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I. INTRODUCTION

1.1 GENERAL

This is a final report on Task V of FAA Contract LOT
FA75WA-3662, Differential Omega System Development ana
Evaluation. The Task V effort began 27 August 1977 and was
completed on 15 August 1981. The overall plan for this project
contemplated a cooperati&é approach involving System Controi,
Inc. (SCI), the FAA Alaska region, the Canadian Ministry of
Transport [Transport Canadal and Tracor, Inc. [Tracor], where
Tracor was involved via subcontract to SCI.

1.2 OBJECTIVES

The overall objective of this>project has always been to
demonstrate Differential Omega as a possible alternative to
VOR/DME within an operational environment that includes enroute
and terminal area operations. The area of North Alaska and
Northwest Canada was selected as the location for the
demonstration. Basic Omega coverage over this area 1s excellent,
but there is a sparsity of more precise navigational aids.

To achieve the project objective, early planning called for
three ground stations to be implemented and up to six airborne
units were to be employed. The ground stations were planned at
the following sites:

0 Fairbanks, Alaska
e Deadhorse, Alaska
. Inuvik, Canada



At each ground station, the existing aeronautical beacon
transmitter was to be modified to transmit the Differential Umega
data. The direction finding capabilities of the beacons were not
to be affected. The aircraft equipped with the airborne units
were to conduct normal operational flights within the coverage
area for up to one year. Data were to be acquired both

automatically and manually.

The data of interest were to be such as needed to assess the
effective range and accuracy of Differential Omega. In addition,
operational type data were to be acquired to the extent possible.

It was intended originally that the results of this field
test demonstration were to lead to a complete description of a
Differential Umega system description including:

Ground Stations
Avionics Equipment
Data Formats
Interfaces

Operating Modes

and a statement of the performance achieved in an operational

environment.

During the course of Task V some of the intermediate
objectives changed, although the ultimate objective remained
unchanged. Some of the more important mocifications in the
project have been as follows:

° Ground stations have been established at
Anchorage, Alaska, and Deadhorse, Alaska. No
ground station has been established in Northwest
Canada although a ground station has been set up
temporarily in a Transport Canada laboratory in
Ottawa, Ontario. :

) Two sets of Differential Omega avionics have been
developed to operational status ana a thira set
has been partially developed. One operational set
has been installed and routinely tlight tested in
an FAA aircraft in Anchorage. The second
operational set has been tested by Transport
Canada in Ottawa.

<



) All FAA-sponsored flight tests unaer this project
have been conducted in Alaska. No ftlight tests
have taken place in Northwest Canaaa. Some mobile
tests of the second operational set have been
conducted via test van near Uttawa.

() "During the October 1980 flight tests, Tracor
conducted an experiment designed to provide
cancellation of precipitation-static interference
in airborne Omega applications. 7The experiment
was performed unaer the subcontract from SCI to
Tracor.

) The project was completed on August 15, 1981.
1.3 BACKGROUND -

Omega, a VLF navigation system based on a worldwide network
of eight transmitters operated at 10.2, 11.05, 11.333 ana 13.6
kHz; provides global coverage for users. These frequencies are
synthesized from a common source and are maintained in the exact
ratio 1, 13/12, 10/9, 4/3. Phase coherence and emission timing
are tightly controlled in the transmitter network. Table 1.1
lists Omega transmitter letter designations and locations.

A user wishing to navigate measures 'the phase difference
between signals at one frequency trom a pair of transmitters and
thus establishes a line of position (LOP). Repeating the process
with two more pairs of transmitters leads to a unique navigation
fix. Navigational ambiguities can exist with Omega since any one
phase difference corresponding to a pair of transmitters defines
a family of hyperbolic LOPs. Along a baseline, LUPs occur every.
haif wavelength. The region between adjacent LOPs is known as a
lane and Omega accuracies are frequently describea in units of
centilanes (0.01 lane). The lane ambiguity problem can be
alleviated by combining instantaneous measurements from two
frequencies.

Omega is a VLF system and it is theretore subject to all the
propagation anomalies normally associatea with VLF. Some of the
more important error sources associated with Omega are; (a)




Table 1.1

Omega Transmitting Stations

STATION LETTER
DESIGNATION LOCATION LATITUDE/LONGITUDE
A Aldra, Norway 66°25'N/13%08'E
B Monrovia, Liberia 06%18'N/10%0'W
C Haiku, Hawaii 21%24'N/157%0'W
D LaMoure, North Dakota 46%21'N/98°20'W
E La Reunion 20%58" 5/55°17"
F Golfo Nuevo, Argentina 43903 5/65°11"'W
6 Gippsland, Australia * | 38929'S/146950°E
H Tsushima, Japan 34937'N/129927'E

*The Australia station is expected to become operational in
1981, ’




diurnal and seasonal ionospheric variations, (b) transient
ionospheric phenomena such as Polar Cap Absorption (PCA) events
and Sudden Ionospheric Disturbances (SIDs) that give rise to

ropagation anomalies, (c) modal interference, and (d) noise.
H 2

Diurnal and seasonalvionospheric variations cause phase
shifts on the order of 50-100 centilanes at most user locations.
These variations can be predicted and modeled to within a
reasonable accuracy and are provided to users as algorithms

within a receiver's navigation processor.

Sudden phase anomalies are associated with 5IDs caused by
solar flare x-rays. These are daytime events and typically last
about fifty minutes. Solar protons, associated with large
flares, may be guided into the polar regions and prcduce PCA
events. These events may atfect polar region propagation for
several days.

Modal interference describes the efrect that cccurs when
more than one waveguide propagation mode is excitea by a radiated
signal. When this happens, the modes received by a user combine
constructively and destructively and cause anomalous signal
variations. This phenomenon occurs most commonly near a
transmitter and when the propagation path crosses a twilight

region.

.Noise at VLF is mostly of atmospheric origin, although
manmade noise can dominate in certain local regions. Noise
effects can be diminished by integrating received signals over
long periods, but the period of integration must be consisent
with dYnamic requirements of the user and expected transients in

the signals.

Airborne radio reception at VLF is susceptible to noise
caused by a phenoménon known as precipitation static, or
P-étatic. P-static is associatea with precipitation ot 1ice
particles on the metal skin of the aircratt that results in a
buildup of electrostatic charge. The problem occurs primarily in



systems that use E-field antennas, and can degrade Omega
performance significantly. Section 3.2 discusses a special
experiment designed to study this problem.

Quoted accuracy for OUmega under nominal conditions is 1-2 NM
[1,3,4]. Nominal conditions include the use of propagation
prediction corrections (PPCs) to compensate for regular
ionospheric variations, the absence of SIDs and PCA events, the
absence of modal interference, the absence of excessive noise,
and the adequate compensation of platform dynamics. Under less
favorable conditions, Omega accuracy degrades, either gradually
or in the form of lane ambiguities. Marine users on the high
seas may find 1-2 NM accuracy acceptable and may even be able to
tolerate limited perods of degraded accuracy. On the other hand,
marine navigation in restricted waterways and aircraft navigation
near terminals requires a higher level of accuracy and
reliability.

~ The Differential Omega concept arises from the observation
that many Omega navigation errors associated with propagation
effects are highly correlated in time ana space. For example,
consider two Omega users navigating independently a short
distance apart. The absolute error of each user's fix may be 2
NM, but the relative positional error will be perhaps an order of
magnitude smaller. If a real-time data link could be establishea
between the two users so that both sets of phase measurements
could be correlated, then the two users could maintain a
positional relationship accurate to within a fraction of a mile.
This concept is known as Relative Omega. It we now consider that
one user remains fixed at a known, surveyed location and provides
real-time phase measurement data to the second user, then the
second user can obtain absolute navigational accuracy to within a
fraction of a mile. This concept is known as Differential Omega,
the fixed user is called the monitor and the moving user is
called the navigator.



The ability of Difterential Omega to eliminate correlated
errors points to a significant practical benefit, namely that the
navigator need not provide or compute PPCs since such corrections

are intrinsic to the differential corrections received over the
data link.

Diftferential Omega, as a concept, has been recognized for at
least 14 years [1-3]. Experimental verification of the concept
has been somewhat limited [4-5]. Swanson and Davey [5] have
described the results of a marine bifferential Omega experiment
conducted in the coastal waters off Galveston, Texas. Figure 1.1
illustrates results of navigational accuracy as a function of
range from the monitor obtained by Swanson and Davey. These
results indicate an accuracy of 0.2 NM at close ranges and a
gradual degradation in accuracy with increasing range. At very
long ranges, the error obtained with Differential OUmega may
exceed the error obtained with ordinary Umega. The radius of the
applicable region is limited both by the propagation range of the
data link and the tolerable decorrelation error.

0.7
0.6 = x
9.5 |
2 sl .
tf L ]
§ 5.2 i-a.p . .
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0 20 40 60 80 100 120 140 160 180 200 220. 240 260 280 200
‘ : RANGE FROM BEACON NM

Figure 1.1 Diftferential Omega Accuracy vs. Range from Monitor |5]



Navigational aids for aviation users include a broad
spectrum of systems, that range from a simple non-airectional
beacon (NDB) to VOR and DME (and its military counterpart, TACAN)
and radar. The most comprehensive and complex systems such as
radar and VOR/DME are expensive, require frequent maintenance and
consume a high level of electrical power. Less comprehensive
navigational systems such as NDBs require very little maintenance
and power and are relatively inexpensive. Throughout much of
Alaska and Northern Canada, many remote communities depend
entirely on aviation for supplies and transportation to ana from
the outside world. The facilities avallable at these remote
sites frequently consist of little more than a landing strip
large enough to accomodate a small aircraft. Energy 1s always a
problem at such sites since fuel must be flown in, consequently,
most remote airstrips do not even have the 1uXury of a colocated
NDB. The costs of providing VOR/DME at every remote airstrip in
North America would be prohibitive. Even NDBs with their lower
costs and more modest energy requirements co not offer a
completely attractive solution, since an NDB provides directional
information only, and in order to be effective, must be locatea
at the site being sought by the navigating aircraft.

The Federal Aviation Administration and Transport Canaaa
have been seeking a solution to the requirement for a low-cost,
accurate navigation system that will meet the neeas of small
aircraft flying in and out of remote locations in the northern
part of the continent.

Differential Omega 1is considered to be a potentiai answer to
this requirement. Studies [6] have shown that Differential Omega
in the Alaska/Yukon region should be able to provide
two-dimensional navigation accurate to within a fraction of a
mile over a region within a hundred-mile radius from a monitor.
It has been suggested that it is practical to colocate a
Differential Omega monitor and an NDB and to use the NDB as a

carrier for the differential correction intformation. This means




that Differential Umega monitors could be aeployea atl e€X1ST1ng

NDB sites at relatively low cost ana at very little 1increase 1n

electrical power requirements. It also means that NUBs used 1n

conjunction with Differential Umega woula not have to pe locateu

at every airstrip, but could support navigation over a regloin

that might include several airstrips.

1.4 PROJECT MILESTONES

Some of tnhe ilmportant mllestones that have occurreu during

the course of Task V are as rtollows:

May 1979. Une set of bDifferentiali umega avionics
was deliverea to Transport tanada. Monitor
station equlpment was delivered to Anchorage.

uctober 1979. An avionicCs pacCkage was 1nstallea
1n the FAA aircraft at Anchorage ana was test
flown.

January i980. DUitterential Umega navigalloll was
tli1ght tested trom Anchorage. Kesults suyggestea
successful navigation usinyg UDitfterentiai Umegd dnd
indicated an achieved range ot 40 miles on thne
aata link from the monitor station to the aircratt.

March 1980. A rlight test was conauctea auring
which software ana 1nterface problems were
encountered.

June 1980. A vifrerentiai Umega flight test
ylelded successtul reception ot tne monitor signai
to a maxlimum range of Y4 miles. Software and
interface problems negatea any navigatlion Tesuits.

uctober 198y. Extensive tillght tests ana ground
tests were conductea. Highlights ot the tests
lncludea a successtuli rirst test ot navigatiovn
using the beadhorse Monitor, thne t1rst successtul
use ot digltal tape tor recorainyg the data, the
acquilsition of extensive monitor data ana tne
achievement of a iYg-mile range or operation on
the gata link. Proolems 1n sottware ana
instrumentation limitea the accuracy pertormance
of the system, however.




