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• 
~ ion in the Alaska/Yukon re~. i~ n. An error model for Omega propaga-
t ion predict ion residuals is used to predict performance achievable
w i t h an equi pment s u i t e  cc’n~;i ~~t i n ~ of a ThACOR 599R Omega monitor
receiver and associated ground station equ i pment built by Transpor t
Canada . and an airborne ~;uite which includes a modified TRACOR 7620
Omega navigation set and special-purpose differential Omega equipment
built h’.’ Sy s t e ms Contrn~~. Inc . (Vt .’

~. Predict ions are made for use
~f the e~ u i pruent ;i~~ a non-precision approach aid within the differ-
entlal Omega c~ ver a~’e area and for use as an enroute nav iga t ion aid
between areas serviced by a differential Omega ground station .
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1. iNTRODUCTiON

1.1 OVERVIEW

The Federal Aviation Administration (FAA ) is investi-
gating the feasibility of using differential Omega as a solu-
tion to general aviation user requirements in the Alaska region .
At present, a feasibility demonstration experiment is being
conducted in the Alaska/Yukon region . The experiment is a
joint venture between the U.S. Department of Transportation
and the Canadian Ministry of Transport .

• Different ial Omega is a concept for improving the
navigation performance of airborne equipment in the vicinity
of a fixed-site ground station . The Omega Navigation System
is a worldwide Very- Low-Frequency (VLF ) radio navigation aid

(Ref. 1). Because the errors associated with Omega are highly
correlated in space (Ref. 2), a single monitor station can
service a relatively large area (ranges well in excess of 100
rim from the monitor). Basic Omega coverage in Alaska is good :
signals from at least four Omega transmitting stations are
normally available (Ref. 3). Therefore , d ifferential Omega
offers a potential cost-effective alternative to establishing
a network of VOR/DME* stat ions in Alaska (Refs. 3 and 4).

The current differential Omega experiment involves
several part icipants. The experiment coordinator is the Systems

Research and Development Service , FAA . Ground station equipment

• ‘~Very-High-Frequency Omnidirectional ‘ in ze (\OR ) ;tn.I I h st . ’ ’~
Measuring Equipment (DME ) are the primary aids for enroute
navigation in the continental U.S.

1
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~ as bui It by 1 ransport (.inad~ . A i rbv rnt- u~ ui pIu~ iit i s  i ns~~~i led

ir~ FAA .~~r c ra f t  . . A i r t o r n~ da t.i t qu i n~ent wd~ bUA I: hv S~~--~ t~ms

~~ -.tr ol , Inc. (. ) (SCI). and data t i re bt- ing cc~l l - c  t ed  Iv
S C .  The air borne~ navigation rt- elver tqui pm en t ~~~ n~arn fac-

t ured by TRACOR . i n c .

• The Afld i V t 1~ S~ i~~r .~ es Co : p o r a t i o r .  ( TASC ) was t a s k e d
• b~ the FAA to perform an analytic evaluation of the experi-

merit ~n or der to:

• Determ int  w ht~t her the exptr imenta l  d i f f e r -
en t ia l Omega sys tem can meet c e rt i f i c a t i o n
requirements as a non-precision approach
aid

• :~t t ruiine the su itability of the Omega
re~ e1ver i~

-
~ ~~ ~riroute navigation ai d

• 1~~t~ nt primar y requirements for equipment
su~ ta r1e b r -  c c r t i f i ca t i o r ~ as a non-
p rec i s i on  ap~ r~ .~ch aid and for enroute
nav i g a tio n .

Th-.s report presents the results of these analyses.

1.2 DESCRIPTION OF THE EXPERIMENT

The di~~feren t~ al Omega concep t is illustrated in Fig. I.

Omega naviga tion cigna ls are received simultaneously by an

air borne rcc~~iver and a ground station monitor. At the ground

station , the received signal is compared vit h a nominal value

and a correction is computed . The correction is uplinked to

:he .~ircra ft us:ng an audio signal superimposed on a Non-Di rec-
tional Beacon ~NDR). Airborne equipment decodes the teleme try
message and applies the correction to improve navigation accuracy.

For th e Alaska/Yukon experiment , three NDBs have been

s”i ecred for instrumentation as ground stations: CHENA at

_____ _ _ _  -

~~~ 2 

_ _-
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CORRECTIONS

¶7

________ _________ OBSERVED _________ _________

OMEGA I
OMEGA PHASE FORMATTER !

MONITOR ~~~~~ 
UPLINK

RECEIVER I TRANSM ITTE R

The i if feren t i al Omega Concept

Fairba n ks. Maska ; ~~~~~~ at 1nut’fl.~, Northwest rerritories;

and PUT kIV ER a t  i eadhorse , Alaska . The NDB signal has a usable

range of about ~~ nm and the relative geometry is depicted in

Fig. 2.

~rour~d S t C l t ion equipment consist s of TRACOR 599R Omega

rno r it~~: r~ (ei ”~erc . a spec 1a~~iv designed signal processor . and

recordi-~g equipment. The receivers have been modified to pro-
vid e d~ g it a1 ~utput of phase and signal amplitude , and atomic

f requency s tandards are used as reference oscillators . The
d if f e ren t i a l  c o r r e c t i o n  message format is summarized in Table 1.

Airborne equipment consists of an interface adapter/

message decoder for receiving the correction message , a TRACOR

7620 Omega navi gation set , recording equipment , and tru e air-

speed and stabilized heading inputs to the navigation set. The

3
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Header

Byte Count
St ation Ide n t i fi ca t ion

Four hannels of 0 kHz data

Four channels of 3 .I kHz data

F’u r  channels of Il .3~ kHz data
Signal Quality at 10.2 kHz

• Signal Qualit y at 13.6 kHz

Signal Quality at 11.33 kHz

Chec ksum

4
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~irL~ornc re~~~1 ver has been mod if ied to accept the d ii ferent ial
*

~ J r r e c t 1 c ’n s  .nstead of comput ing Omega propagat~~ r~ c rrections

REPORT -Jk GAN I ZAT1ON

This report is organized into five clapter s and three

appendi~~t-s . Cha ;ter 1 is an in troduction to tht- report and

prov~ des a~1 overv i ew ot th t exp er iment. Chapter 2 present ’

t t e  tss en ti~~l :~- .~tures of the- mode ls used to evaluate th e per-

of th e TRACOR ~~2( r~avi g ati i r set and the diffe r -en: ~~ Omega

- Det.~i~~s of the Omega models are described u. Appen-

d i c e s A and ~ .

Analvt ~~ca~ p rtdi ~~:~~or.s for the d i ff erent ial Omega

~~~~~~~~~~~~~~~~ are prt-cer .ted in ChapteF 3. Section :.2 describ es ap-

;~ ~
cat ion a’ a non -pre c sivn approach aid , and Section 3.3

descr ihes  a p p l i c at i o n  as an enroute a id .  St~~ti or~ ~.2 conta ins

ana lyses w h ic h  eva lua te  the s .- r L s ltl v itv of the perfo rmance
predict ions t o  unc e:tair~tie ’. in model paramete rs and modeling
assumptions. Additional details of the TRACOR 7t20 mechaniza-
t i o r. are cor~t.* i ned :n Appendix C.

~ ia p te r 4 contain s an ana lysis o~ the per fo rmance
pre d ic t ions  if l  te rm ’- of :he~ r imp 1~~~ations for certification

of the d it~~ere r .tiai Omega equipm ent . The results are present-
ed wi th reference to three separate cri t er~ a: c e rt ifi cat i o n

r -t- qu ir em en t ’~, user requirements , and procedural requirements.

The crit e ria are defined in Section 4.1.

Chapter 5 summarizes the report and presents recom-
mendations for further work. In particular, the recommenda-
tion to use data collected at the ground monitor stations to
validate the models of Chapter 2 and Appendices A and B is
explained .

*No other changes have been made to the TRACOR 7620 navigation
a lgorithm , and TR.ACOR , lnc . did not have the opportunity to
optimize the design for the differential Omega application .
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2 
- ANALYT I (AL HJRMULAT ION

The differential Omega experiment will involve t es ting

:kA~ok ~t2. na~’igat ion set in two modes: the dif ferential

:i:od e ~ her m n i : o r  c (’rrect i o n s  are available , and the stand-al one

~~~~~~~~~~~ m d .  when o r r t’ . t~~or.s .ire not avai lable. In both modes .

r , i g 4 t Ui~ set must perform tw o  fun ctio ns : process phase

