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ABSTRACT

A microcomputer-based, low-cost Omega sensor processor (OSP) has been
designed, implemented with minimum hardware, and tested. The Feaﬁibilify of
implementing a minimum hardware/maximum software system of less complexity
and lower cost than is currently available has been verified. The design approach
and hardware/software details are presented for this low-cost navigation aid.

The long-range project goal of developing a general aviation Cmega
navigation system (ONS) for a cost under $1000 is now feasible. The micro-
computer-based OSP presented here represents nearly all the system hardware
needed for an airborne ONS. An area navigation routine is the additional
component needed to complete the ONS for general aviation. This navigation
routine can readily be added fo the present system since it is additional soft-
ware and not hardware.

This paper describes the OSP design and engineering approach used in
achteving this design. in reflecting a structured program design approach, the
project goal of designing a low-cost OSP is presented initially. Succeeding
chapters document the efforts made in support of this goal. The OSP operations
are functionally described in the text, as is the system hardware and software.
Circuit dstails of the hardware modules and program listings for the FORTRAN

and miciccomputer software are reserved for the appendices.
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i INTRODUCTION

This project was sponsored by the NASA/Langley Research Center under a
grant effort known as the NASA Tri-University Program in Air Transportation
Systems. The program was begun in 1971 and includes MIT, Ohio University,
and Princeton University in a cooperative effort to improve the safety, reli-
ability, and efficiency of our National Airspace System. Each University offers
a unique area of specialized interest and expertise, thereby complementing each
others' efforts; Ohio University's area of specialization being avionics.

Early in the program's development it was determined that the Tri-
University Program might make a cont:ibution to general aviation by developing
a low-cost area navigation system for small aircraft. Studies pointed to the
Omega navigation system as a low-cost system which could provide all-altitude
signal .coverage, and the major emphasis in the program became the development
of a lov-cost Omega navigation system for the general aviation pilot.

While MIT studied the systems integration aspects and Princeton Univer-
sity the flight dynamics aspects, Ohio University turned its efforts towards
designing a more sensitive and lower cost Omega receiver than was commercially
available. An early result was an Omega sensor processor incorporating all
TTL circuitry, and this unit was flight-tested aboard the Avionics Engineering
Center's DC-3 flying laboratory enroute to Langley Field, Virginia in October,
1974. After this successful flight demonstration, Ohio University embarked on
a project to build five Omega prototype receivers for the other Universities
and NASA. These prototypes were designed using low power CMOS circuitry

and were delivered to the recipients in September, 1976,



The Omega sensor processor outputs, Omega phase and phase differences,
are the inputs needed by a navigation processor to derive pilot-usable information
such as cross-track error and down-track distance. Due to the recent availability
of low~cost microcomputers, efforfs were channeled toward using a commercially-
available microcomputer as the navigation processor for the airborne Omega
navigation system (ONS). When incorporating a microcomputer into the ONS,
however, it became obvious that, in addition to performing the area navigation
functions, the sensor processor functions could also be performed in micro-
computer software.

Therefore, a project was begun fo explore the feasibility of a minimum
hardware/maximum software OSP. This paper reports resulis of this project:

a minimum hardware system has been designed, and the OSP functions of aufo-
mafic synchronization, phase fracking, and line-of -position (LOP) generation
have been implemented in microcomputer software. The microcomputer~based
OSP thus consists of o 10.2 KHz TRF receiver module, an interface module
which samples the receiver outputs, and a microcomputer module fo process
the Omega phase data,

The design approach was to first develop the system hardware (receiver
and interface modules) and use these modules to supply Omega data to a digital
magnetic fape recorder, A data base of real Omega ground and flight data was
collected for use in a FORTRAN language simulation analysis of OSP functions.
Algorithms to perform the OSP functions were developed and optimized via this
simulation. The routines were then assembled into microcomputer code and loaded

into the OSP microcomputer module. With the receiver and interface supplying
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Omega data fo the microcomputer module, the output data consistently equaled or
exceeded the quality of the all-hardware OSP outputs, thus verifying the feasi-
bility of the software-based system.

The hardware and software for the microcomputer-hased low-cost OSP
are functionally described herein, and the type of outputs available and the
results obtaired are presented. The hardware circuit details and software

routines program istings are documented in the appendices.

[, OMEGA SENSOR PROCESSOR

The worldwide Omega navigation system is a network of eight VLF
transmitting stations. The stations transmit in a time-multiplexed fashion on
the frequencies of 10.2 KHz, 13.6 KHz, and 11,333 KHz. A brief system
description is given in Appendix A, while a more thorough freatment is afforded
by U.S. Coast Guard publication "Omega Navigation System User Handbook". [
In-depth treatment of Omega system defails has been given by Pierce [2] and
Morris.

Information on the design of airborne receiving and navigating systems
using the Omega signals is less accessible, Although commercial manufacturers
are understandably secretive with their receiver hardware/sofiware designs,
reports on those systems whose development has been funded by government
agencies should be available to the public {e.g., " Omega Navigation Sef:

£41

An/ARN-99 Final Engineering Report” ~ ). An all~hardware Omega sensor

processor designed by Ohio University for NASA is described in "Ohio University
[5]

Omega Prototype Receiver'.



An Omega navigation system for airborne use can consist of three func-
tional units: an Omego sensor processor (OSP), navigation processor, and a cock-
pit display. The OSP receives the Omega signals and provides amplification and
signal-to-noise ratio improvement. The OSP must provide Omega data usable
by the navigation processor. This navigation processor must convert the Omega
information into pilot-usable information to be displaysd on the cockpit display.
A simple display sufficient for general aviation could take the form of analog
or digital readout of cross-track error and down~track distance,

A. Design Approach. The project effort to develop a low-cost Omega

navigation system for general aviation has been greatly aided by the recent

commercial availability of inexpensive microcomputers. The reasons for chosing
fo use @ microcomputer to perform navigation processing are well known: high
reliability, small size, low cost, low power consumption, and off-the-shelf
availability in addition to software design flexibility. Using o microcomputer
for sensor orocessing as well as navigation processing has the advantages noted
above, but it can present some complex systems problems to the designer
(particuiarly time sharing of the computer for several functions and-srioritizing
of work). Therefore, this project was undertaken fo explore the feasibility of
implementing an Omega sensor processor with a minimum hardware/maximum
software combinafion.

The design approach taken was to use the previously developed Ohio
Universif); low-cost front-end receiver module (61 in conjunction with an inter-
face module to collect a datc base of real Omega ground and flight data. This

data base was then used as the input for a FORTRAN language simulation analysis

A



of the OSP functions. After the OSP functions had been simuiated and optimized
in FORTRAN, they were rewritfen in microcomputer language and tested in the
final system configuration. The power of this approach lies in the fact that the
software routines were developed not only with computer~generated data as input,
but they were optimized to perform with the actual Omega data as collected with
the OSP hardware.

The OSP is functionally illustrated in Figure 1, and the hardware modules
and software algorithms are described in the following two sections, For the
purpose of data collection, the microcomputer module of Figure 1 was replaced
with a digital magnetic tape recorder. This sefup was used in the laboratory for
the collection of ground-based data, while the collection of flight data was
accomplished with this configuration onboard Ohio University 's DC-3 aircraft
N4002. Complete documentation of the Omega phase data base is given in
Appendix B.

Figure 1 shows that the basic system operation is as follows: the receiver
fronf-end module receives the Omega signal from the antenna-preamplifier and
provides filtering, amplification, and hard-limiting before sending Omega zero-
crossings to the interface moduie. The microcomputer interface module measures
and samples the Omega phase information at some predetermined rate and generates
a microcompufer interrupt sighal. The microcomputer (or data recorder) receives
the digitized phase sample, and this information is used by the OSP software
routines.

The OSP software routines for automatic synchronization, phase tracking,

and LOP generation perform the bulk of the Omega phase processing work.

-5-



B. System Hordwore. The Omega sensor processor design is intended to

be a minimum hardware configuration with emphasis on low cost. The use of a
general purpose microcomputer to perform as many QSP functions as possible
reflects this design objeciive. The OSP is functionally illusirated in the block
diagram of Figure 1, and a description for each of the hardware modules follows.
Cireuit details for each module are given in Appendix C.

1. Receiver. The anfenna used for airborne operation is the air-
craft's ADF sense antenna. [f the aircraft is net equipped with an ADF sense
wire, another high-impedance E-field antenna may be used (such as a bent dipole
nav-com antenna). For ground-based operation it is desirable to mount the antenna
as high above buildings, etc., as possible and in an area free of 60 Hz inter-
ference {10.2 KHz being the 170th harmonic of 60 Hz).

The signal developed across the antenna is dmplified by a preamplifier
which is colocated with the antenna. This colocation is necessary to overcome
sighal atienuation due fo capacitance of the receiver module tead-in cable.
The preamplifier is primarily an impedance-matching device and has fwo outputs.
The Omega output provides a gain of 20 decibels at 10.2 KHz in a -3 dB band-
width of several kilohertz. The phase shift is adjusted fo zero degrees at
10.2 KHz. The ADF output provides a flaf response of ~6 dB across the band
from 10 KHz to 1 MHz, and the phase shift is zero degrees across the ADF band.
The preamplifier response characteristics are shown in Figure 2. The preamplifier
has been described by Wright. 7]

Accepting the signal from the preamplifier is a 10.2 KHz TRF receiver

front-end module (see Figure 3). The front-end module provides additional gain,

—bm
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narrowband filtering, and hard-limiting (i.e. provides pulse outputs coincident
with the 10.2 KHz Omega zero-crossings)s The unit consists of three integrated
cireuit chips and two ceramic filters providing a bandwidth of 30 Hz at 10.2 KHz,
The module is equipped with an RF gain control which permits gain adjustment
from 160 to 200 dB. The froni-end frequency response curve is shown in Figure
4. As can be seen from this curve, the response is down nearly 80 dB at the other
Omega frequencies of 11,333 KHz and 13.6 KHz. The sensitivity and recommended
operating range 15 1 microvolt to 10,000 microvelis. The front-end module has

f6l

heen described by Burhans.

2. Computer Inteface. After the bandpass filtering and hard-limiting

provided by the front-end, pulses coincident with the Omega zero-crossings are
sent 1o the microcomputer interface module, This madule is also illusirated in
Figure 3. The functions of phase detection and data sampling are performed by
this interface hardware, and it also generates the interrupt signals necessary for
reading the phase data info the microcomputer. Besides the Omega zero-crossings,
a clock signal of 1,3056 MHz is used by the microcomputer interface module.
This clock signal is synthesized from a 5 MHz temperaiure compensated crystal
oscillafor. The choice of 5 MHz as the basic oscillator frequency permits operafion
by an external, more stable clock of this standard frequency should this be desired.
dhase detection is performed in an open loop fashion: the 27 x 10.2 KHz
clock signal is input to a 7-bit reference counter, and the seven counter oufputs
are used as data inputs to a 7-bit latch. The Omega zero-crossings clock the
latch, thus providing a relative phase measurement of Omega compared fo the

loca! clock approximately 10,200 times per second.

-10-
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There are at least two considerations which suggesi sampling the Omega
phase measurements at a rate slower than the 10.2 KHz carrier rate:

(1) Since an extremely precise measurement is not required, it
is unnecessary to use the phase measurement of every cycle of
the carrier to gain a filtered estimate of the true phase.

(2) Using the data at the maximum available raw-data rate
implies a prohibitively high interrupt rate for most micro~
compufers. '

The choice of a particular sampling rate is also based on these consider-
ations. In this implementation a sampling rate of 100 Hz has been chosen for the
following reasons:

(1) Sampling of the 15 Hz post-detection bandwidth phase at 100 Hz
is a rate high enough to avoid severe aliasing of the sampled data
spectrum, and it provides a sufficient stafistical base of data

points for each Omega time-slot.

{2) 100 Hz is an acceptable microcomputer inferrupt rate, and it

is easily generated from the existing timing c.icuitry.

The microcomputer interface module derives the 100 Hz sampling frequency,
samples the phase data at this rate, and sends an interrupt signal to the micro~
computer, Having received the interrupt signal, the microcomputer services
the interrupt request by loading the new phase dafa.from the interface module.
The inexpensive technique known as memory-mapping is used fo accomplish this

loading of data. The microcomputer address bus is decoded, thereby enabling

-l2-



the data onto the data bus and into the microcomputer (as indicated in Figure 3).
The interface module and memory-mapping have been previously addressed by
this author in references 8,9, and 10,

3. Microcomputer, The microcomputer module consists of a commer-

cially available microcomputer system made up of a central processing unit (CPU),
random access memory (RAM), peripheral interface adapter (PI1A), teletypewriter
interface circuitry, and teletypewriter monitor software in permanent read-only
storage (ROM) as illustrated in Figure 5. The CPU utilizes a sixteen~line address
bus, enabling addressing up to 65 kilobytes of memory, An eight-bit bidirectional
data bus allows for data transfer among the CPU, memory, and input/output

(1/0) devices,

The computer's clock is a 1 MHz adjustable RC oscitlator or crystal
oscillator, resulting in a machine cycle time of one microsecond. Most instructions
require 2 or 3 machine cycles to execute. CPU registers include one accumulator,
two index {scratch-pad) registers, a processor status register, a stack pointer,
and a program counter, All of these are eight-bit registers except the program
counter which is sixteen bifs. Appendix C gives the microcomputer specifics,
and its operation is explained in defail in the manufacturer’s manuals.[”' 12}

Figure 6 shows the simple, inexpensive method for output of the micro-
computer data, which is the same technique used for data input mentioned
previously. An output latch is memory-mapped to a particular address by
decoding the microcomputer address bus lines. The address decoder output
signal is gated with the microcomputer's "write" signal. This gate's output

enables a latch which stores the logic levels appearing on the data bus at that

13-
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time, This data is then fed fo a digital~to-analog (D/A) converter for display
on a chart recorder or meter.

C. System Software.

1. Interrupt Servicing, When the microcomputer interface module

sends an inferrupt signal fo the microcomputer, the interrupt service routine
loads the new data into the computer, Then the software process as flow=-charted
in Figure 7 begins. The basic interrupt service routine serves as a system time-
keeper and data "traffic cop": it loads in new data as it becomes available and
hands it off fo the proper data-processing subroutine. If the OSP is not in sync
with the Omega transmission format, synchronization must be achieved first.
Otherwise, the data is sent fo the tracking loop subroutine if it is time-siot
data, whereas the data is simply ignored if it is from an Omega transmission
gap. A data output subroutine is executed if it is the correct time for it.

The auvtomatic synchroniza‘ﬁon, tracking loop, and data cutput sub-
routines called by this interrupt service routine are functionally described in
the subsequent text material, while the FORTRAN and microcomputer language
programs are listed and described in Appendices E and F. The interrupt service
routine requires 150 bytes of memory and performs its time and data management
in a few tins of microseconds following each interrupt request signal.

2. Automatic Synchronization. The Omega system consists of eight

stations transmitting on three VLF channels in a fixed, time-multiplexed format.
As described in Appendix A, a unique pattern is forined by the scheduled length

(in time) of each station”s transmission which repeats every ten seconds. Thus,

to use the phase measurements supplied by the microcomputer interface module,
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some means must be provided for synchronizing the OSP timing with the Omega
transmission pattern. Only after the OSP is "in sync" can the phase of each station's
signal be followed by tracking filters to give position~fixing information.

It should be pointed out that precision sync (better than plus or minus 100
msec) is unnecessary. A ,2 second gap befween each transmission burst allows
for propagation delays from transmitter to receiver and for signal build-up on the
fransmitting entenna and through the narrowband receiver module without signal
overiop info another station's time-slot, Therefore, sync within plus or minus 100
msec insures that only one station wili be received during each of the eight time-
slots,

A description of the automatic synchronization procedure simulated in FORTRAN
and implemented in the OSP microcomputer fo!lows, and a logic flow diagram appears
in Figure 8. Although the routine is described here in ferms of a single-frequency
OSP, the technique is applicable to multiple-frequency systems as well. Per-
forming the routine on muliiple chc;nneis simultaneously would give the OSP «
redundancy check. By averaging the results obtained for all channels a best
estimate of the true sync point could be obtained.

To establish sync a pattern of station transmission lengths is derived from
the received data, and the entire frame of data is shiffed until the received pattern
coincides with the unique transmission pattern stored in the computer, The received
pattern of fransmission lengths can be established by determining the amount of
coherence between consecutive 10 msec phase samples. A high level of coherence
indicates the presence of a strong signal, while the lack of phase coherence (i.e.

phase jitter) is indicative of a weak signal or noise. The absolute value of phase
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measurements is meaningless during the sync process; only the phase coherence
from sample to sample is useful in determining the received transmission pattern
(i.e. indetermining whether each sample is signal or noise).

An Omega phase measurement is supplied by the microcomputer interface
module every 10 msec (100 Hz sampling rate). Starting at a random point in
time (power on time) and taking data for ten seconds {one complete Omega frame)
yields 1000 phase samples. This is all the information needed to accomplish
sync. The Omega signal is contaminated with noise, :ausing a series of meusure~
ments fo result in a dispersion of phase points rather than a conctant value., The
units of centicycles (cec) are commonly used in Omega iargon. One cec is
1/100 of an Omega carrier cycle; ai 10,2 KHz a cycle is abaut 16 nautical
miles long, making one cec equal to about .16 miles. If the phase of the received
signal with respect to the OSP clock is near the 0 or 99 cec measurement extremes
(near the edge of a cycle), the measured value may "bobble" between these
extremes. To remove this bobble each data point above 49 cec is “mirrored”
about the 50% full~scale value (mirrored about 49 cec). Points at x = 99 cec
are thus reflected to 99~x =0 cec. Since only the phase coherer ze is of interest
and not the absolute value of phase, the mirroring process merely puts the data
into a better form from which coherence can be determined.

A simple routine yielding a meusure of the point-to-point coherence is
to take the difference of each fwo successive phase points. That is, subtract-
ing each measurement from the previous yields 1000 difference values for the
10 second data frame. Each difference is inversely proportional fo the coherence

between the two phase samples.
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By comparing each difference value to a predetermined “threshold constant”,
a decision can be made as fo whether signal or noise exists in each 10 msec sample
slot., However, it is desirable to first smooth or average the difference values
over several sample slofs before comparison to the threshold constant is made.
If the smoothed difference is less than the threshold, a "1" is stored for the sample
slot; whereas, if the smoothed difference is greater than the threshold, a "0" is
stored for the slot (low difference ———a high coherence ~——= signal present).
Afrer all 1000 comparisons have been performed, a paitern of 1000 1's and 0'
represenis the signal and noise sample slots, respectively, The "high~low" or
“on-off" pattern created by the 1000 binits resembles the Omega transmission
format shown In Appendix A, the amount of resemblance being proportional to
each station's signal-to-noise ratio (SNR).

Note that the 1000 bifs can be stored in 125 eight-bit bytes of memory
(an amount of storage not prohibitive for simple microcomputer systems), Also
bear in mind thai the entire microcomputer will be dedicated to the auto-sync
routine during the sync process, since no Omega navigation information is avail-
able until sync is completed.

The 1000 sample bits are next compared fo the stored Crmego paftern in
a bilevel correlation process, Use is made of the fime-slot and transmission gap
information; whenever the received slot binit is equal 1o the stored slot binit,
a correlation counter is incremented by one. After all 1000 slots have been
compared, the stored pattern is shifted by one slof and the correlation of points
sequence is repeated. This shift and correlate iteration is continued until ol

1000 possible shifted patterns heve been tested.  The number of shiffs necessary
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to obtain the highest bilevel correlation value is used to obtain the starting point
for the "A" time~slot (assuming the microcomputer's interrupt service routine

has been keeping time (counting 1000 Hz interrupis) in a modulo 10-second
foshion since the auto-sync process began).

Having found the sync-point in the simulafion data, Figure 9 shows the
original 1000 byte record of phase data plotted ten poinis per line. The higher
the SNR of the station being received in each time-slot, the less dispersion
there is in the phase points plotted.

