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SUMMARY AND CONCLUSI ON S

An evaluation of Omega navi gation was conducted over most

o f Pan Am ’s routes , including flights over the North Atlantic ,

the Pacific , and flights to South America. Data were collected

on revenue flights from August 1975 through September 1976 to

evaluate the operational reliability and suitability of Omega ,

particularly 3.4 kHz difference frequency Omega , for  h o u n d i n g

the errors of self-contained navigation systems such as Doppler

radar and inertial navigation. This evaluation was intended to pro-
vide information on the acceptability of Omega as a Loran-A re-

placement. Data were acquired on more than 300 operational

flight hours.

It is concluded in general that Omega is suitable for

bounding the errors o,f self-contained navigation systems , and

should be a satisfactory Loran-A replacement. In addition ,

full three frequency Omega was observed to exhibit better ac-

curacy than the 3.4 kHz difference frequency operating mode ,

particularly in weaker signal environments. The conclusions

are based upon : th e f l i ght records , includ ing num er ical
data on Omega system performance; numerical comparisons of

Omega performance referenced to other position sensors; the

evaluation of Omega performance by the inflig ht observer;

and information provided by the inflight observer on flight

conditions.

Spec i f ic conc lu sion s a re :

(1) Omega signal availability appears to be adequate
over the ocean ic routes evalua ted , which were:
Nor th Atlantic , South America to Africa over the
South Atlantic , East Coast routes to South America ,
and routes over the South and Western Pacific .



(2) The reliability of the Omega transmitters appearsa, to be satisfactory for oceanic air navigation .
Only one unscheduled transmitter off-air period

• which resulted in an inadequate number of signals
being available was noted.

(3) System accuracy was generally observed to be 1-2
nm . However , position comparisons between Omega
and other nav ig ation sy stems showed disa greemen ts
larger than 2 nm. The overall position discrepancy
between Omega and other on-board sensors showed
roughly a 6 nm standard devia t ion , based on abou t
one hundred obse rva t ions .

(4) Omega shou ld be sat i s fac tory replacemen t for
Loran-A in the role of bounding the errors of self-
contained navigation system s, bas ed on the accuracy
and reliability observed in the flight evaluation .
Omega will also provide a new long-range navigation
system capability for bounding self-contained nav i-
gation system errors in many areas which do not
pre sen tl y have Lor a n - A  serv ice .

(5) Omega signal availability in some regions may be
marg ina l , especi a lly if one or more tran smi tters
are not operating . These problem areas include
Nor th Ameri ca , especially coastal waters to the
west , and certain areas near the West Indies and
Au st r a l i a .  The comm iss ion ing of the Aus tr a l i an
station will help signal availabilities in the
southwest Pacific , bu t decomm ission in g of the
Trin idad station will reduce signal availability
to a marginal level over some areas of CONUS and
CONUS off-shore , including the Gulf of Mexico.

(6) The theoretical advantages of 3.4 kHz difference
frequency Omega - - primarily reduced sensitivity
to anomalous propagation - - were not directly ob-
servable in this evaluation program . The 3.4 kHz

* d i f f e r ence  fre quency opera t in g mod e wa s observed
to be less accura te than the fu l l  three f r e quenc y
operating mode , as indic ated bot h by rece iver RMS
position error estimates and by off-line statistical
compar isons  wi t h other navi ga t ion sensors .

2
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RECOMMENDAT IONS

(1) Analysis of data ga thered  on different days over the same

routes showed that a s ingle flight over a given route
would not provide sufficient data for a thorough evalua-
tion of Omega coverage and signal-to-noise ratios on

that route. Therefore , it is recommended that more data

be acquired on routes already flown . Ana lysi s of data
gathered  over the North Atlantic suggests that a minimum
requiremen t is ten f li ghts on each route of interest in
each direction.

( 2) For comple teness of the data base , it is recommend ed
tha t da ta be ga thered on oceanic rou tes other than thos e
evalua ted during this program . Specifica lly, Omega da ta
should be gathered on polar route s and Nor th Pacific
routes.

(3) It is recommended that flight compari sons of differ ent
makes of Ome ga receivers be made to asse ss the pos ition
loc at ion dispersion of the rec eiver s under ident ical
signal condit ions . The charac teris t ics of d i fferen t

Omega receiver s using the same airspace mus t be under-
stood in order to properly integrate Omega navigation

into the airspace system .

(4) A flight evaluation of four frequency Omega is recom-

mended to de termine its performance charac teri st ics ,

including ;

• Probabili ty of successfu l lane ambiguity resolution
in the 288 nm wide lanes of four frequency Omega.

• Accuracy improvement (if any) attributable to the
inclu sion of the fourth frequency.

3
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• Probability of receiving at least one of four Omega
frequencies from a given transmitter , compared to
the probability of receiving at least one of three
Omega frequencies from a given transmitter.

(5) It is recommended that monitor station evaluations be

performed to supply four  f r e quency Ome ga per formance
characteristics as measured in the simpler case of a

f ixed , rather than moving, Omega receiver. Fixed

moni tor data can inexpensively provide information on:

• Accuracy of different four frequency Omega signal
p rocess ing scheme s.

• Probabilities of successfu l lane resolution .

• Response of different signal processing schemes to
varying propagat ion phenomena , such as SIDs , PCAs ,
and diurnal variations.

• Required modifications to propagation correction
models .

0
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I
I. INTRODUCTION

As a result of increasing interest in the use of Omega

~~ f or air navigation , the FAA has initiated a number of pro-

grams to evaluate the suitability of Omega for meeting

specific civil air navigation requirements. Oceanic air

navi gation requirements in particular are of immediate in-

terest due to the scheduled shutdown of Loran-A. This re-

port details the findings of an evaluation of Omega in an

operational environment for satisfying oceanic requrrements .

This work as conducted by System s Control , Inc. (V t) [SCI

I ~~. (Vt)] as part of its navigation system s support contract

with the FAA .

Three objec t ives were pursued in the f lig ht evaluation
program , which evaluated both 3 .4  kHz difference fr equency
Omega and full three frequency Omega operation . The objec-

t ives were:

• To evaluate 3.4 kHz difference frequency Omega for
opera t iona l  s u i t a b i l i t y  and r e l i a b i l i t y  as a c i v i l
navigat ion aid f or ocean ic routes.

* 

• To evaluate 3.4 kHz difference frequency Omega as a
system for bounding the errors of self-contained
navi gation sys tems such as Doppler radar and non-
redundant inertial.

• To evaluate full three frequency Omega for opera-
tional suitability and reliability, and for  err or
bounding, with particular attention paid to si gnal
quality and availability.

The fl ight evaluation program was not designed specifically

to evaluate the performance of the Omega receivers used ,

but rather the receivers were used as engineering tools (e.g.,

to collect system data) . Precise determination of Omega
r. 9,

5
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accuracy was not a primary objective because no calibrated

position reference was available. Statistics were generated ,
however , which compare Omega to other on-board navigation
systems.

A candidate for bounding the errors of self-contained

navigati on sys tems is 3 .4 kHz difference fre quency Omega.
3.4 kHz differenc e fre quency Omega refer s to a techn ique
for processing the raw Omega phase data. Using this tech-

nique , measurements of signal phase from each station at

13.6 kHz and 10.2 kHz are subtracted to form 3.4 kHz dif-

fer ence fr equency measurements . These difference frequency
measurements may be processed directly into a position esti-

mate , instead of separately processing the 10.2 kHz and

13.6 kHz measurements. A significant theoretical advantage

of this method is the attendan t greater distance between

adjacent lines of position with the same phase measurement

(i.e., wider lanes). Additionally, sin ce prop agat ion
anomalies (sudden ionospheric disturbances (SIDs), for
example) have correlated effects at 10.2 kHz and 13.6 kHz ,

th e subtraction in the difference frequency scheme can re-

duce the effect of these anomalies. 3.4 kHz difference

frequency Omega can be less accurate because the 3.4 kHz

phase measurement is less sensitiv e to changes in position ,

and it can be more sensitive to effects of additive noise.

\ further disadvantage is the requirement for receiving two

si gnals from an individual transmitter in order that the

transmitter be usable for navi gation .

Full thre e fr equency Ome ga is also under c onsidera ti on
for oceanic and long-range air navigation. Analysis of data

gathered on early f l i ghts showed that 3.4 kHz difference

6
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frequency Omega and full three frequency Omega have similar

characteristics , including similar accuracies and suscepti-
• bilities to Omega propagation effects . This study collected

valuable information on Omega operational suitability and

reliability, and si gna l quality and availability. The flight

evaluation program was extended to allow more information to

* 
he gathered. This ensured that a broader data base would be

obtained on normal Omega operation along with more oppor-

tunities to observe any anomalous propagation effects.

Since Omega is being evaluated as a Loran-A replacement ,

the capability of Loran-A as applied to air navigation was

considered as part of the evaluation criteria.

The Omega evaluation program was conducted by SCI (V t )
with the cooperation and assistance of Pan American World

Airways and the Canadian Marconi Company (CMC) . Pan Am fur-

nished the Boeing 707 evaluation aircraft , the receiver

installations , and trained navigators who operated the re-

ceiver , gathered data on scheduled fli ghts , and supplied

the data to SCI (Vt) for analysis. CMC provided installa-

tion support and technical information on hardware opera-

tion . SCI (Vt) processed the collected data to satisfy

the program obj ectives listed above. The first data collec-

tion flig ht was performed on August 19 , 1975 , and the last

data collection flight of this program was performed on

September 20 , 1976. During this time interval , Omega

flight data was acquired over the North Atlantic , the

Pacific , and on routes to Central and South America.

The flight evaluation program was formally divided

into Phas es A and B , as described in Table 1.1. Note parti-

cularly that in Phase A and the first part of Phase B , the

H,
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* rece iver  used was a Canadian Marcon i 740P. This prototype

rece iver  had a d d i t i o n a l  so f twa re  to a l low it to operate in

both the 3.4 kHz difference frequency mode and a conven-

tional three frequency mode. In the second par t of Phase B ,
the receiver used was a production model 740 , which did not

have the difference frequency capability.

Table 1.2 shows the Omega transmitter complement dur-

ing Phase s A and B. Of the eight Omega transmi tters p re-
‘S

.

sently operating (this includes Trinidad but not the Austra-

l i an  stat ion) , the five mos t nor therly stations were usable
during Phase A. This station comp lement ut ilized in the
Phase  A f l i g hts  gave e s sen t i a l ly  the s ame signal covera ge
over the Nor th At lanti c as that expec ted from the f inal
Ome ga s tat ion configuration. Phase B flight evaluat ions

exploited the availabilit y of new stations as they became
opera t ional.

Data collection was accomplished by an Omega observer!

opera tor who main tained lo gs on f l i ght conditions and Omega
rece iver  pa ramete r s .  This  in fo rma t ion , along w i t h  a l i m i t e d
amount of automat ically recorded data in Phase B , was p ro-
cessed into plots of signal-to-noise (S/N) ratios for each

station on each flight . Comparisons of Omega-indicated

position with the outputs of other navi gat ion sensors were
used to compute statistical data.

The remainder of the report is organized into the fol-

lowin g chap ters :

• Chapter . I I  b r i e f l y  discusses  3 . 4  kHz d i f f e r e n c e
• f requency Omega.

• Chapte r  I I I  descr ibes  the hardware used in the
e v a l u a t i o n .

• Chapter  IV descr ibes  the data co l l e c t i on  and
r. r educ t ion  p roces se s .

9
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• Chapter V presents the results of the fli ght
evaluation program. Separate subsections of
this chapter discuss results obtained in m di -

• vidual geograp hic reg ions.

The fol low ing four append ixe s are inc luded:

• Appendix A discusses composite Omega , a
special case of which is 3.4 kHz difference
frequency Omega.

• Appendix B contains S/N ratio plots of all
stations received during the flight evalua-
t ion program .

• Appendix C presents comparative analysis of
L o r a n - C , VLF commun ica t ions , and Omega tran s-
mitter performance , based upon U .S . Nava l

• Observatory Time Series data.

• Appendix D reviews previous Omega tests and
evalua t ion s.

11/12
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II. COMPOSITE OMEGA .\ND D~ FFERE\CF FREQUENCY CONCEPTS

Composite Omega , a special case of which is 3.4 kHz

difference frequency Omega , is a technique for taking opti-

mal or suboptimal linear combinations of Omega phase data

from the same Omega station at two or three different fre-

quencies. Composite Omega can he useful for reducing the

effects of both predictable and unpredictable propagation

anomalies. It is much simpler to implement than full pre-

dicted propagation correction programs . In addition ,

composite Omega can be used for lane amb iguity resolution.

The primary disadvantages of composite Omega are a require-

ment for Omega signals to be available at two frequencies

from each station used and a greater sensitivity to phase

measurement noise. Composite Omega is derived and dis-

cussed in detail in Appendix A . This section discusses

the special case , 3.4 kHz difference frequency Omega , in

general terms.

3.4 kHz difference frequency Omega operates by

d i f f e r e n c i ng the phase measurements at 10.2 and 13.6 kHz
in order to form the fol low ing 3 .4 kHz “phase measure-

ment” :

~3.4 
= 
~l3.6 

- 

~l0.2 
(2.1)

The 3.4 kHz phase measurements are then processed for

nav igation in the same way as other phase measurements.

The 1~3~~4 kHz signals ’ are considered to propagate at roug hly

the same speed as the 10.2 and 13.6 kit : si gnals.

r

13
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The advantages of 3.4 kHz difference frequency Omega

are greater lane width and reduced sensitivity to anomalous

propagation , as compared to full three frequency operation.

The lanes of the 3.4 kHz difference frequency have a spacing

of 24 nm along the baseline , as opposed to 8 nm for 10.2 kHz

and 6 nm for 13.6 kHz. This greater lane width results in

a higher tolerance to errors in the external position esti-

mates used to initialize receiver position. In addition ,

the wider lane operation can accommodate a longer duration

of signal interruption without slipp ing a lane. Because the

phase measurements at the two frequencies are subtracted ,
any  errors correlated between the two phase measurements

(phase errors due to Sudden Ionosp her ic  Di sturbances , Po lar
Gap \bsorptions , surface conductivity, d iu rn al var ia t ions)
will tend to be subtracted out . Thus , accura cy may h e en-
hanced under some conditions of anomalous propagation .
Lastly, when 10.2 kHz operation is possible as well as 3.4

kHz operation , the 3 .4 kHz mode may be used to perform re-
solution of the 10 .2 kH: lanes.

The advantages of 3.4 kHz difference frequency Omega

are due to the joint processin e of the 10.2 kH: and 13.6 kH:

Omega si gnals. However , if si gnals are not available at

both 10.2 and 13.6 kHz from a given station , then any re-
ceiver using only the 3.4 kHz difference frequency mode in

the strictest sense will not he able to use any inf orma t i on
from that station . With separate phase-locked loops for

measuring the 10.2 and 13.6 kHz si gnals , if either phase-

locked loop (PLL) slips a lane , the resul t in a sim p le r e-
ceiver implementation will be that the receiver will slip a

3.4 kHz lane of 24 nm , rather than a 6 nm or 8 nm l ane .
Further , the 3.4 kIIz phase measurement will be quite sensi-

tive to phase noise , and for this rea son , receiver time

const ants are often increased for 3.4 kHz operation .

14
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III. EVALUAT ION EQUIPMENT

3.1 INTRODUCTI ON

This section describes the particular Omega navi gation

systems used in the fli ght evaluations , including the Omega

set ’s operating f eatures , installation , and interface with

the aircraf t and flight cre w . The Canadian Marcon i 74 0P
Omega navigation system is discussed in some detail ,, including

a comparison with the production model Canadian Marconi 740.

The installation and use of these systems on the Boeing 707

are a lso  d i scussed .

3.2 EVALUAT ION HARDWARE

3. 2.1 General Descri p tion

The Canadian Marconi 740P Omega Navigation System is a

fully automatic , compu te r i z e d , three frequency Omega Naviga-

tion System suitable for transport aircraft. The receiver

consists of three units: an antenna , a receiver/processor

un it (RPIJ) , and a control/display unit (CDU). The antenna

can he either an E-field antenna or a steerable H-field

antenna . The H-field antenna has a typical weight of about

4 ib , and is approximately 7” square and 2” high. The RPU

is packaged in a 1/2 ATR box , weighs approximately 19 ib ,

and requires 400 l I z , ll5v power. The RPU contains the

r ec e i v e r  f r on t end , H-field antenna steering matrix , an d a
general purpose processor which emulates the H-P 2100 mini-

computer. The processor utilizes an 8K core memory with 16

bit words. The CDU closely resembles the CDUs used on

i n e r t i a l  n a v i g a t i o n  s y s t e m s , and  p r e s e n t s  the  Omega d a t a  in

~~~~•~~:::~zi:~ ~~~~~~~~~~~~~~~~ :.
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s i m i l a r  f o r m a t s .  The p a r t i c u l a r  rece iver  used was pu rchased
by the FAA for fl ight evaluation purposes , and contains ad-

ditional features for use as a fli ght evaluation tool.

The Canadian Marc oni 740P inc ludes many fea tures mak ing
it suitable for transport aircraft. The receiver is fully

automatic , and requires initialization only of latitude ,

longitude , GMT , and date. Synchroniz at ion is performed auto-
matically , as is station selection . All principal navigation

p a r a m e te r s  are computed and d isplayed in s tandard f o r m a t s .

3 . 2 . 2  Receiver  Opera t ing  Theory

The major ity of the nav igation sys tem func t ions are
performed by a general-purpose dig ital processor. The pro-
cessor supplies outputs to the  con t ro l  d i sp l ay  un i t  (CDII) and

an external data stream output . It can also supply autop ilot

output signals. The information displayed is derived from

measurements made by the RF section of the receiver and the

a ircraf t air data sys tem. These measuremen ts can be pro-
cessed in the norma l three fre quency mode or in the 3 .4 kHz
d i f ference frequency mode.

The processor supplies informa tion to the CDU both in
the normal modes and also in a tes t mode . The normal opera-
ting mode s of the CDII are de scribed in the  next  sec t ion ,
and correspond c lose ly  to the  opera t ing modes of ARINC 56 1

i n e r t i a l  u n i t s .  The test  mode , however , p rov ides  to the

opera tor info rmation on the internal status of the processor

wh ich would otherwise not be available. Table 3.1 shows

som e of the primary parameters of interest available through

the test mode.

16 
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TABLE 3.1 - CANADIAN MARCONI CMC-740P MEMORY LOCATIONS
OF PRIME INTEREST AVA ILABLE THROUGH TEST MODE

FORttlT C0NTF~T L0CAT IO~J N OTE

3 S/ N RatIos 140 to 147 3.4 KHZ
(A) to (F)  150 to 157 10.2 KHZ

160 to 167 13.6 KHz
170 to 177 11.3 KHz

0 Frequency 660 Cumulat ive Cod i ng :
SwItch “ 1” deselect 3.4 KHz

~2” deselect 10,2 KHz
“4” deselect 13.6 KHz

‘lO” deselect 11 .3 KHz
Thus :

“1” means “No 3.4 KHz ”
“16” means “Only 3. ’. KHz”
‘O” means “Use All ’

0 Diurnal Predict- 660 “1XXXXX ” is ‘Pierce Model ’
ion Nodel - X X X X X ”  is  “Navoceano Model”

(Note : “XX ... ’ is ‘Don ’ t Care ’)
o Choice of Stati ons 662 0 Allow all Stations

(Cumulative Dis— Eliminate
play) H C F E 0 C B A

200 100 40 20 10 4 2 1

0 General Failure 567 1 ~ AID Fa ilureFlag 2 .TAS —

4 ~~HDG —

10 =
20 Csc . Drift
40 N/A
200 lag Tape Fai1 ure

0 Stations Log 737 Cumulatlv~ J i s o l ay
3 Right -riost Diai~ s:

H G F E 0 C B A
200 100 40 20 10 4 2 1

o ,Status Log 737 CumulatIve Display
“lO XXXX ” means “At-~B IG lJ l TY ”
“ 4XXXX ” means ‘DR”
- 3XXXX ” means ‘3.4 KHz Node
Note : “X ’ means ‘Do n ’t Car e”

1 Position Error 736 Nautic li l es
(Estimated) ~~ 3: “~~lB1GUIT’f ” Sta tus

~~ 10: “OR” Status
~~ 5: Co not use 3.4 KHZ ~4ode

2 True Airsoeed 723 Knots
4 HeadIng From Synchro 725 Deqrees~~l0
4 True Headinq Comoute 641
4 Drift Ang le , C~~oute4 643

4 M.qn tlc Variation 1032 O~ r.~~m lODistance to Sths 13440 In Niut. Mi les
(A to H)

Stns Beari ngs 13450 In Degrets

— 

(A to H)
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Receiver software on the CMC 740P is capable of oper-

ating in the normal three frequency mode , the 3.4 kHz dif-

ference frequency mode , or in both modes simultaneously .

Frequency-mode selection is manual with an automatic over-

ride. Included in Table 3.1 is the format of word 660 , the

“Frequency Switch” of the CMC 740P. By inputting an appropri-

ate value into word 660 , the Omega operator can select the

desired Omega frequencies for the receiver to use. By de-

s e l e c t i ng  t h e  10.2 kHz , 13.6 kHz , and 11.3 kl-Iz frequencies ,

the receiver operates in the 3.4 kHz difference frequency

mode. However , if the estimated position error (word 736)

becomes  g r e a t e r  than  S nm , receiver software automatically

reverts to the full three frequency mode of operation .

The processor derives a position estimate from a set

of phase measuremen ts c omb ined wi th the air data and heading

inputs. The phases of the Omega signa ls are de termined in
the processor , which closes three phase-tracking loops , one

for each frequency . The phase measurements are combined to

form lines-of-position (LOPs) , and a least squares estimate
of position is obtained by combin ing  the LOP i n f o r m a t i o n
with the previous position estimate , as upda ted by a irc raf t

heading and true airspeed .

Propagation predictions are applied by the processor

to correct phase measurements. These propagation corrections

are ob ta ined  from a f u l l  p ropaga t ion  model , w i t h  so la r  il-
lum ina t ion , surface conductivity , and magnet ic f ield effec ts
c a l c u l a t e d .

The processor also supplies a data output signal in

a pul se code modulated format for automatic data recording.

Table 3.2 shows the parameters available on this data output.

This data was recorded only in the Phase B flights with the

CMC 740P. Use of the automatically recorded data is dis-

cussed below in Section 3.3.

1: 
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TABLE 3.2 - CANADIAN MARCONI CMC -7 40P PARAMETER S AVAIL-
ABLE ON DATA OUTPUT STREAM

_
1

________________ ~.LPD ‘:0. c9 ’~r~r FCRi-:A T U~ITTS

B L O C K  :j ,  1 S7~’PLE ~O . 16 BITS 13 DE C -3?7~ 3 ~0
____________________ __________________ ______________________ 

INTEGER STt ~~__________________________

• 2 DAY ~ 3 1
3 ;‘~

.T
~i 16 BITS ‘ ‘