February 1981. Flight tests demonstratea
navigational accuracies of 0.1 mile to 1.0 mile
using Differential Omega.

April 15, 1981. An invited paper on Differential
Omega was presented at the lonospheric Effects
Symposium in Alexandria, Virginia.

August 1,1981. Task V is completed and a tinal
report 1s submitted.

10



II. TECHNICAL APPRUACH

2.1 PROJECT MANAGEMENT

This project, the development and evaluation of a
Differential Omega system, was conceived to be a joint effort
between Transport Canada and the FAA. SCI was placed under
contract to the FAA (DOT-FA75-WA-3662) to represent the FAA in
the technical performance of the project. SCI[, in turn, placed
Tracor under contract to perform specific tasks in support of the
project.

The allocation of tasks under this project and the main

participants are as follows:

] Transport Canaaa developed the monitor station
subsystem, including the required software, and
also provided on-site support for installation and
operational testing of the monitor station.

° Tracor provided three Model 7620 Omega receivers
that were modified appropriately for Ditferential
Omega operation, where the required modifications
involved both hardware and software. Tracor also
provided flight test support in Alaska.

. SCI provided overall system design, System

Integrator development, tlight test direction,
data analysis and project management.

11



2.2 SYSTEM CONFIGURATION

The project described herein has been primarily operational
rather than research oriented. The location of the flight tests
in Alaska has the interesting characteristic that the azimuth
directions of signals from stations A, C, U, and H intersect at
nearly right angles, as illustrated by Figure 2.1.

The experimental concept called tor the use of operational
NDB signals as carriers for differential correction aata. MNUb's
represent a convenient means, but not the only means, for
providing a data link for Differential Omega, other possibilities
are VOR, special HF transmitters, etc. NDBs in Alaska have a
primary mission of direction finding (DF) and a secondary mission
of providing weather broadcast. The weather information is
contained in an audio (Voice) signal that is amplitude-modulated
onto the beacon carrier. The NDBs that were used in this
experiment were modified so that, when used for Differential
Omega telemetry, ‘the voice signal was replaced with a 1-kHz siae
tone, and the side tone was bi-phase modulated with digital error
signals derived from the Omega receivers. The use of '
Differential Omega thus precluded the availability of weather
information from these NDBs and was viewed as a minor
inconvenience. The NDB identification code was maintained during
Differential Omega operation. A grouna rule for the Differential
Omega experiment was that the use of the NDBs for telemetry was
not to degrade the quality of the DF signals so as to compromise
the primary mission of the NDBs. At all times during this
experiment, NDBs were operated in compliance with ICAO

requirements [1].

Figure 2.2 illustrates the experimental configuration. The

avionics were mounted on a special pallet in an FAA Convair 580
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Figure 2.1 Azimuth Direction to Omega Transmitters
from Anchorage, Alaska
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Figure 2.2 Differential Omega System Configuratioin
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aircraft based at Anchorage International Airport. Monitor
stations were located at-Merrill Field about 5 miles east of
Anchorage International, and at Deadhorse, on Prudhoe Bay. Omega
receivers and NDB transmitters were nearly colocated at both
monitor stations. Reference location information ftor the
navigator aircraft was provided by identified pads tor ground
tests, and by DME instrumentation for flight tests. Figures 2.3
and 2.4 illustrate the geography ot the experiment and available
instrumentation. These figures display every VOR/DME within 250
miles of Anchorage and Deadhorse. Although these navigation aids
provide reasonably redundant coverage for enroute navigation of
aircraft flying at high altitudes, their line-of-sight range is
proportionately less at low altitudes so that they degenerate to
short-range homing aids for general-aviation users who are
limited to altitudes less than about 10,000 ft. It can be seen
that for the low-altitude user, there are vast areas in Alaska

where there is no effective coverage by VOR/DME.

It is instructive to provide a brief description otf the
operation of the monitors and the determination of difterential
corrections. We begin by expressing the known location ot a
monitor in terms of standard phases. A stanaard phase is defined
by a monitor location, an Omega transmitter location, an OUmega
frequency and a geodetic model. First, the propagation range
between a monitor and an Omega transmitter is calculated using an
appropriate geodetic model. Next, the propagation range 1s
expressed in wavelengths for the particular frequency. Finally,
the integer number of wavelengths 1is discarded ana the tractional
wavelength 1s retained. This fractional wavelength is Kknown as a
standard phase and it is a highly sensitive indicator of monitor
location. Standard phases from three Omega transmitters detine
the location of a monitor uniquely except for the lane ambiguity
discussed earlier. Tables 2.1 and 2.2 list standard phases for
the Deadhorse and Anchorage monitor stations. These values were

calculated using a WGS-72 geodetic model and assuming propagation

14
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Table 2.1

Deadhorse Standard Phases in Fractions of Lanes

OMEGA TRANSMITTERS

FREQUENCY A c D H
10.2 .037 .157 .791 .088
13.6 676 .592 .881 255
11.3 .614 .986 .033 .349

Table 2.2

Anchorage Standard Phases in Fractions ot Lanes

OMEGA TRANSMITTERS

FREQUENCY A c D H
10.2 .894 .439 .804 .953
13.6 .949 .503 .550 .085
11.3 .973 .507 .757 .729
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velocities of 101924.60 NM/s at 15.0 kHz ana 16£393.88 NM/s at
16.2 kHz.

We next consider the arithmetic involved in providing a
differential correction. Eacn monitor recelvinyg System COonsisted
of three Omega recelvers, a KRublalum frequency standaard, & l-KHzZ
subcarrier moaulator, ana a microcomputer. The rrequency
stanaara was used to provide stable monltor recelver reterences
at 10.2, 11.33 and 13.6 kHz. Each Omega receiver was tunea to
one of the three frequencies ana usually receivea signals tTroOnm
Stations A, C, b, and H. At each ftrequency, the phase of a
slignal from one transmitter was comparea wlth the pnase ot the
locally synthesizea signal, ana the phase aitferemnce was

transmitted as a correction. he nave, tor each signal,
by - (9, - ¢.) =24 \Z.1)

where $g = stanaard phase
¢ = Measured signal
6. = local rererence phase
A = aitferential correction.

Iaeally, the local reference phase ¢r woulu be laentical
to the phase at the Omega transmitter in which case Eq. (2.1}
woula express the relatlonship: True Kange - Measurea Range =
Range Error. 1In fact, the local rererence phase aifrereud Lrom
the transmitter phase by an arbltrary unknown value. Because of
the precision of the local trequency rererence, nowever, THE
unknown phase difrerence between tne monitor Local reterence anua
the transmitter varied quite slowly. The local reterence phase
disappearea in the process or tforming ain LUP which, as we have
stated, involvea torming phase alftferences between signals
measured from two transmitters. lf we apply thils process to Ly.
{(2.1) for any two Umega transmitters labelea Mo. 1 ana NO., ¢, we

have
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01 = gy = 0L) = 8y \2.2)

cbsz = ((sz - ¢r) AZ LL-SJ

Subtracting Eq. (2.3) from ky. (2.2) yielas a quantity o, -
b, which was a correctlon to be appllea to an LUP anu whicn was
indepenaent of the local rererence pnase at the monitor.

In this configuration each phase correction as expressed by
Eq. (2.1) was transmittea via tne NUb. The appropriate
combinations, as expressed Dy the aifterence Al - AZ, are
performea by the navigation computer within the avionics
according to the LuPs beling computed. A complete correction
message was transmitted every ten seconus and consisteu or twelve
correction values; i.e., tour transmitters at three frequencies

each.

Appendix A aescribes the format ot the bLifterential Uwmega
correction message that was transmittea over the Nub data link.
Appenaix B describes the sottware resiaent 1n the System
Integrator ana Appenaix C contains a schematic agragram ot the

System Integrator electronics.
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LIT. FIlbLb TEST MEASUREMENTS AND KESULTS

3.1 GENERAL

Field testing ot bitterential Umega under thils project ToOoOk
place in January, March, June ana Uctober 198U and February
1981. Flela testing 1in Alaska has presented many altricuities,
foremost of which have been the toliowing:

) The sites otf the field experiments have been
Anchorage ana beaahorse, Alaska, whereas the major
participants 1in the project have been
heauquarteread in uttawa, Canaaa; Austin, lexas;
ana Palo Alto, California. Each series ot fiela
tests thus requirea considerable coordlnation anda
scheauling, and involvea a significant expense tor
travei, per diem, etc.

. The amount ot aeaicatea flight time authorizea tor
th1s project was extremely Limited. AS a -
practical matter, then, acqulsition ot tilgxht data
was largely constrained by tine avdlliabDlilty,
routinyg and scheauling ot commissary flighnts.
Flights to beaahorse, ror exanple, were 1nfirequent
so that adata for the beadhorse monitor system are
quite limited.

) The environment 1in Alaska 1s harsn. un two
occasions, tor example, external eltectrical
problems ulsabiea tne monitor station (once at
Anchorage, once at Deaahorse) ana negatea flignt
tests then unuerway.

) The bitferential Umega equipment, both 1n the
alrcratft and i1n the grouna stations, was instailea
for the specific purpose ot the bilifterentlial umega
project. Consequentiy the equipment was not
operatea oy malntalned auring the long periocaus
between tielu tests. As a resuit, each series ot
fiela tests inevitabply 1involvea several uays ot
trouble-snooting ana repalr betrcre valia
Differential Umega tests coula be pertformea.
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o The remoteness of Alaska ana the lack of
sophisticated repair and data reduction facilities
for project equipment resulted in extensive delays
in effecting certain repairs and transcription ot
data tapes. These delays had a signiticant
cumulative effect on the project schedule.
In terms of useful aata, the two most important fiela tests
took place during Uctober 1980 and February 1981. It is
instructive to consider these test sets separately, atter which

the general implications ot the results will be discussed.
5.2 OCTOBER 1980 FIELD TESTS

Field tests took place during the period October 16 through
October 24, 1980, and were conducted in three sets. The first
set involved Differential Omega navigation while the aircraft was
parked at a known location. Samples of navigational solutions
taken at ten-second intervals from the avionics were recorued tor
fifteen minutes each on several occasions, yielding statistical
performance data at a fixed location free of the complications
associated with flight testing. 7The second set of tests ‘
consisted of recording Umega phase data 1in one-minute samples for
several days as received by the Deachorse and Anchorage
moniters. The measurement data taken from each monitor providea
information on diurnal variations in phase associated with
regular ionospheric behavior. Comparison of the phase data
between the two monitors yielded intormation on range
decorrelation ervor for Ditferential Umega. Tlhe thira set of
tests took place during routine flights of the aircrart from
Anchorage International Airport. These tests yielded inrormation
on in-flight performance of Differential Omega in terms ot
accuracy and maximum range of the data link. 1t is instructive

to consider each of these sets of tests in detail.
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5.2.1 Differential Omega Ground Tests

The bifferential Omega ground tests were performed as
follows. The aircraft was parked on a pad at Anchorage
International Airport. The monitor computer at Merriitl Fiela was
loaded with the appropriate standard phases. The system was
operated in the Differential Omega mode using correction data
from the monitor at Merrill Field. Navigation solutions at the
aircraft based on ten-second sampling periods were recorued for
fifteen minutes. The standara phase values in the monitor
computer were then modified to simulate a aisplacement of tne
monitor two miles north of 1ts actual position. 1len-second
samples of navigation solutions at the aircraft were again
recorded for fitteen minutes. The standard phase values in the
monitor computer were then modified to simulate a displacement ot
the monitor two miles west of its actual position. Ten-second
samples of navigation solutions at the aircratt were again
recorded for fifteen minutes. The three sets of measurements
were performed twice, once between 11 AM and 12 noon, and once
between 6 PM and 7 PM local time.

