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[57] ABSTRACT

A method for self calibration of a LORAN-C naviga-
tion receiver utilizing a microprocessor is disclosed
wherein the time difference of signal arrival of master
station pulse trains from a LORAN-C chain selected by
group repetition interval (GRI) information input to the
receiver becomes a frequency standard to which the
output of an oscillator and counter internal to the re-
ceiver is compared to determine frequency error. The
error is interpolated over each GRI and [a correction
factor is added or subtracted to each count output of]}
time counts from the counter used to make time differ-
ence of signal arrival measurements are modified in
accordance with the determined frequency error to achieve
accurate time difference of signal arrival measurements.

8 Claims, 16 Drawing Figures
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- SELF CALIBRATION OF A LORAN-C
NAVIGATION RECEIVER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue.

This is a division of application Ser. No. 937,615, filed
Aug. 28, 1978.

FIELD OF THE INVENTION

This invention relates to navigational equipment and
more particularly to hyperbolic navigational equipment
utilizing the time difference in the propagation of radio
frequency pulses from synchronized ground transmit-
ting stations. |

BACKGROUND OF THE INVENTION

Throughout maritime history navigators have sought
an accurate reliable method of determining their posi-
tion on the surface of the earth and many instruments
such as the sextant were devised. During the second
world war, a long range radio-navigation system, LO-
PAN-A, was developed and was implemented under
. 2e auspices of the United States Coast Guard to fulfill
wartime operational needs. At the end of the war there
were seventy LORAN-A transmitting stations in exis-
tence and all commercial ships, having been equipped
with LORAN-A receivers for wartime service, contin-
ued to use this navigational system. This navigational
system served its purpose but shortcomings therein
were overcome by a new navigational system called
LORAN-C.

Presently, there are eight LORAN-C multi-station
transmitting chains in operation by 1980. This new navi-
gational system will result in an eventual phase-out of
the earlier LORAN-A navigational system. |

LORAN-C is a pulsed low-frequency (100 kilohertz),
hyperbolic radio navigation system. LORAN-C radio
navigation systems employ three or more synchronized
ground stations that each transmit radio pulse chains
having, at their respective start of transmissions, a fixed
time relation to each other. The first station to transmit
is referred to as the master station while the other sta-
tions are referred to as the secondary stations. The pulse
chains are radiated to receiving equipment that is gener-
ally located on aircraft or ships whose position is to be
accurately determined. The pulse chains transmitted by
each of the master and secondary stations is a series of
pulses, each pulse having an exact envelope shape, each
pulse chain transmitted at a constant precise repetition
rate, and each puise separated in time from a subsequent
pulse by a precise fixed time interval. In addition, the
secondary station pulse chain transmissions are delayed
a sufficient amount of time after the master station pulse
train transmissions to assure that their time of arrival at
receiving equipment anywhere within the operational
area of the particular LORAN-C system will follow
receipt of the pulse chain from the master station.

Since the series of pulses transmitted by the master
and secondary stations is in the form of pulses of elec-
tromagnetic energy which are propagated at a constant
velocity, the difference in time of arrival of pulses from
a master and a secondary station represents the differ-
ence in the length of the transmission paths from these
stations to the LORAN-C receiving equipment.
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The focus of all points on a LORAN-C chart repre-
senting a constant difference in distance from a master
and a secondary station, and indicated by a fixed time
difference of arrival of their 100 kilohertz carner pulse
chains, described a hyperbola. The LORAN-C naviga-
tion system makes it possible for a navigator to exploit
this hyperbolic relationship and precisely determine his
position using a LORAN-C chart. By using a moder-
ately low frequency such as 100 kilohertz, which is
characterized by low attenuation, and by measuring the
time difference between the reception of the signals
from master and secondary stations, the modern-day
LORAN-C system provides equipment position loca-
tion accuracy within two hundred feet and with a re-
peatability of within fifty feet.

The theory and operation of the LORAN-C radio
navigation system is described in greater detail in an
article by W. P. Frantz, W. Dean, and R. L. Frank
entitled “A Precision Multi-Purpose Radion Navigation
System,” 1957 L.R.E. Convention Record, Part 8, page
79. The theory and operation of the LORAN-C radio
navigation system is also described in a pamphlet put
out by the Department of Transportation, U.S. Coast
Guard, Number CG-462, dated August, 1974, and enti-
tled “LORAN-C User Handbook”.

The LORAN-C system of the type described in the
aforementioned article and pamphlet and employed at
the present time, is a pulse type system, the energy of
which is radiated by the master station and by each
secondary station in the form of pulse trains which
include a number of precisely shaped and timed bursts
of radio frequency energy as priorly mentioned. All
secondary stations each radiate pulse chains of eight
discrete time-spaced pulses, and all master stations
transmit the same eight discrete time-spaced pulses but
also transmit an identifying ninth pulse which is accu-
rately spaced from the first eight pulses. Each pulse of
the pulse chains transmitted by the master and second-
ary stations has a 100 kilohertz carrier frequency, so
that it may be distinguished from the much higher fre-
quency carrier used in the predecessor LORAN-A
system.

The discrete pulses radiated by each master and each
secondary LORAN-C transmitter are characterized by
an extremely precise spacing of 1,000 microseconds
between adjacent pulses. Any given point on the pre-
cisely shaped envelope of each pulse is also separated by
exactly 1,000 microseconds from the corresponding
point on the envelope of a preceding or subsequent
pulse within the eight pulse chains pulses. To insure
such precise time accuracy, each master and secondary
station transmitter is controlled by a cesium frequency
standard clock and the clocks of master and secondary
stations are synchronized with each other.

As mentioned previouslyy, LORAN-C receiving
equipment is utilized to measure the time difference of
arrival of the series of pulses from a master station and
the series of pulses from a selected secondary station,
both stations being within a given LORAN-C chain.
This time difference of arrival measurement is uttlized
with special maps having time difference of arrival
hyperbola information printed thereon. These maps are
standard LORAN-C hydrographic charts prepared by
the U.S. Coast Guard and the hyperbola curves printed
thereon for each secondary station are marked with

time difference of arrival information. Thus, the differ-
ence in time arrival between series of pulses received
from a master station and selected ones of the associated
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secondary stations must be accurately measured to en-
able the navigator to locate the hyperbola on the chart
representing the time difference measured. By using the
time difference of arrival information between a master
station and two or more secondary stations, two oOr
more corresponding hyperbolae can be located on the
chart and their common point of intersection accurately
identifies the position of the Loran-C receiver. It is clear
that any inaccuracies in measuring time difference of
arrival of signals from master and secondary transmit-
ting stations results in position determination errors.
This requires that oscillators internal to the Loran-C
receiver be calibrated frequently in order to avoid mea-
surement errors caused by oscillator inaccuracy.

There are other hyperbolic navigation systems in
operation around the world similar to Loran-C, and
with which my novel receiver can readily be adapted to
operate by one skilled in the art. There 1s a Loran-D
system utilized by the military forces of the United
States, as well as the aforementioned Loran-A system.
Others are DECCA, DELRAC, OMEGA, CYTAC,
GEE and the French radio WEB, all of which operate
in various portions of the radio frequency spectrum and
provide varying degrees of positional accuracy.

Loran-C receiving equipment presently in use is rela-
tively large in size, heavy, requires relatively expensive
oven controlled crystal oscillators, requires frequent
calibration, and requires relatively large amounts of
power. In addition, present Loran-C receivers are rela-
tively expensive and, accordingly, are found only on
larger ships and aircraft. Due to the cost size, weight,
and power requirements of present Loran-C receiving
equipment, such equipment is not in general use on
small aircraft, fishing boats and pleasure boats. In addi-
tion, Loran-C receiving equipment presently in use
required anywhere from five to ten minutes to warm up
and provide time difference measurement information.

The signals presently received by LORAN-C naviga-
tion receivers have very low signals to noise ratios and
it is difficult to locate the third cycle positive zero cross-
ing conventionally used in making the time difference
measurements between signals received from the master
and secondary stations. This problem is exacerbated by
noise generated within the circuitry of LORAN-C navi-
gation receivers and particularly in the front end cir-
cuitry in the signal path immediately following the
receiver antenna.

Thus there is a need in the art for improved circuitry
and techniques to minimize the noise internally gener-
ated or to minimize the effect of noise generated inter-
nal to LORAN-C receivers. It is a feature of this inven-
tion to minimize the effect of noise generated internally
to a receiver by averaging out the noise.

There is also a need in the art for inexpensive oscilla-
tors within LORAN-C receivers that never require
calibration yet the operation of the receivers is as if the
oscillators are as accurate as a laboratory standard oscil-
lator. Such oscillators increase the accuracy and reli-
ability of navigation information output from the re-
ceiver.

SUMMARY OF THE INVENTION

The foregoing needs of the prior art are satisfied by
my novel Loran-C receiver, 1 eliminate much of the
complex and costly automatic acquisition and tracking
circuitry in prior art Loran-C navigation receivers and
provide a small, light weight, relatively inexpensive
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receiver using relatively little electnical power and re-
quiring no calibration of the receiver oscillator/clock.

Four thumbwheel switches on my Loran-C equip-
ment are used by the operator to enter the group repeti-
tion interval information for a selected Loran-C chain
covering the area within which the Loran-C equipment
is being operated. This information entered via the
thumbwheel switches is used in the process of locating
the signals from the master and secondary stations of
the chosen Loran-C chain and providing an output.

The receiver of my equipment receives all signals that
appear within a small bandwidth centered upon the 100
KHz operating frequency of the Loran-C network. A
shift register clocked at 100 KHz is coupled with logic
circuitry continuously check all received signals to
search for the unique pulse trains transmitted by Loran-
C master and secondary stations. The microprocessor
and other circuits internal to my novel Loran-C equip-
ment analyze outputs from the register and associated
logic circuitry indicating that signals from master or
secondary stations have been received to first determine
which received signals match the group repetition inter-
val rate for the selected Loran-C chain. Once the re-
ceiver has identified the pulse trains from the selected
master station and can predict future receipt of same,
the microprocessor causes other circuitry to go into a
fine search maode.

In the fine search mode the microprocessor enables a
phase-lock-loop made up of a computer program and
other circuitry including a cycle detector to analyze
and locate the third cycle positive zero crossing point of
each received master station pulse. In the event the
third cycle positive zero crossing of each master station
pulse is not located at the time calculated by the micro-
processor, the cycle detector provides outputs used by
the microprocessor to determine whether multiples of
10 microseconds should be added to or subtracted from
the calculated time. The microprocessor then repeats
the fine search mode analyzation process. This analyza-
tion process and revising the calculated time is repeated
using feedback from the cycle detector until the third
cycle positive zero crossing of each pulse of the master
station pulse train is located.

Once the third cycle positive zero crossing of each
pulse from the master transmitting station of the se-
lected Loran-C chain is located, the receiver operates to
locate the associated secondary stations. The micro-
processor creates a small number of time bins between
the arrival of each pulse train from the master station
and creates a coarse histogram by putting a count in an
appropriate bin when a secondary station signal is de-
tected. Once particular bins are found to contain counts
representing receipt of signals from secondary stations,
the microprocessor breaks those particular bins down
into a large number of time bins creating a fine histo-
gram to more closely determine the time of signal ar-
rival of secondary station signals. The cycle detector 18
then utilized in conjunction with the microprocessor in
a phase-lock-loop made to identify the third cycle post-
tive zero crossing of each received pulse from a second-
ary station.

The microprocessor then makes accurate time differ-
ence of arrival measurements between the time of ar-
rival of signals from the master station and the second-
ary stations. The equipment operator utilizes other
thumbwheel switches to indicate secondary stations,
the time difference of signal information which is to be
visually displayed. The operator of the Loran-C equip-
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ment plots these visual read-outs on a Loran-C hydro-
graphic chart to locate the physical position of the Lo-
ran-C receiver on the surface of the earth.

Our novel Loran-C navigation receiver need never
have its internal oscillator calibrated unlike prior art
receivers. The microprocessor, having the GRI input
thereto by the receiver operator, thereby knows how
many cycles of the internal oscillator must occur within
the cesium clock standard GRI between two consecu-
tive received master station pulse trains. Any error is
noted and interpolated over the GRI period and correc-
tion factors are added or subtracted to internal circuit
clock counts of interest to thereby achieve highly accu-
rate time difference of signal arrival measurements.

The Applicant’s novel Loran-C navigation receiver
" will be better understood upon a review of the detailed
description given hereinafter in conjunction with the
drawing in which:

BRIEF DESCRIPTioN OF THE DRAWINGS

FIG. 1 is a general block diagram of the Applicants’
Loran-C navigation receiver;

FIG. 2 shows the shape of each pulse of the pulse
trains transmitted by all Loran-C master and secondary
stations;

FIG. 3 is a graphical representation of the pulse trains
transmitted by the master and secondary stations within
a Loran-C chain;

FIG. 4 is a representation of a portion of a Loran-C
navigation chart;

FIGS. §, 6, 7, 8 and 9 are detailed block diagrams of
the Applicants’ navigation receiver;

FIG. 10 is a detailed block diagram of the smart shift
register shown in FIG. §;

FIG. 11 shows the manner in which FIGS. 5,6, 7, 8
and 9 should be arranged with respect to each other
when reading the detailed description; and

FIGS. 12A-12E show signals within the cycle detec-
tor.

GENERAL DESCRIPTION

To understand the general or detailed operation of
our novel Loran-C receiver, it is best to first understand
the makeup of the signals transmitted by Loran-C sta-
tions and being received by our novel receiver. Repre-
sentations of these signals are shown in FIGS. 2 and 3
which will now be discussed.

All master and secondary stations transmit groups of
pulses as briefly mentioned above, at a specified group
repetition interval which is defined as shown in FIG. 3.
Each pulse has a 100 KHz carrier and is of a carefully
selected shape shown in FIG. 2. For each Loran-C
chain a group repetition interval (GRI) is selected of
sufficient length so that it contains time for transmission
of the pulse chains from the master station and each
associated secondary station, plus time between the
transmission of each pulse train from the master station
so that signals received from two or more stations
within the chain will never overlap each other when
received anywhere in the Loran-C chain coverage area.
Each station transmits one pulse chain of eight or nine
pulses per GRI as shown in FIG. 3. The master station
pulse chain consists of either pulses, each shaped like
the pulse shown in FIG. 2, with each of the eight pulses
spaced exactly 1,000 microseconds apart, and with a
ninth pulse spaced exactly 2,000 microseconds after the
eighth pulse. The pulse chain for each of the secondary
stations X, Y and Z contains eight pulses shaped as
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shown in FIG. 2, and each of the eight pulses is also
spaced exactly 1,000 microseconds apart. The pictonal
representation of the pulses transmitted by the master
station and the three secondary stations X, Y and Z
associated therewith shown in FIG. 3 shows that the
pulse trains never overlap each other and all are re-
ceived within the group repetition interval. FIG. 3 also
shows a representative time difference of arrival of the
pulse train from each of the secondary stations with
respect to the master station. These time difference of
arrival figures are designated Tx, Ty and Tz and are the
time differences measured using my receiver.

It is to be recognized that the time difference of ar-
rival between reception of the pulse train from the mas-
ter station and the pulse trains from each of the X, Y and
Z secondary stations will vary depending upon the
location of the LORAN-C receiving equipment with
the coverage area for a LORAN-C chain. In addition,
the signal strength of the received signals from the
master and secondary stations will also vary depending
upon the location of the receiving equipment, as repre-
sented by the different heights of the representative
pulse lines shown in FIG. 3.

The delayed or spaced ninth pulse of each master
station not only identifies the pulse train as being from a
master station, but the ninth pulse is also turned on and
off by the Coast Guard in a “blink” code, well known In
the art, to indicate particularly faulty secondary stations
in a LORAN-C chain. These “blink” codes are pub-
lished by the Coast Guard on the LORAN-C charts.

In World War II when the LORAN-C systems were
installed, carrier phase coding was used as a military
security method, but after the war when the need for
military security ceased, the phase coding was called a
skywave unscrambling aid. In skywave unscrambling
the 100 KHz. carrier pulses from the master station and
the secondary stations in a LORAN-C chain are
changed in phase to correct for skywave interference in
a manner well known in the art. Skywaves are echoes of
the transmitted pulses which are reflected back to earth
from the ionosphere. Such skywaves may arrive at the
LORAN-C receiver anywhere between 35 microsec-
onds to 1,000 microseconds after the ground wave for
the same pulse is received. In the 35 microsecond case,
the skywave will overlap its own groundwave while in
the 1,000 microsecond case the skywave will overlap
the groundwave of the succeeding pulse. In either case
the received skywave signal has distortion in the form
of fading and pulse shape changes, both of which can
cause positional errors. In addition, a skywave may be
received at higher levels than a ground wave. To pre-
vent the long delay skywaves from affecting time differ-
ence measurements, the phase of the 100 KHz. carrier is
changed for selected pulses of a pulse train in accor-
dance with a predetermined pattern. These phase code
patterns are published by the Coast Guard on the LO-
RAN-C charts.

The exact pulse envelope shape of each of the pulses
transmitted by all master and secondary stations 1s also
very carefully selected to aid in measuring the exact
time difference in arrival between a pulse train from a
master station and a pulse train from a secondary station

‘as is known to those skilled in the art. To make exact

time difference measurement, one method the prior art
teaches is superpositions matching pulse envelopes of
pulses from a master station and a selected secondary
station. Another method which we also utilize, 1s detec-
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tion of a specific zero-crossing of the 100 KHz carrier of
the master and secondary station pulses.

Now that the reader has an understanding of the
nature of the signals transmitted by the Loran-C master
and secondary stations and how they are used for navi-
gation purposes, the reader can better understand the
operation of our novel Loran-C receiver which will
now be described

In FIG. 1 is seen a general block diagram of our novel
Loran-C navigation equipment. Fiter and preamplifier 1
and antenna 2 are of a conventional design of the type
used in all Loran-C receivers and is permanently tuned
to a center frequency of 100 KHz, which is the operat-
ing frequency of all Loran-C transmitting stations. Fil-
ter 1 has a bandpass of 20 Kilohertz. Received signals
are applied via inverting amplifier 81 to cycle detector
82 and to zero crossing detector 6.

The signal input to zero crossing detector 6 is first
amplitude limited so that each cycle of each pulse is
represented by a binary one and each negative half
cycle is represented by a binary zero. The leading or
positive edge of each binary one exactly corresponds to
the positive slope of each sine wave comprising each
pulse. Thus, detector 6 is a positive zero-crossing detec-
tor. As will be described in detail further in this specifi-
cation logic circuit 16 also provides an input to zero
crossing detector 6, not shown in FIG. 1, which sets a
10 microsecond window only within which the leading
edge of each binary 1 may be detected. The end result
is that only the positive zero-crossing of the third cycle
of each pulse of the train pulse trains transmitted by
each Loran-C station is detected and an output pro-
vided by detector 6.

It can be seen that latch 5§ has its input from zero
crossing detector 6. Clock/counter 7 is a crystal con-
trolled clock which is running continuously while my
novel Loran-C receiver is in operation. The count pres-
ent in counter 7 at the moment that zero crossing detec-
tor 6 indicates a third cycle positive zero crossing is
stored in latch §, the contents of which are then applied
to multiplexer 8. Multiplexer 8 is a time division multi-
plexer used to multiplex the many leads from logic
circuit 16, logic circuit 4, cycle detector 82, latch §,
clock/counter 7, and thumbwheel switches 11 and 12,
through to microprocessor 9. The count in latch § indi-
cates to microprocessor 9 the time at which each posi-
tive zero crossing 1s detected.

The signal input to smart shift register 3 from detec-
tor 6 is a pulse train of 1’s and 0’s, which is shifted
through the shift register digital delay line which 1s
taped at 1 millisecond invervals. Because of the logic
circuits connected to each tap thereof, only the pulse
trains from Loran-C master and secondary stations will
result in outputs from the logic circuits of register 3.
The logic circuits within register 3 are used to analyze
the contents of the shift register delay line to first deter-
mine if the signals represent a pulse train from a Loran-
C master or secondary station, and secondly to indicate
the particular phase coding of the signals being re-
ceived. Logic circuit 4 stores information from register
3 indicating whether a pulse train is from a master or a
secondary station and further indicating the particular
phase code transmitted. This information stored within
logic circuit 4 is applied to microprocessor 9 via multi-
plexer 8 for use in processing received Loran-C signals.
At the same time that information is stored within logic
circuit 4, detector 6 causes latch § to store the present
count in clock/counter 7 which indicates the time of
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occurrence. It should be noted that clock/counter 7
also has an input to multiplexer 8 so that microprocessor
9 can keep track of continuous running time as indicated
by recycles of counter 7.