~~~~~~~~~~~~ to d’ta~ n ar. Omega position fix , and integrate

t~~~ : .: ~on.~ l sensors (viz, true airspeed aod heading) to provide

nt i r u ~ us 
~~~~~~~~~ 

disp lays.

Om~~ a pos i t i on  lix qu al it y is evaluated using an error
m~~d’~~ ~or Omega s4gnal propaga tion unc erta inties as well as

f o r  rr~ e1ver errors. The Omega propagation model described

‘~~ r~-~ r; is a s t d t l St l ¼ . I k mode l derived f rom measuremen ts made
the Omega Navigation System at several fixed sites through-

~ it  the world (Ret . 2). The data used to calibrate the model

.‘:-
e all obt a ined for the l owest Omega frequency , 10.2  kHz .

A; ’pli cat ion of t h i s model to this differen ti .i l Omega

experiment relies on two key assumptions:

• The same model ctructure can be used to
descr ibe Omega errors at 13.6 kHz

• The parameter  va lues  obta ined from the
worldwide data base are appropriate for
the Alas ka,’Yukon region .

Parameter values obtained from Ref. 2 were chosen as the “nom-

ina i values in the anal y sis , and an analysis was performed to

evaluate the sensiti vity of the performance predictions to vari-

ations in the parameter values. (The sensitivity analysis is

6
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• pr esente d ~ri Chapter i in the- ~~ru of cur \ t-~ in which a wide

range of variation about the nom inal paranit -ter value is evalu-

ated .

Evaluation of the TRACOR 7t2 (’ as a navig ation set in-

~‘o lv~- s simulatin g the performanct of th~ nav igat ion algorithm

.i; ong spt’c t c Ii ght profiles i ri the A l . t s k a  \ u~~on region using

• .t; ; roprlate environ mental parameters for that region . The

s imu la t i~ ’ns are pertormed u’ i r ~g iomputer programs previously

• dt veioped by TASC for tre TRA (~ ‘t20 naviga tion set (Ref. 7).

These program s model the TLiCOR 7 t (  from the output of the

re ce iver ~‘ha~~e tra cker ’ to the output of the nav1~’ati on proc-
essor.

The t- l at ‘r ;sti i ~~~~~~~~~~ th~ var~ ‘~us ana l y t i ca l  formu —
a t  on’~ and he s g:. f car~ t .~~~: ach ’d to t he resu I t s are de-

scribed ir . Secti on 1.1.  The stat~~stic.d Omega phase er ror
model is summ arized i t ;  Section 2 .2. The model is described

~n Inure deta il ~r. Appendix A and a theoretical discussion of

the most significa nt mod’ l parameter , the corr elation coeffi-

cient between errors on b~ u, frequenc~ es :rom the same Omega
t ran smitting station , is prtsv- nz e~: in Appendix B.) Section

2.3 contains a brief descr~ ption of the TRACOR 7~ 2O navigation
a 1 go r i t  hm.

2 .1 METHODOLOGY

The method used to evaluate the performance of the
differential Omega experiment in the Alaska/Yukon region . using
the TRACOR 7620 , is summarized in Fig. 3. Two analysis tech-
riques (statistical and direct simulation ) are used to analyze
th~ effec ts of three error sources: Omega phase error, wind
error, and instrument error. The contribution of each of these

error sources to navigation error in the TRACOR 7620 navigation

7

I
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~- igure 3 Overv~ cw of Ana 1vs~ s Methodology

f i~~~er is determined . The combined cont ribut  ions of the indivi-
dual error sources provide a performance estimate of the accuracy

of t he TRACOR 7~-2O navigati on displa y, in addition , accuracy

“hta~nable from .1 ~~~~ Omega posi t ion f i x  is evaluated using
two techniques: optima l (least-squares) use of Omega phase

~rformation on tw o  frequencies defines the best position fixing
ava ilable to a nav igat ion set w ith a similar hardware configura-
t l’ ) n , and use of the spe cific TRACOR 7620 composite Omega mechan-

i z at  ion describes the qual it y of the inpu t to the navigation

algorithm .

~
‘ind errors are observed by the TRACOR 7620 navigation

alg or ithm throug h the Omega position fixes. Changes in ground-
speed and direction result from shifts in the wind , since the
aircr aft normally attempts to fly at constant airspeed . A
direct simulation of the effect of winds is used to assess the
impact of wind error. The computer programs used in the analy-
s is  were previously developed by TASC for the TRACOR 7620 navi-

8

*
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gation set (ke- ~~~~~. 
‘ ) .  Sati’-factory filter response to a worst-

case wind error cond ition is used to estab liSh the suitab ility

of the t i te r for J.is application . Add itio n al information is

supp l ied  to the nav igat ion f i l te r  by a heading reference and
an axr speed indic ator. Reliable error models for these instru-
ments were not available for this studs’ , and the contribution
ot nom inal errors from these instruments to navigation error

is not co ns ide red .  However , the impact of instrument fa i lure
on navigation error is studied by direct simulation techniques.

The combined e ffect of Omega phase er ror , hind error, and in-

‘~t rumrnt f a i l u re  or, the ThACOR_ 7620 navigat ion f i l t e r  provides
an • s : i m a t e  o f  the accura~ v of the total navigation display in

the aircra ft - Since nominal instrument errors are not con-

~.~ dered , a c c u x o vl r e d i c t i o n s _ fo r  the total navigat ion disp lay
und er nomin.~l _~~~~~~~o nl’_c~~~~~~~~ M~~r~~jth perfect
h~~~~ ng~~p~~ ~~~~~~~~~~~~~~~~~~ ion.

To evaluate the full potential of the differential
Omega concept , an analysis is performed to determine the accu-
racy achievable from usage of phase information in a ~gj,,e
Ome g~ ,~ ps i t  ion fix. A lower bound on Omega position fix accu-
racy is provided by optimal (least-squares ) processing of the
dual-frequenc y phase information from fou r stations. A second
measure of Omega position f:x accuracy is provided by the com-

posite mechanizat ion used as an input to the TRACOR 7620 na~’i-
gation filter. The composite mechanization evaluation does
not directly measure the performance of any part of the TRACOR
“620 filter ; however, it does provide a lower bound on the
Omega position fix accuracy used as an input to the filter.

• Th~j~erformance of these two estimators (optimal and composite)
serves to establish the performance obtainable wi~.h differential
Omega operating as a simple displ !y of instanta ne us position
without considering the navigation function. Although the
potential benefits associated with phase measurement averaging
are not realized , the errors and response characteristics asso-

I
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~ id t r d  ~~zh a specific navigation mechani zation are also elimi-

nated . Omega position fix evalua tion also provides a convenient

mechanism to evaluate the sens it iv ity of performance tti change s

in parameters ct the Omega phase error model.

PHASE ERROR MODEL

Navig ~ tion er ror. .~x . is de fined as the vector differ-

tn t- tetw eeri the recei ver-~~ndi ated pos i t ion , x 1 , and the tru e

po~ :ti (n , 
~ 

, where:

- (1)

It is convenient to expr ss nav igation error in terms of north
.ir~~ east p o s i tIo n  error components on the surface of the earth
( .~N and .~E, respect jvelv ). If the position deviations are
sma li relative to the range to an Omega transmitting station ,

the equivalent phase deviation associated wi th the position
deviat ion is a simple function of the bearing angle to the
station . Omega phase measurements also include errors caused
by propagation anomalies and receiver measurement errors. The

• resulting linearized scalar expression for the measured phase

dev iat ion caused by navigat ion error and by propagation and

receiver errors is

cos ! .~N ~~
_- sin V AE 4 (2)

where

• is the measured phase deviation from
~ station i on frequency j

~~ 
is the wavelength of the signal with

-‘ frequency j

i s the bearing angle to station i

- 

- 

•: _ _
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~~~~

is the phase error f rom station i on
• frequency j caused by propagation

error and receiver error.

it is convenient to write Eq. 2 in matrix form by defining a
vector of phase measurement deviations , ~~~~~~~ , which includes as

components a l l  of the eight available signals:

H ~x + (3)

~here

H is the measurement geome t ry matrix

,~x is th e vector of north and east  posi-
t ion errors

ó~ is the vector of phase errors.

when signal phase measurements from more than three

separate transmitting stations are madc , redundan t information

is availab le which can be used to reduce navigation error.

The impact of Omega phase error on navigation error depends on

the manner in which the navigation set uses the phase measure-
ments. As previously noted , two techniques for using phase

information are evaluated :

• Optimal - A minimum-variance (‘least-
squares ”) estimate of position based on
all available phase measurements

• Composite Mechanization - A suboptima l
estimate of position based on the speci-
fic combination of phase measurements
imp l emented at the input to the TR.ACOR
7620 .

Note that the optima l formulation will always provide the smal-
ler error (under nominal conditions); a suboptimal technique

11
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such as the TRACOR 7620 mechanization , however , may be simpler
to implement and may possibly exh ibit less sen siti vit y to mod -

• clin g errors .

2 . 2 . 1  ~ptim al Processing of Phase Measurements

The minimum variance estimate , ~x , of the position

Jt- v~~ tion s is ( R e f .  iOi
p

(HTR lH ) H TR~~~. (i4 )

w her e
• 

h~~~ E[6.~~~
T)

E ( ~ I denotes the expected value operator.

The covariance of the error in the estimate ~x is

P (HTR 1H) 1 (5)

where

- .~x)(Ax 
- A x ) T 1

A statistical model for is required to form R. Details

of the model for are presented in Appendix A . A summary

of the salient characteristics of the model is presented in

Table 2.

2.2.2 Composite Mechanization

In the TRACOR 7620 navigation set , eigh t Omega phases

are combined to form three composite phase measurements with

the following general form:

12
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TABLE 2

SIIMIIARY OF COMPONENTS OF’ NOMiNAL PHASE ERROR
COVAR 1ANCE HATRIX MODEL

T. 3~.3c

\‘~ iM)0l ~KOI’AGA 1lOP~ F~KKOk MOL)LL

H ~ 
V
,

Z 

.~o ~~~~~

~~~~ 
~~. :~ . . i ] ~~. .~1J ~~~~ 

:
1

t
~~~!~~ . • O

3
’ COS(~~ i’ .

• 

~

‘ -. ~~ It ,, . t

‘ 0 ,,~ - 
. S 

-
~ 

. j ~~
. .- age ~~j n~~t ~~? upd . t  e d e l a y  3 n

• : 
~
, ,..3 ~~ i S e-~~’

~~~

: — c. • 
•

~~ • 
— 

- ,~ 
• ~ • - : ~~ ~_ • 

~ ,~~~~ _ . • . “ • ,~o ~ 
‘ I .

- I ‘ • t ~ • - — ~ ~ • P •~ ~ . ‘ . ‘~ ~ .1 ~ ~ • t, • P L t,) ~

O~ IRROk ‘~~~~:~~~~~

~ ~
(
~~. t ) I’ ~

,‘I t - -  ~ ‘ V

,c a(~~1 .13.6 
- j .13.~~ 

- b (~~1 .10.2  - j ,i0.2~ ~~

where

- is  the composite phase from station s
iJ~~C i an d j

is the phase from station i at 13.6 kHz

•j,l0.2 is the phase from station j at 10.2 kHz

a ,b are constan ts (a 15/8 and b 3/2 for the
TRACOR 7620).
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The relation between composite phase- deviation and position

error for this set is (from Eqs. 2 and 6)

‘V~ -~~ 5 ‘V 3
)AN ~—~ sin V -sin ‘V.)~ E + 6g .

(7)

• ~-ht-re X is the composite wavelength given bY (~ 
a b

C 13.6 10.2/

if the scalar composite phase deviations are combined to form

a vector of composite phases (denoted by 
~~~~~ 

the deriva tion

of Eqs. 3 - 5 can be applied to the TRACOR 7620 processing.

TRACOR ~620 NAV iGATI ON FILTER

Th e TRACOR implementation of the Omega navigation
algorithm is a suboptimal Kalman- like filter (Ref. 17). it

contains a four-state dynamic model that allows position pre-
diction and correction . This section presents a derivation of

an error model for this algorithm and describes some of its

charac teristics.

2 .3,1 TRACOR Algorithm

The TRACOR algorithm has two sect ions:  a dead-reckoning
sec t ion , which uses airspeed and heading information , and an up-
date section that processes Omega measurements.

Dead-Reckoning - The dead-reckoning section performs
a rectangular integration of a four-element state vector every

1 .25 sec. The filter states are latitude and longitude , in
radians , and latitude and longitude wind rate, in radians per

second :

14
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rr

x S LAT , LON , 
~
‘lND N .  W INDE J

T (S)

fl. dead-reckoning equ a t i& n is:

1 0 1 2 5  0 cos TH

0 1 0 1 ‘)5 sin TH TAS

~(kT ) ~(kT-T )*l.25 cos LAT 3600R

0 0 1 0 0

0 0 0 1 
- 

0

( 9 )  —

where

is - t r U e  heading

rA~ ~s th e t rue airspeed (kt~

• • ~~~~~ r..~~iu~• of t t, &- .~rth ( nm)

nie~~~~ .t l j d .- i t t - s - Every 10 s•~ . the algorithm processes

a set of Omega meas urements ~nd app l i es  a correct ion to the
current s t a t e  ~~~~~~~~~~~~

• K~~- - ~~(~~(kTTh )J (10)

where it ~~~s the vector of observed phases and ~~(S) is the vec-

t (~r of e s t i m a t e d  compos~ tc phases .  as a fun ction of estimated

2°5- it iOn .

• Thc filt e r gain matrix K is variable and depends on

• estimated pos ition :

K = Pf HUt) RI
’ (IU

and R(’ are fixed, while H depends on station geometry .

The TRACOR ~620 nav igation filter does not update the matrix: Pf.
15
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2.3 .2 I_~~COR Error Model

From Appendix C , the posit ion avid w ind er rors  ~n tne

TkACOR 7620 state-vector estimat es are given by

.~x(kT) 11-101 ) (
~~~ 

ix ( kT -1 ) + L(~~(kT-T) 
-

• Gv (kIH + Kv t kT ) (11)

where

~ is the state transition matrix

C i~~
- the noise we L ghti ng matrix

I. ~s the c~ r.t roi w eight ing matrix

~ i s the wi nd vector

v is th . ins t rument  error vec to r—rn

v i s  the Omega phase measurement error vector.

Equation 12 is used to evaluate the steady-state response of

th e TRACOR Th20 navigati on filter to these error sources.