Figure 3.1 illustrates an example of the results obtaineu
from the Differential Omega ground tests. 'The origin ot the plot
is defined to be the pad location, 61°10'22"N, 149°58'06"w,
and the plotted points represent the navigation solutions
obtained during the tests. The three groups of solutions
correspond to the three sets of standard phases loaded into the
monitcer computer. The results shown in Figure 5.1 are
representative of all results obtained from the Ditferential

Omega ground test.

Analysis of the results of these tests yields the following

observations:

(1) Random scatter of the ten-second navigation
soiutions was about (.25 nautical miles, 2-DRMS
[8]. Since the sampling rate was not adjustable,
there was no opportunity to investigate the
dependence of random error statistics on sawmpiling
period.
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(2)

(3)

Mean error of the test data was about (.5 nautical
miles eastward, 0.25 nautical miles northward.
This error 1s not attributed to Differential
Omega. It is probable that the mean error is
caused by uncertainties in the assumed locations
of the monitor or the aircraft pad. -

Mean error at any single location can be zeroed
out by adjusting the standard phases at the
monitor. Adjustment of the mean error had no
observable effect on the random error component ot
the navigation solutions for these tests.

North
1‘ Magnetic
: North.
£
3+ // 2 NM North
fr'"~\§
4 ‘f/
:f e .Z'.:’
2 &~
| /
2 NM West 14 /
\/‘ 1/‘\\ R
S Standard
West L East
S 2
Nautical Miles L
|
T i
South

Figure 3.1 Representative Results of Differential Omega Ground

Tests, October 19, 1980. (Dasheda lines contain 95%
of all data points.)
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5.2.2 Monitor Phase Correliation lests

Received Umega phases at the Merrill Fleia ana beaanorse
monitors were samplea ana recoraed at one-mlnute intervais Nearity
continuously for several aays auring the experiment. Phase data
at each monitor yilelaeu i1nformation on {(a) long-terim Urlrt or tne
monitor frequency standara relative To the standara Ot tne Umega
transmitier network, (D) dlurnal piiase variations associatea with
regular ionospheric eftrects, ana (c) the presence of phase
anomalies with perioas greater than one minute., Lin adaltion,
comparison of phases between the two monitors yleladaea intormation
on the range decorreliation error of Umegga navigation soiutions

between the two monitor locations.

Figure 3.2 illustrates 24 hours ot phase aata recorded at
the Merrill Fiela ana beaahorse monitors. Curves are presented
for signals at 10.2 kHz ana 13.6 kHz trom stations A, C, ana b,
Station H was temporarily off the 4a1r auring these measurements.
Phase is measurea modulo one cCycle and Cyclie TOLLOVETrS are

reflections or continuous phase variatlons.
BExamination ot Figure 5.2 reveals the roliowlng reatures:

(1) There is great similarity in the gross behavior or
Corresponding signails at lU.<Z KknZ ana 1>.0 shz
although tine structure appears to pe uncorrelatea.

(2} Diurnal phase variations are wOST pronouncecd and
most regular from station U, anad least pronounced
ana least reguiar rrowm station A. These
observations are consistent with the racts tnat
propagation trom U 1s essentialiy tarouygh
mialatituaes along a merialan where 10nospueric
behavior 1s well behavea anu aally soiar zenilth
angle variations are large; whereas propagation
from A 1s through the polar cap wnlch is less
regular and where daily solar zenith angle
varlations are small.

(3, There is evidence of a slow {(one-halit cycle per
day) drlft I1n the pnase ot the beaahorse trequency
standara with respect to the standaru ot the Umega
transmitter network. Thls ettect 15 eviaent at
both 1U.Z Knhz ana 15.6 khz. Tinls 1s not a serious
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problem since the aifferentialL nature ot the
navigation correction cancels the slow aritts

out. [t uoes not corresponda to a rrequency ottset
ot roughly 3 x 10-10 in the monitor station's
standard. Wwith proper maintenance the stanaarda 1S
capable of being set to +2 x 10-1Z so this drift
would not even be seen in an operational System.
Any arift at Merrili: Fiela 1s mucn smaitler anu is
not reaaily alscernable over a Z4 hour perioa.

(4) No pronouncea phase anomalies are eviaent at
either monitor. The aata do not permit the
observation ot phase rluctuations with perioas
less than one minute.

Comparison of the pnases recelived at the two monitors canl
provide information on the decorrelation ot Umega signalis petween
the two monlitors. ‘lhe degree or decorreliation 1s a airect
measure ot the utility of Litferential Umega over the aistance

between the two monitors.

The aescription of range aecorrelation can be approacnea 1n
the following way. Suppose, using the monitor at Merrill Fiela,
one formea a ditferential correction trom signais at lU.Z2 knz
received from stations A and C. Using a torm ot Egs (z.1lJ
through (2.3), one obtains

8 .. = - A .
Aok = B T %cm (5.1)

where SACM is a aifferentiali correction to the A-C LUP tormea

at Merriil Fiela ana 4, ana 8. are opotainea trom £q. (2.1J

as applied to signals from stations A ana €, respectively. ‘Ihe

number representea by 6ACM wlil be appliea py & navigator as a
differential correction to the A-( LUP tormed by the navigator.
The navigator tnen expects that the correctea LUP wllli be nearly
error-free. Tne A-C LUP can be combined with two otner LUPs 1n
the navigator's computer to torm the desired r1x. L€t uS NOWw
repeat the process, using the beadnorse monitor. We nave,

analogous to bguation (3.1)

, _ oA '
e = fap - R : \o.2)
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where subscript P rerers to the beaanorse monitor. Let us now
imagine a navigator hovering airectly over the beaahorse monitor
who purports to navigate with UDifferential Umega using either tne
Merrill Field corrections describea by ky. (3.1) or the beaahorse
corrections described by Eq. (3.2). It there were pertect
correlation between Merrill Fiela and beaunorse, the resuit
should be independent ot wnich monitor 1s usea, thus pertect
correlation implies that, at each instant ot time, §ACP =

6ACM’ The extent ot alsagreement between the two sets of
differential corrections is, thererore, 4 measure ot the lack ot
correlation between the two locations ana may be describea as

range decorrelation error tor the palr ot locations.

Figure 3.3 illustrates values ot §ALP - Saemr Saup
%DM ana 6CDP SCDM; that is, the aitterences between
correspondaing LOP corrections obtainea at beadhorse and merriil
Fiela for the three possible pairs AC, Abu ana Lu. The plottea
values may be interpreted as measures ot range aecorrelation
errors; that is, the navigation errors one shoula expect near one
monitor while using correction values trom tne other monitor.
Range aecorrelation errors petween beaahorse anu Merriil lFiela
are seen to exhibit the rollowinyg cnaracteristics: ‘

(1) Gross behavior is similar between iU.Z2 KkHz ana
153.6 KHz.

(2) A diurnal pattern 1S eviaent ror each LUP, but the
pattern 1s complex anu 1s not the same tor all
LOPs.

(5) The total range oi auecurrelatlon error observed
auring the Z4-nour perioda 1s less than +U.< ¢yclies
(& +2 Nm). The maximum excursion ot any LUP error
is about 0.2 cycles (% +2 NM).
Although Ueaahorse ana Merrill Fileld are separated by aoout
550 NM, which 1s a much greater range than 1S considaered ror
Differential Umega validity, the results 1ilustratea by Fiyure
3.3 suggest that even at thls range, the accuracy achlevable trom

Difterential Umeyga woula pe comparable to thnat achieved wilth
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ordinary Omega, and since range decorrelation error 1s expectea
to be roughly proportional to data-link range, Differential Umega
accuracy should be superior to ordinary Omega accuracy for all

data-1link ranges less than 550 NM.

5.2.3 Differential Omega Flight Tests

Flight tests were performed to verify Differential Omega
operation and performance under actual flight conditions. The
€light tests provided information on two primary indicators of
verformance; maximum range of the data link and accuracy of the

navigation.

Four round-trip flights out of Anchorage International
Airport were flown during the experiment, as follows: October
16, Anchorage to Galené to Anchorage; October 17, Anchorage to
McGrath to Anchorage; October 22, Anchorage to Bettles to
Anchorage; October 23, Anchorage to Deadhorse; Uctober 24,
Deadhorse to Anchorage. Table 3.1 lists the flights and the
maximum ranges of the data link that were observed. Maximum
range.was defined in terms of received data link signal quality
according to an algorithm that measures error rate in the
differential correction data. When error rates exceeded a preset
threshold of 2.5 x 10'3, the differential correction message
was rejected and the maximum range of the data link was deemea to
have been exceeded. Characteristics of the data link are
discussed at greater length in Section IV.

Table 3.1
Observed Differential Omega Maximum Range
in NM
DATE MONITGR QUTBOUND FLIGHT | INBOUND FLIGHT
October 16 Merrill Field 55 107
October 17 Merrill Field 128 151
October 22 Merrill Field 68 103
October 23 Merrill Field 44 ---
October 23 Deadhorse .- No data
October 24 Deadhorse 198 -—-
October 24 Merrill Field .- 147
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The results shown in Table 3.1 suggest tne roliowlng:

(1) Mmaximum range of the aata link is variabie by a
factor of two trom aay to aay. Since the routes
anad times assoclated with the tlights on uctober
16, 17, ana 22 were similar, the most iikeiy
explanation tor the aai1ly variation appears tu be
the varying level ot P-static nolse encountered LYy
the aircratt. In fact, concurrent measurewments ot
P-static in a collateral experiment suggest
support for this explanation.

(2) The smallest maximum range observea during tnis

‘ ‘experiment was 44 NM. There is no reason to
believe this rigure could not be improved by usiug
higher levels ot moaulation at the monitor NUb or
by means of other changes designea to optimize tne
performance of Differential Umega.

(3) There is a strong 1lnaication or a non-unitorm galn
pattern in the beacon antenna ot the aircratt.
The ratio ot average maximum range on inbouna
flights to average maximum range on outbouna
flights for the flights on uctopber lo, L7 ana 22
is about 1.4 and suygests a front-to-bachk gain
ratio of 3 aB in the aircraft antenna pattern.
Measurements were made to determline Tthe accuracy pertormance
of Diftferential Umega auring the tlights ot Uctooer 16-24. Tle
technique usea was to recora simultaneously samples ot LML
measurements ana navigation outputs c¢f the Umega equlpment. Uwmb
measurements were of slant range trom the alircrdart to tie UME
transponder beiny interrogated by the aircratt. bUmbk accuracy 1s

consiaerea to be about one percent of the range belng measured.

The accuracy measurements were hamperea by several prooliems
in the aircratt. First, datd Iroul one ot the Two bMos talled
consistently to recoru properly, thus determinatiocons ot umegd
accuracy could only be made aiony the airection aerinea by tne
other bME measurement. Secona, true alrspeed aata trow tne
aircraft to the Umega were not avallable tor this experiment.
True alrspeec 1s an essentlal input to the umega system, ana
missing or incorrect aata cause signifticant error 1n tne
navigation solution. In the absence oi the normai True alrspeed

signal, thils essentlal input could be proviaea only by Keylang-1n
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an estimated value through the front panel controls of the Omega

receiver.

During the analysis following the experiment, only two cases
were found in all the recorded flight data where keyed-in
estimates appeared to be reasonably accurate. Figure 3.4
illustrates navigation performance of Differential Umega for
these two cases, where the plotted values represent the component
of Omega error in the direction defined by the UME measurement.

The results illustrated in Figure 3.4 suggest the following:

(1) In both cases, the only measured components of
navigation errors are along track; that 1is,
parallel to the flight path of the aircraft.
Along-track navigation performance of airborne
Omega is more -sensitive than cross-track
navigation performance to errors in true airspeed
information. The results displayed here are thus
conservative with respect to two-dimensional error
performance of Differential Omega.

(2) Both measurements indicate a nearly monotonic
increase in error with increasing range from the
monitor. This trend is consistent with the
results obtained by others [5] and illustrated in
Figure 1.1, although the magnitude of error in the
present experiment is considerably larger than
that observed in earlier work.