Thumbwheel switches 11 are used to input the GRI
of a selected Loran-C chain to the receiver. The output
of thumbwheel switches 11 are also input to multiplexer
8 to apply the GRI of the selected Loran-C chain to
microprocessor 9.

With the various types of information being input to
microprocessor 9 via multiplexer 8 from the circuits
previously described, microprocessor 9 determines
when received signals are from the master and second-
ary stations of the selected Loran-C chain. Once micro-
processor 9 closely locates the signals from the selected
master station, as determined by a match of the GRI
number input thereto via thumbwheel switches 11 with
the difference in time of receiving each pulse train trans-
mitted by the master station of the selected chain, the
receiver goes into a fine search mode utilizing a phase-
lock-loop implemented with a computer program in
microprocessor 9 and the loop being closed by an input
from cycle detector 82 to locate the desired radio fre-
quency carrier third cycle positive zero crossing in
conjunction with zero crossing detector 6. The receiver
then switches to locate the secondary station signals of
the selected chain. To locate the secondary stations
microprocessor 9 creates first a coarse histogram and
then a fine histogram by storing the time of receiving all
secondary station signals in time slot bins created by the
microprocessor in its own memory between the arnval
of any two consecutive master station pulse trains.
When signals from the secondary stations of the se-
lected Loran-C chain are located by secondary station
signal counts appearing in the coarse histogram time
slot bins at the same rate as the GRI of the selected
Loran-C chain, the microprocessor 9 creates a fine
histogram having time slot bins of shorter time duration.
In this manner microprocessor 9 closely determines the
time of arrival of pulse trains from the secondary sta-
tions of the selected Loran-C chain. |

Once microprocessor 9 closely determines the time of
receiving secondary station signals and can calculate
the time of receipt of subsequently received secondary
station pulse trains, the microprocessor causes the re-
ceiver to go into a fine search mode utilizing the same
phase-locked-loop arrangement generally described
above to accurately locate the third cycle positive zero
crossing of each pulse of the secondary station pulse
trains.

Again, control circuit 76 is provided to monitor the
level of the received radio frequency signal and auto-
matically adjust the gain of inverting amplifier 81.
Logic circuit 16 also controls the inverting operation of
amplifier 81 to periodically switch the phase of signals
applied via amplifier 81 to the remainder of the receiver
circuitry to remove the effects of noise internal to the
receiver.

Once microprocessor 9 functioning with the other
circuits in our Loran-C receiver has located and locked
onto the pulse trains being transmitted by the master
and secondary stations of the selected Loran-C chain, it
makes the desired time difference of arrival measure-
ments that are required in Loran-C operation. Micro-
processor 9 then causes a visual indication to be given
via display 12. The output information is platted on a
Loran-C hydrographic chart in a well-known manner
to locate the physical position of the Loran-C receiver.



Re. 31,254

9

There are lamps 70 through 75 on the front panel of
the receiver which initially all flash on and off when the
receiver is first turned on. As the signals of the master
and each secondary station of the selected Loran-C
chain are located and it is determined by microproces-
sor 9 that each station’s signals can be utilized to make
accurate time difference of signal arrival measurements,
the lamp associated with that station is changed to be lit
steady. This gives an indication to the receiver operator
of the confidence he may have in selecting stations with
switches 11 to make time difference of signal arrival
measurements.

The oscillator internal to our Loran-C receiver never
needs calibration, unlike prior art receivers. Micro-
processor 9 knows exactly the time difference of signal
arrival of the pulse trains from the master station of the
selected chain because of the GRI input thereto via
switches 11. This information is compared with the
output of a master oscillator within the receiver to de-
termine the frequency error of the oscillator. Micro-
processor 9 then interpolates the error over the time
period between receipt of signals from the master sta-
tion and a correction factor is added or subtracted to
internal clock indications of time of receipt of all pulses
from the master and secondary stations to thereafter
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make accurate time difference of signal arrival measure-

ments.

Other interpolation technigues may also be utilized as
known in the art to eliminate the effect of clock inaccuracy.
When a count output of the receiver clock equals the actual
GRI figure input to the receiver by the operator when the
clock is accurate, the interpolation is accomplished by
multiplying time difference measurement made using the
clock by a fraction made up of the actual GRI figure and
a measured GRI which is the clock count between, e.g., two
successive received master station pulse trains, with the
actual GRI being in the numerator or denominator of the
fraction depending on if the clock count for the measured
GRI is respectively less than or greater than the actual

35

GRI. The resultant is the actual measured time difference 40

of signal arrival.

DETAILED DESCRIPTION

Turning now to describe in detail the operation of our
novel Loran-C equipment.

In FIG. 2 is seen the shape or waveform of every
pulse transmitted by both master and secondary Loran-
C stations. The waveform of this pulse is very carefully
chosen to aid in the detection of the third carrier cycle
zero crossing in a manner well known in the art. One
method known in the art is to take the first derivative of
the curve represented by the envelope of the pulse
shown in FIG. 2, and this first derivative clearly indi-
cates a point at 25 microseconds from the beginning of
the pulse. The next zero crossing following this indica-
tion is the desired zero crossing of the third cycle of the
carrier frequency. Similar to the prior art method just
described, our novel Loran-C receiver detects the third
zero crossing for each pulse of the master station and

each secondary station. The precise time difference of 60

arrival measurements to be made utilizing a Loran-C
receiver are made by measuring the third cycle zero
crossing of the fifth pulse of the master station pulse
train and the third carrier cycle zero crossing of the
fifth pulse of the manually selected secondary station.
In FIG. 3 is shown a representation of the nine pulse
and eight pulse signals transmitted by a master station
and the secondary stations of a Loran-C chain. The
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small vertical lines each represent a pulse waveform

such as shown in FIG. 2. The height of the vertical lines
represents the relative signal strength of the pulses as
received at a Loran-C receiver. It can be seen that the
signal strength of the pulses from the master station and
each of the secondary stations are not identical.

It can be seen in FIG. 3 that the group repetition
interval (GRI) is defined as the period between the first
pulses of two consecutive master station pulse trains for
a given LORAN-C chain. This information is found on
standard LORAN-C hydrographic charts and 1s used to
calibrate the oscillator in my novel LORAN-C receiver
as will be described in greater detail further in this spec-
ification.

In a manner well known in the art, LORAN-C re-
ceiving equipment is used to measure the time differ-
ence of arrival between the pulse train from a master
station pulse train and the pulse trains from two or more
secondary stations associated with the master station.
This time difference of arrival information is shown on
FIG. 3 as Tx, Ty, and Tz.

In FIG. 4 is shown a representative figure of a LO-
RAN-C hydrographic chart. On this chart are shown
three sets of arcuate curves, each set of curves having a
five digit number thereon and suffixed by one of the
letters, x, y or z. The numbers directly correspond to
the time difference of arrival information Ty, Tyand T;
shown in FIG. 3 and measured by a LORAN-C re-
ceiver. In FIG. 3 the particular secondary station with
which a set of the arcuate curves is associated is indi-
cated by the suffix, x, y, or z after the numbers on the
curves.

LLORAN-C charts show land masses such as island 80
on FIG. 4. For an example, the operator of my LO-
RAN-C receiver located on boat 81 near island 80
would measure the time difference of arrival informa-
tion between the master station and at least two of the
three secondary stations in the LORAN-C chain. The
operator, in making a measurement with respect to the
X secondary station would measure 379000 on my LO-
RAN-C receiver. As can be seen in FIG. 4, the line of
position (LOP) 379000 is shown passing through boat
81. In a similar manner, the operator would measure the
time difference arrival information with respect to the Y
secondary station and would come up with the number
699800 on the receiver. Again, the LOP for this re-
ceiver reading passes through boat 81. If the operator of
the LORAN-C receiver measures the time difference of
arrival information with respect to the Z secondary
station the reading would show 493500 and the LOP for
this reading also passes through boat 81. Thus, the oper-
ator can accurately fix the position of boat 81 on the
LORAN-C chart. From this position information on the
map of FIG. 4, boat 81 may, for example, be accurately
navigated toward harbor 82 of island 80.

It will be noted that the sample LORAN-C chart
shown in FIG. 4 has only five digits on each LOP, but
my LORAN-C receiver, has six digits. The lowest
order or sixth digit is used to interpolate between two
LOPs on the LORAN-C chart in a manner well known
in the art. In the simple example given above, boat 81 is
located exactly on three LOPs so no interpolation need
be done to locate a LOP between those shown on the
chart of FIG. 4. Thus, it should be noted that the six
digit numbers obtained utilizing my equipment each

- included an extra zero suffixed to the end of the five

digit LOP numbers shown on the LORAN-C chart. A
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sixth digit other than zero on the receiver would require
interpolation between the LOP lines on the chart.

In FIGS. 5, 6, 7, 8 and 9 is shown a detailed block
diagram schematic of our novel Loran-C receiver
which will now be described 1n detail. FIGS. 5, 6, 7, 8
and 9 should be arranged as shown in FIG. 11 to best
understand the description found hereinafter.

Loran-C signals are received via antenna 2 and pre-
amplifier 1 in a manner well known in the art. Interfer-
ence caused by miscellaneous radio frequency signals
and signals from other navigational systems are essen-
tially eliminated by filter 1 which utilizes filters having
a 20 KHz bandwidth centered on 100 KHz with a sharp
drop-off at either side of this band. Filter 1 is of a con-
ventional design and is not described in further detail
herein. Similarly, the choice of antenna 2 and/or the
design thereof is also well known in the art and is not
disclosed herein in detail for the purpose of not clutter-
ing up the specification with details that are well known
in the art and would detract from an understanding of
the invention. The output from filter 1 is the un-
demodulated 100 KHz radio frequency signal and is
applied to inverting amplifier 81.

When our novel Loran-C equipment is initially
placed in operation, it is in a coarse search mode
wherein it is only trying to generally locate the pulse
trains from the master and secondary stations of the
selected chain. This function is accomplished by smart
shift register 3 as now described. Limiter 17 in detector
6 hard limits the radio frequency signals input thereto
from amplifier 81 so that only a chain of binary 1’s is
output from the limiter and input to register 3. Each of
the binary 1’s output from limiter 17 corresponds either
to a spurious signal pulse or to each cycle of each pulse
in the pulse trains from the master and secondary sta-
tions. These pulses are applied to smart shift register 3
which is shown in block diagram form in FIG. §, but 1s
shown in detail in FIG. 10 and will be described in
detail further in this specification. |

Smart shift register 3 is made up of a number of seri-
ally connected shift registers operating as a delay line.
These shift registers store a window time sample of all
received signals which are analyzed by logic circuits to
determine if the signal stored in the shift registers repre-
sents a pulse train from a Loran-C master or secondary
station. Due to the clocking or shifting of register 3, the
sample moves in time corresponding to the time rate of
receipt of Loran-C signals. The logic gates connected to
various stages of shift registers are used to analyze the
signals stored in the register at any point in time to
determine if the stored signal is from a master or sec-
ondary station and to determine if the received signals
have what is referred to as A or B phase coding. These
phase codes are well known to those skilled in the art.
Upon smart shift register 3 determining that a pulse
train has been received from a master or secondary
station, the internal logic gates, which are described 1n
greater detail further in the specification, apply an out-
put signal on one of leads MA, MB, SA, or SB, indicat-
ing if the signal is from a master or secondary station
and the particular phase coding thereof. The signal
indication is stored in latch 21 which is connected to an
input of multiplexer 8. In addition, the last named signal
output from register 3 is applied via OR gate 22 and
AND gate 98 to the SET input of flip-flop 23 to place
this flip-flop in its set state with its 1 output high. The 1
output of R/S flip-flop 23 is applied via OR gate 24 to
clocking input CK of latch 5. This causes latch § to
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store the contents of binary counter 26 in clock/counter
7 at the moment in time that it 1s determined that signals
have been received from a master or secondary station.
The contents stored in latch § are applied to multiplexer
8 to be input to microprocessor 9 and used in locating
signals from the selected master and secondary stations.
Multiplexer 8 in FIG. 6 is required to input signals to
microprocessor 9 in FIG. 7 due to the limited number of
input terminals to microprocessor 9 and the large num-
ber of leads having signals which must be applied to the
microprocessor. Multiplexer 8 accomplishes this task
utilizing time division multiplexing techniques. The
signals input to multiplexer 8 from microprocessor 9 on
leads 40 are used to control the operation of multiplexer
8. Integrated circuit multiplexers are avilable on the
market but may also be made up of a plurality of two
input logic AND gates, one input of each of which is
connected to the leads on which are signals to be multi-
plexed, and the other input of each of which is con-
nected to a clock and counter arrangement which
causes ones or groups of the logic gates to have their
other inputs sequentially energized in a cyclic manner.
Following microprocessor 9 receiving the contents of
latch § via multiplexer 8, indicating the time of receipt
of a pulse train from a master or a secondary station, the
microprocessor outputs a signal on LATCH RESET
which is applied to latches 21 and 5 to clear the informa-
tion stored therein in preparation of storing a subse-
quent clock count indicating receipt of a master or
secondary station signal. In addition, the LATCH
RESET is used to return flip-flop 23 in its reset state.
As clock signals input to microprocessor 9 represent
the receipt of master and secondary station signals from
more than one Loran-C station chain, microprocessor 9
required an input from the equipment operator using
thumbwheel switches 11 to indicate a particular Loran-
C chain of interest. The operator first consults a Loran-
C hydrographic chart published by the U.S. Coast
Guard and finds the group repetition interval (GRI) for
the Loran-C station chain of interest and then enters the
GRI via switches 11. |
Microprocessor 9 is working in a coarse search mode
at this point in operation of the receiver and stores the
time of receipt of all master station signals which are
compared to the GRI to identify which master station
signals are from the selected Loran-C chain. With the
stored time information for the desired master station
microprocessor 9 can calculate the future time of re-
ceipt of signals from that master station. When the de-
sired master station signals are being received at the
calculated times, microprocessor 9 causes the receiver
circuitry to go into a fine search mode utilizing a phase-
locked loop technique employing computer program
and the loop is closed by cycle detector 82 and circuitry
including logic circuit 16 and zero crossing detector 6.
In the fine search mode of operation which is the
same for master and secondary stations, but 1s now
described only for receipt of the master station signal,
microprocessor 9 calculates a time 955 microseconds
before the time of receipt of the next master station
pulse train. This calculated time, called pretime, is out-
put from microprocessor 9 on its Pre-Time and ¢ Code
output and applied to the input of latch control 13.
Microprocessor 9 also energizes its LATCH SELECT
output to enable latch 15 to store the pretime present at
its input. In addition, microprocessor 9 applies the phase
code of the next received master signal to parallel to
serial converter and energizes its load input to place the
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phase code in converter 35. In the fine search mode
comparator 14 is enabled to compare the pretime stored

in latch 15 with the Real Time count which is output
from binary counter 26 in clock/counter 7. Upon there
being a match between the Real Time count and the 5
pretime, there is an output from comparator 14 to flip-
flop 66 in logic circuit 16 placing the flip-flop in its reset
state. Flip-flop 66 had placed in its one state priorly, as
described further on, and its one output was high. This
one output is connected to the preset to zero inputs PS 10
of counter 34, pulse counter 38, timer 39 and also ap-
plied to gain control 76 to enable it to function. The PS
inputs of circuits 34, 38 and 39 being high, not only
preset them to zero but disabled them from operating.
With comparator 14 now placing flip-flop 66 in its reset 15
or zero state, circuits 34, 38, 39 and 76 are enabled to
operate.

Counter 34 starts counting up to 9999, which is a one
millisecond total, and various stages of this counter are
connected to other circuits. The full or one millisecond 20
count occurs for each pulse of the master station pulse
train being received and is input to pulse count circuit
38 which is thereby incremented one count as each
pulse is received, up to a maximum of nine pulses. Cir-
cuit 38 thus keeps track of which pulse is being received 25
and applies this information via multiplexer 8 to micro-
processor 9 which then knows when to clear various
circuits and prepare them for the next received master
station pulse train. Upon circuit 38 achieving a full nine
count it applies a signal to the set input 5 of flip-flop 66 30
to place it in its one state and preset circuits 34, 38 and
39 and disable circuits 34, 38, 39 and 76.

Counter 34 applies outputs to OR gates 88 and 89 in
cycle detector 82 to identify two search windows used
in locating the third cycle positive zero crossing of each 35
pulse. There are three other outputs from counter 34
which are applied to the clocking input CK of flip-flops
42, 43, and 44. These flip-flops are used to take samples
65.0 microseconds, 58.8 microseconds and 52.5 micro-
seconds before the third cycle positive zero crossing of 40
each pulse to determine if there is another signal occur-
ring in time before the signal whose arrival 1s calculated
by microprocessor 9. This is done because the receiver
may have locked onto a sky wave and the desired
ground wave will be detected ahead of the calculated 45
signal. Three samples are taken in case one sample oc-
curs at a zero crossing or in case the sky wave and
ground wave interfere producing a null at one sample
point. If microprocessor 9 determines from these sam-
ples prior in time to the calculated signal that there is an 50
earlier signal having the same GRI, the microprocessor
subtracts 40 microseconds from the calculated time and
the procedures are repeated. This continues until no
signal having the same GRI is detected prior to the
calculated time of arrival, thereby indicating that the 55
receiver has located and is locked onto the ground
wave.

Once the ground wave is locked onto the third cycle
positive zero crossing must be located for each pulse of
the master station pulse trains. This is primarily the 60
function of cycle detector 82 and zero-crossing detector
6.

In cycle detector 82 each received signal in its RF
state from inverter 81 is applied undemodulated to §
microsecond delay line 83 and to variable resistor 84 of 65
cycle detector 82. The output of delay circuit 83 and
resistor 84 are input to summing circuit 85 which sums
the two RF signals being input thereto on a point-by-

14

point, cycle-by-cycle basis to produce an RF outpu!
signal having a different waveform but of the same
frequency as the input signals. The signals input to sum-
ming circuit 85 are shown in FIG. 12D, while the signal
output from summing circuit 85 is shown in FIG. 12E.
In F1G. 12D, the sinusoidal signal designated by wave-
form envelope 98 has the same envelope shape and same
RF phase as the received RF Loran-C signal. Vanable
resistor 84 attenuates the received and undemodulated
signal to produce the signal represented by waveform
100. Five microsecond delay circuit 83 delays the whole
received signal by 5 microseconds while introducing
little or no loss and the signal output from the circuit is
represented by the sinusoidal signal having the wave-
form 100. The adjustment of variable resistor 84 1s de-
scribed hereinafter.

While variable resistor 84 and delay line 83 are dis-
closed as the preferred embodiment for long-term cir-
cuit stability and to produce the signal 98 and 100 hav-
ing the relationship shown in FIG. 12D, many other
circuit arrangements may be employed to achieve the
same result. The same result may be accomplished with
active and passive components in both paths.

Summing circuit 8§ processes or algebraically com-
bines the two RF signals 98 and 100 input thereto on a
point-by-point, cycle-by-cycle basis in a subtractive
manner, due to these two signals being 180° out of phase
with each other, to produce an output signal having the
waveform 101 shown in FIG. 12E. It may be seen that
the instantaneous carrier frequency of the output signal
101 is the same as the frequency of the two signals input
to summing circuit 85. However, up to time Ty, the
output signal 101 is in phase with signal 98, but thereaf-
ter undergoes a 180° phase shift and signal 101 is then in
phase with signal 100. The phase is determined by
which of the two signal inputs to summing circuit 85 has
the greater amplitude and the phase change point 1s
therefore adjustable by the setting of variable resistor
84. Variable resistor 84 is adjusted so that the ampli-
tudes of signals 98 and 99 cross each other at point 99
which needs only be within the negative portion of the
third carrier cycle of undelayed signal 98. Prior in time
to point 99, which corresponds to time Ty, the amph-
tude of each cycle of signal 98 is greater than the ampli-
tude of each cycle of signal 100, and this causes output
signal 101 from summing circuit 85 to be in phase with
signal 98. After time T, however, the amplitude of
each cycle of signal 100 is greater than the amplitude of
each cycle of signal 98 and output signal 101 is in phase
with signal 100 as shown. Variable resistor 84 is ad-
justed to cause the phase reversal to take place during
the 5 microsecond duration of the negative half of the
third received Loran-C cycle and more particularly, to
point 99 as shown in FIG. 12D in this embodiment of
the invention.

