF CDI{
CDI=0,1

IF CNT2=1, CD! INDICATION ON RIGHT SIDE,
iF CTE LT, 10,0 NM, BRANCH TO CDI1

INDICATE CDI1=2.1 NM LEFT, WHEN CDI ,GE, 10,0 NM,

IF CTE .GT. 2,1 NM, BRANCH BACK TO CD100
IF CTE .LT, CNT1, BRANCH TO CDI8

IF CDI (LT, $OA, BRANCH TO CDI2
CNT1=1,0
IF CDI LT, $1A, BRANCH TO CDI3

CNT1=2,0

DECREASE POSITION REGISTER

If CTE LT, 10,0, BRANCH TO COI5
INDICATE COI=2,1 NM RIGHT, WHEN CDI! ,GE, 10,0 MM
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ERN S

CoI5

-

Coi6

cDi7

cnis8
*

LDY GSP+9
CPY =321
8CS 44
CPY CNTI
BCC CO(8
INC CNT1
LDY ONTY
CPY =30A
BNE CO |6
LDY =$10
STY ONT1
CPY =$1A
BNE CD17
LDY =$20
STY CNT1
EOR =$3F
CMP =$6A
BNE QD15
1K

CPX =$DA
B8CC M5

STA $A100,X

ORIGINAL PAGE 1S
OF POOR QUALITY

IF CTE GE. 2,1 NM, BRANCH TO CD144
IF CTE LT.CNTY, BRANCH TO CD18

IF CNTt L,LT, $OA, BRANCH TO CDI6
NT1=1,0

IF CNT1 .LT. $1A, BRANCH TO CDI7
CNT1=2,0

INCREASE POSITION REGISTER

INDICATE CDI ON CRT SCREEN

*  DISPLAY GROUND SPEED AFTER 56 LOOPS
*

*® x X

AV4

AV6

Av7

LDA NOLP
CWP =370
BEQ AV1
INC NOLP
INC NOLP
JMP BOTM3

LDA ONT4
CMP =4
BEQ AV6
LDY =ARC1
JSR PUSH
LDY =CTEB
JSR PUSH
LDY CTEBN
JSR POP
LDY ARCN
JSR POP

LDX CNT4
LDA GRI1
STA GRIN,X
cLe

ADC GRIT+3
BCC AV4
INC GRIT+2
STA GRIT+3
JMP BOTM2

LDA ARCN
C™MP =$00
BNE AV7
LDA =$C0
STA ARCN
LDA =300
STA CTEBN
LDA =0
STA CNT5
LDY =ARC1
JSR PUSH
LDY ARCN
JSR PUSH
LDY =ARCO
JSR POP
LDY ARCN

CALCULATE GRBUND SPEED

COLLECT 4 REFERENCES?
IF YES, BRANCH TO AV6

X=CNT4

READ GR| LOOP COUNT
(GRINHX)=GRI 1

CLEAR CARRY

(GRIT+3)+A

{F CARRY=0, GO TO AV4
(GRIT+2)=1
(GRIT+3)=(GRIT+3)+(GRIN+X)

ADDDRESS POINTER REACH TO $DO
IF ARCN=$D0, NO BRANCH

CTEBN=$D0
CNT5=0

PUSH ARCN
ARCO=ARCN
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AV8

AvV9

%

JSR PP

LDX CNTS
LDA GRIT+3
SEC

SBC GRIN,X
BCS AV8
DEC GRIT+2
CLC

ADC GRI1
BCC AV9
INC GRIT+2
STA GRIT+3
LDA GRI1
STA GRIN,X

LDY =CTEB
JSR PUSH
LDY CTEBN
JSR PUSH
LDY =CTEBO
JSR POP
LDY CTEBN
JSR POP

CALT™ LDY =HELPP

Q ® x X

S1

JSR PUSH
LDY =GRITT
JSR PUSH
LDA =DMUL
JSR CMND
LDA =FLTD
JSR CMND
LDY =D36E6
JSR PUSH
LDA =FDIV
JSR CMND
LDY =TIME
JSR POP

LDY =ARCO
JSR PUSH
LDY =ARCH
JSR PUSH
L.DA =FSUB
JSR CMND
LDA =PTOF
JSR CMND
LDA =FMUL
JSR CMND
LDY =CTEBO
JSR PUSH
LDY =CTEB
JSR' PUSH
LDA =FSUB
JSR CMND
LDY =ARC1
JSR PUSH
LDA =FMJL
JSR CMND
LDA =PTOF
JSR CMND
LDA =FMUL
JSR CMND
LDA =FADD
JSR CMND
LDA =S5QRT
JSR CMND
LDY =TIME
JSR PUSH

ORI, o o

LR SN
- = Eooe ez gt

ARCN=ARC1 . OF POG QunLiry
X=CNT5
CLEAR UARRY

(GRIT+3)~(GRIN+X)

IF CARRY=0, GO TO AV8
(GRIT+2)=0

CLEAR CARRY

IF CARRY=0, GO TO AV9

(GRIT+2)=1
(GRIT+3)=(GRIT+3)=(GRIN+X)+(GRI 1)

PUSH CTEBN
CTEBO=CTEBN
CTEBN=CTEB

CALCULATE TIME=GR|*(NO,.OF GRI)

READ TOTAL GRI LOOP COUNT
GRI¥GRITT

CONVERT IN HOUR

CALCULATE AVERAGE GROUND SPEED

ARCO-ARC1

(ARCO~-ARC1) #%2

CTEBO-CTEB

ARCI¥*DCTEB

(ARCI*DCTEB ) ##*2

(ARCO-ARC1) #%#2+(ARC1*DCTEB ) **2
SQRT{ (ARCO=-ARC1 ) #¥2+ (ARC1*DCTEB ) *#2)
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> X X %X

s2

LDA =FDIV

JSR CMND SQRT( (ARCO-ARC1 ) ##24+-(ARCI *DCTEB ) ##2) /TIME

LDA =PTOF

JSR CMND

LDY =F20

JSR PUSH

LDA =FSUB

JSR CMND

LDY =001

JSR POP

LDY =001

LDA (BASE),Y

BPL GS2 IF GS .GE, 0.0, BRANCH TO G52
LDY =GSPRD

JSR PUSH

LDA =CHSF

JSR CMND -GSPRD
JMP ABGS

LDY =GSPRU

JSR PU ¢

LDA =b5UE

JSR CMND GSNBS-GSPRD

ALPHA BETA FILTER FOR GS

B8GS

LDA =PTOF

JSR CMND

LOY =ALPG

JSR PUSH

LOA =FMUL

JSR CMND ALPG*(GSOGS~GSPRD )

LDY =GSPRD

JSR PUSH

LDA =FADD

JSR CMND GSPRD+ALPG* (GS08S~GSPRD)
LDY =GSSM

JSR POP GSSM=GSPRD+ALPG* (GSOBS~GSPRD)