~~~~ 0 12
4 YEAR INTE GER ~~~ 3 ~A

5 l l I : uTES l~ UITS 0.1 11N 3 50-0
_______________ 

n ~ ‘LRS 
— 

INTEGER H0,R 0 DO

7 SEE WOR D 16 BITS
__________________ ________________ 

L E O D  I P T I O N  I ; T E E~ 
0 . 1  S~C 0 99

XN3 B USER COD E 
— 

16 6103 16 B I TS
___________________ ________________ _____________________ 

CODED 
_______________ _________________

9, 10 LAIIT ODE FLOATI , RA DIAN S
POSITI ON 11 . 12 L0 ;DI TUDE POINT N , E +

SP E ED 13 , 14 SPEED ~L O 7 T ~~ 3 e o T S  3 999
___________  

15 , 16 T • ’ .C < 7
~~I ’ : ~ o! - ’- : S  0 2 -

11 , 13 SPEED FLC~ T ’ ,O ‘ DOS 0 3- OS
____________________ 

1 ), 20 DI 11ECTIO:; 2’:’: ~.- ‘- , .Y1S 3 2

SY .: -o o 1 , 22 ~E I ’ .D F L O~ T I : , D  R~ D I \ S  I 0 2
INP _ T S 23 , TAS P01 0 ‘D OTS 3 999

25 ONS ERROR 
— 

16 BITS ‘UI 0 10 +32757r~!S ( E S T I . ’ :DT E O)

TX LOG 26 SEE WORD 16 BITS SEE W ORD
DESCR IPTION COOE D DESCRIPT ION

FR 27 FRED. SWITCH 16 Til TS SEE WORD
& DIURNAL :10-DEL CCD:D 0 E S C R~~ T :c-N

28 DISCRETE I NPuT 16 BITS SEE WOOD 
-

0 15CR SIG NA LS CC DEO — CESCOPTI O N

BITE 29 SEE WORD 16 BITS SEE ~~RD
SY NC HR Q DESCR I PTIO N CO OE D 

_______________ ,j 
OED C R PT C.’

BITE 30 SEE WORD 16 S I TS SEE WO R D
• SYSTC I DESCR IPTION CODED 

I 
:E S O R : P T I C N

BITE T 31 SEE WOOD 16 B ITS SEE WOOD
WAR:dNGS DESCRIPT IOI1 CO D ED DE S CRI Pf lCN

P~~SES 22 TO 47 32 VALUES j j _ r a~~~ CE C S .99 +99

48 TO- 63 32 VA LUES 8 BITS SEE W0 t)
INTEGER DESCRIPTION 0 99

CUR 64 TO 79 32 VALU E S S BITS CECS 2 -123 + 100
INTEGER

BLOCK HO. 80 SAJ IPLE 110 16 B I T S  10 SEC -32768 TO +32767
INTEGER STEPS

CKSU I 81 CHECKSU’I 16 BITS SEE WO RD
I N T E G E R  ~ E S C R I P T I 0 N

19
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3.2.3 System Operation

Figure 3.1 shows the CMC 740P CDU . Prominent in this

fi gure are the mode select knob in the lower left , the

numeric keyboard in the lower right , and two num er ic dis-
play windows across the top . Additional devices are a

- • series of ten annunciator li ghts across the top of the nu-

meric display windows , an “Insert” pushbutton in the center

of th e CDU , “From/To ” waypoint number display windows , an
unlabeled waypoint number display , leg-change and waypoint

;~ definition pushbuttons , manual/automatic leg-change toggle

switch , and a dimmer knob .

1~ 

_ _ _ _ _ _ _

_
_ _ _ _ _ _ _ _

I.EFT AND R IG H T  - AUT OMAT IC/
WA YPOINT NUMERICAL MANUAL
N1JP~~FR INS E RT DISPLAY LEG CHANGE
DISPLAY PUSHRUTTON WINDOWS SW ITCH

N S YN SYS ~‘~
) ‘

~~F H t P AMR OR

~ E~_ D~UJ tEI 0 EI1
• FRI~I/TO 

‘ N

~~~~~~~~~~~~~~~ 

—-
~
.[
~~

j 9 
INSERT L~E1’ ~~ ci~ii~PflM T O —~~~~~~~

J~~~i 
~~~ED L1E DATA

C~~/ ET E r AU TO — — —• ~~-r 
~~~~~~ r- ---

~LEG LI4A ’W’,T,, RRG/OIS-1/7 (J..,~—fl5RTK /T K E I ~ I I ~ I I
PIIS IIPIUI ON 

WPT—(/f”
” ”\ \—T K / X T K  L. .~.J ~. i,,i ~_ ._J

GMT/D ~~
) 

z~ 
~~~~~ ~~~~K ~~~

WAYPO IN DISP LAY ~~OE DISP LAY HOLD POS BACK
D(FINt SELECTOR Dt P~(l PItSM~UTT~~ PT~~~UTT~~
PIJ9 VTTf ~ SWIT C M C~ IT~Ot

FI GURE 3.1 - CMC 74 0P CONTROL DISPLAY UNIT
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Receiver  i n i t i a l i z a t i o n  requires entering only the date ,

time , and present position. The Greenwich Mean Time is

entered on the keyboard in hours , minutes , and tenths of

minutes. Data format for latitude and longitude is degrees ,

minutes , and tenths.

With the rece iver ini tia l ized , the principal navi gation

parameters can be read by turning the mode selector knob to

the desired parameter and reading the results from the two

display windows . Table 3.3 shows the parameters available ,

• the units of the parameters , and the resolution of the dis-

play.

The test position on the mode select knob is used for

reading internal receiver parameters. However , the procedur e
for reading these parame ters is som ewhat more involved than
the pr ocedure for read ing the normal nav igation parameters.

3 . 2 . 4  Receiver  Checkout  Tests and Installations

Over the course of the fl ight evaluat ion pr ogram , care
was taken in receiver checkout and installation so that the

data acquired would be quantitative and usable. Receiver

checkouts wer e perform ed at the Canad ian Marconi faciliti es
in Montre al, using a computerized test system . The receiver

checkout procedure involved exercising the Omega receiver

in a f light simula ted by a compu teriz ed test sys tem. This
eva lua t ion  procedure inc luded checking of the synchr oniza-
t i on  t ime  of the rece iver , cor rec t  an tenna  s t e e r i n g ,  proper
heading and a i r-da ta interface opera t ion , and a number of
other checks dur ing the s imula ted fli ght . This detai led

* 

checkout  procedure  served to de tect and isola te any fau lt s
in the  r ece ive r  be fore flight evaluations began .

21
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:\ total of three receiver installations were made in

two different aircraft . Precautions were exercised in the

installations to minimiz e any interference which might be

generated on board the aircraft . These included skin mapping

the aircraft when an H-field antenna was used. In the Phase

A flights with the CMC 740P Omega navigation system , the 740P

replaced a CMC 719 Omega navigation system which had previous—

lv been evaluated . By us ing the existing antenna and cabling ,

a debugged i n s ta l l a t i o n  was ava i l ab l e  in a very short time ,

f a c i l it a t i ng  the initiation of the data collection procedure.
- 

- The antenna used was a capacitive plate F-field antenna

mounted in a spare radar-altimeter well on the underside of

t he  aircraft. This antenna installation was susceptible to

precip itation static , which is common to all F-field anten-

nas. For the Phase B flights , a different Boeing 707 was

used , and a steerable H-field antenna was installed. The

aircraft was skin mapped to determine a good location for

installation , so that interference from harmonics of 400 Hz

skin currents would be minimized. The H-field antenna is

f a i r l y  immune to p rec ipitation static , but is somewhat more

expensive than the E-field antenna. The steerable H-field

antenna ut ilized additional sof tware to control the antenna
s t ee r ing  m a t r i x  and two p r e a m p l i f i e r s  at the an tenna , rather
than just one preampl ifier as required by F-f i eld antenna s .

3.2.5 Description of Production Hardware

In the last part of the Phase B fli ght evaluat ions ,

the prototype Canadian Marconi 740P was replaced by a produc-

t ion mod el Canad ian Marconi 7 4 0 .  The m a j o r  d i f f e r e n c e s  were

• that the 740 did not have the 3 . 4  kHz d i f f e r e n c e  f requency
mode , nor did it have the data output signa l for automa t ic
da ta r eco rd ing . Opera ti on of the 740  was v i r t u a l l y  ident i -
cal to opera t ion of the 740P.

I.
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3 . 3 RO E I ~G ~0T? AN !) FLIGHT CREI’~
T

The p l a t f o r m  for  t h e  fli ght evaluations of the Omega

r e c e i v e r s  was a Pan A m e r i c a n  Boe ing  707 in scheduled  pas-
sen~ cr service. A f u l l - t i m e  obse rve r  was p re sen t  on the
evaluation fli c~hts in order to operate the Omega equipment

and to record quantit Cl tive and qualitative data.

Ev aluation of  the Omega receiver in regular , sch ed-
uled p~t~ senger service provided the most realistic opera-

tional t e s t  p o s s i b l e , and considerably reduced the cost

of t h e  f l i g h t  e v a l u a t i o n .  In schedu l ed  service on regular

oceanic routes , t h e  Omega rece iver  was exposed to the en-
vironmental ccnditions of the avionics bay, including heat

soaking at low-latitude ground stops. The Omega equipment
was opera t ed  f rom the  a c t u a l  40 0 Hz a i r c r a f t  and ground
power supplies , and exposed to on-board interference

sources  such as g a l l e y s .  The d u t i e s  p e r f o r m e d  by the
Omega r ece ive r  o p e r a t o r s  inc luded  Omega set i n i t i a l i z a t i o n
and w a v p o i n t  p r o g r a m m i n g , q u a n t i t a t i v e  da ta  c o l l e c t i o n  f rom
both the normal Omega parameters and those parameters avail-

able through the test mode , and data collection from other

o n - b o a r d  s e n s o r s .  In a d d i t i o n , the observers  recorded
q u a l i t a t i v e  data regarding on-board conditions , ex ternal
m e t e o r o l o g ical  c o n d i t i o n s , and abnormal  Omega behav io r .
For example , the  r e sponse  of the Omega set to operation of
the a i r c r a f t  e l e c t r i c a l  s y s t e m , l and ing - induced  j umps of
the p o s i t i o n  i n d i c a t e d  by the  Omega set , c o r r ela t i o n  of low
S/N r a t i o s  w i t h  f l i g h t s  t h r o u g h  c louds , and rece iver  over-
h e a t i n g  symptoms  were a l l  noted by the  observers  in f l i g h t .
This information was of great importance in the evaluation

of flight data.
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IV. DATA COLLECTI ON AND DATA REDUCT ION

4 . 1  INTRODU CTION

This  sec t ion  desc r ibes  the data  co l l ec t ion  and d a t a
r educ t i on  pro cedures  used on Phase A and Phase B f l i g h t s.
Data sources cons i s t ed  of f l i g h t  observer logs , magne t i c
tape r eco rd ings  of the Omega rece iver  data  output  s igna l ,

H and f l i g h t  p l a n s .  The col lec ted  data was used to genera te
p lo t s  of S/N r a t ios  observed in f l i g ht , to compare Omega

- 
- 

to o ther  data  sources , and to provide in format ion  for
d e t e r m i n a t i o n  of si gnal a v a i l a b i l i t i e s  and other  sys tem
c h a r a c t e r i s t i c s  of i n t e r e s t .

4.2 PHASE A DATA COLLECTION AND DATA REDUCTION
!~ I

4 . 2 . 1  Ana lys is  of F l i g h t  Observer Logs

The most impor tan t  source of informa tion on the
Phase A f l i g hts  was the log compiled on each f l i g h t  by the
Omega opera tor/observer . The log conta ined  obse rva t ions  of
f l i g h t  condi t ions  and Omega rece iver  per formanc e in general ,
as wel l  as numerical  i n fo rma t ion  obta ined from the var ious
d i s p l a y s  of the Omega rece iver .  These obse rva t ions  inc luded
c o r r e l a t i o n  of observed p r e c i p i t a t i o n  s t a t i c  w i t h  f l i g h t s

• in clouds , obse rva t ion  of aurora l  a c t i v i ty ,  and record s of
such events  as swi t ch ing  genera to rs  on the  e l e c t r i c a l  bus
power ing  the Omega rece iver  and t e s t i n g  the  f i r e  w a r n i n g
a l a r m . A d d i t i o n a l  i n f o r m a t i o n  included readouts  of Doppler
radar  pa rame te r s , a i r  data ind ica t ions , and waypo in t  pas-
sage.  The use of these obse rva t ions  pe rmi t t ed  deveiopment

ç.
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k of c o n c l u s i o n s  abou t  m a n y  o b s e r ve d  Omega  s y s t e m  o p e r a t i o n a l
P h e n o m e n a .  V i r t u a l l y  none  of t h e  n on n u m e r i c a l  i n f o r m a t i o n

• provided by t h e  f l i g h t  obse rver  wou ld  have been a v a i l a b l e
w i t h  a f u l l y  a u t o m a t i c  Omega d a t a  r e c o r d i n g  s y st e m .

Complete numerical information was also provided by

the Omega operator/observer. These data were furnished on

• da ta sheets , and included the following parameters:

• Fligh t Number

• Data and Time

• Omega position

• Distance to go (Omega and DMF. or Doppler)

• Reference position (VOR/NDB overfli gh t or Dop p ler
position)

• S/ N r a t i o s  on a l l  s t a t i o n s  at a l l  f r e q u e n c i e s

• Stations in use

• Warn in g flags (if any)

• Ground speed and track (Omega and Doppler)

• icind estimate

• F l i g h t  c o n d i t i o n s

• Receiver operating mode

M o s t  o f  t h e s e  p a r a m e t e r s  were  read f rom the  CDU u s i n g  t h e

m o d e  select knob , hut the S/N ratios and the receiver

operating modes were read from the computer memory using

the ‘Test ” mode. Other data , such as VOR and NDB over-
• f l i g h t s  or D o p p l e r  p o s i t i o n , were  read from the appropriate

instruments. Nominally, manual data-recording intervals

were 20 minutes.

The f l i g h t  p l a n s  of the  v a r i o u s  f l i g h t s  were a u s e f u l

supplement to the flight notes . Figure 4.1 shows the flight

plan of a Phase A flight , specifically Fli ght 66 , August 21 ,

lY ?5. •\lthough much of the information on the flight plan

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _  
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was not used in the anal ysis of each flig ht , the availability

of this data often allowed fine points in Omega system per-

f ormanc e to be reso lve d. The co lumn s of informa ti on on the
flight plan are , from th c left: “From ” waypoin t , flight

level , segmen t time enroute/total time enroute , “To” way-

poin t , route segment , segment  l eng th , to ta l  d i s tance  to go ,
Mac h num ber , true airspeed , wind , gr oundspe ed , and esti-

mated percent of fuel until top of descent.

4 . 2 . 2  G e n e r a t i o n  of S/N R a t i o  P l o t s

A number  of S/N ra tio plo ts were genera ted for  each of
the Phase A flights. The plots followed the same format for

a l l  of the  Phase A f l i g h t s , and for  the  en t i r e  f l i g h t  e v a l u a-
tion program .

On the Phase A f ligh ts , f ive plo ts were genera ted for
each fli ght. These plots documented S/N ratios of the five

Omega stations transmitting during Phase A (Norway , Trinidad ,
Hawaii , Nor th Dako ta , and Japan). Figure 4.2 shows a typi-

cal p lot . Th e ver t ical axis is S/N ra tio observ ed throu gh
a 50 Hz bandwidth , and the hor iz on tal sca le is Greenwich
Mean Time. Plots were made of the S/N ratios at 10.2 kHz ,

13.6 kHz , and 3 .4 kHz .  The 3 .4 kHz S/N ra t io is nom ina l ly
the lower of the 10 . 2 kHz and the 13 .6 kHz S/N ra t ios.
11-1/3 kHz data was also collected , bu t no t p rocessed.

Genera ting the S/N ratio plots required conversion of

the internal S/N pa ramete r  to S/N r a t i o  in dR t h r o u g h  50 H z .
Fi gu re 4. 3 sho ws the graph which  con tains  the conversi on in-
form at i on. A set of polynomials were fitted piece w ise to
this graph and programmed on a Univac 1108. The numerical

informa tio n on S/N ra t ios from each stat ion was keypunched ,

en tered in to the compu ter , converted using the polynomial

c u r v e - f i t , and p l o t t e d  u s i n g  a s t a n d a r d  p l o t t i n g  r o u t i n e .
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4 . 3  PHASE B DATA C O L L E C T I O N  A N D  DATA R E D U C T I O N

-1 .3. 1 Introduction

Data collection and data reduction procedures for

Phase B were much the same as for Phase A. The major dif-

f er ence , however , was the availability of automatically re-

corded fli ght data on the early Phase B fli ght s- There were

also minor differences in the format of the fli ght notes.

4.3 .2 Analysis of Fli ght Notes

The analysis of flight notes for Phase B was much the

same as the analysis in Phase A. The two differences were

different formats for flight notes in Phase B and the use

of special numerical data recording forms in the latter

part of Phase B with the CMC 740. Table 4.1 shows the code

for the stations in use. If a station was used in the posi-

tion solution using phase measurements at any of the three -

frequencies , the station code number is added to the code

numbers of the other stations used . For example , 1 means
only Norway was used , 2 means only Liberia was used , 3 means

Norway and Liberia were both used , etc. This is the same

code as in Table 3.1. 4

TABLE 4 .1 - CODE OF STATIONS IN USE PARAMETER

STATION 
— 

CODE

Norway 1
Liberia 2
Hawai i  4
North Dakota 10
La Reun ion  20
Argentina 40
T r i n i d a d  100
Japan 200

30
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4.3.3 Software for Reading Data Tapes

The philosophy of the automatic data collection was

that the automatic data collection be a supplement to , and
not a rep lacemen t for , the f l i ght notes . As well as re-

cord ing the re qu ired num er ical informa t ion , the observer

was capable of recording many phenomena that could not be

recorde d au toma t icall y. Fur the r , the amount of data that

cou ld be au toma tic al ly recorded wa s limi ted by the capab i-
lities of the cassette recorder.