3.2.4 P-Static Noise Cancellation Tests

During the October 1980 flight tests, a special experiment
was performed to test a proposed method for providing
cancellation of P-static at VLF. The P-static experiment was not
an integral part of the Differential Omega tests and was
performed on a non-interference basis. Appendix U 1is the Final

Report describing the results obtained during the experiment.
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5.5 FEBRUARY 1981 FlELD TESTS

Fiela tests were conductea between 23 February anu 27
February 1981. The tirst three adays were spent trouoleshootlnyg
and repairinyg equlpment problems. The rirst bDifterential uvmega
flight test of the series took place during a comilssary tilght
trom Anchorage to King bSaimon. Untortunately, anh electrical
transient in the ground statlion power source dlsableu the peacon
transmitter shortly after takeoft from Anchorage, thus negating
any Differential Umega results .that might otherwise nave been

obtained.

Un 27 February another tlight test ot bitterential Uilega was
attempted. The flight on 27 February was entirely deaicated;
that is, Differential Umega test was the only purpose tor the
tlight.

The test plan was to tly trow Anchorage to Homer using the
henai and Homer DME signals for reterences whiie pertorming ared
navigation enroute. Arfter arriving at Homer, the plan callea tor
flying a series of non-precision approach routes incluuing
proceaure turns ana flying accoraing to the 1lLS iocalizer peam at

Homer.

The data link contained significant static ana tinally
became unusable at about 60 miles out of Anchorage. The tii1gnt
proceeded to Homer and attempts were made to recover tne data’
link but without success. The aircratt then proceedea 10 blyg
Lake wilere the agata link was recoverea ana where several
low-altituae overtilgnts of the UME antenna were conauctea. Dby
this time the weatner haa clearead suttficiently to permit
low-altitude tlights at nearoy tlmendort Air Force base. oseveral
IL> approaches were then tflown on the localizer beam at tlmendort
and a comparlson was maae between LMk reaainygs and bitterential
umega readlings using the uMbt antenna colocated witn the klmenaorr:

localizer antenna.
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Figure 3.5 illustrates the two-dimensional results obtainea
during the flight from Anchorage to Homer. In Figure 3.5, the
tips of the arrows represent the aircratt positions determined by
DME measurements from Anchorage, Kenai and Homer. The bases ot
the arrows indicate the Omega-inferreu position of the aircratt
at corresponding times. It can be seen that the Differential
Omega error at 2209 GMT was about 5 NM (1f we assume that the DLME
readings were error-free) and that the Differential Omega error
decreases mdnotonically with time until 2219 GMT when the
apparent error was less then 0.1 NM. At 2219 GMT the data link
was lost, and Figure 3.5 indicates that, upon losing the data

link, Omega accuracy degraded immeaiately.

The reason for the observed behavior is believed to be the
combination of two factors. First, the Tracor.7620
Receiver/Processor has a convergence time of about 20 minutes
after utilization. Secondly, just betore takeoff trom Anchorage,
the system lost power while switching from a ground source to
aircraft engine power, and so the processor haa to be
- re-initialized after starting the aircraft engines. Since
takeoff at about 2200 GMT took place immediately atter starting
the engines, the Umega solution had not completely converged by

2209 GMT when data recording began.

The most definitive measure of Differential Umega accuracy
performance occurred during flights of the aircraft along the
localizer beam at Elmendorf AFB. The Elmendort localizer beam.
provides guidance for a low-altitude tiight path orientea at
55° magnetic (80° true) with respect to north. Even in the
presence of cross winds, a skillful pilot can maintain a
cross-track error of less than 200 feet with respect to the
center of the beam. In the present caée, the aircratt maintained
a cross-track error less than 150 feet auring each approach along
the localizer beam. Following the tirst and and secona
approaches, the aircratt proceeded in a counter-clockwise

direction to intersect the beam again.
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Figures 3.6 ana 3.7 illustrate the results obtalned auring
the second and thira approaches along the blmendort localizer

beam. In

location ot the aircratt at various times as determinea by

localizer

describe the Lifferential umeyga solutions obtalned at the same

times.

The results illustrated in Figures 3.6 ana 3.7 1nalcate tue

following:

(1)

(2)

(3)

(4)°

these figures the tips ot the arrows describe tne

ana TACAN. The square aots at the bases or the arrows

The magnitude of navigation error 1n the Ulrterential
Umega solutions variea trom about 1.5 Nm to about
0.25 NM during each approach along the beam.

Pertormance ot the Ditferential Umega System was
repeatable on successive approaches.

Ditferential Umega position solutions during a typical
approach can pbe characterlzed by a poslition overshoot
of about 1.5 NM followea by a monotonic aecrease 1in
error with an.effective time constant of about two
minutes. The position overshoot began as tne aircratt
executed a procedure turn counter-clockwise to enter
the path of the localizer beam.

A ranaom error component of about 0.25 Nm 2-LrMS

appears to be superimposed on the transient response
notea in (3).
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IV. DISCUSSIUN

The flight tests of Uctober 1980 ana kFebruary 1981 have
providea answers to many ot the questions that were statea at the
beginning of this project, as well as to some yuestions that were
probably not considerea. It 1s instructive To pose TWO Droaa
questions here that have been implicit in this project rrom the
beginning, and to consiaer how the results ot thilis errort answer,
or fail to answer these questions. The yuestions are:

(1) What was the performance of the bitterential Umega
system that was tested in Alaska?

(2) Wwhat is the achievable pertormance of UDitfterential
Umega navigation 1n Alaska?

The first question, has been answered, to a large extent, by
the test results describea in Section [Il. The pertormance
parameters mneasured auring4the field tests were navigatlional
accuracy, data-link range, transient respoinse ana system
reliability.

Navigational accuracy for the existing System was founa.to
be characterized by a ranuom error component ot about U.Z25 Nm
2-bkMS (95%), under ideal conaitions; that is, with a stationary
navigator within 6 NM of the monitor station. Under conaitions
that i1ncludea low altitudes, a short data-llnkh range anda
procedure turns, the total error appeared to be characncrlzed by
a transient error component with a 1.5 Mvw peak ana.a Z-wmlnute
decay time constant, along with a steady-state ranaom component
of about 0.25 NMm, 2-DRMS.

These results are of the form preadictea theoretically [o] 1n
terms of the polarity of the overshoot ana the time constant ot
the recovery following a maneuver. However, the magnituue of the
overshoot was much larger than has been predictea. The
theoretical preadictions were basea on computer simulations of

idealized conaitlons and dia not incluae the ettects ot finite
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signal-to-noise ratio and i1nstrumentation error. It shoula be
pointea out that the transient behavlior ot tne system foliowlng
an aircraft maneuver shoula be the same whether the system 15
operating in ordinary Umega or lDitterential Umega. In other
words, susceptablility to aircratt maneuvers is not a
characteristic that 1is specitic to Ditterential Umega, althougn
transient etfects are potentially quite important wherever hign
accuracy must be maintainea continuously aurlng some period, such

as during a non-precision approach.

There are several plausible reasons tor the large oversioot
that was observed, incluaing laygs or errors 1n the aialng inputs
(true airspeea and heaaing), anud lags or errors 1n the tracklng
loops or navigation tilter of the Umega receiver. The limitea
data do not permlit a aefinitive analysls ot the reason tor the
position overshoots following maneuvers. However, silnce
preaictea benavior [6j contained much smaller overshoots thnan
were observea, it is likely that tne observeua oversnoots resultea
from a system malfunction rather than trom a uesign
characteristic. \

Data-1link range was obserVea to vary trom 44 NM to LY¥ Nm,
depending on the level of radio noise and the orientation of tne
aircraft antenna. The small sampie size does not permlt a
probability of successful signal reception to be asslgnea to any
ranye, although it is obvious that in most ot the cases observea,
the etfective range ot the adata link was less than will be
required by an operational systen. In oraer that gata-i1lnk range
not be the limiting factor 1n ahy practical application ot
Differentlal Umega, 1t seems that relilaple awata-link range shoula
be at least 200 NM at all times, whilch 1s a tactor or nearly rive

over the smallest range limit observea dauring the tests.

Data-link range can certalnly be improvea over that
observea. Avallable techniques tor 1lmproving data-Link range
include increasing transmitter power, 1lucreaslng modulation level

on the siae-tone, aecreasing the 1iink aata rate, and provialng
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(3]

software (such as error-correcting codes) that is more tolerant

of bit errors in the data.

Probably the most powerful and cost-eftective technique tor
increasing the range of the data link is to reduce the link data
rate. The present system sends a complete, 400-b1t error message
every 10 seconds. The data are sent at 125 baud so that
transmission of a complete message requires 3.2 seconds.

Studies [9] and observations of OUmega phases auring these
tests both suggest that update periods of up to five minutes are
adequate for accurate performance of Differential Umega. If the
data link were reconfigured to provide one update per 10U seconds
at 4.0 baud, the required bandwidth of the link could decrease by
a factor of 31.25 yielding a range multiplication ol 5.6. 1lf we
take 44 NM as representative of the existing reliable data-link
range, then the suggested- change would provide a reliable
data-link range of greater than 245 NM with no signitficant
sacrifice in system performance. Furthermore, baseband circuilts
supporting a 4-Hz data stream can be designed to operate at
subcarrier frequencies as low as 30 Hz. Systems can be designea
that will simultaneously accommodate a 30-Hz telemetry signal and
a normal audio (voice) signal [10]. The implication of this fact
is that if the Differential Omega data link were recontigurea as
suggested, then it would no longer be necessary to disable
weather broadcasts from a beacon transmitter when the beacon 1is
to be used in support of Differential Umega, thus removing one ot

the minor irritations experienced during the flight tests.

System reliability is related primarily to outages caused by
the loss or malfunction of any of the system‘components. During
the October 1980 tests, the Leadhorse monitor experienced an
outage of several hours duration and Transmitter H (Japan) was
off the air for several weeks. During the February 1981 tests,
the Anchorage monitor experienced an outage of several hours.
Both monitor outages caused a complete loss of Differential Umega

during test flights.
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Reliability can be increased through improved aesign,
improved procedures and system redundancy. The Deadhorse outage
resulted from the accidental cutting of the cable connecting the
monitor receiver and the beacon transmitter, about 100 meters
away. This type of problem can be mitigated elther by colocating
the receiver and transmitter or by providing better protection
for connecting cables. The Anchorage outage resulted from a
transient in municipal power that caused the program in the-
receiver processor to crash, with no permanent damage. In any
permanent system, it should not be ditficult to provide isolation
between line power and processor software.

There is always, in any system, the possibility of failures
that have not been anticipated as well as the requirement to
deactivate a system for routine maintenance. Offsetting this
problem may require a geographical distribution of monitors so as
to provide a redundancy of data links. Swanson |4] has pointed
out that a redundant distribution of monitor stations also
permits increased sophistication in the differential correction
algorithm that will decrease range decorrelation error
significantly. Monitor redundancy did not exist during the
Alaska flight tests so there was no opportunity to evaluate the
benefits of such redundancy. Nevertheless, in any future
evaluation of Differential Omega, consideration shoula be given
to relocating one or more of the monitors to provide redundant

coverage over some test area.

The observea performance of the present system provides some
insight into the achievable pertformance of Ditferential Omega
navigation in Alaska. The most fundamental limitation to
navigational accuracy of Differential Omega appears to be range
decorrelation error, at least at longer ranges. At short ranges
from the monitor, steady-state navigational errors can be reduced
to a level no greater than about 0.25 Nm.

Convergence time of the Tracor 7620 following initialization

seems inconveniently long for use in many general aviation
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applications. It should not be necessary for an aircraft to
start the engine(s) twenty minutes before every takeoft merely to
assure accurate navigation. 1t may be appropriate to design into
any operational avionics a special standby mode tnat enables the
system to track signals with a minimum power arain. In aadition,
any operational system should include a fail safe design that
will insulate the receiver/processor from brief outages or

transients in aircraft power.