LDY =BETG

JSR PUSH

LDA =FMUL

JSR CMND BETG*(GSOBS~-GSPRD)

LDY =TiIME '

JSR PUSH

LDY =FOUR

JSR PUSH

LDA =FDIV

JSR CMND

LDA =FDIV

JSR CMND BETG*(GSOBS~GSPRD) /T IME
LDY =ACPRD

JSR PUSH

LDA =FADD

JSR CMND ACPRD+BETG* (GSOBS-GSPRD ) /T IHE
LDA =PTOF

JSR CMND

LDY =ACPRD

JSR POP

LOY =TIME
JSR PUSH
LDY =FOUR
JSR PUSH
LDA =FDIV
JSR CMND
LDA =FMUL
JSR CMND TIME*ACSM
LDY =GSSM
J5R PUSH
LDA =FADD

-126-

CRIGHAL PAGE 5
OF FOOR QUALITY




dmia B

CRIGINAL pamm r
JSR CMID GSSMHT IMEXACSM OF P‘ggg- gﬂ@ﬁ' 5

U .
(‘;SS LDA =PTUF ALl Y

JSR CMND
LDY =GS
JSR. POP GS=GSPRD+GAIN* (GS0BS~-GSFRD)
LDA =PTOF
JSR CMND
LDY =GSPRD
JSR POP GSPRD=GS
LDY =GS
LDA (BASE),Y
BPL GS5 {F GS |S NEGATIVE,
LDA =CHSF
JSR CMND GS=-GS

G54 LDA =PTOF
JSR CMND
LOY =GS
JSR POP

GS5 DEC BASE+!} BASE=$200
LDA =1
STA LOPG
LDX =4 LOCATION FOR GROUND SPEED.
LDA =$78 VIDEO LOCATION FOR GS,
STA VY
JSR RNGB DISPLAY GS ON CRT SCREEN
INC BASE+1

CALCULATE ESTIMATE TIME OF ARRIVAL

ETOAQO LDA GSP+4
BNE ETOA2
LDA GSP+5
BNE ETOA2
L.DX =0
LDA =$20
ETOA0 LDY BLANK3,X BLANK DISPLAY FOR ETA, WHEN GS5=0.
STA $A100,Y
I NX
CPX =6
BCC ETOAD
JMP BOTM
ETOAZ LDY =ARC!
JSR PUSH
LDY =GS
JSR PUSH
LDA =FDIV
JSR CMND ETA=ARC1/GS
DEC BASE+!
DEC FLAG
LDX =6 LOCATION FOR ESTIMATE TIME OF ARRIVAL,
LDA =9 INDEX LIMIT
STA XLiM
LDA =$98 VIDEO LOCATION FOR ETA,
STA VY
JSR TCGBCD2 DISPLAY ETA ON CRT SCREEN,
INC BASE+1
JMP BOTM
BOTMZ INC CNT4 CNT4=CNT4+]
BOT™M  INC CNT5 CNT5=CNT5+1
LDY =4
AV10  INC ARCN ARCN=ARCN+4
INC CTEBN CTEBN=CTEBN+4
DEY
BME AV10 IF Y=0, NO BRANCH
BOTM3 SED SET DECIMAL MODE FOR SENSOR
RTS RETURN TO MAIN PROGRAM

BLNK1 DX = '
BLNK2 LDA =$20 BLANK DISPLAY FOR GS. , ETA. , CTEB. AND CTE,,
LDY BLANKI,X WHEN WAYPOINT IS CHANGED,

* X X X
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STA SA100,Y OF POOR QUALITY

INX

CPX =18

BCC BLNK2

LDY =PSi1

JSR PUSH

LDY =Psi2

JSR POP STORE THE DESIRED COURSE BEAR!NG

LDY =ARCI .

JSR PUSH

LDY =ARC2

JSR POP STORE THE DESIRED COURSE RANGE

LDA =0

STA ONTS

STA ONT4

STA LOPG

STA NOLP

. LDY =$80

REF  STA $0300,Y

INY

CPY =$BC

BNE REF

LDA =$CO

STA ARCN ARCN=$CO

LDA =$D0

STA CTEBN CTEBN=300

SED SET DECIMAL MODE FOR SENSOR
. RTS RETURN TO THE MAIN PROGRAM.
T30 063636 D 36 T 236 30 6 26 96 238 96 3 36 3 38 36 36 36 D636 363 6 36 3 96 3 3 36 36 36 2 36 2 363 36 236 36 36 36 00 3 3 96 3 3 36 06 3 36 36 6 06 3% 90 O 5 ¢ 0 C0007960
* * C0007970
* THIS SUBROUTINE INITIALIZES THE PIA FOR USE WITH * £0007980
* THE MATH CHIP AND THEN SETS THE CONTROL INPUTS OF THE * C0007990
% MATH CHIP TO |NACTIVE STATES, * C0008000
% * C0008010
BB 6302 2 2636 26 0 3 I 36 36 36 26 30 36 36 38 20 36 36 36 30 36 D36 36 3036 26 36 36 606 06 9896 3 36 36 36 26 7 U024 6 3 30 36 36 396 6 36 3036 0 3696 3 3¢ 3¢ 3¢ C0008020
* 00008030
PINT  LDA PiAA CLEAR INTERRUPTS

LDA PIAB

LDA =$14

STA PIAA+) SET INTERRUPT OONTROL AND DDR

LDA =0

STA PIAB+! SET DDR LOW

LDA =$CF

STA PIAB SET INPUTS AND OUTPUTS FOR 9511

LDA =4

STA PIAB+! SET DDR BIT HIGH

LDA =7

STA AGCB SET BACKGROUND COORD (NAT ION BYTE

STA PIAB SET CD, RD AND WR HIGH

LDA =$F

STA PiAB SET SVACK HIGH

LDA PIAA CLEAR ANY |NTERRUPTS

LDA =0 GET LSB OF NUMBER TABLE

STA BASE SAVE FOR |NDEX ING

LDA =2 GET MSB

STA BASE+!

LDA =$A

STA DVSR STORE 10 FOR BINARY DIVISION

LDA =0

STA VIDEO

LDA =$A1

STA ViDEO+}
* 00008250
* MOVE NUMBER TABLE TO READ/WRITE SPACE 00008260
* . 0008270

LDY =0 CLEAR INDEX ONE

LOX =0 CLEAR INDEX TWO

L.DA TABLE

STA BASEI

LDA TABLE+)

STA BASE1+1
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MVE)

MYE2

MVE3

* %

WRSCN

WRSN2

*

UV %k x x x x X Xk % Kk X

c
£

PSH!

LDA (BASE1),Y GET A DIGIT

?'& $200,X STORE T IN NEW LOCATION
I NY

CPY =124 MOVE 120 YET?

BCC MVEI IF NOT, CONTINUE

LOY =0

LDX =0

LDA TABLE2
STA BASE!
LDA TABLEZ2+1
STA BASE1+1
LDA (BASE1),Y
STA $300,X

I NX

I NY

CPY =56

BCC MVE2

LOY =0

LDX =0

LDA TABLE3
STA BASE!

