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I. I~TKODUCTIUN 

1.1 GENERAL 

This is a final report on Task V of FAA Contract DOT 

FA75WA-3662, Differential Omega System Development ana 

Evaluation. The Task V effort began 27 August 1977 and was 

completed ori 15 August 1981. The overall plan for this projtct 

contemplated a cooperativ~ approach involving System Control, 

Inc. (SCIJ, the FAA ~laska region, the Canadian Ministry of 

Transport [Transport Canada] and Tracor, Inc. [Tracor], where 

Tracor was involved via subco~tract 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 a~ the location for the 

demonstration. Basic Omega coverage over this area is 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: 

• Fairbanks, Alaska 

• Deadhorse, Alaska 

• Inuvik, Canada 
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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 Omega 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 modifications in the 

project have been as follows: 

•	 Ground stations have been established at 
Anchorage, Alaska, and ueadhorse, Alaska. ~o 
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 third set 
has been partially developed. Une operational set 
has been installed and routinely flight tested in 
an FAA aircraft in Anchorage. The second 
operational set has been tested by Transport 
Canada in Ottawa. 
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•	 All FAA-sponsored flight tests unaer this proj~ct 
have been conducted in Alaska. No flight 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 ~n experiment designea to provide
•	 cancellation of precipitation-static interference 

in airborne Omega applications. The 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 and 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 ana 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 ~he phase difference 

between signals at one frequency trom a paIr of transmitters ana 

thus establishes a line of position lLOP). RepeatIng the process 

with two more pairs of transmitters leads to a unique navigatioIl 

fix. Navigational ambiguities can exist with Olliega since anyone 

phase difference corresponding to a pair of transmitters aefines 

a family of hyperbolic LOPs. Along a baseline, LUPs occur ever~ 

half wavelength. The region between adjacent LOPs is known as a 
lane and Omega accuracies are frequently described in units of 

centilanes lO.Ol lane). The lane ambIguity problem can be 
alleviated by combining instantaneous measurements from two 

frequencies. 

Omega is a VLF system and it is therefore subject to all the 

propagation anomalies normally associated with VLF. ~ome of the 
more important error sources associated with Omega are; La) 
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Table 1.1 
Omega Transmitting Stations 

STATION LETTER 
DESIGNATION LOCATION 

A 

B 

C 

0 

E 

F 

G 

H 

A1dra, Norway 

Monrovia, Liberia 

Haiku, Hawaii 

L~loure, North Dakota 

La Reunion 

Golfo Nuevo, Argentina 

Gippsland, Australia * 
Tsushi rna, Jap an 

LATITUDE/LONGITUDE 

66°25' N/13008' E 

06 018 I N/l0040 ' W 

21 024 1 N/1S7050 1 W 

46 021 I N/98020 ' W 

200S8 1 S/SSo17 1 E 

43°03 1 S/65011 I W 

38029 1 S/1460S0 1 E 

34037 1 N/129027'E 

*The Australia station is expected to become opc~ational in 

1981. 
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diurnal and seasonal ionospheric variations, lb) transient 

ionospheric phenomena such as Polar Cap Absorption lPCA) events 
and Sudden Ionospheric Disturbances (SIDs) that give rise to 

propagation anomalies, (c) modal interference, and Ld) nOIse. 

Diurnal and seasonal ionospheric 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 anpmalies are associated with SIDs caused by 

solar flare x-rays. These are daytime events and typically last 

about fifty minutes. Solar protons, associat~d with large 

flares, may be guided into the polar regions and produce PCA 

events. These events may affect polar region propagation for 

several days. 

Modal. interference describes the effect that occurs when 

more than one waveguide propagation mode is excited 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 VLFis 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 ot 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 phenomenon known as precipitation static, or 

P-static. P-static is associated with precipitation ot ice 

particles on the metal skin of the aircraft that results in a 

buildup of electrostatic charge. The problem occurs primarily in 
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systems that use E-field antennas, ana can degraae Omega 

performance significantly. Section 3.2 discusses a special 

experiment designed to study this problem. 

Quoted accuracy for Omega under nominal conditions is 1-2 ~M 

[1,3,4]. Nominal conditions include the use of provagation 
prediction corrections (PPCs) to compensate for regular 

ionospheric variations, the absence of SIDs ana peA 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, 

marlne 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 
N}l, 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. If 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. 
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The ability of Differential Omega to eliminate correlated 

errors points to a significant practical benefit, namely that the 

navigator need not provide or compute ppes since such corrections 

are intrinsic to the differential corrections received over the 

data link. 

•	 Differential 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 0ifferential Omega experiment 

conducted in the coastal waters off Galveston, Texas. figura 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 Umega 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. 
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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 available at these remote 
sites frequently consist of little more than a landing strip 

large enough to accomodate a small aircraft. Energy is always a 
problem at such sites since fuel must be flown in, consequently, 

most remote airstrips do not even have the luxury 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 ao 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 is considered to be a pot~ntial answer to 

this requirement. Studies l6j have shown that Differential Omega 
in the Alaska/~ukon 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 information. This means 
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that	 Differential Umega monltors coulo be aeployeo at eXlstlng 

NUB sites at relatively low cost ana at very little increase 111 

electrical power re4,uirements. It also means that N.lJbs useu In 
conjunction with Differential Umega woula not have to De locateu 

at every airstrip, but coulo support navigatlon over a rel;;ioll 
that	 might incluae several airstrips . 

.. 
1.4	 PRUJECT MILESTONES 

Some ot tne important milestones th~t have occurreu aurlng 

the course of Task V are as tallows: 

•	 May 1979. une set of Ditferential umega avionics 
was deliverea to Transport ~anaaa. Monltor 
station equlpment was aeliverea to AnChOrage. 

•	 Uctober 197Y. An aVlonlCS paCKage was Installea 
In the FAA aircraft at Anchora~e ana was test 
flown. 

•	 January 1980. IJltterentlal ume~a navlgatlon was 
tllght testeO from Anchorage. kesults suggestea 
successful navigatlon using Dltterentlal uwel;;a ana 
indicated an achieveo range ot 4U mlles on tIle 
aata link from the monltor statlon to the alrcratt. 

•	 March 1980. A flight test was conaucteo aurlng 
WhlCh software ana interface problems were 
encountered. 

•	 June 1980. A uifferentlal Umega fllght test 
yieldeo successful reception ot tne monltor slgnal. 
to a maximum range of Y4 mlles. ~uftware anu 
interface problems negatea any navigation results. 

uctober 1980. bxtensive tll~ht tests anu grouna• tests were conauctea. Hlghllghts ot the tests 
incluaea a successtul tirst test ot navlgatlun 
using the iJeaohorse ~10rlitor, tne flrst successful 
use of oigltal tape tor recoralng tilt;; uata, tht;; 
acquisition ot extensive monitor aata ana tne 
achievement of a i9~-ffiile ranl;;e or operatlon on 
the aata link. ProDlems In sottware ana 
instrumentatlon Ilffiltea tne accuracy perfurmallce 
of the systeffi, however. 
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•	 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 Ionospheric Effects 
Symposium in Alexandria, VIrginia. 

•	 August 1,1981. Task V is completed and a final 
report is 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 LDOT-FA7S-hA-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 Canada 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 Differential 
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, flight test direction, 
data analysis and project management. 
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2.2 SYSTEM CONFlGURATlUN 

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 for the use of operational 

NDB signals as carriers for differential correction nata. ~Db'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 I-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 NUBs 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 lCAO 

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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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 co located at both 

monitor stations. Reference location information for the 

navigator aircraft was provided by identified pads for ground 

tests, and by DME instrumentation for flight tests. Figures 2.3 
and 2.4 illustrate the geography of the experiment and available 

instrumentation. These figures display every VOR/~ME 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 of the 

operation of the monitors and the determination of differential 
corrections. We begin by expressing the known location of a 

monitor in terms of standard phases. A stanaard phase is defined 

by a monitor location, an Omega transmitter location, an Omega 

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 IS 

expressed in wavelengths for the particular frequency. Finally, 

the integer number of wavelengths is discarded ana the fractional 

wavelength is retained. This fractional wavelength is known as a 

standard phase and it is a highly sensitive indicator of monitor 

location. Standard phases from three Omega transmitters define 

the location of a monitor uniquely except for the lane ambiguity 
discussed earlier. Tables 2.1 and 2:2 list stanaard phases for 

the Deadhorse and Anchorage monitor stations. These values were 

calculated using a ~GS-72 geodetic model and assuming propagation 
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Table 2.1
 

Deadhorse Standard Phases in Fractions of Lanes
 

FREQUENCY 

10.2 

13.6 

11.3 

OMEGA TRANSMITTERS 

A C D H 

.037 

.676 

.614 

.157 

.592 

.986 

.791 

.881 

.033 

.088 

.255 

.349 
! 