In practice, however, variable resistor 84 may be
adjusted such that the crossover point 99 of signals 98
and 100 in FIG. 12D occurs anywhere within plus or
minus 2.5 microseconds of time T,. This is any time
during the negative half cycle of the third full cycle of
signal 98.

Signal 101 in FIG. 12E 1s output from summing cir-
cuit 85 and applied to limiter 86 which converts the
radio frequency signal to a square wave by clipping the
signal amplitude in a well-known manner to produce
the binary waveform shown in FIG. 12A. The phase
reversal which occurs at time T, is also shown 1n this
figure.
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The binary signal output from limiter 86 1s input to
=xclusive OR gate 87. There is a second input to exclu-
sive OR gate 87 from logic cirucit 16. The waveform of
this clock signal is shown in FIG. 12B. This clock signal
is 100 KHz and includes phase code reversals (not
shown) so that phase code phase shifts are removed and
0 not affect the operation of other circuitry in cycle
detector 82. Exclusive OR gate 87 operates in a manner
well known in the art and prior to time Ty when the
signals input to gate 87 as shown in FIG. 12A and FIG.
12B are in phase with each other, there is no output
from gate 87. However, after time T due to the phase
reversal created by the action of summing circuit 85, it
may be seenin FIG. 12A and 12B that the signals input
to gate 87 are no longer in phase with each other. As a
result, starting at time T,, the output of exclusive OR
gate 87 goes high as shown in FIG. 12C. The high
output from gate 87 is applied to counter enable input
CE of counter 90 to enable this counter to operate in
response to start and stop signals which will be de-
scribed hereinafter.

As mentioned briefly heretofore the Loran-C re-
ceiver equipment including microprocessor 9 locates
the transmissions from the master and each of the sec-
ondary stations from a selected Loran-C transmitter
chain. After locating the signals transmitted by the
master and secondary stations of the selected Loran-C
chain at the GRI rate, microprocessor 9 calculates the
expected time of arrival of subsequent received signals
from these stations. At the expected start time of the
first pulse of the pulse train from a master or secondary
station, counter 90 is energized via logic circuit 16 and
OR gate 88 to start counting the 10 MHz clock input
thereto.

As may be seen in FIG. 8 there are four inputs to OR
gates 88 and 89, and these sequentially go high once for
each pulse of the pulse trains from both the master and
secondary stations under the control of counter 34 in
logic circuit 16. That is, each of these four inputs mo-
mentarily goes high once every 1000 microseconds.
These times are represented by T, T, T. and Ty in
FIG. 12B. The two inputs to OR gate 88 are repre-
sented by times T and T.. The two inputs of OR gate 89
are represented by times Tp and Tz The output of OR
gate 88 is connected to the start input of counter 90
while the output of OR gate 89 is connected to the
STOP input thereof. When counter 90 18 enabled to
count, it counts pulses from a 10 MHz clock applied to
its clocking input CK. Thus, as generally represented in
FIGS. 12B and 12C, counter 90 is enabled to count at
time T, and is then disabled from counting at time T,.
Directly thereafter, counter 90 is again enabled to count
at time T, and is disabled from counting at time Tg.
These start and stop times open and close two 2.5 mi-
crosecond search windows set 12.5 microseconds apart
to be placed by microprocessor 9 calculating pretime on
either side of time T, for each pulse as shown in both
FIGS. 12B and 12C. In each of these search windows,
the signal output from exclusive OR gate 87 as shown in
FIG. 12C is sampled a maximum of twenty-five times at
0.1 microsecond spacing. The search windows may be
other than 2.5 microseconds wide and there may be
many search windows. The results of this sampling are
stored in counter 20 because the clock pulses are
counted while input CE is jointly high and the count is
decoded and checked by decoders 91 and 92. If the
count in counter 90 is less than thirteen there is an out-
put from decoder 91 and if the count is greater than
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thirteen there is an output from decoder 92. The results
of the decoding by decoders 91 and 92 will be an output
of 00, 01, 10 or 11 for each pulse and the results are
temporarily stored in flip-flops 93 and 94. The results
are then transferred to flip-flops 95 and 96 upon being
clocked therein under the control of an output of
counter 34 in logic circuit 16.

In the ideal case, with no received noise or spurious
signals, and detector 82 is in phase with the received
signal pulse, the zero to one transition of the signal
output from exclusive OR gate 87 as shown in FIG. 12C
is stable at time Tx. However, in actual operation, noise
and spurious signals cause this transition to fluctuate in
time, that is not to occur at precise time intervals. In
addition, spurious momentary spike-like transitions oc-
curring prior to or after time T, can also be mistakenly
identified as the desired transition at time Ty and de-
grade reliable Loran-C receiver operation. Further,
non-phase coherence between the received signal and
the clock driving gates 88 and 89 will cause the zero to
one transition output from gate 87 to occur earlier or
later than T,. All of these affect the count in counter 90
for each pulse.

To minimize the effect of the above problems, the
search windows between times T, and T and times T,
and Ty are utilized. More particularly, twenty-six sam-
ples are taken within each search window and an analy-
sis 1s initially made by decoders 91 and 92 for each
pulse. Flip-flops 95 and 96 forward the signal outputs of
decoders 91 and 92 for every pulse via multiplexer 8 to
microprocessor 9 which develops a histogram for a
large number of pulses. The histogram is analyzed to
decide if the microprocessor calculated time of arrival
should be revised.

In the ideal signal case with no transients or fluctua-
tions as shown in FIG. 12C, at any time prior to time Ty,
the output of exclusive OR gate 87 in FIG. 8 is low and
does not enable counter 90. At time T,, which is 941.3
microseconds after the start of pretime upon which
counter 34 is enabled, OR gate 88 enables the start input
of counter 90 as mentioned previously, but cycles of the
10 MHz clock input to counter 90 cannot be counted as
counter enable input CE is not energized by gate 87.
Thereafter, OR gate 89 provides a stop signal to counter
90 at time T which is 2.5 microseconds later than start
signal T, In this case counter 90 has a zero count
therein immediately following the search window be-
tween Tgand Ts. The zero count is detected by decoder
92 which provides an output to set flip-flop 94 to its one
state whenever there is a count less than thirteen in
counter 90. Also, decoder 91 will maintain a zero output
which will be applied via flip-flops 93 and 95 and multi-
plexer 8 to microprocessor 9. Thus, microprocessor 9
receives an 01 signal indicating correct location of the
point immediately preceding the third cycle positive
zero crossing. The next output from zero crossing de-
tector 6 is then the desired zero crossing.

In the event transients occur within the search win-
dow between times T, and T, the transients each cause
counter enable input CE of counter 90 to go high. For
the extremely brief period of time defined by the tran-
sients within the search window, a cycle of the 10 MHz
clock applied to clocking input CK is counted by
counter 90. If more than one transient appears within
this first search window, multiple counts will appear in
counter 90. Statistically, the number of counts in
counter 90 will be less than thirteen for the search win-
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dow defined by T, to Tp when the sample point is prior
to time Tx in FIG. 12C.

For a perfect received signal with no noise or spuri-
ous signals the output from exclusive OR gate 87 will
always be high during the search window between
times T, and Tg which starts 12.5 microseconds after T
and which must be adjusted by calculation of pretime to
occur after time Tx. During this latter search window
which is also of 2.5 microseconds duration in this em-
bodiment of my invention there will also occur twenty-
five pulses from the 10 MHz clock applied to clocking
input CK of counter 90 resulting in a count of twenty-
five being stored in counter 90. This count of twenty-
five is detected by decoder 91 as being a count greater
than thirteen which places flip-flop 93 in its set state.
Flip-flop 93 being in its set state provides an indication
to microprocessor 9 that the signal level occurnng
within the T~T4 search window is at one level.

Noise transients occurring within the search window

between T, and Tz will cause the one level to go to a

zero level. This means that the output of exclusive OR
gate 87 goes to zero during this latter search window
for each transient, which in turn disables counter 90
from counting a cycle of the 10 MHz clock. Statisti-
cally, transients will not cause a count of less than thir-
teen in counter 20 between times T.and Ty if counter 90
3 started at the proper time by outputs of OR gate 88
ultimately under the control of microprocessor 9. The
equal to or greater than thirteen count in counter 90 is
detected by decoder 91 which places flip-flop 93 in its
one state. Microprocessor 9 takes the one output of
flip-flop 93 via flip-flop 95 and multiplexer 8 to indicate
that the signal level within the search window between
T.and T4 is at a one level. |

With the operation of the circuitry in FIG. 8 just
described, it can be seen that the circuitry develops and
analyzes samples within each of the two search win-
dows that are adjusted to be on either side of the transi-
tion occurring at time Tx which points to the desired
cycle of the carrier frequency which occurs immedi-
ately thereafter. The effect of the histograms developed
by microprocessor 9 from the outputs from cycle detec-
tor 82 is to statistically eliminate the effect of noise
transients and spurious signals that occur within the 2.5
microseconds search windows that microprocessor 9
jointly shifts to be placed on either side of the transition
at time Tx. In addition, phase incoherence between the
received signal and signal outputs from counter 34 con-
trolling the sample windows will not affect cycle detec-
tor 82 in conjunction with revised pretime calculations
by microprocessor 9 from accurately indicating that the
next positive zero crossing indication by detector 6 is
for the desired third cycle. Thus, the desired zero cross-
ing of each Loran-C pulse occurring immediately after
the transition at time Ty is easier to locate and time
difference of Loran-C signal arrival measurements are
made more accurately, even in noisy signal environ-
ments wherein the signal-to-noise ratio of the received
signal 18 low.

The circuit operation just described wherein the two
search windows straddle the transition at Ty is premised
on the assumption that microprocessor 9 functioning
with the other receiver circuitry has started counter 34
in logic circuit 16 at the proper time. In reality, this does
not occur because in the rough search mode the track-
ing point of each pulse is not determined within a few
microseconds. Thus, the two search windows may not
initially be one on either side of the transition occurring
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at time T, for each pulse. If both search windows ini-
tially occur prior to the transition at time Ty, the histo-
gram assembled by the microprocessor 9 from cycle
detector 82 outputs will have a zero count for both
search windows. Microprocessor 9 responds to this
zero-zero histogram indication that it develops over
many pulses to increment the calculated time of arrival
of the pulse trains from the master and secondary sta-
tion by increments of 10 microseconds, which are multi-
ples of one carrier cycle, and thereby ultimately enables
counter 90 to start counting at a later time equal to the
increment. The process described for cycle detector 82
is then repeated and microprocessor 9 again analyzes
the results. If the result is again a zero-zero count for
both search windows, microprocessor 90 again incre-
ments the calculated time of arrival until the desired
zero-one histogram count occurs indicating that the
transition at time T, has been located.

In a similar manner, if microprocessor 9 receives an
indication of a one count within both search windows,
the calculated time of arrival of the Loran-C signals is
decremented and the procedure is repeated. This decre-
menting or incrementing process is continued until mi-
croprocessor 9 receives a zero count for the search
window occurring between times T, and T and a one
count for the search window occurring between times
T.and Tg. In this manner, circuitry of FIG. 8 function-
ing in conjunction with microprocessor 9 accurately
locates the transition at time Ty and thereby knows that
the next positive zero crossing of the carrier is the de-
sired third cycle positive zero crossing of the received
pulse signal used to make the time difference of signal
arrival measurements.

Thus, microprocessor 9 functioning with the other
receiver circuitry operates as a phase-locked-loop with
cycle detector 82 and zero crossing detector 6 more
particularly closing the loop to allow the receiver to
accurately locate the third cycle positive zero crossing
of each pulse. This operation occurs in the fine search
mode for the master and all secondary stations.

In the prior art Loran-C receiver circuitry sampled
and analyzed received signals to first identify master
and secondary station signals and then to locate the
third cycle positive zero crossing tracking point. This
process was designed to take at least several minutes to
assure that the tracking point was accurately located or
acquired as the signal-to-noise ratio could be very low.
However, this long acquisition time was still used even
when strong signals were received resulting in a high
signal-to-noise ratio. Unlike the prior art our novel
receiver provides adaptive signal acquisition wherein in
a strong signal environment with a high signal-to-noise
ratio the high signal-to-noise ratio is determined and
time difference of signal arrival measurements are out-
put to the operator in a matter of seconds. In a weak
signal environment, however, a signal-to-noise ratio is
determined and a longer time is required to provide the
output to the operator.

To accomplish this, cycle detector 82 is utilized in
conjunction with microprocessor 9. As previously de-
scribed, microprocessor 9 and the other receiver cir-
cuitry cooperate in a phase-locked-loop mode to locate
a specific point at time T, a few microseconds before
the tracking point. Upon accurately locating the spe-
cific point, the output from detector 82 to microproces-
sor 9 is a zero-one indication as previously described. A
zero-one indication will be given to microprocessor 9
for every pulse in a perfect signal environment. How-
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ever, as the signal-to-noise ratio decreases, the zero-one
histogram developed by microrprocessor 9 will show
fewer and fewer zero-one counts for a given number of
samples. In adition, increased noise will cause an in-
crease in the one-zero output from cycle detector 82 to
microprocessor 9. The one-zero output is caused
strictly by noise. Microprocessor 9 18 programmed to
compare the result of the zero-one histogram with the
one-zero histogram, both of which it develops, to derive
a signal quality figure. This signal quality figure indi-
cates to microprocessor 9 how to adjust the adaptive
signal acquisition. In addition, the Loran-C receiver
operator may operate a front panel control entitled
SIGNAL QUALITY to get a readout on display §1 and
52 of this derived signal quality figure for the master
and secondary stations being utilized to make the dis-
played time difference of signal arrival measurements.

On the front panel of the Loran-C receiver are lamps
70 through 7§ respectively entitled M, S1, S2, S3, S4
and S$ and associated with master and secondary sta-
tions of the selected Loran-C chain. While particular
ones of these stations are being acquired, the associated
one of the lamps is flashed by microprocessor 9. After
the signal has been acquired for any particular station
and time difference of signal arrival measurements can
reliably be made utilizing that particular station, the
associated one of lamps 70 through 78§ is lit steady. In
this manner, the receiver operator knows which sec-
ondary stations can be relied on when identifying sta-
tions with thumbwheel switches 61 and 62 to be used to
make time difference of signal arrival measurements.

Once master station signals of the selected Loran-C
chain have accurately been acquired using the coarse
and fine search modes previously described, the re-
cetver circuitry then goes into the secondary station
coarse search mode. In this mode, microprocessor 9
divides the time interval between receipt of any two
master station signals up into a number of time slot bins.
As indications are received from smart shift register 3
and logic circuit 4 of received secondary station signals,
as well as indication of the time received from clock-
/counter 7 via latch §, a count is placed in an appropri-
ate computer program created time slot bin. The con-
tents of the bins are analyzed by microprocessor 9 to
locate the secondary station signals for the selected
Loran-C chain. Once located, for each secondary sta-
tion the particular time slot bin for a secondary station
as well as the slot on either side thereof are broken
down into a large number of time slot bins each of
shorter tine duration. Again the above process is re-
peated to more closely identify the time of arrival of the
desired secondary station signals. Then microprocessor
9 can begin to calculate the approximate time of arrival
of the secondary station signals. At this time micro-
processor 9 causes the other circuitry to change to fine
search mode which is the same for the secondary sta-
tions as it was for the master station which fine search
mode was previously described in detail. Again, when a
zero-one histogram is developed by microprocessor 9
for each secondary station, the microprocessor knows
that the next positive zero crossing detected by zero
crossing detector 6 is the desired third cycle positive
Zero crossing.

In the fine search mode for master and secondary
stations microprocessor 9 stores and analyzes by inte-
gration the latch § indicated times of receipt for the
third cycle positive zero crossing for all master and
secondary station pulses to make sure they are accu-
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rately located and then the time difference of signal
arrival measurements are made and displayed for the
secondary stations defined by the receiver operator
using thumbwheel switches 61 and 62.

The operation of zero crossing detector 6 in FIG. 5 is
now described. It can be seen that the input to detector
6 1s from inverting amplifier 81 in FIG. 8. The input is
still the 100 KHz radio frequency signal which is hard
limited by limiter 17 to produce a binary signal at the
100 KHz frequency. This signal passes through exclu-
sive OR gate 36 and is applied to the clocking input CK
of flip-flop 37. The D input of flip-flop 37 is controlled
by counter 34 in logic circuit 16 and goes high at the
beginning of each received pulse.

Flip-flop 37 in detector 6 being placed in its set state
with its one input high upon both its inputs being high,
causes latch 5 to store the contents of counter 26 at that
particular moment in time. Microprocessor 9 thereby
receives a time indication of the beginning of each radio
frequency cycle of each of the pulses and this informa-
tion is used to make the required time difference of
arrival measurements which are the basis or the Loran-
C system. Flip-flop 37 is returned to its reset state before
the beginning of the first cycle of a subsequent pulse
received from a master or secondary station by the
LATCH RESET signal as described heretofore.

Microprocessor 9 thereby has a multiplicity of clock
times, once for each positive zero crossing, being en-
tered into latch 8. They are all ignored, however, ex-
cept for the desired third cycle positive zero crossing.
As previously described, microprocessor 9 functions
with other circuitry including particularly cycle detec-
tor 82 to adjust the calculated time of arrival and re-
ceive an indication at time Ty as previously described
for detector 82 which will occur a few microseconds
before the third cycle positive zero crossing for each
pulse. Thus, in response to the time T determination by
microprocessor 9, only the clock time for the third
cycle positive zero crossing for each pulse is actually
taken by microprocessor in the fine search mode for
both master and secondary stations for the time differ-
ence of signal arrival measurements.

As 18 well known in the art, each of the pulses of the
pulse trains received from master and secondary Loran-
C stations 18 phase coded. This phase coding must be
removed within our Loran-C receiver or 5 microsecond
time measurement errors can occur. To accomplish this,
when microprocessor 9 changes the receiver over to the
fine search mode for either master or secondary station
signal acquisition, the microprocessor parallel loads the
phase coding for the first eight pulses of the next to be
received master or secondary station pulse train of the
selected Loran-C chain into parallel/serial converter 35
of logic circuit 16 via its ¢ code load output. Converter
35 is a conventional shift register well known in the art
which may be loaded in paralle]l and then shifted out in
serial to perform parallel to serial conversion. This
phase coding is stored in microprocessor 9 and is se-
lected by information input to the equipment by the
operator using thumbwheel switches 11. The clocking
input CL to converter 35 is 100 KHz and the pha phase
code contents of converter 35 are serially shifted out at
a 100 KHz rate. The output Q of converter 38 1s con-
nected via exclusive OR gate 33 to one of the two inputs
of exclusive OR gate 36 in zero crossing detector 6.
Exclusive OR gate 36 functions as an inverter in this
case in a manner well known to circuit designers. When
a particular one of the pulses of the pulse trains received
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from a master or secondary station is of a positive phase
there is no signal or a zero on output Q from converter
35. The result is that each radio frequency cycle of a
pulse is hard limited by limiter 17 and will pass directly
through exclusive OR gate 36 to flip-flop 37 phase un-
changed. Upon the expected receipt of a pulse which is
to be of a negative phase, converter 35 will have a one
at its output which causes gate 36 to invert the phase of
the pulse output from limiter 17. That is, the signal

being input to detector 6 is effectively shifted 180° 10

thereby eliminating the negative phase coding applied
to the particular pulse. This is done in order that there
will be an output from exclusive OR gate 36 to place
flip-flop 37 in its set state at exactly the beginning of

22

flip-flop 66 in logic circuit 16 is placed in its reset state
at the beginning of the calculated pretime. Thus, there is
an output from gate 79 to place flip-flop 80 in its set or
one state when the signal output from amplifier 81 is too
low and at the beginning of pretime. Flip-flop being in
its set state applies a signal to the control input C of
amplifier 81 causing it to change to a higher gain level.
The reset input of flip-flop 80 goes high returning it to
its zero or reset state under control of the same signal
that causes the calculated preset time to be loaded into
latch 15 in FIG. 7. Thus, the gain of amplifier 81 is
returned to its normal lower level prior to receiving
each pulse train from a master or secondary station.