The OSP operator's o priori knowledge of which stations are on the air
and which ones will be well received in his particular geographic area can be
incorporated into the creation of the unique transmission pattern stored in the
computer. This facilitates the bilevel correlation process, resulting in a more
accurate sync point.

Although it was not used in this version of the OSP, for an additional
confidence measure the entire sync process can be performed several times and a
best estimate of the sync point computed. If multiple frequency channelis are
availoble, the process can be performed on each channel and the sync points
averaged (or a sync point can be considered acceptable only if it results on two
of three channels, etc.). Another possibility is to save the second highest
correlation value as well as the highest, and consider the sync point acceptable
only if the highest value is better than the second highest by some predetermined
amount,

in summary, the technique precented requires very simple microcomputer

instructions (compare, subfract, shift), uses very little scratch-pad RAM storage
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Figure 9, Computer Plot of Raw Omega Data. This is the 30 Hz
bandwidth phase plotted 10 points per line,
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(125 bytes), and usually accomplishes sync in about 100 seconds (depending on
the redundancy constraints imposed). The technique has demonstrated accepiable
accuracy (within = 100 msec of frue sync) and the microcomputer program is about
300 bytes long.

3. PLL Phase Tracking. After the OSP is in sync with the Omega

transriissions, the phase of each station's signal can be tracked using correlation
techniques, and SNR improvement can be made, The correlation detection
structure known as the memory-aided phase locked loop (MAPLL) has been found
to be g successful tracking filter for the Omega signals. f13] Since previous
experience with hardware versions of the MAPLL had revealed ifs usefulness
for Omega tracking, it was desirable to duplicate this configuration in software.
The first-order version of the software memory-aided phase locked loop
(SMAPLL1) is functionally iHusirated in Figure 10. The loop operation can be
generally explained as follows: the loop's bilevel quantizing phase detector com-
pares the incoming phase measurement with a filtered loop control word (LCW)
at the 100 Hz sampling rate. The output of the phase detector is an increment
command if the incoming phase is ahead of the LCW; it is o decrement command
if the incoming phase lags behind the LCW. The increment/decrement commands
are filfered in a bidirectional loop counter. Loop filtering is achieved by requir-
ing the loop counter ta receive several correlated signals (counts in the samz
direction) before it affects the LCW. When the loep counter has received
sufficient correlated up/down commands, it outputs an increment/decrement
command to the LOW register, This new LCW is in turn compared fo the new in-

coming phase measurements in the phase detector,

Y
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The memory-aiding feature allows single phase locked loop (PLL) routine
to be utilized to track all eight Omega stations' phase. Af the end of a current
fime-slot the LCW is stored in @ memory location, and the LCW for the next time-
slot is refrieved from memory and used fo track the new time-siot's phase.

Atmospheric noise in the VLF-Omega frequency range is known fo be caused
primarily by lightning. f14] The noise is made up of both gaussian and impulsive
noise. The bilevel quantizing phase defector is thought to discriminate against
the impulsive noise better than a linear detector 3l (in addition to being simpler
to implement). Omega signal levels are such that the PLL must be able to track
signals at a =20 dB SNR in the 30 Hz predetection bandwidth. The loop filter
(bidirectiona! counter) provides a narrow post-detection bandwidth of a fraction
of a Hertz to enable tracking of these low-level signals. However, the increment/
decrement type of phase detector and narrowband foop filter severely limit the
tracking speed of the loop. Increrased loop filtering gives SNR improvement but
decreases the maximum tracking speed of the loop, and vice-versa.

The PLL must be capable of tracking the motion of a general aviation air-
craft (nominally 200 knots velocity). The frequency offset of the receiver's
local oscillator (TCXO) appears as a velocity offset in phase, thereby adding a
few more tens of knofs to be fracked by the PLL. This speed requirement coupled
with the narrowband filtering restraint dictates the need for a higher order tracking
loop (i.e. one that can track a constant v'eloci’ry offset without sacrificing the
needed integration). Therefore, the second-order memory-aided PLL (SMAPLL2)

structure illustrated in Figure 11 has been implemented.
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The operation of this PLL is similar to that of the first order loop, but a

[15] When

second-order loop caunter and a velocity register have been added.
the first-order loop counter increments or decrements the LCW, it also increments
or decrements the second-order loop counter. At the end of the time-slot the
contents of the second-order loop counter are added to the velocity register.
The velocity register contents are then scaled by a second~order gain factor
and used to rate~aid the LCW before ifs use in the next time-slot measurement
10 seconds later. It should be noted that the SMAPLL2 exhibits first-order loop
characteristics during each time-slot, with second-order characteristics (rate-
aiding) only beftween time-slots,

Additionally, a SNR measurement is derived from the phase detector
output. As shown in Figure 11, the phase detector compares the incoming phase
me asurement with the LCW. This is accomplished by differencing the two numbers.
This difference is a measure of hoYv "tightly" the loop is locked, which is in furn
o function of the received SNR. The absolute (unsigned) values of these differences
are accumulated over all measurements in a time-slot. For a high SNR case the
accumulation will be small (loop tightly locked), while for a low SNR case the
sum will be large.

The SMAPLL2 parameters of first order bandwidth and second order gain
have been optimized via FORTRAN simulation as documented in Appendix E.
Worst-case conditions of 200 knot aircraft velocity and 100 knot TCXO clock
drift in a radial direction to/from Omega stations, as well as a SNR range of
-20 dB to +20 dB in the 30 Hz predefection bandwidih have been taken info

account in the optimization procedure. A first order filter of 16 counts {(about
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.05 Hz bandwidth) combined with a second order gain of .25 have been chosen
to yield the best combination of transient and steady-state responses,

Figure 12 shows SMAPLL2 transient (lock~up) response to 180 degree step
and 300 knot ramp inputs. The input SNR for this Figure is 0 dB, and it can be
seen that the loop requires about two and one half minutes to lock to this low-
level signal, The loop requires longer times to lock to lower SNR signals and
shorter times for high SNR inputs {e.g. about 15 minutes for ~15 dB and 2 minutes
for + dB SNR).

Figure 13 shows the steady~state response of the SMAPLL2 to the desired
range of SNR' of step inputs. Figure 14 gives the same data for the 300 knot
ramp inputs. The vertical axis is the standard deviation of the SMAPLLZ output
estimates of phase in units of cec. Both of these Figures show that the loop's
steady-state error will be less than plus or minus 3 cec 62.5% of the time whether
airborne at 300 knots or on the ground motionless.

A further demonstration of the improvement in signal variance provided by
the SMAPLL2 is provided by plofs of the histograms for signal plus noise input
phase and the loop output estimates of phase. Figure 15 gives the input
histogram for a ~10 dB SNR case and Figure 16 gives the loop's oufput histogram.
The improvement made in signal variance by the SMAPLL2 is obvious from this
Figure, and is directly proportional to the SNR improvement through the loop.

All SMAPLL? parameters have been optimized for tracking in the noisy
~20 dB SNR case and with the 300-knot velocity constraint imposed. Performance
is considerably enhanced by higher SNR's and slower velocities. The SMAPLL2

routine requires about 150 bytes of microcomputer memory and takes about 200
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microseconds fo execute. Appendix E gives the details of the simulatien and
additional plofs describing the foop®s performance. Appendix F gives the micro-
computer program listing for the SMAPLL2,

In addition to the interrupt service routine, auto-sync subroutine, and
SMAPLL2 subroutine already described (and the data output subroutine to be des-
cribed in the next chapter), the OSP employs a "main", or idling, routine, At
system furn~on fime this routine initializes all necessary memory locations fo their
proper contents; it then simply idles {(wasting time) until it is interrupted by the
microcomputer interface module with new Omega data. This main routine would
take the form of an airborne navigation program in a full-blown ONS. In its
current form it requires 100 bytes of memory to initialize OSP parameters and
takes about 100 microseconds to execute.

By accumulating the CPU time and program memory requirements for all
the OSP algorithms presented, it is possible to estimate the CPU time and program
storage currently unused (that which is available for future navigation processing
algorithms). After system initialization and automatic synchronization during the
first 100 seconds ofter turn-on, the SMAPLL? requires about 200 microseconds
after each Omega interrupt every 10 milliseconds, This leaves about 98% of the
available CPU fime currently unused (i.e. available for navigation processing).
Al OSP algorithms, including the Data Output Routine described in the next
chapter, require a total of about 1000 bytes (1K) of program memory. There-
fore, about 3K of the available storage is currently unused and is available for

the navigation algorithms.
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A. Output Data, The Omega sensor processor receives the Omega signal
off-the-air, performs automatic synchronization to the Omega transmission format,
and tracks the phase of each receivable station, The data which the OSP makes
available is the relative phase of each transmitting station and an indication of
the relative signal strength of each station's signal with respect to the atmospheric
noise level. This is the data needed by a navigation processor to derive the
receiver's posision,

The microcomputer-based OSP makes maximum use of the inherent design
Flexibility afforded by the software by utilizing a data output subroutine. The
autput routine is flow-charted in Figure 17, and the actual program is listed in
Appendix F.  The routine is buili around three user-inserfed code words, as
ilustrated in Figure 18. (Appendix D explains the insertion of data info the
microcomputer). One bit of the "opfion" code word selects a single output or
two oufputs to be time multiplexed fo the output latch (this laich is described
in the hardware section). Another bit selects output of the phase or signal
quality of the channels chosen by the second and third code words. The last
six biis of tie option code word dictate the multiplex time in tens of seconds to
be spent on the output of each channel®s data (if the multiplex option was selected
by bit one). The second and third code words select the stations for which data
is to be displayed. Each code word is ireated as two four-bit station identifiers,
and each station identifier is a number between zero and eight (corresponding fo

zero and the Omega stations A through H).

AG "36—
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Get "options”
from operator-
inserted code

MUX
Selected

Store Selected STA
Pair in Temp

\/
Store SNR/LOP in
Output Port

LOP = STA1-5TA2

i
Pull and Return
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Figure 17, Data Qutput Routine Flow Chart,



07 D6 D5 D4 DS 02 D1 D0
Option Address g ~ = l
Code Word 0000 MUX S/N MUX Time
or
LOP

MUX (Bit D7) is set = 1 for multiplexing two outputs, (D7 =0 will result in
LOP(1) or S/N(1) output only.)

S/N or LOP (Bit Db) is set = 1 for LOP cutput (06 =0 will result in S/N output).

MUX Time (Bits 05 - Do) is set to a binary number corresponding to the number of
10 second intervals fo be spent outputting each LOP or 5/N before switching to other
LOP or 5/N.

LOP and $/N Addresses By [Ps {Ps [Py [Pz [Py [Py |Dyg !
Code Words 0001 and 0002 Ly = Y s g
Station 1 Station 2

Station 1 (Bits D? - 04) is a binary number between 0 and 8. The number 0 selecis
clock drify only; while 1-8 select Omega stations A~H.

LOP is generaied by faking phase of station 1 - siation 2,

I# 5/M is selected by making Dé bit of option code word =0, then the S/N of

station 2 is oufput.

Figure 18. User-Inserted Code Words for Oupri' Rautine,
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If the phase option has l:;een selected, the numbers in the first channel
code word represent the phase of station 71 minus the phase of station #2 to be
output. If the number inserted for station #1 is zero, and the rwmber of stafion

72 is 1-8, the phase of the staiion selected in stafion #2 with respect fo the OSP
TCXO will be output. This measurement of "single station pfwse“ is exactly that
whlch hus been fracked by fhe SMAPLL2 jracking ﬁli‘er described in the software
‘section, An example of fhe smgle sfcmon phase outpui' appeurs in FIQUI’ES 19
and 20. Figure 19 shows the phase of a sirong SNR station (as rece:ved in Ohlo)
versus the OSP clock. The Omega signals are phase-locked to a stuble .u_fomlp
standard at the transmiiter, so that the constant velocity offset in phc;se is caused
by an offset in frequency of the OSP clock. - Figure 20 shows the single station: h
phase of a station whose recelved SNR is lower than in i*he previaous grcph
ITI‘IIS signal qiso exhibits fhe r.qmplng. phqse measuremeni's, bui‘ the track is Iess
constant. or noiser__’rhqn the strong si‘qﬁon s plot.

_ If the phase option has been selected qnd neither of the nuﬁbers in the

: Fir,si' chunﬁel word are zero, the phase difference of" station #1 minus station 72

will be outpui‘. The phuse difference of two Omega s:gnals gives a line-of-position
| I(LOP) as explqmed in Appendlx A F:gures 21 and 22 show the LOP's ploﬂed for "
various station pcurs as recelved in Ohlo. The phase ramping noi‘ed in the single
station phuse plofs is el lmmai‘ed in i'he LOQ“S by vu'tue of the fact that subtracﬂné
two phases measured against the same clock reference effectively. cancels the

clock frﬁm tﬁe measurement, Figure 21a shows the sirong station pair C-D,

and also illusfrates the "pi.'.edic-'i'dble_'dil';rnal phuéé _sﬁifﬁng_ effects b’aUséd'-by sunrise
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L.

0 cec  Eh AR R

- Noon

2/21/77

Ocec;

5:00 PM
2/21/77

5:00 PM
2/22/77

Figure 21b. 24 Hours Diurnal Data: North Dakota - Trinidad LOP.
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Midnight
2/28/77

Midnight

2/27/77

Figure 22. 24 Hours Diurnal Data: North Dakota - Argentina LOP.
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| and sunset. Figure21b shows the D-G LOP which is cnoisier pair, but one which
is still highly usable for navigation. Figure 22 shows the D-F LOP which is very
noisy, and is mostuseful fer navigation during the atmospherically "quieter" night~
time hours (when the propagaiion path is in darkness).
For means of comparing the software-based OSP with an all hardware
OSP, Figure 23is glven whlch shows LOP outpuis for both designs. Thls chorl'
1|lusrrcfes thqt bofh OaP designs irack 1he Omega 51gnc| when ina ground bosed
environment. However, the second-order iracking Ioop employed in the software-
“based OSP enables the tracking of high speed aircrafi with more SNR improvement
than is possible with the first-order hardware version. This is verified by the computer
simulation described in Appendix E.
If signal quohfy is selected in i*he ophon word msfecd oF phose, i'he oufput |
wi ll be ‘rhe signal quality of sfohon 2 of the first channel word Flgure 24 shows
- plots of the signal quality for several stations. Note that this gives only a relative .
SNR.indicoﬁon in its present form; although this measurement could be calibrated
fo g:ve true SNR, |
The mulhple# oohon reprecenfs a means For hme-shor;ng a smgie chori'
recorder or ofher output device. If this ophon is seleci’ed in i"he ophon code w-ord,.
i'he oui'pui' rouhne w1l| mulhplex phosa or sngnol quolli‘y (whlchever is seleci'ed)
of the first and second channel code words to the outpui' lofch. The mulhplex
‘fime, or ﬁme spent ou'i'puﬂ"ing the data for each chonoel word, s defel;mihed'
from fhe last six bli's in the ophon word This six-=bit bmory number represenis the
.number of fen. second mfervals fo be speni‘ on eo.ch chonnel's data before swﬂ'chmg

to output the data indicci‘ed_ for__ the other channel word.. Figure 25 gives an example
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Figure 24, An Example of Signal Quality Data.
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Figure 25. Multiplexed LOP Outputs (90 Seconds MUX Time).
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of o multiplexed LOP ouipute.

B. OSP Uses, The primary intended use for the OSP with the outputs
as presenfed here is fo provide Omega daia fo an airborne navigation processor.
This navigation processor is then to derive pilot-usable information su ch as
current position, course deviation from desired course, and miles-to-go to
destination. For i'hié use the OSP is thought to p.er’form well,

For the airborne use of OSP data a sophisticated navigation processor
is needed; however, there are applications for the use of OSP data which requ’-e
litfle or no navigation processing. The boat navigator con observe the LOP out=
puts from the OSP, apply a skywave correction available in published tables [161,
and find his current position on published Omega charts. (71 In this slow-speed
cppli_caﬁon,. the boat navigator can perform his own navigation processing by

calculating the course ancj distance-to-go from his charted Omega position.

Many applications of Omega data utilize remote computer facilities fo
process the raw Omega phase data from an OSP. In these applications the Omega
data is collected via an OSP on board an object to be tracked (e.g. weather
balloop, radiosonde, water bouy, life raft, etc.). The Omega coordinates are
then retransmitted viﬁ some other communications link to the remofe tracking

stafion for processing and cor’vg:‘rsion to position information. [18,19,20]

The U.S. Coast Guard is the U.S. government agency responsible for
maintaining the Omega nefwork in navigationally-precise, working order.
This entails providing a network of Omega monitor stations fo receive and record

the Omega signals af several geographic locations around the world for transmifter

fault detection purposes and signal propagation studies. The OSP presented herein
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is ideal for monitoring purposes such as this, The dafa can be stored on a digital
or analog output device for later collection, or it can be fransmitted to the
moniforing headquarters via phone lines in near real fime.

Finally, the single statiorrphase measurements such as illustrated in Figure
19 can be used to calibrate laboratory oscillators to near atomic clock precision.
Since the Omega signals are locked to atomic standards at the fransmitfers, the
received signal versus local clock measurement shows the offset of the local clock.
By adjusting the frequency of the local clock until the phase ramping gives way

to a straight line (constant phase measurement) the local oscillator can be calibrated.

vV,  SUMMARY AND CONCLUSIONS

A microecomputer-based low-cost Omega sensor processor for general
aviation use has been designed, implemented with minimum hardware and
innovative software and tested. The sensor processor hardware configuration
has been presented and the software has been described.

A FORTRAN simulait.~ analysis of the functions of automatic synchroni-
zation and PLL phase tracking has been performed to optimize routines fo be per-
formed by the OSP microcomputer. A data base of real Omega data was collected
using the system's receiver and interface modules and was used as the simulation
input fo obtain realistic resulis.

The microcomputer routines developed have been shown to output data
comparable to an all-hardware OSP and, in addition,the software-based OSP
offers data options and capabilities not available with the all-hardware model.

The QST vrovides outputs suitable for use by a navigation processor, and the
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system presented includes nearly all the hardware needed for an airborne Omega
navigation system.

The feasibility of implementing a minimum hardware software-based OSP
of higher performance and lower cost than is currently available has been demonstrated.
Further research is encouraged fo develop navigation processing microcemputer soft-

ware to complete the Omega navigation system for general aviation use.

V. éECOMMENDATiONS FOR FUTURE WORK

The OSP presented herein represents nearly all the hardware needed for a
complete Omega navigation system. The software bSP routines provide Omega data
usable by a navigation processor to derive pilot-usable information. Needed to
complete the system for general aviation use is a microcomputerized area navigation
routine. One possible navigation technique using Omega data has been functionally
described by Zervos. 21] In addition, a propagation corrécﬁon routine or some
other means Jor applying skywave c,;orrecfions is needed. More work also needs
to be done to develap a lower-cost, effective pilot display.

A software-based navigc;i'ion system is afforded inherent flexibility in that
the compufer memory can be reprogrammed fo perform other functions. The OSP
design presented can be used for some other navigation systera by augmenting or
replacing the Omega front-end n’{odule with a LORAN, GPS, or other front-end
and modifying the software. The potential for a hybrid Qmegq-LORAN system
seems great, considering the possible sharing of system hardware and sofMare by

the two systems. -~ -~ SR
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Aside from the noted receixﬁng system developmental worl, additional research
" 4s needed to determine means for improving the redundancy and reliability offered by
the Omega transmitting network. Whether this fakes the form of a supplemental
navigating system in the receiver-computer or an actual frcmsmiffér stafion aug~
mentation, pilot confidence in an area navigaﬁon system must bc_e justified and

earned. Thereafter, a mécms for. efficienily infegrdﬁng Omega into the Nafional

Airspace System needs to be pursued.
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Vill. APPENDICES

A. The Worldwide Omega Navigation System. The worldwide Omega -
System is.a network of very low-frequency (VLF) transmitters locafed at eight
locations around the world, as shown in Figure A-1. Each station fransmits for
approximately one second out of each ten seconds on the frequencies of 10.2,
13.6, and 11,333 .KH.z. Aﬁ shown in Figure A-Z, a unique i'ransmissioh patern |
is formed bv the scheduled length of each station's fransmission,

Omega was originally conceived by Professor J, Pierce of Harvard Univer-~
sity following his successful demonstration of the long-range phase stability of
VLF signals in the 1940's. Originally developed by the U.S. MNavy for use on
seagoing ships, Omega has only recently been used in airborne applications.
Operationa! responsibility for the system was fransferred fo the U.S. Coast Guard
in 1971, a move indicative of increasing civilian use of Omega. As of this writing,
seven of the eight permanent fransmitters are in operation, and the Coast Guard
is beginning implementation of approximately forty monitor receiving stafions
around the world.