The main  sof tware prob lem to be solved was one of
reformatting . Table 3.2 shows the data available on the

data output signal , which was recorded in its en ti re ty on -

magnetic tape . Note that the output parameters are fixed

point , floating point , and logical (individual bits set or

cleared) . The f loa t ing po in t numbers re quired the mos t
processing to convert from the Omega receiver format

(identical to the HP 2100 minicomputer format) to the format

of the compu ter on which the da ta reduc t ion was being done ,

either a Univac 1108 or PDP-ll . Fixed point parameters

were f a i r l y  eas i ly  conver ted f rom one machine  to another ,
and logical parameters were treated using bit-test instruc-

tions on the data reduction computer.

Table 4. 2 l ists the ma jor pro gram s wri tten f or the
Phase B dat a  co l l ec t ion . There ar e several d i f f e r e n c e s
be twe en the var ious  program s . The most obv ious d i f f e r-
ences are in langua ge and machine;  FORTRA N pro gram s were
run only on the -U n i v a c  1108 , and BASIC programs wer e run
only  on a P D P - l l .  Most of the programs  shared common
rou t ines to the ex ten t pos sib le .  For exam p le , the BASIC
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TABLE 4.2 - MAJ OR DATA REDUCTION PROGRAMS USED
I N  PHASE B

PROGRAM MACHIN E LANGUAG E USES AND OUTPUTS

OUTPUT 1108 FORTRAN General purpose tape print program-
date , time , lat , ion , selected S/N
ratios , stations in use , etc .

OUTPUT POP-li BASIC Similar to FORTRAN OUTPUT

FANG 1108 -- Octal dump of raw data on magnetic
ta pe

MTBDMP POP-li BASIC Octal dump of raw data on magnetic
tape

WRTLOS PDP- il BASIC Four options: (1) all 32 S/N ratios ,
(2) all 32 predicted propagation
corrections , (3) all 32 raw phase
measurements , and (4) everything
else.

pr og rams u sed common tape - r ead rout ines , floating-point con-

ver s ion rou tine s, output routines , and much of the same
logi cal da ta convers ion s . All  of the PDP- l l  p ro grams were
w ritte n to p r in t e ither on the l ine pr in ter or on a user
console. The programs developed provide a comprehensive

and com pl ete sof twar e package .

4.4 MANUAL DATA PROCES SIN G

Manu al da ta p ro cessin g ref ers to the analysis  of the
fli ght notes , S/N plo ts , compu te r pr in tou ts , and f l i ght plans
to determine what of si gn i f i c anc e occurred dur ing each eva l -
uation flight . Manual data processing was usually concerned

w ith de te rm in at ion of si gna l a v a i l a b i l i ty ,  observation of

incidents , and correl at ion of resul ts wi th other sources .
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Determination of signal availability was a major ob-

jective in the flight evaluation program . Signal avail-

ability was determined on each flight from both S/N ratio

plots and recorded information on stations in use by the

receiver. These sampled data sources were compared to

each othe r and with the flight notes to determine a good

estimate of that point beyond which signals were not , in
general , usable. This task was complicated by the samp l-

in g of the parame ter s , and by the erratic dropout of
signals. Sometime s signals would not be definitely above

or definitely below the threshold of usability for several

hours of flight time , making determination of a clear cut

t boundary difficult. When multiple flig hts along the same

route were performed , comparisons of results on different

flights were made to provide a more valid distinction.

These multiple fli gh ts provided informa t ion on signal
variations from day to day ; because of limited -data , how-
ever , time-of-day trends were not observable.

Observation of in-fli ght incidents was another major

effort of the manual data processing. These incidents in-

clud ed occur renc e of preci pitation static , occurr enc e o f
auroras , and comparisons of 3.4 kHz difference frequency

• Omega with three frequency Omega. Generally , flight notes ,

numerical data , and the S/N ratio plots were all used for

observation of incidents involving the response of the

Omega receiver to external influences. 3.4 kHz differ-

ence frequency Omega was most easily compared to three

f r eq uen cy Ome ga a t t imes when the opera tor manual ly
changed receiver operating modes.

‘I

The results obtained were compared with published pre-

dictions and other results. These comparisons were made to

ex tend the r esul ts of the f l i ght evaluation program to
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expected performance of the Omega system as a whole. The
fli ght evaluation program was desi gned to evaluate Omega sys-
tem performance in terms of operational reliability and uti-

lity, and was not designed to focus on any particular phenomena.
However , when these phenomena occurred , comparisons with in-

dependently-deriv ed results allowed a more meaningfu l con-

clusion to be made as to the significance of the phenomena
ob served . Th is was par t icu larl y true when only one or two
occurrences were observed , and it was important not to make
an erroneous prediction based upon a limited data base. Most

significantl y, signal availabilities observed on isolated
flight s were compared with predictions to estimate whether

• the performance observed on the particular flight(s) was

typical of expected system performance.

4. 5 STATISTICAL DATA PROCES SIN G

Statistical information was generated as comparisons of

Ome ga to other nav igation sensors . These data were gathered
from the f light notes , and included comparisons of:

a. Omega groundspeed with Doppler groundspeed ,

b. Omega distance to go with Doppler distance to
go and DME , and

c. Omega latitude and long itude with Doppler latitude
and longitude , VOR and NDB over f l i gh ts , and sur-
vey ed posi tions measured w ith the a i rc raf t on the
ground .

Standard statistics were generated on these position cc iparisons ,

in c lud in g means , standard devia tions , and where appl icable , cor-

F ~ re lat ion c o e f f i c i e n ts and re gre~
’ss ion lines.

For comparative evaluation of the distance-to-go calcula-

tions , the d i f f erences be tween Om ega r e a d i n g s and th e r ef e r enc er sensor  wer e ca lcu lated , and m ean and standard deviations of these

34
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k comparisons were generated. Statistics were generated for
Phase A flights with the receiver in the 3.4 kHz difference

• frequency mode and the three frequency mode separately, and
both modes together. In Phase B , statistics were generated
for each of the major flight regions , namely the Pacific and
South America.

Comparisons of Omega latitude and longitude with other
position information were the most interesting statistics to
compute. The objectives of the data processing of latitude
and longitude were not only to compute standard deviations
and means of latitude and longitude , but also to determine

any correlation between thes-e errors. Statistics were gener-
ated for the Phase A fli ghts in both receiver modes

independently , and with all data combined. Statistics were
also generated for the Pacific flights and the South America
flights .

Conventional means and standard deviations of position
comparisons were generated as well as regression coefficients.
The regression coefficients attemp t to fit the latitude
errors y and the longitude errors x to each other by

y = a1x 
+ a0 (4.1)

where a0 and a1 are given by

~;xy - ____

a1 = - 

2 
(4 . 2 )

- (‘x)

a0 = y - a 1i ( L 3)
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and

-
~~~~~~~~~~~~~~~~y = (4 .4)

—
x = —

~~~

- ( 4 . 5 )

and n is the number of measurements.

The slope parameter a1 is an estimate of the major axis of

the error ellipse. The coefficient of determination r2

was also calculated to determine how well the data fit the

strai ght l ine approx imation.  Th e f ormula f or the coe f f i c i en t

of determination is given by

~ x~ y
2 \~ XY

r = 2 2 ( 4 . 6)

(~ x
2 

- 
()
~~~ ) (~~ 2 

- (9;) )
In genera l , the coefficients of determination were close to

zero , indicating that the latitude and longitude errors were

not significantly correlated.
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V . RESUL T S

5.1 GENERAL RESULTS

T h i s  sec t ion p re sen ts a bro a d overvi e~ of Omega systemperformance Results from fli ghts over the Atlanti c Ocean ,
the Pacific Ocean , and North and South America indicatesatisfactory Omega system performance with generally goodsignal availabilities .

The gener~~ results Includ e a comparative analysisof 10.2 kHz and 13.6 kHz Omega signal strengths and avail-
- 

• abilities . A comparative anal ys is of 3.4 kHz differencef requ ency Omega and fu l l thr ee  fr equen cy Omeg a wa s alsok perfo rme d Each of these anal yses is discussed in aseparate section below.

Signal availability and reliability in general wasgood . During the evaluation flights , Very few occasionswere observ ed whe n an Ome ga stat ion was off  th e air on al lthree frequenc~~ ç Signals were 
~enera11y adequa~~ exceptin the South Pacjfj~ and over North America The addjtI0~

of the Australian Station to the Omega transmitter comple-ment should alleviate the problems of signa l a va i l ab i l i tyin the South Pacific but not over North America.
Early data collection flights Indicated that the per -forman ce of f ul l  thre e f requ ency Ome ga was somewhat betterthan the performance of 3.4 kHz difference frequency Omega.In order to ob tain dat a on the be st Ome ga perf ormanc e , mos tof the data were collected in the three frequency mode.Da ta coll ec ti on in the 3 .4  kHz d i ff e rence  freq uency  mod e
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was usually accomplished by selecting the 3.4 kHz difference

frequency mode , waiting f or the receiver  to sta b i l i z e , re-

cording the results , and then switching back to the three
frequency mode. Much of the data items collected were simi-

lar or identical in both modes , making the exact choice of

operating mode less critical.

5.1.1 3.4 kHz Difference Frequency Omega vs.

Three Frequency Omega

3.4 kHz difference frequency was found to have limited

utility compared to three frequency Omega. This result was

obtained under the constraints of an operational evaluation

and the use of a single receiver software imp lementation.

One of the main theoretical advantages of 3.4 kHz dif-

ferenc e frequency Omega is the ability to perform lane ambi-

guity resolution . In practice , it was found in some weak
signal  condi tion s tha t the r ece iver wou ld no t nav igate as

well in the 3.4 kHz difference frequency mode as it would

navigate in a full three frequency mode . This was manifested

in larger RMS position error estimate values in the 3.4 kHz

mode , as well as greater incidence of Ambiguity and Dead

Reckoning warning lights. For the receiver to operate in

th e 3.4 kHz d i f f e r e n c e  fre quency mode , sign als from three or
: more stations must be received at both 10.2 and 13.6 kHz .

In fringe signal areas , where the lane resolution capability

is mos t de si ra b le , th e usable  si gnal level is de te rm ined by
the weake r of the 10.2 and 13.6 kHz signals. Thus , when only
one of these two signals is usable from a station in use ,

the nav igation information from the other signal and , hence ,

from that station , is not usable in a strict 3.4 kHz differ-

— 
ence fr equency mod e of op era ti on.  In con tras t , the f u l l
three f re quency mod e wou ld ob tain and use navi gat iona l in-
formation from the station under these same circumstances.
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Because 3 .4  kHz d i f f e r e n c e  f r equency  Omega t a k e s  a
linear combination of the 10.2 kHz and 13.6 kHz Omega

signals with opposite al gebraic  si gns , any common prop a-
gat ion anomalies  (such as SIDs)  w i l l  tend to b e of d im i-
nished effect in the position solution. This benefit is

achieved at the expense of greater sensitivity of the

position solution to phase noise. This benefit , however ,

was not observed during the evaluation .

When reinitializing the Omega receiver position from
- 
. an ex ternal posi t ion r efer ence , 3 .4 kHz d if fe ren ce f r e-

quency Omega can tolerate greater errors in the external

p o s i t i o n  reference  than can f u l l  three f requency  Omega.
- . 3.4 kHz difference frequency Omega has nominal lane widths

of 24 nm , as opp osed to the nomina l  8 nm lane wid th s associ-
ated with 10.2 kHz Omega. In the more sophisticated Omega

receivers , the pos ition which is en tered for re in iti al i z a-
tion is used as an initial position estimate. From this

initial estimate , a best estimate of position is derived

based on the phase of the Omega signals received. External

position references may have appreciable errors when used

for reinitializing Omega position , especially at jet speeds

of nearly 500 kt. In the wider 3.4 kHz difference frequency

Ome ga lan es , greater errors in these external position
r e f e r ences can be tolera ted when r e in i tiali z ing the r e-
ceiver. This advantage was exploited in operational use

by reinitializing the receiver in the 3.4 kHz difference

frequency mode. After allowing the receiving software to

der ive a pos it io~n es tima te based on the r eini tial i za ti on ,

opera tion was continued in the normal three frequency mode .
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During the flight evaluation program , three frequency

Omega was observed to perform better than 3.4 kHz  d i f f e r-
ence frequency Omega , as indicated by the smaller RMS posi-

tion error estimates , and comparable or better position

comparison errors when referenced to other on-board navi-

gation equipment (discussed in Section 5.2.5 below) .

• Therefore , full three frequency Omega may be preferable to

the 3.4 kflz difference frequency Omega for performing the

error bounding func ti on.

5 . 1 . 2  1 0 .2  kHz and 13.6 kI-Iz Signa l Quality

In the Phase A flights and the Phase B flights with

the CMC 740P , the  13.6  kHz S/N ratios were usually higher

than the 10. 2 kHz S/N ra t ios , which i s consis ten t w ith propa-
gat ion theory . However , on the Phase B f l i gh ts wi th the
CMC 740 , the 10 . 2 kHz S/N ra t ios were of ten much h igher than
the 13.6 kHz S/N r a t i o s .

A possible explanation for the higher S/N r atios of
the 10.2 kHz signals is 400 Hz interference from sources on

the aircraft to which the H-field antenna is susceptible.

13.6 kHz is a multiple of 400 Hz , while 10.2 kHz is not a

multiple. The 400 Hz is automatically maintained to a

toleranc e of +4 Hz , but is usually set by the flight en-

gineer to +1/4 Hz. For a receiver with a bandwidth of 50

Hz , or 2 5 Hz to each side of the center f r e quenc y , the 400 Hz

si gna l would have to dr if t more than 7 Hz for  the ha rmonic
to f a l l  in the receiv er pass band at 10 .2 kHz , bu t n o r m a l l y
a harmonic would be present at 13.6 kHz. Thus , i t is con-

ceivable that the lowered 13 .6 kHz S/N ratios , which were

wel l corre la ted amon g the d i f f eren t stations on Phase B
f l i ghts with the CMC 740 , are a re sul t of loca l in te rf erence.
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Figures 5.1 and 5 ,2 show two sample S/N ratio plots ,

the former generated from CMC 740P data , the latter from

CMC 740 data. These plots give clear indications of the

10.2 kHz and 13.6 kHz S/N ratio trends. On some flights ,

however , the 10.2 kHz and 13.6 kHz S/N ratios were nearly

equal , with some occurrences of each signal being higher.

Figure 5.3 is an example of this phenomenon , with the CMC

7 4 0 P  u s e d .

On both frequencies , the S/N ratios showed mo ie

scatter about low S/N ratios than about hig h er S/N rat ios .
Fi gures 5.1 through 5.3 illustrate this effect , hh ich was

noted  th roug h ou t t h e f l i g ht p rog ram .
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5 . 2 NOR TH ATLANTIC FLIGHT S

5 . 2 . 1  In t roduc t ion

The Nor th At lan t ic da ta collec t ion f l i g h ts con si sted of
the eleven Phase A flights and two Phase B flights , as shown
in Table 5.1. However , da ta from Fl i gh t 66, March 2 2 , 1976 ,
does no t appear to be correc t and is no t considered in the di s-
cu ssions below . Thu s , rou ghly 100 hours of good da ta were col-
lec ted , almost all of it from Phase A. Figure 5.4 shows the

de ta i l ed  f l i g h t  pa ths  of the Phase A Nor th  A t l a n t i c  c ros s ings ,
wh ich give a representati ve coverage of the Nor th  A t l a n t i c .
On thes e f l i gh ts , the ea stbound depar tures general ly were at
approx ima tely 2300 GMT , w h i l e  the wes tbound f l igh ts depar ted
at approximately 0100 GMT . Thus , the eas tbound f l ig h ts were
g e n e r a l l y  at n igh t  and the westbound f l i g h t s  in dayt ime .
U s u a l l y  the westbound f l i g h t s  took the more no r the r ly  routes ,
and the eas tbound f l i g h t s  f l ew  the more souther ly  routes
shown in F igure  5 . 4 .

TABLE 5.1 - NORTH ATLANTIC FLIGHT S

FLIGHT DATE ~~IG IN DESTIN ATION PH ASE

44 Aug 19, 1975 New Yor k Copenhag en A

59 Aug 20, 1975 Frankfurt Chicago A
67 Aug 21, 1975 Fra nkfu rt Wash ington A

66 Aug 2 1, 1975 Washin gton Frankfurt A
59 A ug 23 , 1975 Frankfur t  Chicago A
58 Aug 23, 1975 Chicago Frankfurt A
44 Aug 26 , 1975 New York Copenhagen A
59 Aug 28 , 1975 Frankfurt Chicago A
58 Aug 28, 1975 Chicago Frankfurt A

59 Sept 1, 1975 Frankfurt Chicago A

59 Sept 2 , 1975 Frankfurt Chicago A

66 Mar 22 , 1976 New York Frankfurt B

67 Mar 26 , 1976 Frankfur t  New York B
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FIGURE 5 . 4  - PHASE A NORT H ATLANTIC CROSSINGS

5.2.2 Signal Availability

Omega was found to give adequate coverag e over the North

-\tlantic. Figure 5.5 shows the availability reg ions observed

on the Phase A flig hts , including Stations A , C , D , H , and B
(Trinidad) . Of the remaining stations , Stations B (Liberia)

and F should be of major util ity for navi gation over the Nor th
At lan t ic , bu t Station s E and G (Aus tra l i a) should be of l im ited
value .

Station A provides strong si gnals over the North At lantic ,

hut these signals are , of cour se , subject to the Greenland Shadc;~.

Thi s phenomenon is the strong attenuation of signals propagating

over th e Greenland ice ca p , and l imi ts th e ava i lab ili ty of Sta-
tion A si gnals in the western portions of the Atlantic . Figure

5.6 i l lus tra tes the ef f ect of the Greenland Shadow , wi th the
typical sharp edge of signal availab ility. Note that over most

of the flig ht , Stat ion A was avai l able wi th strong si gnal s.
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Stat ion B (Tem porary Stat ion G , Trinidad ) prov ided exce l-
len t S/N ra tios over the en ti re Nor th At lan t ic on a l l f l ights
conduc ted under th is pro gr am . Even though the statio n is r adi-
ati ng app roxima tely only 1 KW , observed S/N ratios ranged be-

tween -5 and +5 dB over most of the flight profiles. One of

the best LOPs for this region is formed by the combination of

this station with Station A. However , sinc e curren t p lans  are
to shu t down the Tr inidad Station on 30 September 1977 , the

fo llowing signal availabi lity ana lys is  excludes the use of
T r i n i d a d .

Stati on B (L iber i a )  wa s observed on only the two Phase
B f l igh ts , bu t showed excel len t S/N ra tios over the f l i ght .
Dur ing  the day , S ta t ion  B should provide stable signals over
the ent ire North At lan tic route struc ture.  However , mod al
in ter fe rence  i s expec ted at nigh t , pr imari ly  wes t of a gre at
circle arc through Greenland and Liberia. Modal interference

e f f e c t s  as observed from a moving p l a t f o r m  would be h igh l y

s tochas t i c  and d i f f i c u l t  to observe . However , the p r o b a b i l i t y
of a 1 0 . 2  kHz lane s l ip  due to S ta t ion  B modal i n t e r f e r e n c e  is
expected to be very small over the North Atlantic [1]

Stat ion C wa s ob served only on the western por tions of
the flights , and d isplayed it s own Greenland Shadow e f f e c ts .
Fi gure 5.5 exhibits the limits of Station C availability ob-

served on a number of f l i g h t s , and for  a p a r t i c u l a r  f l ig h t ,
Figure 5.7 shows Station C availability that is somewhat above

average .

Station D provides excellent coverage for North Atlantic

f l i ghts . Si gnals  f rom this  sta tion are strong acro ss the
A t l a n t i c  c o n s i s t e n t l y ,  a l though  t aper ing  off  s l ig h t l y  over
Europe as the  p ropaga t ion  d i s t ance  inc reases ;  F i g u r e  5 .8  i l-

l u s t r a t e s  t h i s  e f f e c t .
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Station E was not transmit ting during the Phase A flights ,
and was observed over Europe onl y once in the Phase B flights;
Station E is not expected to provide usable signals over the
N o r t h  A t l a n t i c .

Station F was also transmitting only during Phase B

North Atlantic flights (although not commissioned) , bu t was
receivable only during one of the two Phase B flights . How-
ever , Station F is expected to give good signal availability

over most of the North Atlantic , except possibly over Europe

during conditions of all daylight propagation [2]. In fact ,
- 

- on the one flight when Station F was transmitting, signal

availabilities were good.

St a t i on G (Australia) is not expected to be usable over

the North Atlantic due to the extreme propagation path lengths.

Sta t ion  H was observed only over the eas te rn  part of
the Nor th  A t l a n t i c , and appeared to have i t s  own Gr een land
Shadow . This station will therefore be useful only for
redund an t covera ge over Europe.  F igure  5. 9 sh ows an ex amp le
of Station H S/N ratios observed over the North Atlantic.

Station geometry over the North Atlantic significantly

decreases the apparent redundancy of signals. Figure 5.10

shows the a z i m u ths of great circles to the Omega transmitters

f r o m  4 4 ° N , 40°W , which is in the middle of the North Atlantic.

Note  t h a t  the  a z i m u t h s  to S t a t i o n s  A and H , and t he  a z i m u t h s

r 

to Stations C and D are almost identical. Furthermore , the

azimuths to Stations B and E are fairly close. In other ~‘ords ,

for any of the pairs of Stations A and H, C and D , or B and
E , most of the navigational information to be derived from

having both stations of the pair is available from just one

station. Adequate signal availability over the North Atlantic

will require the availability of at least one station from

each of the three pairs , or at least one station from two of
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the pairs if Station F is available. Although the signal geo-

metries vary over the North Atlantic (Figures 5.11 and 5.12),
this generalization is useful for determining the effects of

lost signals from individual transmitters.

H A
North

G
(Trinidad )

F

- - F I G U R E  5.11 - AZIMUTHS OF GREAT CIRCLES TO OMEGA TRANS-
M ITTERS FROM 4l° N , 72° ’1c (LONG ISLAND)

I
’

G 

C A 
H 

1

North

(Trinidad ) 

F 

B 

E

F I G U R E  5 . 1 2  - A Z I M U T H S  OF GREAT C I R C L E S  TO OMEGA TRANS-
MITTLRS FROM 50°N , 8°E (FRANKFURT A .M.)
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At the high latitudes of some of the North At lantic
LI 

crossings , auroral effects are frequently observed. In fact ,

Figures 5.6 through 5.9 show S/N ratio degradations at about

0330 GMT which occurred at the same time as an aurora. It

is not expected that auroral activity will degrade the strong-

er Omega signals , but weaker signals may not be usable during

an aurora .

In summary , Stations A , B (Liberia) , D, and F will be

of major utility over the North Atlantic. Stations C , E and
H will serve supporting roles , due to their supplying informa-

- 
- tion redundant to that supplied by the stronger signals.

• 5.2.3 Omega Sy s t e m  P e r f o r m a n c e  W i t h o u t  the T r i n i d a d  S t a t i o n

Becaus e the Trinidad Omega station is temporary and

scheduled for decommissioning, the present performance of the

Omega system with the Trinidad station operational must be

interpreted in order to obtain a reasonable expectation of

the future performance of the Omega system in its final con-

figuration , which will not utilize Trinidad . Based on the

North Atlantic crossing s in Phase B , predicted Omega signal

coverage [2] and analysis of transmitter geometries over the

North Atlantic , it is expected that the loss of the Trinidad

Omega station will have little effect on Omega system coverage

in the  N o r t h  A t l a n t i c .

When Station F is operating normally and adequate signals

are receivable , the loss of the Trinidad station should not

be particularly significant over the North Atlantic. Figure

5 . 10 shows that the great circle to the Trinidad station

lies on an azimuth of 216° , or very near ly the same a z i m u th
-. as Sta t ion F . Thus , Stations F and G will supply redundant

information. When Station F is not available , as might happen
V.
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over the eastern part of the North Atlantic , adequate signals

should be available from enough other stations that no serious

loss of navigational capability would be encountered.

The replacement of the Trinidad Omega station by the

L i b e r i a  Omega s t a t i on  appears  overal l  to give an improvement

in Omega system pe r fo rmance  over the Nor th  A t l a n t i c .  The
Liberia station will consistently provide strong signals to

the Nor th  A t l a n t i c  area and modal interference is not ex-

pected to be a problem . The Liberia station thus completes

the  favorab le  geometry of one st ron g sta t ion in every quad-
- ‘ rant of the compass.

- - 
- 5.2.4 Flight-to-Fli ght Repeatability of Results

Fli ght data collected over the North Atlantic shows that

Omega S/N ra ti os have consid erable vari ati on s from day to day,
as wel l as the wel l -known d iurnal var iat ions . The f l ights
over the North Atlantic provided a good opportunity to ob-

serve these variations , as many f lig hts were accom p l i shed over
very similar routes. On these flights , signal availability

regions were observed , as discussed above . Referring to

Figure 5.5 , note that Stations A , C , and H have cons iderab le
variation in the location of the thresholds of signal avail-

ab i l ity . For exam p le , even when compensa tion is made f or day
and night effects , the Station A threshold of signal avail-

:

0 ability (the Greenland Shadow) varies from Long Island to

Newfoundland , with differences of over 100 miles east to west.

S i m i l a r l y ,  S ta t ion  H was u s u a l l y  ava i l ab l e  as f a r  west  as
Greenland , bu t some t imes was no t ava i l ab le wes t of En g land .

Thus , Omega signals show considerable day-to-day variation .

1/-
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5 . 2 . 5  Position Comparison Statistics

Althoug h determination of Omega accuracy was not the
pr imary  ob jec t ive of the f l igh t eva lua t ion pro gram , a limited
number of comparisons were made between the Omega-indicated

position and other position references. Errors in latitude

and lon gi tud e were lar gely uncorr ela ted , and the overall
position discrepancy between Omega and other on-board sensors

showed roughly  a 6 nm s tandard dev ia t ion , based on about
one hundred obs erv at ion s .

S t a t i s t i c s  were gen er ated compar ing the Ome ga- indica ted
nav iga t ion  pa ramete r s  to pa ramete r s  as ind ica ted  by o ther  on-
board sensors .  The s t a t i s t i c s  were compu ted f or Omega opera-
ti on in bo th the d i f fe rence  frequency and ful l thr ee fre quency
modes of opera tion . Po sit ion ind icat ions of Omega were com-
pared to Dop pl er radar posi t ion s , posi t ion s measured wi th th e
aircraft on the ground , and overfligh ts of NDBs and VORs .

Groundspeed referenc es were ob tained from the Dopp ler r adar ,
and d i s t a n c e - t o - g o  references  were supplied by Doppler  radar
and DME .

Table 5 . 2  shows pos i t i on  comparisons of Omega-indicated
pos i t ions  and Doppler r ada r - i nd i ca t ed  p o s i t i o n s , VOR and NDB
overfl ights and positions of the aircraft on the ground.

Minu tes of longitude were converted to nm at a mean latitude

• of 51° for the North Atlantic. All the mean errors are small ,

less than 1 nm , but the standard devia t ions are a l l  at lea st

4 nm.  These are posi t ion comparisons , however , not p o s i t i o n
er ro rs  measured from a c a l i b r a t e d  r e fe rence .  The three  fre-
quency standard deviation in longitude is roughly twice the

d i f f e r e n c e  f r equency  standard devia t ion. Thi s is due to a
small  number of data  p o i n t s  wi th  la rge  l a t i t u d e  di sc repanc ies .
The squares  of the correla t ion c o e f f i c i e n ts are a l l  very smal l ,
i n d i c a t i n g  n e g l i g ib le  c o r r e l a t i o n  between l a t i t u d e  and longi-
tude errors.
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FABI I 5.2 — POSII’JON COMPARI SONS , OME GA REFERENCE TO VOR ,
N 1)I~, AND 1)OPPLER RADAR C H E C K P O I N T S

DIFFERENCE THREE DIFFERENCE THREE
FRE QUENCY FREQUENCY FREQUENCY & FREQUENCY

OM EGA OMEGA OMEGA OMEGA

Latitude ( rim )
Mean 0.9 South 0.1 North 0.3 South
Std . 0ev . 4 .8 4.0 4.4

Longitude (nm)
Mean 0.7 West 0.1 West 0.4 West

- - Std . 0ev. 2.8 5.0 4.2
(Corr. Coeff .) 2 0.0 1 0.04 0.03
No. of Points 34 39 73

Table 5.3 shows comparisons of Omega and on-board sensors

in distance to go and groundspeed . In these cnmparisons ,

the three frequency mode w a s  found to he in better agreement

with on-board sensors than was the difference frequency

mode .

Distance-to-go comparisons showed roughly equivalent

standard deviations and means for both the three frequency

and difference frequency modes of operation . The three fre-

quency mode was found to be slig htly more accurate , but this

difference is not significant.

Groundspeed comparisons showed better results with

three frequency Omega than with the difference frequency
-
~~~ Om ega . In fac t , the st andard dev iati ons of d i f f erence