LDA TABLEZ+1
STA BASE1+1
LDA (BASE1),Y
STA $80,X

cPY =15
BCC MVE3

iNITIALIZE VIDEO DiSPLAY QUTPUT

LDX =0
LDY SCLC,X
LDA LSCRN,X
AND =$3F

STA $A000,Y

cPX =27
BCC WRSCN
LDxX =0

LY SCLC2,X
LDA LSCN2,X
AND =$3F
STA- $A100,Y
INX

CPX =36
BCC WRSN2

RTS

SUBROUTINE TO SEND DATA TO 9511,

ITEM NUMBER IS IN REG-Y. BASE ADDRESS

IS IN 'BASE,!

JSR SAO SET P!AA TO OUTPUTS

INY ADJUST REG-Y SO IT

INY POINTS TO LSB OF NUMBER
I NY

LDX =4 LOAD COUNT OF 4 '
LDA (BASE),Y GET A BYTE OF THE NUMBER
STA PIAA GIVE IT TO 9511

LDA =$A

JSR SV10
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00008400
C00084 10
00008420

C0008510

C0008530
€0008540

FETE06 26060 D606 28 2030 0636 06 96 36 3 363636 6 36 0 6 36 38 36 36 06 36 36 36 3V 36 3096 38 06 36 36 36 36 36 36 36 38 36 36 36 36 36 30 30 98 3635 96 238 20 06 3 46 3¢ 3¢ 6 4 6 CO008550

* 00008560
* 00008570
* 0008580
* 0008590
* C0C08600

2600 09636 D60 2036 36 6 D603 0 200630 6 36 90 00 00 20 0600 06 3636 36 06 36 06 202 08 36 206 3 36 0036 036 0 0 6 I3 M IE R IEN N XN AN XY 00008610

Co008620

R T R o

i
5
i

i
2.1
3
1
I
%

FEar Berer - RELTS
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LDA PIAA CLEAR ANY INTERRUPTS

ogy NEXT BYTE

BNE PSHI LOOP UNTIL ENTIRE WORD WRITTEN

RTS IF DONE, RETURN
* 00008790
» 00008800
6000036000 06 26 06 06 08 06 20 06 6 00 D6 36 36 06 06 36 06 36 06 26 06 00 J6 26 D0 36 00 3698 D D0 D606 1636 00 36 3 36 36 26 06 36 26 6 30 06 26 D D 36 D D8 06 36 3 36 I 36 06 K D 6 0 4 €Q008810
* * £0008820
¥ SUBROUTINE SETS UP PIA SIDE A AS OUTPUTS. # 0008830
* * (0008840
0TI D000 D060 20006366 0806 26 00 D6 0606 6 00 D006 06 06 D60 56 36 D0 0600 06 06 3030 D600 06 36 6 04 30 26 06 26 06 2000 00 065 06 1 0 D6 D0 5 00 00 00 06 0 06 00 9854 08 C0008850
" 00008860 -
SAO DA PIAAHI GET THE CONTROL REGESTER

AND =$FB SET ACCESS THE DDR

STA PIAAHI RETURN IT

LDA =SFF

STA PIAA SET ALL TO OUTPUTS

LDA PIAA+]

ORA =4 SET DDR BIT HIGH

STA PIAAH RETURN 1T

RTS
* , (0008960
603 206063626 36 00 D OE D% 030636 30 36 3636 36 30 06 36 06 3636 S 06 26 36 3630 ¥ 06 00 36 36 36 36 06063006036 D6 00 20000606 006 M XM RIMANRE CO008970
* * £0008950
" THIS SUBROUTINE POPS A NUMBER OFF OF THE * C00083990
# 9511 STACK., WUMBER |S RETURNED TO LOCAT|ON * 0009000
“ WITH 'BASE' AS BASE ADDRESS; ITEM NUMBER IN Y. * (0009010
* * 00009020
0 TE DI D 3660600 D6 0606 36 6 D0 30 36 00 3626 D 3608 030 3030 36 30 36 06 06 06 36 0636 30606 0 3606 330 36 36 00 D0 36 36 30 00 6 363 O 3 2634 3¢ 3¢ C00N9030
* 00009040
POP  JSR SAl SET PIA AS INPUTS

LOX =4 LOAD COUNT OF 4
PGP LDA =9

JSR SV9

STA (BASE),Y  STORE IN TAELE

LDA =3B

STA AGCB

ORA AGCF

STA PIAB SET RD HIGH TO INCR. STACK POINTER

|

DEX

BNE POPI DO 4 BYTES

RTS
* 0009190
* £0009200
H DI IR0 0606 263036383630 20 06000 3600 3630 D66 J6 D060 060 06 56 0620 2T 00 06 3 5EE 36200 0606 DI N 00 5 600 RN HR 00009210
* * £0009220
* SUBROUTINE SETS UP PIAA AS INPUTS, * 0009230
* * 0009240
2 63600 36 3636 3636 36 06 3636 DENE 3 363036 3636 36 36 36 36 D630 96 36 36 D0 3630 0 T 30 0526 3 3 D383 06 D6 V6 30 0C £ 98 38 96 36 30 34 3006 36 96 94 3 0 38 36 36 3¢ 9% 06 2 ¢ C0009250
* 00009260
SAl LDA PIAAH

AND =$FB SET DDR BIT LOW

STA PlAA+!

LDA =0

STA PIAA SET SIDE A TO ALL INPUTS

LDA PIAA+]

ORA =4 SET ODR BIT HIGH

STA P1AAH]

RTS
* (0009360
* C0009370
6 IEIE I3 26630 T 0636 306 36 36 336 36 22636 3 36 30 363 I O 636 336 2 36 36 2636 3600 336 36 6630 3 38 363 D 363696 34 36 36 D636 2 6 36 96 3 36 3¢ C0009380
* * 0009390
» SUBROUTINE SENDS THE COMMAND BYTE IN ACCUM, * CC009400
* TO THE 9511 FOR EXECUTION, ROUTINE RETURNS TO * C0009410
* CALLER REGARDLESS OF WHETHER EXECUTION IS COMPLETED * C0009420
* OR NOT, * 0009430
* ; * £0009440
A DI 200 00006 JE 060 06O 06636 06 D060 0 06 3636 3606 36 D6 30 38 30 36 300630 08 D0 366 360636 1036 30 34 35 900 36 26 R AR 000094 50
% ' 00009460
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CMD  PHA ORIGINAL Ly

JSR §A0 SET PIA SIOE A AS QUTPUTS OF POOR QUALITY

PLA GET THE COMMAND OF P Q

STA P1AA SEND TO 9511

LDA =$E

JSR SV10

BIT PIAAH TEST IF COMMAND DONE

Pl &3 KEEP TESTING UNTIL DONZ

LDA PIAA CLEAR THE INTERRUPT BIY
» C0009580
* READ THE STATUS REGESTER; RETURN IF INVALID CODE €0009590
* WAS PRODUCED, €0009600
* 0009610