Table 2.2 
Anchorage Standard Phases in Fractions of Lanes 

FREQUENCY 

10.2 

13.6 

11.3 

A 

.894 

.949 

.973 

OMEGA TRANSMITTERS 

C D 

.439 .804 

.503 .550 

.507 .757 

H 

.953 

.085 

.729 
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velocities of lb192~.60 ~M/s at l~.b kHz ana ib2~93.~~ ~N/s at 

10.2 kHz. 

we next consider the arithmetic lnvolvea in prOVlalng a 

differential correction. Eacn monitor recelvlIlg system conslsteu 

of three Omega receiver~, a kublolum frequency stanaaru, d i-Khz 

subcarrier moaulator, ana a microcomputer. The trequency 

stanaara was usea to proviae stable monitor recelver reterences 

at 10.2, 11.33 and 13.6 kHz. Each Omega receiver was tunea to 

one of the three frequencies ana usually recelvea si 6 nals troill 

~tations A, C, U, and H. At each frequency, the phase of a 

signal from one transmitter was comparea wlth the pnase ot the 

locally synthesizea signal, ana the phase aitference was 

transmittea as a correctlon. he nave, tor each signal, 

4J s - lrpm - ¢r) = t:, l2 . i j 

where = stanuara phase¢s
 

= measurea signal
rpm
 

= local reterence phase
<Dr 

6. = aitferentlal correctIon. 

laeally, the local reference phase rpr woulu be laentlcal 

to the phase at the Omega transmitter in whiCh case Eq. l2.1) 

woula express the relatlonship: True Kange - :vleasurea kallge = 
Range Error. In fact, the local reference phase aittereu from 

the transmltter phase by an arbitrary unknown value. because of 

the preclslon of the local frequency rererence, ho",ever, tHe 

unknown phase difterence between tne monltor local reterence ana .. 
the transmitter variea quite slowly. The local reference phase 

disappearea in the process ot tornllng all LUP wl11cn, as we have 

stated, involvea forming phase alfferences between SlgnalS 

measured from two transmltters. 1 f we a lJ ply tillS lJ roc e s s to 1:. 4 . 

l2.l) for any two 0mega transmitters labelea ~o. 1 ana ~o. " we 

have 
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lZ .2 ) 

l.:.3) 

Subtracting .cq. lZ.3) from tq~ \..2..2) yielas a quantIty 61 

6Z whIch was a correction to be aplJllE:a to an LuP dnu whlcn was 

.. indepenaent of the local reierence pnase at the monItor . 

In this configuration each phase correCtIOn as expressea oy 
Ell.. (2.1) was transmittea via the J'/Ujj. The apJ?rCJprlate 

combinations, as expressea Dy the aitterence 61 - 6Z' are 

performea by the navigation computer within the aVIonICS 

according to the LuPs being comvutea. A com!-,lete correctIon 

message was transmitted every ten seconus ana consisteo oi twelve 

correction values; i.e., tour transmitters at three trequencies 

each. 

APpena i x A a esc ribest he i 0 r mat 0 t the 1J! t t ere n t 1 a 1 Uill e gd. 

correction message that was transmitteu over the J'/u~ data lInk. 

AppenalX B describes the software resiaent In the ~ystem 

Integrator and Appenaix C contains a sChematic alagram ot the 

System Integrator electronIcs. 

19
 



1 I I. FltLlJ TI:.ST ~J.bASUktMti'tTS ANlJ ktSuL'fS 

3.1	 GENEKAL 

fiele testing at UIIterentlal ume~a unaer thIS ~rOJecl tOOK 
... place in January, March, June ana Uctober l~MU ana feDruary 

1981. Fiela testing in Alaska has presentee many ulttlCultles, 

foremost of which have been th~ followIng: 

•	 The sites of the field experiments nave been 
Anchorage ana LJeaahorse, AlasKa, whereas the major 
participants In the project have been 
heauquarterea in uttawa, Canaaa; AuStlIl, 'lexas; 
ana Palo Alto, California. tach serIes ot tiela 
tests thus requlrea conslaerable coorulnatlon anu 
scheauling, and involvea a signIficant expense tor 
travel, per alem, etc. 

•	 The amount of aeoicatea flight time authorlzeo tor 
thIS project was extremely limitea. As a 
practical matter, then, ac~uisitlon ot fll~ht aata 
was largely constralnea by tne avall~Dllltl, 

r 0 uti ng and s c hea u1 i ngot comm 1 s s a f}i f lll:!. tl t S . 
Flights to Ueaahorse, ror example, were lntrequent 
so that data for the Ueadhorse monItor system are 
qui te 1 inn tea. 

•	 The env I r 0 nm e ntin Alas Ka 1 s 11 a r s n . un two 
occasions, tor example, external electrIcal 
problems dlsableo trie monItor statIon lonce at 
Anchorage, once at Ueaahorse) ana negatea flight 
tests then unuerway. 

•	 The Uifferential Umega equIpment, botn In the 
aircraft and In the grouna statiolls, .... as installeu 
for the specific purpose oi the uitterential ume6a 
proJect. Conse4uently the equl~ment was not 
operatea or maintained ourlng the long ~erioas 

between tiela tests. As a result~ each serIes at 
fiela tests inevitaoly lnvolvea several Clays of 
trouole-snootlng ana re~air Detore valla 
Differential Umega tests coula be ~erformeo. 
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•	 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 significant 
cumulative effect on the project schedule. 

In terms of useful aata, the two most important fiela tests 

took place during October 1980 and February 1981. It is 

instructive to consider these test sets separately, after which 

the general implications of the results will be discussed. 

3.2	 OCTOBER 1980 FIELD TESTS 

Field tests took place during the period Uctober 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 recoruea tor 

fifteen minutes each on several occasions, ylelding statistical 

performance data at a fixed location free of the complications 

associated with flight testing. 1he second set of tests 

consisted of recoralng Umega phase aata in one-minute saolples for 

several days as received by the Deaahorse and Anchorage 

monitors. 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 information on range 

decorrelationerror for Differential Omega. 1he third set of 

tests took place during routine flights of the aircratt from 

Anchorage International Airpor~. These tests yielded iniormatlon 

on in-flight performance of Differential Omega in terms of 

accuracy and maximum range of the data link. l~ is instructive 

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

The uifferential Omega ground tests were performed as 

follows. The aircraft was parked on a pad at Anchorage 

International Airport. The monitor computer at Merrill 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 tor 

fifteen minutes. The standara phase values in the monitor 

computer were then modified to simulate a aisplac~ment at the 

monitor two miles north of Its actual position. len-second 

samples of navigation solutions at the aircraft were again 

recorded for fifteen minutes. The standard phase values in the 

monitor computer were then modified to simulate a displacement of 

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. lhe origin ot the plot 

is defined to be the pad location, 6l o I0'22"N, l49058IU6"~~, 

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 

monitor computer. The results shown in rigure 3.1 are 

representative of all results obtained from the Differential 

Omega ground test. 

Analysis of the results of these tests yields the folloWIng 

observations: 

(1)	 Random scatter of the ten-second navigatIon 
solutions was about 0.25 nautical miles, 2-DRM~ 

[8]. Since the sampling rate was not adjustable, 
there was no opportunity to investigate the 
dependence of random error statistics on samplIng 
period. 
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(2) 

(3) 

Figure 

Mean error of the test data was about 0.5 nautical 
miles eastward, 0.25 nautical miles northward. 
This error is 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 
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/t North 
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3.1	 Representative Results of Differential Omega Ground 
Tests, October 19, 1980. (Dashed lines contain 95% 
of all data points.) 
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3.2.2 Monitor Phase CorrelatIon 'lests 

Received Umega phases at the MerrIll flela ana ueaanorse 

monitors were sawplea ana recoraed at one-mInute intervalS nearLy 

continuously for several aays ouring tilt: experimen"t. Phase ua"ta 

at each monitor yielaeu InformatIon on la) lons-term urlrt or tnt,; 

monitor frequency standara relatIve to the standaro or tne ume5a 

transmItter network, lb) aiurnal pHase variations aSSOClacea I-ol"t11 

regular ionospheric eftects, ana lc) the presence of phase 

anomalies with perioas greater tnan one mInute. In aualtlon, 

comparison of phases between the two monitors yielaea lntorma"tlon 

on the range decorrelation error of umt:ga navl~atlon SOlU"tlons 

between the two monitor locations. 

figure 3.2 illustrates 24 hours ot phase oata recoruea at 

the Merrill Flela anu lJeaahorse monItors. Curves are presentea 

for signals at 10.2 kHz ana 13.6 ~Hz trow statIons A, C, ana u. 
Station H was temporarily oft the aIr aurin5 tht:se measuremen"ts. 