I
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. PERFOR.MANC!. P R E D I C T I O N S

iNTRODUCTION

:)i t f ~- r ~ - r . t •al OnIe gd is under consideration as a n on-
;rr is~~on ~~~ L a ~~~ - .~ d a~d a’~ dr , ~-nr ~~ut t- aid between dirports.

n -  niodt- I r di ft- r .-r . t i 1 Omega phase t- r r o r

; rt-ser.t ~-d i t ;  Appe: 2 x A arid th e TRACOR T t 2 0  n a vig a t i o n  se t

~r.tp.t-rn~- r . t . ~: ton to~~nibed ui Appertd ix C are used to predic t
n~ivi.~at :°r ~~~ : o rn I r c- .. ’ t~~! ~~~t ~ . app l i c a t i o n s .  in Sect  ion 3 . 2 ,

h~ .x ~’ e c t e d  r~~~n~~~:, i ;‘~~~i t ~un e r ro r ne .ar ~~ airport is pre—
s~-n:td ~~i~~- ng w~~ th to- p .-rt rn~it ct- srn~ 2 t i v~~ t y  to assumed operat —

i o r s an d t o  the •i~~~i:~-d no d k - ~ ; a r a m e t e r s  . The use
o: d~ : ferer t l i l  co r r t - . ic r i ~• ui the rnrou te mode is analyzed in

~~- c t  ion ~ .3 .

~SL A~ A Y~• - ’~-~ hECI S1oN APPROACH AID

1 Noii x rd P~~ forn.ance

:he ex; ’t- cted ; .r~ orm arice of a d iff erent ia l Omega navi-

ga t i o n  s e t  or, at , •tn ;’ rt ’~ich to r u v i I ~
- , 2 rim away, is presented

in Table 3. B~o ause ot th e high s e n s i tiv i ’y  of the composite

me Lhan iza t i on  to  the co r r e la t i o n  between f requencies. p , (see
Se~~t .on 3..’ 3 )  resu l ts  are presented for a worst-case nominal

: : r rc ia t io n , o :O.~~. and a ls o  for ~~~~~ In addition , perform-
a n c e  pred ict ions for a single-frequency mechanization as well

as performance predictions with no differential corrections
are included for comparison . Along- and cross-track position

error e s t i m a t e s  are provided for an approach to Inuvik at a
geoder tc bearing of 90 deg . The along- and cross-track esti-
mates in Table 3 are combined to give radia ” position error in

17
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V 

~-;en it i ’ .itv to Au-~ ~ i 1 o~~ a t  iui. - S~ ri~ e the rsti ma—

t ;ur gain m a t r i x  ~it-;’~~rids on ~- t a t  ion re~~ ~~rr geome t ry ,

p - s it i on  e r ro r  responst ’  ~ ;11 ~rian ge from ~nu locati on to another .

:~ par t~~cu iar, res ~ ’on~.t- ;~~~ rv \ - t-~ as  the \- t~ctors to the stat1on~
become more r;ear lv  perpt-nei cu .,ir Ref. 7). Nevertheless , sta-
tion geometry does not vary great ly it~ the region of interest.

(See Fig - - A :ruws repr esent range ~~~~ ~earlng to transmit-

t1ng stat ion s . MM denote~ niegameter. ) Geome t ry appears to be

• th e b - s t  a: F- r t V~ iri ~~s and tt- ~or~ t i t  I r luvik .

V :
i
, 

V shows tne -c i of geome t ry or. the stat i’- —

t ;C - i~i ~~
V
~~~V r  V V 2 , 1 a r , e  o f  th~ p o sit IV ( t V — lix •~nd ~~ i g.t ion filter

or. ~ ~- t ; es . N- r ormanct• at oc a t i  ( - ~~I5  to -ar the t hree
•- r e t . :  a r t s unae r or.: 1 dt- r.i t i on is re.i r I v he same , but

•~~~ ~~~• r r : il v  n t - s t  at F.~~rt- .at.~ s and ~orst - i t  In-~ ’~ ~k.

~o test the f- f t -ct of  t h e s e  ~~~. I ~er er.t ~~on.t r i e s  or~
hr 

~~~~~~~ na iga~ j Ori I it en dvnaniics , ~ •rr u l it ~d error

h~~StO r ;CS were ge ne rated I V r  a r  as  near Fai rhana% c dtid Inuvik.

i.-~i-- :. h ~~~~~

~~~ ~•-\i IA~ ~‘~‘SL]  N ~~~ii~~ C V b F~~ :~:F~ E~V E N V 1  A1h ~~~F~T~-
( V V

~
V
i fl_ ,

V V
,h~ ..\~~ 1’ ’ F

~~~~~~~~ OR\
: A :I; :JE

0 5 1  t 1 — f i x  
V

V 

C1 ~~~~~ it  — tnt- c r  . i t .  . ~ .1 t I V r - -
- O.t.C- 0 .3 V ’ 0. ~~~~

-3ptim al (p:O.5) 0.15 0.13 0.14
V 

TRACOR ~~ 2 O

Na vigati o n Filter 0.33 0.34 0.36
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Figure .. Omega Geometry at Se1~~~ted Sites

Only thr ee Omega signal s were simulated in order to accentuate

the effects of geometry. A ll other conditions were held con -
V 

st ant

V 

• Airpseed: 250 kt

• Initi al track: 180°

• ~*ind steps from zero to 10 kt after 2
mm into flight

• Aircraf t turns clockwise through 270°
(from 0°) at 3°/sec af ter 10 mm into
fligh t

• Signals from transmitting stations
C , D, H assumed to be available
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V- V -V~ V-V--V_ -V _~~~VV V--V~~
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~~~

V • Noise-free rt- ept i~’n and ( V r ror f ree  dif-
ferential cor r t — c t i o n s  ava ilabl e

• Continuou s true airsp e-ed and stabi lized
heading data available.

Fi gure 5 depicts the simulation results for trajectories near

Fatrban ks and Inuvik. Maximum position error for the Inuvik

s i m u l a t i o n  is approximately 10’.. greatt- r than the maximum posi-

t i O~l error for the F.~i rbanks simulat ion . Error dynamics are

t-s sent ial lv the same at both locat ions.

These results demon~.trate that Ome~ga geometry has
very little effect on performance over the region of interest.

However, performance near Inuvik may be taken as worst-case .

Maneuver Sen’ . t  ~~v i t v  - Since th e TRACOb navigation
fi lt er depends on a 1.2~’ sec r.-~ t .ingular integrator , it may be
possible for a maneuver to create unacceptably large position

errors. A simulated e r r V V V r  t . ist ~’rv was generated to determine

the sens i t i vit y of ~ O S i I ion error to a maximum proced ure turn
for the following Lo nd it iu ro-

• l r -u ;~d p ‘ s i t  :. ~°N . 1 ~~~~~~

• A t  spee i : .~5(’ k :

• r~ :ai  • rack : is .

• A ir~ ra Il t u :t , s c1oc~~~;se t r V r o ug h  270°  at
‘- ~ V a: t er t 0 ~~ ~ ~ 0 1 

~~

• S:gnals from t r4 . . sm ~ l t l r g  —-t at i on s
-‘ . C. D. H assu med :~ -~~ avai lable

• Noi se -fre e reception and error-fre e dif-
feren t ia l ~vrre t~ ons available

• Continuous true airspeed and stabili zed
• heading da ta  avai lable. V

Results of this simulation are shown in FIg. 6 .
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Fi gure ~ Ef te~ t of Maneuvers on TRACOR 7620
V Navigation Performance

Init iall y , small position errors occur due to numer-

ical errors in simulation initialization . At the start of the
t urn , a sharp transient. appears. It reaches a maximum radial

posit ~on er r or r-~ appr oximately 0.02 nm and quickl y decays.

Athough a maneuver introdu ce s some positi e-r. error, the resul-

:i r.g maximum radial error is not like l y to exceed 0.02 tim .
The maneuve r - i nduced  error decays quickly , and system stabil-

it ~~ is nut compromised by maneuvers.

Sensiti vity to Station Outage - in the Alaska/Yukon

regi on , signals for Omega transmitting stations A, C , D , and H
c an  generally be received , in the event of signal loss from

one of these stations , performance degrades to the levels shown
in Table 6. Performance degradation is largest for loss of
signals from either station A or H.
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TABLE 6
RIIS RADIAL POSITION ERROR FOR STATiON OUTAGE CONDITiONS

(2 rim FROM IN~V1K )

RMS RADIAL POSITiON ERROR (nm)
TATIONS 

V_ _ _ _  _ _ _ _ _  _ _ _ _ _ _

CATEGORY ACDH CDH ADH ACH ACD V

V Pos ition-fix

Composite mechanization
( p ~~O . S )  0.~ 0 0 . 6 2  0 .51 0 .52 0 .61

Optimal (p~ 0.5) 0.15 0.18 0.18 0.17 0.19

TRACOR ‘620

Navigation filter j 0.33 0.45 0.39 0.45 0.39

To examine the effect of the loss of one station on

th e po sition error dynamics of the TRACOR 7620 filter, two

simulations were run. Figures Sa and Sb present results for a

receiver near Inuvik when signals from transmitting stations
V C , ~~~~, and H are received . In Fig. 7 resu lts correspond to

sigr. .-Il s from stations A, C. D and H being used . Other simu la— V

t : o I  parameters  are :

• Ini tial position : 68°N . 134°W

• Airspeed : 250 kt

• Ini tial track: 180° ‘

• North wind steps from zero to 10 kt af ter
2 mm in to fligh t

• Aircraf t turns clockwise through 270° at
3°/sec after 20 mm into flight

• Noise-free recep tion and perfect differ-
ential corrections available

• Continuous true airspeed and stabilized
he ading data available.
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V Ngure Et~~t-~. t of Signal Ava l i db ll it v on TRACOR 7620
Navigation Performance

The maximum radial position error increases 50% with this loss

c t  station A . from approximately 0.2 rim with signals from four

st~4 tic u r.s received , to 0.3 nm with signals from three stations

rece ived. Also note ~h.ot the maximum radial error occurs at a

sli ghtl y later t ime in the three-station case than in the four-

statio n -ase.

Sensi tiv ity to Loss of Instruments - The TRACOR 7620
posit ion dead-reckoner requires airspeed and heading informa-
tion. If these inputs are lost, position errors will increase .

P Loss of heading and airspeed information are simulated separ-
ately, as described below .