The signals output from microprocessor 9 to display

each pulse of the pulse trains from the master and sec- 15 12 are applied to the appropriate digital display units

ondary stations irregardless of phase shift.

A second phase code shifting function is accom-
plished within the receiver to average out internally
generated noise within the front end circuity of the
receiver which noise normally creates a bias level
which seriously affects the ability to locate the third
cycle positive zero crossing of each pulse. After the
receipt of two master station pulse trains the phase of all
signals is inverted within the receiver to average out the
noise.

Master pretime encoder 31 in logic circuit 16 is incre-
mented by one each time a master station phase code is
loaded into parallel to serial converter 35. Encoder 31 is
connected to divider 32 which divides the contents of

encoder 31 by four. The output of divider 32 is input to 30

exclusive OR gate 33 which now functions as a phase
inverter and inverts the entire phase code shifted out of
converter 35. The output of divider 32 is also applied to
the inverting input I of inverting amplifier 81 in FIG. 8.
This causes all received signals to undergo a 180 degree
phase shift after every two received master station pulse
trains. The effect of this periodically alternating phase
shift is removed at zero crossing detector 6 where inter-
nal noise is no longer a problem. Counter 34 causes gate
65 to reshift the phase code before being applied to gate
36 in zero crossing detector 6. Gate 36 then causes the
alternating phase code reversal to be removed.

A gain control circuit 76 in FIG. 9 is also provided to
automatically adjust the gain level of amplifier 81 in
FIG. 8 to thereby assure that the signal level to other
circuitry in the receiver is sufficient for proper opera-
tion of the circuitry. Potentiometer 77 is connected as a
voltage divider and is adjusted to apply a predeter-
mined voltage to one of the two inputs of comparator
78. The other input to comparator 78 13 connected to
the output of amplifier 81 to monitor the signal level.
When the signal level output from amplifier 81 becomes
too low, there is a high output from comparator 78
which is connected to one of the two inputs of AND

gate 79. The other input of gate 79 goes high when
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therein. Digital display unit 51 is used to visually display
the time difference of arrival information for one se-
lected secondary station, and digital display 52 is used
to visually display the time difference of arrival infor-
mation for a second selected secondary station. The
inputs of these digital displays is encoded and is appro-
priately decoded by anode drivers 46 and 47, anode
decoder 48 and decoder/drivers 50 and 68 to dnive
digital displays 52 and 51 respectively. These displays
along with their associated decoding and driving cir-
cuitry are well known in the art and are commercially
available. In this embodiment of our invention, displays
81 and 52 are Itron FG612A1 fluorescent displays, but
they may also be light emitting diode displays or hiquid
crystal displays, or any other form of visual display.

To select the secondary stations, the time difference
of arrival measurements for which are to be displayed
on displays 51 and 52, thumbwheel switches 61 and 62
are provided. Switch 61 is physically adjacent to dis-
play 51 and one of the numbers “1” to “3” are selected
with this switch to indicate to processor 9 the informa-
tion to be displayed. Similarly, thumbwheel switch 62 1s
associated with display 52 and is used by the equipment
operator to indicate the particular secondary station
arrival measurement to be displayed on display 32.
Switch 11 shows no details but is made up of four indi-
vidual switches such as represented by switch 61 in
FIG. 7. The operation of a detented thumbwheel brings
numbers into a window and output terminals of the
switch indicates the chosen number to microprocessor
9.

The following program listing shows the complete
source programs for the operation of microprocessor 9
in our Loran-C receiver. The programs are written 1n
the PL/M language of Inte! Corporation and must be
run through a compiler to obtain the machine code to
be loaded into the 8080 microprocessor used in our
receiver. Descriptive headings are provided throughout
the program listing to identify sub routines that imple-
ment various functions of the program.
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APPENDIX I

HRIN PROGERM MOCULE

[STS-I1 PL-M=20 V= 3 COMPILATICH OF MODULE LURAN
QRJECT MODVAE PLACSD M FL:PMRIN GEJ
LOMPILER INWOKED BY: PFLE] Fi AN =RC

SDATE(ID APR 73

SCEELG

SPHGEALILTH 30D

STITLEPRIN PROCHAM MODULE ')

/¢ DECLAR JDM 12708, c2506 ) J. DELANG

i LOPRN
DO; /% BEGINMING HAIN FRGGRAM MODULE 4/

/% LORAN C FROGRAH DECLARATIONS ¢

"o
H

DECL&RE LIT LiTERALLY “LITERALLY’,
DCL LITERALLY -CRCLARE";

3 1 CEL EUT LIT “ESTERNAL,
P LIT “PUBLIC;

/¢ DISPLY DECLRRATIONS »/ ~
CCL (DIGIT, DEpIG DIZPL. DISP2) BYTE PUB;
COL CSEGHL, ScGN2, NBCDY, MECDZ, SIGLITY (6 eYTE PUB
Dol ING LIT "CE4W,
CUTL LIT “RESH’,
T2 LIT "CBSW,
LTS LIT "Gend’,
OUT4 LIT "#ESH°.
T LIT “ESH

N A S
- P

o BEECO FND BLD#8 CECLARATIONS «
i LCL (BING, oliL, BINZ 8CD8, BCUL 8LV oCD3, EL04, BLDS) BYTE PUB:
| CCL eCDPTR, EINPTR) ADDRESS FUE,

LT Y |
| —

C¢ NO GLOBAL [ECLRATIONS UZBED ZRUr */

¥ SEED CECLERATIZNG «

a OCL TRUE LIT “UFFR
LI OO FOREVER LIT CUWHILE TRUE
o1 SCL MINCON BYTE FUB
12 ¢ DOL CUND, L P2, FUSS, MUK HURS, RS, UG Y SYTE PUBS
v MAZTERITCAREE CECLSRATIONS +/ |
12 ey CHFOLND, HCOUNT, i19SPTR, FhSPTR, FHACER, CORRELATE EYTE PLE:

l.-'l-

s um

4 "Rl MTIMES 243 BYTE PUB;
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*CL WPRAZE(3) SYTE PUB
“CL ‘MBINJ, HBINL FB1N2) BYTE PUB;
(oL TEMPY, TEMPL, TEMPZ: BYTE P |
'L (HPCFY, 'REFL, HREF2, #WFRED, HPREDL AFRED2) BYTE PUB
HRIN FROCRAM ICIULE

DCL ELAPTIM EBVTE PUB;
DCL HOHREA LIT “11095101687;
DCL APHRSE LIT /12318214487
[5L SPHRSA LIT 1111$10818";
[CL SPHRS3 LIT /1946511068°;

/+ HRSTERSFINE DECLARATIONS &

DCL (MPHRSER, MPHACER, HPHASEL, MASCHT) AODRESS PUB;
DCL MPHASED (4) ADORESS PUB:

DCL (PLSCNT, SKONT, SKYAVE, RIGHT, LEFT) BYTE PUB:
DCL (UBR, SUBL. SUB2, TENPRO, TENPRL, TENPRR) BVTE PUB:

DCL (GRI, GRIL GRI2, LG, HSLLL, NSUM2, MSRG, DIVISOR, EXP) BVTE PUB:

.DCL (COHERENCY, UPRLIM, FRSTSETL, INTEGRATION) ADORESS PUB;

DCL (MAXINT, INTEGPATM, S1GAMO, SIGNRM) AODRESS PUB;
OCL (PRETIMEQ, PRETIMEL, PRETIME2) BVTE PUB:
DCL (CORRECTA, COCRSECTL CORRECTZ) BYTE PUB:
DL (CYCLESERRSH, MSHG, MSNL, HSNS) BYTE PUB

* DCL PHASEDSSTORE (4) RODRESS PUB;

/v SLAVEILCARSE DECLORATIONS o/

DCL (SFOID, SCRTBIN, SCRT> (3) BYTE PUB:
L MRSK (5) EVTE PB:

ECL CPSIN (429) BYTE PUE;

[CL FFEIN (96) BYTE PUB; -
(€L <SINTIER, PINTMEL BINTHER) EVTE FUB;
OCL (PTR, M¥PTR, BINCNT, PTRMAX) BYTE PUB;
DCL (CNT, ONT2, ONT4, KET) BYTE PUB:

/v SLAVESFINE [ECLARATIONS #/

OCL (SBING, BINL SBINZ, 500, SCL 5C2 SC3. 510, SLL L2, A3) BYTE P
DCL (SHUMB, PHASOUT, PHIG, PHIL) BYTE PUB:

DCL (SLYCNT, INTECRATS, SPHASER, SPHASER, SPHRSEC) RODRESS PUB;
DCL (SiGMPES, SIGMRSL) FDDRESS PUS;

DCL SPHASED (4) RCCRESS PUB;

0CL CSIGHRSR, SIGHRSE, LOOPSFACTOR) (S) ADORESS PUB;

OCL ¢SBIN. SSHX) ¢15) BYTE PUB:

OCL (REJECT, CYCLESERRSS, SCOUNT, SKYWAVES, RIGHTS, LEFTS, {l POMER) (3) BYTE PUB:
0L (SLYCNTY SLYCHTY, SPHSEA, SPHSEB, SPHEEC) (3) AUCRESS PUB:

DCL SFHSED (5) STRUCTURE (DECISIGN <4) RDDRESS) PUB:
DCL (SPREDG, SPREDL SPRED2) BYTE PUB:

DCL (SN, SENL SSMR) BYTE PUB;

/% TIMECUT CECLARATIONS +/
DCL 4LV, 0) PLORESE FLB;
CCL (MIMUSICN KISTOLIMY BYIE PUB:

A PRIN TECLSRRTIONS o/
CfL SPETIMEL:) SYTE PLB,
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(LU FREOTE BYT: FLE.

CL L LR BYTE PUB;

I{L “BC0 o) EY™E FUE;
CCL DMy RDORESS PUBS
HAIN FROGRAH HOCULE

(CL TRELE(S) BYTE PUB,
’+ TUTERNAL PROCEDURES CALLED +/

BICECD: FROCELURE (EIMPTR, ECDPTR) ALURESS EXTERNAL;

/3THIS RUUTIIE CALLS AN RESEIBLY LANGURGE PROGRAM THRT CONVERTS
A 20 BIT BINARY HUFEER TO ¢ UNPACKED ECD NUMBERS. THIS
SUBROUTINE USES THE (OUBLE DABBLE ALGRITMM, 1.E SMIFT
LEFT AND DECIIAL RDJUST 20 TIMES. THE UATA IS PASSED IN THE
FORM OF TRBLES WITH BINPTR IN THE EC REG PAIR POINTING TO THE
BINARY DATA AKD BCOPTR IN THE CE REG PRIR POINTING T0 THE
RESILTING BCD TRBLE  #/

CCL BINPTR ALLFESS, (BIN BRSED BINPTR) (2) EVIE
UCL BCOPTR SOORESS, <ECD BASED BCLPTR) (6) BYTE;
0 BTOBCT: /+€MD OF EXTERNAL BCD CONVERSIGN s/

C0I8.  CRI12239, 22547 0 HOLT 772/77 o/

BCOTOB: CROCEDURE (BLIPTR. BIIPTR) AODRESS EXTERMAL

/*THIS ROUTINE CALLS AN RSSEMBLY LANGURGE SUBROUTINE THAT

CCIE/ERTS A 6 DISIT UNPACKED ECD MUMBER TO A 3 BYTE BINARY
HUMBER.  THIS IS FERFORMED USING A METHOD SIMAAR TO

BCD CONVERSION EXCEPT YOU SHIFT RIGHT AD ADJUST THE BCD
HUFEER Y SLBSTRACTING 3 FOR DECIMAL FOJUSTENT. o

(<L BCUPTR RUTRESS, <ECD SASED BLIPTR) (6) BYTE
[CL BINPTR ADDRESS. (BIN EASED BINPTR) (2) BYTE;
END ECDTOR,  /»END OF EXTERNAL BINARY CONVERSION +/

SEQ7: FROCEDUREBCD) BYTE EXT;
(CL £CD SYTE;
END CBET

READ . PROCEDURE €XT;
Nl FERD:

HAST=VSF TNE: PROCETURE EXT,
END MASTERSF THE.

SLRYESFINE: PROCECURE EXT,
END SLAYEFINE,

“ESTERSCOARCE . FROCEDVRE E:T;
3D MASTER$CCARSE,

:LAYEECORRSE . FRGLECURE E£XT,
2w SLAVESCORARSE

28
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FROCEDURELSIN) EATS

SHIN FRGERSH MOCULE

04/09/75 /

AP~

l-—imj

Joo INIT JULLEVE J. VELAND

S MITIARLIZE 170 FORTS »/
QUTFUT(BETH) =0S2H,
‘:UTF'LT -.BEBH "BBbH:

o [HITIALIZE YPRIPELES +/
00 1= TO 5
SEANLCD), SEGH2(1)=0FFH;
SIGLITC(1)=0fFH;
eMD;

CORERENCY = 12CH; /% S0uD %/

FRSTSETL = 583¢H - (SHL{COHERENCY, &) ¢+ CUI'EE]EV):
UFFLIN = COOEH + COHERENCY:

COMEPENCY = StooH - COHEREILY:

 DIGIT=;

HCOUNT, PHZPTR, HREPTR = §;

BRSCHT, INTECRATION = 123%H, /4 SGQ06D +/
HAXINT, INTEGRATH = OCS28Mi /' 513260 #/

S1EHAHA, SIGARSACY), STGMACACL), SIGHREA(2), SIGHASA(3), SIGHASA(4) = 1EH;
CIGAFML, STGHRSE(DY, SIGIMSB(L), SIGMASB(2), SIGMASB(2), SIGHASB(4) = U

CLYENT @Y, SLYCHTACLY, SLYCHTA(2S Y, SLYCNTX(3), SLYCHT(4) = INTEGRATION:
SLYCHTYCR), SLYCNTY (L), SLYCNTY(2), SLYONTY(2), SLYCNTY(4) = MAXINT.
HBCT{ 6)=6;
FPCD(L =6,
CUTPUTAOUTZ) = SER
VELD2), BBCDA ) = TNPUT(IHLY,
MECD) = HBCDY2Y RRD i
MECD(2Y = RERCECDHSY, 4 RN DFY;
MUTPUTCOUTSY = CFH
AEC DV 4), MECD S = INPUTCIN S
HBLDC ) = 04 rMD LFH;
WPCD Sy = RORCUELDNZ, 30 nlid oFHs
RET 22t leco PL =88, Y3 1 %/
CALL SHRSE LEA). 7% RESET RST 7.5 HASK & RESET RST 7.3 #/
% FGR 2689 RIM END SIM TMSTRUCTIONS okl /

EhreLE;

MY = E'I*""Ti":' AEC0, 1Blhed;

-2 13, HELiMA = HANDE
eIl W = -71813‘11.4
WIS HENE = HBIML

.|!<:I ‘l-n - 1- ,
: -I'-" 't - .jl

b BETEMRL = Rl - 4 JHE + SET GUS ¢ 108 GUS + 819 2US ¥/
o O - drN;

C."'!":' = 1
TEIRE = USIHL AIMGS SUH,

30

/% 30 ¥/
/% 60D */
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124§ TorP2 = MRIND MINIS
¥ TR | FTOHRG = ROL TEMRL RFMD SEGH) OR TEIP2, 3,
x INITIRLITE HISTOGRAM THBLES «/
156§ (0 i=d T TFN;
194 ¢ P = 9
155 14 HFHACER, MPHASES, IPHRCEC = Codui;
156 1 MI=0704 |
13 ¢ SFOUHDCL), REJECT (L2, 1iPRnsEDC 1), SCOUNTCI) = 0
138 2 SKYWAYESCT Y, RIGHTSCE ), LEPTSC L) FOWERCD), N(1) = 8;
139 2 SPH3IERC ), SPRSEB(), SFHEEC( D) = SODOH;
{4 2 0 J=19T0 3
144 2 SPHSED( I DECISICNGS = 8
142 32 ENL:;
142 2 TYCLESEREISOY), IREKCL), SCRTBINCIY = TRUE
144 2 SORTC]) = |;
148 2 BN,
146 1 SWCHT = 14M;
147 | SK'YHRYE, RIGHT, LEF T, NSha, ioHL, 1602 = B;
i48 | CYCLEIENREM = TRLE
y C | (0 I = ¢ TO 3EN
1% 2 3 LA DI -
%1 2 oM,
152 1 NEC1IND=a;
152 1 ELAPTI=0:
15¢ 1 PUTPUT(OUTZ ) = <MUCoN . =9),
o HRIT 2 SeCOHDS o/
159 1 [0 I=L 7O 125, “
%6 2 CRLL TIMECZTR). /% 2SMS WITH =R CLOCK #/
{57 2 30
5 S | MUTPLHTOQUTZ Yy = ACOH: =58H);
S INITIALIZE GRI DISPLAY o/
159 14 Pty = STUSCD( MBINGD, MBLDL .
%8 | (0 =070 S;
sl 2?2 SEONL L sSRGT IR 0y
£z 2 Ceols - Thad;
w2z SISLITOIY = CBFR
s 32 U
155 | SSOR1VAY, SECHL L) =
Sk 2ND O HITIALICATICH  «/
MRIN FROGFRH HOCULE
Ch WRIN V12738, 22S0e ) W WNURST &/38/77 ¥/
166 1| (0 =CREVER,
167 2 CALL RERD;
68 2 IF M99 > 1FH ThEN
e 2 00;
179 3 IF FRETIMEFREFTR) < Z0H THEN CALL MRSTERSFINE;
172 3 EL-E CALL SLAYESFINE,
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17 3 END: /00D OF IF HUKB, THENS/
ELSE
174 ¢ IF C((MUND:= MUAD AND OFH) O 3) AND (MUKB < &)
AND (MFOUND = 9) ThEN CALL MRSTERSCORRSE:
176 2 ELSE CALL SUAYESCORRSE

177 2 END; /+END DO FGREVER®/
ATHIS 1S THE EHD OF THIS HROCIESSe/
173 1 INO LORAN

MOOULE TRECRIHTION:

(ODE ARER SIZE = G40CH 18380
YPRIPBLE FRER SIZE = GCELH M40
MM STACK SIZE = 0320 &
202 LINES RERD

9 SRCGPAM ERRCR(S)

END OF PL/M-20 COPILATICN
MASTERSCORRSE

[E1S-11 PL™M=33 '72. 3 COMPILATION (F MODULE MRSTERCUARSEMODULE
JBJECT HOCALE PLACED IN FL:MASCRS. 0BJ
COMPILER INYOKED BY: FPLMZ9 FL MASCRS. SKC

$OATE{18 #PR 9)

JOERUG

SPRGENIDTH(98)

STITLE( MASTERSCOARSE ")

7o DECLAR. JU{ 12738, 2¢506 ]

i HASTERSCORRSESMODLLE ;
00; /+ EEGINNING (IASTER CUARSE PROGRAM HODULE &/

/n LORRN C PROGRAN DECLPRATIONS »/

2 1 CECLARS LIT LiTerALLY ‘LITeRALLY.
CCL LITERRLLY "DECLARE’:

> 4 DLL EXT LIT "EerhL ",

FB LIT “FUBLIC .

/v DISPLE CECLARATIONS +/

i 1 CCL CDIGI™, DEUIG vIZPL DISPZ) BYTE EXTS
7 1 [(CL <ZEGHL SZiNG lecDL HECDL SIRIT) (b)) BYTE EXT:
| JLU ThE LIT 2B4HY,

Ty LIT CESHY.
T2 LIT BE5,
JUT. LIT 'BErH’,
ST LIT “OBTHS,
SUTS LIT nEeds
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‘v S$pLh AMD SCD3S CECLARATICNS »/

(€L (BING, SINL BINZ, BCLQ, BCDL BCDZ, ECD3, BLD4, 5CDS) BYTE EXT.
OCL <eCCPTR, BINPTR) ALDPESS EXT,

S HO GLOBRL DECLSRATIONS USeD Sehd +/

s+ RERD CECLFFRTIONS +/

cCL TRUE LIT "BFFH”

OCL FOREVER LIT Mdilz Thie'

SCL MUACON BYTE BV,

CCL M, MUAL, IE S, (UK, HUKS, HUKE, HUXZ 2 BYTE EXT.