Phase is measurea mOdulo one cycle ana cycle rOllovers are 

reflections or continuous phase varla"tlons. 

Examina"tion or Figure 3.2 reveals the 101lowln5 reatures: 

(1)	 There is great similarity in the gross nehavlor or 
corresponaing SIgnals at lU.~ Knz ana L~.6 ~hz 

although tine structure appt:ars to De uncorrelacea. 

(2)	 Diurnal phase variations art: most pronounct;:(l ana 
most regular from station D, ana least pronounceu 
ana least regUlar J.:rOlil station A. Tllese 
observations are consistent with the tacts tnat 
propagatIon trom D 15 essentialLy tnrOugh 
mialatituaes along a merlalan wnere IonospHerIC 
behavior is well behavea ana oally so~ar zeni"th 
angle variations are large; whereas propagation 
from A IS through "the polar cap WhICh is less 
regular ana where daily solar zenith angle 
variations are small. 

(3)	 There is evidence of a slow lone-halt cycle per 
day) arift in the pllase ut the Ueaahorst: frequency 
standara with respect to the stanaaru ot "the Ume5a 
t ran SlH 1 t t erne two r k . Till set t t: Ct 1 S e v I a ell t '" t 
both lU.2 khZ ana 13.6 khz. Tll1:::; IS not a serIOUS 
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problem since the aifferentia1 nature ot the 
navigation correction cancels the slow aritts 
out. It uoes not correspona to a 1req~ency oitset 
ot roughly 3 x 10- 10 in the monitor statlon's 
stanaara. ~ith proper maintenance the stanaara IS 
capable of being set to +2 x 1U- 12 so thlS drift 
would not	 even be seen i~ an 0~erat10na1 system. 
Any arlft	 at Merrill Fiela IS mucn smaller anu 1S 
not reaaily aiscernable over a 24 hour perloa . 

• 
l4)	 ~o pronouncea phase anomalies are eVlaent at 

e i the r m0nit 0 r . The a a t a a 0 not pe rull t t ne 
observation of phase rluctuatlons wlth perloas 
less than one minute. 

Comparison of the pnases recelvea at the two monltors call 

provide information on the aecorrelation of Ume6a slgnals oetween 

the two monitors. Ihe aegree 01 aecorre1atlon IS a uirect 

measure of the utility of Differentlal umega over the aistance 

between the two monitors. 

The aescription of range aecorrelatlon can be ap1-'roacnea In 

the following way. Suppose, using the monltor at ~errlll flela, 

one formea a differential correction trom slgnals at lU.2 KhZ 

received from stations A ana C. lJsing a form of bqs LL.lJ 

through l2.3J, one obtains 

6",. - 6	 l3.J.)c,
."-,'1 i"l 

where 0ACM is a aitierentia1 correctlon to the A-C LUP tormea 

a t !Vi err i 11 fie 1c1 a na 6A"l a na 6CJ'I are 0 0 t a i neat r 0 III .cq. \ 2. • 1 ) . 
as applied to signals from stations A ana C, respectively. 'l'he 

number representea by 6~1.'~ Will Oc ap~liea Dj a naVlgatOr as a
."\ d 

...	 aifferential correctlon to tn~ A-C LUP formea oJ the navlgatOr . 

The navigator tnen expects that the correctea LuP wl1l be Ilear1y 

error-free. Tne A-C LuP can be comoinea witn two otner LUPs 1n 

the navigator's computer to form the aeslrea 11X. Let us now 

repeat the process, using the Deaanorse monltor. ~e nave, 

analogous to bquation l3.1J 
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where subscript P reters to the ~eaanorse mon1tor. Let liS now 

imagine a navigator novering a1rectly over tne Ueaahorse mon1tor 

who purports to navigate with D1fferent1al umega using e1tner tne 

Merrill Field correct1ons aescribea Dy b4' l3.l) or the ~eaahorse 

corrections described by b4. l3.2). It there were ~ertect 

correlation between Merr1ll fiela ana ~eaunorse, tne result 

should be indepenaent of which monitor 1S useu, thus pertect 

cor r e 1a t ion imp lie s t hat, ate achi n Stan tot t 1me, Or\.CP = 
0ACM' The extent ot alsagreement between the two sets ot 

differential correctIons is, thereIore, a measure of the lacK ot 

correlation between the two locations ana may be describea as 

range decorrelation erro! for the pair ot locatIons. 

Figure 3.3 illustrates values ot 0ALP - 0ACM' 0AiJP 

~UM ana 0CUP - 0CD~; tnat is, the aitterences between 
corresponaing LUP corrections obtainea at ~eaahorse and Merrill 

Fiela for the three possible pairs AC, AD ana CU. The plot tea 

values may be interpreted as measures of range aecorrelation 

errors; that is, the navigation errors one shoula expect near one 

monitor while using correction values trom tne other monitor. 

kange aecorrelation errors oetween Ueaahorse ana ~errill fielu 

are seen to exhibit the followIng characteristics: 

(1)	 Gross behavior is simIlar between lu.2 KHZ ana 
13.6	 KHz.. 

(2)	 A diurnal pattern IS eviaent ror each LUP, but tne 
pattern is complex ana is not the same tor all 
LUPs. 

l3)	 The total range or uecurrelation error Observea 
auring the 24-hour perioa IS less than +U.~ CyCles 
(% +2 ~M). lhe maximum excursion ot anY LUP error 
is about 0.2 cycles l% ~2 NM). 

Although Ueaahorse ana Nerrlll fiela are separatea Dy aoout 

550 ~M, which IS a much greater range than IS consiaereu tor 

Differential Umega valIdity, the results lllustratea by fIgUre 

3.3 suggest that even at thIS range, the accuracy achievable trom 

Uifferential Umega houia oe comparaDle to tnat aChieveu wIth 
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ordinary Omega, and since range decorrelation error is expectea 

to be roughly proportional to data-link range, Differential Umega 

accuracy should be superior to ordinary Omega accuracy for all 

data-link ranges less than SSO NM. 

3.2.3 Differential Omega Flight Tests 

Flight tests were performed to verify Differential Omega 

operation and performance under actual flight conditions. The 

flight tests provided information on two primary indicators of 

performance; 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: Uctober 

16, Anchorage to Galena to Anchorage; Uctober 17, Anchorage to 
McGrath to Anchorage; October 22, Anchorage to Bettles to 

Anchorage; October 23, Anchorage to Ueadhorse; 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 MONITOR OUTBOUND FLIGHT INBOUND FLIGHT 

! 

October 16 

October 17 

October 22 

October 23 

October 23 

October 24 

October 24 
~O 

Merrill Field 

Merrill Field 

Merrill Field 

Merrill Field 

Deadhorse 

Deadhorse 

Merrill Field 1 
~ 

55 

128 

68 

44 

.-

~8 

--

107 

151 

103 

.-. 

No data 

-
147 



" 

" 

The results shown in Table 3.1 suggest tne 1:0l10WlIlg: 

(1)	 Maximum range of the oata Ilnk is varlab~e oy a 
factor of two from uay to oay. Since the routes 
ana times associateo wlth the tlights on uctober 
16, 17, ana 22 were similar, the most llKe~y 

explanation tor the ~al1y varlatlon appears tu be 
the varying level at P-static nOlse eneaunt~reG OJ 
the aircratt. In fact, concurrent meaSUreluellts at 
P-static in a collateral experiruenl su~~est 
support tor this explanation. 

(2)	 The smallest maximum range Observea auring thlS 
experiment was 44 ~M. Ihere is no reason to 
believe this tigure coulo not be lm1Jrovea by uSlIlg 
higher levels at mooulatlon at the monItOr ~Ub or 
by means at other changes aeSlgnea to optImize tne 
performance of Uifferential Umega. 

U)	 There is a strong inalcation of a non-unitorm gaIn 
pattern in the beacon antenna of the aIrcraft. 
The ratio of average maxlmum range on inbouna 
flights to average maximum range on outbouna 
fllghts for the fllgHts on uctober 10, 17 ana 22 
is about 1.4 and suggests a front-to-back gain 
ratio of 3 aB in the aircraft antenna pattern. 

keasurements were made to aetermine the accuracy pertorwance 

of Uifferentia1 Umega ouring the flights of uctooer 16-24. The 

technique usea was to recora slmultaneously sarllples ot Uht 

measurements ana navigation outputs of the ul11e6a e4uQJment. lJi'IC 

measurements were of slant range tram the alrcratt to tne UNC 

transponaer being interrogateo by the alreratt. Ulv!b accurac/ IS 

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

The accuracy measurements were hamperea by several proolems 

in the aircraft. First, aata IrOlli one ot tne twO U~~s tallea 

consistently to recora properly, thus ueterminations at ume~a 

accuracy could only be maoe along the olrection oeilnea by the 

other lJivIb measurement. ::'eeona, true alrspeeu aata tram the 

aircraft to the umega were not avallable tor this experlment. 