1~
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FABLE 5.3 - OMEGA REFERENCED TO DOPPLER RADAR AND DME
GROUNDSP EL D AND D I S T A N C E  TO GO

DIFFERENCE TH REE DIFFERENCE THREE
FRE QUENCY FRE QUENCY FRE QUENCY & FRE Q UE NCY

OMEGA OMEGA OMEGA OMEGA

Distance to Go (nm)
• Mean -2.5 - 1.8 -2.1

Std . Dev . 6.2 5.8 5.9
No. of Points 25 40 65

Groundspeed ( kts )
Mean 1.6 -1.6 -0.3
Std. 0ev. 18.1 12.3 15.0

No. of Points 41 58 99

frequency Omega were found to he roughly 50% greater than the

standard deviations of three frequency Omega . This may be

a result of the greater sensitivity of the 3.4 kHz difference

f re qu en cy Ome ga mode to me asuremen t no i se .

Th e stand ard dev iat ions in la titude and lon g i tud e can be 
H

com p ared w ith the stand ard devia tion of dis tanc e to go in
ord er to check the validity of the observed statistics. If

the 3.4 kHz differenc e frequency standard deviations in lati-

tude and lon g itude are combined in a sum-of-squares manner ,

the resulting value is about 6 nm. This value of 6 nm cor-

responds well with the 6 nm standard deviations observed in

the distance-to-go statistics. If the few larg e errors oh-

serv ed in compu tin g the three f r e quency Ome ga lon g itude

statistics are eliminated from consideration , a similar result

is ob ta ined  for  t h r ee  f requency  Ome ga . This  p rovides  a u s e f u l
validity check on the observed statistics.
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5.3 PACIFIC OCEAN FLIGHTS

5.3.1 Introduction

A t o t a l  of 21 f l i g h t s were conduc ted in the Pac i f ic , all
of these using the Canadian Marconi 740P . These flights ,
documen ted  in Tab le  5.4 and Figure 5.13 , were represen tati ve
of the region . Four or more stations were usable for route

segments in all regions evaluated except three: in the East
- -  - Ind ies around Djakar ta , between Auckland and Tahi ti , and on

the western portion of routes from Los Angeles . The addition

of the Australian station to the Omega transmitter complement

should make reception of four or more Omega stations feasible

throughou t the Paci f ic area , with the possible exception of

the Nor th Amer ican coa st l ine and adjacen t wa ters.

5.3.2 Signal Availability

Fl igh ts in the Pa c~if ic indica te good si gnal avai labi l i-
ties in the region , even without the Australian station.

Stations C , E , and H provide the strongest signals in the

area . Figure 5.14 shows the approximate coverage areas pro-

vided  by the d i f f e r e n t  s t a t i ons  as observed on var ious  f l i g h t s .
The coverage area boundaries show signal availabilities at the

t im e of day when the a i rcraf t was a t the gi ven loca t ion , and
ar e n ot correc ted for  d iurnal  var ia tions in signal str ength ,

nor n e c e s s a r i l y  averaged over a l a rge  number of samples for

each l o c a t i o n .

Station A (Norway) availability was satisfactory only

in the western Pacific , wit h s ign i f ican t diurna l  var ia t ions .
Station A was available in the Guam-Tokyo-Hong Kong triangle ,

but  was not u sab le  a g a i n  u n t i l  past  D j a k a r t a  on the  f l i g ht
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F I GU R E  5 . 14  - SIGNAL A V A I L A B I L I T Y  T’-~ TTTF PACIFIC

to Sydney. This station was weak but usable over Australia

until sunrise , when signals were no longer receivable.

S ignals wer e aga in rece ived halfway between Sydney and Pago
Pag o , and continued to be usable on the flight into Honolulu.
The propagat ion path dur ing thi s per iod of availabil ity was
daylight at the transmitter and night at the receiver.

Station B (Liber ia) provides usable signal s in the
wes tern Pac i f ic w it h an eas terly propagat ion pa th, and usable

signal s in the eas tern Pacif ic wit h a we sterly pr opa gat ion
path. However , these s ignals in the eas tern Pacif ic wer e
not used due to rece iver sof tware exclud ing wes terly propa ga-
t ion si gnals at ranges grea ter than 5,000 nm . Station B

signals on flights from Tokyo to Guam and Hong Kong were weak
but usab le , and somewhat  s t r o n g e r  south to Dj a k a r t a .  On
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the flight from Djakarta to Sydney, signal strengths were

as high as +5 dB , perhaps due to the ni ght propagation path.

Westerly propagation-path signals were received as far west

as Pago Pago , but these signals were generally weak and of

inconsistent strength on the Tahiti-Los Angeles route.

Station C (Hawaii) provides good coverage of the Pacific ,

but the far southwestern Pacific is marginal in terms of

signal strength. Adequate signals were available on flights

f rom Tokyo to Guam and Hon g Kong , bu t si gnals  were no t us ab le
past Hong Kong on the flight to Djakarta. Over central

Australia on the way to Sydn ey ,  signal strength improved and

was good on the rest of the fli ght to Honolulu.

Station D (North Dakota) provides coverage from the U.S.

mainland to Tahi ti (see Figure 5.15) and pas t Honolulu. It
is weak but usable on the Tokyo-Guam segments. On the Tokyo-

Sydney flight , Stat ion D was occasional ly avai lable but was
not used for position ca l cu l a t i on  due to the range  of the

westerly propagation path being  grea ter  than 5 , 000 nm. How-
ev er , signal strength improved passing Pago Pago , and signals
were incorporated into the position solution .

Sta t ion  E (La Reunion) supplied coverage over almost the

en t i r e  Pac if ic , with good signal strengths consistently avail-

ab le , despite propagation paths of around 10 ,000 rimi . However ,

signal availability stops abruptly at about 130°W , or rou gh ly
lO °W of Los Angele s . This very abrupt s ignal cutoff is shown
in Fi gure 5.16 , as observed on a f light from Los An geles to
Tahi ti. This is apparently not due to H-field antenna mis-

steering near the Station E anti pode (loca ted in the Pacif ic

o f f  Baj a , Cali fornia) becau se a sim i lar cutoff in si gna l s has
been observed wi th a receiver using an E-field antenna [i] .
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Station F (Argentina) was not consistently available dur-

ing the flight evaluations , as it was still on “test ” status.
- 

- Signal s were used by the receiver from central Australia to

Pago Pago , however.

Station G (Trinidad) provided useful signals for an hour

and a half from Djakarta to Sydney , with a propagation dis-

tance of just over 10 ,000 nm . Aside from this brief period ,

no usable signals from Station G were received over the Pacific .

Station H (Japan) provided usable signals everywhere in

F 
- the Pacific excep t on one flight within the near-field region

of the antenna . On that flight , Station H was automatically

deselec-ted bec ause the transmission path was less than 300 nm.

5.3.3 Fli ght-to-Fli ght Repeatability of Results

The flights in the Pacific covered an extremely large area

with little duplication of flights. However , the Los An ge les -
Tahiti segment was covered four times , twice in each direction .

Effects observed on the Los Angeles-Tahiti flights are dis-

cussed below , with emphasis on Station F. Station A was never

available , and Stations C and H were consistently very strong

on the f lights. Station D showed a well defined trend towards

somewhat weaker signals at Tahiti , but Stations F and G were

not av ai lable in any not iceable strength to perm it mean ingfu l
fli ght-to-flight comparisons of results. Similarly, Station B

I ~‘ si gnal  stren gth s wer e mar g inal  and e r ra t ic , making analysis

of any repea tab ili ty imposs ible.

~. F igures  5 .17  and 5 .18  show S t a t i o n  F S/N r a t i o s  observed
on flights from Los Angele s to Tahi ti, and F igures 5.19 and
5.20 show S/N ratios on the return flights. The dramat ic
t r a n s i t i o n  in Sta ti on E S/N ra t ios on all f li ghts is notable ,

-
~~ with Figure 5.17 showing the cleanest transition and Figure
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5.19 showing the least abrupt S/N t r a n s i t i o n , Tab le  5. 5 shows
the locations of the aircraft during the middle of the transi --

tion from good signals to bad . Note that all of these points

are fairly close together , perhap s because of the similarit y

- - in time of day ; predicted propagation conditions [2] indicate

that the threshold of available signals from Station E should

he fairly invariant with time of day between Los Angeles and
Tahiti.

- 
- 

5.3.4 Position Comparison Statistics

Statistics were generated comparing the indicated posi-

tion of the CMC 740P to various position references. These

included 90 data points , of which 35 were measured with the

aircraft on the ground , 30 after takeoff , and the rest during

cruise. Excluded from consideration were points taken imme-

diately after landing , as the Omega receiver position on at

least two occasions jumped 8 or 10 miles when the aircraft

actually touched down .

The statistics generated are shown in Table 5.6. Note

that the standard deviation of latitude is smaller than the

standard deviation of long itude , and there is very little

correlation between the latitude and long itude position-

comparisons. The circular error probability (CEP) is approxi-

mately 2’ , or 2 nm.

5.3.5 Crosstrack Drift Incident

On Flight 816 , 13 April 1976 , the Omega-indicated posi-

tion drifted approximately 16 nm relative to the Doppler

radar and Loran-A positions. This unusual incident is dis-

cussed below , but no satisfactory explanation has been found. 

~~~~~~~~~~~~ -~~~~~—-- -—&~~~~~~~~~~~~~~~~~~~~~~~~~ LI -~~~ 

_ _ _  

- 
. 

- 

- 

- 

-



r

. (0 N. N.
~~~ 1~~~ CV) C ’) C’)
C 0 0 0 0

~~~ (0 N. (1)
C’.) C’-) C’.) C’.)
— -4 .—I -4

- (I) C-) — 5)
(/) H LI) C ‘~~ 

(C.

~.‘ ~~~ 0 0 0 0

~j  — ~~
- m ~~C’4 C”J C-.) C”)

I—.
-~~ LI)

~~~ N. 0) CC C>
- .—l .-4 -I C’)

- - CD .