V First , assume that true heading data are lost and the 
V

filter continues to use the last known heading. As long as
the aircraf t continues to fly in a straight line , no errors
occur. However , large transient position errors are expected

~~~~~~V~~~~~~~~~~~~~~~~~~~~
V V V 1V iV i1~~~~~~~~~±~~~~~~~~~~~~~~~~± 1±



Jur ing turns. Eventuall y , t h e -  i ~~~~ ~~ ii ~- st imate app~ rent

rid to compensate for t he t .~~- t t h I  t he - . i  ! cr . I  ft is fl~’ i n~
tr! ~ r r .g d .rectiu n.

To test the etfect s t lo’-~s ut heading in for mat io n , a
~:uu lation was run ~ ith th e fullow ~ng parameters:

• I al pos t on : t~I~ N . 1 ~~~~

• --‘.: rs peed : .30 kt

• I :i t ~~ai tr.-~ k: 180°

• ~u~flst .ir~t h~~aJ r~ o 1 ~0~’ ~~~~~ lied to
f i I r

V 

• Ai rcr af t tur ns cIockwis~ through 27 0° at
V 30  1 - - 0 r i  i ri o I gh

V • S :~ ’ n. t I~ f r om t r.insr i:t t :ng stations A. C.
V I ,  t r d  ~ assumed to be ava~ 1ah1e

V • ~-O ru -u r e c ep t i n  and err -or— fre e mon—

~tor corrt~~t i l n s  assumed

• IV~.ontinuous t -ue airspeed data available.

As :g. ~ sho.’s, larg e trar i ’- i en t errors occur and reach a max-

~nui . rad :a: p ositu r error o~ .Jppr~~x~~m atelv ~~~~~~ nm . This de-

e rm in: sti c e~~~~t u ~~~ t ..s suf t cient~ v large ~o dominate the random

e r r c r s  a s s c V c ~~a t e d  ~.-it h Omega phase measurements. Recovery of

T~ ACOR 7620 f~ l t r  takes more than 20 mir1 since measurements

V 
r u ~~t propagate through two state variables. wind and position .

V 
Also note that north and east wind est~ marec reach steady-s tate

values of 250 kt. This would be suff ic .ent wind to move the

a r ~~
V r ift eas at the known true airspeed even if the true headi ng

were south , as the dead-reckoner assumes.

I Now , suppose that airspeed information is lost and

V 
the filter continues to use the last known value . Z-transfonn
analys is (see Appendix C) indicates that long-term position

28
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Figure 8 Effect of Loss of Heading Data on
TRACOR 7620 Naviga tion Performance

err ors due to increasing airspeed errors should be slowly-

growing but unbounded . Wind estimates should compensate for

most of the airspeed error. To test the effect of loss of

airspeed data on TRACOR 7620 position error , a simulation was

run with these parameters :
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• i ni t i a 1 p o s it  l O l i  : t~~ ~‘N , 1 3L’ OI~~
V

• 1nit ~~.*1 airspe ed : 25(~ kt

• A i r s pe e d  de c reas e~. continuou~. i v  by 100 V
kt hr

• c V r ~ s t a r ~~t airspeed data applied t o  filter

• .i r ~ r a t  tur ns clockwise thr ough 270° at V
3° /s.c - I f t e r  10 m m into flight

• T & V i i S  f~~on. t ra n sm i t t i n g  s t a t i o n s  A ,  C .
and H assumed to be availab le

• S~-~ ce- Ire .- re~.ep: ion and perfect differ-
e r t i al co r r e o t i r n s  .~ssumed

• Cor~ t inuou s ‘- : d i i  ~:~ud heading data
~~

-.

F~ ‘~~ 5 I~~’~~~ V t t~t V (
~w i  v g r4~~i t g pos- ; t ~~~~~~~ 

e rrors. Note that

:~~~~. ;- - s i t  .I n  • r :or t ransi ent sta rts at 10 mir , , as the aircraft
u: ;.~- . T~ u ap~-~iren: nea dwi rd ms forced to shi ft as the heading

charges. Also : V te r~~at the e s t ~ mated ~~nd ramp has a slope

o: -~;:  :~~ x:u.~te.v 00 ~ t Lr , as the filter compensates for :n-

~r. a s 1r ,Z .n d ,c ~~~,
: al r sp~ ’-I: error.

r,e rec u i t ot l4e. s of ~n.-tr uments can be summarized

~~
-

• Loss o~ stab~ l~~zed heading data results
~n larg e posi ti on er ro r  t r a ns i e nt s  a f t e r
e-~~ h m an~ uvt- r that ev ertt ua llv damp to

F e

• l.c ss f airspeed information results in
re l .-I ..V~~vely  s1o-...i v-~,.owin g position errors
whi~. h event uall y become unbounded .
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Figure ~ Effu~ t ~- t  Loss o~ A i r s p -~’d Data on
TRACOR 7620 Navigation Performance

t pd atu delay - Under nominal conditions , phase meas-
*- ..remer ,tc at the monitor are averaged for 6 mm before t rans-

4A’:eraging is a consequence of the narrow tracking bandwidth
in the TRACOR 599R monitor receiver. The filters being used
~~ Transpor t Canada for this experiment have an equivalent

V averaging time of approximately 5 m m .
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V V~~V .~~~~_ V VV~;~

n.m ss ~un - the navi gat or to r t- du ct he e f t -  t of noise at the

:~t - o . i t or  ! •V V~
V
C ~ \ t ~~ V S V D . Ve  (JIt : •tt don Omponri t Of p1 (pV IgatiOn

r Lhan gt- s .~ .tL t mint- , .IT .  C r : - - :  i s  i t t  roIV~ u~~rJ f ’v  .- I \ rF . t g ir.~

O t  t h t -  rt- s u l tx n g ‘ stal e ness ” o t  t he  monit or up~ ate

w ith respect to the phase measurement at the navigator. Fig-
ure 10 shows that as the ave:~ Igm n g t ime is increased from zero ,

‘ c i t  . ‘r i  ~~r :  V r : sE Ju rt ar- .e 5  hc~ aus e of monitor noise aver—

.I~~VV i t V ~~ • : -u t t V ’-n I r I L
V T V tV .IV ,es due . t l t- r e ~~

VV S ot the update. The

; - t  mn.~l .i’.e: .igiT ~g I lil t app.- -ir’ to b. about I miii . Note that

~~
- t~~~:~~vt. updat ~k l ay  (I - t  in the nIo del . ~iab 1e 2). is

V 
V V~~~ — r V .5~~ o: t h I ~m gr ~.~i a\~Cl . t~~V i T Ig tim e .

~~~, . i Sero. it i ’ . m tv ~ 9~ ‘IIel Paramet ers

~. t . t t ~~ s t m ~
- .~~ ; t - - W - i  used to a s s ’ - ~~~ s the pertormance

0 : d : t . - r ’ -r - : ~~a V t T ~~~
-
~~~~a C O T - n t  in the Al d r ka Yu~~ Ir1 reg io n

V a  - -~ d V t ,  I ~~r i ~t J.~ t .i c ~ — I I • C  t ed worldwide S i t  ~ ~ r . model

pa :- -tti . t e r s  a’,- ;’:u ;- r ma te ~or t f l t  .•\lasI< a/Yukon region may be some-

~ ri.tt c t~~t te r en t t h a n  t h - s e  i i - . t h e  worldwide model , it ~s impor—

ar.’ t - - a’’-.css the - impact of changes in model parameters on
- .~~~~~. . 5 - . a t  ion ~cc ur acv . jr this s.. ti c-n the • ffect of changes i i’.

tt. e t I l - V~~~~~l r L g  mode . par a m . - t e : s i .- r nsidered:

• C O r r f a t i
V IT  c I e f~~lc ient between

fre quenc mt c (I )

• Corr e l a ti on distance (d)

• Correlati on time

• Standard d e v m a t i V r ~ of random phase error

~ ~~
2 

~ •

• Receiver error.

Correlation coefficient - As shown in Fig. 11, an

~r-creas e in the frequency cross-correlation coefficient above
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V Coeffi cien t1 p (2 rim from Inuvik)
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t V b t  ( c o n s e r v a t i v e )  nominal of p~ O .5 indicates improved perform-

an~~~r for the co m po s it e  imp lem entat~~on position-fix and TRACOR

~
- 20 nay gat mo n m I t er . Nut i , however • t hat even when ~ = I

performan ce using only 13.t ’ kHz sIgr Ials is superior to the

.- on p o smte -f requencv mmp lemer ltat io n due to the orit ribu ti on of

receiv er error. (See Table 4 .)

I t  : r,  ~ ‘r. d i c t a y o e  - Figure 12 shows that sensi- V

V • t O ~~ t.e c..- r :.-lation di~~tan~ e parameter, d , in the model
V V_ ~~V _ ._

~~~~
V 

~~~~~~~~ . ~ ~~~~~~ r~~~~~ - -
~~ r T~i~~~Tfre ~ri~~-~-t m~ 

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

r .~; ~d Iv V~~~~ ~~~~ assumed co rrelati on distance approaches the

5- t V : t . V - r - r . av lg a t o r  separat l o t  of 2 rim.

Corrt- atmo n time - fi gure 1,3 shows the sensitivity of

~~~~~ t i ;. ;.t~ r formanct’ 0 t h~ - ~ ur re  1 at i on t m e  , . Per form —

..r - ~. e i s  .- erv ~.-ns i t1vr t O  .i decrease iii 1 1 as it approaches

he T , c ’ n : lrIdl u;)date cf’~l av t m ir e of 3 miri .

Standard deviation of propagation- induced phase error -

If the receiver error is assumed to be zero , then rms radial

;- si tm on error m s a linear function of the standard deviation

of p r -p.~gatior1-in du~ ed pL~s~ error. Figure 14 shows this linear

tar.~ t~ on 
(
~(‘n~~ 1n(~’ f w i t h  the nominal receiver error contribut ion

t o p o si t i n  ‘r rur  t o  produce total rms radial position error

as a f un c t~~’V -n of propagat ion-induced phase error standard dev i-
ation . Tt’~e sens itivit y m r - rea se s as the residual propagation

error increases.

Receiver error - if the roles of propagation-induced
error and receiver error are reversed in Fig. 14 , the sens it iv-
• t v  of m i s radial position error to receiver error is obtained . V

Results are shown in Fig. 15, As expected , the posi ti on error
increases wi th an increase in recei ver error.
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3..i USE AS AN ENROUTE AID

In the previo us se t lurI , per formance of the differen-

ti - a l Omega system on an approa h to inuv ik was evaluated . In

this section , the performance of differential Omega is evalu-

ated for a flight away from Inuvik and consequently , away
t roit a monitor site ). Section 3. ~.I describes navigation per-

tormance whil e the aircraft is wi th i r : range of the monitor

update signal. Section 3.3.2 evaluates the alternatives when

-~ ~~ffer e ntiai update is no l onger receivable. Section 3 . 3 . 3
, ro vides a summary of recommended eriroute uses of differential

V Omega .

‘ .3.i Enroute Performance wi thi n Monitor Range

V 

It :5 assumed that .3  d i ffer ential correction can be

received up to 125 nm from the monitor. Figure it shows navi-

gation performance as a function of distan ce. !r om the monitor ,

up to 125 nm. Fc r f orma nc e  degrades because of spatial decor-
V relation of the monitor information , but the differential cor-

rec tion still significantly improves performance.

V 
3.3 .2 Enroute_~‘erformance ~evc’nd Monitor Range

V When a differential update can no longer be rece~ved ,

three operati onal options are considered : 
V

V 

Option 1: Apply the last differential update re-
ceived as if it were current.

Option 2: Use the last differential correction V
to calibrate the onboard Predicted
Propagation Corrections (PPCs) at the
mon i tor site and use the calibration
to adjust PPCs at the indicated air-
craft position .

Opt ion 3: Ignore the monitor information and
navigate using PPCs . V

:Vi ~~~~~~~~ .:I: ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure ~b Nav igat ion Performance with in Range
of Monit or Updates

Perf -rrta rct under these thr~o ;-t ion s I 5  evaluated below :

Oj~t i o r 1 - There are attractiv e reasons for continu-

~ng to .ippl v the las t received different ial correction . Such
a p o V l c v  :c  easy to imp l ement , since it doe s not require PPC
calcul a t i ons. PPCs are known to be hig hl y correlated in space.
suggesting that the differ ential correction also contains use-

ful i rformation for some distance from the monitor receiver.
However , PPCs exhibit rather significant temporal variations.

.0 e ’t the effect of temporal PPC variations on position error .
a simula tion was run with the following conditions:

• Ini tial position : 64.5°N , 147.5°W

• Airspeed : 250 kt

V 38
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• Track: 0”

• Sign als from transmitting stations A , C ,
V D. and H assumed to be available

• Noise-free reception assumed

• include phase shifts corresponding to
2100-2200 CMI, 23 December

• Assum e that the last differential correc-
tion is obt ained at the initial t ime and
position

• Assume that the filter does not apply
PPCs .