JSR SAl SET PIAA SIiDE A AS INPUTS

LDA =$0 SET C/D HIGH, RD LOW

JSR SV9

PHA SAVE IT

LOA =$F RETURN 9511 TO INACTIVE STATE

STA AGCB

ORA AGCF

STA PIAB

PLA

AND =%10011110 ZERO OUT UNIMPORTANT B1TS

BEQ OK IF ZERO, CONTINUE PROCESSING

PLA POP THE STACK

PLA

SED SET DECIMAL FOR SENSOR ROUTINE
gx RTS RETURN
]
SV9  STA AGCB

ORA AGCF

STA PIAB

BIT PIAA+H

BVC %-3

LOA PIAA

RTS
*
»
SV10  PHA

STA AGCB

ORA AGCF

STA PIAB

PLA

CLC

ACC =1

STA AGCB

DRA AGCF

STA P1AB

RTS
» £0009780
* 00009790
36906 00 00020 050 90 30 3 26 D608 3 36 3 26 36 D6 36 36 366 20 3696 38 36 36 36 50 26 36 33 26 36 226 36 366 38 36 36 26 36 06 30 30 36 I I 06 36 6 30 36 36 30 36 96 6 36 3% 36 34 38 c0009800
* * CO0N9810
* THIS ROUTINE CONVERTS THE BINARY FLOATING-POINT LAT{TUDE * £0009820
* AND LONGITUDE SEPARATELY INTO THE STANDARD DEGREE, MINUTES, * C0009830
* AND SECOND FORMAT. THE RESULT IS STORED N BCD, * 0009840
* * C0009850
3400 2000000090 553 D3 W6 36 08 259 36 30 36 36 296 I 06 6 36 36 3036 36 3036 36 33636 36 36 36 3 3636 6 2636343636 36 36 363 36 36 3 36 3 36 06 3¢ 36 3¢ 38 36 98 ¢ C0009860
¥ 00009870
INTG  CLD SET DECIMAL MODE OFF

LDA =PTOF

JSR CMND DUPLICATE STACK LOCATIONS

LDA =FiXD

JSR CMND CONVERT POSITION TO AN INTEGER

LDA =PTOF

JSR CMMD SUPLICATE IT

LOY =TEMP WORK AREA

STX XTEMP

JSR POP

DEY

LDA (BASE),Y GET THE HEX RESULT
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STA DVDN+1 AHND PLACE FOR HEX-TO-BCO CONVERS!ON
DEY
LDA (BASE),Y
STA DVDN
¥ £0010040 5
* ROUTINE TO CONVERT A TWO-BYTE HEX NUMBER TO A FIVE-BYTE BCO (0010050
* NUMBER, £0010060
# £0010070
LOX =4 COUNT OF FOUR
* €0010090
* DIVIDE BY TEN £0010100
% €0010110
UNSPD LDA =0
STA RMNDR CLEAR REMAINDER
LDY =17 SET UP COUNT
JMP D01
D02  LDA RMNDR
SEC SET CARRY FOR SUBTRAGCT
SBC DVSR
8PL NREST GO IF NO RESTORE
DOt cLC
JMP MERGQ GO TO SET @
NREST STA RMNDR NEW RESIDUE
SEC 0=1
MERGQ ROL DVDN#1
ROL DVON
DEY DECREMENT COUNT
BEQ RTN
ROL RMNDR SHIFT LEFT
_ JMP D02 CONTINUE
* 00010300
RTN  LDA RMNDR GET REMAINDER
STA DRES,X STORE T
DEX
BPL UNSPD DO UNTIL DONE
* 00010350
LDX. XTEMP .
RTS ;
* 20010350 i
* £0010390 g
TOBCD2 JSR INTG GET THE INTEGER PART -
% €Q010410 |
* STORE THE POSITION COORDINATES ON VIDEO SCREEN €0010420 |
* 00010430
LOY VY GET VIDEO LOCATION
LDA DRES+3 LOAD MSB
ORA =$30 CHANGE TO ASCII
STA (VIDEO),Y
| NY
LDA DRES+4 GET LSB
ORA =$30
STA (VIDEO),Y
TOB22 INY
I NY
STY vY
* C0010550
LDA DRES+3
ASL A MOVE LOWER FOUR BITS TO UPPER FOUR BITS
ASL A
ASL A
ASL A
STA LAT,X STORE THE DIGIT IN POSITION FIELD ‘ ‘
LDA DRES+4 GET NEXT OIGIT " i
ORA LAT,X MERGE W!TH UPPER DIGIT f
_ STA LAT,X REPLACE i
TOB33 ~ INX |
CPX XLIM SEE |F DONE |
BEQ OUT2 RETURN |F DONE
LDA =FLTD :
JSR CMND CHANGE INTEGER TO FLOATING-POINT
LDA =F5UB
JSR CMND SUBTRACT OFF INTEGER PART
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LOY =C60 GET CONSTANT M6Ow OF POOR QUALITY
STX XTEMP
ISR PUSH
LDX XTEMP
LDA =FMUL
JSR CMND MULTIPLY RESIDUE BY 60
JMP TOBCD2
0UTZ  RTS
®

. 0010810
3 2076 26 06 06 36 36 D6 96 30 26 D6 26 3606 26 36 06 06 06 96 26 D0 06 D30 6 96 3630 D6 2E 36 26 00 D000 26 36 D6 56 D D036 3K 36 0698 236 34 36 2 D 0606 36 36 26 0626 DO 36 D 3 o c0010820

* * C0010830
* ROUTINE CONVERTS RANGE AND BEARING FROM BINARY TO BCO * 0010840
% AND STORES THEM, * 0010850
* % 0010860
3 HOOHHHEDHOHONEEENOHONEOHEEONHEREUT S HEOOHEONDUCHEHEODUDOHEONNEENONEE GO0 10870

* 00010880
RNGB  JSR INTG GET THE !WTEGER PART
* €0010900

* VIDEO OUTPUT 00010910
* 0010920
LDY VY
LDA DRES+2
ORA =$30
STA (VIDEO),Y
INY
LDA LOPG
BEQ RTNOO IF THE DISPLAY NOT FOR GS, BRANCH TO RTNOO
LDA DRES+2
BNE RTNOO
LDA [:iiS+3
CMp =t
8CS RTH0O IF 65 .LE. 30 NM, BRANCH TO RTNOO
LDA =0
STA DRES+3
STA DRES+4
RTNOO LDA DRES+3
ORA =$30
STA (VIDEO),Y
INY
RTNO  LDA DRESH
ORA =$30
STA (VIDEO),Y
RTNT  INY
INY
STY VY
* 00011080
LDA DRES+2 3RD ORDER DIGIT
ASL A MOVE LOWER DIGIT TO UPPER
ASL A
ASL A
ASL A
STA GSP,X PUT IT IN RESULT
LDA DRES+3 2ND ORDER DIGIT
ORA GSP,X MERGE WITH LAST DIGIT
STA GSP,X
1NX
LDA DRES+4 FIRST DIGIT
ASL A
ASL A
ASL A
ASL A
STA GSP,X STORE (T
LSR LOPG
BCS RTNZ
LDA =FLTD
JSR CMND CHANGE TO FLOATING-POINT
LDA =FSUB
JSR CMND SUBTRACT OFF INTEGER
LDY =C256 H256N
STX XTEMP
JSR PUSH
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LDA =FMUL OF POOR QUALITY