The observed transient response ot the 1racor 7620 rollowing
aircraft maneuvers was not satisfactory. The FAA recognizes the
inherent problem of overs*“oot in area navigation systems |11] ana
suggests that pilots anticipate course changes by one mile for
each 100 knots true airspeed in orader to mitigate such eftects.
It is clear, however, that even using such procedures, the
observed accuracy of Differential Omega navigation under the
circumstances of the February flight tests would have degraaed
for a short time following aircraft turns. Ubviously, transient
behavior of Differential Omega is an important consideration for

any operational system.
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V. CONCLUSIONS AND RECOMMENDAT IONS

The overall objective of this project has been the
development and evaluation of a Ditferential Omega system. Most
of the field teéting has taken place in Alaska and some of the
results that have been achieved are indicative of the particular
nature of the Alaskan environment.

Taken as a whole, the flight test results do not reflect the
pertormance of a fully developed, operational Differential Omega
system. However, from the results that were achieved and trom an
understanding of the nature of the imperfections that were
observed in the system performance, one can deduce the potential
performance of Differential Omega for airborne navigation in
Alaska and can establish the major design requirements tor an

operational system.

The results suggest that Differential Omega can proviae
reliable operation and improved performance for data-link ranges
at least as great as 200 NM. At very small data-link ranges,
accuracies abproaching 0.25 NM 2-DRMS are achievable. Accuracy
shoula degrade slowly with increasing range.

The results also suggest that Ditferential Umega, when
properly implemented, can meet requirements for terminal
operations and non-precision approach as well as for enroute.

navigation.

The flight tests of the prototype system‘have yvielded
valuable information on the major characteristics and design
parmeters that will be required by a fully operational system.
The required characteristics that have been identifiea can be
summarized as follows:

(1) Monitor stations should be geographically

distributed so as to provide redundancy for all
rotential users. The monitors themselves shoula

be designed to be highly immune to transients or
outages in line power.
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(2)

(4)

(5)

Ditferential corrections shoulad be upaatea about once
every 100 seconds. bata rate need be no greater tnan
about 4 Hz. A mouulation methoa should pe aaopted such
that telemetry ana voice can be broaacast
simultaneously from the bl beacon transmitter.

‘monitor stations 1n Alaska shoula process aitrerential

corrections only for umega Signdals trouwm A, L, U ana n
ana at frequencies ot 1.2 kHz and 15.0 Knz.

Transient performance reqguirements for area navigation
systems have not been clearly specitied by thne FAA.
Nevertheless, the transient response ot the Uitega
receiver usea in the Alaska tests was Cleariy excessive
for nonprecision approach. Since overshoot is an
unavoidable characteristic of most area navlgation
systems, acceptable levels ot transient pertormance
should be specitied in oruer to establish aesign
criteria clearly for future systems.

Airborne Umeyga receivers should be aesiyned to 1ncluae
a "standaby'" moae 1n which Umega signals will be trackead
and processed, and navigation solutions computed at a
Mminimum power darain.

48



10.

11.

REFERENCES

Brogden, J.W., and Luken, K.O.L., "Differential Umega,” NKL
Memorandum Report 1716, 8 August 1966.

Tracor, Inc. Report 67-135-U, "Final Technical Report
Differential Omega Test and Evaluation Program,'" Contract
CG-14, 091-A, 18 January 1967.

Luken, K., Brogden, J.W., and Meyers, W.D., "Accuracy
Studies of the Differential Omega Technique,'" NRL Report
7102, Naval Research Laboratory, Washington, D.C., 29 June
1970.

Swanson, E.R., Adrian, D.J., and Levine, P.H., "Differential
Omega Navigation for the U.S. Coastal Confluence Region,"
NELC/TR 1905, Parts I and II, Naval Electronics Laboratory
Center, San Diego, California, Z January 1974.

Swanson, E.R., and Davey, J., "Differential OUmega
Evaluation,' NOSC/TN 187, Naval Ocean Systems Center, San
Diego, Calitornia, 27 June 1977.

Foltz, J.M., et al, "Differential Omega in the Alaska/Yukon
Region: An Analytic Assessment,' Report FAA-RL-79-77, The
Analytic Sciences Corporation, Reading, Massachusetts,
August 1979.

Anon. "Aeronautical Telecommunications'" 1CA0 Annex 10,
Section 3.4, July 1972.

Anon., "Federal Radionavigation Plan'", DOT-1SC-RSPA-80-16,
U.S5. Department of Transportation, July, 1980.

Heine, W., Karkalik, F.G., and McConkey, E.D., "Loran-C,
Omega and Differential Omega applied to the Civil Air
Navigation Requirement of CONUS, Alaska and Offshore”,
Report FAA-RD-78-30 (Vols. I, II, 1II), U.S. Department of
Transportation, April, 1978.

Pietri, J.M. "IMCO Resclution on Differential Umega"
Proceedings of the Fifth Annual Meeting, International umega
Association, Bergen, Norway, August 1980.

Anon. "Advisory Circular-Approval of Area Navigation Systems

for Use in the U.S. National Ailrspace sSystem', AC No.
90-45A, U.S. Department of Transportation, February 21, 1975.

49



APPENDIX A
DIFFERENTIAL CORRECTION MESSAGE FORMAT

Length 40 bvtes
Information 7 bit ASCII, even parity

3yte ¢ Data Bvte # Data
1 ASCII & MS Part Correction Station 3 13.6
2 ASCII 1 22 LS Part Correction Station 3 13.¢
3 ASCIT 1 23 MS Pars Correction Station Jd (3.5
4 ASCII 2 24 LS Part Lorrection Station 4 13.0
S ASCII O 23 MS Part Correction Station 1 11.353
6 ASCII 9 26 LS Part Correction Station 1 11.33
7 ASCII 0 2" M Part Correction Station 2 11.33
8 Station Identifier] =3 » LS Part Correction Station 2 11.3:
ASCII 1-3 i
9 MS Part Correction 2¢ " M Part Correction Station 3 11.33
Station 1 10.2
10 LS Part Correction| 3¢ LS Part Correc=ion 3taticn 3 11.33
Station 1 10.2
11 MS Part Correction| 31 MS Part Correction Station 4 11.33
Station 2 13.2
12 LS Part Correction| 32 LS Part Correction Station 4 11.33
Station 2 10.2
13 M Part Correction | 33 Usabile S:ations:z-H 10.2
Station I 12.2
14 LS Part Corresction| 5+ Usable Stationsa-2 10.2
Station 3 10.2
13 MS Par* ClorTection| 33 Usaple StationsE-H 13.§
Station + 10.2
16 LS Part Corwectzion|3s Usable Stationsa-D 13.6
Station 4 12.2
17 MS Part Correction| 3T Jsable SctationsZ-¥ 11.33
Station 1 13.6
18 LS Part Correction| 38 Usable Stationsa-D 11,33
Statisn 1 13.95
19 MS Part Coarvection|s? Checksum
Statien 2 13.96
20 LS Part Correczion|+d Checksum
Station 2 13.%
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SYSTEM IN

APPENDIX B
TEGRATOR FOR OMEGA NAVIGATION SYSTEM

The System Integrator for the Omega Navigation System

receives a demodulated subcarrier from the ADF receiver, aetects

the data,

selects the

the data to the Omega
performing the system function are:

convert the

appropriate data for the system and senas
System. The software functions required in

input subcarrier to digital samples

track the phase of the subcarrier

detect the

detect the
subcarrier

detect the
detect the
select and

output the

presence of the subcarrier

timing of the digital modulation on the
(bit sync)

data
data header
reformat the data for the Umega system

data to the Umega System

An executive program is required to control the

subfunctions. The ex

ecutive is initialized every 8 ms except

when preparing an output message. The executive programming 1s

interrupted every 1 ms by the interrupt program to input and

store a data sample and to output data. The samples are

processed every 8 ms by the executive program.

The operating modes for the system are defined in Table 1.

Communications between the sotftware modules take place with the

control codes. Table

2 lists the counters used by the modules.

Figure 1 shows the executive software.
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MODE

~N OO BN

Table 1 Operating Modes

CONTROL CODE OUTPUT MODE TRANSITIONS
= = - =7
5] < < MW W
[ ] = = _- - O QO =
Z < “ & Z Z —
— = =4 = Mo = = & B
v << [29) < < U »n W
=) &) a a SIS 2 a
- = o < = m @M B B < 3
o - D 48} =) 2 0D = o= MmO
jany m o) = »w »n m MM @=m =
0 0 0 O X - - - - -
0 0 0 1 X - 5 - - -
0 0 1 1 X - 1 - - -
1
1 0 0 O X X 5 - - - -1
1 0 0 1 X X - 4 6 - -1
1 0 1 1 X X - 4 - -1
Mode 3 is normal operating mode
Modes 1-2 are acquisition modes
Modes 4-6 are reacquisition after message has been
received
Mode 1 Subcarrier is not detected; data nhave not
been received recently.
Mode 2 Subcarrier has been detected; bit synch has
not been established; data have not been
received recently.
Mode 3 Normal operating mode
Mode 4 Same as with 1 with reacquisition
Mode 5 Same as with 2 with reacquisition
Mode 6 Same as with 3 with reacquisition
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Table 2

COUNTER INCREMENT RANGE MODULE USAGE
Interrupt 1 Interrupt Interrupt Used to reinitialize
Input 0-8 executive every
Counter eighth interrupt
Interrupt 1 Interrupt Interrupt Used to output a bit
Output 0-10 every tenth interrupt
Counter
Qutput Bit 1 Bit Interrupt Counts bits to be
Counter 0-8 output
Output Bit 1 Word Interrupt Contains current word
Counter 7F-FC to be output
Signal De- 8 Millisecond Subcarrier Used to count oft 0.1
tect Counter 0-12 Detect - sec
Bit Counter 1 Bit Bit Processing Used to mask off input
‘ Executive or parity
0-9
Character 1 Character Bit Processing, Used to keep'track of
3F-67 Character, current character

Processing
Executive

Hold Timer 8 Millisecond Hold Processing Used to count oft

0-8 Min elght minutes since
last message was
received
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START EXEC

A
TOGGLE SAMPLE STORAGE

v

TRACK SC PHASE

RS

DETECT SUBCARRIER

SUBCARRIER
DETECTED

BIT PROCESSING

WORD
COMPLETE

| woro proceSSING

MESSAGE
COMPLETE

A 4
MESSAGE PROCESSING

lﬁ

CLEAR BIT SYNC |

le—

A A
HOLD PROCESSING

IDLE

FIGURE 1. EXECUTIVE.
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SUBCARRIER PHASE TRACK

A combination of hardware and software is used to adjust the
sampler to take alternate samples on the peaks and zero crossings
of the subcarrier. The hardware portion is shown in Figure Z ana
the software flow diagram in Figures 2b and 2c. An analog

equivalent of the phase tracking system is shown in Figure 5.

The sampling procesé provides alternate samples three-
quarters and one and one-quarter cycles apart (see Figure 4.
The change of sample timing 1s accomplished by adjusting the
count of a preset counter (see Figure 5).
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SUBCARRIER
INPUT
—_

SUBCARRIER

FILTER

ANALOG| | SAMPLE

INPUT

TIMING

vy

DATA INPUT —b

A/D
CONVERTER

PROGRAMMABLE
DIVIDER

I CRYSTAL
OSCILLATOR

7N\

Y

SAMPLE
TIME
LATCH

SAMPLE
«—— TIME
OUTPUT

COMPUTER DATA BUS

FIGURE 2. SUBCARRIER PHASE TRACK HARDWARE,



PHASE SC
TRACE

A

ZERQ ERROR
(E=0)

Y

A= SAMPLE ADDRESS

SIGN OF T
SAMPLE?

+

s
DECREMENT

DECREMENT SAMPLE
ADDRESS SAMPLE
ADDRESS
y
ADD SAMPLE SUBTRACT SAMPLE
TO ERROR FROM ERROR
. |
v
SAMPLE ADDRESS
+ 2

NO

TIME CORRECTION
(F)=ERROR/8

1

TIMING = 1750 + F

A

RETURN

FIGURE 2B. SUBCARRIER PHASE TRACK.