The simulated conditions characterize very large ,

probably worst case , PPC changes. There are other dates and
t imes when the simulated effect is minor. However , i t is
clear from Fig. 17 that this opt i on for area navigation can

give rise to unacceptabl y large errors, regardless of other

effects present .
• a’s:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S .
DIFF ERE NTIAL DIFFERENTIAL

V 
CORRECTIONS APPLIED - CORRECTIONS APPLIED

-

V TIME I*?~ TIME (m..~I

a) North Position Error b) East Position Error

Fi gure 17 Effect of Uncompensated PPC 
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Option 2 - This option requires the Omega navigation

set to compute two PPCs for each differential Omega measure-

n~et ~t :  one for the estimated current posit ion of the aircraft .

ar~: ont for tht~ l ocation of the monitor. ~y remov:ng the mon-

it or PPC f rom the different ial update and replacing it with

th e al r L r a ft PPC . performance degradation caused by changes in

:h~ NCs twerr~ the monitor and the aircraft is avoided .

~ i~~~~rr lb (solid curves) shows that this technique provides

::; ~~~ - -.~~~~~: performance for up t o  1.5 hr after the last d2~ ff eren- V

‘ .... -
~~:L ~~l t e  compared to performance w:th no differential up-

~~~~~~~~~ ~~~~ V 1 ~~~ improvement is possible because of the relatively

.V -r .~~ tempor al rorre lation of residual propagation error informa-

ion ir. the monitor update. Assuming an aircraft speed of 250
Fi g. 19 (solid Curves) shows that monitor info rmation pro-

~~~~~~~~~~~~~ :mproved performa ncc up to 500 rim from the monitor. The

dashed curve :n ~ig . IS shows performance in the hypothetical
V ca se that t emporal decorre lation alone is present . wh i ch i s

“qu:v al en t to assuming that the aircraft remains 125 nm from

th e monitor. In Fig. l’4 the dashed curve shows performance

assum ing that onl spatial decorrelation occurs , wh ich is

V 
equivalent to assuming that different ial corrections continue

to be received at al ranges from the monitor. Data shown in

both figures are for a composite mechanization .

Option 3 - As shown in Fig. 19. application of inforuia-

t :or. from a monitor actually degrades performance at distances

of more than 500 rim from the monitor. At distances in excess

of 500 nm , best performance (shown by the line labeled “no
V 

differential corrections ” :n Fi g. 19) is obtained by ignoring

moni tor information and navigating using only PPCs for the

:ndicated position .

3.3.3 Summary V

Table 7 summarizes the recommended techniques for V

enroute navigation . A relatively high degree of confidence
can be placed in the recommended techniques for short range ,

hO
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TABLE 7

RECOMMENDED ENROI’TE DIFFERENTiAL OMEGA
NAV IGATION PROCEDURES

__________________ ___________________ ___________________________________
V

DIFFERENTiAL RECOMMENDED
D I S 1 A N C E  FROM CORRECTION OPERATIONAL

MON ITOR RECEiVABLE? TECHNiQUE

nm Ve~ Appl y current differential
update ‘ V

125-500 r.m Mod i fy the last differ-
ential update wi th PPCs
applic able to the monitor
site and the current air
craft pos ition before
ap p l i c at ion to the meas-
ured phase

500 nrn No Ignore the monitor infor-
mat ion and navigate using
onl y local PPCs

where a d.f ferenti al correction is available , and long range ,

~.here mo n ito r information j s  not applicable. At medium range .

hc’~..ev er . results are expected to be sensitive t o  modeling

~~~~~~~~ e s p e c i a l ly  in the c~~rreia ti on time parameter t 1. In

addition , it  has been assumed that PPC s are applied with no V

error. it is recommended ‘hat the medium range navigation

t echnique be tested to verif y the predicted performance. (An

algori thm for implementing these recommendations is described
in Section 4.3.)
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IMPLEMEN’I ATJON iN ALASKA

Princip a l requir ements for implementing a differential

~~~~~~~~~~~~~ 
nav igat:on system in A lasLa wh .~ch is capable of supporting

~~~~~
t V  f lOf l~~~~Pi~~~ V C i V .i .~~n . ‘~~~~

‘V~~~~~aJ ~ c r i t e r i a  are described in this chap-

V Recominendat~~~r.~ V~~~:~~
t- : - .~st’d on compari’-.en of resu lt c

pre~~~ t ’d i n ~. ~.a;’ter 3 ~~~~ t t L  ~;pe . i fi~ navigat ion ac -L - u r ac re—

V ,~~~~re m e n t., ~(V ..,cribed in ~‘e~ t~ or, ‘-~.l.

- I ~~~~~~~~~~~~~~~~~~~~~ k ,~~ihEMENTS

V 1 . 1 l\ ~~ r\

Na~’~ gat ion accuracy requirements have been estab lished

t v t~~e F~~ for air C ra ft u~ i T g  ~~~~~ tV National Airspace System

( N A y ) .  The accuracy requirements fulfill two purposes: to

~‘n surt- sate ope:at ion  of ~nd~ v idua l .nrcraft and to provide

c- r~t rol 01 t t~ - il r .I~~~: t o  altord maximum—densit y , safe oper-

ation for m u l t U l e  Us~~rs .

i~~t: d i s t i r ~~t c.~tegories of system navigation accuracy

requ irement ’-. can b. i d e ntified:

• C. r t i f i ation requ :rements

• V. \V r s ; V I e  ;-l anr .iri g requirements.

Each categnrv has i t S  own particular application .

Cert i ficati on requirements are established by the FAA

in order to qua li f y equipment for particular applications.

V 

_  
_ _
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Cer t i t i ~~atio r requirement & re lat e to equipment and rt’; resent

the tfl~~~ t st r ~ .e t t  category of - I L - . uracv rt-q u i rement s . An
V t > ~~.tI1.; V it 01 c’- r t 1 i cat ion requ rement ~ at to e nt a i ned in

R . . -~ for u’-~’ t .  cert i fyi ng Area Na ’-i gat ion S~ s t t-ms

V A irspace plann ing requirements are used by th e FAA ~n

est..bl~~sL:ng procedures for aircraft to t o llo~ in part icular

c~~: L u m s t a n c e s ;  e . g . ,  in pr eparing a Standard Instrument Depar-

V ~.: -: Standard  V
:~erm ina V Arr iv al Route (STAR). These

:r ; u~ rt’ nirnts rt~ resent planning factors associated with partic-

ul l r  ‘qu :pmer t configurations and are used to route traffic

.lrL - ...nd ~b sta c Ie s , define Minimum Descent Altitudes (MDA). and

1 ~sh r .dv :gat ion fixes (e.g. , In i t i al Approach Fix (IAF

- in - f Fir.~~ Approa ch Fix (FAF)). Planning requirements are used

.1. - —~r~~r .ts li ke Re f. t to aid In design~ n~ airspace control

c rt eth. res

bot. h types L I  nav~ gat :on accuracy requirements are

pert~~r~er~t to the discussio n ~t th e Alaska ’Yukon differential

Omega experiment. If a differential Omega system does not

meet ce r t ~~f~~c at ~~on requ i rements  under the Area Naviga t ion

category , the s~~ tem cannot be USed as a primar y means of

na ’.- :gat:on . R ”c .r~~l~-ss of what accuracy can be achieved , it

must be q-Jar.t~~:it- d jr t t r m s  of planning requirements before

procedures can t c  developed for use of differen t~~al Omega in

th e N A S - V

4.1.2 Non-Precision Approach Aid

By def in i tion , use of a differential Omega nav igati .~r.

system as an approach aid falls in the non-precis ion approach

category ; no provision has been made to generate an electron -’ c

glide slope . Instrument certification requirements for non-

pr eci sion approach from Ref. 8 are 0.30 nm along-track and 0.i’~
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flfl) (V rL s~~~tr~~~ w i th ~~~~L t i d 1  t v  f . ’ ~~~~ T i ter “. i.~
s report , the’-~t- icc ur IL v t ~-~ ui rement s are app l ied f~ r an

~AF ~t 2 rim : rom the :- purt IV J C 1  11 t\

fro - eLIura l requl r .-urr. t s are dt-:in ed by system capa—

b ’.iiti es. Tht re~ ure , the data pr e sen t ed in Chapter 3 of this

ct-~ - r t  s ; e - Iv the p r o c’d u rd l  •~C C U t  .~cv  requi rt- nie rts for a
V 

: I~ rent :o ~
r t -

~~~~~. ~VSt (~f l. - c c- ii ;~~ i~~on , t ht- IAF for VON

coaC t. 0 t- adh r~-t , A ;  ciS ~~~~ V V ~~~ t 
~

- ;‘ nds ( V  0 nrxi ( ~~~~~~~

~.l~~:.g—:r~~. ~ . VL:LL ~ ~- .5L rim ~~5~~) L L V ~~~~~~~~~~. .jLk .~cc or d ..~n~ tO t I . I V  c c i —

V t ec a o: t ne V V

- .  - . ~T U  A id

- ~
- :, s ~ mt r C i - c  cat .on reou 1 cement s for en rout C

:.,l’; L~ t ; - r. I t :: b t f .  ~ ..r ~.5 rim ((4 r~~,~) ~~~~~ ~~~~~~~~ ~.~~-ng— trac k

an d  r V ~~~V S _ t  T V I L  k (~~- : I ; L r e r  - r ~~~V 4  d ural t q ui i’  i t e T t 5  ~~~ riot

~~~~ i.~~” I~~
. ( -  i n  th: s c- i t . .egory .

V 

~~~~~ Sumniarv

~~~~~~- - t v ; .  - of ~. - ) V i ~~~~It ~~~L 7 .  a c c u r a cy  r e q u i r e m e n t s  app ly
to 1 ‘n t  ;a ~~‘ f l t~~~~~.i - .x:-~~~cu:tr- : c.i : iofl under
A r ’V - I  Na-- ~t a t  or cequi r , . f l V e r t  S )Rt- f. ~) and procedur al requ1:- t~

~ er. ~ dS  ~ ‘~ J in ~;r ; V l a r . n r~~ d .- umen ts (bef . . The se re—

V 
qui r em e -.. s .~r . ’ ~ucum~ : in iab le S. The procedural require-

n~- r. t s d it.i ar e~ amp~~ O~~V t , I i f l I- d I-i’.’ analv ;~~ng the 1AF for a

ippr .  - - i -  h to )e ~~1I . ’ t  se , A laska.

The all o~.~m nce ;or Fligh t Technlcdl Error (FTE) has been
removed from the cross-track error component. 
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TAbLE 8
NAV I c;.AT I U~ ACL UR.ACY RFLVA I REM1 .IT~ ( ~ 5’I., PROBAb I LI TV )

- ~~ 
~l ~: I V u K.;

AI D .\ EGORV COMPONENI CERTiFICATION EXAMPLE

A~ ~~ng- I r a t - k  0 . 3c o .Err r , nit-
., : i—:  r’ . i~.i. ri
A; ;r - .. . Cr oss-i rack o. :~ o.so

Error. nn

1.50 NA

F r i  IU •
Cro ss- t r~~ k 1 .50 NA

1
Error , rim

I
‘V . - , -

— •~~& . •
~~~ -~~

; -  ~ aL) V

;~~~~A:.A~ K.•\ FYbERlML~~ l A l V FQ1 I PMENT

I v pes  V~~V~ equ ;pment ~re needed to support the

P s . -  o 
~f ;  1 Ie r , :,t ;al ~n .v a .~~ ‘-- a nor- p recision approach aid:

• Ground S T , i t ~( f l  •qu.p me nt

• l)~r~a i m P  equipment

• Ai :~~~rr t nav i ga ’ ion equ:pment.