Since_i’he wavelength of a 10.2 KHz signal is about 16 navtical miles,

_an effective antenna for radiating this fl;equency must be on the order of several
miles long. Two types of antenna structures are utilized for Omega transmission,
As diagrammed in Figure A-3, these are the tower and valley span antennas.

" Signals in the VLF. region propagai*e in the wavégui'de- mode using the canducting
eurfh and mnosphere as wuvegu:de bounds. As shown in Flgure A-4 a smgle

waveguude mode dominates when several hundred mlles from a i'ransmlﬂ'er, and

due to this single, stable mode of propaguﬁon the VLF signals can be received in
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Figure A-1. Omega Station Locations.

START START
TRANSMISSION [* 10 SECONDS = FTC

INIERVAE. | g0, 10 31 120 0 09 gl 09
starion A | 102 [ 16 [l [—r— : | 102

Bl—f—| 102 || 136 !| 1133 —f; .

C fo—| 102 || 136 || 1133 f—fa

D ol 102 || 136 || 133 |—f——>

£ N fo>it 102 || 136 || 1133 |—fs—

F sl —fo{l 102 || 136 || 1133 |—fs —

G| 1133 f = 102 || 136 || 1133

wl 136 | 1133 ‘ fal 102 || 136

R SRR '

Figure A-2, Omega Signal Transmission Format.
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excess of 6,000 mfles and af all alfitudes {even beiween mouniains and beneath
the surface of water), -

The heighf and smoothness of the jonosphere boundary is changed by vary-
ing amounts of radiation received from the sun, and this effective change in wave-
guide heighi'.resulfs in a signal phase velociiy change. The phase velocity change

.occurs when the signa.l prdpagci'iﬁn path fo the receiver changes from light to
darkness and vice-versa, and is, therefore, referred fo as "diurnal" shift. This
diurnal shift is highly predictable, and the received phase can be adjusted by

' opplying a skywave correction (SWC) facior which is unique for month, day,
time-of-day, and receiver locafion. Another highly predictable factor is the
varying conductivity of the earth waveguide boundﬁryo Ground conductivity

maps have been prepared and a propagation correction can be applied for particular
receiver location. lonospheric dis’rurbaﬁces caused by s.unspoi‘ activity and solar
flares are not as highly’ predicfcl:gle and limit the position-fix accuracy attainable
with Omega.

Techniciues for the recepfion of the Omega carrier signal differ; however,
detection of the signal’s phase involves comparing the received signal o a locally
.generafed s;ignql of the same frequency. Differiné degrees of sophistication are
possible in the phase detection process; more sopﬁisficm’ed_meaning more accurate
local clock signals. If a clock frequency on the order of d part in 10 12("3-’"'-"'“‘:

| s.i'an'dard.'acc':v’.lrucy) is 'uva'ila.b[e, and it is possible. to synchronize the phase of
the local clock to the iime standards employed at the Omega transmitters, the
Omega sysi"&n éaﬁ Be used in .the rh.o-rlh;) positioning mode by simply measuring

the time-of-arrival of two or more Omega signals (propagation time being
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proportional to distance fraveled). if a local clock of this hiéh accuracy is avail-
able, but it is not possible o synchronize its phase with the Omega iime standards,
it is still possible to navigaie in the rho-rho mode. However, it is first necessary:'
to defermine the receiver’s position within Zeight nautical miles (since a cycle af
10.2 KHz is 16 nqﬁi'ical miles long and each phase repeais every 16 miles).
This is knﬁwn as lane resolution, .c.:nd several i‘echnfqués e::'iéi' for resolving lanes
to within needed limiis.

If a local clock of ajomic si‘cnd.c:rd accuracy is not avuilable, a less stable
(and less expensive) clock may be used provided shori=term stability constrainis
are obeyed, For example, a clock stability of one part in 10° per day will drift
no more than one centicycle (1 / 100 of a 360 degree cycle) in jen seconds, There-
fore, if this local reference clock is, in effect, used _wi_i‘hin_each ten second Omega
frame sepamfefﬁ very liﬁle dccﬁra;y is socrifi ced., | Speciﬂéally ; phase differené—
ing can be performed by first detecting each station's signal with respect fo the local
~ clock and then subiracting two phase measuremenis. This effectively subtracts
the clock from the measurement. Each phaée differsnce is a p’oihi‘ on'a hyperbolic
confour, Geomeirically, lines of constant phase difference form hyperboli; contours
referred to as hyperbolic Iines.-of-p.osi'i'ion (.'LOPﬂs), as s..ho'wn in Fig.cr.eﬁ;—ﬁ. |
Navigation by reference to these LOP's is known as the hyperbolic ﬁode ¢, and it
is again necessary fo determine inifi’ul position to within one-half lane (loﬁe resolution).
It s necessary ‘to use iwo LOP's (at least three stations) fo determine position, and
greatest accuracy is achievable when using LOP"s which infersect at close fo a 90

degree angle.
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and Temporary Staiion Trinidad (B).
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Paramount in the deteciion and estimation of Omega phase is the problem
of noise. Amplitude noise in the VLF region is caused primarily by lightning and
is made up of both gaussian disiributed noise {a conglomeration of many distant
Iightning sources of various sirengths and distances) and impulsive noise (closer
lightning sources). Transmitted power of all Omega stations is ten kilowaits,
and a represenfofive sample of received signal and noise amplitudes appears in
Figure A-6. Also of importance is the noise caused by precipitation upon the air-
craft and anter.ng. These additive amplitfude noises cause the defested phase
to be contaminated with noise (i.e. phase jifter). Due fo the severul contributing
noise sources and allowing for less than perfect propagation corrections, the stated
Omega system position fix accuracy is + - one nautical mile (daytime) fo + ~ two
nautical miles (nighttime). This basic accuracy limitation constrains Omega use

to an area (non-precision) navigation aid.

B, Omega Data Base. For purposes of obtaining realistic data for a
simulation analysis of Omega sensor processor (0SP) functions, a data base of real
Omega ground and Flight data was cellected. So that the data used as input to
the simulation would be the same as that seen by the OSP microcomputer algorithms,
the data was collected using the OSP hardware front-end and interface modules
which had been fabricated and perfected before the OSP software was developed.

For purposés of evaluating the performance of the simulated avtomatic
synchronization and PLL tracking processes it was necessary to collect Omega
data under the following conditions: (1) ground-based receiver with noise conditions
found throughout a 24-hour day; (2) ground-based receiver with and without fﬁe
overwhelming strong station (North Dakota) being received; and (3} airborne

receiver in a general aviation aircraft.
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The Omega phase data was collected via the equipment sef-up as shown
in Figure B-1. The microcomputer provides an interrupt signal when new data
is latched and ready to be read. For data collection the 100 Hz inferrupt signal
was used as o magnetic tape recorder "write" signal (one phase sample written
every ten milliseconds), In addition, it was possible o collect data only during
every other fen second fime frame. This was to allow fime to writ2 an end-of-
record on the tape to separate the ten second data frames, Nofe that this is
wideband 10,2 KHz Omego phase data taken directly from the 30 Hz bandwidth
receiver front-end and samplea by the interface module every ten milliseconds.

The ground-based data was collected af Ohio University’s Clippinger
Laboratoriesa A 6,1 meters long wire, mounted on the roof of Clippinger Labora-
tories was used o~ the receiving antenna. An active preamplifier was colocated
af the antenna and feeds the signal through approxim-tely 30,5 meiers of coaxial
lead-in cable to the receiver in the Omega Laboratory. The elecirical environ-
ment of this receiving antenna is one of considerable interfering noise. The noise
is primarily from two sources: (1) 60 Hz harmonics radiated by high-powered
electrical equipment in the building; and (2) audic modulation of a nearby AM
radio fransmitter. Therefore, the ground-based data is of worsi-case variety.
The data without strong station North Daketa was collected as that station was
going off-the-air for scheduled maintenance.

The airborne data was collected wifﬁ the equipment set-up of Figure B-1
installed onboard the Avionics Engineering Center DCf-S flying laboratory, The
data was collected outbound to Chicago O'Hare International Airport from Ohio

University Airport at Albany, Ohio (and also inbound on-the return flight), The
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outbound flight was conducted between the hours of 7:00 and 8:30 AM on October 20,
1976, The cruise alfitude was 2438 meters and VFR conditions persisted through-
out the flight. The retfurn flight was between the hours of 6:00 and 7:00 PM on
the same day and the cruise aliitude was 2743 meters in VFR conditions. The
aircraft’s ADF sense antenna mounted on fop of the fuselage was used with the
preamplifier mounted on the ceiling inside the aircraff, The preamplifier fed
approximateiy 6,1 meters of coaxial lead-in cable to the receivers

All data was recorded on magnetic tape in the binary format presented
by the microcomputer interface module. The phase of the Omega signal is
recorded every ten milliseconds, each data point being quantized into the
inferval from zero to 255. The OSP's temperature compensated crystal oscillator
(TCXO) was used as the local reference clock; therefore, the slight frequency
offset of the TCXO appears as a censtant-velocity phase ramp in the data.

Figure B=2 summarizes the contents of the data base.

Type Date Stations
File? Data Collected Location Transmitting
1 Ground (24 hours)  January, 1976 Athens, Ohio B,C,D,G
2 Ground (D off air)  June, 1976 Athens, Ohio B,C,G
3 Ground (D off ;ir) June, 1976 Athens,Ohio B,C,G
4 Flight (VFR) October, 1976 Athens~Chicago 8,C,D,G
5 Flight {VFR) October, 1976 Chicago-Athens B8,C,D,G

Figure B-2, Omega Data Base Summary.
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C. Omega Sensor Processor Circuifry. The Omega sensor processc. is

composed of three distinct hardware modules and a general-purpose microcomputer.
The circuit details of the Omega preamplifier, receiver front-end, and micro-
computer interface modules are given in Figures C-1, C-2 and C-3, respectively.
The microcompufer system is described in Appendix D.

D. JOLT Microcomputer System.

1. Hardware, The JOLT Microcomputer System is available from

Microcompuier Associates; Inc., Santa Clara, California, Asimplemented in
the Omega Sensor Processor, the JOLT system consists of a CPU board and a memory
board. The CPU board containing the 6502 CPU chip, 6530 chip (PIA, TTY
Monitor ROM, and Interval Timer), 4520 PIA chip, TTY interface circuiiry,
and 512 bytes RAM is available in kit form for $150. The 4K RAM memory board
is available in kit form for $200. Circuit diagrams for the CPU and memory boards
appear in Figures D-1 and D-'2.,£22:l

As can be seen from these diagrams, the JOLT incorporates a 16~line
address bus and an 8-line dafa bus, along with an adjustable 700 KHz - 1 MHz
oscillator. System architecture includes one accumulator, fwo index registers,
one processor stafus register, one stack pointer register, and one program counter
register. All are 8-bit registers except for the program counter which is 16-bits
long.

The system accommodates two fully vectored interrupts, One is a non-
maskable interrupt (NMI), and the other is an interrupt request (IRQ) which can

be disabled and thereafter ignored by the soffware.
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Figure C-1. Dual Purpose Preamplifier Module.

65w



'*.;L 4.2 ” O +9V
2470 :I:IOO _ R '

ot wem
o P ' Vernitron Vernitron

INPUT

{Q0pf
50q.©70db 00! .00 .00t 00!
- bk
T .0l : 5k Low Q Tuning Resistors X 5k

RF
§3 o “ OUTPUT

Figure C-2a, Receiver Front=End Module, Two-Stage
VLF Bandpass Amplifier.,

~bb-



{'l O +9V

Quad 1M339
Comparator

112000 (v pind)

| Lm21ll
DIGITAL
.5k = [(NSHIA) + (nd pinll)  SUTPUTS

| | E O_m]_ ) Psase
T A Edges
v - +
%0 | | | M
' ' 100k
1 logic
o T 2.7k +Vee

= RED
+1 W LED _
tI:lO o— h _
= Fault
) ' 9V 47? p— + Level
' Y'Y ¥ W—|

{00k
YELLOW
LE

@
©
.f|—-—@
&
2

N
]

100

DI

O g
e Ready
Limiter 500 -
adjust
ANALOG OUTPUTS level
470
Envelope : '
G é
Noise
— AW + I Level
{00k

Figure C-2b. Receiver Froni-End Module, Limiter -
Comparafjor Circuit.

b7 -



*wolBoiqg .::w.__u s|npoyy 994U Joindwodo.o mE *p=-0 a4nbi4

>N_ - =
& w.— 4 + L rJ " e »nTJ A L)
BT °97 BTY °0° 51T o0 *
L5t 285 125b
ﬁﬁﬂ%acmm __.ﬁm.m.aqam naﬂ%ucmm
L1 — -.Wnl— %— 1.3 — .Mlh Hﬁh
ARl ARte Azle '
30 (1) 5~
_lft [~ .33 e Age
23 J.:u - 108D ax - .._/.... .ﬂ_q. n
mm“gll MGa ] 5 1 3D mmm 509 mr
1 flow| % S0y 2358
g qEdole S o %ﬂ_m i o 2%nvaf
R 1) B 1 11 ) _:_ T -
b1 {2 > = >m_.p A& el . |_
Gy 18 >—ed
E——— LT
]
olel=s]le =
Flejzqe i » he 4 as,
T 3 h =
“'spT'o %% isu %% bawo ..m.m c-cuu_om 9 2
e u-h.OM
8084 o2t oz :  segor
- 35
uw %% %l ,.ulmam ud xua ..:h_wa_w”_ D < o
'y
o I TP T rhd S || L : s
1] o312 o AS £ A et (B
b 4 OB aape
) ASs [ EIT ]
A+

-68-



*woiboiq SoWaYdS paoog NdD 11O *1-q 24nbiy

Lot 1 aren|  owww. VWt iOw O3 ]
o2- L1 : |
A3 R =l

Ndd -11oe]ssy e

T

 RTYOTI DY IOg |
I-'t' |

- : o PSS

= @FappatE Fumorw T -
T S3Av Anay BILNWWTED e A2 Al ﬁu./

s ont
e 2
:-m
r el TE| Y94 ossm
] ces 6N
T b
L3
T e — ned LE]) b
= - . C Fo] Lve 0T It}
LD 1s 1 Bt— &3 L3 Dk bl (3 va (arrwins win ) ==
LAt qagm Safgy——— sa i3 B wRa bT——ga Tusans 1A q
o8 fmpga—— 1'% gn vebs va ol vve *8a »a
e '™ Sa b ta e — vl Sve wea |- boed
reb—— 3 tve t8a | ~ sz
bl | B o w] v il ) e aaor L »o0i
!.—.N»lg i L) bkl 113 o1 13T ™ lie
%5
3 £
syt | €N 8N _4 ;
= L I L 13 Bhid
F 9 ke
=1 i
ry Ry
T v
0 b
1
12 b
L3 ol
T
110 7 12 4
e oy C
=
i i
vy
12 bod
iy
1'"
T oy
e
| 1
° Wbl fufsle of Mfefsbful frls]e ol W] sle ol biijetslufifsle]s
_ y i i t
it : 13 3
| s iy " ut
1 &N vn €n in
E g *\ o8itenm w8t fam i o o $utitio 2 ; |
] ol o] FELER T ol af fnjerfe]o o + s[of plepf ] e of o[ Ml Tm 1067 Saw bt R
E | o H _\....M._u bt e n o i 1 _ |
T " : i Ly o I T = b
< s Feeb)
U sté— 31f «9¢ w I
P 43—y e ] Age
(38 e i ¥ ).
- Q " o6 ¢ -a..-- -" e ki e b i
Ve —r w] 104 bl |
23 e 5 .
- y et ey AS 1
ZS i Ak
[T
gt ou s Bl TR R RO RSO el 5 L ) e e R DR TSR SRR



s mal  Sesswen YOS som of

*wo4boiq 214pwayog pivog Alowsw WvY Ny L10F °Z-d ainb14

coo_rfa -

Wy we - Lror B
SWTReRIT DUTNIHIG v ch, G oMuse Gimey vw o SG)
- | AEARAY  BRINGWE I TN Ad "
Haillg‘ oo

h )

wane =77
ian s =R
ciane @5
Ziane ]

-.ln.“!-ula! Jr—

L

El

P —

o=l

i

i 5 r_m ._a
' tinh o] fr=jv]m 1 |- DANE
van] | [<n a0 Ll 1n
i " vt Lol 1Y & el
w2 (Rt ne= Jl e
q: L it
e B —. R
B i B e O P T T SRR = T TR IRl NPT R et ] [T SR o B
! R e T T e s b3 =F I T TN W SR = = | 5
I I, e = BE o AT S S R ST W AR T g ‘
e el L e S i b i it 5 et B i i W H
Eo ot --ﬂ e en PN B S R e e il bew s prsivament vt sl RGN i A I i
1 S T e e e e e L e e e e T R T S - e B : o
I 8 W fh o i A = = .
i = RS g MIYRSTIE BT = — 1 <
: L U |
un L sin A | fon]dien] fen} 2n + s _
L RE T e (o 3] Li-14 O =Y
ﬂ‘ w2 A uz |~ eﬂ At mz 12 12 M w2 M N
% L 18 sanw rans e R \an ¢ e cars ¥
— — — - — - - — — — — — — 4 —
! i =2 o e e o - s pavesn 1
L e = s = el == = = EBIg e !
- - — - — — - — — — —— — - ’ .
IS & et — L
stnl e ] T e o = = m_.
P s s S i s ittt -4 ]
ale e ST T PO IR s DTS e L e T YO e e P S U S R T - L \
B iplet e ) RS T - e i i k) ks i
.

P AR
SR S A
e

o ot




| The JO LT sys;’refo reqoiresoopnl'ox.iroo'reiy 2 omps at + 5 volis ond 5C..rn.i-| iiF |
': -'amps at -IO-VO'ITS DC. After these supplies hqye b'e_en i'qr_nedjo_n',: the user nee‘d. o
only push the sysfem reset bu’rron and the system is ready to accept user-commands
- frof a v keyboord. .
2. SoFfwore. anure D-3 glves i'he ms’rruchon sei' for fhe JOLT

system and details oboui‘ eoch msfruchon. H' can be seen fhoi' fhe averoge in-
sfruchon fetch and execute: i'lme is oboui‘ 3 microseconds. The 52 msfrochons _
combmed wn"h their various oddressmg modes pro\nde one hundred ond fifty UnquE
) operohons. Figure P= 4 glves more soffwore dei'ox s and Flgure D-5 gives fhe

) JOLT sysfem memory mop. [_22} .