JSR CMND GET FRACTION AS INTEGER

LDA =FiXD

JSR CMND

LDY =TEMP WORK AREA

JSR POP

DEY

LDA (BASE),Y GET THE FRACTIUN

LSR A SEARCH-TABLE METHOD QF

LSR A NBTAINING CORRESPONDING

LSR A DECIMAL VALUE

LSR A

TAX USE AS INDEX

LDA FRTBL1,X GET THE DECIMAL EQUIVALENT

LDX XTEMP

1.OY VY

0:*A =$30

STA (VIDEO),Y

AND =$F

ORA GSP,X STORE THE FRACTION

STA GSP,X
RTNZ RTS
* C0011540
* C001 1550
I NI NI I U0 000 006 060 26 20006 0 B0 30 6 D 06 M MM M MR R R R ARR RN 0001 1560
* * C0011570
* CONSTANT TABLE OF NUMBERS USED IN CALCULATIONS, : ggg”ggg
*
NI NI I 06060 D0 069606 63606 0606 3030006 06 006 M 2630 HI IO I R R XXX X R 0001 1600
* 00011610
TABLE ADR (CNTS)
CNTS EQU *

HEX 7C,9F,BE,77 00 - TCY
HEX 7C,DD,2F,1B 04 - TCZ

HEX 7E,9A,EC,71 08 - THMY
HEX 7E,98,0F,39 0C - THMZ
HEX 06,8B,F2,6E 10 - XNR
HEX 00,FD,13,63 14 - CTMY
HEX 7E,9A,55,50 18 - STMY
HEX 00,FD,2E,C3 IC - CTMZ
HEX 7E,97,80,51 20 - STMZ
HEX 7F,BF,D3,EB 24 - CXK
HEX 00,ED,5A,69 28 - SXK
HEX 02,BE,EC,0D 2C - CI
HEX 03,89,F5,17 30 - C2
HEX 83,E5,7€,A9 34 - C3
HEX 03,82,0E,4C 38 - C4
HEX 83,8E,0C,13 3C - C5
HEX 01,93,27,AA 40 - C6
HEX 83,A1,A2,81 44 - C7

HEX 03,A3,CA,CE 48 - C8

HEX 00,8F,28,83 4C - C9

HEX 77,CF,C0,08 50 - C10

HEX 75,87,75,21 54 ~ C1)

HEX F8,C2,1E,A6 58 - (12

HEX 01,80,6F,75 5C - C14

HEX 69,D6,BF,95 60 ~ 1E-7

HEX 09,80,00,00 &C - C256 ("256")
HEX 06,E5,2E,E1 70 - P180 (180/Pi)
HEX 06,F0,00,00 74 - C60 (60)

HEX 7E,AB,58,08 -ALP

HEX 79,E5,%,67 -BET

HeX 01,B82,78,B3 ~-T™M

* C0011920
* END OF NUMBER TABLE; START SCRATCH SPACE C0011930
* Q011940

FRTBL1 HEX 00,01,01,02,03,03,04,04

HEX 05,06,06,07,08,08,09,09
LSCRN ASC !FROMWP#TOWP#RANG .NMBRNG ,DEG!
SCLC  HEX OD,OE,OF,10,12,13,14

HEX 4E,4F,52,53,54

HEX B1,82,B3,B4,BA,BD,BE
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HEX D1,02,03,04,0A,0D,DE,DF
LSCN2 ASC 'CTE,NMCTEB ,DEG!
ASC 'GSNM/HETA: :CDI21012NM?

HEX

03

SCLC2 HEX 11,12,13,1A,1D,1E
HEX 31,32,33,34,3A,30,3E,3F
HEX 71,72,7C,70,7€E,7F
HEX 91,92,93,9A,90
HEX EO,E1l,E2,E5,EA,EF,F4,F9,FE,FF

HEX
BLANK  HEX
HEX

CF
87,88,89,88
07,08,09,0B

HEX 66,67,69,6A,6C,6D
HEX 86,87,89,8A,8C,80
BLANK1 HEX 16,17,18,19,1B

HEX
BLANKZ HEX

37,38,39,36
78,79,7A

ELAM HEX 98,99,98,9C, 9 ,9F

: CONSTANT TABLE OF NUMBERS USED IN CALCULATIONS

TABLE2 ADR
CsT EQU
HEX
HEX
HEX
HEX
HEX
HEX
HEX
HEX
HEX
HEX
HEX
HEX
HEX
HEX
TABLE3 ADR
CST3 EQW
HEX
HEX
HEX
HEX

END

(CsT)
#

0C,D7,3E ,AE
78,08,BA, 50
00,FF,24,46
01,80,00,00
03,80,00,00
12,C9,6€ ,34
1A,89, 54,40
05,A0,00,00
06,E5,2E,E1
03,C9,0F ,DA
09,84,00,00
00,00,00,3C
70, A8, 58,08
77,E5,9,92
(CsT3;

10,39,16,20
00,82,07,50
20,39,13,44
00,82,13,55

-RCR2
~F1
-F2
~ONE
-FOUR
-D3618
~-D36E6
~F20
-P18
-PAI2
-P120
-D60
-ALFG
-BETG

-WP1(BJASED UNI NDB)
~WPT2(BIASED THRSH - O,U.AIRPORT)
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ORIGINAL PAGE (&
OF POOR QUALITY

APPENDIX D. Program Listing for Testing Flight Test Data.

This program converts time differences to coordinates of position
and calculates area navigation information (range, bearing, nonfiltered

ground speed and filtered ground speed). It is written in standard

Fortran IV programming language and run in the IBM4341.