A ACTERIORR<E CECLARATIONS »/
POL CHFRIND. HODUNT, 1RSFTR, FREPTR, FHASER, CORRELATE) BYTE EXT:
PO ATTFROZY) SYTE 2T
{cL “PHARZEY 2Y BYie ExT
L MR, PBINL HBINZ2: BYTE ENT:
noL o TENPA, TEMPL. TEMPZ) BYTe EaTs
LOL (HREFD, YREF L IREF2. (FRELQ, HWPRELA, PRED2) EYTE EXT,
M TES$TORESE

PLL ELAPTIM BYTE EXT:

CCL VPHASA LIT 711638101087
CCL WPESB LiT 71Ce151441B-,
LCL SPRASA LIT 1141316818 7;
[CL SPHASB LIT ‘loip$ilies”;

/% PASTERSFINE CECLASATIONS 4/

DCL :MPHASER, IPHASES, HPHASEC, FASCNT) ADORESS EXT;
[CL MPHASED <4 ADLEESS EATS

DCL (PLSCHT, SHCNT, SKYWRVE. RIGHT. LEFT) BYTE EXT:
DCL (SUBA, SUBL, SUB2, TEHPAS, TEMPARL, TENPRZ) BYTE EXT:

DCL (GPI8, GRI1, GRIZ MSUMD, MSHL, MOUK2, MSUMS, DIVISOR, EXP) BYTE EXT:
DL (CCHEFENCY. UPPLIM, FRSTSETL, INTEGRATION) RDDRESS EXT:

DCL “PPETIMED, PRETIHEL PRETINE2) BYTE EXT
DCL (CORFECTO, CORRECT4, CORRECT2) BYTE EXT.
OCL (CYCLESERRIM, NG, HSHL N2 BYTE EXT:

% SLRYESTOARSE [ECLARRTICHS »/

BCL CSFOUND, SORTBIN, SCRTY (5 BYTe EXTS
(€L MRSK <5) EYTE EXT,

[CL CFBIM (423) EYTe cals

vCL FFBIN (9%) BYTe E4T:

rCL ‘BINTHED, BINTMEL BINTHEZ) EYTE EXT:
DCL /PTR, HPTR, BINCNT, PTRHAR) EBYTE EXTs
OCL (CNT, CHTS, CHTY, NEXT) BYTE EXT:

/% SLAYESFINE CECLARATIONS /

CCL #5813, SBINL, ZBINZ, SC3, ECL €2 SC3, 5L, L4, SL2, SL3) BYTE EXT:

Dol (SNUMB, FHRSOUT, FHIO, FHILY EYTE ENTS
“CL (SLYCNT, INTEGRATS, SPRACER, SFHASEBR, SPHASEC) ADDRESS EXT
DL <SIAMPSY, SIGHASLY ALLRESS EAT.

DDLU CPHASED (4% HCORESS BN

36
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OCL /SIGHASR. S1GMAS3, LUOFSFACTOR) (3) ADDRESS EXT

DCL (SBIN SSWX) (1) EYIE ELT.
DCL (SC,5L) <28) BYTE EXT:

38

DCL (REJECT, CYCLESERRSS, SCOUNT, SKYWAVES, RIGHTS, LEFTS, N PORER) (3) BYTE EXT;

DEL (SLYCHTY, SLYCHTY, SPHSER, SPHSEB, SPHSEC) (5) AODRESS EXT:

DCL SPHSED (%) STRUCTURE (DECISION (4) ADDRESS) EXT;

LCL (SFREDS, SPREDA, SPRED2) BYTE EXT.
DCL (SENG, SSHL, SSHR) BYTE EXT:

/& TIMEQUT CECLARATIONS */
O0L 82y RECRESS EXT:
OCL (MINUSIGH, HISTOLINY BYTE EATS

s 41N TECLARRTIONS */
DCL PRETIME/13) EYTE EXT:
LCL PPEPTR SYTE E4TS

DCL f.IJJJE) BVTE E{TJ
OCL HECD (&) BYTE EXT,
CrL UMY ACDRESS Xl
nCL TRBLE (87 BYTE EXT.

HASTERSCCARSE

/+ E{TERNAL PROCECURES CALLED - NONE +/

/¢ HASCRS. Wl 12530, 26278 W WURST
IRSTERSCOARSE: PPOCELURE Pls:

I = HRSPTR; J = PHSPTR:
Mg = MUXD RHD 2
QUTFUT(OUTZ )sMUXCON + 2
MUL2 = INPUTC(INGD;
QUTPUTQUTS )=MUIXCON + 3;
MG = INPUTCTIY):
AJTPUTCCUTZ )=MUXCCN + 4;
HNY = INFUTCINL)Y RND OFHS

QUTFUT(CUTS)sHUXCON AND 37H;
QUTELT(OUT3)=MJACON CR &;

IF MCOUNT = 8 THEN

81/19/77 &/

70;  /» SET MREF = PRESZNT LATCHED TiMEe/

MREFOsMILL2 MREFLaNUG; MREF2=MUK4:
WPOEDY = IREF2 + MBING;

MEREDL = MREFL PLUS HBINL

MPRED? = MREF2 PLUS MBIl

MPREDY = MPREDY + & /WMERROR = DL 2US+/

WFEED2 = (HPREDZ PLUS 8) AND OFH:

/4D HERROUR®/
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PURSER = MU-G;
MCOUNT = L.

ELsE
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00; /« COMPUTE TIME DIFFERENCC BETWEEN PREDICTION AND
CURRENT LRTCHED TIHE #/

TEMPG = HPREDD - XL
TEMPL = MPREDY MINUS HUXS:
TEMP2 = MPRED2 MINUS 1i4:

COPRELATE = 4;

IF PHASEP + MUX@ = 3 RHD TEIP2 = @ AND TEMPL < 4 THEN

o0 /% SET NEW REFERENCE IF PHASE CODE OF PRESENT SIGNAL 15

SPPOSITE SLTERNATION THAN THAT OF REFEFENCE RHD
BIFFESENCE 15 WITHIN SPROR LIMITS #/

REFU=MUX2 WFEFLsMUXD; MREF2aMUd;
FOELG = HPEFE - MBING,

PEED = MREFL PLUS 'BINL

#FRED2 = IREF2 PLUS IBING:

MFREDL = IFSEDL + 2
HEPED2 = (MPSED2 PLUS 3) AND OFH;  /#ADD HERROR®/

MASTERICORRSE

PRACER = NSO

HCOUNT = MCOUNT + L
O B0 OF IF PHASER. THENS/

ELZE

/MERROR = 51 U5+/

(0 HWHILE COREELATE = 9
IF HUXB + FPHRCE()D) = 3 THEN

DO; s COMPUTE TIME DIFFERENCE I[F PHASE CODE OF PRESENT
SIGHAL IS OF OPPOSITE ALTERNATION THAN THAT OF PAST SIGIAL »/

TEMFO = HTIME(]):

TEMPL = HTIME(1+4);
TEHP2 = MTIME(1+2);

TEHPO = TEHPG - MUK

TEMPL = TEMPL MINUS INQ;

TEMF2 = TENP2 MINUS MUX4;

[F TBP2 = 9 ARD TEMPL < 4 THEN
00; ./« SET MEN REFEREMCE IF TIME DIFFERENCE IS

WITHIN ERROR LIMITS &/

MREFO=MUX2; MREFL=MNNQ; MREF2=HUX4:

MFRELG = MREFA + MBINS;

MPRELY = MREF1 PLUS MBINL

MPRED2 = MREFZ PLUS MBINZ

IPREDL = MPREDA + &

HPREDZ = (MPPED2 PLUS @) RND OFK

FHASER = 1HU48;

MCOUNT, CORRELATE = 4
HE0 OF IF TEPL THENW/

END;
END;

[=1+3 J=1J+14;

= 3

/4D HERROR/

HNEND OF [F HUXG, THENS/
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41 42
{7z 4 IF J = FHSPTR AND CORRELRTE = 9 THEM |
133 4 £0; 7+ 00 DMLY IF ALL 8 PAST SIGHNALS WAVE BEEN
CHECKED AND CORRELATION 1MOT ESTREBLISHED »/
124 S COPRELATE = 4
7% COMPUTE TIME DIFFERENCE BETWEEN PRESENT SIGNAL AND THAT U’
LAST REFEREMNCE #/
1353 3 TEHPE = MR - HREFO;
136 S TEMPL = TEMPL MIHUS HREFL;
37 § TEHP."-:.-‘-*'TB'PZHIIUSI‘REFZ)HOW
128 S [F TEKPZ > HMBINZ OR
(TEMP2 = IBINZ RD TEMPL ) MBINL) THEN
28 ¢ MCOUNT = @i ~» INDICATES THAT GRI HRS ELAPSED
AhD SIGNRL NOT FORMD +/
148 S IF 6Pz { ELAPTIN THEN ELRPTIM, HCOUNT=8; |
;& INDICATES THAT 104MS HAVE ELAPSED
D SIGHARL NOT FOUND »/
Wz 5 ELAPT IM=TEIPY;
143 5 =MD LD OF 1IF J=, ThENs/
44 ¢ el Ao F U0 WHILE CORKELATE#/
148 2 END: JxeND De TP VCGUNT, ELSEW/
46 2 iF ASFTR = 3 THEN
147 ¢ o0
RASTER$CORRSE
148 3 HASPTR = 12K
{49 FHSPTR = 8
18 2 clD; SEND OF IF MASPTRe/
191 2 HASPTR = MASPTR = 3, FHSPTR = PHSPIR - L.
133 2 TEHPA = I + BINha:
154 2 TEPL = MG PLUS MBINML
1359 2 TEIP2 = MEd PLUS FBINZ
{5e 2 TEHPY = TEMPL + & /¢ ADD 1ERRUK &/
{57 2 TERP2 = (TENP2 PLUS ¥) AND oFH;
158 2 MTIME(HRSPTRY = TEIP;
{39 2 HT IR MASPTR+L) = TEHMPY:
ied 2 NTIMEMASPTR+2) = TEIPL
161 2 HPHRSECPHEPTR) = MUXD;
162 2 iF MCOUNT = 3 TreN
162 2 0O,
¢4 = MEDIND = OFrPH;
165 2 CIGLIT(S) = oFFH,
lne 3 MCCUNT =9,
J%  ZUBTRACT rFiS # SLEUS + 20 0US ¢+ 3. US + SB0US
Jo WMERE: THMS = TIME FROM 15T T0 8TH PULSE
9. JUS = PRETIME RDYANCE
=4 U5 = MERRCR
28 WS = POST-DETECTION INTEGRATICH TIME
S0 )5S = DELAY OF SKHZ FILTER %/
i6¢ 2 HERED) = HFREDD - OFgh;
128 = AFFEDL = MPEEDY MINUS C5H;
p,

185 WFPED2 = (HPRED2 HIMUS 1) RMD eri
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43 44
i 3 IF PHAEER = 1 THEN
174 3 00;
{72 4 OUTPUT(QUT4) sMPHIRSB;
173 4 MPREDZ2=MPRED2 OR <OH;
{74 ¢ END;
EL:E
iy 3 DO;
i7e ¢ QUTPUT (OUT4 ) sHPHARSN;
177 4 MPREDZ2=MPPEDS (R 10H
i'8 ¢ END;
{7 3 QUTPUTICUTI) = (MUACON: =sMUXCOR GR OBOH);
188 3 QUTPUTCOUTS) = MUVCON; =iUCON RND 3FHD;
i34 3 PRETIME<Q) = PREDG;
182 3 PRETIME 1) = 'PRZLL;
183 3 FRETIIE(L) = "PREDS
184 2 FEEPTR 3 3
183 3 CUTPUT QUTY ) = FRETIMELD)
{S6 3 WTRUTCUTZY = MULICON OR oM,  /«LGAD HS BYTE PRETIiEs/
1987 RITPUTCONTS S 3 iealihs
2e TEYTCUTY, s FRETIME(L)
188 3 CUTPUTCOUTS Y = MUACCN GR JoMi A +LORD PRETIMEs/
%% 3 CUTRUT(QUTSY = MUACCNS
81 2 GUTPUTIOUTS, = ERETINMEQ);
MASTERSCOAREE
192 3 OUTPUTCOUTS) = MLCGH OR 18H;  /#LOAD LS BYTE PRETIMEW
193 3 QUTFUTCOUT) = (HSHCON .= MUKCON RND OFH);  /+ENABLE FINE LOOPw/
14 2 END; /END OF IF MCOUNT = 3, THENe/

195 2. END MASTERSCORRSE,

196 1 END MRSTERSCOPRSESMODULE:

MODULE INFORMATION:

LODE AREA SICE = 32B4H 45D
VRRIGELE R=ER SIZS = COOOH Bl
MACIMUN STARZK S1ZE = 980dH 3D
287 LINES REHD

9 PROGRAH EFKOR(S)

END OF PL/H-C COMPILATIUN

SLAavEECCERSE

1S15-11 PLM-29 V2.0 COMPILATION OF MODULE SLAYECCARSENMGOULE
OBJECT HODARE PLA(ED N FL.ZUWTRS. (3) |
CLPILER INYGKED BY-  PLMER (FL.ZLWIRS SRC

STATE(18 RFR 73)
$0eBUC

$PRGENILTH(%5)

FTITLE " SLAYE SCORRSE *
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/¢ DECLSR. JOL 42789, 5506 ] J. UELAND
SLAVECORRSE SMODIAE .

00; /% SLAYE CORRSE PROGRAM MOCALE o/

/% LOREN C PROGRRM DECLARATIONS »/

DECLARE LIT LITERALLY ‘LITERALLY'.
DCL LITERALLY ‘DECLARE;

" PCL EXT LIT “EXTERNAL',

PUB LIT "FUBLIC

7% DISPLA DECLFRATICHS »/
DCL <DIGIT, 0STG D1SPL DISP2) BYTE EXT
DCL (SEGNL, SEAN2, NBCDL, heCD2 SIGLIT (6) BYTE &XTi
DCL. INL LIT “2E4HY,
uTL LIT “GEBH/,
OUT2 LIT “¢ESH’,
QUT3 LIT ‘bERH’.
T4 LIT ‘BESH”
0UTS LIT “OEoH’;

/% E$BCD AND ECCSB (ECLARATIONS +/
DCL (BING, BINL, 81N2, BCOA, 2COL, BCDZ, BCD3, BLD4, BLOS) BYTE EXT:
DCL (ECCPTR, BINPTR) ADDRESS EXT

/% 10 GLCBAL DECLARRTICHS USED SEGY #/

/% RERD CECLARATICNS &

(€L TRUE LIT '"9FFW’:

(0L FOFEYER L1T "WelILE TRUE":

DCL FURCON oYTE BT

SCL O HID, TR 12, TS, TR, UKD, UG, BUKT) BYTE AT

S PRETERICIARTE CECLARRTIONS 4/
nCLMEROD, MOOUNT, HRSPTR, PHSFTR, PHASER, CURRELATE) BYTE eXT;
DL HTTHES4) £YTE 24T,
Gl HPHRSES2) tYTe ExTi
COL CMRING, PBIML MBINEY eYTE EXTS
SCLCTEIRR, TEVMPL TERPZY BYTE ENTS
SLAYESCOSREE

DCL ELAPTIN EYTe BT,

CCL MPRRSA LIT "1i8e5101¢8°;
CCL MPHRSB LIT "103181141B7;
OCL SPHASA LIT “11113169187;
OCL 'SPHASB LIT "1010$11088°.

/% PRSTERFFIRE DECLRRATIONS +/

DCL (MPHASEA, MPHASEE, MPHASEC, MRSCNT) ADORESS EXT:
DCL. MPHATED (4) RCDRESS EXT,

DCL PLECHT, SHONT, SKYWAYE, RIGHT, LEFT) BYTE EXT.

~ OCL (SURS, SUBL SUBZ, TEMPRS, TEMPAL TEMPRZ) BYTE EXTS
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DQl. (QRIQ, GR1L GRIZ HSUMS, MSUML, NSUMZ, HSUMG, D1YISOR, EXP) BYTE EXT
DCL (COMERENCY, UPRLIM, FRSTSETL, INTEGRATION) ACDRESS EXT;

eREes
el sl el ol

SBEBIYIRRL

JBLLEE/EGLLHEE

RE

-

&

= P o b e e R A ek A A P g

-

b= = o

DCL (MRXINT, INTEGRATM, SIGHAMA, SIGMAML) ADDRESS EXT)

DCL (PRETIMEY, FRETINREL PRETIME2) BYTE EXT:
OCL (CORRECTA, COPRECTL. CORRECT2) BYTE EXT:
DCL (CYCLEFEFRIN, HSNO, MSNL, MEN2) EYTE EXT:

‘% SLAVESCORRSE DECLARATIONS +/
CCL CSFOUND, SORTBIN, SORTY (%) BYTE EXT:
OCL MRSK (3) BYTE ERT:

OCL CFBIN (123) BYTE EXT.

DCL FFBIN (86) EYTE EXT:

OCL (BINTME®, SINTMEL, BINTHEZ) BYTE EXT,
CCL (PTR, MPTR, BINCNT, FTRMRX) BYTE EXT;
DCL (CNT, CNT'L CNT4, MEXT: BYTE Eﬂ.i

7 TLAVESFINE DECLARATIONS +/

CCL (SLYCNT, INTEGRATS, SFHASEA, SFHASES, SPHASEC) ALORESS EXT:

DCL (SIGHASH, SIGHAS1) RDDRESS EXT:

DCL SPRASED (4) rULRESS EXT,

DCL (STIGHRSA, STGHMASE, LCOFSFACTOR) (5) ADDRESS EXT:
OCL (SBIN, SSNX) (15) BYTe EXT;

DCL (REJECT. CYCLESERRSS, SCOUNT, SKYWAVES, RIGHTS, LEFTS, N POVER) (S) BYTE EXT;
DCL (SLVCNTX, SLYCNTY, SPHSER, SPHSEB, SPHSEC) (5) ADDRESS EXT;

DCL ZPHEED (5) STRUCTURE CCECISION <(4) RDDRESS) EXT,

DCL (SPRED, SPREDL SPREDZ) BYTE EXT.
(CL (SONG, SINL, SSN2) BYTE ExT:

S TIMECUT CECLARATICNS »/
DCL LY. 2y A{CRESS ENT:
CCL - HINUSIGH AlSTOL M) BYTE EXTS

S« HAIN [ECLARATIONS «/
(Cl. PRETIMEC12) EYTE EXT,
L PREFTR SYTE 4T,

SLAVE $CORRSE

L (L KD 8YTE EXT,

CCL #BCD (67 BYTE E8T:
wCL DUFMY ADORESS EXT;
DCL TRELE (o} BYTE EXT,

/% SLYCRS OM{123%0,8254]1 0 hOLT 94/10/78

SLAYESCORRSE . PROCELURE FLE;

»/
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/% READ TIME COUNT »/
QUTPUT(OUT3) & (HUKCON:= (MUXCON AND ﬂl} R 2)»
BIMIVED = INPUTC(INL);

QUTPUT(GUTE) s (MUXCON:= MUISCON ¢ 1);

BIMTMEL = INPUTCINL);

QUTRUT(OUTI) = (MUNCON:= MUXCON + 1);

BIMNT ME2 = INPUTC(IRL) RND &Fnt

SAKATD
SN VY L X VX

/8 RESET TIHE LATCH +/
QUTPUT(OUTZ) = MELCON AND 87H;
OUTPUT(OUT3Y = MJACON CR &

=~d o
o WD
S D

4 S IF ((MSXO=03 RND FHASER=28H) OR (MUXB=94 AND PHRSERw1BH)) AND (BINCNT(SFFH) AND
(HFOUNO = TRUE) THEN
e ¢ 00;

JHCALCULATE DELAY = SLAVE TIME - MASTER REFERENCE TIMEY/

s 2 BINTIER = BINTMED - MPREDG:
F I BINTMEL = BINTMEL MINUS MPREDL;
™3 (BINTHE2 MINUS MPRED2) AND OFH;