— if) IC) Lr) If)

F .  — o C C C>CI) r 4  CV) C>
0) CV) (0 C”)CD 0 C) -l

-
~~~ 0 0
—4 1) I.)
I— .~~~
.-i: 

0 0F-.
IC CD

4 4  .p- 5- .- 5-
I- 4-> LI. 4) U
I_/-, ..

~
—

Li) -~~ ~~ -~~ C
C> (C CD (C CD

H II )  H If)
H ____________

2:
0 0

0
(/) I_I)

~1~~
— c) 0I - - — CD C C—. CD
~~~ 

-.- S.. .-
C> 

~~~ 
.,_

If) ~ -~~ C -~~
LI . ~~ CD CD CD

It)  I- 1/) 6-

(0 (0 (C) (0
• N- N. N. N.p. 0) 0) C) 0)

-4 p.- -4 -4
F—

I..) LI—I C.J IC) 0)
~- 

—I . 4 C’) C-J

a — .—
3.. .— -.- -,-

5-. S.. S.. S~~0- 0. 0. 0.
.~~ < c~ c1

0 — —

I-
CD If) (0 (0 (0
— -4 _p -4
-J Co CC Co CD

66

_ _  

____ 
_ _  

_ _ _  ~~- - - -~~~~~~~~~~~~~~~~~~~
‘ : -  ~~~~~~~ . .~

.; :.: -



I -

k TABLE 5.6 - POSITION COMPARISONS , PACIFIC FLIGHTS.
OMEGA R E F E R E N C E D  TO GROUN D POSITIONS

L a t i t u d e , Mean Error 0 .5 ’N
Latitude , Std . 0ev. 1.91

Longi tude , Mea n Error 0 .2 ’ W
Longitude , Std. Dev. 2.5’

Correlation Coefficient 0.2

Number of Poin ts  90

Or Flight 816 , 13 April 1976 , a divergence between Omega -
indicated position and Doppler and Loran-A positions was

first noted at about 0900 (GMT), when the aircraft was at

about 2°S, l4l°W. At 0945 (l°N, l40°W), the Omega receiver
was reset 16’ to the east to compensate for the apparent drift.

However , at 1230 (20 °N , l29°W) , the drift had started to fade ,
and the 16’ update of the Omega set was removed.

Figure 5.21 shows the station geometry observed at 1229

(GMT), when the aircraft was at about 20°N , l29°W. The azi-

muths of great circle paths to the four stations with usable

signal strengths were within 144° of each other , and three

of these were within 5 40  of each other. Thus , the station

geometry undoubtedly contributed to the cross-track drift.

However , the long duration of the crosstrack drift suggests

that a propagation anomaly or an erroneous propagation pre-

dic t ion  may have con t r ibu ted  to the error. Note that the addi-

tion of an Australian Omega s t a t i on would n ot ha ve substanti-

ally improved s ta tion  geometry . Even the addi t ion  of an atomic
time standard to the Omega receiver might not have completely

solved the drift problem if , in fact , propagation anomalies

were present.
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5.3.6 Expected Pacific Signal Quality with the Australian
Station

The Australian station will make a valuable contribution
to Omega n a v i g a t i o n  in the Pacific. The station will be
e s p e c i a l l y  i m p o r t a n t  f o r  navigation north and east of Australia ,
and will add redundant coverage to most of the rest of the
Pacific.

The Australian station will be an impor tan t  a d d i t i o n  to
the Omega signal complement in the East Indies and off the
coast of Indochina . Presently, this area receives good signals
from Station E to the east and Station H to the north. Stations

B and C are often available , but the ranges to the transmitters
are near the maximum limit of usability . With the Australian
station operational , a third strong signal will be available
in the region , with the two weaker signals available for in-

creased reliability and accuracy .
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In the Pacific as a whole , the Australian station wUl
contribute signal redundancy to all hut the North and South
America western coasts. Stations C , D , E , and LI already pro-

vide very good coverage of the Pacific except for the East
Indies and Indochina , so that addition of the Australian
station will not provide any new capabilities to most regions.
However , the increased signal coverage ssil l increase the re-
dundancy available to the user.

5.4 CENTRAL AND SOUTH AMERICAN FLIGHTS

5 . 4 . 1  In troduc t ion

A total of 21 flight s to Central and South America were
conducted . Table 5.7 documen t s  these flights , which are
divided into three groups: the Central American flights; the
South American flights , inc luding three round trips to Caracas
and three round trips to Rio de Janeiro ; and the South Atlantic
flights , consisting of a round trip from Rio de Janeiro to

Johannesbu rg , South A f r i c a .  The CMC 740P receiver was used
on the Central American flights; the CMC 740 receiver was used
on the South American and South Atlantic fli ghts.

5.4.2 Signal Availability

5.4.2.1 South American Flights

Signal availability of the South American flights was

g e n e r a l l y  good , w i t h  six stations (including Trinidad) usable

on each fl ight. Figure 5.22 shows approximate si gnal ava il-

ability areas.
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FIGURE 5.22 - OBSERVED OMEGA SIGNAL AVA ILABILITIE S
ON SOUTH AMERICAN FLIGHTS
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I)ata on signal availabilit y was developed from two

sources. In the first method , signal-to--noise ratio plots
for each flight were generated from S/N ratios measured by

the fli ght observer , and these plots were compared with plots
from other fli ghts to estimate signal quality, repeatability,
and usability. The other method of determining signal avail-
ability was to observe the receiver indication of those sta-
tions whose signals were incorporated into the position
solution. This information denotes only that phase measure-
ments at some frequency were incorporated , not necessarily
that information at two or three frequencies was used . The
use of both methods provided information on both general

signal availability and also the performance that could be
e x p e c t e d  f r o m  a high quality Omega receiver.

Six station s were found to be useful for flights from
New York to South America : Stations A , B (Liberia) , C , D ,
F , and G (Trinidad). Generally, it was found from observa-
tions of the S/N plots that Stations A and B and Stations 0
and F were complementary . That is , signals from Station A
would begin to fade approximately when signals from Station
B were becoming available , and signals from Station D would
begin to fade when signals from Station F were becoming
available. Stations C and G were found to be usable on all
portions of the South American flights , except during flights

too close to Station G.

Stations D and F showed a well-defined complementary

signal availabilit y pattern , hut the complementary signal

availability pattern of Stations A and B was less well de-
fined. Station D usually showed a smooth , gradual , and well-

defined decrease in S/N ratio on southbound fli ghts. On these

sou thbo un d f l i g h t s , Station F showed a very similar increase
in S/N ratios. This increase was also smooth , gradual , and

well defined. Thus , signal availability of Stations D and F
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was complementary, with one signal fading as the other grew

s t ronge r . Complementa ry  s ignal  ava i lability of Stat ions A
and B was s t ronger  in the  sou th .  However , the  s i g n a l  s t r e n g t h s
of these stat ions were erra t ic and less consis ten t than the
signal strengths of Stations D and F.

On almos t all of the South American flights , rece iver
so f tware  ind icated  t h a t  S t a t i ons  B , C, D, F and G were us ed
for  near ly  the entire flight . The CMC 740 flags a station

I ’ as incorporated into the pos i t ion  so lu t ion  if s igna ls  at any
of the three f requencies  were used . Thus , in mar g in al si gnal
areas , the presence of signals  at one par ticular  f requency
could mask the over all degrada t ion of signal quality .

5.4. 2 .2 Central Americ an Flights

The round trip to Central America did not display the same
over-all signal availabilities as the flights to South America.

St i l l , based on the one round trip, s ignal availabiliti es should
be sati sfac tory over the Gulf of Mex ico . Omega nav iga tion will
be of grea tes t value on this overwa ter segment of trips to
Central America. From Florida southward , Stat ions C , D , F ,

and G were available , wi th Stations A , B and H intermittent.
However , s u f f i c i e n t  s igna l s  were ava i lab le  for the CMC 74 0P to
operate in the difference frequency mode.

5.4.2.3 South Atlantic Flights

Signal availabilit ies on the South Atlant ic flights were
e x c e l l e n t .  G e n e r a l l y ,  al l  s t a t ions  except S t a t i o n  H were
used on the flight from Rio de Janeiro to South Africa.
Station A was usable only in the middle of the flight , and
Station C was unusable over Africa. The other five stations ,

however , were ava i l ab le  throug hout  the f l i gh t .
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From the S/N plots , Stations B , E , and F show- hi gh S/N

ratios , and Stations C , D , and G show fairl y good S/N ratios .

Station A was weak when availabl e , Station H had good S/N

ra ti o s during the fl ight from South Africa to Rio de Janeiro ,
with usable signals obtained around local inidlight.

5.4.3 Omega System Performanc e Without the Trinidad Station

In the western hemisphere , the effec t of losing the Tn-

nidad Omega station will vary from region to region , and w i ll
vary  w i t h  rece iver  sensitivity and sophistication . Loss of

Trinidad signals will have virtually no impact on Omega system

performance in the South Atlantic , but may have an impac t on
signal availability over the Gulf of Mexico . Receivers which

can process phase data independently at the various frequen-

cies will have less performance loss than those which require

signals to be present at two or three frequencies in order

to navigate.

In the South At lant ic , Trinidad signals presently provide

redundant coverage. With Stations B , C , 0, E , and F available

in th is area , good signal quality and redundancy will exist
even without the Trinidad station. Thus , the impact of losing

this station should be minimal .

On South American flight routes , specificall y New York to

Caracas and Rio de Janeiro , the loss of the Trinidad station

should he minimal for sensitive receivers in good installations ,
hut may occasionally be significant for receivers of lower per-

f o r m a n c e. The CMC 74 0 receiv er u su all y wa s ab le to process
da ta from Stat ions A , B, C , D, and F on South American flight s.
Thus , sufficien t signal quality and redundancy for a hi gh per-
formance receiv er should be availabl e under mo st cond it ions of
propagation media and transmitter availability . However ,
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Stations A and B and Station s 0 and F exhibit a complementary

nature in signal availability, with Station C available over

the entire route. If Station C is unavailable for any reason ,

and if the receiver sensitivity as installed is modest , then

system performance may be unacceptable.

In the Gulf of Mexico , the situation is somewhat more

sensitive to the availability of the Trinidad Omega station .

Fli ght data shows that Stations C and D are of good quality

in the Gulf , and Station F is near the threshold of avail-

ability during the day . Stations A , B , E , and H ar e no t con-
sistently available. Thus , the signal availability without

Trinidad is only acceptable , with little margin for stations

off the air or unreceivable.

5.4.4 Flight-to-Fli ght Repeatability of Results

The South American fli ghts exhibited good repeatability

of observed trends in S/N ratio for the stronger stations.

Comparisons of Station A and Station F S/N ratios on flights

C 
from New York to Rio de Janeiro and Montevideo are discussed

with supporting S/N ratio plots. Weaker stations showed

little flight-to-flight repeatabil ity of results.

On flig hts from New York to Rio de Janeiro and Montev id eo ,

• S/N ratio plots show good repeatability for Stations A and

F. Station A S/N ratio plots for flights 203 (July 5 , 1976),

201 (July 6, 1976), and 201 (August 2 , 1976) are included as

Figures 5.23 through 5.25. These plots consistently show

good S/N ratios on Station A until signa l cuto f f .  The cut-
offs are shown in Table 5.8 and display good position con-

r e l a t i o n  to the accuracy of the meas~-r ements , which is about 30

- ‘~~ of latitude. Station F S/N ratios for these same three flights

are included as Figures 5.26 through 5.28. The S/N ratios

cons is ten tl y increase on these flights.
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TABLE 5.8 - LIMITS OF STATION A SIGNAL AVAILABILITY ON
FLIGHTS TO SOUTH AMERICA

FLIGHT DAT E LAT LON J GMT

203 Jun 5, 1976 4°20 ’ 30Q3 I T 0608
201 Jul 6, 1976 3°03’ 56°59’ 0615
201 Aug 2, 1976 4°51’S 

- 

53°53 ’W ~
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FIGURE 5.28 - S/N RATIOS , STATION F , NEW YORK-RIO DE
JANEIRO , FLIGHT 201 , AUGUST 2, 1976

Weaker stations , such as Station H , showed poor flight-
to-flight repeatability of results. For a weaker station ,
any improvement or degradation of propagation medium charac-
teristics can make the difference between signal availability
or unavailability . Thus , the lack of correlation between
signal availabilities on different days indicates fluctuations
in propagation medium characteristics.

5.4.5 Position Comparison Statistic s

Statistics were generated comparing the Omega-derived
navigation parameters with navigation parameters obtained from

• other on-board sensors. The techniques used for the South
American flight data processing were the same as used in the
analysis of position-comparison data from the North Atlantic
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and Pacific flights. Results are comparable to those ob-

tained over the Pacific , and better than those obtained

over the  N o r t h  A t l a n t i c .

Because there were comparatively little data collected
on the flights to Central America and over the South
A t l a n t ic , a l l  of the data from these fli ghts were processed

• together with the data from the South American fli ghts.
Similarly , because the CMC 740P was used only on the Central
American flight s , there was very little difference-fre-
quency information collected. This small amount of data
was not sufficient to form a meaning f u l  da ta base , and this
i n f o r m a t i on was processed together with the three frequency
Omega data.

Comparison of the CMC 740 position indications with

4 the indicat ions of traditional aircraf t sensors was favor-
able . Tabl e 5.9 shows the stat ist ics genera ted. As in
the results of previous sections , the standard deviat ions
of lon g itude position compar ison ar e lar ger than the stan-
dard dev iat ions of latitude pos it ion comparison , even af ter
allowing for the more closely spaced lines of long itude at

high latitudes. The latitude and longitud e position corn-

parisons show only neglig ible corr elation. Mean errors
in both latitude and long itud e are fairly small. In corn-

parin g the Omega position indications with Doppler radar

position indications , note that the standard deviation

in di stance to go is greater than the root-sum - square of

the latitude and longitude standard devia t ions of Omega
rela t ive to VOR , -NDB , on-ground positions , and Doppler
radar. In other word s , the statistics suggest that the

CMC 7 4 0  was somewhat mor e accura te than the Doppler
r a d a r .

I —

80

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  - 

0.~~1



67

~~~~ ~~~~~IM • T T 1~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

TABLE 5.9 - POSITION COMPARISONS OF CMC 740 RELATIVE TO
OTHER SEN SORS

CMC 740 REFERENCED TO VOR , ADF , DOPPLER ,
POSITION FIXES , AND ON -GROUND FIXES

La t i tude , Mean Error 0.3 nm North
La t i t ude , Std . Dev . 1.5 nm 

-

Longitude. Mean Error 0.1 nm East
Longitude , Std . Dev. 2.5 nm
Correlation Coeff. 0.3

CMC 740 RELATIVE TO DOPPLER RADAR

Groundspeed , Mean Error 2.7 kt
Groundspeed , Std . Dev . 8.5 kt
Distance to go , Mean Error -2.1 nm
Dis tance  to go , Std. 0ev. 4.7 nm

The cockpit observer felt that Omega was more accurate

than the data of Table 5.9 would indicate. Errors in the
Omega p o s i t i o n  compar i sons  would come from Doppler radar
errors , imprecise knowledge of VOR locations in some parts
of South America , and offset errors in overfly ing VORs and
NDBs , in addition to Omega errors. The observer ’s subj ec-
tive op inion was that Omega was accurate to one or two
miles most of the time .

5.5 OTHER ROUTES

Additional flights accomplished included a round trip
from New York to several cities in central Africa , and a
flight from Seattle to New York via Fairbanks. Because the

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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rece iver was no t opera ting properly on the African trip, no
results are presented from that trip.

5.5.1 Si gnal Availability Over Nor th Americ a

On the f l i g h t  f rom Sea t t l e  to New York , si gnal  avail-
a b i l i t y  was only adequa te .  In fac t , s ignal availability over
North America appears to be a major problem for Omega.

Figure 5.29 shows the approximate route and signal availabi-

lities observed on this flight. On the first leg of the

H fli ght , from Seattle to Fairbanks , Stat ions C and D were
strong, H was mar ginal , and Station A was usable only after
f lying northward out of the Gr ee land Shadow . On the nex t leg
of the flight , from Fairbanks to New York , Station A was

usable only until the aircraft entered the Greenland Shadow.

Station C showed signals at ÷5 dB on 10.2 kHz , but only at

-10 dB on 13.6 kHz. Station D had very strong signals , but

in fli ghts near the transmitter , these signals would display
near field effects and might not be usable. Station G

(Tr inidad) was weak but usable at the New York end on the
flight cast. In summary , Omega p e r f o r m a n c e  is marg ina l  over
this particular route.

5.S.2 Flights Through Auroras

f

Despite extensive auroral activity on the fli gh t f rom
Fai rbank s to New York , little degradation in Omega system

pe rform ance and signal char ac ter istics were obs erved. Table
5.10 shows fli ght observer notes from this flight , along with: posi t ion comparison s tati s tics.  Analysis of the S/ N plots
for this flig ht shows litt le if any degrada t ion of S/ N ra ti os
during this fli ght. By comparison , in Figures 5.6 t h rough
S.9, the correlation of S/N degradation with auroral activity

was observed .

1j 82
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TABLL 5.10 CONI )IINSI [) ~OTI~S , FLIGHT 912 , SEPTEMBER 20 , 1976

Error Stations
GMT Position Lat. Lon. In Use Remarks

0503 Fairbanks O.2N l.6E A CUE H An hour after local sunset

0518 Big Delta VOR O.5S 2.7E A CU H Brilliant aurora
0551 Mayo NDB O.1N 3.0W ABCDE GH B r i l l i a n t  aurora both sides

of track
0638 Ft. Simpson VOR O.8N 3.9E CU GH
0659 Hay River NOB 2.2N 2.OE CUE GH

- 
C’ 

0755 Lynn Lake NOB l.7S 2.1W CUE G Occasional few seconds DR
0809 Thompson NOB 0.1S l.1 E CUE G Aurora a l l  aroun d

0929 Kapuskasing NDB 0.1N 1 .4E BCD GH
0956 North Bay VOR 1.3N 0.8W BCD GH Dawn in eastern sky
1034 Hancoc k VOR l.5S 2.3E ABCD FGH

1059 New York (JFK) O.9N l.2E BCD GH
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A P P E N D I X  A
COMPOSITE OMEGA AND DIFFEREN CE FREQUENCY CONCEPTS

A . l  INTRO DU CT I ON

In this appendix , composite Ome ga [4 , 5 , 6] and 3.4 kHz

d i f f e r e n c e f requency  Omega are discussed . A new derivation
of composite Omega is given , and 3.4 kHz difference frequency
Omega is presented as a special case of composite Omega.

The appendix is concerned mainly with the theoretical
d i s c u s s i o n s  of combina t ions  of 1 0 . 2  kHz and 13.6 kHz Omega
signals. However , the concepts are applicable to any pair
of frequencies.

A .2 DERIVATION OF COMPOSITE OMEGA

This section presents a derivation of composite Omega.
In this derivation , the fundamental strengths and weaknesses
of the composi te  Omega concept are clarified .

Let us consider the propagation time measured for an
Omega signal traveling from the transmitter to the receiver.
If the distance is d and the nominal propagation velocity is
v , then at a specified frequency (say 10.2 kHz)

T 10 2 = d 
+ E10 2 (A . l )

1 0 . 2
‘-C’

In other words , the measured propagation time T is the

q u o t i e n t  of t h e  d i s t a n c e  and the  n o m i n a l  ( ave rage )  p r o p a g a t i o n
speed , p l u s  an error term E10 2. Because v1 0 2  is the

F average propagation speed , E1 0 2  will be zero mean if there
are no measurement biases. E1 0 2  consists of propagation
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:In~~r nJIIL,~
,, phss e  nois~- , ~sn d m c a s u r e m e n t  e r r o r s .  We can a l s o

1 3 . 6  
= + 1 1 3 6  (A.2)

L-t t I ~~ ~i1 so ~sssime t !m

= v
1 3 6  ( A . 3 )

C’ U sinI ~. Eq. (A .3) , and subtracting Eq. (A.2) from Eq. (A.l), we
o b t a i n

11 0 7  
- T 1 3 6  = E 1 0 2  - E 1 3 6  (A . 4 )

Let us now consider the various components which together
are lumped into E. These terms included predictable propaga-
tion anomalies (surface conductivity effects , magnetic field
effects , diurnal variations , and seasonal v a r i a t i o n s ) ,  unpre-
dictable anomalies (SIDs, PCAs , magnetic storms) , and measure-
ment errors. Note that multimodal propagation is assumed not
to be a component of E , as in Eq. (A.3). The various corn-
ponents which affect E1 0 2  will also affect E1 3 6 , and
with the same algebraic sign (except possibly for measurement
errors). Thus , we would expect some correlation between

‘C 

E1 0 2  and E13 6.

In general , for any probability distributions of E1 0 2
and E13 6, we can express E136 as a linear combination

of E102 and a residue X , with X and E1 0 2  uncorrelated .
This result is derived in Section A .4. Thus , there exist a
number c and a residue X such that
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E1 3 6  = C E1 0 2  + X (A.5)

In the case under consideration , E1 3 6  and E 1 0 2  are zer o
mean and hence so is X. Combining Eqs. (A.5) and (A.4) , we
o b t a i n

T1 0 2  
- T 1 3 6  

= (1 - c ) E 10 2 
- X (A.6)

Since E1 0 2  and X are un corr ela ted , we can estimate E1 0 2
by the optimal (minimum variance , min imum me an squar e err or)

- 
- linear estimate

- 

T 1 0 2  
- T 1 3 6  A 710 .2  1 - c  ( . )

and the error in this estimate of E1 0 2  is

£ E -X 
A

lO.2 lO.2 1 - c  ( .8 )

We can use our estimate E1 0 2  to obtain an estimate of the

propagation time if the propagation were at the nomina l propa-

gation speed

T 1 0 2  = T1 0 2  
- E 1 0 2  ( A . 9 )

.‘ I f  we d e f i n e

1m = - ( A . l O )
1 - c

-: 
and combine Eqs. (A .7 ) ,  (A. 9) , and (A.lO) , we obtain
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T1 0 2  = m T 1 3 6  - (m - 1)110.2 (A.l1 )

This , of course , is the cl as s ic r esul t ob ta ined by P i e r ce  [4 1
Let us now discuss the limitations and implications of

composite Omega , as illustrated in this derivation.