True airspeea is an essential input to the umega system, ana 

missing or incorrect oata cause significant error In the 

navigation solution. In the absence at the normal true alrSpeea 

signal, this essentIal input coula be provloea only by Keylng-ln 
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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 DME measurement. 

The results illustrated In Figure 3.4 suggest the following: 

(1) In both cases, the only m~asured components of 
navigation errors are along track; that is, 
parallel to the flight path of the aircraft. 
Along-track navigation performance of airborne 
Omega is more ~ensitive 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 
monitor. This trend is consistent with 

from 
the 

the 

results obtained by others [5] and illustrated in 
Figure 1.1, although the magnitude of "error in the 
present experiment is considerably larger 
that observed in earlier work. 

than 

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 is the Final 

Report describing the results obtained during the experiment. 
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3.3 FEbRUARY 1981 FIELU Tb~T~ 

Fielu tests were conauctea between 23 Feoruary anu 27 

February 1981. The first three aays were spent trouoleshooting 

and repairing equipment problems. The tirst uitterential ume.sa 

flight test of tne series took place auring a COllllillssary tll.sht 

from Anchorage to King ~almon. Untortunately, all electrIcal 

transient in the ground station power source alsaOleu the beacon 

transmitter shortly atter takeoft from Anchorage, thus negating 

any DIfferential Omega results that might otherwIse nave been 

obtainea. 

On 27 february another flIght test Ot lJ1tterential Umega was 

attempted. The flight on 27 rebruary was entirely aealcated; 

that is, Differential Umega test was the only purpose for the 

flight. 

The test plan was to fly frow Anchora~e to Homer using the 

kenai and Homer JJME signals tor references while pertornling area 

navigation enroute. After arriving at Homer, the plan callea tor 

flying a series of non-precision approach routes incluUlng 

proceaure turns ana flying accoraing to the lL~ localIzer oeam at 

Homer. 

The data link containea signifICant stat~c ana tinally 

became unusable at aoout 60 miles out ot AnChorage. The tl'lgnt 

proceeded to Homer ana attempts were maae to recov~r tne aata 

link but without success. The aircratt then proceeaeu to bIg 

Lake where the aata link was recover~a an~ where several 

low-altituae overflignts of the vivlt. antenna wer~ conuucteu. by 

this time the weatner tlaa clearea sutticielltly to p~rmit 
.. 

low-altitude flights at nearoy blmenClort Air rorce base. ;:,everal 

IL;:, approaches were then flown on the localizer beam at tlfuenaort 

and a comparison was maae between UMb reaaings ana uitterential 

umega readings using the u~ili antenna colocatea witn the blmenaorr 

localizer antenna. 
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Figure 3.5 illustrates the two-dimensIonal results obtained 

during the flight from Anchorage to Horner. In Figure 3.5, the 

tips of the arrows represent the aircratt positIons det~rmined by 

DME measurements from Anchorage, Kenai and Homer. The bases at 

the arrows indicate the Omega-inferreo position of the aircratt 

at corresponding times. It can be seen that the Differential 

Omega error at 2209 GMT was about 5' NM lif we assume that the UMe 

readings were error-free) and that the Differ~ntial Omega error 
decreases monotonically 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 immediately. 

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 tram 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 after startirig 
the engines, the Omega solution had not compl~tely 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 Elmendorf localizer beam 

provides guidance for a low-altitude tlight path orientea at 

55 0 magnetic l80 0 true) with respect to north. Even In the 

presence of cross winds, a skilltul pilot can maiIltaina 

cross-track error of less than 200 feet with respect to the 

center of the beam. In the present case, the aircraft maintainea 

a cross-track error less than 150 feet during each approach along 

the localizer beam. Following the first and and secona 
approaches, the aircratt proceeded in a counter-clockwise 

direction to intersect the beam again. 
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Figure 3.5 Two-Dimensional Differential Omega Errors During 
Flight from Anchorage to Homer on 27 February 1~8l 
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Figures 3.6 ana 3.7 illustrate tne results obtaineu aur1n~ 

the second and thira approaches along the tlmenoort 10cal1zer 

beam. In these fi~ures the tips of the arrows describe tn~ 

location of the aircraft at various tlmes as uetermineu by 

localizer ana TACA~. The square aots at tne bases ot the arrow 

describe the Differential unle~a solutIons ODtalnea at the same 

times. 

The results illustrated In Figures 3.6 ana ~.7 Inulcate til 

following: 

ll)	 The magnltuae of navlgation error 1n tn~ Uitferentlal 
Umega solutions varlea trom about 1.5 ~~I to about 
0.25	 ~M during each approach along the beam. 

l2)	 Pertormance of the Differential Umega system was 
repeatable on successive approaches. 

l3)	 Differential umega position Solutlons during a typlca 
approach can De characterizea by a posltlon overshoot 
of about 1.5 ~M followed by a monotonlC aecrease In 
error with an effective time constant of about two 
minutes. The position overshoot began as tne alrcrat 
executed a procedure turn counter-clocKwise to enter 
the path of the localizer beam. 

l4) .	 A random error component of about U.25 ~~ 2-UKM~ 
appears to be superimposea on the tranSlent respollse 
notea in l3). 
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Air Force Base on 27 February 1981, Third Approach 

00 



IV. uISCUSSIu~ 

The fllght tests of uctober 19~U and feoruary lY~l have 

providea answers to many ot the questions tnat were statea at tne 

beginnlng of this proJect, as well as to some 4uestions that were 

probably not considerea. It lS instructive to pose two oroaa 
questions here that have been impllclt i~ this ~roJect trolil the 

beginning, and to consiaer how the results ot this ettort answer, 
or fail to answer these questions. The 4uestions are: 

(1)	 What was the performance of the ultterential umega 
system that was tested in Alaska? 

l2)	 What is the achlevable performance of Ulfterentlal 
Umega navigation in Alaska? 

The first question, has been answered, to a large extent, by 

the test results described in ~ectlon Ill. The pertormance 

parameters measurea during the field tests were navlgational 

accuracy, data-linK range, transient response and system 

reliability. 

~avigational accuracy for the existing system was iouna.to 

be characterized by a ranuom error component ot about U.25 ~~I 

2-Uk~S 19S'), under ideal conaitions; that is, wlth a stationary 
navigator within 6 NM of the monltor station. Unaer conaitions 

that includea low altituaes, a snort data-link range an~ 

procedure turns, the total error appearea to be charact~rlzed Dy 

a transient error component wltn a 1.5 ~~ peak ana a 2-lliinute 

decay time constant, along with a steaay-state ranaom component 

of about 0.25 Nk, 2-URMS. 

These results are of the form predlctea theoretically lbj ln 

terms of the polarity of the overshoot ana the time constant ot 

the recovery following a maneuver. however, the magnltuue of the 

overshoot was much larger than has been predictea. The 

theoretical predictions were basea on computer Slillulatlons of 

idealized conditions and aia not incluae the eftects ot tlIlite 
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signal-to-noise ratio ano InstrumentatIon error. It Shoulo be 

pointeo out that the transient behavior of tne system tollowing 

an aircraft maneuver shoulo be the same whether the system IS 

operating in oroinary Umega or Uitterential 0mega. In other 

words, susceptability to aircraft maneuv~rs is not a 

characteristic that is specltlc to Uifterential Umega, althougn 

transient etfects are potentially 4uite important wherever hIgh 

accuracy must be maintaineu continuously UUrlng sonle ~erloo, SUCh 

as during a non-precision approach. 

There are several plausible reasons for the large overShoot 

that was observed, incluuing lags or errors ill the alUlng in~~ts 

(true airspeed and heauing), ana lags or errors In the tracKIng 

loops or navigation fIlter of the Umega receiver. The limiteo 
data dO not permit a uefinitive analySIS ot the reason tor the 

position overshoots following maneuvers. however, since 

preoictea behavior L6j containeo much smaller overShoots than 

were observeo, it is likely that the obs~rvea over snoots resulteu 

from a system malfunctIon rather than trom a aesign 

characteristic. 
\ 

Uata-link range was observeo to vary trom 44 ~~I to l~b ~M, 

depending on the level of radiQ noise ano the orientation of tile 

aircraft antenna. The small sample size ooes not permIt a 

probability of successful signal reception to be ass1 6 neu to any 

range, although it is obvious that in most ot the cases observea, 

the effective range ot the oata lInk was less tnan will be 

required by an operational system. In oraer that aata-linK ran6e 

not be the limiting factor In allY practIcal appLIcation at 

Differential Umega, it seems that rellaole aata-llnK range shoula 

be at least 20U ~M at all times, Which is a tactor or nearly lIve 

over the smallest range limit Observeu Ourlng the tests. 