:e~~~r i p t m - r . s of eaC h  - f  t n - c . -  equipm ent cate gories are pre-

I V

I -.;r V~ .rd Station Equipment

~r .-ur~~ station equipment must include Omega monitor

r~ ~- -.vers . data processing and formatt ing equipment . The ground

46
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S t - . t  ~o r , L- on: ~~~~~~~~~ iun des~ 1~~~ ! o x  the Al a ska- ~~U~~t I I  experiment

.s cor~ iJi- re d .s~~~
-
~~ u.~ t e  to ‘~u p ;’oRL iV e r t m f l c d t i o n  of L1m1 fer e n t1.~

a s  .~ u o :— ; V T tV L • ‘~ion a N r V i . h a:d it it  is miic r -a se d to

~ ~~~~~~~ d- ~ : ul I ~ i ghi - s r  ~.: ~ Ori cdp aL’ l . i . ~evertheless . the

ar ,alv s ;s ; ! e~~~i:
V.red in prr:i (.us chapter s valid ates the require-

nler. i t  u r t a ~ r. d,V -
~~.i~~ t t V  Iea ’- V r e  of t E i s  equ ;pmerit which de-

S e t  \~~~‘ S~~~~( . 1 i- i : ; • V V * .  • S

• t V - t i 1 11 at r at the
m . ’ r V ; t i - : t R u b i d m u m standard)

• ~.. V , i V CO r i t  i t i ~~~~ V V V VV~~
V ;‘

~~~~~~~~~ 
and am; 1 itude

data V e V e r \  O ~~~~~

• : V 1Ii ~~t
V 

~l e :  ing t I  t a t . .  prior to trans— V

rr:s ~~:- - r (dv ~ rage data t - r  five mm ).

I . -  ~~~~ V 
• V  ~ ha s -  ( •  t L a t i -  ~

-. ii owr.  it  - parent he s es  . )

T~ mon i t  ~‘t  : • • ,  • ‘t ’ r~ U se d  it .  I I t  d m 1  t-rer.t .il Omega

i r a ~~. Z  a r t -  ~ : a r i . . : ;k~ . h ~~~~ m e .  my e rs  which nave been
mod~ f;.d ~o pr c v~~~f ’ -  a d~~tit al phase output. The rece ivers are

~~ ~~~
\• .~~ ; : e  c .~ i t. . ‘~~~t .  rr , .i1 aIum ~ c fre quency standard .

• n ~V : (  I t ,  . the t i- c t .vcr’ ,~r’ C i ~~a L ; t  of measur ing single sta-

V 9. . ~~~~ p: ..s. . . r .d  iV t d~ ; ‘  n L : r :V t  di~ fe i er . t ial phase correc—

•:.s c- . r I ’ -  ~~r f l i - t at ed lot t V a V  Oflo-~i a  sA gnal

~~~~~~~ f l u & ’ r . ; t - t s  a i s o  p :o’.;de near~ v continuous phase and

am; Ii t ~de dat a . 1 da t a ax e it e red to  ~mu - h ou t  n i se and

t .h r n  ~c nt  to t t e  d at a Iormatti ng equipment . The i ffect of

t r -.’.’ f m I t e r ~~r~ z is dep icted in Fig. 10.

~~igr - .1 ampl it ude data are used in the ground station

equipment to derive a s~ gna1- qua lit y index . This index allows

the airborn e equipment to determine the quality of differential V

corr ect iOns and avoid process ing signals which are unreliable.

V *T~~. experiment wi l i  use only signals from Norway . Ha w a i i ,
V Nrrth Dakota and Japan .
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Dm fferen t~~.l .orrec ttLr. s are computed by subtracting

th e received Omega phase from the nominal phase for the moni-

site . The correct ion is th .~n form att ed and inserted in

hi data message . New corr ect lOr iS  a r t-  c oni;-uted every 10 s e c.

~.2 .2 Data Link

1r, t d..t ., 1 :nk desic:e d for the differential Omega

be adeL~uate t o  s up ;’ Lrt  C e t t  i f  —

- ~ -~~ ‘ Lb.: remer .t s for a TIL ’r — p r e c  i Slot , approach .. i t i  . The

2.~ ss - x~te  f . V rn,,~ z ‘-~nould be expanded to al 1 Ow iorr ec t ~on ; rc L C5 V

S ;n.: I V V r .. . . ~.
- . ~ nt dmt - g a  t r an ~.nV i tt ing stations , but s u f  ;ci~

.~~ . 1  V t -x ~ St  s or h~ ~ mod if i c a t  ion . ( -: rae de ~ gri
cn. ln ni-  . a p a c i :v  provid es an .n fvrn ati on rate of  t (  characters

;-er ‘-.ec

— - .~ V A.: : :~ Naviga ’ i ( ’ t ,  ~g~~~_prnent

Perf crtiar~ce p r ’di ct ions contained in Chapter 3 indi-

cate that the TRACCR 7(20 cvV V e iver may meet certif ication re-

q u :r ~~~~r1ts as an encoute a;d t (  nav i gation under the c r i t - r i a
,— f Ref. 8. ln c e r t a m : t v  ir. th ~ value of the corre1at~ nn coeff~-

c ie nt . , which cannot be resolved without process ing data

f r ~~rt the experiment . pr ’v~ des a range of accuracy numbers ;

e.g ., L r oss -tca ~~ po s i t i c r i  ~rror near Inuvik is 1.2 nni
V for o:0.c and 2.3 nru (t . c~~ for p:0.5 compared to a requirement

of 1 .5 rim . The true c - rre la tm on coeffic ient is thought (see

Appendix B) to be much nearer 1.0 than 0.5 , and x
V ,~~~O . 9  may pro-

v~ de reasonable ;-r e d tc tio n ’ of the TRACOR 7620 navigation set

p erformance.

~The result s in Chapter 3 are expressed as rms errors. For a
join t Gaussian distribution with zero-mean , identically distribute d ,
in dependent components , 95% probability corresponds to a circle
of radius 2 .4~ time s the ctandard deviation , a- , of each component.
The 95% reg ion for a single Gaussian distribution is 1i.96o .
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The pre dict ions ~ri na;’tt.z ~ mn d i~ ate triat the ~
:a ~~v obtain abl e ~ :th the 1 K.; ~ah 7~ 2(- r e t  lYe! ~~ th e differen—

- .1 ~tte gd C~~:V f g ut at . ir j .5  r o t  met t ( ‘ - :  I i Ii cat ion requi re-

:~~‘ V~~ ~ .0-. a nor . — p r e - ~ ~s iur. a p ; r i .ic~ ai d i~:i 1i r the c riter ia of

8. For example , t h e  cr . Viss-track err - jr ranges bet~ een

~~~~ ~ and 0. -.” rim (95%) as compared to a requirement of 0.30 nn.
tat- . e s S  • ~~~ . ~ t it e r ra te imp l emt’nt at ions are avail —

1 • :  c t  o t  I ‘ r I tie po t  er .  t al I ci meet  cc rt i Ii cdt i ur~ re q u i re —

na- ’ Is : op~’z .~ - . i . ‘ ~)i~: - - pa . s or I v . and ir. “opt ima I

t eq ue r .  V 1 U ;’ .’ t i . V . . t t  m or.. (h t  1. 01 Uat~ St meChar .iZat~ (ras

.i~ scus se-.: i i  1-se c: 1~~~ V n  ~~~. . )

kegana i l ess  o: nc’~ the riav igaI~~un receive r :s mecha-

V t  ~~~~ ;V r I V  . d R V I t t i . i  ..Vi 1 t i t t t t o  t h e  ; il o t :

• ~~Iv~~
( -  r it  1 . gh t  pat  n cortaput at cr ,

• u d •V~ T V  ~- i- . V  s;, 1 a v

Tnc ~~a v p V : r ~~ I • - .~t U t- i s o t  t t, RA~~ab 7~~~V2 ( ~ a are typical of a

iarge r. -ar,:~~r 01 c omme rc i .. . n i  it . ir v r’ ~ a~~’, T S  and provide for

Vp ~~.r V 4 t or  .ns~~~~: t ~~ r. o: k . ; -  t i  ( wavpo -~nts . The operator can

d~ s; l a y ’ - ~~~ch P t V V ld . d :stan~~ - t o-go . desi red-trac k—

angle. ‘ - S t  ~n.ated-t ~~rr ’- - o l - a r r i v a i . e t c .  (To he most useful ,

~.& -d e~ a’i ;ic’d S~~’ ari d STAb •V ~~~ t’dures would include tabulated

V ~~ rl :natec f r ;
V r(,(edural ~~~.l \. p~~

V
. 1 r i ts . ) These displays offer

guldanc,. :r .formai ior . ~ th~ p i l ot, but more standard control

features are desirable: e.g. . outputs to drive a course devia-

li on tnd i &a tc r a r  radio magne t:c indicator.

. ,,3 CIHER EXISTING EQUIPMENT

The equ :pment constructed for the differential Omega

ex periment in the Alaska/Yukon region is believed to be the

I



V V V~~~~~~~~

onl~ ’ equipment curzent lv .IV.a l 1 .a t ’i i for use in .
V
l !L  ax x i i o y r i t  .qi ~~

p1 C.lt m on . Al 1 of t he e q  i plu m t i ‘. Spec mal — purpose . and of a

C\ e- I p ix ie - nt  I nat u

:)~:ring t I e  course of this contract , TASC contacted

numerous manufacturers of Omega nav igation eq~:ipment . Many of
V t o - u  e-x; : •~~sed at . i t t  t -  r e - V t  :r. the potential market . but none

I 0Se’ .~ ~l at~ s - d.- ’:r 1 o~~ V r market r ece i ve r  equipment in the

tea! f’..tur a - Th primary -
V : er :~~ expressed by equipment mar .u-

:a c t u r e r ~- wi-re .ar, u :.certa~ n :v .r. the ‘ l Z e  of the potential

‘ - n . e  o t  l ans and standards for ground station

and d at I ~n L  ~~~~~~ i j t i i a ’ r . t  s , ~tad th e margina l nature of Omega
V , ,.ra~~c I .i:~~~t’ Sect i o ta 5 of the cont m ental Uni ted states

. s,atr a t .: t i’ • s e ve r  .~ naanuf .~ V tu re- r s were cager t o

ii. SC .~~~~~~ I t ’  :: ~.t  dii I • m n e of Omega ari d Orte ga . VLF c ommunica—

t i l tS  r i - ’ • : a - ~~~s . t~~~~
-
~~~~ t recc~ v’ is are- primari ly designed for

~~~~‘ C~ nurir~ m~~. rm. ,ir ~ i e - t  l a n g  over-water flights where ~iOR/DME

‘-. -.gna.s ~re unava~ 1ahle

- . s. ~.i,L S1E[) i~1~ k i\’ EMENTS

T h -  ~ r~’utd s t . a t ~~~~t, and data l i r ~k equipments described

in  cet t~ on .-. . are adequate to support ana lytical cert~~fic a-

t l i r t  requirements for differential Omega operation in the non-

prec i si n appr oac h categor y if they are modified to provide a

f ul l cight - st a tm on capabilit y . Nevertheless , experience gained V

a result ~- f tnt’ experiment may suggest modificatio ns to
t t ’  1a~, l l i t v  or convenience.

Two altern ative approaches to the mechan ization of
he atrborne navigat~~on equipment appear to offer promise :
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• Si ngle-frequenc : operation in the dx!-
ferent ial Omega mode

• Correc tion i r a. lud ing pred i cted propaga-
tion eff ects.

Bot h techn iques are described below .

-. ~~~~~~ 1 S n ~~.-e- Frm jue-r .cv (~~~er.it ion

The Con.pi~~ i t t -  VV _ H i I C V  ga proc edure used by TRACOk in the
V.~~ 

s e t  .~~ des i~~t , ,,d to  reduce rece iver  s e n s i t iv i t y  Ici cert ain

t y pes o: p . , ,~~
V
,V a g , 1 t1 . r  anoma l : es  a, e- .g. , Sudden Ionospheric Dis-

t u : t - . i r . e s )  and t . ’ improve performance wit h a simplified propa-

V p ..iI i t -  pr .-d~~. t~~~ :. n~’dt-1. ‘~i t h :r the differential Omega region .
I~~~e g:.~~nd St at iot - equipme nt pr ovides a more accurate means of

C o r r e c t  : r g  : r l h e ~~ t- ~- ffe- ~ IS . and t he pe -rtormance degradation

V i ’ V S O C ~~~a t t - d  ..xth ; r c e S s m n g  ,~d dx t ~onal independent receiver

nc lse is -iot V f : s t t  l v  a corresponding gain iri navigation per-

fo rmance.  (The~ c mpos ite mecha n izat ion subtracts the phase

received ori ~~~~~ kHz from th at received at 10.2 kXz . ~‘hi1e

t h i s  redu ce -s propaga t jor. ,.r’ror’ , i t  :r.cr( ase~ the effect of

measurem ent ;- ‘-:st t oca -.~sc t he noise c o n t r i b u t i o n s  IC- each fre-
queri v are ~ndependen : . )

F r  example , compare the posit~ on-f~ x quali ty in terms

~ c ro ss-Ira ~ p - s i :  ion errors for the TRACOR composite (p:O.9~
V and the sxr.g .”- :requen cv (l3.~ ki-lz ) mechanizations in Table 6.

Tne rm~ random propagation errors are nearly equal: 0.16 and

rim, resp P c t m v e l v .  Th e rms r ece~ver e r ro rs  ar e subs t an-
ti a .Iv d i!f .re t - ,t : 0.22 and 0.07 nm , respec tively. The total

V 

rm s err ors are 0.27 and 0.16 rim , respectively. This difference
is dm rect i y attributable to the increased sensitivity of the
composite mechanization to receiver noise as compared to the 

V

single -frequenc y mechanization .
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The use  of s i r~g I 
- - f i eq iii’ ney  dat a in the d i I Ic rer i t i a I

Omega region imp rove’s nav igation performance for the non-pre-

a. i s  ion .appr V laa. h appi iCat 1°Ia , but i t does riot elim inate the

necd for a m u i t  ~ ;V i e -  f r.-~que rx a. v receiver in enroute applications .

(Multipl e frequencies dilOW the receiver to resolve much wider

lat e amb igu ities , which might be required after a temporary

1 :~~L t  e m ’ . t t  t (.a l ~V’c’~~ er tr a n s i e n t , )  Multiple frequencies

~‘e I l e t  opera-e l i i ! .  out side the different ial Omega region

; - t o v id e  ~~~ V i t vr,t :~11 nsens it ~v i I V t c’ propagation anomalie s .

‘- a . ... ~~r~~~~~~~at j o r V i Mod e l  Correct, ion

If the a~ rbor ra~- r ’ ~~~ive r is supplied the coordinates

o: th~ ground station m o n it o r ,  a propagation model correction