The first assumption made was that the propagation speed s

were equal at 10.2 and 13.6 kHz. If , in fac t , the average
propagation speeds are not equal to each other , then there w ill

‘1 be a bias term in Eq. (A.6) and hence in Eq. (A.8). Thus.
- 

- The accuracy of our estimate B10 2 is degraded when the propa-
gation speeds are not equal . Propagation speeds that are

equal at the two frequencies but not equal to the nominal

speed of propagation are components of E1 0 2  and E13 6, and

not  b i a s e s .

In composite Omega , the value of the correlat ion param-
eter c is very important . If c is near zero , composite

Omega generates propagation corrections of low accuracy. If

c is near on e , however , composite Omega is extremely sensi-
tive to measurement noise.

When B1 0 2  and F 1 3 6  show little correlation (c

near zero in Eq. (A. 5)) , the estimated propagation error E1 0 2
-: is comparatively poor. For an example , let us cons ider the

sp eci a l case of c = 0. The es t imated p rop agat ion error B1 0 2
C.,- is , from Eqs. (A.4)  and (A .7 ) ,

E1 0 2  
= E 1o~~2 

- E l3 . 6 (A.12)

In other words , if the no ise  sources in each measu remen t  show

no c o r r e l a t i o n , and bo th  measurement s  are  r e q u i r e d  to e s t im a t e

propagation errors , the linear estimator cannot reduce the
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effects of the two noise sources by subtracting out that part

of the noise common to both noise sources.

Let us now consider the special case of c = 1 in Eq.

(A.5). Recall that c is not a correlation coefficient ,

and c = 1 does not mean E1 3 6  = F10 2, nor does it mean

X = 0. From Eqs. (A.7) and (A.8), it is clear that both our

estimate E1 0 2  and the error in this estimate increase as

c approaches 1. From Eq. (A .l0) , c near 1 implies m very

large. Values of m greater than 4 or 5 are unusual , so

- 
- 

v a l u e s  of c very  c lose  to 1 should not be observed in prac-

tice. However , Eq. (A.8) predicts that for c near 1 , the

error in the estimate E1 0 2  will increase. Because a corn-
-

. ponent of the residue X in Eq. (A.8) is phase noise , com-
posite Omega with c near 1 can be excessively sensitive to

phase noise. For this reason , many 3.4 kHz difference fre-

quency Omega receivers (c = 0.75) use longer receiver time

constants in the 3.4 kHz difference frequency mode than in

o the r  mo des .

Thu s , composite Omega performs best when values of c

are  b e t w e e n  0 and 1- - wh e n  c is c lose  to 1, c o m p o s i t e  ~ rn ega

is sensitive to measurement noise , and when c is close to

0, composite Omega provides little information . In the o n -
-

- C’ g i n a l  paper  [4]  , Pierce derived and showed experimental data

that under most circumstances , m = 2.25. Substituting this

value into Eq. (A .l0) and solving for c , we f ind c = 5/ 9 .

An easy way of using composite Omega without explicitly

calculating propagation time is to use LOPs.

D i f feren ces of p ropa ga t ion t ime can be eas i ly derived
from phase measurements. The information supplied hy the
receiver will be the measured LOP

LOP (A - B) 10~~2 = 
~A ,l0.2 

- 

~ B , l 0 .2  
+ 900 (A . 1 3 )
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%%here 
~A ,lo.2 and 

~B ,1O.2 are the total phase delays en-

countered by the individual 10.2 kI-iz signals due to distance

separation of the receiver and transmitters A and B.

Since the Omega si gnals at 10.2 kHz make 10 ,200 complete

sinusoidal oscillations per second , it follows that

LOP ( A - B ) 1 0 2  is a measure of the difference of propagation
times between signals from Station A and Station B. If

T \ 1 O 2 is the propagation time for signals from Station A

at 10.2 kHz , then

LOP ( A - B )  - 900
A , 10 .2  

- 

B ,l O . 2  - 

10 , 200 ( - \ . 1 4 )

In a similar manner , we can obtain frcm the phase measurements

LOP ( A -B ) 13 6  - 900
TA 1 3 6 

- T B , 1 0.2  = 10 ,200 (.-\ .15)

The t i m e  d i f f e r e n c e s  m e a s u r e d  can be used to  g e n e r a t e  a

c o m p o s i t e  Omega  LOP if  we a s sume  the  v a l u e s  c (or  e q u i v a l e n t l y

m) are equal for both sta tions . Let us suppose that we c o u l d

measure TA b 2 ,  TA 1 3 6, TB, lO.2’ and TB ,13.6 directly - .

Using Eq. (A.7), we obtain

r 
= 
TA ,l O . 2  - TA , l 3 . 6  \ 16

.
. A ,l 0 . 2  1 - c (

~ 
. )

and
T - T

— B , 1 0.2  B , l3 .6  \ FB , l O . 2  — 

1 - c  —

‘C.
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F - E = 
TA 1 0 2 - TB 1 0 2 

- 

TA ,13.6 - 
TB 1 3 6

A ,l0.2 B ,1O.2 1 - c 1 - c

(A. 18)

In other words , we have ob tain ed an es t ima te of the c ompos ite
Omega correction to the 10.2 kHz LOP , assuming that all four
of the p ropagation t imes were known indiv idually . However ,
compar ing Eqs . (A . 14) and (A . l5 ) with ( A . l 8 ) ,  it is clear
that the right hand side of Eq. (A.l8) is known from the mea-
sur ed LOPs. Henc e , the comp os ite Omega LOP correc tion can be
genera ted from me asured LOP s if the c (or m) parame ter s
are the sam e for both s tat ions genera ting the LOP. Conver t ing
the composite Omega correction from second s (in Eq. (A.18) to
lanes (for use in the receiver) is trivial.

Under reasonable propagation conditions , composite Omega

can be an extremely powerful yet simple concept. Eq. (A.7)

captures the essential strength of the concept , namely , that

the deviation from nominal propagation time E1 0 2  can be

estimated from measurements of propagation time made at two

different frequencies.

A .3 3.4 k}-I z DIFFERENCE FREQUENCY OMEGA AS A SPECIAL CASE OF

COMPOSITE OMEGA

• In this section , 3.4 kl-Iz difference frequency Omega will

be derived as a special case of composite Omega. The advantages

and disadvantages of 3.4 kHz difference frequency Omega will

be discussed.

3.4 kH: difference frequency Omega is a special case of

composite Omega with the parameter c (from Eq. (A.5)) set

to 0.75 for reasons that will be apparent. This corresponds to

a value of m =  4 (from Eq . (A.lO)). With this value of m ,

Eq . (~\.1l) becomes
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r

= - 3T1 0 ,  (\.1~~)

In general ,

1 f 
= 

~~~~~~~~ (A.20)

where  p is the number of whole and fractional wavelengths ,

A is the waveleng th , v is the propagation speed , I is the

propagation time , and the subscript f denotes a particular

frequency. We have already assumed that the 10.2 kHz and

13.6 kHz signals propagate at the same speed (Eq. (A.3)).

Therefore , combining Eq S . (A.19) and (A.20) and dividing out

v , we obtain

~1O .2x1O .2 
= 4~ 10•2X 10•2 

- 3~ 10•2X10~ 2 ( A . 2 1)

Let us now consider an imag inary Omega signal at 3.4 kHz ,

propagating at the same speed as the 10.2 kHz and 13.6 kHz

signals. For this 3.4 kHz wave ,

• A 3 4  3X 10•2 
= 4X 13•6

and

~3.4 
= PlO .2 /3

Equations (A.20), (A.22), and (A .23) y ie ld

:, 
~3.4 

= 

~l3.6 
- 

~lO.2

This i s the classical equation for 3.4 kHz difference frequency

Omc~ u. The simplicity of this equation (both coefficients one)

comes from the choice of c = 0. 75.
I.-
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The main advantage of 3.4 kHz difference frequency Omega

over composite Omega is simplicity. In Eq. (A.2L1), an estimate

for the phase of the 3.4 kHz Omega signal is expressed in

terms of a simple difference of the phases measured at 10.2 kHz

and 13.6 kHz. No propagation times are computed , and no

multiplications are required.

Two disadvantages of 3.4 kHz difference frequency Omega

arise from the choice of c= 0.75. These disadvantages are

subop timal propagation correc tions , and excessive sensitivity

to mea suremen t noise. Suboptimal propaga tion correc tions resu lt
from the use of c = 0.75 , which in general is too large. This
large value for c also causes excessive sensitivity to

measurem ent no ise. Equati on (A.8) shows that the error of the
composite Omega correction increases without bound as c

approaches 1. For c= 0.75 , the error in the composite Omega

corre cti on s is la rger  than op timal , and sensitive to increases
in the residue X . Because a major component of the residue
X is measuremen t noise, many 3.4 kHz difference frequency
Omega implementations increase receiver time constants in the

3.4 kHz difference frequency mode to better filter measurement

noise , with associated receiver tracking sluggishness.

A .4 DERIVATION OF EQUATION (A.5)

In Section A.2 , Eq . (A.5) states that for any random vari-

ables E136 and E 10 2, there exist a scalar c and a

random variable X such that

E1 3 6  
= cE 10 2 

+ X (A.25)

with E1 0 2  and X uncorrelated. In this section , Eq . (~\.25)

w i l l be der ived f i rs t fo r  the case of vec tors in a p l ane , and

then for the case of random variables. For this section , let

us make a change of notati on for easier reading. Define
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= E 2 (A .26)10.

E2 
= E1 3 6  (\.27)

Now let us consider the case where E1, E2, and hence

X , are vectors. Observe Figure A.l. Our objective is to find

a scalar c which will stretch or shrink E1 so that the

vector X will he perpendicular to E1. Clearly, we should

choose

<E , E >
c = 

< E E >  
(A.28)

where < ,> denotes the inner product. Using our new notation ,

Eq. (A.5) becomes

E 2 
= cE1 

+ x (A.29)

ZT
• E 1 c1~1

FI GURE A. 1. GEOMETRICAL DETERMINATION OF c AND X
r
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and hence

X = E2 - CE 1 
(A.30)

It remains to be shown that X and E1 are perpendicular.

Since the inner product of E1 and X will be zero if and

only if the two (nonzero) vectors are perpendicular , let us

take the inner product of X and E1, using Eq. (A.24) .

<X ,E1> = <E2,E1> 
- c<E1,E1> (A.3l)

Substituting in the value of c from Eq. (A.z2), we obtain

<E1,E 2>
• <X ,E1> 

= <E 2,E 1> - 

<E1,E1> 
<1 1,E1> 

= 0 Q.E.D.

(A.32)

Le t us now cons ider the more gener al case where E1 and

E2 are random variables. We will make no assumptions as to

distribution or mean , only that the variance of E1 is not

zero.  Rewri ting Eq . (A. S)  in our new notation , we want to

f ind a sc alar c and a random var iable X such that

E2 
= cE 1 

+ X ( A .3 3 )

where E1 and X are uncorrelated. If we define

• 
~~[(E 1 - F 1) (E2 

- E2)]
c = (A .34)

(c [(E 1 -~~1)(E1 - i~~)]

where an overbar denotes mean value and /~ denotes expected

• 
. value , and

X = E2 - cE 1 
(A.35)
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then these values give the desired results. Equation (A.33)
is satisfied , and X and E 1 are uncorrelated. X and F1
can be shown to be uncorrelated by exp anding the left hand

side of Eq. (A .36)

6[(X - X)(E1 E1)1 
= 0 (A.36)

and substituting the expression for X by Eq. (A.35) , and the

val ue for c g iven by Eq . (A .34) .
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APPENDIX B
SELE CTED S/N RATIO PLOTS

This appendix contains most of the S/N ratio plots

genera ted dur ing the eva luat ion program . Most om itt ed
plots showed S/N ratios of -20 dB for the entire flight .

A few showed S/N ratios of -20 dB for almost the entire

flight , with only a few points that were above -20 dB.

It is therefore reas onable to conclude that if S/N ratio
plots for a given station were omitted for a given flight ,

that station was found to be of little or no value during

that evaluation flight .

The plots are arranged according to region and route ,

as described below .

Plots corresponding to North Atlantic routes are

shown in Figures B.l through B.55. The correspondence of

plots to a particular route is as shown in Table B.l. The

first two flights in the table ad’~res s the New York-
Copenhagen route , the nex t four address the route be tween
Frankfur t and the New York /Wa shington are a, and the final
five addr ess the Chica go-Frankfur t route.

Plo ts corresponding to Pac if ic Oc ean routes are shown
in Figures 8.56 through B.l44. The correspondence of plots

to a par t icular route is as shown in Table B. 2 . The fir st

two flights in the table address routes between Honolulu

and the con t inental U.S. ;  the nex t four flights address
the U.S. West Coast-Tahiti-Auckland routes , and the re-

ma inder address route s in the wes tern and South Pac ific .

9- — 
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TABLE B.l - PLOTS CORRESPONDING TO NORTH ATLANTIC ROUTES

ROUTE FLIGHT DATE FIGURES

New York - Copenhagen 44 Aug. 19, 1975 B.1 thru 8.5

New York — Copenhagen 44 ~ Aug. 26, 197; B.6 thru 8.10

New Vor~ - Frankfurt 66 Mar. 22, 1976 9.11 thru B.13

Washington — Frankfurt 66 Aug. 21. 1975 8.14 thru 8.18

Frankfurt - Washington 67 Aug . 21 , 1975 B.19 thru 8.23

Frank furt — New York 67 Mar. 26. 1976 8.24 thru 3.30

Ch icago - Frankfurt 58 Aug. 23, 1975 B.31 thru 3 .35
Ch icago - Frankfurt 58 Aug . 28, 1975 8.36 thru 8.40

Frankfurt - Chicago 59 Aug. 28, 1975 8.41 thru 9.45

Frankfurt - Chicago 59 Sept. 1, 1975 9 .46 thru 9.50
Frankfurt - Chicago 59 Sept. 2. 1975 9.51 thru 8.55

TABLE B. 2 PLOTS CORRESPONDING TO PACIFIC OCEAN ROUTES

ROUTE FLIGHT DATE F!G~~ES

New Yo rk - Dallas - Hon olul u 825 Apr. 8, 1976 B.56 thru 9.63

Honolulu - Los Angeles - Sa n Fra nc isco 818 Apr. 10, 1976 8.64 thru 9.70

Sa n Francisco - Los Angeles - Tahiti 815 Apr. 11 , 1976 9.71 thru 8.77

Ta hiti - Los Angeles - San Francisco 816 Apr . 12 , 1976 9.78 th ru 8.84

San Francisco - Los Angeles - Tahiti -

Auckland 815 Ap r. 25 , 1976 8.85 thru 8.96

Auck land - Tahiti - Los An geles 816 Ap r. 29, 1976 8.97 th ru 8.110

Tokyo - Guam 803 May 17 . 1976 9 .11 1 th ru B. lll

Guam - Tokyo 802 May 17 , 1976 9.118 thru 8.123

Tokyo - Hong Kong 003 May 18, 1976 8.124 th ru 8 .130

Hong Kong - Djakarta - Sydney 812 May 19 . 1976 8.1 31 thru 8.137

Sydney - Paqo Paqô - Honolu lu 812 May 20. 1976 8.118 thru 8.144

(l~
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Plots corresponding to route between the U.S. East Coast

and South America are shown in Fi gures B.l45 through B .250.

The correspondence of plots to a particular route is as shown

in Table B.3. The first nine fli ghts in the table address the

route bewteen New York and Caracas , and on to Montev ideo ; the
rema inder addr es s New York-R io de Janei ro routes .

TA BLE B .3 - PLOTS CORRESP ONDING TO SOUTH A MERICAN ROUTES

ROUTE FLIGHT DATE FIGURES

New York - Caracas 21’ Jul y 22, 1976 8.145 tflru 8.151

New York — Caracas 217 Au g . 12 , 1976 3.152 thru 3.158
New York — Caracas 217 Sept. 9, 1976 3.159 thru 3.165
New York - Montevideo 203 June 5, 1976 3.166 thru 3.173

Montevideo - Caracas 516 June 6, 1976 3.174 thru 3.180

Caracas — New York 218 June 6, 1976 8.181 thru 8.187

Caracas - New York 218 July 23, 1976 8.1 88 thru 8.194

Caracas - New York 218 Aug . 13 , 1976 9.195 thru 8.201
Caracas - New Yor k 2’S Sept 10, 1976 8.202 thru 3.207

New York - Rio de Janeiro 201 July 5, 1976 3.208 thru 8.214
New York - Rio de Janeiro 201 Aug. 2, 1976 8.215 thru 8.221

New york - Rio de Janeiro 201 Aug. 18 , 1976 8.222 thru 8.228

Rio de Janeiro — New York 202 July 7, 1976 B.220 thru 8 236

Rio de Janeiro - New York 202 Aug. 3, 1976 8.237 thru 8.243

Rio de Janeiro - ‘4ew York 202 Aug. 20, 1976 B.244 thru 8.250

I

Plots corresponding to the South Atlantic routes are shown

in Figures 8.251 through B. 26 5.  The corre spondence of plots
to a particular route is shown in Table B.4. The single South

Atlantic route on which data were collected is between Rio de

Janeiro and Johannesburg, South Africa.

3—
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TABLE B .4 - PLOTS CORRESPONDING TO SOUTH ATLANTIC ROUTES

ROUT E FLIGHT DATE FIGURES

Rio de Janeiro - Johannesburg 201 July 6 , 1976 B.25 1 thru 8 .257
Johannesburg - Capetown - Rio
de Janeiro 202 July 7 , 1976 B.258 thru 8.265

Plots correspond ing to other routes on which data was
collec ted are shown in Figures B.2 66 through B.28l . The cor-
re spondence of plots to a particular route is shown in Table
B . 5 .

TABLE B.5 - PLOTS CORRESPONDING TO OTHER ROUTES

ROUTE FLIGHT DATE FIGURES

New York - Nairobi via
Dakar - Monrovia - Lagos -
Kinshasa 190 March 16, 1976 8.266 thru 8.272
Seattle — Fairbanks 903 Sept 20 , 1976 B.273 thru B.276
Fairbanks - New York 912 Sept 20 , 1976 B.277 thru B.28 1
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Isr  
- t I I I - - 

‘

I S/N AT 10.2 1- Hz

10 ’ 0 S/N AT 13.6 H / i  —

I - - S/N AT 3 .4  1- l I z

C, C, ~: ~~~~~~
‘ : ‘ :  : ~
~~~~~~~~

- 15

- 20 - - - - —~~~~~~- -- - - I - ~_~~~~ I____~~~~~~~
1- 13 14 15 16 Il 18 lq

GRE ENWICH MEAN TIME
N

FIGJRI B.2 0. S/N RATIOS , ST.~TION B (TRINIDAD) , FRANKFIIRT- W-\SflINGTO\
I-L IGHT 67 , \ I I G L J S T  21 , 1975

110

L ~~~~~~~~~~~~~~~~~~~~~~~~ - —-



—---- — — --~~~~~~ - — --- .- ~~~~.--—--- -- -- - --- -~~~~--—--- - - --— -~~~~~ .----- -— - —‘

is ‘ T

- 
A S/N AT 10.? 1-Hz

to - 0 S/N AT i3 .6 1-Hz

—- 
S /N AT 3. 4 1-Hz

=
0U,
C
Z1

r

0V 0

— *

~~ -10 

/
-15 

1/

-20 • i _ _ I__
~

__
~
_

~ 
I I~~~~~ a .