Data-linK range can certaInly be improveu over tllat 

observeo. AvaIlable teChniques tor improving aata-linK ran~e 

inclUde increasing transmItter power, lIlcreasln5 moaulation level 

on the siue-tone, aecreasing the link nata rate, ano prOViOlng 
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software (such as error-correcting codesJ that is more tolerant 

of bit errors in the data. 

Probably the most powerful and cost-effective technique for 

increasing the range of the data link is to reduce the link data 

rate. The present system sends a complete, 400-blt 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 Omega phases during these 

tests both suggest that update periods of up to five minutes are 

adequate for accurate performance of Differential Omega. If the 

data link were reconfigured to provide one update per IOU seconds 

at 4.0 baud, the required bandwidth of the link could decrease by 

a factor of 31.25 yielding a range multiplication of 5.6. It 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 signIficant 

sacrifice in system performance. Furthermore, baseband cirCUIts 

supporting a 4-Hz data str~am 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 reconfigurea as 

suggested, then it would no longer be necessary to disable 

weather broadcasts from a beacon transmitter when the beacon IS 
to be used in support of Differential Omega, 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 ueadhorse monitor experienced an 

outage of several hours duration and Transmitter H lJapanJ 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 Differencial 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 tr~nsmitter, about 100 meters 

away. This type of problem can be mitigated either 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 difficult to provide isolation 

between line power and processor sottware. 

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 l4J 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. ~evertheless, 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 observed performance of the present system provides some 

insight into the achievable performance of Differential 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 takeoff merely to 
assure accurate navigation. it may be appropriate to design into 

any operational avionics a special stanaby 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 of the lracor 7620 iollowing 

aircraft maneuvers was not satisfactory. The FAA recognizes the 

inherent problem of overs~oot in area navigation systems lll) ana 

suggests that pilots anticipate course changes by one mile for 

each 100 knots true airspeed in oraer to mitigate such effects. 

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. 

4S
 



V. CONCLUSIONS AND RECOMMENDATIONS 

The overall objective of this project has been the 

development and evaluation of a Differential Omega system. ~iost 

of the field testing has taken place in Alaska ana 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 ~he 

performance 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 for an 
operational system. 

The results suggest that Differential Omega can provlae 

reliable operation and improved performance for data-link ranges 

at least as great as 200 mi. At very small data-link ranges, 

accuracies approaching 0.25 NM 2-D~~S are achievable. Accuracy 

should degrade slowly with increasing range. 

The results also suggest that Differential Omega, when 

properly implemented, can ~eet requirements for terminal 

operations and non-precision approach as well as for enroute 

navigation. 

The flight tests of the prototype system have yielded 

valuable information on the major characteristics and design 

parmeters that will be requirea by a fully operational system. 

The required characteristics that have been identifiea can be 

summarized as follows: 

(1)	 ~onitor stations should be geographically 
distributed so as to provide redundancy for all 
potential users. The monitors themselves shoulG 
be designed to be highly immune to transients or 
outages in line pow~r. 
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l2)	 Ditferential corrections should be updatea about once 
every 100 seconds. vata rate nee a be no greater tnan 
about 4 hz. A moaulation methoa shoula De aaopt~a such 
that telemetry ana voice can be oroaacast 
simultaneously from the Uf beacon transmitt~r. 

l3)~onitor stations In Alaska shoula proc~ss dltrerentlal 
corrections only for umega sl6nals trom A, L, V ana N 
ana at frequencIes or 10.2 khz ana 13.b KNZ. 

l4J	 Transient performance requirements for area navigatIon 
systems have not been clearly s~ecitiea oy tne fAA. 
~evertheless, the transient res~onse ot the umega 
receiver usea in the AlaSKa tests was clearlY exceSSlve 
for nonprecision approach. ~ince overshoot is an 
unavoidable characteristlc of most area naVlgatlon 
systems, acceptable levels of transient performance 
should be specified in oruer to establish aeslgn 
criteria clearly for future systems. 

lSJ	 Airborne Umega receivers should be aeSlgnea to lncluae 
a "stanaby" moae in WhlCh umega sIgnals will be tracked 
and processed, and naVIgation solutions com~uted at a 
minimum power arain. 
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APPENDIX A 

DIFFERENTIAL CORRECTION '!ESSAGE F01UtAT 

Length ~o bytes 
Information 7 bit ASCII, even parity 

Data Byte Ii Data 

ASCII S 21 MS Part Cor-:'ec::tion Sation 3 13.6 

ASCII 22 ' - ~1 LS Part Correc::tion Station 3 -~ .', 

:1--ASCI! 1 ~3 ~IS .. lO1o ...... Cor-rec:ion Station J i!.5 

ASCII 2 2J LS Pa.t ~orrec::tion Station 4 13.0 
~ -ASCII 0 -~ MS Part Correc::tion Station 1 11. 33
 

ASCII I) :6 LS Part Cor.ec::tion Station 1 11. 33
 

ASCII 0 2- M Part Correc::tion Station 2 11.33
 

Station Identifie :S LS Part Correc::tion Station , 11. 33
 
ASCII 1-3
 

~IS Part Correc::tion :S M Part Correc::tion Station 3 11. 33
 
Station 1 10.2
 

LS Par':: Correc::tio!l. 30 l..S Part Correc::tion Station 3 11. 33
 
Station 1 10.2
 

~IS Part Cor,ec::tion 31 ~S Part Correc::tion Station 4 11. 33
 
Station : 10. :
 

-~LS Part Correc::tion ~;,. LS Part Correc::tion Station -l 11. 33
 
Station 2 10. :
 I


Correc::tion 33 ,,, 
Station " ' 

1.M P:Ht Usable Stations E-~ ........
 

- "0 .. I
 
LS Part Correc:.ion 3-'- i

I 
Usable StationsA"D :0.: 

Stadon 3 10. :
 I
 
I
 

~fS Part COT':"ec t iOf6 33 Usable St3.tions E-H 13.6 ,Station .. 10. : 
I
LS Part Cor:,ec:::ion 36 Usable Stations :\-D 13.6 

• 1 •Station .. !. -.: •  I
 
~[S Part Co:":-ection J, 

Station 1 13.6 

LS Part Correc::tion 33
 
Station 1 13.6
 

~rs Part Cor.ec::tion 39
 
Sta t'ion 2 13.6
 

LS Part Correc:ior. J.ij 

Station 2 :1.3.6 

:Jsable Stations E-;': :;'1.33 

Usable Stations ... ·D 11.33 

Checksum 

C:tecksum 
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APPENDIX B 
SYSTEM INTEGRATOR FOR O~reGA NAVIGATION SYSTEM 

The System Integrator for the Omega Navigation System 

receives a demodulated subcarrier from the ADF receiver, aetects 
the data, selects the appropriate data for the system and senas 

the data to the Omega System. The software functions required in 
performing the system function are: 

•	 convert the input subcarrier to digital samples 

•	 track the phase of the subcarrier 

•	 detect the presence of the subcarrier 

•	 detect the timing of the digital mOdulation on the 
subcarrier (bit sync) 

•	 detect the data 

•	 detect the data header 

•	 select and reformat the data for the Umega system 

•	 output the data to the Umega System 

An execut.ive program is required to control the 

subfunctions. The executive is initialized every 8 ms except 

when preparing an output message. The executive programming IS 

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 software mOdules take place wi~h the 

control codes. Table 2 lists the counters used by the mOdules. 
Figure 1 shows the executive software. 
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Table 1 Operating Modes 

MODE CONTROL CODE OUTPUT MODE TRANSITIONS 

Cl-0::c: 

u 
Z 
>-
U) 

E-o 
...... 
"l 

0::: 
..u 
...... 
0::: 
0::: 
.ex: 
u 
"l 
::J 
U) 

.ex: 
E-o 
.ex: 
Cl 

0::: 
..u 
Cl 
.ex: 
..u
::c: 

.ex: 
E-o 
.ex: 
Cl 

Cl 
....::l 

9... 