~~~~~~~~~~~~ Cat be impl em ente d whtc h offers the potential for

sxgn~~!ican t v  improving the tran~ it m on f rom d ilf eren ti al Omega

to Omega navigati on outsi de the differential Omega region .
V:
,~~~~~~~ m s simil a r t a  the procedure described in Ref. 9, and i t

~s supported by the results given in  Figs . 17 and 18.

The r~~e -  }V a.atiiai ation ~f a propagation model correction

al k y - ri nrr might tiavc- t h e -  fel lowing font,. Denote by ,~ the

d itte-rrr , t~~al correct i a n  broadcast by the ground station for

s t a t i o n  i can frequency j. Th en

- •~~~(x. t) (13 )

where

V 
x is the monitor location

t is the measurement instant

•, (x) is the nominal Omega phase at x for station i
V 

- ‘‘-i at frequency j
(x, t) is the measured Omega phase at x at

instant t
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Denote the receiver-comput ed propagat ion correction (skywave

correction for the TRACOR 7(.~(j) by •~~ 3
(x ,t) and define the

propagation model correction as follows :

~~~~~~~~~~~ :.~~~J
(~~V . t )  - s ~~~~(?~.t )

:: t t ~~- d it f e rent ial corre’.ti on s are lost , perhaps because the

a l t .  r a t t  has depart ed the d i ffere n ti al Omega region , define a

ne~ ~ropagat~~on c (arre c t m i r~ CV P 
~v ,A )  (for location v and time

k lar ger than z .  the t~~~:1e at which new corrections become

.....I .V i i ia b l e ) .-a c~~ordxng to

~~y .k) ~~ ~~~~~ 
- 

~~~~~~~~~~~~~~
( t

0
) (15)

~ :s a ~em gr t iri g fac to r - .

A candidat e a lgorithm for computing ~~, wh ich is con-

sisl ent ~ xt h the data in Chapter 3, is

- (A - t )/T (1 6)

wher . Tg is ,~ memory constant V The choice of Tm depends on a
n’~mt~er of factors includi ng the Omega characteristics of the

operating region and the flight characteristics of the air-

craf t . (A reasonable value for Tm is expected to be 5 mm .)

The algorithm described by Eqs. 14 through 16 provides

-ne-  me thod for implementing the recommendations of Section 3.3.

It has tra e advantage that the transition between applying a

phase monitor correction and operating only with computed propa-
gal ion corrections is smooth, and the pilot will not experience V

ra p i d j umps in the indicated Omega position . The potential

c3

V V ~~~~~~ -- -~~~ —~~~

- T - 
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disadvantages of the algorithm are that it has not been tested

and it  may be sen sitive to assumptions about the nominal param-

eter ‘:d.Jt’ s it .  r r ~ - Omega phas e er r or model .

V - 54
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5 ,  CONCLUS IONS

This report presents the results of an anal ytic e~’a1-
uat xon of the differen tial Omega experimen t in the Alaska/
V

:
• u ;,:(,r; region . frim ary emphasis is placed on the particular
equipment . xn sta.l at ion arid ; rocedur es ‘~~cu li ar to thi s experi-

- :~~ an al y sis also in cludes an ac essment of the expected

pe ::rma nce of an “optimal ’ two-frequenc y receiver using the

•V - xperi men ta l diffe rential Omega correct ion format. The latter

re sul t s provide at-. analv t l c d  ju sti ficatio n of the suitabilit y

ot di fferen t~~al Omega for non-precision approach applications.

nxs an al y sis is based on a ~-~ rl dwide Omega error model which

has no t  been validated for the Alaska/Yukon region .

~erto rri~~n~ e results presented in Chapter 3 for nomi-

~~ parameters of the Omega error model described in Chapter

2 , ind i cate that the experimental differential Omega equipment:

• ~ av not mee t  ce- rt i~~xcat ion requirements
as ar. Area N avi g at ion ~vstem (Ref. 8)
for non-pr e cisxc r~ approach ~ xthout further
moth ficat ions

• Sh uld meet ce rtx f i ca ti on requirements
as an Area Navigator for enroute navi-
gat~~ons

• kill not be adver selv affected by the
loss of signals from any one of four
Omega transmitting stations normally
rece i ved in the experimental region

• Is expec ted to maintain adequate Omega
signal tracking during standard rate
turns.
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A PPEND iX A
OMEGA_ PHASE ERROR MODEL

OPTIMA L OMEGA S IG NAL PROCESSiNG

A mode l is de~.- e loped in thi’-~ s e c t i o n  for the posit ion
res u l t i n g  from opt ima l (m in imum-va r i ance)  usage of phase

.mt.ion f rom t~~~ Omega frequenci es , 10 .2 kl-Iz and 13 .€a kHz ,

t - ~- i  , V a - t of f o u r  stations:

• A (Nor~~a v )

• C (Haw ai i ,

• D (North Pakota)

• H (J apan).

r.dsed or~ the estimated ~~
V
~~~~i t i o n  of the navigat ion set , an es-

ima ted phase 
~~ ~s con .;uted for ea~ h ~tat ion i c a n  each Ire-

q’~iencv as f i  lows:

V -

(A-i )

where V

R 1 is the range to  s t a t  io n i Iron the estimated
po s i I i on

k - is the nominal ~-a~’e]ength of a signal with
-~ frequency j

The difference between estimated phase and measured phase

is the phase deviation :

A-i

V .- 
~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~ V 

~T. V ~ TV ~~~~~~~~~~~~~~~~~~~~~~~
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- (A-2)

Phase dcv iat~ on ~ •- I a ted to pos i t i On error  as t oll ows

I cosl~i S if l~4)
1

~~l.l0 .2 A 10 A 1 0 2  ~~1 ,l0.2

V C O S y  5 j f l a~ -~

~~~~l0 .2 I 
~
‘l0.2 ~~~~~~~~~~~~~ 

6 0 2
10

2

Si f t .3

3 ,.0.~ A 10~~ A 1 0 2  
6 j,l0 .2

COsi .a Si ft . - 4
2 k .., 

604,10.2 (A-i)
V . - . -

- I .tiE ~
V 

~-Os t. 1 
S l n~~ 1 L

~~~ 1 , l V~~.( ~~k 1 3 f  ~~~ 
601 1 3 6

C O S t . - , Sl f l t .  - ,

~~2, 13 .t A 13~~ ~~~~~ 
602 1 3 6

COSv -~

~~ 3 . 1 3 . 6  - - 
k - 

6•3 13 6

COSt. na. -

- 

~V4 ,13 .t A 13~~~~ , 
-

where

- is the phase dev i a t i o n  from station i on
iJ frequency j V

is the bearing t transmitter i

.~N is north position erLor

.~E is east position error V

• is the phase measurement error from station
13 i on frequency j.

4
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V Phase n i e a su r e u en t  e .r r vr  60 ~~ couipri s-d ~~ phas e eFr c V r from

~~~~~~~~~~ t~~~( e ~~’t  ~‘~~~ it~~~’n t- : t ’ r , and includes rec eiver error ,

c l ock svn~-h rot.~ zat .c’n - a l ~~.i d i i i  ¶ 
~ - :  lor  . and signal propagat ion

p1 ccl c t i ol e r . ~• -  t e t Eq - A— 3 app lies lfl the non — di t f e r —

V en t i ii~ad . as ~~c 1 as t t  d e fi i i mode - in th e di f f e ren —

t a I t1:~~~~ t- , a ~~~~~~ •~
V 

~ n i t  ~t a ~~ •~~: t ’v mor. i to r  s t a t i o n  is applied

I f l . t 4 ’  I ~~~d’- ’ ~ ~~ t *1) . 4 1’  t-tU at  I ~ m1r~~~Ili~~~:c the phas e
• ~O’ 

V V
V~ - I t  l i t’  ‘~ i Ierent . al  iiod~- , 6 0 -  - repre—

S t ! .  I S ‘ t t r ~~~~~~~.. a . ph~ t meas •~~ • ~ 
V ci : a f t  e correct ion by

t h e  m o!.iI V -r -

-
~ 

a t ~. 
- ~ . — 3 ( V t !  t i t I • f l  as  f c a 1 1 ~“~s

H .tx • 6G ( A - u )

: 1  V •~~fl :‘c s r - ’ ~~ h t - t .  i O )  In . .: the n~~r.iir uni— ~
- .r i a r t c e  e s t im ate

give :, th e ph .. i s e  d ’-v iat i ( V i 5 .~~~~ .: the presence of p1-~ase

e r t- (rs 62?~

H H ) IHT~~~~. ~~-s 
V

wh. 
~~~ ~ ~~~ 

‘~~T 1 ~tr d E t - 1  is the • X ~~~~~
- t r at i on operator. The

c v a r~ ance o: the estimate ..x i~~ computed as follows:

F’ (H ~~~~~H ) 1 
~A- 6)

w t— ‘-  r e

p 
~ EI (.~.i - 

~~~~~~ 
- ,~~)T)

:~ evaluate the variance in the estimate of position error an

expr escit ’r for the matrix R is required .