12 13 14 15 16 17 18 19
GREENWICH MEAN TIME

F I GUR E B . 2 1 .  S/N RATIOS . STATION C. FRANKFURT -WASHINGTON ,
FLIGHT 67 , AUGUST 21 , 1975

15 ~ I I — 1 I I

I S /N AT 10.2 kHz

10 ~ C) S/N AT 13.6 1-l Iz
- S/N AT 3.4 1-Hz ,

~ 0

0

-~~ 

-

;-lO 7
-1 5 /

/

-20 1 
13 16 17 18 19

GREENWICH MEAN TIME

F I G U R E  B . 2 2 .  S/N RATIOS , S T A T I O N  D , FRANKFURT-WASHINGTON ,
FLIGHT 67 , AUGUST 21 , 1 9 7 5

111

• - . — - •  .-  
~~~~~~~~~ .

— 
. -  ‘ S. - - . ,• . - -

—.  - -

— 
p 

~~~~~~~ 
— 

-- — — — -5-- -~ —~~~~~~~~---. 
— —- -. - —-5—--



~ -- -- - - . - - -. - - -  - -- -~~~~~~~~~~~~~~~~~~ ---- - --

S r  I I ‘ 
-

A S /N AT 10.2 6Hz

10 - 0 S/N AT 13.6 1 -Hz  -~

- S/N AT 3.4 1-Hz

0

C 0
=
~ 0
f

0
‘

CC

’

~ 
10/- K 0

I / ‘\ C,
-15 - / / 

C

-
“

I / \
/ \

- 20 -  / I 
~ 

I e ~~~~~* - - ~~
12 13 14 15 16 17 18 19

GREENWICH MEAN TIME

FIGURE B .23. S/N RATIOS , STATION H, FRANKFURT - WASHINGTON .
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FIGURE B. 24. S/N RATIOS , STATION B , FRANKFURT-NEW YORK ,
FLIGHT 67 , MARCH 26 , 1976
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FIGURE B.26. S/N RATIOS , STATION D, FRANKFURT-NEW YORK ,
FLIGHT 67 , MARCH 26 , 1976
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FIGURE B.27. S/N RATIOS , STATION E , FRANKFURT-NEW YORK ,
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FIGURE B.28. S/ N RATIOS , STAT ION F , FRANKFURT-NEW YORK ,
FLIGHT 67 , MARCH 26 , 1976

11 - 1

N- . — -. - — - . - - 
- 

- C - - ~~~~~ ~~

- __  —-~~~
— -- -- — -- .

~~~~~~~~~~
— - -

~~
— --- 

——  -- .-~~~~~——-- - —-



_ _ _ _ _  

~~~~~~~~~~~~~~~~~~~ - - -

j 5 1~~~~~~~ I I I I I~~ I r 1~~ 
—

10 - -

C X x  0
x C, K ~~ U - .

~ ~
0 0 * - ~ 5 5V ~~~~~~X U ~~~ ~

i I~
_C C, 

,
~~ 

- 
~~f

/ 

\

\

A S/N Al 10 .2  1-Hz

-15 0 S /N AT 13 .6  6Hz -

- -  S/N AT 3.4 1-Hz

-20 - - - - _ C_ I I L 1 L L . I _ . i

9 10 11 12 13 14 15 16 17 18 19
GREENWICH MEAN TIME

FIGURE B. 29. S/N RATIOS , STATION G , FRANKFURT-NEW YORK ,
FLIGHT 67 , MARCH 26 , 1976
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FIGURE B .31. S/N RATIOS , STATION A , CHICAGO-FRANKFURT ,
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FIGURE I;.32. S/N RATIOS , STATI ON B (TRTNTD.-\D) , CHICAGO- FRANKFILRT
FLIGHT 58 , AUGUST 23 , 19~~5
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FIGURE B .33. S/N RATIOS , STATION C , CHICAGO-FRANKFURT ,
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FIGURE B.34. S/N RATIOS , STATION D , CHICAGO-FRANKFURT ,
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FIGURE B.35 . S/N RATIOS , STATION H , CHICAGO-FRANKFURT ,
FLIGHT 58 , AUGUST 23 , 1975
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FIGURE 13. 44. S/N RATIOS , STATION D , FRANKFURT-CHICAGO ,
r FLIGHT 59 , AUGUST 28 , 1 9 7 5

1 2 2

- -_

~

‘

~

__

~

I

~

T

~

_ i.

~

i..

~ 

_ _  _ _ _ _



is ‘I I - -  , T ,  ~~~~~~~~~~~~~~ I I I’

A S/ N AT

10 0 S/H AT 13.6 1-Hz -

C
-
; 

— 
— S/N AT 3. 4 1-Hz

50

=

~~~
o -‘C

/20 - u—CU--* - .1— I I CC I •è._.*A~~ - - ~ 
I a * .1 .a -

11 12 13 14 15 16 17 18 19 20 21 22 23
GREENWICH MEAN TIME
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FIGURE B . 49. S/N RATIO S, STATION D , FRANKFURT- CHICAGO ,
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FIGURE B. 5Q . S/ N RATIOS , STATION H , FRANKFURT-CHICA GO ,
FLIGHT 59 , SEPTEMBER 1 , 1975
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FIGURE B.51 . S/N RATIOS , STATION A , FRANKFURT-CHICAGO ,
FLIGHT 59 , SEPTEMBER 2 , 1975

IS 1 C I I C I I T C I

S/N AT Ii).? 1- Hz

10 0 S/N AT 13.6 1-lIz
— S/N AT 3. 4 1-lIz

~~ 
5 r -  C, 5* C,

‘C’ 
5* 0

C, C,
© 01- 

* 
CCC ,, 

CC ~~~ ~l\ ~ ‘C
‘ C

— CC ~‘ C  CC C, O

C CC 

5/ C
. f

CC C

- 

1
’
4 1

1
5 16 ~7 :8 19 

- 

22
GREE NW ICH MEAN TIME

5 2 .  S/ N  RAT lOS , S T A T I O N  B ( T R I N I D A D )  , I~R .- \ N K F I 1 R T - C ! 1  I C A G O
F L I G H T  59 , SEPTEMBER 2 , 1975

12 ( 1



IS — -  I - 
~~r r  1 1 ~~~~~~~~~ I

5 10

U,
C, C , C ,

0

L 
_ _ _ _ _ _

A S/N AT 10.2 1-Hz
-Is / 0 S/N AT 13.6 1-Hz

/ — S/N AT 3.4 1-Hz

20 - - ~ a - a - C a .—C---.- a-C.-~ - - I - - - 1- I I

12 13 14 15 16 17 18 19 20 21 22
GREENWICH MEAN T IME

FIGURE B. 53. S/ N RATIOS , STATION C , FRANKFURT-CHI CAGO ,
FLIGHT 59 , SEPTEMBER 2 , 1975
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FIGURE B .54 . S/ N RATIOS , STATION D , FRANKFURT-CHICAG O ,
FLIGHT 59 , SEPTEMBER 2 , 1975
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DALLAS , F L I G H T  8 2 5 , A P R I L  8 , 1976
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FIGURE B.57~ S/ N RATIOS , STATION B , NEW YORK-HONOLULU VIA
DALLAS , FLIGHT 825 , APRIL 8, 1976
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FIGURE B . 58. S/N RATIOS , STATION C , NEW YORK-HONOLULU VIA
DALLAS , FLIGHT 825 , APRIL 8 , 1976
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FIGURE 13.59. S/ N RATIOS , STATION D , NEW Y O R K - H O N O L U L U  V I A
DALLAS , FLIGHT 82S , APRIL 8, 197 6
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FIGURE B.6 1. S/N RATIOS , STATION F , NEW YORK-HONOLULU VIA
DALLAS , FLIGHT 825 , A P R I L  8, 1976
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FIGURE B.62. S/N RATIOS , STATION G , NEW YORK-HONOLULU VIA
DALLAS , FLIGHT 825 , A P R I L  8 , 197 6
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F I G U R E  B . 6 5 .  S/N RATIOS , STATION B , H O N O L U L U - S A N  FRANCISCO
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FI GURE B .66. S/N RATIOS , STATION C , HONOLULU - SAN FRANCISCO
VIA LOS ANGELES , FLIGHT 818, APRIL 10 , 1976
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FI GURE B .68. S/N RATIOS , STATION B , HONOLULU-SAN FRANCISCO
VIA LOS ANGELES , FLIGHT 818 , APRIL 10 , 1976
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FIGURE B.69. S/N RATIOS , STATION G , HONOLULU-SAN FRANCISCO
VIA LOS ANGELES , FLIGHT 818 , A P R I L  10 , 1976
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FIGURE B.70. S/N RATIOS , STATION H , HONOLULU-SAN FRANCISCO
VIA LOS ANGELES , FLIGHT 818 , A P R I L  10 , 1976
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FI GURE B.71. S/ N RATIOS , STATION B, SAN FRANCISCO-TAHITI
VIA LOS ANGELES , FLIGHT 815 , APRIL 11 , 1976
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FIGURE B. 72. S/ N RATIOS , STATION C , SAN FRANCISCO-TAHITI
VIA LOS ANGELES , FLIGHT 815 , APRIL 11 , 1976
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FIGURE B .73. S/N RATIOS , STATION D , SAN FRANCISCO-TAHITI —

V I A  LOS ANGELES , FLIGHT 815 , APRIL 11 , 1976
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FIGURE 13.74. S/N RATIOS , STATION E , SAN F R A N C I S C O - T A H I T I
r VIA LOS ANGELES , FLIGHT 815 , APRIL 11 , 1976
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FIGu RE 13 . 76. S/N RATIOS , STATION G , SAN FRANCISCO-TAHITI

1: VI.-\ LOS ANGELES , FLIGHT 815 , APRIL 11 , 1976
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FIGURE B. 77. S/N RATIOS , STATION H , SAN FRANCISCO-TAHITI
VIA LOS ANGELE S, FLIGHT 815 , APRIL 11 , 1976
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FIGURE B .7 8. S/ N RATIOS , STATION B , TAHITI- SAN FRANCISCO
VIA LOS ANGELES , FLIGHT 816 , APRIL 12 , 1976
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FIGURE 13.80. S/N RATIOS , STATION D , TAHITI-SAN FRANCISCO
VIA LOS A N G E L E S , FLIGHT 816 , APRIL 1 2 , 1976
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FIGURE B. 203. S/N RATIOS , STATION B , CARACAS-NEW YORK ,
FLIGHT 218 , SEPT. 10 , 1976
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FIGURE B. 208. S/ N RATIOS , STATION A , NEW YORK-RIO DE JANEIRO ,
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FIGURE B.213. S/N RATIOS , STATION F , NEW YORK-RIO DE JANEIRO ,
F L I G H T  201 , JULY 6 , 1976

IS - - — I- —- - - - - - I - T - -

S S

10 K K

ID * *0 0
-

~~ 

* I 0 
I!)

O 5 1 K  
* 

K 

*

Zr -0 0 K

0 0
~ 0
Zr
I-
In
V
— -S

0
0

z -10

S/N AT ID .? 1Hz

- IS S/ N AT 13 .6  1Hz

-20 L t _ ~ j. ~~~~I. ~~~~~~~~ ~~~~~~~~~~ I _i --
1 2 3 4 5 6 1 8 9 II)

GREENWICH MEAN TIME

l:!GURE 8.214 . S/N RATIOS , STATIO N G , NEW YORK -RIO DE JANEIR O ,
FLIGHT 2 01 , JULY 6, 1976

2 ()

—- 
- 

. I fl~~~~*~~I-

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



_ _ _  

- --- —~~~~~~~~~~~ - - - - - - - ---- -- - - 

15 1 I I 1 - - 
1 F

I S/N AT l 0 .2 ]

-— 

10 

[

~~~~s/N AT 13.6 1Hz

Zr
a 

*lID

ID
K *1 K p *

ID

I *
I—. 

ID 
* *

V -ID II
0

I-

~~~ i0 ID 
ID

-i s p 
* *

-20 - - - ,~~ I I - L - — I 4~~~~ . 4 p ~~~~~.p - _ _  _ -

0 I 2 3 4 S 6 7 8 9 10
GREENWICH MEAN TIME

F I G U R E  B.  215 .  S/N  R A T I O S , S T A T I O N  A , N E W Y O R K -
R I O  DE J A N E I R O , F L I G H T  201 , AUGUST 2 , 1976

iS T T  I

I S /N Al 10.2 1Hz

10 0 S/N AT 13.6 1Hz

o 
- : ~~~~~~~~~~~~~~~~ 

: 

*

• GREENWICH MEAN TIME

FIGUR E B. 21(1. S/N R A T I O S , STATION B , NEW Y O R K -
RIO DE JANEIRO , FLIGHT 201 , Au GUST 2 , 1976

_ _ _ _ _ _  ~~~_ 7 _._~~~~~~~~:~~~~ - -~~~~~~~~~ -~~~~~~~ - - - -  

•~~~ •~~~ 

-



-—--- --- -~ -- - - - - -

15 - - I F T I I - I

I S/N AT 1 0 2  1Hz 1

— 

lO 0 ~ ,N A T

I
0 K

Zr K
0 * 

*K * K
0 0
‘K * K
I -
— K

‘K 0 *

~ K 
ID

- ID ID
ID p

p p
‘K ID
1 5 0 5

‘a ID

-15

-20 ~~~L_ I - — i —‘ . _I__..p i - A - I
0 1 2 3 4 S 6 1 8 9 10

I1REENWICH MEAN TIME

FIGURE B. 21~~. S/N RATIOS , STAT ION C , NIO~ YORK-
RIO DE JAN LIRO , FLIGHT 201 , A UGUST 2 , 1976

15 ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
— - —

K * 
I S/N AT 10.2 I-Hz

10 0 S/N AT 13.6 1Hz

ID K

* 
* 5 5  * 

*
0 

~
UI ID K

ID

~ 0 p
I
I— ID 

* 
K

C
V

~~~~0
0 0

0
1 -I0
‘a

-15

-20 - I... _ -- — L .  t I i I I —
0 I 2 3 4 5 6 7 8 9 ID

GPEINW IC H MEAN TIME
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FI GURE B . 265. S/ N RATIO S, STATION H , JOHANNE SBUR G -
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FIGIJRE B. 266.S/N RATIOS , STATION B , NEW YORK-NA IROBI VIA
T)AKAR , MONROVIA , LAGOS , AND KINSHASA , FLIGHT 190 ,

MARCH 16 , 1976
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FIGURE B .269 . S/ N RATIOS , STATION E , NEW YORK - NAIROBI VIA
DAKA R, MONROVIA , LAGOS , AND KINSHASA , FLIGHT 190 ,

MARCH 16, 1976
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FIGURE B. 273 . S/N RATIOS , STATION A , SEATTLE-FAIRBANKS ,
FLIGHT 903 , SEPT. 20, 1976
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FIGURE B .274. S/N RATIOS , STATION C , SEATTLE-FAIRBANKS ,
FLIGHT 903 , SEPT . 20, 1976
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FIGURE 8. 277. S/N RATIOS , STATION A , FAIRBANKS-NEW YORK ,
FLIGHT 91 2 , SEPT . 20 , 1976
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FIGURE B . 278. S/ N RATIOS , STATION C ,, FAIRBANKS-NEW YORK ,
FLIGHT 912 , SEPT. 20 , 1976
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-\ \ - \ I Y S I S  (~I1: US NAV A L ( ) BSER\ ’ATORY TI ’~L S E R I E S  DATA

(
_ 

. 1 I N ’ I R O D U C T I O N

F ime series data from the US Naval Observatory were analyzed

. to de termine frequency and duration of \rLF , LORAN , and Omega off-

: 
a i r  p eriods , as well as information concerning transmitter long-term

;- - s t a h i i l i t v . The obje ctives of this research were to determine on

a fir st cut basis those factors in the transmitter/antenna systems
- of VLF/LF naviga tion systems which would limit overall system ac-

c u ra cv , reli a b i l i ty and performance for a i rc ra f t naviga t ion . To

~

.

• 
accom p lish these goals , tabular da ta was cop ied in different for-

ma t s , p lotted , and subje cted to elementary statistical analysis.

_ -Thi s method of analysis s~as comparativel y easy to perform , and

:~ 
thoro ughl y util iz e d  the data available.

C . 2 DATA SOURCES

Data for this analysis was supplied by the US Naval Observa-

tory !)ailv Phasc Values :Ind Time Differences Serie s 4, from late

Febr u ar y 197 3 until November 1975. This weekly pu blic ation
‘- supplied informa tion to those users of LORAN , Omega , Navy

~ communications stations , and commercial TV for timing purposes.

! Spec ifi c a l l y , the publication provides “differences , in micro-

~ 
s e c o n ds , h E t w e o n  the USNO ‘laster Clock and the arriving phase of

~ 

. t h e  c a r r i e r  1 r - q l l c n c  i c s  o l  t h e  V L F  s t a t i o n s  as  a f f e c t e d  by t h e

- - 
da v i i g i ’  p ha 1~ dela y and between the IJS\O ~1a st er  C l o c k  and t he t ime
rei crencE p I l l s C s  of the LO RAN C , P sta t ions , and TV transmission ”r7] .

r
‘p.

/1
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S t 1 t I 1)13 5 1 1112/ () I’ cE 1 j Ii s t o  I t~li i c h i n fo rma t i oil i S ~ i VOn a re I i 5 t C(1

. ~ n I ah  1 is L - 1

\ d d  i t ~ O1~~1 1 1 \ , P l’O l)a I~~I t I 011 d I s t II  r h a n c e s  lfl(’~ I S I I  Ied i n Wa sli i n g t on
( l I l r i n 1 ~ d a y !  i i . ~h t  110111’ s a I IL ’  I i s t c d  h \ -  t i m e  o f  o c c l l r r c n c e  and  m a g n i —

T I t  . . ‘LI ca I t U d l .’ i TI ~O 1 111a t i Ofl i S g ~ y e n  by a en de ~ h i ch re I at es t he

I I l I  ~~~ I-l(~ I a ‘ , i ii Ill I C Il) sectlnd s , to  a s i ng le d i g i t b e t w e e n  I an d  9

I 

‘- :  I t  i o n  n i t - a i r  t i IE1 C S , P e r i o ( ! s o f  i n s t a l ) i l i t \ ’ , s ch e d u l e d  m a i n t e n -

~ . 11CC t i T IT OS , C o r r e c t  j oTi  o f  t y p o g r a p h i c a l  e r r o r s  , a n d  o t h e r  n o t e s  a r c

~ 
i nc  I t I d e d  j O  t h e  r e p o r t .

Fhe Time Service Info rmation Letter of A u g u s t  15 , 19 ’3  w a s

I~~~ 
1I~~~~L :15 a key for und er~ tal3d ing of time servic e information .

.\Jd it i o n a l l v , Time Sci’ie ’~ -\ nnouncem ents Series 14 were s t u d i e d

:~ . 
f~~r i n  lo r m at  i on a b o u t  t I T TEC - l :~~e n i n e  n o t e s  for  l I S N O

: (.: . :; ‘~E 1’F 1OD (IF A N A l ~ ’S IS

~ 
l : O T ~ t h i s  a p n e n d i x , t h r e e  \ T L F s t a t i o n s , a t o t a l  o f  t h r e e  Omega

t r e c j l l e n c i e s  f r o m  t~~o s t a t  i o n s  , a n d  t w o  L O R . \ N - C  c h a i n s  w e r e  s e l e c t e d
T n  g iv e iniorma t ion Is shOwn in Table C- i . Because the informat ion

H sll p plie d on a oe ek lv b a sis , this inform ation w :ls comp i1ed iTitO

t i h i e s  f o r  e a c h  s t a t  i o n  a n d  e a c h  y e a r .  I n  t h  i s f o r m a t  , d a t a  w a s

~ 
p l o t t e d  t o  p r o v i d e  q u i c k  c o m p r e h e n s i o n  o f  t r a n s m i t t e r  p e r f o r m a n c e

- o~~’ r t h e  c o u r s e  o I a \ c a  F . T h e s e  p l o t s  f l T O V i  ded a qi i  i ck re f e r e n c e

;~ 
0T1 1~1 1 i ch St ~~I t  i O n  c i r i  it . s i g n a l  l u m p s , and scatter ing o f  t h e  r e c e i v e d

: 5 I gfl~ I I 011 a da V - t 0 - da s- ha s i -z ~ ~ rc ea s i 1 v oh se rved . I n a dcl i t I on

:. 
~ 
t a I i oil ~ ~ f -  .-I j r ncr i od s , e x c  I 11(1 ~ n g  r e g l l  I :~ r I v schedll I od ma i n t Cl la f l  cc

I 
• 

aIltI steps i a t r an  s m i  t ted s i gn a  I we re t : i  h I l  I ; I t e d

~~I 

~ t : l t i s t i c a l  a f l I l V s i s  of station perf ormance ~as :1150 j )C~~
a’ 

-

- 
- In T T ~ - 

- I i . En r ea ch s t a t  ion , m on t h I v ave ra t ’ e and s t :IIIda i’d dcv i a t I Ofl 0 f

r e c c H -J s i c z n - i l s  w e r e  c a l c u l a t e d ,  a n d  t l i c . ’e ~t : l t i s t i c s  w e r n  t h e n
.-

~ p ~ ot ~ ccl ~ ‘[ Li e s t ~1 nd: ) rh ( 1eV i ~I t i 011 (3 1 1 he  rece i ved pl i a se t—as us ccl as 3

handy m e a s u r e  o f  s t a t  ion p erformanc e , ;Ilt ho II 1h t~~e l i m i t a t i o n s  of t h i s

(1 144
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k ‘r a b l e  C - i
- USNO L)ajlv Phase

Values and Time Differences , Series 4
- 

Sta tions Monitored

LORAN -C OMEGA

~ - Nort hwe st Paci fi c (9~7O) North Dakota * 10.2 kHz

:-• Centra l Paci f ic  (4990) North Dakota 13 .1 kHz
4
4 East Coast US* (9930) North Dakota * 13.6 kHz
. 
. Norwegion Sea (7970 ) Trinidad* 13.6 kHz

North At lan ti c* (7930) VLF COMMUNICATION
- ~ Southeas t Asia (5970)

:~
- 
~ North Pacific (5930 ) GBR (Rugby )

- - NAA * (n am e)
LORAN -D NBA * (Balboa )

West Coast US NLK* (Washington)

TV STATIONS (WASHIN GTON , D.C.)