B , The TTY monl’ror roui'me whlch is reSIdent on The 6530 lK ROM ch:p

S ol!ows fhe user fo opero're the JOLT From o TTY keyboord. Commonds mclude- -

| (1) dlspluy com‘ents of memory; (2) dlsploy confenfs of- CPlJ regxsfers, (3) olfer '
" contents of memory or CPU. regtsfers, (4) begm program. execuhon, cmd (5) punch

"'cmd reod paper fope. ln addlhon ’ severol momfor subro.mnes can be colied fo

S i-)rpe dofo on ’rhe TTY prmfer. -

In oc«!dmon, a 6502 Aasemoler whlch can be execufed via a lorger compufer' -

'_.-‘svsfem employmg FORTRAN IV, hos bee'a o':fomed. [2 ] Thls Assembler copobllli—y |

) 'i-hcm hexodeotmol number codes, ond ollows for use oF vorloble names cmd Iobels

".'ro’rher fhon numer!c:ol codes ond locohons, e B R e T T T T

o Ea FORTRA\I S-mulohon Anolys:s In order fo te.,i' H’!e Feomb:l:’ry oF per-

;.i-formlng OSP Funchons oF aufomoho syncnromzohon cmd PLL phose *rockmg o
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COMMAND. - .  OPERATION

R | | Print out the CPU regi.si'ers.
M a | Print ocut c.oni'eni.‘s of mem;ary.
: . Alter contenis of CPU registers or memory,
G . Begin program éxecuﬁoﬁ. '
"WH . Wrife contfents of memory in hexadecimel.

LH Read punched paper tape,

Figure D=4, 'JOET System TTY Monitor Commands SUfnh'iary.
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- . Figure D=5, JOLT Sysfefn: Memory Map,



software, a FORTRAN simulation analysis was performed. This simulation also
served fo optimize parameters in both algorithms before they were assembled in
microcomputer code, The input data for much of the simulation analysis was
the real Omega data base described in Appendix B; however, since.fhe sp.éciﬁ:-
cation of system performance requires complete and absolute knowledge of the
input data, compﬁfer generated data was also used. |

Each simulation is summarily described, and the actual listing for each
FORTRAN simulafion appears at the end of this Appendix.

1. Noise Modeling. Since the real Omega daid base contained

uncertainties such us signal-to-noise ratios (SNR) » phase me_asurements desiQned
to appréximafe the dafa af the oufput oF"rhe osP Frczalnf-;end ﬁnd .micro.compu.i'.ér
i{nterface modples were generafed wiijh the computer, _ ‘The Omega noise is both -
gaussian and impulsive. Gaussian noise is easily generated by the computer and
was judged to sufficiently approximate real Omega noise following comparisons
"o'F. statistics of the real and modele'o.l noise.

| The noise mode! niﬁsf simu lc-fe the gdussfan di.str.ibu ted. inp:..v.f' noise .being
bundpus_sed f_hroug.h the. SQ Hz narroWband Omega receiver fro_nf—end_.m_oﬂul_e.-
The basis fof such a modél of a sinus;oriddl signal embedded in gaussian noise and
received through a narrowband receiver is .:d'ei}eioped by Schwartz. [24J S

The signal developed across the antenna can be éxpressed as: s(¥) =

(>;+A)¢os'6.vf..+6).-i.-(y)si'.n(;/i.');, :Th.is ex.pres.s.i;r'\' n'cz-:‘g.l'égi'sl pcfégfﬁie' mferferrmg .c.drr.%i:er
terms frorr; ofhér Omega Frequen_c;._i_e_s and ofhe_r strgﬁ.g _;_ig__na |_s near fhe de__si:redj _
fr;é;:{uency. Acos(vt+o) is the &esired signal i'.e.rm p .;md x and y are the white,

gaussian noise terms (with x and y independent, of zero mean, and variance o),

T 7 TR



These noise ferms can be generated by calls to system library random number
generator rouhnes, RANDNR and RANDNRE, The narrowband receiver front-

| end module is simulated by a low-pass ﬁli’er (LPF) subroui'lneﬂ GRANGE Pass- |

ing the random noise ferms through the LPF resulis in _corrglui'ed noise samples.

' The phase angle detected at the output of the LPF front-end can be simulated

by taking 6 = arctan ( \,+);_\,‘ ). The density function of phdse obtained in this -

‘manner is: ' 52 1 2 szsinze
f(S 7V —= cos fe [1+erf(s cos B)1

: where 52 is the power mgnal—i’o—no;se ratio equal to .ATQ- .
. 90
Comparison of the histograms and autocorrelation plots in Flgures E-1,

E-2 versus E-3,. E-4 gives an example of how well the madeled noise approximates
the real Omega noise. Lack of autocorrelation of the simulated nurrowbond noise
'~ is due to the fucf that ﬂflmle"LPF subroutine GRANGE simulates -a.s'.inglé—pbl'.e RC
.!ow—pass rather than the mu 1ﬁp[e~-*.-oie low-puss Fiifer providéd by the real Omegu

front-end. However, i*he amplttude of 1he R(O) ferm (noxse VCII'lCInCE) close!y |
-. approximates that of the real dafa, and the hlsi'ograms are fairly well ma’rmed

(remember that the signolni'o-nmse rafios for the real data are only approximations).

All plots Wére..'ger.!elr-dtéd via calls fo the system library routine MMPLOTT.

2. Aufomaﬁc Synchfonizdfién Simy Idfi_q_n. The automatic synchronfzuﬁon
.Siml.l Iafiéjﬁ fs § lc.:J\.rv.cH;:ri.“ed- iﬁ F'i'g.j.t.i_re. E;-5_; ” | | |
5 _-Thé real ngga_ data base was used as -%h.e i.r_lpuj' data qu_fhis_simu lation, |
,und,tl;le subfoﬁﬁne DAT_A' 15 first called to insure a random starting poi.ni'. in the
data base (simulating a random OSP furn—on time).  Affer a completed 10-second

frame of data is read, the data is "mirrored". Figure E=6 shows the 10-second

i
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frame of daia and iis corresponding mirrored values plotted 10 points per line,
Next, sample~to~sample differences are computed (see Figure E~7). Each
difference value is compared to the predetermined threshold constant, and o

Vgcfbr of "1" and "0" is generated which fepreseni's the correlated and uncorrelated
samples.

| Before generating the vecfér of "1" and "0" by comparing phase dii’i”é\.renées
. fo the threshold constant, it is helpful fo smooth or average these differences,
Several types of smoothing filter were fried s including straight averager, one

and mb—éided';axponenﬁul ’ and'meaian t.Hr".ca'e;. Qii‘h various..dmounté of poinis

fried in each filter. The most successful was found to be the 9-point straight
dvéragero Us.ing this Fifi'ér, i‘hé accumu lated sum of nine differences is cl:ompared.
to nine times the threshold constant,

The threshold constant is most critical and has been determined (approxi-
mately) using the decision theory approach as well as by simulation. The cdné%‘d’ni‘s.
' defermined by both techniques are in close agreement, thereby lending credence

to ..the chlué.chosén} o | - o

Having d_etermri‘n_ed_'thi_s gonstqn{',_fhe vector of f"l " _cm_d "0" is created by

comparing each phase différéﬁce fo it. - Then ffe vecior represenis the received
“correlation "pdi'terﬁu ‘T.his' received correlation patfern can be compared (:or cross= -
"c.orrelai'ed)_'fbii'—by-—bii‘“ in a bilevel correlatian process with the stored unique
.: Omegq i'fdl.'lsm'is:s'.ion Eaiii'.érn:'.} A .E:.oniélu..t:ic.'.m cdﬁni‘e;‘ is .fi.:rlllc:-réi;heﬁféd Fcr .e.;:-.:-h e
_cpjnc_iden_ce_ of the _si'dred_ and recg—:{i?gd patterns. Then the received pattern.is
.sﬁiffed .oné bit and i'hé entire crosg-c;:rfélcfion procéés is répeated unfil ;::ll' possible -

starting points have been tesied. The number of shifts necessary to yield the highest

-83~ .
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correlation counter value is assurﬁec! to be the desired siarting poi’n‘i‘ for the "A"
time-slot of the Omega data frame. After shifting the original dafa the defermined |
number shifts, Figure 9 (in text) shows the Omega phase samples plotted fen points
p:ef line. |

The routine's performance is improved if the operaior inseris the stations
which are expecféd to g'ive coherent phase data samplés (i.e. those stations
' received at or above 0 dB SNR). There was no noticeable difference in the rouiines

ability fo sync on ground or flight data, nor on data with the strong statjon North

" Dakota off~the-air. However, it is obvious that the technique depends on af least

i‘wo stations bemg received above 0 dB SNR. Therefore, if only one station wes
suff:cnenﬂy received the operator would have fo ldenhfy wh;ch station it was.
.Nofe ’rhat if a two or fhree frequency system was avaf ilable, oniy one sfcmon

would be needed for sync (due to the unique lengths of qd{aceni‘ time-slofs).

- 3. Phase Locked Loo.p_Simu.ldﬁon; Since the phase-fracking sfructure

presented in the text (SMAPLL2) d.:c:es not readily fit conventional models analyzed .
:.in i'hé lifefai'ure_,. cé'm;:)u.i'e.‘r simu lation .hu'.s been chosen rather fhan theoretical
._unalysxs fo ophmlze ioop parameters For fhe ulrbome Omega cppllcqflcm Compui'er-
generc:’red data has been used o ophmlze the pqrqmefers and specify SMAPLL2
~ performance. - _F‘inq! ly, the real Omega data base was used fo C_?"_f"'_‘_“ _e:;peqted: _
tracking perforrﬁance. Worst-case conditions of ~20 dB SNR in the 30 Hz pre-
défécﬁon bandividth and '300'knofs-velcséw7o'f input signal phose in a direction
_ radlaliy to/from Omegu sfui'lons huve been snmulcz’red._ |

There are wo SMAPLL2 response modes of :nteresf~ franslenf (mcludmg

lock-up mode) and sfeady-si’ai'e response. The transient response is evaluated by

= .'_"35_" '



~ beginning with the loop in lock with the input signal; then step and ramp input
signals are cppliéd. The response to these inputs is .obsérved for the entire range
of =20 dB fo +20 dB input SN R. Sl'eudy-sfahh rrn.ponse is eva luated by initializing
the loop to a locked condition for various velocities of ramping inpuf mgnals and
 caleulating the loop®s output error for each input signal after several hundred
ime=slots have been simulated, This response is also observed for the enfire
rangé of input SNR's,
A fhree-step approach has been uhhzed to home-m" on the best chonces
for the parameters of first-order bandmdth and second-order gain via thls simulations
(1) With the loop in the first-order configuration (SMAPLL),
the steady-state response for a range of first-order filter constanis
is examined. The value of loop filtering which results in an output
standard deviuﬁon c;f or near zero over the desired operating range
oF input SNR is chosen. | o
(2) With fhe Ioop in the second—order conflguruhon (SMAPLLZ),
and using the chosen value of first-order fi ltering, the transient
resp:on.se' is excrﬁi_ned fora wide r-dn'ge of second-order gains.. It
is desnrab!e to choose ’rhe va]ue of second-—order gam which resulis
| in besi‘ fransient response (fasi'esf lock-up time), If this mmlmum. -
= lock-up hme is excesswe, the data rui'e From the Flrsf- order filter
is too slow, and step l must be repeafed o choose a lower value.
. of first=order filtering (i.e. to increase the Ioop- s data rate). -
() With the chosen values of first-order filtering and second-order

gruin , the steady-state response of the SMAPLL?2 to various velocity



ramp inputs is exxamined. If the ouipui error standard deviation is

not within acceptable limits over the SNR opéraﬁng range, steps

1 and 72 are repeated, A greafer amount of firsi-order filtering

is chosen .while sacrificing some lock-up time. This trade~off is

the design optimization that musi be made to achieve the best

combination of fransient and steady-state performance for each

- parficular application.
Executing step 71 of this approrich, the SMAPLLI yields the graph in
" Figure E-8. 'l'his..graph'gives the SIMAFL.LI si‘éudy-;-sfafe reépoﬁs'é ft:;..zéro%velociiy
input signals over the desired i'raclging range of SNRs. Since a first-order filter
of 5 bits {32 counis} (ﬁr .02. Hz bandwidth) is soen fo give an output standard
deviation of near zero cec over the operating range of SNR; this value was
initially chosen, However, it was found that this amount of first=order filtering
r"eduéed the data rate fo below acceptable limits (i.e. in step #2 the !ocl<-;'up:i'im-e
was found fo Be'prohibi’fiy'e). Therefore, the firsp-order filter constant of 4 bits
(16 coﬁﬁfs or 05Hz b;mdwidi-h) was o.::h.osem | |
- The .05 Hz first-order loop bandwidth yields accepiable lgck-up times for- -
several values of second-order gain (again, determined by executing step ),
: .‘I"lfierefo're"r ‘the best value of second-order gain is chosen as that which provides
bgsf steady-state perfor_mance for ramp inpuis over the desired rqnger of input SNR's
' (s.i.'el;;.# 3). F'i.g.jﬁré E—9 shows the sfeudy;sidfé réﬁﬁohsé of SMAPLLZ fo ZIQ 'ier.o—\feipc':ify '

- in_put_-i"or_' severd| \(u.lues_ of second-order gain. Figure E—IO_givg;_ the same data for
a 300~knot input ramp. It can be seen that a va Iu;e.of .25 for the second-order

gain gives the best response for both input velocities.

C 0 JB7-
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The transient response of the optimized ‘SMAPLL':! to 180 degree step and
300-knot ramp inputs is plotted in Figures E~11 and §-12. Since a general aviation
aircraft is usually on the ground for at least ten minutes after aircraft power is
turned on, a lock-up time of this length is considered acceptable.

The FORTRAN ianguage listings for computer simulations of Omega noise,
the automatic synchronization algorithm, and the performance simulation of the

SMAPLL2 are given as Figures E-13, E<14 and E-15, respectively.
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ROUTIN: COMPUTES THE AUTOCORRELATION R(T) OF 30TH REAL OMEGA
NOISEL AND SIMUGLATED NOISE, AND PLOTS R(T) ON SEPARATE GRAPHS.

ROUTIKE COMPUTES AND PLOTS THE HISTOGRANS OF BOTH REAL OMEGA
NOISE AND SIMULATED NOISE PHASE ON SEPAPATE GRAPHS,

OPERATOR MUST SELECT SKR FOR SIMULATED NOISE BY SETTING A.
OPFRATOR MUST SELECT SNR FOR REAL OMEGA NOISE BY READING OVEP
DATA ON DATA BASE WHICH IS NOT WANTED,

INTEGER TME
REAL X(200),¥X (100),R(100) ,XXA(100)
REAL Y (200) ,YY {200) XXL(12) ,YYL(12) (INTVL
DATA XXL/lTl'lti'lﬂl'lEl'l "|1c'|9|'| t'lmi'lst,!Ei’lcif
Bara_YYL/lAl'|Ut'|To'|0|'1Cl'lgt'|ﬁt'|at’tgt"Lc'!AC.QTt/
CALL RANDOM NUMBER GENERATOR AMD LPF TO GET SIWULATED NOISF, - :
SET PAEANETERS OF LPF TO SIMULATE 30HZ BW AND 100HZ SAMPLES. o2
CALL INTGEN{5%%11) = g
- ve G2
BH=15., B
SMALLA=B9%*12,57 E%EF
LAPA= 2, *SORT (4, /SMALLA)
INTVL=.01 | 2
TME=200 : %E
CALL GKANGE(YY,INTVL,CAPA,SMALLA,THME) :
CALL INTGEN/5%%17) - ) e
CALL GRANGF{Y,INTVL,CAPA,SMALLA,THNE) : o
TAKE ARCTAN OF RANDOH NUMBER RATIOS TO GET NOISE PHASE.
“ A IS THE SIGNAL VOLTAGE AMPLITHUDE: POWER SNE IS (A*A)/(2*N*¥N).
565 PO 5 I=1,200 ' . - ' :
A=0,001 _ o
X{I)=ATAN2(YY (I), (Y {F)+3))
CHANGE UNITS FROM RADIANS TO CEC.
X(I)=x(I),/7.062831853 _ =
5 CONTINUE . : .
“'CALL AUTCOR SUBROUIINE TO COMPUTE AND PLOT R(T).
CALL AUTCOR{X) B o
PRINT 102 o

102 FORMAT(1X,'THIS IS TUF AUTOCORRELATION FOR SIMULATED NOISE PHASE')

- SNR=10.*ALOGY0 (A%A%*.5)
PRINT 101,SNR,BW2, INTVL

101 FORKAT {1X,10X,*SNE = *,F5,2,' DB',10X,'BH = *,F3,0,° HZ',10X,

C'SAMELING TIME = ',F5.3,% SEC*)

CALL TO HISTO SUBROUTINE PLOTS HISTOGRAM OF SIMULATED PHASF
NOISE VS, PHASE IN CEC, C S S
_CALL HISTO(X)
PRINT 105

" 105 FORMAT (1X, *PHIS . “-?I‘S_ THE HISTQGR[\M OF SINULATED NOISE PHASE V3.

naa

P CPHRSE IN CEC.t)
 PRINT 101,SNR,BWZ,INTVL
- “CALL DATA SUBROUTINE TO BETURN REAL OMEGA PHASE PLUS NOISE..
 FIEST SELRCT. SN® OF REAL DATA BY READING OVER UNWANTED DATA,
500 CONTINUE . .. . . I PR -
po 1 I=1,130

Figure E-13, FORTRAN Program RSRAND Used to Analyze Real and Simulated -
| Omega Noise. ' . '
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CALL CATA(IOUT,E1G0)
ISKIP=1
1 CONTINUE
po 2 1=1,100
CALL DATA(IOUT,E100)
X(I)=FLOAT(I0UOT)
CONTINGE
LANE=255 .
HALFLN=128,
SUM=0
po 6 I=1,100
SUM=SUHN+X (I)
’ 6 CONTINUE
AVE=SUM/100,.
po 7 I=1,1080
X(I)=X(1)=-RVE
TF(X{().GT.HALFLN) X{I)=X(I) ~LANE
IF(X{I) LT.-HALFLN) X(I)=X(I)+LANE
CHANGE UNITS FROM 255THS TO CEC.
X(L)=X{(I)*100,/255.
7 CONTINUE
po 3 1=1,900
CALL DATA(IOUT,&100)

[

L)

3 CONTINUE ' Opy
PO 4 I=101,200 o | lm?;§$wagﬂp
CALL DATA(IOUT,E100) - - Tlop QUAGEI
X (I) =FLOAT(IOUT) ALrp
4 CONTINUE ¥
SUM=0,

SUK=SUM+X (100+I}
8 CONTINHE
AVE=SHM/10C.
pn 9 I=101,200
X(I)=X(1)-AVE
IF(K(I).GT HRLFLN)X{I) =X{I}y=LANE
N IF(X(I).LT.~HALFLN) X (I})=K{(I)+LANE
e CHANGE UNITS FROWM 255THS P60 CEC:
X(I)=X{I}*100./255, '
. 9 CONTINUE _ '
¢ CALL AUTCOER SOBROUTINE 0 CONBUTE AND PLGT R(T).
CALL AUTCOR (X}
PRINT 163
103 FDRMAT(lx,'THIS Is THE ABTOCORRELATION CF RFAL OMEGA NOI%E')
" PRINT 104,TSKIP

. 104 FOEMAT (1X,'THE DATA STARTED ',IS,'?AHPLES AFTER THE START OF
o CTHE D TINE SLOTY)
: c CALL THE HISTOGRAN SUPPOUTI&E FOR REAL OMEGA NOISE PHASE .
a ©  CALL HISTO(X) : .
" PRINT 106