BINTIER2 =

/#SAVE 7 MEB FOR BIN ADURESS o/

6 3 PTR = ROL(C(BINTHEL AHD OECH) OR BINTME2),3); /¢ 7 MS BITS W/
/» GIVES RESOLUTION OF 819. &S ¢/

/#CHECK FOR CORRSE OR FINE HISTOGRAM /

3 IF ((PTR + 1) - MRSK(CNT)) < 2 THEN
78 3 00; /#ENTER POINT IN FINE HISTROGRAM #/
4 HPTR = BINTMEL AND 7FW;  /# 7 BITS: 6TH TQ 1ZTH MS BITS
| /% GIVES RESOLUTION OF 23 QUS o/
9 4 IF (PTR RND 2) = 5 THEN
38 L0;
3¢ 3 IF (MASK(ENT) AND 2) = 2 THEN HPTR = HPTR - ol
34 5 ELSE WPTR = MPTR ~ 20K
B 3] 1}
86 4 FFEINCHPTR) = FFBINC(IPTR) ¢ L
37 4 IF PFEINGIPTR) = 8 THEN
%2 4 0Q0;  /+CRLCULATE SET UP TIME FOR SI.H'!EIFII'E »/
3 35 DISABLE;
f'*Sl.BTRHCT MS + 38 0US + 999 IS »/
% = $BING = BINTMES - ECHH;
3 SR SBIML = BINTHEL MINUS UM
2 9 SBiH2 = (BINTMEZ MINUS 9iH) AND OFH:
SLAVE $COARSE
32 5 CBIN(CNTS) = SBIHG;
24 S BIN(CNT3#1) = SBIKL
0 & CBIN(CHTI+2) = SBINZ
/s SORT SLAVES &/

% DOl =08 10 4

B IF SBINZ ¢ SORTBINCSORT(I)) THEM

;) 00;

¢ Ja3;

7 00 !MILE ¢J >3 1) AND (J i
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04 8 IF SFOUND(SORT(J)) THEN SORT(J+#i) = SORT(JX
182 8 J=z=J-4
104 8 BD;
138 7 SORT(I) = CNT;
e 7 [ = 4;
167 7 END; /% END OF IF SBINZ THEN »/
88 & END; /o END GF DO 1 o/
/ BND OF SLAVE SORT 4/
i@ § SFORDCCHT ), SIGLIT(CNT)Y = @FFH;
9 5 SORTBINCCNT) = SBING
144 5 IF CNT ¢ 4 THEN CHT = ClNT + L
14 5 ELSE CNT = 8;
14 S [ =6
115 3§ 00 WHILE (SFOUMD(CNT) = TRLE) WND (1 <€ 90
{1z & IF CNT ¢ 4 THEN CNT = CNT + L,
113 ELSE CNT = &
115 5 1=1+14
128 & END;
74 R [F 1 =5 THEN BINCNT = d@FFH; /% SLAYE COARSE FINISHED o/
122 9% ELSE CNT4 = (CNTZ:= CNT + CHT + CNDY + CNT. /8 CNT3 = 3oCNT o/
/% CNT4 = &CNT o/
/CLEAR FINE HISTOGRAM TRABLE +/
24 S DO I =8 10 SFH;
155 6 FFBINCI) = 8;
26 © END;  /+END CLEAR FINE HISTOGRAM TRBLE »/
127 S END: /% CALCULRTE SLAYE FINE »/
123 4 ENHBLE
129 4 END; /% END FIME HISTOGRAM »/
ELSE .
128 = DQ;  /sINCREMENT COARSE THBLE #/
11 4 IF BINCNT C ofFH THEN
29 00,
{22 S CFBINCPTR) = CFBIN(PTR) + 4
[y S [F CFBINCPTR) = 76H THEN /% 122D +/
15 3%

D0 ~CHECK MASKS SEE IF SLAYE HAS EEEN FOUND YET: IF NOT,
CET MK FOR SLRVE FINE ¥/

- o vISHBLE,
DI TEVNFB = PTR + 8CH; /+ TEMPO = PTR + LD »/
e 3 iF (TEMPE - HASK(Q)) > 1oH THEN
oo 00;
“LAYESCUAREE
128 7 iF (TEHPS - MASK(1)) ) 12H THEN
141 7 C0;
142 & IF <TEIFG - MASK(Z)) > 1EH THEN
4 £ L 1F
1 3 IF (TEHFG - MASK(3)) > 15H THEN
4 2 817
1ic 19 IF (TEMPO -~ HASK(4)) > 13H THEN
147 40 00
143 1 IF PTR > 16H THENM
1499 U 00;
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ENRBLE,
END; /7 END OF IF CFBINCPTRD, THEN »/
END; /% END OF IF BINCHT, THEN #/
eND; /% END OF -COARSE HISTOGRAM %/
END; /% ERD OF INITIAL IF STATEMENT #/
PETUPN; | |
BID SLAYEFCORRSES

— e '
mmw.n-mmmﬂmm_mn-hﬁﬁ

I B END SLAYECCRRSEFRODULE

MOCLE THFGRMATION:

SLE RREA IE = 93T 63
weRtERLE ARER S1ZE = JOBM el
eRep STROK SIZE = 004 +
6% LINES SEAD

3 EPOGRAH c=RORCED

N oF FLH-39 COMFTLATI i
LASEIFINE

[S16-11 SL.1-38 v3. 3 COMPILATION OF MOCULE =LAYEF [HEMODULE
(RJECT MODWAE PLISCED N FLSLYFIN CEJ
COMPILER INWCHED BY: FPUSD FL1ISLYFIN SRC

SCATECZL FPR /3)
OEELG
SFRCERIDTH(SS)
STITLE/SLAVESFINE )
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55
/% DECLAR JU( 12788, 25586 ] J. DELANO 04/24/78
SLAVEF INE §M0DULE -

00; /% EEGIMNING SLAVE FIME FRGGRAM MODULE «/
/% LORAN C PROGRAM CECLRRRTIONS #/

DECLARE LIT LIiTerALLY ‘LiTerAlLY’,
[CL LITERALLY "DECLARE’;

DCL EXT LIT ‘EXTERNAL’,
PUB LIT "FUBLIC

/% DISPLY [ECLARRTICHS +/
OCL (DIGIT, OSUIG DISFL DISPEY BYTE EXT,
DCL «SEGHL SEGNE, MECTL NeCle SIGLITY (8 BYTE EXTs
OCL TML LIT “BE4H’.
CUT2 LiT "wESH,
CUTS LIT “uvehH’,
OUTd LIT “BESH",
CUTY LIT “Led’.

/% BIBCU AND ECCIB CECLARATIONS +/
LCL <BING, BINL BINZ SCT8. 8C01, oCl2, 8CO3, 8Cl4, BCUS) BYTE EXT.
0CL. (BINPTR, ECCPTR) MODRESS EXT.

/% NO GLOERL DECLFRATICWS UsED StG7 +/

/¢ PERD CECLARRYICHS «/

(CL TRUE LIT ‘GFFHY

CL FOREVER LIT "KHILE TklE'.

CCL MUACCH BYTE E-T;

DCL (HUNE, MURL, MUAS, MU, Muisd, AT, HURS, IUX7) BYTE EXT.

S8 MRETERICORRSE CECLARATIONS »/

CL « MFOUND, HCGUNT, HASFTR, FHEPTR, FHAZZR. CORRELATEY BYTE EXT.
cCL ATINEC 245 BYTe ENT

[CL PHRSE.S) eYTE BT,

DCL ‘MEING, "BINL, HBINZ: BYTE EaT,

DCL (TEMPO, TEPL TEMP2) EYTe z<T,

[CL. MREF®, HREFL, MREF2, IFFESS, HPFEDL, HPREDE) EYTE EXT;

SLAYESFINE

CCL ELAPTIN BYTE EAT.

oCL MPHARSA LIT “1186310108°;
DCL HMPHASB LIT “1691%1114B”.
OCL SPHASA LIT "1111%168187,
(CL SFHASE LIT "16lu¥iibwd”,

S HRSTERSFINE (ECLRRATICHS 4/

DCL (MPHASZR, HFRASED, HPERSEC, MASCNT) RODRESS EXTS
DCL WPHASED (4 ADLRESS EXT,

DCL. (PLSCHT, SHIONT, SKYWRVE, RIGHT, LEFT ) BYTE EXT;
[CL (SUBR, SUBL, SUBZ, TEWFRE, TEHPRL TEHPR2) BYTE EXT:

2/

56
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57

DCL. (GR18, GRIL GRIZ MSUMO. MSUML, MSUM2, MSUNM3) BVTE EXT)
DCL (COMERENCY. UPRLINM, FASTSETL, INTEGRATIGN) ADDRESS EXT:
DCL (MAXINT, INTEGRATM, SIGHAMA, SIGMAML) ADDRESS EXT)

DCL. (FRETIMEQ, FRETIMEL PRETIME2) BYTE EXT:

DCL (CORRECT®, CORRECTL CORRECT2) BYTE EXT:

DCL (CYCLESERRSM, I{€HA, HSNA, MON2) BYTE EXT:

DCL. PHASEDSSTORE (4) RDDRESS EXT;

SUKEERR
o e e i e

/% SLAVESCORRSE CECLARRTIONS »/
OCL (SFOUMD, SORTBIN, SORTY (S) BYTE EXT:
(€L REK (87 BYTE EXT.

(CL CFBIN (128) BYTE EXT;

OCL FFBIN (96) BYTE &4T:

OCL (BINTHE®, BINTMEL BINTIER2) BYTE EXT:
DCL (CNT, CNTZ, CHT4, NEXT) BYTE eXT;

3 RAR RS R BT

’ ':LFWE!FIIE CECLARARTIONS +/

« |1 6CL (SBING, SBINL SBINZ 5C8, CL, 5C2, SC3, 518, SLL, SL2, SL3) BYTE EXT:
43 1 OCL. (SHUMB, PHRSOUT, FHIG, PHIL) BYTE EXT;
4 1 OCL «SLYCNT, INTEGRRTS, SFHASER, SFHRSEB, SPHASEC) ADDRESS EXT;
9 | OCL (SIGMASA, SIGMASL) RDDRESS EXTS
6 | DCL SFHASED (4) RODRESS EXT;
& 1 DCL (SIGMASR, SIGHASE, LGOPSFACTOR) ($) HODRESS EXT:
8 1 DCL {SBIN, SSNX) <19) BYTE eils
49 1 DCL (SC,SL) (28) BYTE EXT:
o 1 DCL ¢REJECT, CYCLESERRSS, SCOUNT, SKYNAYES, RIGHTS, LEFTS, N, POMER) (3) BYTE EXT;
o S | OCL (SLYCNTX, SLYCHTY, SPHEER, SFHEEB, SPHOEC) (5) RDDRESS EXTi
2 1 DCL SPHSED %) STRUCTURE (DECISION (4) RDDRESS) EXT;
B 1 DCL (SFRELQ, SPREDL, SPRED2) BYTE EXT.
“ 1 DCL (SSN@, SSNL, ZSH2) BYTE EXT; |
/v TIMEOUT CECLAFATIONS »/
ﬁ 1 DCL GG Y Z) M'PESS ERTJ
o 1 OCL CHINUSICGN, HISTOLIMY BYTE EXT.
S RIN DECLARRTIONS »/
o 1 DCL. PRETTHEC1S) BYTE EXT,
e 1 LCL PREFTR 8YTE EXT;
e 1 OCL (1, 0K BYTE EaT,
0 1 OCL MBCO (a) oYTE BT
> v LMY ADDRESS EXTS

SLAVESFIIE

& | DCL TRELE (o) BYTE EXT,

/4 ELTERNAL PROCETURE CHLLS - NOME +/

A SUYFIN 12238, 263767 KO WURST B4/24/76 o/
o | SLHYESFINE . PROCELUSE PUB

. /% INITIALIZE UAYE VRRIARBLES »/
- B SNMAB = SHR{PRETIME{FREPTR) - 48H, 3.
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SPREDZ = FRETIME(PREFTR) AND &FW
SPRED = PPETIME(PREPTR:= PREPTR - 1)i -
SPRED8 = PRETIME(PREPTR:= PREPTR - 1);

PREFTR = FPEPTR + 3;
J 2 (K3 SHLCSNUMB, 2)) -~ SHUMB: /%K = GSHUMB, ] = 33SNUMBe/

SBING = SBIN(J);
SBINL = SBIN(J+1);

SBINZ = SBIN(J+Z);

L3 = 5CK);
L3 = SLK);
SC1 = SC(K: = K#1);
Ll = LK)
$C2 =2 SCLK: = K+1);
L2 = SL(K),
O3 s 50K = K+1);
3 = SL(KDS

SFHRSER = SPHEER(SNUMB);

SPRASEB = SPHSEB(SNUNMB),

SPHACEC = SPHEEC(SHUMB):

SPHASEDN DY = SPHSED(SHUMB). DECISION(8);
SPHSSED(L) = SPHOED(SHUIB). DECISIONCL);
SPRASED(2Y = SPHSED<SHUFB). DECISION(S);
SPURSED(Z) = SPHSED(SHUNB). CECTSIONGS);
SICHACSA = SIGHASR(CHUNG

CIGHSL = SIGHASE(SNUMBY;

SLYCHT = SLYONTR(GNAE);

IMTEGRRTS = SLYCHTY(SHUB),

CAINITIALIZE SUB = S1DH (958, LUS)iw/
Sed = ICH: -

Ul = Z5H

SUBZ, TEMPRE, TEMPRL, TEIPRL FLECRT = 6;

/ARERD PULSECOUNT+/ -
PUTFUTCOUTI) = (HUKCON: =(MUXCON AND 8) OR 1) + 3;
A4 = INPUTCINGYS

tF k4 D ZoH THEN

el
L‘Us

L0 WHILE FLECNT < oM
JUTFUTICUTZ) = (HIACON: = HUXCON + 3);

LAYEIFINE

Miid = THPUTCING
00 WHILE PLSCNT = (MU4d RHD OFGH);
M4 = INPUTCINLD)S
B /# thD OF [0 WHILe PLSCHT = MUIX4 &/
FLoodl = PLSUNT + 1GH.

Je RERD BRATIFLEAER #/
1)<t = L4 RRD OFH;
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QUTPUTCOUT3) = (MUXCON:® MUXCON - 1);
M = IHPUTCING):

OUTPUTCOUTR) = (RUXCON:s MUIXCON - 1);
MULZ = INPUTC(INY))

QUTPUTCOUTS) = (MUKCON:= MUXCON - 1)

IF (HUKL:s INPUTCING)) THEN SPHASER = SPHASER + 1.
ELSE SPHASER = SPHASEAR - L

{F (L= RORCHUAL 1)) THEN CPHAGEB = SPHRSEB + L
1 5E SPHACEB = SPHASEB - 1

[F CGRUXL:= RORCMUXL 1)) THEN SPHASEC = SPHASEL + L
ELSE SPHASEC = SPHASEC ~ L

[ = (M2 RORCANL 1)) AND 3
SPHRSEDC Iy = SFHASED(I) + L

“+CORPUTE DIFFERENCE BETWMEEN LATCHED TIME AND PRETIME#/
TEMPD = MUX2 - SPREDS:;

TEMP4 = MG MINUS SPREDA;

TENPZ = MUY MINUS SPREDZ;

/%SUBTRACT MULTIPLE OF 1068. BUS+/

TEHFD = TEMPO - SUBB; /¢ 0.8US (= TEMP (= 9. 8U5 #/
TEMPL = TEMP1 HINUS 3UBLS
TERP2 = TEMPZ HINUS SUBZ

/% WILD HUMBER CATCHER 4/
IF ((TEMF? OR TEMPL) < 9) CR (TEMPB O 6cH) THEN TEMPO = 31H;

TEAFRG = TEMPFRB + TEMPS;
TEWPAL = TEMPRL PLUS Bi

AAbD 1088, 5U5 TO SUBTRAHEND*/
<lied = SUBB + 10K

Gl = SUBL ALUS 27H;

B2 = €LB2 FLUS o

3y el OF (9 WHILE PLECHT < Gbhe/

SeEND-GFr TePRY

TEHFSE = Terred ¢ 4
TENFSA = TEMPRL PLUS 9;

SLRVESFINE

MOIYIDE TEMPR BEY 3¢/
TENPRL = SHRITEMPAL 1))
TENPFRE = SCR(TEMFHA, 1)
TEIFRL = SHR(TEMPAL L);
TEMEAd = SCR(TEHFRS, 1);
TEMFRD = SHR(TEMPRG, 1))

62
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/YSUBTRACT 4. SUSe/
PHIA = TEMPRO - 31K
PHIL = TEMPAL MINUS O;

SL'/CNT = SLYCNT - &;
INTEGRATS = INTEGRATS - 8
COPRECTO, CURRECTL, CORRECT2 = 0

/%UTPUT PHRSE CODE+/

I[F (PHASOUT .= PRETIME(FREPTR) AND OFGH) < 3BH THEN

DO;
IF PHRSOUT = 10M THEN QUTPUT(OUT4) = MPRASR;
ELSE OUTPUT(QUT4) = !PHRSB;

END;

ELSE

DO; |
IF (PHASQUT AND 16H) > @ THEN OUTPUTOUT4) = SPHASB;
ELSE DUTPUTI(OUT4) = SPHASA;

END: v END OF [F PHASOUT { 28H, ELSE »/

QUTRUT(QUT3) = 8,
MUO = THPUT(INL: RND :FH;

00 WHILE U8 > 1FH: /e WRIT #/
X8 = [NPUTCINL) AND CFH;

END, '« END OF 00 WHILE «/

/M 0RD PHASE CODE+/

DISRELE
QUTPUT(CUT3) = (MUKCON: = MUXCON OR 9BBH); /v DISARBLE FINE LOOP #/
OUTFUTCQUTS) = (HUSCON: = MUCCN RND SFH);
/5L0RD PRETIME+/
QUTPUT(SUTY) = PPETIMECFREPTR - 2);
GUTPUTCUTY) = “NCON OR 16H,
GUTFUTCOUT?) = MUWCCN,

QUTPUTICUT4) = FRETIRKELFREFTR - 1),

CUTFUTOUTSY = MUACCH CR 2OH;
WTPUTOUT. Y = MUKCON,
GUTRUT QUTY) = FRETIMEPREFTR).
OUTAYTCOUTS ) = MU0 .CON OR 46K,
QUTPYTCOUTS) = (MJ-CON = [JACON RND 6FH). % tMRELE FINE LOCP &/
ENnELE;
SeTEET FOR ERRLY GROUND WRVE«/
SLRYEEFINE
TEPY = TRUE,
IF SFHARSER > CORERENCY THEN
V.37
IF SPHRSEER > COHERENCY THEN
V1
IF SPHACSEC » COMERBICY THEN
[0;
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65
IF SFHASEC ¢ UPRLIN THEN
00;
IF SPHASEB < UPRLIN THEM
DO;
IF ¢ UPRLIN THER TEHPY = &
END;
END;
END;
£l
END;
IF TEMP8
b0;
IF {I:3 SKYNRVES(SNUIB)) C 4 THER | = &
BISE I = [ ~ 3; :
IFI1>23TdeNI = 3;
CORRECT2 = OFFH:
[0 CRSE 1.