CHIEIIE DI 3 DI IE I 0 003036 360 36T 30 0023 30 I 630 3606 330 26 36 00 0 06 06 6 36 06 36 28 50 36 0036 )6 36 06 06 06 06 30 96 36 0 36 3¢

C THIS PROGRAM CONVERT TDS TO COORDINATES OF POSITION.
C AFTER THE CONVERSION, AREA NAVIGATIONAL [INFORMATIONS ARE COMPUTED,
8 (RANGE,BEARING AND GROUND SPEED)
c MARCH/1983  FUJIKO GGURI
G N6 2006306 36 3 2060 06 336 36 36 3036 36 3636 06 330 3836 20 30 36 36 36 36 30 36 336 96 36 36 36 36 36 3636 0636 36 36 3 36 2 38 36 36 3 36 36 36 5 ¢ 3¢ 3 3¢
c

DIMENSION TH(2),P0S(2),IP0S(2),RANGE (1000),BEAR(1000)

DIMENSION VLS(2),VLP(2}

INTEGER EVENT

5I=5.l4159265

=1

T=0,996%1,4

VLP (1)=0,

YLP(2)=0,

TF=12,

ALP=0,72%T/TF

BET=ALP##2/4,

TIME=T/3600,

10 READ (1, i00,END = 300) TH,EVENT,GSD
100 FORMAT (F9,2,1X,F9.2,1X,12,34X,F5.1)

C
C CONVERT TIME DIFFERENCES TO COORDINATES OF POSITION
c

CALL DEXLRN(TH,POS)
DO 20 I=1,2
IPOS(1) = IFIX(POS(I})) * 10000
TMP = (POS(1) ~ IFIX(POS(1))) * 60,
IPOS (1) = IPOS(I) + (IFIX(TMP) * 100)
TMP = (TMP - [FIX(TMP)) * 60,

20 IPOS(1) = 1POS(1) + IFIX(TMP)

1F(J.EQ. 1001) GO TO 300
RANGE AND BEARING ANGLE CALCULATION

CALL RABE(POS, RANGE,BEAR,J)
1F(J.EG.1) GO TO 9

NONF | LTERED GROUND SPEED CALCULATION

o000 O

DRANGE=RANGE (J )-RANGE (J-1)

DBE AR=(BEAR(J )-BEAR(J-1))*P1/180,
|F(DBEAR,GE,4,46804) DBEAR=2,*?|-DBEAR

| F(DBEAR,LE .~4,46804) DBEAR=2,*P|+DBEAR
GSO=SQRT (DRANGE #*2+ (RANGE (J ) *DBEAR ) ¥%2) /T IME
IF(J.NE.2) GO TO 199

GSP=GSO

ACP=0,0

GO TO 9

FILTERED GROUND SPEED CALCULATION, INTERVAL=1 CYCLE

199 GSY=GSP+ALP*(GSO-GSP )
ACS=ACP+BET *(GS0~GSP ) /T IME
GSF=GS5S+T IME*ACS
GSP=GSF
ACP=ACS
GSF=ABS (GSF)

OO0
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IF(J,LE.4) GO TO 9
C FILTERED GROUND SPEED CALCULATION, INTERVAL=4 CYCLES

DRANGE=RANGE ( J )=RANGE (J~4)
DBEAR=(BEAR(J)-BEAR(J-4))*P1/180,

| F (DBEAR ,GE ,4,46804) DBEAR=2,*P|-DBEAR

| F(DBEAR ,LE.~4,46804) DBEAR=2,¥*P (+DBEAR
GS40=SQRT (DRANGE**2+ (RANGE ( J ) #DBEAR) #%2) /(TIME*4, )
IF(J.EQ.5) GS4P=G340

IF(J.EQ,5) AC4P=0,0
GS4S5=GS4P+ALP*(GS40~-GS4P)
ACAS=ACAP+BET* (GS40-GS4P ) /TIME
GS4=GSAS+ACAS *TIME

GS4P=G54

IF(J.LE,16) GO TO 9

c
c FILTERED GROUND SPEED CALCULATION, INTERVAL=16 CYCLES
c

DRANGE=RANGE (J }-RANGE (J-16)

DBEAR=(BEAR(J)~BEAR(J~16))*P1/180,

| F(DBEAR.GE ,4,46804) DBEAR=2,*P|~-DBEAR

| F(DBEAR,LE,~4,46804) DBEAR=2,*P|+DBEAR

GSAO=SQRT (DRANGE ¥%2+ (RANGE (J ) ¥DBEAR ) #%2) / (TIME*16, )

IF(J.EQ.17) GSAP=GSA0

IF(J.EQ.17) ACAP=0,0

GSAS=GSAP+ALP*(GSAO-GSAP)

ACAS=ACAP+BET* (GSAO-GS4P) /T IME

GSA=GSAS+ACAS*T IME

GSAP=GSA

WRITE(2,200) TH,EVENT,!POS,RANGE (J),BEAR(J),GSD,GS0,GSF,GSA,GS4
200 FOi}M?T (F9.2,1X,F9.2,1X,12,1X,16,1X,16,8X,F5,1,1X,F5,1,1X,5F8.1)
9 J=J+

GO TO 10
300 STOP

[eXoX oY)

END

THIS SUBROUTINE CONVERTS TIME DIFFERENCES TO COORDINATES OF
POSITION,

SUBROUT INE DEXLRN(TH,P0S)

DIMENSION TH(2),P0S(2)

DATA TCY,TCZ/3.9E-2,5,4E~2/

DATA THMY /0,15129258/,THMZ/0,14849557/,XNR/46,986746/
DATA CTMY/0,98857709/,STMY /0,15071607/,CTMZ/0 ,98899478/
DATA STMZ/0.14795043/,CXK/0.37466368/,5XK/0,92716079/
DATA C1/2,9832071/,C2/4,3111683/,C3/~7.1717116/

DATA C4/4,0896360/,C5/~4 .,4643647/,C6/1, 1496479/

DATA C7/-5,0510869/,£8/5,1185063/,C9/0,55921480/

DATA C10/1.5850077E-3/,C11/2,5836473E~4/,C12/-2,9620318E-3/
DATA C13/1,5850077E~3/,C14/1,0034014/

DATA P1/3.141592/

TY=TH(1)*1,E~6
TZ=TH(2)*1,E~6

PY=XNR*(TY-TCY )=THMY
PZ=XNR*(TZ~TCZ)-THMZ
CPY=COS(PY)

SPY=SIN(PY)

CPZ=COS(PZ)

SPZ=SIN(PZ)
AY=(CPY~CTMY)/STMY
AZ=(CPZ-CTMZ)/STMZ
BY=5PY/STMY

BZ=SPZ/STMZ

U1=AY *CXK-AZ

U2=AY *¥S5XK

U3=AZRBY -AY *3 L

UU=U 1 *¥Ui+U2*J2
COBY=(U3*U1+UZ2*SQRT (UU-U3*U3) ) /Ul
THMS=ATAN (AY/(BY+CDBY ))

=137~

S e

st < e



[21¢]oXe]

CB=00S (THMS ) AR

CA=COS (THMS#PY) OR‘G‘NOR

CC=COS (THMS+PZ ) OF PO
=C1#CA+C2¥CB+C3 %CO

G=CA ¥CA$CS*CBHC6*CC

H=C7%CA+CB8 *CB+CI*CC

THGS=ATAN( (G+C10) /(F4C1%))

PHGS=ATAN (C14 *C14%SIN(THSS ) #(H+C12) /(G+C13))
POS(2)=THGS*180,/P|

POS(%)=PHGS*180,/PI

RETURN

END

THIS SUBROUTINE CALCULATES RANGE TO THE WAYPOINT AND BEARING
TO TRUE NORTH.