WTT G , Channel 5
- NBC Network Measu red Tw i ce

ABC Network Measured Twice

CBS Ne twork Measure d Twice

I * Analyze d for this study .

¶ 2 45  
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- s t a t i s t i c  1%ere noted. [h e standard deviation is more sensitiv e

to J 11fl1P5 in si gnals in the middle of the month than it is to
. jumps towards the end of the month. It does not ident i fy dr i  f t s

E U  1~h a s e , a n d  i t  does  n o t  i s o l a t e  d a y - t o - d a y  s c a t t e r i n g  o f  t h e
rc’ce I ved ph ase. 1- low ev e r , i t  does provide a ~sCl I d efined , easi l~
i ITTI) l eTTle flted measure of station performance.

c L~ . RESULTS

Based upon the dail y phase measurements and other USNO data ,
. LORAN a p p e a r e d  t o  be the I l b e s t i l  n a v i g a t i o n  s y s t e m  and  VLF communi-

cation the “wors t ” , wi th Omega in the middle. Justification

~ f o l l o w s , with conside ra tion g iven to off-air time , monthly mean
. 

and standard dev iation ,occurrence of j ump s , step s , and propaga-

~ 
tion disturbances.

~ 
In terms of off-air /transmitters(s) unstable time , the Nor th

I A tlantic LORAN-C chain has had an excellent record , with the sum

of off-air/unstable times for the whole system be tter than any

single \‘iF communica tion or Omega station performance in l9~~3 ,
. 

1974 or 1975. East Coast LORAN-C performance , however , is

- : markedl y inferior , as shown in Table C-2 .

~ 
In 1973 , there were enoug h ex tended periods of off-air time

I: 
to make this statistic of litt l e  value in describing VLF and Omega

;~ 
sy s t e m  p e r f o r m a n c e . I n  l~~~ 4 and  19 7 5 , h o w e v e r , V L F  s t a t i o n s  a v e r -

: ;Iged ;lp prox imate lY tt%i c e as much off-air time per station as did:~ the Omega ~t a tions. In a d d i t i o n , \11F stations required regularl y

s c h e c l I l l e l i  ma intenan ce .

~s i t h  r e g a r d  t o  s t - p s  in trans missions , Table C- 3 shows clearl y
- th at the VLF communication stations are far more susceptible to

-~tep s than O m e g a  or  LORAN-C stations . ITs ing occurrence of steps

- i s  a c r i t e r i o n  for performance , \ L F  communication stations are

I- cl~ - ;i r l v inferior.

2 4 6  
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Table C- 2

,- M i n u t e s  Per Y ea r  O f f  t h e  A i r / U n s t a b l e

Schedul ed Ma intenance Exclud ed

1973 1974 1975

L E C M 470 + 66 (whole system) 25 + 101 941 + 6

~ ~ ~ ~ W 664 422 181

K -  
A I S X 1359 468 390

~ N I 
~ 396 928 297

- 

. 
. z 1793 276 266

~. L N A M - - - 12 (system)
p . 

~ ~ ;~i 
w - 36 20

A T A  X - 36 79
N H N

T V - - -
K I Z - 105 28

C

NORTH DAKOTA 15 days + 120 events 625 757

TRINIDAD 366 - 403 116
NAA 8 days + 96 events 1307 411

NBA 18 days (sched.) 4- 445 mins . 1 389 1685
NLK 5 days + 32 events 174 891

I

-a’

I.
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Table C-4 lists propagation disturbances observed in Wash-

~ ington during dayling hours. Cycle matching LORAN receivers will

be largely unaffec ted by these disturbances , as the sky wave is

not measured. These propaga tion disturbances will , howeve r ,
adversely affect Omega and VLF communication phase measurements.

Table C - 4
Occurrences of Propagation Anomalies as Measured

~ in W a s h i n g t o n , D. C . ,  d u r i n g  D a y l i gh t

Ii -_ _ _ _ _ _ _ _ _ _ _ _ _ _  ______________________ ________  _____

, MAGNITUDE (pSEC) 1973 (MID-APRIL , ff.) 19’4 1975

2— 4 75 2 1 3 84
5-10 - 37 84 11

. 
10-20 4 13 3

20-40 - 2 -

Other 1 PCA , 1 Stron g 2 PCA - 

-

ionospher ic disturbance

Figures C-i through C-8 show monthly mean of received

phase relative to the lJSI’~O Master C lock , and als o the standard
deviation . The standard deviations for the VLF communication

- 
s tandards are larger than Omega and LORAN station s tandard

-
- deviations . Note that the vertical scale of the plots of

~ 
monthly mean is 2 sec/inch for Loran-C , 10 ~sec/ inch for Omega ,: and 10 or 100 psec/inch for the VLF communication stations. Thus ,

.~ 
- 

in terms of signal repeatability on a long term basis , LORAN-C

appears best and VLF communicat ion stations worst.

~ 
For a ircraft .navi gation use , howev er , system reliability

~ 

K 

~ 
is critical because failure of a single transmitter may eliminate
coverage over a wide area. Similarly, a jump in a particular station

may induce a large error or c ause an a irborne re cei ver to break
lock. In other words , for a wide-coverage air navigation system

K 

without redundancy, a sin gle transmitter failure may mean that

no usab le navi ga ti on informa ti on is ava i lable at all .
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A limitation of the analysis of this appendi .\ is that the measure-

ments are made only once per day . Thus , no i mp l ica ti ons c an he
made as to signal quality through the day . I)iurnal var iat ions ,

propagation anomaly characteristics , and phase noise are no t sub-

ject to this analysis.
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- A P P E N D I X  P
-

-
~~ R E V I U c  OF P R E V I O U S OME ( !\  E V A L U A T I O N S  A N D  F I E L D  TESTS

D.l INTRODU CTION

_ \ litera t ure search has been conduc ted to identify repor ts

~ 
and articl es involving measurement of actual Omega signals.

‘
-. The ob jec t ive s , me thod s , resul t s , and conc lus ions of  each work

~ w e r e  studied in detail to determine the contribution of each
- . work to the body of operational Omega knowledge. The various

reports are very briefly summarized to document the state of

~ 
Omega evaluations to-da te. However , most of these reports were

. based on data gathered before the Liberia , La Reunion , and

i 

Argentina Omega stations began operations. Many areas of Omega
-

~~~ 
system performance remain open for investigation and study .

_ i The works reviewed to formulate this appendix are listed in
-
- - the Bibliography. Reference is made herein by the name of the work

- 
or it s author.

; D.2 A IRBORNE RECEIVER EVALUAT IONS

‘
- Many of the documents reviewed dealt with evaluations of

;
- 

Omega/VI E receivers in an op erational environment ,or a speci f ic
:_ Omega receiver and it s in i t i a l  flight evaluation following

~:~
- de s ign and/or integration into a new operating confi gu iation.

I 
‘
~ 

Table I). I show s the various programs which were documented.

~ ,~ The se included:

. Northrop ARN-99 - This unit was one of the first modern
~~~~t o m a t i c  Omega  r e c e i v e r s , and it has been us ed in
many applications , primarily military . These have

-
~~ included Omega/INS configurations for AWACS and P-3

a i r c r a f t , evaluation in an F - 4 , h i g h  l a t i t u d e  i l i g h t s
r in a KC-1 35 , Nor th A tlantic crossings in a DC-8 , flight

evaluation in a P-3 , and initial fli ght test results
from a variety of  a i r c r a f t .
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. Canadian Marconi CMA -719 - The CMA-7l9 receiver wa s

~ another of the first automatic Omega receivers. Docu-
m e n t a t i o n  included initial fli ght evaluations across
the North Atlantic and in Europe , evaluations on a

- 
P-3 aircraf t , and fligh ts across the North Atlantic
in bo th three-freque nc y and difference frequency
o p e r a t i o n .

S The Global GNS-20 () - This unit navigates with Navy
VLF communica tion station signal and Omega uni que frequen c y

— signals. Operationa l use in the Canadian Arctic and
~- numerous f l i t ~li t eval ua tio n s in general aviation were
, 
. 

oescrihed.

~~~
- 

• ~~~ ell M k-3 - MIT flight evaluation programs used a
. 
. 

Dynell M k-3 receiver in a general avia tion aircraft.

I Naval Research Laboratory/Lear Siegler Mk I , II , and
i 11± Omega receivers - These early airborne Omega
• receivers are documented as to their performance and

. 
operational charac teristics. The Mk III was evaluated
extensivel y in various programs , including polar

- flights.

~ 
I Litton ONS-21 - -

~~ three frequency automatic receiver ,
. 

this uni t received initial flight evaluations on the
‘ East Coast.

‘ 
• ITT-ARN-88 - This unit was tested on a P-3.

• Dynell Mk-5 - Although not desi gned specifically for
airborne us e, this unit was evaluated on Pan Am fli ghts
to Europe and the Carribean .

- The U.S. Air Force has recently evaluated several Omega

~ 
receivers in the 2041 Program. The final reports from this

: project were not available for inclus ion in this appendix.

K 
In general , the in-fli ght Omega evalua tions above have

been first-cut evaluations desi gned to answer s u c h  f u n d a m e n t a l

q u e s t i o n s  a s :

• I)oes the rece iver work?

• • Where are signals available and usable for navi ga t ion?

• What are the approximate error statistics?
1
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1 
The above flight evaluation s did not seek to answer the

~~~ more detailed questions of:

K • What individual noise sources were encountered?

- 
• What was the magnitude and cause of the noises?

I • When and where can these effects he expected in the
future ’?

~ 
• Which stations exhibit best signal characteristics in

: particular regions ?

;- Helicopter Omega evaluations hav e been performed. The

- . 
Army has apparently done some differential Omega work , and the

t~~ NR I/L SI MK III receiver was evaluated or a tJH-34 . The ARN -99

i Omega receiver front end ha s been utilized as part of the
•
. navigation systems for the 01-46 and CH-4? helicopters at the
• 

U.S. Naval Air Test Center.

~ 
P. 3 DIFFERENTIAL OMEGA SIMULAT IONS/ I VA LUATTONS

• Differential Omega shows great promise for reducing the

effects of propagation anomalies . As such , it has been the

subject of extensive field experimentation ,with a remote moni-

‘ 
tor station used to correct other Omega data after the conclu-

‘-

. 

sion of the experimen t.

U

I
,—

- Figure D.l shows monitor station locations used for dif-
. 

‘ ferentia l Omega. Not shown on the map are monitor sites in

- 
France , Malta , and the Bahamas. I)ifferential Omega studies

- 

are d i s c u s s e d  in order of geographic location , from east to

west:

• In 1971 , t h e  Roya l  A i r c r a f t  E s t a b l i s h m e n t  was  conce rned
with airborne measurement of Omega signal character-
istic s , a n d  conducted flights in the Mediterranean

r. and in ‘~nr~ av for evaluat i on of differential Omega

S

- 
K
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simulated in post-fli ght data processing . Position
referencing was accomplished with aerial photograp hy.

• in France , maritime differenti al Omega was tested
using LF radio beacons with phase modulation to supply
uplink information. Decca was used as a position
reference.

• In Bermuda , differential Omega was simulated on DC-6
fligh ts in an early evaluation. Radar tracking data
was utilized in this experiment.

: I On Long Island , Beukers Lab used a fixed base
monitor to aid in buoy tracking. In effect , this is a
form of differential Omega . In add it ion , differential
Omega data was collected from monitor stations deployed
throughout Pennsylvania , New Y ork and New Eng land.

• On Chesapeake Bay , a Micr o -Ome ga sy stem has be en
operated for several years. This system employs VLF
modulation at the monitor of an HF uplink which is
compared with a signal similarly generated by the
receiver .

I Near Washington , differential Omega has been simulated
by a network of monitor stations operated by the
Naval Research Lab in accuracy s tudies .

• NASA-Langley and the Research Triangle Institute have
extensively analyzed data from monitor stations
sequentially deployed throughout Maryland , Virg inia ,
and North Carolina. This analysis has included
differential Omega studies.

• In the Bahamas , differential Omega was simulated during
a series of shipboard experiments run by the U.S.
Naval Oceanographic Institute.

• In Texas , a series of differential Omega tests were
simulated h~’ Tracor with the monitor data obtained
simultaneously from different locations.

In summary , the concept of differential Omega has been

well proven by these initial studies. Error characteristics

are known for different ranges and bearings from the station

for several different cases. Further ground-based studies can
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supply new and valuable information concerning differential
Omega characteristics in mountainous terrain , at high latitudes ,

and in other unusual propagation conditions. Of course , the
evaluation of actual aeronautical and marine differential Omega

will be necessary to give definitive information on system

capabilities and limitations.

P.4 OTHER EVALUATIONS

:; Other Omega evaluations have covered a wide variety of

topics , from integration with a ship ’ s iner ti a l sys tem to
feasibility of a single Omega line of position , and from in-flight

measurements of modal interference to estimates of groundspeed

accuracy derived from monitor data. These investi gations and

others are discussed below.

Fundamental measurements and analyses of Omega character-

is t ics hav e be en done by Pierce , Swanson and Rupp . At Harvard ,

measurements of phase at 10.2 and 13.6 kHz led to Pierce ’s

concept of composite Omega. Swanson of the Naval Electronic

Center has done field tests across North America to evaluate

the accuracy of 1969 Skywave corrections . Rupp has made

measurements at Dallas of experimental four-frequency Omega

for enhanced lane resolution for use in the Global Rescue Alarm

Network (GRAN). In addition to signal measurements , there have
been extensive analyses conducted as part of these

— ef for ts.
K Additional fundamental Omega studies have been done

conc erning noise s ourc es , including Polar Cap Absorptions

(PCS ’ s), precip itation static , and modal interf erence . Under
NRL sponsorship , monitor stations were operated on the east

coast of Canada and in Washington , D.C. A proton counter was

included in the high-latitude instrumentation , and showed good
correla t ion betwe en so lar p ro ton even ts and PCA ’ s. Prec ipitation
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~ 
static effects and occurrence have been well documented at the

•. NOAA Environmental Research Labs in Miami by experience obtained

on flights through hurricanes. Many si gnificant contributions

to Omega experience have been made by R. Burgess and his

colleagues at the Royal Aircraft Establishment in England. Of

particular note are flights made over the North Atlantic in

1966 and 1967 , in which modal in terference was detected out to

5000 km from the transmitter.
I

: Many papers have been prepared by the Research Triangle

r~ Institute in conjunction with NASA-Langley . These reports ,

K based upon monitor data from North Carolina , Virginia , and Mary-

land , have covered many aspects of Omega propagation appropri-

ate to monitor data analysis , such as signal characteristics
. and sensitivity to receiver and propagation parameters , simulated

differential Omega error characteris tics , and composite Omega

statistics.

Integration with shipboard navigation equipment has been

performed to provide navigation between satellite fixes. On the

USNS Redstone , a space vehicle tracking ship , satellite pass

data was used to remove biases encountered in Omega transmis-

s io ns .  The augmented Omega data was then used to detect and

I ‘move Schuler drifts from the ship ’s inertial system. The

~

-

‘ 

NOAA ship Discoverer had similar requirements for accurate
I~~ navigation between , and as hack-up for , satellite fixes. These
r needs were satisfied with Omega.

Velocity measurement characteristics have been done at
- t w o  l o c a t i o n s . N a v i d y n e  in Virg inia and Tracor in Te xas hav e

b o t h  done s t u d i e s  of  m o n i t o r  d a t a  to  m e a s u r e  t h e  gr o u n d s p e e ds
I of their (fixed) monitor stations . The errors of these schemes

have shown that groundspeed should be measurable to approximately

one knot.

26 6

L: .
--

-

~~~

. 
- - . -

~~~~~
- - -

:
-
~~~~~~~~~~~~~~

-
- 

-____________



r~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 

Other published studies have included reports by Wes t ing-
~ house and Hazeltine on the use of retransmitted Omega for track-

ing of various obj ects such as ships , buoys , balloons , aircraf t ,

and cars. Retransmission was by HF for the Westinghouse Unit ,
and VHF to a s atell ite f or the Hazel t ine OPLE (Omega Positi on
Location Experiment ).

In an early work by McFarland of Ohio University , a light

~~- 
aircraft was flown directly along various lines of position

~~
. to determine the “flyabi lity ” of this navigational mode . Thus ,

~ / coordinate conversation was not accomplishedK

- 
D .5 SUMMARY

Based upon literatur e published to date , experimental and

I operational trials of the Omega system have demonstrated such

basic characteristics as Omega system feasibility and

accuracy in various opera t ional mode s . Exp er imentation in
Omega system operations is now ready to move into more detailed ,

in-depth evaluation of signal propagation characteristics as S

the Omega system attains its final transmitter configuration.

In-f light ev aluat ions of Omega , wi th very few exceptions ,

~~ - have not been concerned w ith de tai led signal mea surements.

F 
Phenomena not yet fully documented include modal interference

C from all of the Omega stations in different areas; terrain-

~ related propagation anomalies; and ev en de tailed informa tion on
signal availabilities and qualities from different stations in

dif feren t areas. For us e as a dome sti c enroute naviga ti on
system , Ome ga has rece ived but a fr ac t ion of the
evalu ation required. Similarly, airborne differential Omega

rem ains uneva lua ted. Th ere is a s trong requi remen t for ex ten-

-

- sive and de tailed evalua ti ons of a irborne Ome ga in order to
ma ture know ledge of sys tem charac te r i s t ics .
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I
‘ ~!onitor station prt )crams have similarly provided a pre-

luminar y assessmen t of Omega characteristics , but much i s
- 

still to be done. Most monitor programs have utilized receivers

w ith long time constants , thus filtering out much of the dynamic

I 
information of interest to the airborne user. Similarl y,

i monitor station locations to-date have largely ignored such

-
‘ 

inhospitable terrain as mountainous regions and the state of
. 

Alaska . Fur ther monitor studies should be conducted , but wi th
•
; an emphasis on aviation related problems . For example , anomalous

p r o p a g a t i o n  e v e n t s  need no t  on ly  to be m e a s u r e d  in t e rms  of

- ~sec of delay, but also in terms of accuracy degradation

encountered by the airborne user. In rugged terrain , it mus t
‘

I be determined whether Omega is accurate enough for navi gation

in valleys or only above all terrain. Omega has great potential
j for use as a navigational aid in Alaska , but has not yet: received an evaluation in this state characterized by wide varia-

tions in topography , surface conduc tiv ity, and meteorolog ical
conditions . Monitor data must not only be collected , but also

correlated with data from other stations to satisfactorily

document anomalous propagation , atmospheric noise , and other

interference.

To s”inmarize , basic Omega characteristics have been well

• documen ted for some specific areas and earlier station configur-

ations. For use in aerial navigation , howev er , the detailed

and extensive work of complete sys tem evalua t ion rema ins to
he done , especially with the new station configuration.

I..
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