106 FORMAT(1X,*THIS IS THE HISTQGEAH OF REAL OMEGA NOISE PHASP VS.
C PHASE IN CRC.Y) : '
PRINT 104,ISKIP

100 STOP
END

Figure E-13. (Continued)
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c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxm
SUBRCUTINE AUTCOR(X)
REAL X(ZOO),XX{100),R(lOO),XXA(100),XXL(12),YYL(12)
DATA xxL/!TI'IIQ'IMI'lEI'l l'l‘]!'l()!'l t.c;qc'isl'lgl'ocn/
DATA YYL/II‘\l'lUl'l»l‘!'lol'l:I’lol'lFl"|R!'|E|'OLI'OAI'!TO/
C COMPUTS AND PLOT ANTOCORRELATICN OF THE NOISE,
po 10 1=1,100
XX (1) =X (D)
10 CONTINUE
COMPUTY AUTOCORFRELATION FOR ONE VALUE OF TAD,
po 20 II=1,100
SuM=0.
po 30 1=1,100
IF(IL1.ZQ.1)GO TO 16
GO TO 15
16 J=I
- Go TO 17
15 J=I+1I
17 CONTINUE
PROD=XX (I) *X (J)
SUN=SUM+PROD
30 CONTINUE
B(II)=5UmM/100,
20 CONTINUE
Do 50 I=1,100
XXA (I)=FLOAT(I)
50 CONTINUFE
CALL MXPLOT {XXA,R,100,%,XXL,YYL)
RETUERN
END
c xxxxxxxxxxxxxxx1xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXxxxx12xxxxxxxxxxx
SUBROUTINE GRANGE (Y, INTVL,A,SHALLA, THF)
INTEGREE THME ~
REAL Y (5000), INTVL
TAU=INTVYL
R=EXDP (=SHALLA®*TAY)
PSI= (A*A%*SMALLA) /4.
CONS=5URT(P5I* (1.~ (R*R));
CALL ANORHM (AY)
Y {1)=AN*PSI
DO 16 I=2,TME
J=I1-1
CALL ANORM (AN)
9 FORMAT{(IX,10E10,2)
. Y (I) SANRCONS+R*Y {J)
10 CONTINUE
RETUEY o
: END : o I ' .
c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxKXXxxxxKXXXXK3xxxxxxr
SUBROUTINE DATA(ICUT,*) ‘ _ .
Ce e+ DEBLOCKS OMEGA TAPE DATA AND RETURNS ONE DATA SAMPLE TO MAIN PROGRRE!
C...ON TAPE EOF, RETURNS TO *
c...
Coess Rs Wo LILLEY, AVIONICS, JANUARY, 1976

[

Figure E-13. (Continued)

=96




INTEGER 1/0/
LOGICAL®1 IN(1000), INB (4)
FQUIVALENCE (IL,INE (1))
1I=0
IF {I.EY.0)GO TO 10

30 INB(4)=IN(I)

I0UT=1I1
I=I+1
IF(I.GT.1000)I=0
RETURN
Cane
10 I=1

17 READ(11,5,EN¥D=2C) IN
5 FORMAT (5 (20041))

GO TO 30
c..l
20 KETURN 1
C.'I

ENTRY START
Ceso STARTS DATA OUTPUT AT A RANDO¥ POINT ON TAPE., READS UP TO
Caee 25 RECORDS, AYD 3TARTS BETWEEN BYTE 1-1000,
Cnil
CesoSEED WITH UNDEFINED VARIABLE
IF(IQ«EL.0)IQ=5%%13
TQ=IABS (IQ/2) %241
CALL INTGEN(IQ)
RETURN
ENTRY FAND(NBYTE)
CALL IRANDB{NREC, 24)
CALL IKAND(NBYTE,999)
c.ll N
DO 51 IR=1,NREC
51 BEAD(11,5)1IN =
I=NBYTE+1
PRINT %2,NREC,NBYTE
52 FORMAT{' THIS RUN STARTS AFTER */1X,I2,* SKIPPED RECORDS AND"',
*1X,I4,' SKIPPED BYTES ') :
GO To 17
END
C 1CO0PCIPLIOTECICPIR 0948030003300 900805848080088838508868¢445865848:
SUBROUTINE ILPF(Y,TAU,A,Bd,NUM)
PRINT 14,TAU,BW
14 FORMAT(1X,2F10.3)
ROUTINE RETURNS 'NUM' TDEAL LOW=-PASS~FILTERED, GAUSSIANLY
DISTRIBUTED RANDOM VARTABLES.

Y IS THE VECTOR OF SIN(X)/X CORRELATED NUMBERS;TAU IS THE INDEP-
ENDENT TIME SHIFT VARIABLE; A IS A WASTE; BW IS THE BANDWIDTH
OF THE FILTER (ONE~SIDED); NUM IS THE NUMBER OF NUMNBERS RETURNZD.
REAL Y (5000)
R=(SIN(6,283185¢BW*TAU) )/ (5.283185%BW*TAU)
CONS=SQRT (ABS (1.~ {BR*R)) )"
PRINT 12,R,CONS

12 FORMAT(1X,2£10.3)
CALL AKORRE (AN)

anoaoaa

Figure E-13. (Continued)
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10

60

80
70

90

Y(1) =AN
DO 10 I=2,NUM

J=I=1

CALL ANORM (AN)
Y{I)=ANSCONS+R*Y (J)
FORMAT (1X, 2F8, 2)
CONTINUE

KETURN

END

1930000000 983880388859020¢89088890¢0500048¢590380388988384¢84¢08¢208¢4

SUBROUTINE HISTO (X)
ROUTTNE PLOTS HISTOGRA%X OF NUMBEES IN VECTOR (X (200)).
INTEGER IX (200)

REAL X (200), XA(101), YA(101), XL{12}, YL(12)

DATA XL/'N',‘O','I','S','E',' !'IP!'lHl'lAI‘OSU’lEI'I vy
DATA YL/IHI'OIC'!SO"T!'lol"GI’IRI'OA!’OMI'I LYy
DO 10 I=1,200

IX(I)=INT (X (1))

CONTINUE

CREATE X-AXIS VECTOR OF =50, To® S0, CEC.

DEV=~50,

DO 60 I=1,101

YA (I) =0.

XA (1) =DEV

DEV=DEV+ 1,

CONTINUE

CREATE Y-AXIS VECTOR OF FREQ. OF NCCURENCE OF FACH CEC VALUE,
po 70 I=1,200

BO 80 J=1,101

IF(IX (I) «EQ.INT(XA(J))) YA(JI)=YA (J) +1,

CONTINUE

CONTTNUE

NORMALIZYE RELATIVE FEEQ. OF OCCURENCE.

DO 90 I=1,101

YA(I)=YA (1) /200,

CONTINUE

CALL #MPLOT (XA,YA,101,1,XL,YL)

RETULN

END

-

Figure E=13, (Continued) -98-




OMEGA SENSOR PROCESSOR SIMULATION.
MAIN PROGRAN

R, SALTER,AVIONICS ENGINEERING CENTER, MARCH 1976

#*t####tt*######*##t#**##t*##*#tt*#ttttttt#‘t#tlttltttttttlttttttt
OMEGA AUTO~SYNC ROUTINE
INTEGEL LOP(1000)
INTEGER x(1000),DIFF(1000).C,LIVSLT(1000),CORR,CTR,SYHCPT
INTEGER SLOT(1000)
INTEGER SHDRIFF(1000)
INTEGER STA(8B)
INTEGER WITHIN,V(1000G)
INTEGER INMIR(1000)
INTEGER PHASE(S)
INTEGER XX (2048) ,YY (2048),XL{12),YL(12)
INTEGER*2 TSLOT(8) /90,100,110,120,90,110,120,100/
INTEGER LCW(8) ,PHI
INTEGEKR CPHI(8,1000),CCPHI(1000)
INTEGEK TII(8),SO0GRIN(8),VEL(8),RATE
INTEGER CONST,SUMDIF (8),VAR(8,1000),VVAR{1000)
c DERIVE KANDOM STARTING POINT ON DATA-BASE TAPE
c SKIP 'NSKIP' FILES ON DATA BASE TAPE. -
NSKIP=U
CALL START
CALL RAND {NBYTE)
c TAKE GNE RECCRD (1000 BYTES) OF DATA AND MIRROF IT
po 1 1=1,1000 '
CALL DATA(X(I),&5C)
CALL MNIRR({X(I),INMIR(I})
1 CONTINUE
CALL PLOTIC{X,1)
CALL PLOT10(INMIR, 1)
c OBTAIN A 1600 3YTE VECTOR OF DIFFERENCES TO BE USED AS A MEASURE
C OF PHASE COHERENCF IN EACH 10 MSEC SAMPLE SLOT L
CALL DIFFER(INMIR,DIFF)
CALL PLOT10(DLIFF,1)
4 FORMAT(1X,25I4)
c SHOOTH DIFFERENCES (OPTIONAL).
CALL SMOOTH(DIFF,SHMDIFF)
PRINT 151 ,
151 FORMAT(1%,'9 PT. STRAIGHT AVERAGING SMOOTHER INSTALLED*) _
GENERATE A 1000 BYTE VECTOR OF 1¢S AND 0'S REPRESENTING SIGNAL
AND NOISE SLOTS
MUST SET THRESHOLD "c* TO COMPARE DIFFESRENCES TO.
c=120
12 CONTINUE
. CALL COMPAR (C,SHDIFF,LIVSLT)
C PERFOKM BILEVEL CORRFLATION OF KNOWN OMEGA PATTERN TO LIVE DATA
CORR=0 : : : S
J=0
CALL PATERN(SLOT)
10 CALL BICOR(LIVSLT,CTR,SLOT)
13_3+1 : : . mM} I~
IF(CTR.GE.CORR) CORR=CTR ' RGNS a;mﬂﬂ'
O goos U

nonaocoaon

anno

Figure E=-14. FORTRAN Program RSOSP Used to Simulate Automatic Synchronization
Routine. _99-
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100
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111

14
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21
20
22

IF({CTH.EQ.COLR)SYNCPT=J

J=J+1

1P{J.GT,.1000)GO To 100

NSHIFT=1

CALL SHIFT{LIVSLT,NSHIFT)

GO TO 10

PRINT CORRELATION VALUE AND SYNCPOINT VALUE OBTAINED,
PRINT 110,C,COPR,SYNCPTY

FORMAT (1%,'C = ¢,13,3X,* CORR = ',I4,3X,'SYNCPT = *,I4)
WITHIN=10%(380+NBYTE~SYNCPT)

PRINT 13,WITHIN

FORMAT(1%,YSYNC WITHIN',I5,1X%,*MSECY)

NSHIFT=S5YNCPT

SHIFT VECTGR OF PHASE VALUES TO SYNCPOINT AND PLOT THENX OOT.
CALL SUIFT (X, N3HIFT)

CALL PLOTI10{(X,1)

GO TO L0

PRINT 111

FORMAT(1X,"ALL STATIONS ON AIE')

RESET DATA BASS TAPE TO SYNCPOINT.

NSHIFT=1600=NSHIFT

DO 14 I=1,NSHIFT

CALL DBATA (I0UT,550)

CONTIHYE

R R pn kR kA kR kAR kR Ak R Rk ek x ko kk Rk ARk Rk Rk S
OMEGAE RBURST FILTEER EQUTINE.

PEEFCEY RUPST PLL FILTERING TO INCOMING OMEGAR PIHASFE MEASURFMENTS,
bo 18 iI=1,8

LC¥ (1) =0

SOGATN(T) =C

VEL(I)=0

TI{I) =A

FEAD 1000 OMEGA FRAMLES.

Do 26 %=1,1000 -

READ 8 TINE SLOTS IN EACH NDMEGA FRAME.

Do 25 1=1,8

JJ=TSLOT {I)

KEAD TSLOT{I} PHASE MEASUREMENTS IN EACH TIME SLOT.
LPCTR=0

RATE=1

SUMDIF(I)=0

po 20 J=1,3J

CALL DATA(PHI,Z50)

CONZT=2

CALL SMAPLL (PHI,LPCTR,LCH(I),CONST,RATE,SUMDIF (1))

IDIF=SUMDIF (1)

LLCW=LCW (T)

FORMAT (1X,5I110)

CONTINUE

FORMAT(1X)

CPHI(I,1I({I))=LCW(I) '

COMPUTL SIGNAL VARIANCE IN TIMESLOT.
SUMDTF (I)=SUMDIF (I)/TSLOT {I)
VAR{I,II(I))=SUNDIF(I) o

IF (RATE.LT.0) VEL (I) =VEL (1} ~RATE*SOGRIN(I)

Figure E=14. (Continved) -
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23
25
26

30

35

36

61

40

50

IF(RATFR.GTLO) VEL (I) =VEL(I) +RATEXSOGAIN(I)

LCW (I)=LCH (I) +VEL (L)
IF(LCW(I) . LT.0) LCH (1) =256+4LCH{I)

IP(LCW (L) o GT.255) LCK (I) 5LCW (I)-256

TI(1)=4i1 (I} +1

SKTP SAMPLES PROM ,2 SEC., NOISE GAP,

DO 23 K=1,20

CALL DRTA(PHT,550)

CONTINUFE

CONTINUE

DUMP TACH STATION'YS TIMESLOT PHASE ESTIMATE INTO VECTOR T) BE PLO-
TPED BY PLOTT SUBRUUTINE,

DO 40 I=1,H

po 3 J=1,1000

CCPI1 (J) =CPHT (I,J)

DUMP Lacll STaTIONS VAPTANCE INTO A VECTOF PO BE PRINTED oOUT,
VVAR(J}=VAR(I,Jd)

CONTINUF
**#*###*########**#*##t###*###***###*#####*#*t#ttttt#tt#tt*#t##t##
CMEGA LOP LOUTINE

PRTNT 3o,T

FOFART(? PHAGE OF STATION ',I2,' MINUS CLOCK?')
BRIET 60,CCPUI -
FOPFAT(1X,10I10)

PRINT &1,

FOEMAT (" SISNAL VARIANCE OF STATION ',I2)
PRINT 60 , VVAZR

CALL PLOTI(CCPHILY)

CONTINUE

I51A1=3

ISTA2=4

CALL LODO(CPHI,ISTAT,ISTAZ, LOP)

BLCT LOP SPECIFILED BY ISTA1=1STAZ,

CALL PLOTY(LOP, 1) -

STOP

STOP 50

END

SULKOUTINE DIFFELN (X,DIFF)

OMEGA AUTO-SYNZ SIMULATTON

KOUTTNE TAKES 1000BYTE VECTOR OFf INDPUT PHASE DATA AND RETUENS A
BIFFLRENC® VYALUE WAICH IS INVEESFELY PROPORTIUNAL TO THE PHASE
COHEKENCE (SIGYAL STHENMGTH) IN EACH 10 MSEC SAMPLE SLOT.

ke SALTFR, AVIONICS ENGINEZFING CENT®R, MARCH 1976

INTEGER DIFF (1000),X(1009)
DO 2¢ 1I=1,999

J=I+1

DIFF (I) =TABS (X(I)~X(J))
CONTINUE GINAL p

DIFF (1000) =IABS (X (1) =X (1009)) OF pg, AGE
RETUE N OR Quagp _Rg

‘FND

SUEROUTINE COMPAR{C,DIFF,LIVSLT)

Figure E-14. (Conﬁnued)g
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10

10

10

20
30

OMEGA AUTO-SYNC SIMULATION

ROUTINE COMPARES 1000 BYTE VECTOR OF DIFFERENCES TO THRESHOLD
CONSTANT AND RETUGNS A BILEVEL VECTOR CONTAINING 1S FOR SIGNAL
AND 0'S FOR NOISE

F. SALTER, AVIONICS ENGINEERING CENTER, MARCH 1976

INTEGER C,DIFF(1000),LIVSLT {(1000)
po 10 1=1,1000
IF(DIFY{I).GE.C) LIVYSLT (I)=0
IF(DIFF(I) .LT.C)LIVSLT(T)=1
CONTINUE

KETUEN

END

SUBRCUTINE BICOR{LIVSLT,CTR,SLOT)
OMFGA AUTO-SYNC STMULATION

ROUTINZ PERFORA3S BILEVEL CROSS-CORRELAITION OF OMEGA TRANSMISSION
PATTFRN OFF AIR WITH THE KNOWN PATTERN GENERATED BY "PATTERN® ,
ANP RETURNS VALWE PROPORTIONAL TO CORRILATION

k. SALTER, AVIONICS ENGINEEKING CENTER, MARCH 1376

INTEGEZE LIVSLT(1000),CTR

INTEGER SLOT (1900)

CTE=0

po 10 I=1,1000
IF(LIVSLT(I) ¢ EQ¢SLOT(I)) CTH=CTR+?
CONTINUE

KETUEN

END

SUBROUTINE SHIFT (LIVSLT ,NSHIFT)
OMEGE AUTO~-SYNC SIMULATION .

ROUTINE SHIFTS LIVSLT VECTOR “NSHIFT" SLOTS FO THE RIGHT.

K. SALTER, AVIONICS ENGINEEEINGVCENTER, MARCH 1976
MODIFIED BY R. SALTEL, APRIL,1976

INTEGER LIVSLT{1000),AUXSLT {1000)
PO 30 K=1,NSHIFT

PO 10 1=2,1000

J=1~=1

AUXSLT (I) =LIVSLT (J)
CONTINYE
AUXSLT (1) =LIVSLT (1000)

DO 26 T=1,1000

LIVSLT(I) =AUXSLT (I}
CONTINUE

CONTINUE

RETURN

END

SUBROUTINE PATERN (5LOT)
OMEGL AUTO-SYNC SINULATION

Figure E-14. {Continued)
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ROUTINE CREATES KNOWN OMEGA TRANSMISSION PATTERN

R. SALTER, AVIONICS ENGINEERING CENTER, MARCH 1976

aaacon

INTEGER SLOT (1800) ,STA{8)
INTEGER JJ(8)/1,111,231,361,501,631,741,881/
INTEGER KK {8)790,21C,340,480,610,720,860,980/
READ (1, 1) STA
1 FORMAT (8I1)
" po 10 I=1,8
J=JJ (I}
K=KK (I)
100 DO 110 L=J,K
SLOT (L) =STA (I)
110 CONTINUE
M=K+1
N=K+20
PO 120 L=, N
SLOT (1) =0
120 COMTIMUE
10 CONTINUF
130 RETUFN
END
SUBROUTINE DATA (I0UT,*)
C...DEBLOCKS OMEGA TAPE DATA AND RETURNS ONE DATA SAMPLE TO MAIN PROGRAL

C...
Ceos.ON TAPE EOF, RETURNS TO *
Cove

... Re W. LILLEY, AVIONICS, JANUARY, 1976
INTEGER I/0/
LOGICAL*1 IN(1000),INE(4)
EQUIVALENCE(IL,INB(1))
II=0 .
IF(I.EQ.0)G0 TO 10
30 INB(4)=IN{I)

I0UT=11
I=1+1
1F{I.6T.1000) I=0
EETUEN
CII.
10 I=1

17 BEAD(11,5.END=20)IN
5 FORMAT {5 (20921))

G0 TO 30
Cilc . :
20 RETOURN 1
- Coaad

_ ENTRY START o
 CessSTARTS DATA OUTPUT AT B RANDOM POINT ON TAPE, READS UP TO
- Ces. 25 RECORDS, AND STARTS BEIWEEN BYTE 1-1090.
Cone
Ceoo3EED WITH UNDEFINED VARIABLE
IF (I0.EQ.0) TQ=5%%13 o
I0=TABS {IQ/2) *2+1

Figure E=14. (Continued)




CALL INTGLHN({IQ)
IRTURN
ENTEY HAND(NBYTE
CALL TFAND (NREC, 24)
CALL IKAND(NBYTE,999)
c.'.
L0 51 IK=1,NREC
51 READ(11,5) IN
T=NBYTE+ 1
PRINT 52,NEEC,NBYTE
52 FORMAT(' THIS RUN STARTS AFTER */1X,I2,' SKIPPED BECORDS AND', X
*1X,14,' SKIPPED BYTES *)
Go TO 17
END
SUBROUTINE MIRR(IK,INMIR)
Ceee ONEGA DATR SIMULATLON
Cu«ROUTINE REFLECTS COUNTS 128-25% MIPRORED TO 127-0

C--a
Coevse R. Wo LILLFY, AVIONICS, JANUARY, 1976
c MODIFILD BY R, SALTFE, APRIL,1976

IF{IH.,LE.127)G0C T 10

INMIK=255~-IN

FETULN

10 INMNIP=LWN

RETULN

END

SUDRCUTINE SMOOTH (DIFF,3%DIFF)
c OMEGA AUTC-SYNC SINULATION
C
C ROUTINE SMOOTHS VECTOR OF 1000 DIFFERENCES 7V¢ TASSING EACH SAMPLE
C POINT THRU A 9 POINT EXPONENTIAL FILTER
C
C F. SALTER, AVIONICS ENGLNFERING CENTER, MARCH 1976
C -

INTEGER SMDIFF(1000)

INTEGEF DIFF (1000)

DO 10 I=1,1000

IF(I.LT.5)60 TD 20

TP(I.G6T,795)60 TO 30

J=I-1

K=T~-2

L=1-3

B=I-4

25 JJ=1+1

KK=T+1

LL=I#3

ME=I+4 :

c TEMEORARY SMOOTHER --- NINE PT. STRAIGHT AVERAGZER, -
c USES 4 [TS. BEWIND , % PTS, AHEAD, AND CURRENT PT. EQUALLY WEIGHT
35 SMDIFF(I)=UIFF (L) +DIFF(J) +DIFF (K)+DIFF (L) +DIFF (M) ¢DIV¥F (JJ) +PIFF

* (KK) +DIFF (LL) +DIFF (4b) "
10 CONTINUE
GO TO 40

20 J=1000-M0D (1600-1+1,10600)
K=1000-MOD {1000-I+2,1060)

Figure E-14, (Continued)
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30

40

10

12
13
20
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390

10

o o R gy

1=1000-40D (1000-I+3, 1000)
%=1000-MOD (1000-T+4,1000)
GO TQ 25

I b=t bt ]
]
£ W) -

LU 1 | O |

JJ=MO0D (I+1,1000)

KK=MOD(I+2, 1000)

LL=MOD (L+3,1000)

M#=MOD (I+4, 1000)

6o TO 35

RETURN

END

SUBRCUTINE PLOT1CG (X,LLL) |

ROUTINE PLUTS DATA VECTOR "X" 10 POINTS PER LINE WITH STARS...