0::: 
..u 
...... 
0::: 
0::: 
.ex: 
U 
co 
:::> 
U) 

0::: 
..u 
...... 
0::: 
0::: 
<
U 
"l 
::J 
U) 

U 
Z 
>-
U) 

E-o 
...... 
"l 

U 
Z 
>-
U) 

E-o 
...... 
co 

0::: 
..u 
Cl 
.ex: 
..u 
::c: 

0::: 
..u 
~ 
...... 
E-o 

Cl 
....::l 
0 
::c: 

1 
2 
3 
4 
5 
6 
7 

Mode 

0 
0 
0 

1 
1 
1 
3 

0 
0 
0 

0 
0 
0 

0 0 
0 1 
1 1 

1 
0 0 
0 1 
1 1 

is normal 

x 
x 
x 

x x 
x x 
x x 

operating mode 

Z 

5 

1 
1 

4 
4 

3 

6 

Z 

5 

1 
1 
1 

~1odes 1-2 are acquisition modes 

Modes 4-6 are reacquisition after message 
received 

has been 

Mode 1 Subcarrier is 
been received 

not detected; 
recently. 

data have not 

~lode Z 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 wi th 2 with reacquisition 

~iode 6 Same as with .3 with reacquisition 
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Table 2 

COUNTER 

Interrupt 
Input
Counter 

Interrupt
Output 
Counter 

Output Bit 
Counter 

Output Bit 
Counter 

Signal De
tect Counter 

Bit Counter 

Character 

Hold Timer 

INCREMENT RANGE MODULE 

1 Interrupt Interrupt 
0-8 

1 Interrupt Interrupt 
0-10 

1 Bit Interrupt 
0-8 

1 Word Interrupt 
7F-FC 

8 Millisecond Subcarrier 
0-12 Detect 

1 Bit Bit Processing 
Executive 
0-9 

1 Character Bit Processing, 
3F-67 Character, 

Processing 
Executive 

8 tvlillisecond Hold Processing 
0-8 Min 

U:::>AGE 

Used to reinitialize 
executive every 
eighth interrupt 

Usee to output a bit 
every tenth interrupt 

Counts bits to be 
output 

Contains current word 
to be output 

Used to count oft O.~ 

sec 

Used to mask off input 
or parity 

Used to keep track of 
current character 

Used to COUllt oft 
eight minutes SInce 
last message was 
received 
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TOGGLE SAMPLE STORAGE
 

TRACK SC PHASE
 

DETECT SUBCARRIER 

BIT PROCESS ING 

WORD PROCESSING 

MESSAGE PROCESSING 

CLEAR BIT SYNC 

NO 

NO 

NO 

NO 

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 2 ana 

the software flow diagram in Figures 2b and 2c. An analog 

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

The sampling process provides alternate samples three

quarters and one and one-quarter cycles apart Lsee FIgure 4). 
The change of sample timing is accomplished by adjusting the 

count of a preset counter (see Figure 5). 
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SUB CAR RIER
 
INPUT
 SUBCARRIER 

FILTER 

ANALOG 
INPUT 

tJ:l 
C]\ 

r 

AID 
rDATA INPUT CONVERTER 

PROGRAMMABLE CRYSTAL 
DI VIDER OSCILLATOR 

".... 

SAr~PLE 

TIMING 

SAMPLE SAMPLE 
TIME ... TIME 

LATCH OUTPUT 

.. "....~ 

"v" 
COMPUTER DATA BUS
 

FIGURE 2. SUBCARRIER PHASE TRACK HARDWARE.
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ZERO ERROR
 
(E=O)
 

A=: SAMPLE ADDRESS 

DECREMENT SAMPLE
 
ADDRESS
 

DECRE~1ENT 
SAMPLE 

R SS 

ADD SAMPLE 
TO ERROR 

SAMPLE ADDRESS 
+ 2 

TIME CORRECTION 
(F) =ERROR/8 

TIMING =: 1750 + F 

SUBTRACT SAMPLE 
FROM ERROR 

NO
 

RETURN 

FIGURE 2B. SUBCARRIER PHASE TRACK. 
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COMPUTE SUM OF THE MAGNITUDES 
OF THE INPHASE SAMPLES 

COMPUTE TWICE SUM OF
 
THE INPHASE SAMPLES
 

CLEAR EVERYTHING 
BUT THE HOLD FLAG 

NO 

YES 

POLARITY =SIGN (:::1) 

SET SUBCARRIER 
DETE CTE 0 FLAG 

-: I --"Q -~1-
..... ; : - - j ) -..... -

SDCOUNT = a 

NO 

RETURN 

FIGURE 2C. DETECT SUBCARRIER 
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SUBCARRIER 
INPUT QUADRATUREPHASE 

...... MULTI PL! ERDETECTOR 

~ 

PHASE---. DETECTOR INPHASE DATA 
~~ 

90° PHASE 
SHIFT 

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 IS 

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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,/\ f\ f\	 f\.f\ A ~ /\ f\ f\ f\ .f\r 

.. 
II II II II	 II II
 
12 34 56 78 12 34 56 78
 

INTERRUPT	 OUTPUT TIME 

OJ 
t-' 
t-'	 1 1250 + (Fx8)T
 

2 750
 
3 1250
 
4 750
 

1250
5
 
6 750
 
7 1250
 
8 750
 

• 

FIGURE 4. SAMPLE TIMING 



TIMING CONTROL 

1. DivIde number of ~sec between sampl~s by two. 

2.	 Convert the results. into three BCD aigits - a, b, 
c, and a remainuer r. r may be 1 or u. 

J. Output I is two BCD aigits b, c. 

4.	 Output s is the third BCD digIt and the
 
remainder rxxxx, a.
 

Example:
 

Output:	 1751 lJsec
 

2 1751
 r=l875 

Output 4 = remainder is most significant bit 8 8 
1000 1000 

Output 1 = 75 
0111 0101 

Test	 program used to check timing. 

ADD INST	 COMMENT 

00 71 OIS Disable Interrupt
 
01 00 X = D P = 0
 

02 61 OURl Output 1 75
 

03 75
 

04 65 OUTS Outputs 88
 

OS 88
 

06 00 IDL Idle
 

Figure 5 
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BIT SYNC (PART OF INTERRUPT) 

The analog equivalent of the bit sync process is shown in 

Figure 6. The in-phase samples are amplituue samples at the 

filtered data wave form. The filtering is proviueu by the 
hardware subcarrier band pass filter. The filterea wave form is 

rectified ana 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 trom this 

timing. The average value of the reterence times the magnituae 

of the in-phase samples is examinea to determine if a aiscrete 

change in timing is requirea. The software flow diagram IS shown 
in Figure 6b. 
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BIT TIMES

BIT 

1 
BIT 
2 

BIT 
3 

BIT 
4 

BIT 
5 

BIT 
6 

BIT 
7 

BIT 
8 

1 I 0 o I 1 110111 0 BIT VALUES 

MANCHESTER COOl NG . 

FILTER WAVE
 

MAGNITUDE
 

MAGNITUDE-AVE (Me) 

REFERENCE
 

~ ERROR 

REFERENCE1f1.f 

-¥- ERROR POSITIVE 

REFERENCErul 
ERROR NEGATIVE..Jv-

FIGURE 6. 
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INTERRUPT 
COUNT = 6 

NO 

NO 

YES
 

+ 

+
 

SET BIT SYNC 
AND BiT SYNC 
DETECTED FLAGS 

FIGURE 6B. BIT SYNC 
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NO 

CLEAR BIT SYNC
 
DETECTED FLAG
 

YES 

+
 

+ 

CLEAR BIT 
SYNC FLAG 

FIGURE 6B. Continued 
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BIT PROCESSING 

Each group of 8 samples represents 1 bit of 1 character oi 

the input message. By comparing the sign oi the last sample 

received and polarity for this group of samples, ~hlS module 

determines the value of the bit. If the sign ot the sample ana 

polarity are the same, then the bit is a 1; ii the> are 

different, the bit is a O. The routine after determinlng tile 

value of the bit stores it In its proper place in the input 

message. The software flow aiagram is shown in Figure 7. 
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YES 

GET SIGN 
OF SM1PLES 

+ 

+ + 

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 b~ checkeo to se~ if they are 

ASCII 51. If the first two characters are not Sl then the first 
one is discaraed and the program will continue checkIng for 51. 

When Sl is found, the message processing ilag is set. In 
addition, each character is checked for a parity error. If one 

is found, then the parity error flag is set. See FIgure 8 for 
the software flow diagram. 
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NO 

NO 
CHAR. COUNTER 

NO 

YES 

NO 

CLEAR PARITY ERROR 
FLAG AND SET MESSAGE 
PROCESSING FLAG 

SET PARITY 
ERROR FLAG 

CHAR. COUNT = 1 
CHAR( 1) = CHAR(2) 

.. 

RETURN 

FIGURE 8. CHARACTER PROCESSING 
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MESSAGE PROCESSING 

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 completio~ of 

message processing, the message ready flag is set and the hold 

timer is initialized. If a parity error were found during 

character processing or the check sum were In 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 U 

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 ASCIl also. 