B7



 START

COMPUTE SUM OF THE MAGNITUDES
OF THE INPHASE SAMPLES

v

COMPUTE TWICE SUM OF
THE INPHASE SAMPLES

R

INCREMENT SD
COUNT

CLEAR EVERYTHING
BUT THE HOLD FLAG

SUBCARRIER
DETECTED FLAG

POLARITY = SIGN (ZI)

R

SET SUBCARRIER
DETECTED FLAG

:

2, I=2,Q,=21=
SDCOUNT = 0

¢
A

RETURN

FIGURE 2C. DETECT SUBCARRIER
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SUBCARRIER

INPUT PHASE QUADRATURE

| ]

PHASE
DETECTOR INPHASE

DATA

A

90° PHASE
SHIFT B

VOLTAGE
CONTROLLED —

OSCILLATOR

FIGURE 3. ANALOG EQUIVALENT OR PHASE TRACKING SYSTEM.
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SUBCARRIER DETECTION

The presence of the subcarrier is detected by comparing the
amplitude of the in-phase component of the signal to the
quadrature component. Since the carrier is phase reversal
modulated, the magnitude of the samples must be evaluated.

The magnitude of in-phase and quadrature samples 1s
integrated for .4 seconds. At the end of the time, a signal is
considered to be present if the in-phase sum is twice as large as
the quadrature sum.
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TIMING CONTROL

Divide number of wusec between samples by two.
Z. Convert the results into three BCD aigits - a,
c, and a remainuer r. r may be 1 or 0.
5. Qutput 1 1is two BCU aigits - b, c.
4. Qutput s 1is the third BCD digit and the
remainder rxxxx, a.
Example:
Output: 1751 wusec
2 1751 r=1
875
Qutput 4 = remalnder is most significant bit 8
1000
Output 1 = 75
0111 0101

Test program used to check timing.

ADD

00
01
02
03
04
05
06

INST
71 OIS
00
61 OURI
75
65 OUTS
88
00 IDL

COMMENT

Disable Interrupt
X=D P =20
Output 1 75

Qutputs 88
Iadale
Figure 5
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BIT SYNC (PART OF INTERRUPT)

The analog equivalent of the bit sync process 1s shown in
Figure 6. The in-phase samples are amplitude samples ot the
tiltered data wave form. The filtering 1s provideu by the
hardware subcarrier band pass tfilter. The filterea wave torm is
rectified and multiplied by double the bit rate reference. The
resulting wave form has a zero average value when the reference
phase has a zero crossing at the bit transition time anu a
positive or negative average value when displaced from this
timing. The average value of the rererence times the magnituae
of the in-phase samples is examinea to determine 1f a aiscrete
change in timing is required. The software flow diagram 1s shown

in Figure 6D.
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BIT | BIT| BIT| BIT| BIT| BIT| BIT| BIT
1 2 3 4 5 6 7 8
1 0 0 1 1 0 1 0

FIGURE 6.
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ERROR
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INPHASE NO

SAMPLE?

SUBCARRIER NO

DETECTED

SAMPLE

SIGN
POLARITY . POLARITY
OF SAMPLES OF SAMPLES
? ) ?
+ -

INTERRUPT
COUNT =

v

SET BLT SYNC
AND BIT SYNC
ETECTED FLAGS

%

FIGURE 6B. BIT SYNC
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?

POLARITY
OF SAMPLE

BIT SYNC NO

DETECTED
FLAG?

CLEAR BIT SYNC
DETECTED FLAG

POLARITY

OF SAMPLES
?

T

CLEAR BIT
SYNC FLAG

END

FIGURE 6B. Continued .
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BIT PROCESSING

Each group ot 8 samples represents 1 bit of 1 character ot
the input message. By comparing the sign ot the last sainpie
received and polarity for thiS group of sampies, this module
determines the value of the bit. 1f the sign of the sample and
polarity are the same, then the bit is a 1; 1t they are
different, the bit is a 0. The routine after determining the
value of the bit stores it 1in its proper place in the 1input
message. The software flow aiégram is shown in Figure 7.

B17



+

SIGNS OF YES

SAMPLES 6& 8
SAME?

ADD SAMPLES

T
A 2

GET SIGN OF SUM

GET

SIGN

OF SAMPLES

SIGN?

\/

POLARITY

’ (
\
e
Y Y
BITISADO BIT IS A1
—p
END

FIGURE 7. BIT PROCESSING.
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CHARACTER PROCESSING

In order to identify an input message properly, the first
two characters of the message must be checkea to see 1f they are
ASCI1 S1. If the first two characters are not S1 then the first
one 1s discarded and the program will continue checking for S1.
When S1 is found, the message processing flag is set. In
addition, each character is checked for a parity error. If one
1s found, then the parity error flag is set. See Figure 8 for
the software flow diagram.
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START
CHARACTER
PROCESSING

NO

MESSAGE
IN PROGRESS

YES

PARITY ERROK
THIS CHAR.

v

PARITY ERROR

CHAR. COUNTER

THIS CHAR.
YES
SET PARITY
ERROR FLAG
FIRST TWO NO
CHAR = S12 v
CHAR, COUNT =1
CHAR(1) = CHAR(2)
CLEAR PARITY ERROR
FLAG AND SET MESSAGE
PROCESSING FLAG
»¥e— A 4 4 y

RETURN

FIGURE 8. CHARACTER PROCESSING
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MESSAGE PRUCESSING

This module takes the 40-character input message, checks the
check‘sum, converts each character from ASCII to HEX, finds the
usable stations and puts the usable stations and their respective
phase correction in the output message. Upon completioq ot
message processing, the message ready flag is set and the hold
timer is initialized. If a parity errér were found during
character processing or the check sum were 1n error, then the
message processing flags are cleared. the format of the input
message is shown in Table 3. The phase corrections (characters
8§-31) are the ASCII equivalent of the HEX digits of the signed
binary numbers representing the phase corrections. The usable
stations (characters 32-37) are the ASCII equivalent of the HEX
digit determined by assigning a 1 to each usable station.
Characters 32, 34, 36 indicate which of stations A, B, C, and D
are usable and characters 33, 35, 37 indicate which of stations
E, F, G and H are usable. The check sum is the l's complement ot
the sum of the HEX bytes derived from characters 2-37. It is
transmitted in ASCI1 also. '

The format of the output message is shown in Table 4. The
usable stations are represented as a lo6-bit word with the 8 least
significant bits representing stations A-H, respectively. A 1l in
the bit position for a station means it is usable. The phase
corrections are signed 16-bit twos complement integers with a
2 to -255 x lanes x 1074,
the least significant bit of wora 37 signifies that the message‘

range of 255 x lanes x 10~ Setting

is ready. The check sum word 38 is the 1's complement of the sum
of words 2-37. Figure 9 shows the message processing software
flow. :
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TART MESSAGE
PROCESSING

PARITY YES
ERROR FLAG
SET
TNPUT N0
MESSAGE CHECX

SUMCORRECT?

SET MESSAGE [N
PROGRESS FLAG

y

GET USABLE STATIONS
FROM INPUT

¥

CONVERT ASCII
T0_HEX

v

PUT USABLE
STATIONS IN
OUTPUT MESSAGE

v

GET PHASE CORRECTION
CORRESPONDING TQ A
USABLE STATION FROM
INPUT MESSAGE

COVERT ASCII
TO HEX

y

PUT PHASE CORRECTION
| IN PRCPER LOCATION IN
QUTPUT MESSAGE

Y

SET MESSAGE READY FLAG
AND COMPUTE CHECK SUM

!

SET #0LD MOOE,
CLEAR 40LD TIMER
|

\ 2
CLEAR MESSAGE FLAGS,
CLEAR INPUT MESSAGE

FIGURE 7, MESSAGE PROCESSING.
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CHARACTER

0,1
2,3
4,5
6,7
8,9
10,11
12,13
14,15
16,17
18,19
20,21
22,23
24,25
26,217
28,29
30,31
32,33
34,35
36,37
58,39

Table 3

FUNCTION

S1 Heaaer

Byte Count

Identification

Identification

Station
Station

- Station

BZ3

Station
Station
Station
Station
Station
Station
Station
Station

Station

1

(3]

(&2 BN o6 B SS I T 72 T N B T R SN 93 ]

4

13.

Phase
Phase
Phase

Phase

10.
10.
10.
10.
13.
13.

Phase
Phase
Phase
13.6 Phase
11-1/3 Phase
11-i/5 Phase
11-1/5 Phase
11-1/3 Pnase

N OO YN N

10.2 Stations
13.6 Stations
11-1/3 Stations

Check Sum



Each two bytes of the Canadian messaye are reformatted into one
byte to aecode the message. For instance, if words 9 anu lU were
16 (ASCII for F) and 41 (ASCII for A), respectively, then the
correction to be appliea to the first usable station of frequency
10.2 would be hex FA.

Also, if words 33,34 were 34 (ASCII for 4) and 45 (ASCII for Ej
then the usable stations would be B, C, b, G,

H G F E D C B A
4E = 0 0 1 0 0 1 1 1 0

The checksum is the 2-byte ASCII equivalent of the l-byte number
which when added to the sum of the other bytes, excluding the

header, will equal FF.

For instance, if the sum of bytes 2-38 is 83, then byte 39 woula
be 37 (ASCII for 7) and byte 40 would be 43 (ASCII for C).

The listing tor the test generator program has a table of
numbers, their ASCII equivalent ana their equivalent required by
the output program. The easiest way to compute the checksum is
with a hex calculator if you have one.
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Table 4

Data Interface Format

WORD  DESCRIPTION SCHEDULING
0 0101010101010101 HEADER | OPEN CIRCUIT IS "1', CURRENT SINK IS ''0"
1 00000000ARBCDEFEGH 10.2  USABLE "' IS STATION USABLE
2 00000000ABCDEFGIH 13.6  USABLE "1" IS STATION USABLE
3 00000000ABCDEFGH 11 1/3 USABLE "1'" IS STATION USABLE
4 00000000ABCDEFGH 11.05 USABLE "1' 1S STATION USABLE
' 5 STATION A 10.2 KH, PHASE CORRECTIONS
6 STATION B 10.2 KH,, PHASE CORRECTTONS
7 SIATION C 10.2 KH,, PHASE CORRECTIONS
8 STATION D 10.2 KH, PHASE CORRECT1ONS
o | 9 STATION E 10.2 KH, PHASE CORRECTIONS
w | 10 STATION F 10.2 KIL, PHASE CORRECTIONS
11 STATION G 10.2 KH, PHASE CORRECTIONS
12 STATION H 10.2 KH, PHASE CORRECTTONS
13 STATION A 13.6 KH,, PHASE CORRECTIONS
14 STATION B 13.6 KH,, PHASE CORRECTIONS
15 STATION C 13.6 KH,, PIIASE CORRECTIONS
16 STATION D 13.6 KH,, PHASE CORRECTIONS
17 STATION E 13.6 ki, PHASE CORRECTIONS
18 STATION F 13.6 KH, PHASE CORRECTIONS
19 STATION G 13.6 KH, PHASE CORRECTIONS
20 STATTON H 13.6 KH; PHASE CORRECTIONS
21 STATION A 11.1-1/3  KH, PHASE CORRECTIONS

——



Table 4

Data Interface Tormat

43

(Cont'd.)
WORD DESCRIPTION SCHEDULING
22 STATION B 11.1-1/3 KHz PHASE CORRECTION
23 STATION C 11.1-1/3 KHz PHASE CORRECTION
24 STATION D 11.1-1/3 KH, PHASE CORRECTION
25 STATION E 11.1-1/3 KHZ PHASE CORRECTION
26 STATION T 11.1-1/3 KHZ PHASE CORRECTION
27 STATTION G 11.1-1/3 KH, PHASE CORRECTION
28 STATION H 11.1-1/3 KH, PHASE CORRECTION
29 STATION A 11.05° KHz PHASE CORRECTION ,
30 STATION B 11.05 KHZ PHASE CORRECTION LANES x 10
31 STATION C 11.05 KH, PHASE CORRECTION
32 STATION D 11.05 KHZ PHASE CORRECTION
33 STATION E 11.05 Kl-lZ PHASE CORRECTION
34 STATTON F 11.05 KHZ PHASE CORRECTION
35 STATION G 11.05 KHZ PHASE CORRECTION
36 STATION H 11.05 KHz PHASE CORRECTION
37 00000000000000O0M MODE -M-1 DIFFERENTIAL OMEGA MODE M=0 SWC MODE
38 CHECK SUM SUM OF WORDS 1-37
39 SPARE
40 "
41 "
42 "




o~

Data Interface Format
(Cont'd.)