SCALE OF PLOT IS 1-128.,.. IF VALUES OF "X" ARE LESS THAN 128 THEN
OPEZRATOR SHOULD SET LLL=0 AND A STRAIGHT PLOT WILL RESULT, IF "x"
HAS VALUES BETYEEN 128-256 LLL SHOULD BE SET IO 1 AND ROUTINF WTLL
HALVE LACH VALUE BEFORE PLOTTING,

ke SALTER, AVIONICS ENGINEERING CENTER, APRIL, 1976,

INTEGER BK/* Y/,ST/'#%/,LIN (128),X(1000)

k=0

Do 36 J=1,991

no 16 1=1,128

LIN(I}=BK

J=K+ 1

K£J+9

Do 20 I=J,K

IF(LLL.EQ.M)GO T0 12

pM=X (1) /7241 =

GO TO 13

CONTINUE

¥M=X (I)

CONTINVE

LIN(MM) =ST

CONTINUE

PRINT 11,LIY

FOPMAT(1X,128A1)

CONTINUE

RETURN

END

SUBROYTINE LOPO(CPHI,ISTA1,ISTA2,LOP) _
ROUTTI NECREATES A VRECTOR OF LOP POINTS (LOP(1000)) BY DIFFERENCING
STA1=STA2 PHASE MEASUREMENTS SUPPLIED IN CDPHI(8,1000) ARRAY. )
k. SLLTER, AVIONICS ENGINEERING CENTER, OHIO OUNIVERSITY, JULY 1976

INTEGER LOP (1000),CPHI(3,1000)

pe 10 I=1, 1000
LOP{I)=CPHI(I5TA1,I)~CPHI(ISTAZ2,T)
IF(LOP{(I) LLT,0) LOP(T}=LOP(I) +256
CONTINUE

Figure E-14. (Continued)
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KETURY

END

S5UBROUTINE SMAPLL(PH1,LPCTR,PHIREF,CONST,RATE,SUMDIF)

ROUTINE PEKFORMS DIGITAL FILTERING ON INCOMING OMEGA PHASE
MEASUREMENTS ( PLL, BURSY?T FILTER). OPERATION AND TIME CONSTANTS
CLOSELY RESEMBLE HARDWARE MAPLL.

*rCONST*Y TS5 A VALUE TO BE SPECIFIED FDR #MaX. LOOP CTR, VALUE
BEFORE ADJUSTING PHIREF. (LOOP TIME CONSTANT OF AMOUNT OF INTEGRA,

F. SALTER, AVIONICS ENGINEERING CENTEK, JULY 1976.

INTEGER PHI,PHIREF,CONST,RATE,LPCTR

INTEGER DIFF,SUMDIF

COMPARE INCOMING PHASE TO LOOP CONTROL WORD(LZW) (PHASF REFERSNCE
DIFF=PUI~PHIREF :
KREP A RUNNING SUN OPF ABSOLUTFE VALUES OF DIFFERENCES TQ INDICATF
SIGNAL VARIANCE,

IF{DIFT) 10,50,20

CHECK #¥OR EDGRE OF LANE AMRIGUITY.

IF(DIFF.LT.=128)G60 TO 25

SUMDIT=SUMDIF+IABS (DIFF)

GO TO 40

IF{DIFF.GT.124)60 TG 35

SUMDIF=SUMDIF+IABS (BIFF)

GO Ta 350

INCREMENT LOOP COUNTER.

LPCTR=LDCTR+1

EXAMINE LPCTR PFOR INCRK, MORE THAN 'CONST* TIMES CORRFLATED,
IF{LPCTR .LE.CONST) RETURN

LPCTR=0

PHIREF=PHIREF+1

KHATE=RATE+1

CHECK FOR MODULO 255 LANE COUNTS,

IF{PHIREF.GT.255) PHIREF=0 .

RETURN

DECKEEMENT LOOP COUNTER.

LPCTP=LPCTE-

EXAMNINE LPCTH FOR DFECR., MORE THAN 'CON3T' TIHES CORRFLATED.
TF{LPCTE.GE,-CONST) RETURN

LPCTE=0

PHIKRREF=PHIREF=1

RATE=RATE=1

CHECK FOR MODULO 255 LANE COUNTS.

IF (PHIREF,.LT.0) PHIREF=255

KETURN
PHI=PHI+256 - O
DIFF=PHI~PHIREF %Gy,
SUMDIF=SUMDIF+TIABS (DIFF) _ %‘Q’

60 TO 30 _ @ Ay
PHI=EHL-256 NS

DIFF=pPHI-PHIREF
SUMDIF=SUMDIF+IABS (DIFF)
GO TO 40

END

SUBROUTINE PLOT1(X,LL)

Figure E=14. (Continued)
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EOUTINE PLOTS DATA VECTOR "X® WITH STARS, ONE POINT PER LINE ON A
1-128 SCALE.

IF VALUES OF ®X" CAN FALL'BETHEBﬁ 128-255, SET LL=1 AND ROUTINE
WILL HALVE EACH VALUE BEFORE PLOTTING., OTHERWISE, IF VALUES OF
wx" ARE ALL LESS THAN 128, ROUTINE WILL PLOT STRAIGHT VALUES IF
LL=0

MUST DIMENSION X = VECTOR OF VALUES TO B® PLOTTED,
ReW. LILLEY, AVIONICS, JANUARY,1976
¥ODIFIED BY H. SALTER, AVIONICS, APRIL,1976.

INTEGER BK/' '/,ST/'%'/,LIN (128)

CINTEGER X (1000)

po 10 1=1,128
LIN(I)=BK .

Do 2¢ 1=1,200
TF(LL.EQ.0)GO TO 12
MM=X{I}72¢1

G0 To 13

CONTINBE

BA=X (1)

COKTINOE

LIN(M1) =5T
PRINT 11,LIN
FORMAT (1X, 12841)
LIN (M) =BK
CONTINUE

RETUE N

END

Figure E=14, (Continued) o
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SMAPLL SIMULATION ANALYSIS TO OPTINIZE LOOP PARAMETERS

Re SALTER ; JANUAFRY 1977 ; AVIONICS ENGINEERING CENTER,
REAL GA{5000) FB(SOOC),G(SOOO),INIVL,XX(lOO) YY(!OO)

REAL &5(600}, STD(GOO)

INTEGEF Vﬂ(SOOO),EREOR(ZOO) ' '

INTEGER NOLSE{5000) ,TME,PHI (5000),PHIIN, PHIOUT ,SUMDIF, CTRZ
INTEGEK ERESUM,TSLOT,PHASE, DELTA,CONST RATP,HALFLN '
DIMENSIOR YYY(101) XKX{!D1),XKXK(101) YYYY(101)

REAL KXXL(12),YYYL{12) XXXXL(12),!YYYL(12),XXL(12),!YL(12)
DATA XXL/'S',%I*,'G', 'N' gAY, VLY N 0 N RO 0T NG SRV,
DATA YYL/YDPY VLY, S0, - 8 258 eDe ope 29 'D' LB LI B2 N I )

XXXXXXXXXXX / KXXXXXXXXXKXXXXXXXXXXXXXXXXYXXXXXXXXXK!XXKIXKXXKKXXXK'

1NITIALIZE PARA%ETEHS. A'oIGN&L APLITUDE' LEVELS ‘NUHBER

LOOP QUANTIZING LEVELS; CONST=NUMBER BITS SKIPPPED IN LOOP
BIDIRECTIONAL COUNTEK(LOOP FILTER); INTVL=SAUPLING RATE IN
SECONDS; VEL=VFPLOCITY OF PHASE RAMP INPUT TO LOOP; PHASE=s

INITIAL PHASE INPUT; SOGAIN=SECOND ORDER GAIN, :
CONTRL IS A CONTRCL WORD T9 SPECIFY OPTIONAL CALCULATIONS AND. PLOT
CONTEL=0.

LL=1

A=3.

SOGALN=, 00

VEL1=300,

VEL=VEL1 .

PRINT 113,50GAIN,VEL -
FORMAT{1X,*SECOND ORDER GAIN = *,P5.2,10X,"PHASE VELOCITY =',F7.2)
HALFLN=64 |

LANE= 127

LEVELS=128

TSLOT=100

NUM=5000/TSLOT

CONST=1

SMALLA=189,

INTVL=.01

TME=5000

CAPA=2,%SORT (4./SNALLA)

1980507838060 8¢0346008089080088800¢90800609688393¢0000809058024041

GENERATE NOISE VIA CALLS TO RANDONM NUMBER GENERATORS AND
LOW PA3S FILTERS TO CORRELATE IT.

CALL INTGEN(5%%15)

CALL GRANGE (GA,INTVL,CAPA,SMALLA,TME) .
COMPUTE THE MEAN AND VARIANCE OF NUMBERS RETURNED FROM RANDNR,
AND THEOUGH RC LOW PASS FILTER GRANGE.

CALL MHNVAR(SA,AVE,VARI)

CALL BNTGEN (5%%11) _

CALL GRAYGE (GB,INTVL,CADPA,SMALLA,THE)

FORMAT (1X,10£10.2)

SNE=10. *ALOG10(A*A/(VAFI*2 ))

XXXXXXKKXXXXXKXXXXIXXXXKXXXXXXXKXXXXXXIYXXXXXXXKXXXKKXXKKKKKXKKXK

Figuré E=15. FORTRAN Program RSSIM Used to Simulate SMAPLL2 und Evaluate -

Performance,
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c PEKFORM CALCULATION OF LOOP VARIANCE FOR SEVERAL SNRS
C SAVERAL TIMES., SACH TIME INCREASING THE LOOP TIME CONSTANT
c (M) (MORE INTEGRATION OR SKIIPED BIITS IN THE COUNTER).
DO 45 %4=1,8
PRINT 46,50GALN
46 FOEMAT(1X,'SECOND ORDEE 3AIN = ?,F5,2)
PO 4¢ r=1,1
CONSTI=16
) PRINT 11,CONST
y 11 FORMAT(3X,*LOOP CONSTANT = ¢,I5)
C PERFORM CALLS TO SMAPLL AND CALCULATE OUTPUT VARIANCE FOR
3 C 100 GIVEN SNRS . INCREASE SNR EACH AROUND THIS LOOP.
” DO 30 L=1,1
c CALCULATE NEW NOLSE PEASE INPUFS FOR EACH SHE.

3 Do 1C I=1,5000
G(I)=hTAY p{rn(f),(a {1) +4))
G{I)=G(I)*57,2957795
114 FORMAT(1X,LES3.1)
112 FGRHAT(1X,£12.3)
NOLISZ (1) =INT{G(1))
10 CONTINUE
IF (CONTRL.ET,10,)G0 TO 14
¢ - CALL HIST?1 SUBROUTINE T{ PLOT HISTOGRAYM OF INPUT NOISE PHASE.
CALL uIST1(v01JH,5000,Jv? VAR)
14 CONTINUE :
K=TSLOT
ERPSYM¥=0
SUMDIF=0
Ctp2=0
c CALCULATE RATE FOR 2ND ORDER LOOP STRADY STATE TRACKING FOR GIVEN
C YELOCITY SIGNAL INPUT. (I.F, START LOOP OUT BEING LOCKED IN SS).
IF(SOGAINLED.O,)030 TO 17
RATE= IMT(VkL*FLOﬁT(LWVFLb)/(5760 *SOGAIN))
17 CONTIMNUE
PHIOUT=0
RATF=0
LPCTE=0
"JJ=1
J=0
VEL=VEL1
DELTA=INT (VEL/16,.)
PHASE=0
o CALCULATE FHASE IJPUT 10 LOOP 3Y ADDING TRYE PHASE PLUS NOISE PHAS
15 DO 20 T=1K. : . . _
: PHI (T+J) =PHASE '
, PHIIN= PHi{I+J)+NOISP(I+J)
- PHTIR=¥OD (PHIIN, 360)
- S IF{PYIIN,LT.0)PHIIN= PHIIN+360
i ¥=FLOAT (PHLIIN)
' CALL QUANT{X,LEVELS)
PHIIN=INT(X)
PHITIN=MOD (PHIIN,LEVELS) C
IF(PHIIN,LT, 0)PHIIV—PHIIN+LAVE+1
CALL SKMAPLL{PHIIK,LPCTR,PHIOUT,CCNST,CTR2,SUNDIF)
111 FOEMAT{1X,614)

Figure E-15. (Continued)
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XXK!XXXXXXX*XXXKXXXXXXXKKKXXK!XXXKXXKXXXXXXXXXXXXXXXXXXXXXXXKXXXX

CALCULATE LOOP ERROR BY TAKING PHI(TRUE PHASE IN) - PRIOUT
{LOOP ESTIMATE OF PHI),

X=FLOAT (PHI (I+J})

CALL QUANT (X, LLVELS)

PHI (I+J) =INT (X)

PHI (I+J) =MD (PHI (I+J),LEVELS)

IF (PHI(I+J) oLTo0)PHL (L+J) =PHI (T+J) ¢LANE+ 1

IQUANT=PHI (I+J)

LQUAKT=PHIOUT

CONTRL=11.

IF(CONTRL.LT,10.}60 TO 16

CALL PLTPHS (LQUANT,IQUANT)

CONTINGE

COSTFL=0,

ERROR {(JJ) =PHIGUT-PHI (I+J)

1F (ERROK (JJ) «GP. HALFLN) ERROR (JJ) =ERBOR (JJ) ~LEVELS
IF (ERROE (JJ) « LE.=HALKLYN) ERROE (JJ)=ERROR (JJ) ¢LEVELS
ERRORK (JJY =INT {(FLOAT (EREOR (JJ) ) *5.625)

180468800865 80086888839088882600990830580808508992858820008840990808.00¢

PEPFOK# RATE=RIDING FOR 2ND ORDER SHAPLL,

RATE=RATE+CTR2

XA=FLOAT (PEIOUT) +FLOAT(EATE) *SOGATIY

PHIOUT=INT (XA)

PHIOUT=%0D(PUINUT,LEVELS)

IF(PHIOUT.LT.Q) PHIOUT=FIIIOUT+LEVLLS

CALCULATFE PHASE AT TIME OF NIZXT TIHME SLOT (10 SEC LATER).,
DELTA=INT(VEL/16.)
PHASE=PHASE+DELTA
PURS T=40D (PHASE, 360)
IF{PHASE.LT.O) PHASE=PHASF+360
J=J+TSLOT

SUXDIE=D

CTR2=0

LPCTE=0

JI=J0+1

IF(J.6T.2500) VEL==VLLY
IFJ.LT.5000)Go TO 15

XXXXKXXKKXXXXKYXXXXXKXX!XXXXXXXXXXXKKXKKKKXXXXXXXXKXXXXKXKXXKKXKK

PLOT HISTOGRAM -OF LOOP OUTPUT ERRORS VS PHASE IN CEC. .
CONThRL=11. : : '

IF (CONTRL.LT. 10.)GQTO 31 S R _ :
CALL HIST?Y(ERROR,NUM,SNR,VAR) ' B R -
CONTINUE : o :

CONTRL=0.

SNR=10, *ALOGIG(A**Z/(VAHI*Z )y

XX (L) =5N

YY (L) =

Fiigure E-15. (Continucd)
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29
30
999

40
Ly

45

200

10

O

nnnrm

YY (L) =50RT {VAR)

S{LL) =3NR

STD (LL) =YY (L}

LL=LL+1

A=A+0,1 :

FORMAT(1X,*INPUT SNE = *,F7.3,10X,*0OUTPUT VARIANCE = t,F8,.3)
CONTINUE

NPTSPP=100

NPLOTS=1

GO TO 4G

CALL MHMPLOT(XX,YY,NPTSPP, NPLOTS XXL,YYL)

A=0.,1

CONTINUE

GO TO 44

CONTINHE

SOGAIN=SDGAIN+, 125

CONTINUE

CALL M“PLOl(q,STD,100 by XXL,YYL)

STOP

STOP

END
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxtxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
SUBRCUTINE QUANT(X,LEVELS)

ROUTINE QUANTIZES REAL X TO HNUMBER OF LEVELS = LEVELS.
RETTURNS REAL X QUANTIZED.

XX=FLOAT (LEVELS)

= (XX/360,) ®X

I=INT (X)

¥=FLCAT{I)

EETOEN

END
XXXXXXXXXXXXXKKXXKXXXXXXXXXXXXXXXXXXKKKXXXIXXXXXKXXXXXXXXXXKXXXK
SUBROUTINE GRANGE(Y,INTVL,A,SMALLA, THME)

INTEGER TME -

REAL Y {5000), INTVL

TAU=INTVL

R=EXP {-SMALLA*TAM)

PSI= (A®A*SNMALLAY /U,

CONS=GQRT(PSTI* (1.~ (R*R)))

CALL ANORM{(AN)

Y{1) =AN*PST

o 10 I=2,THE

J=I-1

CALL ANORM{AN)

FORMAT (1X,10E19,.2)

Y (I) =AN*CONS+R*Y (J)

CONTINUTF

RETURN

END : '
XXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXXXXKXXXXXKKKXXK!XXXXXYY
SUBROUTINE SMAPLL (PHI,LPCTR,PHIREF,CONST,CTR2,SUNDIF)
FOUTINE PEFFORMS DIGITAL FILTERING ON INCGWINJ OMEGA PHASE
MEASUREMENTS( PLL, BURST FILTER). OPERATION AND TIME CONSTANTS
CLOSELY RESEMBLE HARDWARE MAPLL.

'**CONST'Y IS A VALUE TO BF SPECIFIED FOR MAX. LOOP CTR. VALUE

Figure E-15. (Continued)
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BEFOREZ ADJUSTING PHIKEF, (LOOP TIME CONSTANT OF AMOURT OF INTEGRA.
R, SALTER, AVIONICS ENGINEERING CENTER, JULY 1976.