L0 /% CRSE @ ¥/

/% CORRECT = ~4@. @IS »/

CORRECTO = 7OH; CORRECTL = OFEN;
3{)7

00; /% CRSE 1 &/
/% CORRECT = -30, AUS »/
CORRECTS = OCH: CORRECTL = oFEW;
END;

(0 /% CRSE 2 %/

/3 CORRECT = —28. BUS 4/

CORRECTO = OABH: CORRECTL = OFDH;
END;

DO; /% CRSE 3 #/
/% CORRECT = -78. QUS ¥/
CORRECTO = 44K; CORRECTL = GFDK:
END;
eND; /¢ END OF DO CRSE »/

CCLESERRSS(SNUIE) = TRUE
SPHRSER, SPHASEB, SFHRSEC = 008K
CLYCNT = INTEGRATION

SENKCJ), SCOUNTCSMIB), SKYNAYES(SNLMB), LEFTS(SHLIB), RIGHTS(SNUMB),
NCENUMB), SPHASED (9), SPHASED(1), SPHASED(2), SPHASED(3) = &

HTEGRATS = MAKINT;
END;

tF SLYCHT < 2 TheN
DC;
cLRyesr INE

SPHASEA, SPHASED, SPHASEC = SBRGH;
SLYCNT = [NTEGRATION:
gND;

[F SFHASED(D) ) SPRASED(3) THEN
{0,
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4 A = SPHRSED(D);

4 Y = SPHRSED(8);

¢ END;

ELSE
=8 2 00
229 4§ A = SPHACED{(B);
P 4 Y = SPHRSED(3):
241 & EMD;
/«TEST FOR NO CORRECTION DECISIONw/
PL PR IF (X + SIGHRCE) > Y THEN /s LEFT/RIGHT DECISION GALANCED »/
243 3 317
pL 7 I IF SPHASED(L) 7 (SPHRSED(2) + SIGHRSO + SIGMRSL) THENM
245 4 00;
s S 55NACJ) = HIGHCINTEGRATS ),
247 S IRTEGRATS = MAXINT;
SPHASED(9), SPHRSED(1), SPHASED(2), SPHASED(3) = 6;
243 5 SCOUNT(SNUMB) = BFTH: /% =3 %/
o D END;
ol 4 END;
ELsE
Five VSR 00; /*#TEST FOR CORRECT LEFT RIGHT DECISTONS/
2ol 4 IF SPHASED(Z) > SPHRASED(Q) + SIGMASE THEN
o4 4 DO
o v S FHASEDSSTORE(O) = SPHASED(@);
256 5 PRESEDSSTORE (L) = SPHASED(1);
o9 9 PHRSEDFSTORE(2) = SPHRSED(2):
298 S FHRSEDFSTORE(3) = SPHRSED(2);
292 5 SFHASED (8), SFrASED(1), SFHASED(2), SPHRSED(3) = 6;
268 3 INTEGRATS = RAINT.
26l 5 if (SCOUNT(SHUHB) = SCOUNT(SHUKB) + 1) = 1 THEN
€2 3 C0; /% CORRECT RIGHT */
/* CORRECT = +10. GUS =/
eSS 6 CORRECTO = &+l
AT N SKYHARYES(SHUMB) = SKYMAYES(SNUKB) + 1
2 5 LYCLESERRFS(SHUMB) = TRUE
ko 6 SSHACT), SCOUNT (SNUMB) , LEFTS(SNUMB). R(SHUMB) = 8;
Y [F (RIGHTS(SNUMB) := RIGHTS(SHUMB) + 1) » | THEN
62 % £0; '
e 7 SPHASCH, SPHASESR, SPHASEC = 2000H;
37 SLYCRT = INTEGRATION
Sie 1 eND;
S 9 END; & END OF CURRECT RIGHT #/
A END; & END OF CORRECT RIGHT DECISION %/
ELcE
4 4 IR S¥TEST rCR CORRECT LEFT DECISIONS/
LATEEr Lint

2735 I SPHRSECAB) > SPHASED(S) + SIGHMASI THEM
75 S o0 '
ari b PHASEDSSTORE(B) = SPHASED(D);
8 B PHASEDSSTORE(L) = SPHASED(1);

Re. 31,254
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PHASEDSSTORE(2) = SPHASED(2);
PHASEDSSTORE(3) = SPHASED(3):

CPHRSED( @), SPHASED (1), SPHASED(2), SPHASED(3) =
INTEGERTS = MRXINT;
[F ¢SCOUNT{SMUMB) := SCOUNT(SNUMB) + 1) = 1 THEN
00; /% CORRECT LEFT #/
/% CORRECT = -18. US */
CORRECTB = ACH; CORRECTL CORRECT2 = OFFM

IF SKYWAVES(SHUMB) > 8 THEN SKYWAVES(SNUMB) = SKYWAVES(SNUYB)

CYCLESERR$S(SMUHB) = TRUE
SSNA(T), SCOUNT (SHMB), RIGHTS(SHUMB), N(SNUMB) = B

IF (LEFT5({SNUMB) = LEFTS(SNUMB) + 1) > 1 THEN
DU;
SLYCHT = INTEGRATION:
END:
END; /¢« END OF CORRECT LEFT #/
END; /% END OF CORRECT LEFT CECISION #/
£l /%END OF TEST FOR CORRECT LEFT DECISIONS/
eMD: AEND OF TEST FOR CORRECT LEFT/RIGHT CECISIONS/

IF 1:= N(CSHUMBY) < 9RH THEN
0O,
iF 1 < 3 THEN
0O CRSE [
00; /% CRSE @ »/
“BING = SBING + PHIG;

SBINL = SBINL PLUS PHIA
SBIN2 = SBINZ PLUS PHIL

BIN@ = “BING + CORRECTE;
SBINL = SBINL PLUS CORRECTL
SBIN2 = SBIN2 FLUS CORRECTE

BIHG + SBING;
€1 = SBINL ALUS SBINL
02 = “BIN2 PLUS SBING

o =9

=C2

i U H

IF FONER(SNAB) = 1 THEH N(SHUME) = L
LGCFSFACTOR(SIINE) = & FOFER(CCNMB) = L5
EMD; /% END CRSE o &/

0 Je LHEE 1 ¥/
<C3 = 300 + FHIG;
=01 = 01 FLUS FHIL
222 = 02 ALUS FHIL

(TN | B

I =
ar o i

Lrve SRR

IR I Y

BING = SC8 + SHRCLOMCLOGFSFRCTOR(SNUMBY ), 1)
el = =CL PLUS &
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71 72
Y s T SBINZ = SC2 PLUS 6 /¢ ROUND=QFF »/
g7l - CBINZ = SHR(SBINZ, 1)i
28 6 SBINL = SCRCSBINL, 1)
309 6 SBING = SCR(SBING, 1);
338 6 (8 = SC8 + <CO; /% SC = 4sSBIN ¥/
334 & SC1 = SCL PLUS 501
2 6 ¢C2 = SC2 PLUS SC2
333 § LOOPSFRCTOR(SNUMB) = §; POWER(SNUMB), N(SHNUMB) = &
33 6 END; /% END CRSE 1 »/ -
336 S DO; /% CASE 2 »/
337 & PHIZ = PHIO + SHR(LOWCLOOPSFRCTOR(SHIB) ), 2);
238 6 PHI1 = PHIL PLUS 0;
Koy B S PHIL = ROR(PHIL 1)
48 PHI® = SCR(PMIB, 1);
-4 6 SC9 = SCD + PHIO;
M2 6 SC1 = 501 PLUS PHIL
43 6 02 = 502 PLUS PHIL
/8 SC3 = 9 &/

I T S SBING = (0 + 2
> 8 SBINL = 5C1 ALUS ©;
248 > SBINZ = SC2 PLUS 6;
L ¥ GO i =070 L
K 7 SBINZ = SHR(SBINZ, 1);
49 7 cBiMdl = SCR(SBINL, 1);

f SBING = SCR(SBING, 1);

’ END;  /+ END OF DIVIDE BY 4 #/

5 SLd, SLL 5L L2 = 0 H(SHUMB) = 3;

B END; /% END CRSE 2 &/

s eMD; J& ERD OF 0Q CRSE N »/

glct
Eod DO0; /M IF 2 CN<C 18 #/
5 S LB = SL8 + PHIG:
293 5 Ly = S11 PLUS PHIL
o) SL2 = SL2 PLUS FHIL
8 5 SL> = S5 FLUS FHIL
Sl 5 TerF=d = L3 + SHRCLOOFSFRCTOR(SKRUMB)Y, 1):
£ = TENPRL = Sl PLUS @,
k. S TetPe2 = €12 PLUS 9,
od B TEHPS = SL2 PLUS &
ne 5 (0] =9 T PORER(SHUMB -1,
I T TeiP? = RORCTEPZ 1), /& TEMPZ, SL3 HLWAYS 8 UR OFFH »/
& B TEMPRZ = SCROTEMPRZ, 1),
AAYESFINE

363§ TEMPRL = SCRCTEIPAL 1),
if? > TEHPRO = SCR(TEWFM, 1);
ot o EMD; /* ERD OF DIVIDE BY 2»«POWER #/



73 74
I3 G- SO = SCB + TEMPRO
W29 SCL = SC1 PLUS TEMPAL
s S €C2 s SC2 PLUS TEMPRQ
a4 8 SC3 = SC3 FLUS TEMPY
3 3 TEHPRA = SLO + SLE;
376 3 TEMPRL = SL1 PLUS L1
I35 TEMNPR2 = SL2 PLUS SL&s
378 3 TEMPZ = SL3 PLUS SL3;
379 S SBING = S(8 + TEMPRG;
WS SBINL = SC1 PLUS TEMPRL
w9 SBIHZ = SC2 PLUS TEMPRR
L+ 7 B TEMP2 s SC3 PLUS TEWPL
383 3 CBING = SBING ¢ SHRCLOOPSFACTOR(SNU®), 1)
84 5 SBINL = SBIMA PLUS 6;
89 3 SBINZ = SBINZ PLUS ©;
€63 TEHP2 = TEHPZ PLUS O
K+ 1A 00 [ = 8 TO PONER(SHNUMB) -1
w8 6 TEHP2 = SHR(TEMPZ, 1);
389 o SBINZ = 5CR(SBINZ, 1);
398 6 SBINL = SCR(SBINL. 1);
M s SBING s SCR(SBING, 1);
32 6 END; /% END OF DIVIDE BY 2+»PCHER »/
292 9
/L5
353 9
IS SR
37 s
2 5
39 5
3 8§
a1 5 LOOPSFRCTOR(SHUB) = LOOPSFRCTOR(SMUMB) + LOOPSFRCTOR(SNLIEB);
9 £ FOKER(SNUMB) = POMER(SHUMB) + L. NCENUMB) = NCSHUMB) + L
N5 EMD; /% END OF IF N { 3, ELSE »/
S 4 EMND; /% END GF IF N € 18, THEN &/

ezt
e 2 00; (e IPHYS3 8
ar 4 LI = L3 + PHIG:
60e 4 L1 = :L1 FLUS PHIL
wa 4 L o= ‘-L2 PLUS PHIL;
g 3 S o o= s PLUS FHIL
41 4 TEHPRS = L1 + SARC(HIGH(LOOP4FACTOR(SNUMB)), 1);
S SR TENFRL = SLS PLUS i
42 4 TerPR2 = Sl PLUS &
414 4 TEF92 = ROR(TEMPHZ, 10, /% TERPAZ, SL3 RLWAYS 8 OR OFFH »/
SLAYE§F INE

445 ¢ TEHFAL = SCR(TEMPAL 1);
416 4 TEIra0 = SCR(TENPRE, 1);

Re. 31,254
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317 4 00 = SC3 + TEMFRL;
$i8 ¢ 5C1 = 5C1 ALUS TEMPRL
415 & t(2 = SQ2 PLUS TENPRZ
48 4 $C3 = 503 ALUS TEHPRR;
21 4 TEHPRB = SLA + SLG;
42 4 TEMFAL = SL1 PLUS SLL
2 4 TEPfi2 = SL2 PLUS SL2;
24 4 TEHP2 = SL3 PLUS SL3;
425 ¢ TEHPAB = SCD + TEMWFRG,
6 § S8ING = SC1 PLUS TEHPRY
e 4 SBINL = SC2 PLUS TElPRZ;
3 4 BINZ = SC3 PLUS TEHP2
9 4 SBING = SBING + SHR(HIGH(LOOPSFACTOR(SHUMB) ), 1); /% ROND-0FF o/
438 4 SBINL = <gINL PLUS & |
51 4 cBINZ = SBINZ PLUS &
432 4 Soll2 = SHR(SBIMZ, 1);
433 4 SBINL = SCR(SBINL, 1);
43¢ 4 SBING = SCR{SBING, 1);
39 4 eMD; /% END OF [F H € 18, ELSE #/
130 3 [F INTZCRATS < S8H THEN
437 3 i

% TEST FOR FHASOR BALANCE */
373 4 IF (A + (.= SER(SIGIMRSH, 1))) > ¥ THEN
39 4 C0; |
W4 5 IF SPRASED(L: > SPHASED(2) THEN
d4f 5 o
42 o 4 = SPHRSED(2);

i1 o = SPHASED(1),
44 5 END;
ELSE
45 3 00;
S LR A = SrHASED (1),
S T YA ¥ = zFRASED(2);
-3 o END;
423§ F X+ D) O Y THEN REJECT(SNUIB) = TRUE /% fLL FHASORS BRLANCED »/
7 S Ehds
432 d SenbSeD{8), SPHASED( 1, SFHASED (2), SPHREED(3), SSHX(]) = 8;
495 4 [HTEGRATS = MAKINT
354 4 CYCLEFERPISCENUFB Y = TRUE,
=S4 £ i
‘s 2ETURN YRRIGELES TD SLAYE ARRAYS */

4ty 2 SC) = :Cos
457 3 LKy o= AL,
<83 Cik: = K=1) = SC&
> 7 B sLik) = L2
<td ok = ¥=1) = 5C4
nl AR = 5l

SLAVESFINE
%2 SCK: = k=1 = SC3;
% 3 LKD) = CLi;
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SBINC) = SBING;
CBINC] = J+1) = SBINL
SBINC) = J+iy = SBINZ

SPHEER(SHUMB) = SPHASEA
TPHEE2(SNUHB) = SPHASEB;
SFHSZC{SHUIB) = SPHASEC.
SFHSED (SNUMB). DECISION(B) = SPHASED(®);
SFHSED(SNUHB). DECISION(L) = SPHASED(L);
SPHEED{ SHUNE). DECISION(2) = SPHASED(2);
SPHEED(SNUMB). DECISION(3) = SPHASED(3);

SLYCHTA(SNUAB) = SLVCNT
CLYCNTY(SHUFB) = IHTEGRRTS:

BN /% END [F PLSCHT < ZOH, THEN #/

ELECE
L0 S 1F PLSCNT 7= ZOH #/

/+QUTPUT PHASE CODE+/

IF (PHASWT.= PRETIMECPREPTR) RND uFGH) < 38H THEN

[D;

IF PHASCUT = 10K THEN JUTPUT(OUT4) = HPHASA;

ELSE QUTFUTCOUTY ) = [HPHASE;

EMD:  Z+BND OF IF PHASOUT { 30K, THENs/
fL=e

00;

[F (FHASOLT AND L&H) = LGH THEN QUTPUT(QUT4) = SPHRSB

ELCE OUTPUT(GUT4) = SFHRZA:
END,  +END OF IF PHRSOUT { oW, ELSE+/

CUTFUTCOUTS) = 38;

MG = INPUTCIND AND SFW

00 wHILE MUA8 > 1FK; / WAIT »/
W0 = INPUT(INLY RND JFHS

END; 4 END OF 00 RHILE #/

Sl Omy FRASE COUESS

Dlinelz,

SUTPUTOCUTS Y = (BUVCON  =HECCOR R BBBH ),
CUTFUT QUT3Y = YHUACEN =IUKCCN #ND SFH):

CJetipl FRETIMES

TR ouTd) = PRETIHEFREPTR-2),
CUTRUTOUTS Y = 10000N uR 1K
CUTRUT Ty = WACON,

TUTANT OUTY = PRETINEC(rREPTR-L.,
GUTFUTOGUTS) = BUSCON OR SoHs
QUTFHITOUT: Y = MULLTH,

sLebeir e

DUTFUT QUT4
QUTFHT (GUTZ )
HUTRLTLOUTS)
cNFELES

PRETINEFREFTR),
HSCOH UR SiH,
JRJACON- = MUACCH D ofbH);

/+01SnBLE FINe LOOPs/

/% ENABLE FINE LOOP #/

78
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3 END; /% END OF IF PLSCNT ¢ 208, ELSE #/

EHD SLAVESFINE;

i END SLAYEF INESHOLULE,

HOOLLE [NFORVATION:

CCLE FPEA SICT = oFedH 39260
YRRIRBLE FREA SIZE = QBOUH G0
MAXTIUM STRCK SICE = J89:zH iy

€3¢ LIINES REAL
9 PSOGREM ZRROR(E)

END (F PL.M-8@ CCMPILATION

INTERFERENCE FCHECK

[SIS-11 PLM-80 V3. 0 COMPILATION OF MOCULE [HTEEFEFE%ECFECKMDLLE

0BJECT MODULE PUACED IN :Fi:INTCRK 0BJ
CONPILER INVOKED BY: PLM8O Fi:INTCHK SRC

o N

SORATE(18 APR 78)

$OEBUG

SPAGEWIDTH(S6) .
$TITLE’ INTERFERENCESCHECK / >

/¢ DECLAR JD( 12729, 22526 ] J. DELAND 84/10/78 »/

INTERFERENCE $CHECK SMOUALE
DO; /% BEGINNING INTERFERENCE CHECK PROGRAM MODULE »/

/% LORAN C PROGRRM DECLARRTIONS +/

i DECLARE LIT LITERALLY 'LITERALLY”.
DCL LITERALLY [ECLARE ;

i DCL EAT LIT "EXTERNAL'.
PJB LIT ‘PUBLIC

/% DISPLA DECLARATICHS 4/

1 OCL (DIGIT, OSDIG DISPL OISP2) BYTE EXY,

DCL. (SEGNL SEGN2 NBCDL. 18CD2, SIGLIT)Y (6 BYTE EXT
1 DCL IM LIT “BE4H’,

QUTE LIT "gE8H’,

0UT2 LIT "8/,

QUT2 LIT ‘"LERH’,

OUT4 LIT "8ESH”.

OUTS LIT "CEfH’.

-

80
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/o BSBCD AND BCDIB DECLRRATIONS #/
DCL (BINS, BINL 8INQ ECCS, ECDL, 3CDQ BLD3, BCO4, BCES) BYTE EXT)
DCL (BCDPTR, BIHPTRY nDDRESS EXT:

/% NO GLOBAL. DECLARRTIONS USED SEG?

/% RERD CECLARATIONS »/

DCL TRUE LIT "OFFH’;

DCL FOREVER LIT "WHILE TRUE';

DCL MUXCON EYTE EXT; .
DCL (MURD, HUX4. HUXZ, MG, MUX4, HUKS, UXS, MUIX7) BYTE BXT; |

/% MASTERSCORRSE DECLARATIONS +/

OCL (MFOUNG, (COUNT, IRSPTR, FHSPTR, PHASER, CORRELATE) BYTE EXT:
DCL ATIME(Z4) BYTE EXT. '

DCL MPHRSE(3) BYTE ENT,

DCL ‘MBING, BN, MRIN2) BYTE EXT;

DCL (TEMP®. TEMPL, TEMPZ) BYTE EXT;

DCL (MREFQ, (IREF L MREF 2, \'FREDS, MPREDL, MPREDZ) BYTE EXT;

INTERFERENCE FUAECK

DCL ELAPTIM BYTE ENT:

DCL MPHASA LIT ‘1109510108,
DCL MPHASE LIT “1e0151411B‘;
DCL SPHRSA LIT 11118198187,
DCL SPHASB LIT 10106311008/ ;

/% MASTERSFING DECLRRATIONS #/
DCL (MPHASER. HPHASEB, HPHRSEC, MASCHT) RODRESS EXT;

DO MWPHASED (4) ADORESS EXT;

DOl (5UBSY, SUBL, SUB2, TEMPARO, TENPARL, TEMPAZ) BYTE EXT:

DCL (GRIA, GR14, GRIZ, MSLMG, MSUML, MSUM2, MSUM, DIVISOR, EXP) BYTE EXT;
DCL (COHERENCY, UPRLIM, FRSTSETL, INTEGRATION) RODRESS EXT:

DCL (MAXINT. INTEGRATN, SIGMAMG, SIGMAML) RDDRESS EXT:

DCL (PRETIME®, PRETIHEL, PRETIMED) BYTE EXT;

DCL (CORRECTS, CORRECTL CORRECT2) BYTE EXT:

OCL (CYCLESFERRSN, MSNY, MSHL, NSN2) BYTE EXT;

/¢ SLAVESCOARSE LECLERRTIONS #/

DCL (SFOUND, SORTBIN SORTY (52 EYTE EXT:
DCL MRSK (3) EYTE EXT:

DCL CFBIi (423) BYTE ENT;

OCL FFBIN (55 BYTE EXT.