The format of the output message is shown in Table 4. The 
usable stations are represented as a lb-bit word with the 8 least 

significant bits representing stations A-H, respectively. A 1_ in 

the bit position for a station means it is usable. The phase 

corrections are signed 16-bit twos complement integers with a 
range of 255 x lanes x 10- 2 to -255 x lanes x 10- 2 . Setting 

the least significant bit of wora 37 signifies that the message 

is ready. The check sum word 38 is the lIs complement of the sum 

of words 2-37. Figure 9 shows the message processing software 
flow. 
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fES 

PUT USABLE 
STATIONS IN 
OUTPUT MESSAGE 

GET PHASE CORRECTION 
CORRESPONDING TO A 
USABLE STATION FROM 
INPUT MESSAGE 

PUT PHASE CORRECTION 
IN PROPER LOCATION IN 
OUTPUT MESSAGE 

;TGURE 7. ~ESSAGE ?ROC£SSING. 
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Table 3 

CHARACTER FUNCTIOl\l 

0,1 Sl Ht:aaer 

2,3 byte Count 

4,5 IdentifIcation 

6,7 Identification 

8,9 Station 1 10.2 Phase 

10,11 Station 2 10.2 Pha~e 

12,13 Station 3 10.2 Phase 

14,15 Station 4 10.2 Phase 

16,17 Station 1 13.6 Phase 

18,19 Station 2 13. b Phase 

20,21 Station 3 13.6 Phase 

22,23 Station 4 13.6 Phase 

24,25 Station 1 11-1/3 Phase 

26,27 Station 2 11-1/3 Phase 

28,29 Station 3 11-1/ :; Phase 

30,31 Station 4 11-1/ :5 Pnase 

32,33 10.2 Stations 

34,35 13.6 Stations 

36,37 11-1/3 St~tions 

38,39 Check Sum 
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Each two bytes of the Canadian message are reformattea into on~ 

byte to aecode the message. For instance, if words 9 anu 10 were 

46 (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 LASC II for 4 ) and 45 (A~C II for E) 

then the usable stations would be B, C, D, 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 numDer 

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 4U would be 43 (ASCII for C). 

The listing for 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 Ponnat 

WORn 

0 

1 

2 

3 

4. 
5 
(1 

7 

8 

9td 
1'-.1 
Vl 10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

DESCRIPTION 

o 1 0 1 0 1 0 1 0 101 0 1 a 1 

o 000 0 0 0 0 ABC D E f G II 

o 0 0 0 0 () 0 0 ABC D E f; G II 

OOOOOOOOABCDEfGl1 

00000 0 0 0 ABC D E F G II 

HEADER 

10.2 USABLE 

13.6 USABLE 

11 1/3 USABLE 

11.05 USABLE 

PHASE CORRECTIONS
 

PHASE CORRECTTONS 

Pi-IASE CORRECTIONS 

PHASE CORRECTIONS 

PHASE CORRECTIONS 

Pr~SE CORRECTIONS 

P1-1ASE CORRECTIONS 

P~SE CORRECTIONS 

Pf~SE CORRECTIONS 

PI~SE CORRECTIONS 

PI ~SE CORRECTIONS 

PHASE CORRECTI ONS 

PI-IASE CORRECTIONS 

PHASE CORRECTIONS 

PI-lASE CORRECTIONS 

PHASE CORRECTIONS 

PHASE CORRECTI ONS 

SCHEDULING
 

OPEN CIRCUIT IS "1", CURRENT SINK IS "0" 

"1" IS STATION USABLE 

"1" IS STATION USABLE 

"1" IS STATION USABLE 

"1" IS STATION USABLE 

STATION f\
 

STATION B
 

STATION C
 

STATION D
 

STATION E
 

STATION P
 

STATION G
 

STATION H
 

STATION A
 

STATION B
 

STATION C
 

SI'ATION D
 

STATION E
 

STATION F
 

STATION G
 

STATION II
 

STATION A
 

10.2 

10.2 

10.2 

10.2 

10.2 

10.2 

10.2 

10.2 

13.6 

13.6 

13.6 

13.6 

13.6 

13.6 

13.6 

13.6 

11.1-1/3 

KH z 
KH 

z 
KHz 
KI-I z 
KH z 
Kfl z 
KHz 

KHz 

KHz 

KHz 

KHz 

KHz 

KHz 

Kf1 z 

KHz 

KHz 

KHz 



--
WOIW 

. 22 

23 

24 

25 

26 

27 

28 

29 

30 

31
l::Jj 
h.l 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

Q\ 

Table 4 

Data Interface f-annat 

(Cant I d.) 

DESCRIPTION 

STATION B 11.1-1/3 KH z 
STATION C 11.1-1/3 KH z 
STATTON D 11.1-1/3 KHz 

STATlON E 11.1-1/3 KlI z 
STATION r 11.1-1/3 KlI z 
STATTON G 11.1-1/3 Kl-I z 
STATION II 11.1-1/3 Klf z 
STATION A 11.05 KHz 

STATtON B 11. 05 rn z 
STATION C 11.05 KI-I z 
STATION D 11.05 Kl-I z 
STATtON E 11.05 Kl-I 

z 
STATTON F 11.05 KI-I z 
STATION G 11.05 Kll z 
STATtON H 11.05 KI-I z 
o 000 0 0 0 000 0 0 0 0 0 M 

CHECK SUM 

SPARE 

" 
" 

" 

" 

PHASE CORRECTION 

PHASE CORRECTION 

PHASE CORRECTION 

PHASE CORRECfrON 

PHASE CORRECTION 

PHASE CORRECTI ON 

PHASE CORRECTION 

PHASE CORRECTION 

PHASE CORRECTION 

PHASE CORREcrI ON 

PHASE CORRECT ION 

PHASE CORRECTION 

PHASE CORRECTION 

PHASE CORRECTION 

PHASE CORREcrI ON 

M)DE 

SCIIEDULING
 

2
LANES x 10

.M-1 DIFFERENTIAL OMEGA. MJDE M=O SWC M)DE 

SUM OF WORDS 1-37 



Data Interface Pannat 

(Cant' d.) 

tp 
tJ 
'. I 

WORD DESCRIPflON SeT IEIJJLING 

4/l SPi\HE 

4S " 
4fi " 
47 " 
48 " 
49 " 
50 " 
Sl " 
52 " 
53 " 
S4 " 
5S " 
56 " 
S7 " 
S8 " 
59 " 
60 " 
61 " 
62 " 
63 o Bit'z 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-401-23S-I, 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 

3113 

3104 

3202 

0277 

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. 

Bit sync confidence. Starts at 100. 

If a 010 is stored here the 7620 initiates 

resync and ignores checksum errors. 

Differential stations OK (information gotten 

from integrator message). A "I" in the 

station's position indicates a useable station 

e.g. ABC D E F G H - 261 8101 1 0 o o 1 

A 261 indicates that stations A,C,D and Hare 

useable. 

Differential Deselect. This shows the stations 

being used by the 7620. 
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2
 

UHTIALlZE 
7520 

TURN ADF 
ON 

CHECK USING 
LOGIC ANALYZER 

FIGURE lO. DIFFERENTIAL OMEGA TROUBLESHOOTING FLOWCHART. 
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CHECK ANTENNA, 
>-------------------------- ~7620 SOFr~ARE, 

TRANSMI TTED 
SIGNALS &CORRECT 

LOCKUP 
PROBLEM? 
(FREQ OFFSET 
JITTER) . 

CONTI~WE 

TEST 

MANUAL
 
SELECTION,
 

(RE - INITIAl! ZE?) 

~SERT JLD 
~OM SET 
NTO TRACOR 

B31
 



HOOK UP TEST 
GENERATOR &LOGIC 
ANAL YlER TO 
INTEGRATOR,TURNON 

DUAL TRICE SCOPE 
>-----tCH2 GA PIN 5 (R9)

CH 1 PIN 11 
TRIGGER 

TRY TESTING 
IN AIRCRAFT 
FOR MORE 
INFORMATI ON 

TRACE BACK 
FROM CHECKSUM 
SET PROCEDURE 
&CORRECT 

TRACE THROUGH 
SYNC PROCESS 

&CORRECT 

1
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CHANGE RE F 
PHASE AT 
MaN ITOR 
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Tahle 6 

System Integrator Differential Message Format 

nIlS 
a 1 2 3 IJ 

0 1 0 1 0 
0 1 0 1 0 
0 a 1 1 0 

[LOP1] 

[LOP1 ] 
[LOP1] 
[LOP1] 
[LOP1] 

tJj 

VI 
~ 

l-JOH!) 

a 
1 
2 

3 

4 
5 

6 

7 

8 

9 

10 

11 
12 
13 

14 
15 
16 
17 
Hl 

19 
20 
21 

5 6 7 OESCHIPTION SCALING 

1 0 1 
1 0 1 
0 1 1 

[LOP2] 
[LOP2] 
[LOP2] 
[LOP2] 
[LOP2] 

.. 