INTEGER PHI,PHIREF,CONST,CTR2,LPCTR

INTEGER DIFF,SUMDIF,HALPLN,LARE

BALFLN=64

LANE=127

COMPAR: INCOMING PHASE TO LOOP CONTROL WORD(LCW) (PHASE REFERENCE
DIFF=PHI-PHIREF

KEEP A RUNNING SUN OF ABSOLUTE VALUES OF DIFFERENCES TO INDICATE
SIGNAL VAR1ANCE. -

IF(P1FF) 10,50,20

CHECK FOR EDGE OF LANE AMBIGUITY.

IF(DIFF.,LT.—HALFLN) GO TO 25

SUMDIF=SUMDIF+IABS (DIFF)

GO TO 40 _

IF (PIFF.GT.HALFLN) GO TO 35

SUMDIF=SUMDIF+IABS {DIFF)

GO TO 30

INCREMENT LOOP COUNTER.

LPCTR=LPCT%+1 _ : :
EXAMINE L)CTH FOP INCR. MORE THAN *CONSTY TIMES CORRELATED.
IF{LPCTF ,LE.CONST) RETURN

LPCTR=G

PHIREF=PHIREF+1

CIR2=CTR2+1

CHECK FOR MODULO 256 LANE COUNTS.

IF(PHIREF.GT,LANF) PHIREF=0

RETURN

DECKEMENT LOOP COUNTER,

LPCTE=LPCTR~1

EXAMINE LPCTK FOR DECR. MORE THAN *CONST' TIRES CORRELATED,
1F (LPCTR.GE.-CONST) RETURN

LPCTF =0

PHIREF=PHIREF-1

CTR2=CTR2-1

CHECK FOR KODULO 256 LANE COUNTS,

IF (PHIREF.LT.0) PHIREF=LANE

RETURN

PHI=PHI+LANE

DIFF=PHI-PRIREF

SUMDIF=SUMDIF+INBS (DIFF)

GO TO 30

PHI=PHi-LANE

DIFF=PHI~PHIREF

SUNDIF=SUMDIT+IABS (DIFT)

GO TG 40

END : : o '
XXXXXXXKKKKXXXXXXXKXXXXXKXXKXKXXXXXXXXXXXKXXKXXKKXXXKKKXXXXXKXXXX
SUBROUTINE PLOT1(X,LL) -

ROUTIRE PLOTS DATA VECTOR “X" WITH STARS, ONE POINT PER LINE ON A
1=128 SCALE. D L

IF VALUES OF "X" CAN FALL BETWEEN 128-=255, SET LL=1 AND ROUTINE

Figure E=15. (Continued) o o .
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10
12
13
11
20

C
10

c

WILL HALVE EACH VALUE BEFORE PLOTTING., OTHERWISE, IF VALUFS OF
#¥" AKE ALL LESS THAN 128, ROUTINE WILL PLOT STRALGHT VALUES IF
LL=0

MUST DIMENSION X = VECTOR OF VALUES TO BE PLOTTED.
8.W. LLLLEY, AVIONICS, JANUARY,1976 '
MODIF1ED BY k. SALTER, AVIONICS, APRIL,1976.

INTEGEE BK/' '/,ST/'%*t/,LIN (128)
INTEGER X (1000) '
DO 10 I=1,128

LIN(I)=BK 4
po 2¢ 1=1,200

IF(LL.EQ.0}GO TO 12 A ' |
MM=X (I) /241 |
GO TO 13

CONTINUE

MM=X (I}

CONTINUE

LIN (M) =5T

PRINT 11,LIN

FORMAT (1X,128A1)

LIN (HM) =BK

CONTINUE

RETURN

END

2 0808 00000000088000888000200¢08046835800232808025002032220288
SUBROUTINE GRANGB(Y,INTVL,A,SMALLA, THF)

INTEGER TME

PEAL Y(5000), INTVL

TAU=INTVL

R=EXF (~-SMALLA*TAU)

PSI=(A¥A*SMALLA) /8. }

CONS=SQRT (PSI* (1.~ (R¥K)))

CALL HENORM{AN)

Y (1) =AN*PSI

po 10 I=2,THE

J=I-1

CALL ENORY (AN)

Y{I) =AN%COKS+R*Y (J)

COETINUE

RETURYN

END

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
SOBEROUTINE PLTPHS (LQUANT,IQUANT)

C PLTPHS PLOTS THE QUANTIZERP PHASE VALUE OF TRE INPUT PHASE (¢) AND THE
C OUTPUT DPHASE (¥) '

10

INTEGEK BLANK,STAR,PT,CROSS

DATA ELANK/® t/,STAR/'%%'/,PT/'-%/,CEQSS/'+'/
DIMENSIGN LINE(128)

Do 10 K=1,128

LINE (K) = BLANK

LINE (LQUANT#+1) =STAR

C IF IT I5 DESIRED THAT CNLY THE QUTPUT PHASE BE PLOTTED, SET
C LINE(IQUANT)= BLANK

Figure E-15. (Continuec) ORIGINAL PAGE IS
CE:POOR'QUﬁlETY




307

18

19

20

LINE (IyUANT+1) =CROSS

IF{LUUANT.EQ.IQUANT) LINE(LQUANT+1)= PP

PRINT 1,LINE

FORHAT(1X,128A1)

RETURN

END
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxnxxxxxxxxxxxxxx
SUBROUTINE MNVAR{GA,AVE,VAR)

REAL GA(5000)

COMPUTE MEAN AND VARIANCE OF R.V.'S RPTURNED FROM RANDOH ‘NUMBER
GENEEATOR AND LOW PASS FILTER,

Sun=49,

po- 5 I1=1,5000

SUN=5UM+GA (I)

CONTINUE :

AVE=5UM/5000.

snnz2=0.

bo & I=%, 5000 ‘

50M2= SUHZ+(GA(I)-AVE)**2

CONTINUE

VAE=50#2 /5000

PRINT 7,AVE,VAR

FORMAT(1X,2E20.Y9)

RETURN

END
XXXXXXXX&XXKKXKKXXXXXXXXXXXXXXKXXYXXXXIXXXXXXXXXKXXXXKKXXKXXXXXXx
SUBROHTINE HISTV{ROISE,NUM,SNR,VAR2)

INTEGER NOISE({5000) ,NN(5000)

REAL YYY (101), XXX {101),XXXL(12) ,YYYL(12),XXL(12),YYL(12) -

DATL XXL/IS!'GX|'!GO'lNl'OAl'ILI'l/I'IN|,I{)I'!Il'lsl'lE|/
DATA YYL/OPY,¢LV, YL ,% 0 S0 IT0 1Dt & € aps SRY Syr 0 1y
DATR XxxL;lﬂl,lol'ill TS EEE 0t ApE THY IR MG R Ay
DATAYYYL/IHI'III'GSI‘ITI'IU"IG!'!R|'1A|_'!Ml'C L, vy
COMPUTY AND PLOT PROBAFILITY DENSITY OF THE INPUT NOISE BEFORE
IT 1S5 ADDED TO THE SIGNAL PHASE, GUANTIZED, AND SENT TO SMAPLL.
ICEC=-50 S

Do 18 721,101

YYY (I)=0

DO 8 J=1,NUH

NN (J) =INT (FLOAT (NOLSE{J)) /3.6)

IF (NN {J) .EQ.ICEC) YYY (I) =YYY (I} +1.

FORMAT(1X,15,F6.1)

CONTINUT

XXX (I)=FLOAT (ICEC)

ICEC=ICEC+1

CONTINUE

DO 19 IK=1,101

YYY (1K) =YYY (IK) /FLOAT (NUM)

CONTINUE

G0 TO 20

CALL MMPLOT (XXX,YYY, 101,11, XXXL,YYYL)

CONTINUE

ISUK=0 .

DO 115 I=1,NUH

Figure E=15, {Confinusd)
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1SUN=ISUM+NN (I)
115 CONTINUFE
AVE=FLOAT (ISUM) /PLOAT (NUN)
SumM=0
DO 116 I=1,NUM
ERH=FLOAT (NN{I))=AVE
SUN=SUM+ERR*%2
116 CONTINUE
VAR2=SUM/FLOAT (NUM)
RETURN
PRINT 117,AVE,VAR2,5N8K .
g 117 FORMAT(1X,'MEAN=*,F10,5,10X,*VARIANCE=',F10.5,10%,'SNR=",F10.5)
o IETURN.
END

Figure E-15. (Continued)




F. OSP Microcomputer Routines.

1. Main Routine, The "main” routine in this version of the OSP is
simply an initialization and idling routine. This program initializes all the memory
words needed by the OSP data processing subroutines and then simply waifs to
be interrupted by the microcomputer interface module with new Omega data, as
flow charted in Figure F=1 and listed in Figure F=2. This main routine would be
replaced by a more meaningful area nav.igaﬁon routine in a full-blown ONS,

The navigatien routine could perform navigatien precessing functions in the time
between Omega data interrupts,

2. Interrupt Service Routine. When the main program is interrupted

by the microcomputer interface module with new Omega data, the interrupt
service routine is implemented as flow charted in Figure F-3 and listed in Figure
F-4. The service routine first loads the new Omega data and updates a time=-keeping
register. It then checks a system status word to see if auto-sync is complete. If
not, the data is passed to the auto-syne subroutine. If auto-sync is complete the
time-keeping register is consulted to determine whether the current data sample

is to be treated as Omega sighal information or a transmission gap sample, If

the sample falls in a time-slot the SMAPLL2 subroutine is called and the data
used to update the estimate of phase for that time-slot. If the data is neise-gap
information the time-keepi‘ng register is again consulted to determine if this is the
first measurement taken during the current gap. If so, the data output subroutine
is catled and the rate-aiding for the second order SMAPLL2 is performed. Other=
wise, the new data is simply forgotten and control is returned to the main routine

to wait for the next interrupt.

=116~
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Store Service Routine
Address in NM]|
Address Vectors

@

Store Time-Slot Lengths
in Memory

Initialize all Variables'
Locations to Zero

Initialize PIA Direction/
Data Registers For Out-
put Mode

Wait for
Interrupt
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END PA35 1: 0 EERORS

1T 00GO
2 0000
3 0000
4 069000
5 0000
6 0000
7 0000
8 0000
9 0000
10 0000
11 0000
12 0000
13 000¢
14 0000
15 00006
16 06000
17 4000
18 0000
19 0€00
20 0060
21 0009
22 00600
23 0000
24 0000
25 0000
26 0090
27 00090
28 0020
29 0000
30 9000 -
31 0CO0C
32 000¢C
33 0000
34 0000
35 000¢
36 0090
37 00920
38 0000
39 000C
40 00060
41 0000
42 000C
43 00060
Lu 000G
45 0000
46 0000
47 ocoe
48 0000
4% 0000
50 10V0
51 100C 78

52 1001 A% 60

NMIL
NMIH
OPTION
LoP1
Lop2
STAST
STASTZ
LENGTH
GRP
TIMCTE
SYNCST
TEMP
PHI
PREVEH
FIAST
FTR1
SAFCIR
NSHIFT
CCRCTR
MAXCOR
SYNCPT

WASTE
LCwW
RATE
5K
TSLOT
BTR3
PTRY
PTR2
TENP2
“UXCTR
BITTEN
INPORT
OUTPRT
HALFLN
LANE
THRESH
NGBYTE
CCNST
LAF
LBH
LCE
LDw
LGAP
SERVL
SLRVH

ONE

ORG
20U
EQU
EQU
EQU
EQU
2OU
EQU
BEQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
524
EQU
300
Aels)
B0
200
20U
BEQU
EQU
EQU
EQU
EQU
EQU
EQU
B0
EQU
QU
EQU
7O
BN
oy
EQU
jode i
EQU
EQU
EQU
EQN.
2QU
20U

. EQU

TOU
OEG
SFI
LDA

00
SFFFA
$FFFB
00

01

02

03

T4

o4

12

13

15

16

17

18

19

20

21

23

25

27

29

31

32

33

3y

4?2

50

66

67

68

69

70

71

90
$D000
8000
63
127

4

125
69

90
100
110
120
20
$60
510
$1000°

=5ERVL

Figure F-2, Microcomputer Program INIT Listing.
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53 1963 4D FA FF STA NHIL

54 1006 A9 10 LDA =SERVH
55 1808 8D FD FF STA NMIH

56 100k A9 5B THO LDA =LAF

57 100D 85 04 STA LENGTH
58 100F 85 09 STA LENGTH+5
59 1011 A9 64 LDA =LBH

60 1013 85 05K STA LENGTH#1
61 1015 85 OE STA LENGTH+7
62 1017 A9 6F LDA =LCE

63 1019 85 0o STA LENGTH+2
64 101BR 85 08 STA LENGTE+U
65 191D AY 78 LDA =LD6G

66 101F 85 OA 3TA LONGTH#6
67 1021 8BS 07 SThL LENGTH+3
68 1023 A9 14 LDA =LGAP

69 1025 85 0C STA GAP

70 1027 A2 OD THRLE LDX =TIMCIR
71 1629 A9 00 LpA =00

72 102B 9% 00 FCUR STN OPTION,X
73 102L ©£8 INYX

74 102E EC 43 ceY =STAST2
75 1030 pO F BNE FOUR

76 1032 a9 00 STX LDA =00

77 1034 35 OF STA SYNCST
78 1036 a5 03 LDA STAST

79 1038 85 -4A : STA STAST2
80 1€3h A9 00 LDA =0C

81 103C 8D 01 5C 5TA $5C01

82 103F A9 FF LOA =§FT

83 1041 8D 00 5C 51A $5C00

g4 1044 RY 0Ou Lba =04

85 1046 #D 01 5C 5TA $5C01

86 1049 AY ©1 LA =301

87 1048 85 42 STA TSLGT

88 104D 58 CcLI

89 104E 4C 4E 10 FIVE JMP FIVE

30 END

END PASS 23 @ EERORS

Figure F-2. (Centinued)
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Figure F=3. Interrupt Service Roufine Flow Chart,
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END PASS 1:

T 0000
2 0000
3 0000
4 0600
5 0000
6 0000
7 0000
8 0000
9 0000
10 9000
11 0000
12 0000
13 0000
14 0000
15 0300
16 0200
17 1060
18 106(
19 1061
20 1062
21 1063
22 1064
23 1065
24 1066
25 1069 :
26 1068
27 106D
28 106F
29 1071
30 173
311075
32 1077
13 1079
34 107E
35 1¢7p
36 1086
37 1082
38 1084
3% 1086
40 1088
41 108a
42 108¢C
43 108E
44 108F
45 1090
46 1091
47 1092
48 1093
49 1094
- 50 1697
51 1099
52 109B

78
44
B2
88
98
48
&D

)
516,
E6
AS
c9
Do
45
10
46k
20
A9
25
b
i)
po
A9
85
48
88
68
'y
68
4o
20
AS
c9
jple)

0 ERRORS

20

0E
02
0B
01
03
1D
0F
31
11
00
7F
0F
u2
03
04
00

OF

o¢
0r
bof

oc

INPORT
FPHI
TIMCTR
SYNCST
TSLOT
LENGTH
PREVPH
CTR2
RATE
CTR1
SN

GAP
SYNC
SMAPLL
QUTPUT

ONT

Do THO

THREE

FOQUR

FIVE

SIX

13

EIGHT

NINE

11 ELEVEN

ORG
200
EQU
EQU
EQU
EQU
EQY
20U
EQU
EQU
EQU
BRU
BQUY
BQU
BQU
£29
ILG
SFEI
PHA
TXA
PHA
TYA
PHA
LDA
STA
INC
BNE
INC
LDA
CMP
BNE
LDA
BPL
LSR
ISR
LDA
AND
LDX
CMP
BNE
LD
3TA
PLA
TAY
PLA
TAX

PLA

RTI
JSR
LDA
Cmp
BNE

00
D000
17
13
15
66
04
18
32
42
3
50
20
51100
$1300
31400
$1060

INPORT

PUI
TIMCTE +1
FOUR
TIMCTR
SYNCST

=03

ELEVEN
TIMCTE+
THELEV

PHI

SYAPLL
=01111111
TIMNCTR#+
TSLOT
LENGTE=1,X
NINF

=00
TIMCTF+1

SYNC
TIMCTR+1
=3E8

B11

| Figure F=4. Microcomputeér Program OSERV Listing.
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53 109D A5 CD LDA TIMCTE

54  109F ¢9 03 CMP =503

55 10R1 DG 0F BNE B

56 10A3 AY 00 Lpa =00

57 10A% 85 OF STA TIMCTE+1
58 10A7 85 €D STA TIMCTR
59 10A9 4c 8k 10 B JUMP NINE

60 10AC <9 01 TRELEV CMP =01

61 10AE DO 3D gNE NINETN
62 10B0 A6 42 THIRTN LDX TSLOT
63 10BZ AS 20 LDA CTR2

64 10B4 30 08 3MT LABELN
65 10B6 18 CLC

66 10B7T 75 29 ADC ERATE=1,X
67 10B% 95 29 $TA RATE-1,¥
63 10BR n¢ <C 10 J¥p FOURTN
69 10BE 49 FF LABEL1 BOP =3%FF

70 10CC 18 CLC

71 10C1 69 01 ADC =01

72 10C3 85 20 5TA CTR2Z

73 10C5 G5 29 LDA RATE=1,X
74  10C7 3B $EC

75 1o0ce £S5 20 35C CTR?

76 10Ch 95 29 3TA RATE=1,X
77  10cCc 20 20 14 FCURTN JSE ouTPUT
78 10CF 8k FIFTN TXA

729 100 158 CLE

80 10D1 65 42 ADC TSLOT

81 10D3 AA TAX

82 10D4 A9 0D Lpa =C0

83 1Cp6 15 30 SPA SN-2,%
gy 10p6 35 N STA SN=1,%
85 10DE 85 1F STH CTR1

86 10BC 85 20 sTA CHR2

87 10bBF =6 42 §TsTN  INC TSLOT

88 10ED &9 09 SEVTN LDb2 =09

89 102 5 42 CH¥P TSLCT

90 J0E4 DC AS BNE NTNE

g1 10K6 29 O1 EIsHTN LDA =01

92 10E& 35 42 STA TSLOT

93 10ER 4C 8E 10 JMP NTNE

94 10EL CY 14 NINETE CMP =GAP

95 10EF b0 9D ' BNE NINE

96 IY0F1 A9 80 THENTY LDA =$80

97 10F3 35 OF ' 3TA TIMCTE+1
g8 10F5 4C 8F 10 JINP NINE

99 END

END PASS 2: ¢ EZKRORS

Figure F=4. (Continued)
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3. Automatic Synchronization Subroutine. The auto-sync procedure

is explained in the main text, and the microcomputer program is flow charted in
Figure F=5. The microcomputer language listing appears in Figure F-6.

4. SMAPLL2 Tracking Subroutine. The memory-aided second order

phase locked loop (SMAPLL2) operation is also functionally outlined in the text.
More details on the performance which can be expected from Hwis_traeking con=
figuration is given in Appendix E, The SMAPLL2 procedure as implemented in
the OSP microcomputer is charted in Figure F=7, and the program listing appears
in Figure F-8,

5. Data Qutput Subroutine. The dota ocutput operation is described

in the text and is flow charted in Figure F-9. The mi¢rocomputer output sub=

routine is listed in Figure F=10,
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) N Yes
Mirror: A=lane~Phi ﬂ

@
,__No.