WORD

DESCRIPT1ON

SCHEDUL ING

C 44

60
61
62
03

SPARE

0 Bit !5 WORD




Tracor 7620 Omega Navigator:

This receiver has been modified to accept the differential
signal and process it to correct the Omega position information.
Information on operation of this equipment may be found in
Omega Navigation Equipment, Operation and Maintenance Instructions,
OM-401-235-1, Tracor, and Differential Omega Field Test Operator’s
Checklist, SCI. Diagnostic messages are stored in several
memory locations within the 7620. These may be used to determine
probable sources of difficulty in troubleshooting the differential
Omega system. The memory locations may be accessed using a '"'99"
test (Direct Memory Access) described in the maintenance instruc-
tions. Several useful memory locations are given in Table 5 along
with the significance of their contents.
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Table 5: 7620 Diagnostic Messages

The memory locations and messages below are accessed in a '"99"
test and are given in octal notation unless otherwise specified.

Location Significance of Contents

3115 Sync confidence. Computer resets it to 200.
Increases 20 with good header, decreases 30

for bad header, increases 30 for good check-
sum, decreases 40 for bad checksum. Maximum

is 377.
3113 Bit sync confidence. Starts at 100.
3104 If a 010 is stored here the 7620 initiates

resync and ignores checksum errors.

3202 Differential stations OK (information gotten
from integrator message). A "1" in the
station's position indicates a useable station
e.g. A B C D E F G H 261
1 0 1.1 0 0 0 1
A 261 indicates that stations A,C,D and H are

useable.

8

0277 Differential Deselect. This shows the stations
being used by the 7620.
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BEACON
FREQUENCY

TURN ADF
ON

URN 3IF/
OMEGA

TRANSMITTER
ON

OLF/QMEGA
TRANSMITTER
N?

DAY, GMT
QFFSETS

LJQ 53 <

CHECK USING
LOGIC ANALYZER

FIGURE 10.

INITIALIZE

7620 INITIALIZ
7620

IN SKY

1ES

NO
YES

NOTE L, 3115,
3104, 0277, 3N3,
CHECKSUM, FAIL
INDICATORS

~

DIFFERENTIAL OMEGA TROUBLESHOOTING FLOWCHART,
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SWITCH
TO DIF

.

NOTE L 1,
FAIL INDICATORS, /.

CHECKSUM, 3115 I
3104, 3113, 0277
i

TRANSMITTED

CHECX ANTENNA,
7620 SOFTWARE

SIGNALS & CORRECT

CONF"‘J

LOCKUP

PROBLEM?
{FREQ OFFSET

JITTER)

NOTE L A NOTE WHAT WORD
CHECKSUM, >TATIONS ARE CONFUSTON
ACTUAL POSITION MO0D R.(3202) BETWEEN US
FROM DME TOSELECTED(0277) & TRACOR.
MANUAL
CONTINUE SELECTION,
TEST

(RE-INITIALIZE?)

INSERT LD
PROM SET
INTO TRACOR

END TEST | 5 |
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HOOK UP TEST
GENERATOR & LOGIC
ANALYZER TO

(-]

TRACE THROUGH
SYNC PROCESS

& CORRECT

INTEGRATOR , TURNON
DUAL TRICE SCOPE
CH2 GA PIN 5 (R9)
CH 1 PIN 11
TRIGGER

TRY TESTING

IN AIRCRAFT

FOR MORE

INFORMATION

TRACE BACK
| FroM cHECKSUM

SET PROCEDURE
& CORRECT

CHECKSUM
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RETEST USIN
OLD PROM SET
IN 7620

7620 % CORRECTION CHANGE REF
STATUS 0K WITHIN RANG PHASE AT
IN DIF ‘ MONITOR

CORRECT 7620
SOFTWARE
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Table 6

System Integrator Differential Message Format

HORD ) 2113 & 6 7 DESCRIPTION SCAL NG

0 01 01 01 HEADER N/A

1 01 01 01 HEADER N/A

2 11001 1 HEADER N/A

3 [LOP1] [LOP2] | AREA PRIMARY LOP's A 000 100
4 [LoP1] [LOP2] | AREA ALTERNATE LOP's 1 5 001 101
5 [LOP1] [LOP2] | AREA ALTERNATE LOP's 2 { ¢ olo 10
6 [LOP1] [LoP2] | AREA ALTERNATE LOP's 3 5 ol H 1
7 [LOP1] [LoP2] | AREA ALTERNATE LOP's 4

8 CHECK SUM 3-7 N/A

9 AREA  LOP1  C1  MSB ‘

10 AREA  LOP1  CI 1 LANES 2712

n AREA  LOP1 C1 LSB l -

12 "AREA  LOP2 €2  MSB

13 AREA  LOP2 (2 12

14 CHECK SUM 9-13 /) LANES 2

15 AREA  LOP 2 C2 LSB

16 AREA LAT €3  MSB

17 AREA  LAT €3 ‘ SEMICIRCLES

18 AREA LAT  C3 LSB l |

19 AREA  LAT  C4  MSB ‘ )
20 CHECK SUM 15-19 N/A) SEMICIRCLES/LANE 27°
21 AREA LAT  C4 LSB (




q¢d

Table 6

(Continued)

BITS

. “CORI P \ ' .
woro |, BT DESCRIPTION SCALING
7 MRER - LAT 05 1o ‘SEMICIRCLES/LANE 27"
23 AREA LAT C5 LSB l
! ARER - LAT 06 1o SEMICIRCLES/LANE 27 1%
25 AREA  LAT .C6  LSB ‘
26 CHECK SUM 21-25 N/A
o ARER - LAT o7 {SEMICIRCLES/IANE 21
28 AREA LAT C7 LSB :
" AER AT o8 T ‘SEMICIRCLES/LANEZ 2714
30 AREA LAT 8  LSB | -
3 AREA  LONG €9  MSB
32 CHECK SUM 27-31 N/A
33 AREA  LONG €9 SEMICTRCLES
30 AREA  LONG €9  LSB
35 AREA  LONG €10 MSB .
36 AREA  LONG C10 LSB SEMICTRCLES/LANE 2
37 AREA  LONG C11 MSB (
38 CHECK SUM 33-37 N/A l SCMICIRCLES/LANE 27>
39 AREA  LONG C11 LSB
40 AREA  LONG C

o N { SEMICIRCLES/LANES 271
a AREA  LONG C12 LSB : - -
v ARER - LONG 613 M50 ’ SEMICIRCLES/LANEZ 14
43 AREA  LONG C13 LSB |
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Table 6

(Continued)

woro |, ST L DESCRIPTION SCAL ING

a4 CHECK SUM 39-43 N/A

45 AREA  LONG Cl14  MSB SEMICIRCLES/LANEZ 2714

46 AREA  LONG C14  LSB

47 A B CDTETF G H | 10.2kHz USABLE

48 C D 6 H | 13.6 kilz USABLE

49 ABCDETFGH 11.1-1/3 kHz USABLE “1% 1S STATION USABLE
50 CHECK SUM N/A

51 AB CODEF G H | 11.05kiiz USABLE

52 SPARE

53 SPARE

54 SPARE SPARE

55 SPARE

96 CHECK SUM N/A

W [MSB STATION A |

58 |LSB] [MSB STATION B |

59 | LSB] [MSB | 10.2 kHz PHASE CORRECTIONS

60 [STATION C LSB] [MSB |

61 | STATION D Lss] |

62 CHECK SUM

63 [MSB STATION E |

64 |LSB] [MSB STATION F |

65 | LSB] [MSB | 10.2 Kkliz PIASE CORRECTIONS

66 |STATION G LSB] [MSB |

67 [STATION W LSBT |




£ed

Table 6

(Continued)

BITS

HORD 001 2 345 6 7 DESCRIPTION SCAL ING
68 CIECK SUM N/A
69 [MsSB STATION A |

70 | LSBY [MSB  STATION B |

Al | LSB] [MsB | 13.6 kHz PHASE CORRECTIONS

72 | STATION € LSB] [MSB |

73 | STATION D LSB]

74 CHECK SUM N/A
75 [MsB STATION T | 13.6 kliz PHASE CORRECTIONS

76 | LSB] [MSB  STATION F |

77 | LSB] [MSB |

78 | STATION G LSB] [MSB |

79 | STATION LSB]

80 - CHECK SUM 81-85

81 [(MSB STATION A | 11.1-1/3 kilz PHASE CORRECTIONS

82 | LSB] [MSB  STATION B |

83 | LSB] [MSB |

84 | STATION ¢ LSB]) [MSB |

85 | STATION D 1.58]

86 CHECK SUM 81-85 LANES x 102 x 278
87 | MSB STATION E | 11.1-1/3 klz PHASE CORRECTIONS

88 | LSBT [MSB  STATION F | :

89

| LSB] [MSB |
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Table 6

(Continued)
HORD 0 1 2 21T2 s 6 7 DESCRIPTION SCAL ING
90 | STATION G LSB] [MSB|
9] | STATION H LSB]
92 CHECK SUM 87-91
93 [MSB STATION A | | 11.05 kHz PHASE CORRECTIONS
94 | LSB] [MSB. STATION B |
95 | LSB] [MSB |
96 | STATION ¢ LSB] [MSB |
97 | STATION D 158 ]
98 CHECK SUM 93-97
99 - [MSB STATION A | | 11.05 kHz PHASE CORRECTIONS
100 | LSB] [MSB STATION B | | 11.05 kilz PHASE CORRECTIONS
101 | LSB] [MSB |
102 | STATION C LSB] [MSB |
103 | STATION D LSB ]
104 CHECK SUM 99-103 N/A
105 [MSB ~ STATION E | [ 11.05 kliz PHASE CORRECTIONS LANES x 10° x 278
106 | LSB] [MSB STATION F |
107 | LSB] [MSB |
108 | STATION G LSB] [MSB |
109 | STATION H LSB ]
110 CHECK SUM 105-109 N/A
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Table 6

(Continued)

HWORD

0

1

BITS
2 3 4 5 6 7

DESCRIPTION

SCALING

m
112
13
114
15
116
1n7
118
19
120
121
122
123
124

SPARE




APPENDIX C
LOGIC DIAGRAM SYSTEM INTEGRATOR BOARD
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APPENDIX D
FINAL TECHNICAL REPORT

DIFFERENTIAL E-FIELD NOISE-CANCELLING ANTENNA SYSTEM

1.0 SUMMARY

Limited flight testing of the Differential
E-Field Antenna System, designed to provide cancellation of
precipitation-static interference in airborne Omega applications,
has been undertaken with the experimental equipment installed in
the FAA Convair 580 aircraft (tail number N90) at the FAA
facility, Anchorage, Alaska. Test results from brief periods
of operation on two available flights were basically inconclusive,
although some reduction in precipitation-static interference
was qualitatively observed.

The first part of this report describes some
observations and conclusions from the preliminary flight testing.

A description of the experimental system is given in the subsequent

section. . |
|
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2.0 FLIGHT TEST RESULTS

Operation of the noise-cancelling, differentizal
E-field antenna system was limited, due to higher priority
of the primary Differential Omega task program, to brief inter-
vals during two flights on October 17 and 19, 1980. The basic
problem on each of these flights was poor signal reception on
the lower antenna (refer to Fig. 1 and Section 3 for a describtion
of the system configuration). Clean, strong Omega signals were
normally receivable from the upper E-field antenna (mounted atop
the fuselage at station location 550). However, measurement
of relative Omega signal strength (using strong Hawaii Omega
as the reference) showed that the signal from the lower antenna/
preamplifier was some 10 dB weaker than the same signal from
the upper antenna/preamplifier unit. In addition, the lower
antenna/preamplifier indicated a 3-4 dB higher noise level
(implying an overall degradation in signal/noise ratio of perhaps
13-14 dB for the lower antenna). These measurements were made
by observations of the relative signal level and noise level
meter readings with the Omega Noise Analyzer (ONA).