IIEADEI{ 
HEADER 
HEADER 
AREA PRIMARY LOPls 

AREA ALTERNATE LOP's 1 
AREA ALTERNATE LOPls 2 
AREA ALTERNATE LOP's 3 
AREA ALTERNATE LOP's 4 

CHECK SUM 3-7 
AREA LOP1 C1 MSI3 
AREA LOPl Cl 
AREA LOPl C1 LSI3 

, 

AREA LOP2 C2 MSIl 
AREA LOP2 C2 

CIIECK SUM 9-13 
AREA LOP 2 C2 LSIl 
AREA LAT C3 MSR 
AREA LAT C3 
AREA LAT C3 LSI3 
MEA LAT C4 MSB 

CHECK SUM 15-19 
AREA LAT C4 I.SB 

N/A 
N/A 
N/A 

A 000 E 100 
13 001 f 101 

< 
C 010 G 110 
D 011 II 111 

N/A 

f LANES x 2- 12 

-12 
N/A LANES x 2 

~ smICIRCLES 

'l 
N/A( SEMICIRCLES/LANE 2~5 

_.... _--- -----_..... __.-- -

..\ 



-----

:, ':ie," 

Table 6 

(Continued) 

HOIW 

22 
23 
2~ 

25 
26 
27 
28 
29 

30 
tJ:l 
VI 31 
(II 

32 
33 
3~ 

3~) 

36 
37 
38 
39 

40 

41 
42 
43 

-----_._- --~ 

oITS 
0 1 2 3 '1 .-,) I) 7 DESCRIPTION
 

AREA LAT C5 
AREA LAT C5 
AREA. LAT C6 
AREA LAT ·C6 

CHECK SUM 21-25 
AREA LAT C7 
AREA LAT C7 
AREA LAT C8 
AREA LAT C8 

-AREA LONG C9 
CHECK SUM 27-31 

AREA LONG C9 
AREA LONG C9 

MSA 
LSIl 
HSO 
LSU 

MSll 
LSB 
MSB 
LSB 
Msn 

LSJ3 
AREA LONG C10 NSB
 

AREA LONG ClO LSO
 
MEA LONG Cll Msn
 

CHECK SUM 33-37 
AREA LONG Cll LSB 
AREA LONG C12 Msn 
AREA LONG C12 LSB 
AREA LONG C13 Nsn 
AREA LONG C13 LSO 

SCAL I rIG 

fl SEMICIRCLES/LANE 2- 5 

1 2- 14SEM ICIRCLES/LANE 

N/A 

2-14{ SElHCIRCLES/LANE 

f 2 2- 14I SEMIC IRCLES/LANE 

I 

N/A I 

< SEM ICmCLES 

')-5
Lf SEMICIRCLES/LANE 

2- 5N/A ISEMICIRCLES/LANE 

2- 14.f SEMICIRCLES/LANE 2 

f SEMICIRCLES/LANE 2 2- 14 

_. - -.-------.~ 

. 



Table 6 

(Continued) 

I·IORD 

41\ 

45 

46 
47 

48 
49 

50 
51 
52 

53 
54 
55 
!16 
fIl. 

5H 

59 

60 
61 
62 
63 
61\ 

65 

(iii 

67 

UITS 
0 1 2 3 4 I-

-) II 7 

A B C 0 E F G II 

A B C 0 E F G II 

A B C 0 E F G H 

A B C 0 E F G II 

to 
Vol 
0\ 

[MSB STATION A 

ILSB] [MSB STATION B 
LSB] [t-lSBI 

ISTATION C LSB] [1'1SB 

IST.'\TION 0 LSB] 

[MSB STATION E 

IlSB] [MSB STATION F 
LS8] [MSBI 

ISTATlON G LSIl] [MSB 

ISTATI0r1 II LSB] 

SCALINGOESCHIPTION 

N/AWECK SUM 39-13 
2 2-14I SEMICIRCLES/LANE 

AREA LONG C14 LSO 
AREA LONG C14 MSB 

/
10.2 kHz USABLE 
13.6 kllz USABLE
 
11.1-1/3 kllz USAOLE
 < "1" IS STATION USAllLE 

N/A ICIIECK SUM 
11.05 kllz USABLE
 
SPARE
 
SPARE
 

SPARE
SPARE
 
SPARE
 

CIIECK SUM
 N/A 

I
 
I
 

~ 10.2 kllz PHASE CORRECTIONSI
 
I
 
I
 

CIIECK SUI1 
/

I
 
I
 

10.2 kllz PIIASE COHRECTIONSI
 
I
 

. I
 \ 
,~ \ 



r.~ -t 

Table 6
 

(Continued)
 



Table 6 

(Continued) 

Cd 
V-l 
C/:J 

HOIW 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

"-

BITS SC/\LINGDESCIUPTION
3 4 5 6 7 

"{ 
0 1 2 

I STATION
 

I STATION
 

[MSI3 

I LSB] [MSB 

I 
I STATION 

I STATION 

" [MSB 

I lSB] [MSB 

I 
I STATION 

I STATION 

[MSB 

I LSB] [MSO 

I LSI3] 

I STAT ION 

I STATION II 

G LSO] [MSBI 

II LSO] 

CIIECK SUM 87-9"' 

STATION A I 11.05 kllz PHASE CORRECTIONS ISTATION B I 
LSB] [MSO I 

C LSB] [MSB I 
D LSIl ] 

CHECK SUM 93-97 

STATION A I 11.05 kHz PIIASE CORRECTIONS 

STATION B I 
lSB] [MSB I 

C LSB] [MSI3 I 
D LSI3 ] 

STATION E I 
STAT ION F I 
[MSO I 

G LSB] [MSB I 
LSB ] 

11 .05 kllz PHASE CORRECTIONS 

CHECK SUM 99-103 N//\ 

LANES x 102 x 2-"11 .05 kll z PIIASE CORRE CT IONS 

CHECK SUM"105-109 N/A 

\ 
- -_.__ .__.. _-------------_. 

\' 
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APPENDIX C
 
LOGIC DIAGRAM SYSTEM INTEGRATOR BOARD
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APPENDIX D 

FINAL TECHNICAL P~PORT 

DIFFERENTIAL E-FIELD NOISE-CANCELLING ANTENNA SYSTEM 

1.0 SUHHARY 

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 P~SULTS 

Operation of the noise-cancelling, differential 
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 description 
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 ~ith the Omega Noise Analyzer (DNA). 

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 i~equality in signal reception between 
upper and lower antenna 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 
c~~not be nulled) . 

Several steps were taken in an attempt to isolate 
the source of this interference. The individual preRmplifiers 
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 airfrRme. 

The upper and lower preamplifier units were 
also exchanged, beaveen the £irst 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 arrbient noise field surrounding the lower antenna or, 
less likely, to some interference picked up via the interconnecting 
cable between the lower preRmplifier 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 antenna is complicated by the fact that Omega 
signals cannot be normally received by an undemeath-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). 

~nother 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 dlrcraft on ground and with 
landing gear doors opened so as to expose the lower antenna to 
other possible interference sources) may not be indicative of 
the actual ?oise 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 internal 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 signal 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 consideraoly 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 observing 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. TIle 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 woutd 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 inaudib 1e on the lower antenna (B mode). Thele 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 c~~ce11ation. 

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 tria1-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)	 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. 

3)	 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 antenna 
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 are-location 
of the lower antenna (say, by moving the 
antenna aft by 5 feet or more). 

4) Osc~lloscope monitoring of each preamplifier 
outputs should be employed 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). 

5)	 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. 
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:3 .0 SYSTEM DE~CRIPTIO~ 

A brief description of each ot th~ functional 

components of the aircraft instrumentation is as follows: 

3.1 E-Field Antennas 

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 neighborhood of 
only 2 x 10- 13 farad-meter, requires an extremely gooo 

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 flush mOull1:ed antenna would 

be even better, but this woula pose an additional installation 

problem for the FAA Convair 580 and other aircraft. 

3.2 Antenna Coupler Preamplifier) 

An active coupler/preamplifier is useo 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 mooe input noise. An electric-fielo 
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strength sensitivity in the neighborhood of 1 volt/meter - .~ 

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 

switch 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 wiae 

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 of a thumbwheel 

switch, a particular Omega segment to be usea for time gating of 

the wide band filter; similarly, a second Omega segment can 
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3.5 

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. 

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 

Channell and 2: 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 compa=ative behavior of loop ~ 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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