SUBROUTINE RABE(POS, RANGE, BEAR,J)
DIMENSION POS (2) ,RANGE(1000) ,BEAR(1000)
REAL LA1,LO1,LAZ,L02,M,N

DATA P1/3.1415926535898/,A/3443,9174/
LA2=0,68467327

L02=1,43521818

LA1=POS(1)*Pi/180,

LO1=POS (2)*P| /180,

FF=1, -~ 1./298.2

F=1,/298,2

DLO=LO1-L02

TB=FF*TAN(LA1)

TBI =FF*TAN (LA2)

B=ATAN(TB)

BI=ATAN(TBI)

C1=COS(BI ) *SIN(DLO) ]

CZ=COS(B)*SIN(BI )-SIN(B)¥*COS (B! ) *COS (DLO)

C3=SIN(B)*SIN(BI )+COS(B ) *COS (B )*COS(DLO)

BA=ATAN (C1/C2)

TH=ATAN ( (C2*COS(BA)+C1¥5IN(BA})/C3)
={SIN(B)+SIN(BI ))**2

N=((SIN(B)-SIN(BI))/SIN(TH) ) *¥*2

U=( (1,~COS(TH))/SIN(TH))**2
V=(1,+C0S (TH) ) ¥(TH+S IN(TH) )

RANGE (J)=ABS (A*(TH-F *(M*U+N*V)/4,))

BEAR (J )=BA*180, /P1

IF(C2,LE,Q,) BEAR(J)=BEAR(J)+180,
IF(C1.LE,0, .AND.C2,GE.0.) BEAR(J)=360,4BEAR(J)

RETURN

END
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APPENDIX E. Program Listing for Testing Flight Test Data. F PCOR QUALITY

This program filters time differences (TDs), converts filteced
‘Ds to coordinates of positioun and caleulates area navigation infoc-
mation (range, bearing, CTE/CIEB, nonfiltecud grouad speed, filtered
ground speed and estimated time of arrival). It is written in Standard

Fortran IV programming language and run 1in the IBMA434L.

CRMITS BN D060 303006000606 T 0060000 D0 T 00 TR0 0 0 e A KRN TR X R
THIS PROGRAM CONVERT TDS TO COORD INATES OF POSITION,

ALPHA-BETA FILTER 1S USED TO SMOOTH TD DATA,

AFTER THE CONVERSION, AREA NAV IGATIONAL INFORMATIONS ARE COMPUTED,
(RANGE ,BEARING,CROSS TRACK ERROR/BEARING, GROUND SPEED AND
ESTIMATED TIME OF ARRIVAL)

MARCH/1983 FUJIKO OGURI
30000 0000 0000000 006U 000600 030 0 0000000 60606 60 0030 T30 300600 0030 360 060036 3060 0 063636 6.6 0696 0 0

[eXeXsReXrloRoNoXe]

DIMENSION TH(2),P0S(2),1P0S(2) ,RANGE (1000),BEAR (1000)
DIMENSION TDS(2),TDP(2),TDO(2),VLS(2),VLP(2),PPOS(2)
INTEGER EVENT,SIDE
Pi=3,14159265
R=3443,9174
c ANGLE 1S A DESIRED COURSE BEARING TO TRUE NORTH
ANGLE=241,19
J=1
T=0,996%1 .4
TF=6,
ALPHA=O, 72%T/TF
BETASALPHA®R2 /4,
VLP(1)=0,
VLP(2)=0,
TF=12,
ALP=0 , 72%T /TF
BET=ALP#%2/4,
TIME=T /3600,

READ (1, 100,END=300) TDP,EVENT,GSD

c

c
10 READ (1,100,END = 300) TDO,EVENT,GSD
100 FORMAT (F9,2,1X,F9,2,1X,12,34X,FS.1)
€  FILTER TIME DIFFERENCE
DO 15 1=1,2
TDS (} )=TDP (1 )+ALPHA®(TDO (1 )=TDP (1))
VLS( 1 )=mVLP (| )+BETA%(TDO(! )~TOP (1 ))/T
TOP (1 )=TDS (1 )+VLS (1 ) *T
VLP(1)=YLS(1)
15 TH(1)=TDP(1)
C  CONVERT TIME DIFFERENCES TO COORDINATES OF POSITION
CALL DEXLRN(TH,POS)
DO 20 i=1,2
IPOS (i) = IFIX(POS(1)) * 10000
TMP = (POS(I) - IFIX(POS(1))) * 60,
IPOS(1) = IPOS(1) + (IFIX(TMP) * 100)
T™P = (TMP ~ [FIX{TMP)) ¥ 60,
20 1POS(1) = IPOS(I) + IFIX(TMP)
1F(JLEQ, 1001) GO TO 300
CALL RABE(POS, RANGE,BEAR,J)
IF(J.EQ.1) GO TO 9

DLONG=PPOS (2)~P0S(2)

DLAT#POS (1)-PPOS(1)
PLAT=(POS (1)4PPOS (1) )*P| /360,
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\ UALITY.
X=DLONG*COS (PLAT) OF POOR Q
Y=DLAT
DRECT=ATAN(X/Y) *180,/Pi
IF(X,LE,0,.,AND.Y.GE .0.) DRECT=%60,+DRECT
IF(Y.LT.0,) DRECT=DRECT+180,
Z=ANGLE-DRECT
IF(Z.GE.270.) 2=360,~Z
IF(Z.,LEW~270,) Z=360,4Z

C
C NONF | LTERED GROUND SPEED CALCULATION
c

DRANGE=RANGE (J )-RANGE (J~1)
DBEAR=(BEAR(J)~-BEAR(J-1))*P1/180,

|F (DBEAR,GE,4,46804) DBEAR=2,%°|-DBEAR
IF(DBEAR.LE.~4,46804) DBEAR=2,*?|4DBEAR
GSO=SQRT (DRANGE *%2+ (RANGE (J ) *DBEAR ) #¥2 ) /T IME
IF(JJNE.2Z) GO TO 199

IF(J.NE,2) GO 70 199

GSP=GS0

ACP=0,0

GO TO 9

C
C FILTERED GROUND SPEED CALGULATION, INTERYAL=1 CYCLE

c
199 GSS=GSP+ALP*(GSO-GSP)

ACS=ACP+BET*(GS0~GSP )/TIME
GSF=GSS+T IME*ACS
GSP=GSF
ACP=ACS
GSF=ABS (GSF)
IF(J,LE.4) GO TO 9

c
c FILTERED GROUND SPEED CALCULATION, INTERVAL=4 CYCLES

DRANGE=RANGE({J )-RANGE (J-4)
DBEAR=(BEAR(J)~BEAR(J~4))*P| /180,
|F(DBEAR.GE,4,46804) DBEAR=2,*"|-DBEAR
|F(DBEAR.LE,~4,46804) DBEAR=2,*P|+DBEAR
GS40=SQRT (DRANGE #i2+ (RANGE (J ) ¥DBEAR ) #%2) / (TIME ¥4, )
1F(GS40,LE,20,0) GS40=0,0