The poor signal/noise reception characteristics
of the lower antenna unit could also be confirmed by earphone
monitoring of Omega signal quality. All three on-the-air
Omega stations (Norway, Hawaii and N. Dakota) were clearly
audible (at least during non-precipitation static conditions)
from the upper antenna; however, only Norway or Hawaii was
audible with the lower antenna.

- This gross inequality in signal reception between
upper and lower antemna units made it impossible to obtain a
good noise-cancelling null. (Cancellation by the differential
antenna concept requires nearly complete correlation in noise
components receivable at the separate upper and lower antenna
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antenna locations. Uncorrelated noise, if present, simply
cannot be nulled).

Several steps were taken in an attempt to isolate
the source of this interference. The individual preamplifiers
associated with the upper and lower E~field plate antennas
operate on regulated + 12 volt d.c. power derived, via shielded
cabling, from a single laboratory-grade a.c. power supply within
the ONA equipment cabinet. Switching of this power supply from
the normal 400 Hz aircraft power source to a 60 Hz power source
(i.e., by use of the separate 60 Hz inverter located in the
rear of the FAA aircraft) produced no noticeable change in
signal/noise level. Similarly, it appeared to make little
difference whether or not the ONA instrumentation cabinet was
directly grounded to the airframe.

The upper and lower preamplifier units were
also exchanged, between the filrst and second flights, on the
possibility that the poor signal reception was somehow associated
with the lower preamplifier. However, excessive noise was
again observed from the lower antenna on the next flight.

It may therefore be concluded that the observed
poor signal reception from the underneath antenna was due either
to a high ambient noise field surrounding the lower antenna or,
less likely, to some interference picked up via the interconnecting
cable between the lower preamplifier unit and the ONA instrumen-
tation cabinet. There was no opportunity to re-route this
cable or to determine whether significant noise was indeed
being coupled into the interconnecting'cable.

(It should be noted that any problem associated

with the lower antemna is complicated by the fact that Omega
signals cannot be normally received by an underneath-the-fuselage
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E-field antenna while the aircraft is on the ground. The
conductive airframes virtually shorts out the electric field
in the narrow region between the fuselage and the earth. Of
course, once the aircraft is airborne, this shielding effect
disappears and normal signal reception from an underneath-the-
fuselage antenna is possible).

Another simple test suggests that the lower
antenna was located in a region of high ambient noise. A
marked reduction in the receiver output noise level was observed
when the lower antenna was shielded from the surrounding electric
field. This shielding was effected by totally enclosing the
E-field plate antenna (at a spacing of 3 - 4 inches) with
aluminum foil which was then grounded to the aircraft fuselage
skin, This test was made during a delay prior to the scheduled
take-off time so that only a qualitative measurement (via
earphone monitoring of the noise reduction produced by electrical
shielding of the antenna) was taken. Moreover, it should be
noted that this type of test (with dfrcraft on ground and with
landing gear doors opened so as to expose the lower antemmna to
other possible interference sources) may not be indicative of
the actual noise level during flight (with the closed doors
then providing some additional electrical shielding).

The signal balancing unit and the noise analyzer/
receiver operated satisfactorily on both flights. A null balance
approaching -23 dB was obtainable on the intermal BITE test signal
(e.g., switching from the additive A + B antenna mode to the noise-
cancelling, differential A - B mode required a 23 dB increase
in receiver gain to produce.an equivalent meter output signal).
Furthermore, switching OFF the BITE sigﬁal under this condition
produced no further reduction in meter output reading for the
A-B mode (indicating that the -23 dB '"null" reading was limited
by non-coherent noise rather than by an imperfect adjustment of
the phase/gain balance controls for the BITE signal itself).
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By operating in the A + B mode it is also possible
to obtain a null balance on the incoming Omega signals. The
level of the received Omega signals is considerably weaker than
that of the BITE test signal; accordingly, the quality of the
realizable null on any Omega station signal, in the presence
of the extraneous noise from the lower antenna, was limited to
roughly ~14 dB (in switching from the normal A - B mode to the
A + B mode of operation).

It should be noted that optimal adjustment of
the gain and phase balance controls so as to achieve desired
cancellation of p-static interference (in the A - B differential
antenna mode) need not coincide with the comparable adjustment
for nulling of the BITE signal (also in the A - B differential
mode) or for Omega signal nulling (in the A + B antenna mode).
Initial nulling on BITE signals, however, does provide‘'a simple,
convenient means of coarse adjustment of the gain/phase controls
that can be used by the operator prior to obserwving any p-static
interference. Once variable p-static is encountered, unless a
moderately good coarse null has already been achieved, it is
exceedingly difficult to determine even the proper direction
of an adjustment to either the phase or gain controls.

On the first flight, aircraft power to the
instrumentation was temporarily switched off immediately prior
to take-off. Precipitation static was then encountered during
climb-out through overcast clouds in the Anchorage area. Such
operational problems, coupled with the excess noise from the
lower antenna, prevented the collection of more meaningful
test data on either flight..

The susceptibility of single E-field antennas
to precipitation-static interference was clearly demonstrated
on both flights. Moderate-to-severe p-static was observed at
various times. The most severe interference appeared during
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periods of aircraft turbulence. Under these conditions the

normally strong Omega signals (Norway, Hawaii, N. Dakota) from
the upper antenna would be totally obliterated by noise having
a surging characteristic (as evidenced in earphone monitoring).

Under less severe interference conditions, one
or more of the Omega signals would be barely audible on the
upper antenna (identified as the A mode of operation) and
totally inaudible on the lower antenna (B mode). There were
several occasions that the corresponding Omega signal from the
differential antenna mode of operation (in the A - B mode) would
show a cleaner signal characteristic than that obtainable from
either antenna alone. From these qualitative observations it
might be concluded that the differential antenna system was
indeed providing some small measure of p-static noise cancellation.

Attempts were then made to improve the differential
A - B signal by adjustment of either the gain or phase balance
controls. The variability in the noise interference level,
however, obscured any changes in signal quality that may have
been produced by this trial-and-error adjustment procedure.

Several conclusions and recommendations can be
drawn from this limited flight testing:

1) Clean Omega signal reception was obtainable
from the upper plate antenna (under p-static
free conditions). This demonstrated that
the plate antenna/preamplifier combination
has adequate sensitivity.
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2)

3)

4)

5)

The lower antenna, however, introduced an
excessive level of electrical noise, both on
the ground and during flight. Uncorrelated
noise of this type must be eliminated if
successful p-static cancellation is to

be realized.

There is no immediate explanation for the
large noise level associated with the under-
neath antenna. Preliminary tests suggest,
however, that the noise is entering through
the antenna directly (i.e., that the antemna
is located in an unusually high noise field).
If thise noise field is sufficiently localized,
it should be possible to eliminate, or materially
reduce, the interference by a re-location

of the lower antemna (say, by moving the
antenna aft by 5 feet or more).

Oscilloscope monitoring of each preamplifier
outputs should be emploved to determine
whether any saturation or limiting action is
occuring during impulsive p-static conditions.
(The antenna/preamplifier combination used

in this flight testing operated satisfactorily
up to an electric field strength level
approaching + 5 volts/meter; however, oscilloscope
monitoring of output waveforms would have
been useful in confirming that these levels
were not.excluded during the most severe
p-static interference).

Additional flight time should be scheduled

to provide operator experience and to verify
that all portions of the system are operating
satisfactorily prior to data collection.

D7



5.0 SYSTEM DESCRIPTION

A brief description of each otf the functional

components of the aircraft instrumentation is as follows:

E-Field Antennas

(93]
—

A pair of low silhouettd, capacitive-plate
antennas, one mounted atop the fuselage and the other beneath the
aircraft (both located near station 550 on the convair 580
aircraft), are used for Omega signal reception. Thge antenna
housing is an electrically insulated fiberglass shell with a
conductive coating painted over the central region (with this
conductive region forming a capacitive plate antenna with respect
to the aircraft skin). A relatively small antenna of this type,
with an effective height-capacitance value in the neighborhooa ot
only 2 x 10'13 farad-meter, requires an extremely good
preamplifier if input circuit noise is to be avoided. However, a
physically small antenna, particularly in the height dimension,
reduces the risk of particle impingement that can, in itself, be
a source of p-static interference. A ftlush mounted antenna would
be even better, but this woulu pose an additional installation
problem for the FAA Convair 580 and other aircraft.

3.2 Antenna Coupler Preamplifier)

An active coupler/preamplifier is used with each
antenna. Each preamplifier, mounted inside the aircraft, is
connected to its antenna via a 9" coaxial cable. Transformer
coupling of the antenna input circuit is used to provide isola-
lation to any power or common moce input noise. An electric-fiela
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strength sensitivity in the neighborhood of 1 volt/meter - /Hz
at the 13.6 kHz operating frequency was measured in the
laboratory (preamplifier used in combination with the above
E-field plate antenna).

3.3 Signal Balancing Unit

The Signal Balancing unit includes both phase ana
amplitude balance controls so that the common mode component of
the p-static noise can be nulled out; in adaition, the unit
includes a reversing switch (in the B channel). The reversing
vswitch is useful in initial coarse null balancing and in
measuring the quality of the null during p-static conditions.

The A-B position should show a deep null on
p-static if the phase and amplitude controls are properly
balanced for p-static suppression. Conversely, in the A + B
position, the received Omega signals and atmospheric noise will
tend to be nulled out, leaving p-static and other common-mode

noise as the major component.

3.4 Omega Noise Analyzer

Each Omega Noise Analyzer (UNA) includes both a
wide band filter output capability (approximately 200 Hz
bandwidth) and a narrow band output (less than 1 Hz). The wide
bandwidth is most useful for the measurement of noise; the narrow
band filter, centered at 13.6 kHz, permits a direct measurement

of Omega signal strength.
The operator can select, by means ot a thumbwheel

switch, a particular Omega segment to be usea tor time gating ot
the wide band filter; similarly, a second Umega segment can
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be selected for the narrow band filter outputs. The time-gated
waveforms are rectified and averaged over the selected segment
interval. A sample-and-hold circuit displays the resultant
average value on front-panel meters: once every 10 seconds the
front-panel meters display new signal (or noise) coverages. Each
ONA channel has independent gain/attenuator controls so that
useful, on-scale meter deflections can be obtained over a wide
range of input signal (or noise) levels.

In addition to the front-panel meters, each ONA
channel includes provision for earphone monitoring and magnetic
tape recording (of the ungated 200 Hz bandwidth signals + noise).

Heterodyne conversion of the 13.6 kHz Omega signals to a 1024 Hz
intermediate frequency (i.f.) is employed. Phase and amplitude
information is retained in this process.

3.5 Tape Recorder

It had been originally planned that a Hewlett-
Packard 3964A Instrumentation Recorder be procured and used for
4-channel recording of the following ONA output channels:

Channel 1: Single Antenna A

Channel 2: Differential Antenna A - B
(or A + B through switch reversal)

" Channel 3: Single Antenna B

Channel 4: Loop Antenna

~o

Channel 1 and Data logging is obtained from one
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ONA unit; Channel 3 and 4 recording would have been possible

from a second ONA unit (with the fourth channel designed to

give information on the comparative behavior of loop vs differential
E-field antenna under identical p~static conditions).

However, time and funding restrictions prevented
procurement of the &4-channel instrumentation for this particular
flight test series. Instead, a readily available 2-channel
cassette recorder (similar to an ordinary portable cassette
recorder, but with dual channels for stereo recording purposes)
was incorporated into the instrumentation package. The recorder
was then modified to provide more linear performance over its
full dynamic range by removal of its automatic level recording
circuit. Laboratory testing showed that the resultant recorder
had an adequate analog data recording capability, with correct
phase and amplitude data being displayed in playback of the dual
channels.
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