DCL /BINTIEG, BINTHEL BINTHEZ) BYTE EXT.
DCL (PTR. MPTR. BINCNT, PTRMAKX)Y BYTE EXT,
DL (CNT, CHT3, CNTL e T) aYTe EXT.

/% SLRYESF INe CECLRRATICNS #¢

DCL (SEIN®, SBINL Selhl 5C8, 5CL 5C2 SC3, SLY, 5L, SL2, SL3) BYTE EXT,
DCL (SMUMB, PHASOLIT, PHIA, PHEL) BYTE EXT:

DCL (SLVONT, INTECRATS, ZPHASER, SFHASES, SFHicel) ADDRESS eXT.

DCL (S7GR:8, S10MR% 1Y REDRESS BXT.
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DCL SPHASED (4) RODRESS EXT;

DCL (SIGMASA, SIGMACE, LOOPSFRCTOR) (3) RDDRESS EXT.

DCL. (SBIN SSMNX) (13> BYTE EXT:

DCL (REJECT, CYCLESERRSS, SCOUNT, SKYWAVES, RIGHTS, LEFTS, N. POWER) (3) BYTE EXT.

DCL (SLYCNTX SLVCHTY, SPHSEA, SFHSEB, SPHSEC) (3) RDDRESS EXT:
DCL. SPHSED (S5) STRUCTURE (DECISION (4 ADURES3) EXT:

DCL (SPREDG, SPREDL SPRED2) BYTE EXT:
DCL (SSN@, SSHL, SEN2Y BYTE EXT.

/% TIMEOUT DECLAFATICNS */
DCL (X Y.2) ADDRESS ET.
DCL (NINUSIGN, HISTOLIM) BYTE EXT;

/% MAIN CECLRRATIONS +/
DCL PRETLE(LI) BYTE EXT.
OCL PPEPTR EYTE EXT;

DCL (1, J.K) BYTE &AT.
DCL MBCD (6) BYTE EXT.
DCL DimMy SDORESS EXT.
DCL. TRELE (&) BYTE &1,

M INTCHK Wl (12330, 26376 ] W WURST
INTERFERENCEFCHECK: FROCEDURE FUB

SNRB = S,
MIX6 = BFH;  /» {6 = S#SHUMB »/
DO WHILE SHMB > 2;

SN = M8 - 1,
MUX6 = MJL6 - 3,

TENP2, TENPRQ, TERPAL TEMPR2 = OFFH;

IF SFOURD(SHUMB) = TRUE THEN
DO;

SBING = SBIN(MUXG);
SBINL = SBIN(HURE+L);

SBINZ = ZEINCIUAG+2);

DO 1 = 8 10 4,
[F SORTCI) = SMUAB THEN J = 1,
END;

43/15/78

IF (J=8) OR (J=4) OR < (HOT{SFOUMDCSORT(4)))) RHD
((J=3) OR C(NOTCSFOUND(SORT(3)))) AD (J=2)))) THEN

DO;
[F J C 8 THEN
DO;
TEMPY = GRIZ - SBING,
TEMPY = CRI1 HINUS SBINL
TEMP2 = GRI2 MINUS SBL:

K = SORT(J-1);

K=PROLK 1)+ K (% K = S%0RT(J-1) »/

TEMPRO = SBINCK);
TEIPRL = SBINCK+1);
TEIPRS = SBINCK+2);

84
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TEPAD = SBING - TEIFARE
TEMPAL = SBINA MINUS TEHPHL.
TEHFA2 = SBINZ NIMUS TEMPHZ

END;

ELSE

DO;
TEMPO = SBING;
TEMPy = el
TENPZ = “BINZ

1F SFOUNDCK:= SORT(1)» = TRUE THEN
0;
K = ROLIK 1) + KK JeK 2 SFSORT(L) #/
TEMPPE = SBINCKY
TEIPRL = =BINCK+L);
TEAPRZ = “BIN(K#2);

INTERFERENCE$CHELK

TENPRO = TEMPAB - SBINJ;
TEMPAL = TEMPAL RINUS SBINL
TEMPAR2 = TEMPRR2 HINUS SBINZ

END;
END;

BND; /e END OF IF (J=) OR (Ja4) OR ((J=2) AO ...

ELSE
DO;
IF SFOUMD(K:= SORT(J+1)) = TRUE THEM
DO:

K=2ROL(K ) + K /7% K = J6S0RT(J+1) »/
TEMPO = SBIN(K);
TEMPYL = SBIN(K+1);
TEMP2 = SBIN(K+2);

TEMPY = TEMPO - SBING;
TEMPL = TEHPL MINUS SBINL
TEMP2 = TEMPZ NINUS Solhai
END; :
K = SOKT(J-1);

K = ROL(K 1) + ¥ /% K = 28S0RT(J=1) %/
TEMPAB = SBINCK);

TEMPRL = SBIN(K+1),

TEMPR2 = SBIN(K+g):

TEMPROG = SBING - TEWFAL;
TEMPRL = SBINA MINUS TEMPHL
TEMPARZ = SBINZ HIMUS TEHFRZ
EMD;

/+ MALTIPLY TEHP AND TEHPA BY 3 +/
PO I =0 70 2
TEMPG = TEMFY + TEMPY;
TENPL = TEIPL PLUS TEPL
TEHP2 = TEMPZ PLUS TP
3; o}

86
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D0 1= T0 2
TEMPRO = TEWPAB + TEMPRO;
TEMPRL = TEMPRL PLUS TeMPAL
TEMPR2 = TEWPA2 FLUS TEIPHL
END:

BRREE

/¢ 1F TEMP OR TEMPA ¢ 10 649.£US, THEN REJECT SLAVE WSNUIE */

i@ ¢ 1F (TEMP? ¢ BDH) OR (TEMPA2 C OUH) THEN REJECT(ZNUME) = TRUE
142 4 END: J% END OF IF SFOUND(SNUMB) = TRUE. THEN +/
143 3 END; A 2D W 00 VWRILE ZIRHB */

2 END INTERFERENCESCHECK

45 1 EMD INTERFEREMCE$CHECKSHODULE.
INTERFERENCESTHECK

MODULE INFORMATION:

CODE ARER SIZE = 2DH 7270
VARIABLE ARIZA SIZE = 9GOLH 8D
MAXTMM STRCK SIZE = 2028H 3D
221 LINES REMC:

1SIS~1] PLA-90 ¥3. 9 COMPILATION OF HODULE SGRTHMODULE

OBJECT MODULE PLACED IN :F1:SGROOT. 0BJ
COMPILER INVOVED BY. PLMEB :Fi:SOROOT. SRl

$DATE(87 JAN 8)
$OEBUG
$PAGENIDTH(=6)
$STITLE('SERT")

SORTSMODULE :
DO;

/% SQROOT. Wl 12339, 20376 ] W HRST 8L/ 87 /73 */
2 1 SQRT: PROCEDURE <) RDDRESS PUBLIC

DECLARE X ADLRESS,

DECLARE I BYTE:

DEVLARE ROOT (18 BYTt (HIA
(13D.

17D
3D,
430

v 3
~n NN
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64D,

D,

112D,

1600,

181D).
6 2 l = 8
7 2 D0 KHILE X > GOR /% A0 ¥/
8 3 X = SHR(X, 1)
9 3 [=1+ L
18 3 END;

IFI>9THEN L = 9
RE TURM FOOT(D);

)
o

¢ 2 END SORT;

15 1 END SCRTHIODULES

NODULE INFORMATICN:

COE ARER SIE = g4 (D
VARIAELE ARIZS SIZE = J9A3H 2D
MMM STRCK. S1E = Q802N Al
38 LINES PERD

@ PROGRAM ERROR(S)

END OF PL/M-88 COMPILATION
READ

ISIS-1] PL/~£8 V3. 8 COMPILATION OF iNDULE READHODULE
0BJECT MOOULE PLACED IN :Fi:f2nb. CBJ
COMPILER INYOKED BY: PLMBB (F1:582D. ZRC

$ORTE(@T RUG 77D
$DEBUG

$ P AGEIIDTH(36)
$T{TLECRERD)

i REIVHODULE
I

2 1 DE CLARE LIT LITERALLY "LITERRLLY’.
DCL LITERALLY 'UECLRRE’,

3 1 DCL EXT LIT “EXTERNAL',
P LIT “FUBLIC,

/4 DIGHLA DECLARATIONS #/
LCL (DIGIT, 0SUIG, OISPL, DISPZ) BYTE EAT,
s 1 DCl. (SEGNL SEGN2, MBCDL HBCDZ) (o) EYTE EXT

A
>
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6 | DCL INd LIT “QE4H’,
OUTL LIT '9E2NH/,
T2 LIT ‘BEM,
OUT3 LIT “8ERH",
OUT4 LIT ‘GESH’,
OUTS LIT “6Esk’.
7 1 DCL (MUNCON, MUX9) EYTE ET

/¢ RERD. L 123%8, 5154 . KURST

REID: PROCEDURE PUB;
OLUTPUTCOUT ) = BUZCCH : =MUXCON AND 52H);
MUX8 = TNPUT(INL, AND CFM;

2 o

o

DO WHILE MUXO = ©;

MIXG = INPUTCINL) RND :FH;
END; /¢ END OF DO WHILE &/
END RERD;

TERBE B woe
W W N

END RERDSMCODULE;

v
<A
-

MODULE TNFOIRMATION:

YARIABLE FREA SIE = 9000H o0
MRXIMM STIK SIZE = 9800H 0
49 LINES REID

8 PROGRAM ERROR(S)

$eh7

[SIS-IT PL/M-28 Y3 3 (GIPILATION OF HODIAE SeoriO0ALE
OBJECT MODUL£ FY. AZED IN FL1:SE%G¢. OBJ
COMPILER INVOVED BY: PLMSO (Fl.Zeflr ZR

FORTE(12 SEP 770

$OEBUG
SFRGEWIDTH(SS)

$T UNLEC %G/ )

1 SEG7HAONLE
DO;

2 1 DECLARE LIT LITERALLY “LlTerRLLY .
DCL LITERALLY ‘[eClrcE’;

3 1 DO, EXT LIT “EXTErMAL‘,
FIg LIT “Puslil’,

/* DIGPLA DECLAPATIONG «/
CCL IGIT, DSLIG DIZFL DIZPEY eTe AT,
LCL (SEGNL, SECHZ, HBCDA, 1ECOZ) o) EYTE EXT

A o
-

573877

92
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DCL ML LITT “REdH’,
OUTL LIT "8etH’.
UT2 LIT 7€’
QUT3 LIT ‘OERH’,
UT4 LIT 7oe3d’,
QUTS L1T 'CEeH’.

/o CEG7. 12078, ELM ]

CEGT: PROCELURE (BCD) SYTE FUB:
CECLARE (I, ECD) BYTE
DECLAFE SEGHENT(L7) BYTE [AH
(03011$11118.

AsenasaL16E,
38101519118,
g$100311118B,
0$110891148,
g8 13814918,
24111511618,
RECDREINLLLR,
8%111511118,
0$1.10%11118,
A1l 91118,
AE1115119B,
A$1I1131021E,
N$101 511108,
331145160818,
R$111 708348,
NEORA$INGHE

CEGY

[=BC0;

IF BCD.-OFH THEN [=1CH;

RETURN SEGHENTL Y
END SEGY.

EN) SEGTIMODLE,

. JURET

MODULE INFORMRTIICN:

CODE AREA SICE = 98-2H
YARIRBLE FREA SIE = 2894
MRXIMM STRCK SICE = Q¢doH
62 LINES PEISD |
@ PROGRAM ERROR(S)

END OF PL/M-29 CIMPILATICN

("
L
=2

Re. 31,254
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ISIS=11 PL/M=813 ¥3 @ CTMPILATION GF 1COALE CISFLAY Fl'il.l.:
0BJECT MODULE F*L AQI) [N FL:0SFLA. 1B)
COMPILER INWOKED 3V . PLHRO F1 [SFLN ZFC

$DATE(2 ARG TT)
SOEEL'G
$PRAGENIZTH(26)

$§ TITLEC DISPLAY )
$ IIVTVECTOR(L, @)

i DISPL AYRMODULE
D]

e 1 [PECLAIRE LI'T LITERALLY "LITERALLY’,
DCL LITERALLY "LECLFRE-,

3 4 CCL EXT LIT “EXTERNAL .
PUB LIT "PUBLIC’,

/% DIZPLA TECLEERTICNS «
¢ 1 OCL INL LIT “EE4R-,
QUTL LIT ’QEER”.
',JTZ LIT IQE:H'F:
QUTZ LIT "OERH’,
QUT4 LIT “0ESH’,
QUTS LI'T "BEEH’;

S 1 DCI. (DIGIT,DEDIGY EvTz ENT.
5 1 DNCL CSEGNL, SEGND SIGLITY <8y EYTE EXT:
v DSTPLA Wl 42250, 2134 ] WL owurST 3 ami (1
A | DEIM A PROCECVRE INTERRUPT 15
g 2 JJTPYTIOUTE ) = ZIGLIT/OIGIT . A% TURN OFF AL DIGITS «/
9 2 IF DIGIT = f THEY
6 2 00;
i = QIGIT = 4.
3 3 ENE; _
14 2 DI(SAT = DIGIT -
15 2 UUTP!IT(DUH.* 2 ‘~‘Er HLBIGIT s
6 2 OUTRUT/DUTE) = SERN¢TIRITY,
1?7 2 DUTPUT(OUTS? = (D20lg-= PR DS0IG Ly BhD ZIGLITCDIGITY,
8 2 PETURN.
ia 2 EMY DEELA,

4 1 EM D o IUPLRYEROTULE,
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__  DISPLAY
MODULE INFOISMFIT I ON,
COOE APER SLE = i6dEH

PhiY
WRIABLE AREIY SITE = 98824 0
WX STINX SITE = 6OREH <D
49 LINES RE AD
@ PROGRAM ERRIF!(S)

END OF PL/M-893 COMP ILATION

What we claim is:

1. Apparatus for self calibrating a navigation receiv-
er-indicator that includes an internal oscillator/clock
and provides navigation information by receiving and
utilizing the output of said oscillator/clock to measure
differences in the time of arrival of signals periodically
transmitted by each of a plurality of pairs of navigation
transmitters the signal transmissions from each of which
are very accurately controlled on a time basis compris-
Ing,

means for entering the periodic rate of transmission of

the signals transmitted by each of said navigation

transmitter into said receiver-indicator, and

a first means performing the following functions:

a. comparing the time difference between the re-
ceipt of successive signal transmissions from one
of said transmitters with an output of said oscil-
lator/clock to determine the error in time counts
output from said oscillator/clock,

b. interpolating said time count error over the in-
terval between the receipt of successive signal
transmissions from said one of said transmitters
to get correction counts, and

c. algebraically adding said correction counts to
said time counts obtained from said oscillator/-
clock output before being used for said time
difference of signal arrival measurements from
said pairs of navigation transmitters to thereby
achieve accurate time difference of signal arrival
measurements.

2. A method for self calibration of a navigation re-
ceiver-indicator includes an internal oscillator/clock
and provides navigation information by receiving and
measuring differences in the time of arrival of signals
periodically transmitted by each of a plurality of pairs
of transmitters the signal transmissions from each of
which are very accurately controlled on a time basis,
and the time difference measurements are plotted on a
navigation chart to determine the position of the receiv-
er-indicator and comprising the steps of:

entering the periodic rate of transmission of the sig-

nals from said transmitters into said receiver-

indicator so that said receiver-indicator knows the
exact time difference between the receipt of succes-
sive signal transmissions from one of said transmit-

ters, .

comparing the time difference between the receipt of

successive signal transmissions from said one of

said transmitters to an output of said oscillator/-
clock to determine the error in time counts output
from said oscillator/clock,

interpolating said time count error over the interval

between the receipt of successive signal transmis-

sions from said one of said transmitters to get cor-
rection counts, and

algebraically adding said correction counts to said

time counts obtained from said oscillator/clock

output which is used for said time difference of
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signal arrival measurements from said pairs of
transmitters to thereby achieve accurate time dif-
ference of signal arrival measurements used to plot

position on said navigation chart.

3. Apparatus for self calibrating a Loran navigation
receiver that provides navigation information by measuring
the interrelationship in the time of arrival of signals period-
ically transmitted by a plurality of navigation transmitters
the signal transmissions from each of which are very accu-
rately controlled on a time basis comprising:
means Jor receiving the transmission of the signals trans-
mitted by each of said navigation transmitters; and

means for utilizing the time intervals between the receipt
of successive signal transmissions from one of said
transmitters as a reference standard for measuring the
interrelationship between times of arrival of the sig-
nals generated by said navigation transmitters to ob-
tain accurate navigation information; wherein said
utilizing means is a microprocessor that calculates the
correct difference in time of arrival between said
transmitters by using the successive time of arrival of
one of said navigation transmitters as a time reference
standard. |

4. The system claimed in claim 5 wherein said receiving
means is a radio receiver.

5. Apparatus for self calibrating a Loran navigation
receiver that provides navigation information by measuring

differences in the time of arrival of signals periodically

transmitted by each of a plurality of pairs of navigation
transmitters the signal transmissions from each of which

are very accurately controlled on a time basis comprising:

means for receiving the transmissions of the signals
transmitted by each of said navigation transmitters;
and

means for utilizing the time intervals between the receipt
of successive signal transmissions from each of a num-
ber of transmitters in the same transmission chain and
using the average time intervals to derive the reference
standard for measuring the difference between times
of arrival of the signals generated by said navigation
transmitters to obain navigation information, wherein
said utilizing means is a microprocessor that calcu-
lates the correct difference in time of arrival between
said transmitters by using the successive time of ar-
rival of one of said navigation transmitters as a time
reference standard.

6. The system claimed in claim 8 wherein said receiving
means is a radio receiver.

7. Apparatus for self calibrating a navigation receiver-
indicator that includes an internal oscillator/clock and
provides navigation information by receiving and utilizing
the output of said oscillator/clock to measure differences in
the time of arrival of signals periodically transmitted by
each of a plurality of pairs of navigation transmitters the
signal transmissions from each of which are very accurately
controlled on a time basis comprising,

means for entering the periodic rate of transmission of

the signals transmitted by said navigation transmitters
into said receiver-indicator, and

a first means performing the following functions:

a. comparing the time difference between the receipt of
successive signal transmissions from one of said transmit-
ters with an output of said oscillator/clock to determine the
error in time counts output from said oscillator/clock, and

b. modifying said time counts obtained from said oscil-
lator/clock output in accordance with the determined error
in time counts before being used for said time difference of
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signal arrival measurements to thereby achieve accurate Sference between the receipt of successive signal trans-
time difference of signal arrival measurements. missions from one of said transmitters,
8. A method for self calibration of a navigation receiver- comparing the time difference between the receipt of
indicator includes an internal oscillator/clock and provides successive signal transmissions from said one of said

navigation information by receiving and measuring differ- 5
ences in the time of arrival of signals periodically transmit-
ted by each of a plurality of pairs of transmitters the signal
transmissions from each of which are very accurately con-
trolled on a time basis, and the time difference measure-

transmitters with an output of said oscillator/clock to
determine the error in time counts output from said
oscillator/clock, and

modifying said time counts obtained from said oscil-

ments are plotted on a navigation chart to determine the 10 lator/ ‘fk’c_k output in accordanf:e with the dfff-’fMIfl-ed
position of the receiver-indicator and comprising the steps error in time counts before being used for said time
of: difference of signal arrival measurements to thereby
entering the periodic rate of transmission of the signals achieve accurate time difference of signal arrival mea-
from said transmitters into said receiver-indicator so surements.
that said receiver-indicator knows the exact time dif- 15 * & = & =
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INVENTOR(S) : lester R. Brodeur

It is certified that error appears in the above-identified patent and that said | etters Patent
are hereby corrected as shown below

In the drawings, Sheet 2, FIG. 8; above the logic gates and below the
shift registers, delete the reference numerals '1" and "1A" "3" gnd "'3A"
and "9" and "9A" and replace them, respectively, with --9-- and --9A--,

--8-- and --8A--, and --1-- and --1A--. In the right-hand shift register
block "2000" should read --1000--. OQutput lines '2" and '"2A" and the
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