IF(J.2Q4,3) G34P=63540

1F(J.EQ, 5) AC4k=0,0
GS45=GS4P+ALP*(GS40~GS4P )
AC4S=ACAP+BET*(3S40-GS4P )/ T I14E
GS4=GS4S+ACAS*TIME

GS4P=GS4

IF(GS4.LE.30.0) GS4=0,0

{F(GS4.EQ.0,) GO TO 444

c
c ESTIMATED TIME OF ARRIVAL CALCULATION

ETA=RANGE (J ) /G54
|ETA=1FIX(ETA)*10000
TMP2=(ETA-1FIX (ETA) ) %60,
JETA=ETA+CIFIX(TMP2)*100)
TMP2=(TMP2-| FIX(TMP2) ) *60,
LETA=IETA+I FIX(TMP2)

C

C CTE/CTEB CALCULATION

c

444 CTEB=BEAR(J)~ANGLE
IF(CTEB.LT.0.,) GO TO 1N

c
SIDE=1 :
I|F(CTEB,.GE,270,) CTEB=360,-CTEB !
|F(CTEB,.GT,180,) SIDE=0 !

o GO TO 222

111 SIDE=1

IF(CTEB.GE,-180,) SIDE=0

c IF (CTEB,LE,~270.) CTEB=CTEB+360,
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222 CTEB=ABS(CTEB) OF POOR QUALH !

CC=RANGE (4)/R . a
BB=CTEB*?| /180, Vs
AA=SI{N(BB)¥*SIN(CC) .
CTE=ARSIN(AA)*R

CTE=ABS (CTE)

c CTE=R|GHT, ~CTE=LEFT
IF(SIDE.EQ.0) CTE=-CTE
| F(Z.GE.=90,,AND,Z,LT.90,) GO TO 333
CTE=-CTE

333 IVRITE(‘Z: ggg) TH,EVENT, |POS, | ETA ,RANGE(J) ,BEAR(J),GSD,CTEB,CTE,GSO,
200 FORMAT(Z(Fg.Z 1X),12,3(1X,16),8(F6,1))
9 J=J+t
PPOS (1)=P0S(1)
PPOS (2)=P05(2)
| ETA=999999
GO TO 10
300 STOP
END

THIS SUBROUTINE CONVERTS TIME DIFFERENCES TO COORDINATES OF
POS! TION,

SUBROUT INE DEXLRN(TH,POS)

DIMENSION TH(2),P0S(2)

DATA TCY,TCZ/%,9E=2,5,4E=2/

OATA TiMY/0,15129258/,THMZ/0,14849557/,XNR/46,986746/
DATA CTMY/0,98857709/,5TMY /0. 15071607/,CTMZ2/0,98899478/
DATA $TMZ/0,14795043/,CXK/0,37466368/,5XK/0,92716079/
DATA C1/2,9832071/,C2/4,3111683/,C3/-7.1717116/

DATA C4/4,0896360/,C5/-4,4643647/,06/1,1496473/

DATA C7/-5,0510869/,C8/5,1185063/,C9/0,55921480/

DATA C10/1,5850077E-3/,C11/2,5836473E~4/,C12/-2,9620318E~3/
DATA C13/1 .58500776-3/,0!4/1 «0034014/

DATA PI1/3,141592/

TY=TH(1) *1 ,E-6
TZ=TH(2)*1 ,E~6

PY=XNR#*(TY-~TCY )~THMY
PZ=XNR*(TZ~TCZ )~THMZ
CPY=COS (PY)
SPY=S | N(PY) :
CPZ=00S (PZ )
SPZ=SIN(PZ) |
AY=(CPY-CTMY ) /STMY
AZ=(CPZ~CTMZ) /STMZ
BY=SPY/STMY
BZ=SPZ /STMZ
U1=AY ¥CXK~AZ .‘_
U2=AY ¥SXK
! U3=AZ¥BY-AY #3Z
UU=U 1910242 ;
4 CDBY=(U3*J1+U2*SQRT {UU-U3*U3) ) /UU :
THMS=ATAN (AY /(BY+CDBY) ) |
CB=COS (THMS)
CA=COS (THMS+PY)
CC=COS ( THMS+PZ )

[N,

OO0

fe]

F=C1 *CA+C2 ¥CB+C3*CC
G=CA4%CA+CSH*CB+CE*CC i
H=C7*CA+C8*CB+C9*CC i

THGS=ATAN ((G+C10) /(F+C11))
PHGS=ATAN(CT4*C14*S|N(THGS ) ¥ (H+C12}/(G+C13))
POS(2)=THGS *180,/P|

POS (1) PHGS *180, /PI

RETURN

END

)
!
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OF POOR QUALITY.
THIS SUBROUT INE CALCULATES RANGE TO THE WAYPOINT AND BEARING
TO TRUE NORTH, ’

SUBROUT INE RABE (POS, RANGE, BEAR,J)

DIMENSION POS(2),RANGE (1000),BEAR(1000)
REAL LA1,L01,LA2,L02,M,N
DATA PI1/3,1415926535898/,A/3443.9174/

c COORDINATCS OF THE TO WAYPOINT
LA2=(,68467327
L02=1,43521818

c COORDINATES OF THE RECEIVER POINT
LA1=POS(1)%*P| /180,
LO1=POS(2)*F| /180,
FF=1, = 1,/298.2
F=1,/298,2
DLO=1.01-L.02
TB=FF*TAN(LA1)
T8 =FF*TAN (LA2)
B=ATAN(TB)
BI=ATAN(TBI )
C1=COS (B! )*SIN(DLO)
C2=COS(B)*SIN(BI )-SIN(B)*COS(BI )*205(DLO)
C3=SIN(B) *SIN(BI )+COS (B)*COS (B} ) *COS(DLO) ¥
BA=ATAN(C1/C2) §
TH=ATAN ((C2*COS(BA)+Ci ¥SIN(BA))/C3)
M=(SIN(B)+SIN(BI ))**2
N=((SIN(B)=SIN(BI })/SIN(TH) ) #%2
U=( (1,~CO0S(TH))/SIN(TH))¥**2
V=(1,+COS(TH) ;¥ (TH+SIN(TH) )
RANGE (J )=ABS (A%* (TH=I* ¥ (M¥U+N*V ) /4, ))
BEAR(J)=BA*180,/PI
IF(C2,LE.0.) BEAR(J)=BEAR(J)+180,
IF(C1.LE.0,.AND,C2,GE,0,) BEAR(J)=360,4BEAR(J)
RETURN
ENO

Q aooo
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