:Storé ;nirroreﬂ Phl in Phi

Diff = Phi = Prevph
Store mirrored Phi in prevpl
Smooth: Diff=1 Diff(l)

Store™1 " n |
J._B_i‘_t Trc_ll____n

1000 bits long >

\

Figure F-5. Automati¢c Synchronization Subroutine Flow Chart,
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| Yes
Ine Synest

@@ |
Bileve! correlation
between known/
sl receiver bit trains

Clear P 1,2,3,4

[Pot Stast F Stast 2 |
__ Ciear CIorctr Store shifts in

, __t 26) Synept _
5 — S——

Yes

Inc Synest

Tmch=7%10000000 |
[O 1 T
- Puli and Return

Figure F=5. (Continuved)
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END PASS 1: 0 EFRORS

1T 000¢ ORG 0O

2 00060 SYNCST EQU 15

3 0006 TEMP EQU 16

4 0006 PHI BQU 17

5 0000 SPHI BQU 72

6 0000 HALFLE EQU 63

7 0000 LANE EQU 12

8 0000 PIRST =QU 19

9 0000 PREVPH EQU 18

10 0000 THRESH EQU 05

11 0000 NBYTE EQU 125
12 0000 BITTHEN EQU 90

13 0000 TIMCTR EQU 13

14 0000 PTR2 EQU 20

15 0000 TR oUW 69

16 0000 PTR3 EQU 67

17 0000 PTRY EQU 68

18 0000 LFNGTH 8QU 0Ou

19 00CC STAST FEQU 03

20 0000 STAST2 EQU 74
21 @000 SHFCTR EDU 21

22 0000 NSHIFT EQU 23
23 0000 CORCTR EQU 25

24 0000 MAXCOE BQUO 27

25 0000 SYNCPT EQU 29

26 1100 ORrRG $1100
27 1100 48 SYNC PHA
28 1101 48 TYA

29 1102 4R PHA

30 1103 8a _ TXA
31 1104 48 " PHA
32 1105 A5 OF THO LDA SYNCST
33 1107 DO 5B BNE EIGHTHN
34 1109 A5 11 THREE LDA PHI
35 1102 85 48 STA SPHI
36 110D €9 3F CMpP =HALFLN
37 110F 90 05 3CC FIVE
38 1111 A9 7F FOUR LDA =LANE
39 1113 38 SEC
40 1114 E5 48 $BC SPHI
41 1116 44 OE FIVE LDY TINCTL#1
42 1118 CC 01 cPY =01
43 1112 DO OA BNE EIGHT
44 111C 85 13 SIX STA FIPST
45 111 85 12 : STA PHEEVPH
46 1120 68 SEVEN PLA
47 1121 A8 TAY
48 1122 68 PLA
49 1123 Al TAX
50 1124 ©8 PLA
51 1125 60 RTS
52 1126 85 48 EIGHT STA SPil

Figure F~6. Microcomputer Program SYNC Listing.
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72

73
74
15
76
77
78
79
B0
81
B2
83
84
85
86
87
88
89
a0
91
92
93
94
95
96
97
98
99
160
101
102
103
104
105
106
107

1128
1129
1125
112D
112F
1130
1132
1134
1136
1137
1138
1139
1138
113D
113
1141
1142
1144
1146
1147
1149
1148
114D
114F
1151
1153
1155
1157
1159
1158
115D
115F
1161
1164
1166
1168
1168
116E
1170
1172
1174
1176
1178
1172
117C
117E
1180
1182
1184
1186
1188
1184
118¢
118E
1190

38

BO
49
18
69
A4
84
ER
ER
BA
c9
90
18
4c
38
A2
36
CA
Do
A5
cY
Do
AS
o]
DO
AS
po
29
85
AS
85
4C
c9
Do
%C
4C
16
A9
B85
85
L6
RS
85
26
90
A9
85
10
A9
8%
A6
B5
B4
PO

12
a5
FF

01
us
12

a5
oy

D
59

FE
oD
03
D1
0E
E8
c3
10
15
01
10
13
48

71

28. 11

01
03
20
06
OF
00
OE
o
14
oy
15
4x
06
01
10
04
00
10
43
5A
4y
o4

11
12

Figure F=6. (Continued)

i gt st zartinin LI

NINE

TEN

ELEVEN

THELEV
THLIRTN
SIGNAL

STORE
RGTATE

FOURTN

FIFTH
SIXTN

SEVTN

ETGHTN

219
NINETN

TRENTA

THENTB

TWENTE

PLUS
TWENTF

TWENTG
B206G

-127-

DREVPH
TEN
=§FF

=01
SPHI
PREVPH

=THRESH
SIGKAL

STORE

=NBYTE
BITTRY=-1,X

ROTATE
TINMCTE
=503
SEVEN
TIMCTE+1
=5E8
SEVEN
TENP
NINETN
=01

TEMP
FIRST
SPHI
NINE

=01

A9
SEVEN
THENTS
SYNCST
=00
TIMNCTE+1
TINC TE
PTR2
LENGTH, X
SHFCTR
STAST2
PLUS

=M

TEMP
TWENTF
=00

TFEMP
PTR3
BITTRW,X
PTRU
TWENTH




108 1192 24 ROL A

109 1193 88 DEY

110 1194 10 F2 BPL B20G

111 11%¢ 22 TWENTH ROL A

112 1197 A9 00 TWENTI LDA =00

113 1199 o5 10 ADC TEMD

114 1198 C9 01 TWENTJ CHP =01

115 119D F¥0 06 BEQ TWENTK
116 119F E6 1A INC CORCTR#+1
117 11A1 po 02 BNE THENTK
118 1143 E6 19 INC CORCTR
119 1125 A4 44 T*ENTK LDY PTRY

120 11417 C8 vy

121 11A8 CcO 98 TWENTL CPY =08

122 11AA DO Q4 BNE TWENTH
123 11AC a0 90 LbY =00

124 11AE E6 43 INC PTR3

125 11B0 84 44 TWENTM STY PTRHU

126 11B2 C6 15 DEC SHFCTE
127 11B4 BO D4 THEKTN BNE TWENTF
128 11B6 A5 45 TWENTO LDA PTR1

129 1188 DY 08 BNE TWENTC
130 11BA A9 14 TKENTP LDA =20

131 118C 85 15 STA SIFCTR
132 11BE Eb 85 INC PTRAY

133 11C06 10 C4 BPL PLUZ

134 11C2 A5 14 TWENTQ LDA PTR:z

135 11¢c4 Cc9 07 cup =07

136 11C6 FO 08B BEQ TAENT1
137 11C8 E6 14 TWENTT INC PTR2

138  11CA a9 0¢C LDA =00

139 11CcC B85 45 STA PTRY

140 11CF FO A6 . BEQ TWENTA
141 1100 AY @C TWENTY1 LDA =00

142 11D2 85 45 STA PTR1

143  11p4 45 14 STA PTR2

144 1106 85 43 STA PTR3

145 11DE 85 u4u STA PTRU

146 11DA A5 19 LDA CORCTE®
147  11DC €5 1B CMP MAXCOFR
148 11DE 90 18 8CC TAENTY
149 11F0 bBO 06 BNE TWENT2
150 11E2 K5 1A LDA CORCTER+1
151 11E4 ¢5 1C CMP MAXCOE+1
152 11Ee 90 19 BCC TWENTY
153 11EB A5 19 TWENT2 LDA CORCTR
154 11EA B5 1B STA MAXCOR
155 11EC A5 1A ' LDA CORCTR+1
156 11EE 85 1C STR MAXCORE#1
157 11F0 A5 17 TYWENT3 LPA NSHIFT
158 11F2 85 1D 5TA SYNCPT
159 11F4 A5 18 LDA NSHIFT+1
160 11F6 385 1% STA SYNCPT+}
161 11F¥8 AS 13 TWENTY LDA NSHTFT+1
162 11Fh C9 L& CMP =5E8

Figure F=6, (Continued)
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163 11FC b0 1D BNE TAENTS

164 11FL AS 17 LDA NSHIFT

165 120C C€9 03 cMp =303
166 1202 DO 17 BNE TWENTS
167 1204 E6 OF TWENT7 INC SYNCST
168 1206 AS OD THENT8 LDA TIMCTR
169 1208 €5 1D CMP SYNCPT
170 120A b0 0OC BNE A25
171 120C A5 OE LDA TIMCTE+Y
172 120E C5 1E CHP SYNCPT+1
173 1210 DO 06 BNE A25

. 174 1212 L& OF TWENT9 INC SYNCST

. 175 1214 A9 80 THIRTY LDA =380
176 1216 85 Ok STh TIMCTR+1
177 1218 4C 20 11 A25 JNP SLEVEN
178 121E F6 18 THENTS INC NSHIFT#?
179 121D 0O 02 BNE TWENT6
180 121F u6 17 INC NSHIPT
181 1221 a2 7D TWENT6 LLDX =NBYTE
182 1223 A5 54 LDA BITTRY
183 1225 30 03 BMI MINUS
184 1227 16 CLC
185 1228 90 01 3CC DPOIT
186 1224 38 MINUS SEC
187 122 36 59 DOLT R0L BITTRN-1,X
188 122D CA BDFX
489 122t DO FB BNE DOIT
1960 1230 A9 00 LDa =00
191 1232 85 19 STA CORCTR
192 1234 85 1A 3TA CORCTR+1
193 1236 A5 03 LDA STAST
194 1238 85 Una STA STAST2
195 1232 4C .76 11 JMP THERTA
196 END

END PASS 2: 0 ERRORS

Eigure F-6. (Continued)
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Figure F~7. SMAPLL2 Subroutine Flow Chart.
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END PA3S 1

—

Dtdbq_s@hﬂa)dchu1c!ﬂb)—l@kﬁﬂiﬂ(DU‘Fltha

£k b W kL
O & @~

2 EF
L ho -

o i =2 ]
LM~ E

L F
- D D

52

ocoe
0000
0000
0000
6000
0000
0000
0o0o0
0000
0000
0000
agooe
peed
0000
6000
6020
13¢0
1300
1301
1302
1303
1304
1305
1307
1309
1308
130D
130F
1311
1312
1343
1315
1317
1318
1314
131D
131F
132¢
1322
1323
1324
1326
1328
1529
1320
132E
1330
1332
1334
1335
1337
1339

4l
3K
ug
28
48
85
c9
pl#)
AB
S
30
Gh
4h

ns
18
H5
3uC
49
18
69
qA
iy
55
an
38
ES
20
35
AB
BS
i3
k8
A0

0

-

VE
B1
25
42
29
ocC

6

21

U6
2E
rr

01

46
21

46
90
21
42
21
1

28
41

SRRORS

TIACTE
CTR1
CTRZ
RATE
LCW

Sk

PHI
TSLOT
PEREVDPH
TEMP
TFMP2
HALFLN
CONSBT
MOD6L
s

SMAPLL

11

c1

13
LABEL"

13 D1

joi!

F1

0EG
BQU
EQU
EQU
Bo0
EQU
EQY
EQU
BOU
EQU
Tou
20U
EQU
200
BOU
29U
ORG
PHA
TXA
PHA
TYR
PHA
LDA
cup
BNE
LbX
LBA
BYI
LSR
LSR
STA
LDA
CLC
ADC
Jup
EOR
CLC
ABRC
L3R
L3R
STh
LD2
SEC
$BC
JSR
STh
LbX
LBA
3EC
SHC
350
BCS

00
13
1
32
42
34
50
17
66
18
16
70
32
04d
$1390
$13C0
$1300

TIMCTE+1
=581

£

TSLCT
RATE-1,X
LABEL1

A

A

TENDP 2
LCW-1,%

TEMP2
b1
=5FF

=01

A

A

PEHP2
LCW-1,X

TEMEZ
MODGU
LCW=1,X
TSLOT
LCU=1,X
PHI

N1

51

Figure F-8. Microcomputer Program SMAPLL2 Listing.

-131-




53
54
55
56
57
58
59
60
61
62
63
6l
65
66
67
68
69
7C
71
72
73
74
75
76
17
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

END PASS Z:

1338
133D
133F
1340
1343
1345
1347
1349
13u4B
134D
134F
350
1352
1354
1356
1358
135A
135C
135E
1361
1363
1364
1365
13606
1367
13648
1369
136B
136D
136F
13N
1373
1375
1377
1379
137¢C
137F
1381
1383

AS
18
¥5
20
c9

Cb
A9
us
18
69
c9
po
A9
H5
Cé
bb
B5
20
95
68
AB
68
AR
68
60

&

N L
I

ch5
oG
a9
85
E6G
Fé
4c
20
c9
BO
4C

11

21
co
20
22
133
Ffr
iF

01
c8
OF
00
17
20
21
21
90
21

1F
08
1¥
F2
00
¥
20
21
5C
o
20
E6
47

0

H1

13 61

I1

J1

K1
L1

CKNODP

i3 M

N1

¢
P

01

T
13

ERRORS

Figure F-8. (Centinued)
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LDA
SFC
SBC
JSR
CHMP
Bce
DEC
LDA
EOR
CLC
ADC
cHup
BNE
LDA
STA
DEC
DEC
LDA
JSR
STA
PLA
TAY
PLA
TAX
PLR
RTS
INC
LEA
CHP
BNF
LDA
STA
INC
INC
JHP
JSR
CHP
BCS
Jup
END

paI

LCH-1,%
SNR
=HALFLN
01

CTR?
2255
CTR1

=01
=CONST
N

=00
CTR1
CTR2
LCH-1,X
LCU~1,%
MOD6 Y
LCH-1,%

CTR1
=CONST
CTR1

N1

=00
CTR1
CTR2
LCH=1,X
CKMOD
SNR
=HALFLN
01

I




END PASS 1:

1 0006
2 0000
3 1340
4 1390
5 1392
6 1393
7 1394
8 1395
9 1396
10 1398
11 1393
12 139¢C
13 139E
14 13aC
15 13A2
16 13AH
17 1345
18 1346
19 1347
20  13A8
21  13AA
22 13AB
23 13AD
24 13AF
25 13B1
26 1383
27 13R4
28 13P6
29

END PASS 2:

85
BA

48

93
48
AS
30
29
FO
AS
29
55
68
a8
68
AR
AS
60
U9
85
26
29
38
ES
4c

6 ERR

46

46
11
40
06
46
3F
46

46

Fr
46
U6
3r

46
22 13

Y

0 ERR

Figure F-8. (Continued)

ORS

TEMP2

MODGY

THO
THREE
FOUR

FIVE
31X

SEVEN

ORS
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ORG
EQU
DRG
5T
TXA
PHA
TYA
PHA
LDA
BMI
AND
BEQ
LDA
AND
STA
PLA
TAY
DPLA
TAX
LDA
TS
zOT
STA
INC
LDA
SEC
33C
Jnp
END

00
70
$1390
TEMP2

TENP2
SEVEN
=%010C000(
s5IX

TEME2
=%2011111°
TEMP2

TINP2

=§$FF
TEMP2
TEMP2

TEMP2
FIVE




END PASS 13

1 0000
2 0000
3 6600
4 0000
5 13C0
6 13ca
7 13C2
8 13C3
9 13CH
10 13¢5
11 13C6
12 13C8
13 13C9
14. 13CB
15 13c¢C
16 13CE
17 13CF
18 1301
19 13p3
20 1305
21 13Dp6
22 13D8
23 13Dp9
24 13DA
2% 13Dpb
26 13bC
27 13BL
2B

END PASS 2:

85
BA
ug
98
48
AS
18
h5
AA
AS
18
75
35
90
CA
Fé
68
A8
68
AR
AS
60

0 ERRORS
TENP2
TSLOT
SN

46 SNR

42 THO

42

06

31

N

03

31
THREE

Ut

0 EERORS

Figure F=8. (Continued)
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ORG
BQU
EQU
EQUY
ORG
STA
TXA
PHA
TYA
PHA
LDA
CLC
ABC
TAX
LDA
CLC
ADC
STA
BCC
BEX
INC
PLA
TAY
PLA
ThX
LD&
RIS
END

0

70

66

50
$13C0
TEMP2

TSLOT
TSLOT
TENP2
SN-1 'x
SN-.' 'x
THRFE

SN-1,%

TEMP2




® o
@ !

Get "OPTIONS"
from operator's in-
serted option code
word

@ : ’A Yes

__Istore Selected
|Sta pairin temp.

LOP = Stal=-

Store 5/NLOP

in output port | -

Ine Muxetr |

©® 4

»{  Pull and return ']

[Change LOP "curren]
Figure F=9, Data QUTPUT Subroutine Flow Chart.
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END PASS 1:

1 000C

2 00600
3 0000
4 0000
5 0000
6 0000
7 0600
8 0000
9 0000
16 0000
11 0000
12 0000
13 14060
4 1400
15 1401
16 1402
17 1403
18 1404
19 1405
20 1407
21 1409
22 140B
23 140D
24  140F
25 141
26 1413
27T 1415
28 1u17
29 1419
30 1418
31 141D
32 141F
33  141F
34 1420
315 121
36 1422
37 1424
38 1426
39 1428
40 1424
41  142¢C
42 1u2p
43 142F
uy  1e3
45 1434
46 1435
47 1437
48 1433
49 143C
50 143D
51 1T43F
52 1440

48
A
48
58
ug
A5
30
&5
85
29
C5
Do
AS
29
FO
AS
29
4a
4A
4a
4a
AR
A5
29
85
B5
A6
38
FS
30
Lc
8
69
4c
AS
18
65
AA
BS

0 EHRORS
0ORG
CPTICN EQU
LOP1 EQU
LOP2 EQU
MUXCTR EQU
WASTE EQU
LCM EQU
SN EQU
TSLOT EQU
TEMP BQU
LANE EQU
OUTPRT EQU
ORG
QUTPUT PHA
TXA
PH A
TYA
PHA
00 THO LDA
6 THREE BHAT
01 FOUR LDA
10 FIVE STA
OF AND
42 CHP
ST BNE
00 SIX LDA
40 AND
21 ~ BEQ
ic SEVEN LDA
FO AND
LSR
LSR
LSR
LSR
TAY
10 LDA
0F AND
1G 5TA
21 LDA
10 LDX
5EC
21 SBC
03 BWL
51 14 Jup
CoMPL CLC
440 ADC
51 14 JNP
42 ETGHT LDA
CLC
u2 Apc
TAX
30 LDA

00

¢o

01

02

Al

33

34

5

66

16

64
$5c00
31400

OPTION

MOX

LOPY

TENP
=5000C111°
TSLOT
FOUETN
OPTION
=20100000(
EIGHT
TEMP

=3$F0

A
A
A
A

TEMP
=50F
TEMP
LCW=1,X
TEMP
LCW~-1,X
ToMpPL
NINE
=LANE
NINE
TSLOT
TSLUT

SN'Z;X

Figure F-10. Microcomputer Program QUTPUT Listing.
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53 1442 0A ASL B

54 1443 0A ASL A

55 1444 OA ASL A

56 1445 OA ASL A

57 1446 OA ASL A

S8 tuu7 85 10 STA TEMP

59 1449 B5 31 LDA SN=-1,X

60 144B uA LSR A

61 144C 4A LSR A

62 144D UA LSR A

63 144E 18 CLC

64 144F 65 10 ADC TEMP

65 1451 8D 00 5C NINE  5TA OUTERT

66 1454 a5 00 TEN LDA OPTIOW

67 1456 10 19 BPL FOURTN

68 1458 E6 47 SLEVEN INC MUXCTE

69 1851 AS 47 TWELEV LDA MUXCTR

70 145C 29 3F AND =%0011111°
71 145F 85 1C STA TEMP

72 1460 A5 00 LDA OPTION

73 1462 29 3F AND =%0G11111"
T4 1464 €5 10 CMP TEMP

75 1466 DO 09 BNFE FOURTN

76 1468 A5 47 THIRTN LDA MUXCTR

77 1462 29 cO AND =%1100000¢
78  146C 18 CcLC

79 146D 69 40 ADC =%0100000¢
80 146F B85 47 STA HUXCTR

81 1471 68 FOURTN PLA

82 1472 A8 TAY

83 1473 68 PLA

84 1474 AR TAY

85 1475 685 PLA

86 1476 60 RTS

§7 1477 A5 47 MU X LDA MUXCTR

88 1479 29 40 AND =%010€000(
89 1478 FO 8C BEQ FOUR

90 147D A5 02 FIFTEN LDA LOP2

91 147F 4C CB 14 JMP FIVE

92 END

END PASS 2: 0 ERBRORS

Figure F-10. (Continued)
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	0013A02
	0013A03
	0013A04
	0013A05
	0013A06
	0013A07
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