‘I

_____ ii 
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~~~~~ V~ 
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~~o determ ini r R . a. or.’ ider 6~~~~, t h e  phase measurement
crr~~r fr on station i on frt-quert v j caused by all sources ex-

t ; V  p(-s~~t~~or~ e r ro r .  Assu me that  the nav i ga to r  i s  at  po s i t i o n

x.  and obta ins a phase mea sureliei.t at  t i n t -  t~ . Then the meas-
u r e d  phase can be expressed by

~~~ ( ~~~~~~ 
) 

~~~~ ~~~~ 

(x~ , r ) (A—7 )

( x  . 1 , ) c 3 
(x , ‘) C 

~ 
) 6c t- . (X

,1 
, t

~G~ j(~t~ ~~ 
, t ) (A 8)

- 
V e

~ 5 th .- m c .lsuta’ d ;Vh ase from stati o n , i on
-, f requen: v j

is t h e  “n o m i n a l ’  pha~ c det - rn.~ ned from range
.3 to t r an smitt e r and signa l wave-length

V ~s phase measurement error caused by all
sour ce-s except position error

Vt j  ~s I t i c  phase perturbation caused by predictable
;r ~ ; .tg .a . tor. e f f e c t s

V 
‘ V ’ .s :~.e phase err ’r caused Lv unpredictable

( : a rV ~~ I fl. , propaga ti on error

V 
~~ V.

C 

~s the cons tan t offset ~~~~~~~~~~~~~~~~~~~~ of measured
phase  ~ntrodu ccd by the receiver (:.e.
C b c k  e r ro r )

is  t he  var~~ab 1e o t f s e t  por t ion of the
~ measured phase ~rtroduced by the receiv er

i c - , eiver f o i S t )

.Acsume tha t a monitor measures phase at position 
~2 

at time

t .  The measured phase at the monitor is given by

A-4

-- — -, V~~ 
- V 

~ V V V~~~~~~~_ _

_ _ _ _ _ _ _

-— 
~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~ _ V~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
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V 
• ~~~~ (x 1, t ,) ‘ ôe~ J

(x2.t 1 ) (A-~~)

V Ihr monitor correc tion , transm itte d to the navigator , is nieas-

‘a r t- d phase m inus nominal phase:

V CORRECTiON •~~.(x 1. t~,) -

4 6.r~~(X 7.~~~) ~

• 6G’
J
(x~~.t 1) (A-l0)

~~~~~~~~ : a v : g . * t i t - t .  st- I t ’ e~~c~~v e s  t t ~t- ~ o : re - ct :on and Vase s i t  t o  c - s t  i

‘ •‘ niofl t t a 1 pI t : — . -  a~~ o I I o~~

~A 1 i )

S’i t s t~~t~~: ing A—IC ’ in to h 4 . A — l i viei d~

~J~
>’ .1

:
) c~

’
~ (x 1.:1 ) 

- 
~~~~~ 2 , t .,) -

- ~~c
C

. (x 2 , tV ) - 60~~.(x.,, t 2 ) (A- 12 )

Comb :ning Eqs. A -12 and A-S yie lds an expression for the error

in measured phase at the receiver:

0 ij l.t l i~~~~i.t b ) 
i j~~ 1~

8.~
’
~ (x1 .t 1 ) 

- 6.~~ (x 2.t2)

• 6o~
’

1
(~~1.t 1

) -

. 1 
* 

A-S 

V~~~~~~

_ _ _ _- V



4 6,’~~(x , . t , ) - 

~“ G ’ (X , , t - )  ( A~~~3)

Lqu ar ion .- \-1 3 snow- s that measured phase error depends
ar ..v ‘r. t h e  d~~f t er t-nt - e i t  t he f u r  ty pes  of errors ,g t  the navi-

ga: - r V . : c  :h. u :, i t V ~ . The l1,~~~V t V i I 1  r is ef f e c t i v e  bec ause t h e
t e r m s  ~0

’ a r t  V ch a n g e  t. ’ l .~ t ~ve lv  l i t t l e  over short dis—

-~~. a c .  s a - r ~ ~.me . t V . C I V . t 4 5 . i c . ,  the’o er ro rs  a re h ig h ly

c o : : .  j . : .-  t ~r. t im e  .tflct •V4OI V (V , l t ~t o t h e r  term s , arid 6~ ’ .

~~~~~ are ur~~c ’ r r - a t e - d Hetw. ,t ,t the monitor and the navigator .

must b’,- : -e • t :  ~ve 1v sma i I 1 ’  t h e  monitor to be effect ive .

E~ ua  I .~r. A—I ~ s used to ~ can~~;a  .- the mat rix R

The . 1 - w i r . g ac su m j : i o r~~ s : m~- 1 : f v  the a na ly s i s :

-V. , ) ~- c  
~ ~~ 

(x~ , t ) . ~~s a r e

as~~.~r .-d to not change a,ave r the distance

lx _~’~1 and t. L. time 1t 2-t i 1,
- ~,

C
( x t )  0 . Ar.v bias

o: fs , t in.  ;‘n.e- a, i T , I  rodu~ ed by the re—
V c.’ j :.t ~s assumed to be neg l ig ib le .

V EVC r
, 6•’~~) = 0. Random propagation

anomal ies a r e  assumed t o  be uncorrel ated

w i t h  rece iver  noise.

.t . EI~ C 1 0. Any two errors involving

t wo different. t ransmitters are assumed to

h e un co r re l a ted .

Und er these acsumptlons . it can be shown that the matrix R is

comprised of common-frequency terms , of the form E {I6G
~ J J

2}. V

and cr ss-Irequency terms , of the form E (6~~. 3 6•ik ’’

A- 6
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Contnton-freq,uencv It - titas are in turn c omposed of two

ty pes of terms : rece:ver error and random propagation error.

The mode l t r  ~‘ar , abIe rec.- i’c. r error is c hosen to be a dis-

crete white li t . ise sequence w it h a variance (
V~~

f

(A-14)

:e  i~~s ’j nae - d tiao ~jc1 a - n random propagat ion error is adapted I rom

- ,iri -~ ap pl i e s  t~ th e c a s t -  ‘ 2 hr for a frequency

~: 0...I ,dic

~ 1~ , 10.2~
>’ , t~~~) )  1 . , I 0 .2 ~~~1 ‘~~i ~~

~~V \ :  (- 
~~~~~~~~~~

- 

~~~) 
2 

(X ~ (
~~t~~~ - t ~~~

) 
~~2

* ~~ cos 
(~~~~~~ 

I t :t 11) ~~ t ( ’ f l  (
~ 

it - t
1i)

I

(A-15)

• re

ci = :r c ~c\ nm 2 
= q~~..

~~~~~ hr 1-’ .~ c e - C
2

l _ ’ hr V~3
2 8.ij cec 2

V 
~

s h r  04 1. 48 cec 2

‘-
~~~

- model is calibrated with data at 10.2 k}4z. At 13.6 k}iz.

i t  i~ assumed that the same functional form applies but ifl-

cl -~d es a weighti ng factor, 1ø :

A-7
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- -  V

Ef I6G~~ 1~~,~,(~~2.t 2 )J 1 
~ , l 3 . t~~~ 1 a u )  11

V I ~~~~ 
- 

~~~~~~~ 
V
) l i t . , -

V — 
~~ ~~~ d ‘— 1~° i CXp~~

_
~~ ~~~~--  -- / t,A —lb )

+ 

~3 
COS 

(~~ ~~ 
- ~1 i)+ L 4

2 
~~~ (4~ 

k2 -

~‘r a s ~~- f r t - ~ ue• ncv  term~- involve only random propaga tion
- rror . ~~~- u Eqs. A- l~ - and A -1~~, :1 can be shown that the cross-

• V ’ . V C V  te rm is g .v e r a  by :

E{ l~~~ij
(
~~2 

I a ) I i6o
~ k
(
~~] 

, t
1

) fl
- -, I t V ~ 

— t 1 I
~~ ex p ‘ V~~ V V exp ( 

~~1

C , 2 
~ CO S  I t : -

• 
~~~~~~~~ 

- V

fo r j k (A-l7)

:s th .- c a ’ r r e l a t i a n  ( ‘‘ et u i cit- ni t between f requencies.

. t e -  m atrix k is  c a ’ n ; a t V ’s ed of  ~ omnion- and cross- Ire-
V quer icv term s ~ c follows :

0 0 0 R
3 0 0 0

0 0 0 0 R3 0 0

o 0 0 0 0 R 3 0

8: 0 0 0 R~ 0 0 0 K 3
R3 0 0 0 82 0 0 0

0 R 3 0 0 0 0 0

0 0 K3 0 0 0 K2 0

0 0 0 R3 0 0 0 R2
A-S
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V

El I6.~~ ~~b? ~~~~ • ~~ ~~~~ (~~~ .

• FI

- 2i ,6,r lC 2 (x 2, t 2 )I l 6,~~~1 0 1 (x 1, t 1 )J )

= ~{ . I ~) J )  $ E { I~~V C~~J 
(x 1 .t 1

) 1

• _ E~ 1 ’~c~ ...L” 
(x . t

- :El I6, . 1 3 h ~
X 2~ tW 

16,~~1-~~~~11 t 1 ) 1 )

- 
:h{ I V V

t V c  ~ (x ,t ) I t ô
~~ k~~~

.t ) I I

— L~ 16* x-, . t 2 fl k x~ .t ) 1

A .2 TKACOF~ ~OM!’OS1TE SIGNAL PROCESSING

n the previoi~s s r .  lion , the covariance (
V a f the posi-

tic ’ ri a-s t ~maI O V t .  e rr ’o i  ~~as d. rived (Eq . A-t’) assuming optima l

~~~ a ’ ~ e - i~~~- t phase mtasuremen ts (Eq . A-3). ln this section .

th.  a ca r i - tra e of the po sition e stimation error is  calculated

assumi ng the eig ht phase measurements to be combined as in the

TRACOR ~~- 2 t )  receiver to form three ‘ composite ” phases of the

f orm

V 

~ ij.c ~~~~~I . 1 V 1.6 
- 

j,13.~~ 
- b(.~~~1 0 2  - 

j,l0 .2~

(A-IS)

where

A-9
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—‘-‘1

V 

- is the ompo’- i t e  phase f rom I ! , * n s n i t  t t - rs
x and

- - i s  the pt~~~’-. i ~n t i ’an smi t ter on fre-
- - ( V V J a , .~~~~~ 

~~
‘ 13 - (‘ kHz V

- , ~s the phase f rom transmitt er j on Ire-
- .  quency 10.2 kHi

ire constants (a = 15/8 , b = 3/2)

:~~. analog\’ t. S e c t  101 , A. 1 , C c I i p~ si te phase dcv~ at :on . ~~~ ~ 
,

V 
i” - r e -  ..ted It  p t .  t ion error a’ - fol lo~ s

c a V ,sw , _ c c a s ~~~~ 
. s in~ 1-s in~a ; 6• l2 cl

I ~~~~~~ = cUS~~1~~
cV OS ~ 

. 

‘inw 1
- s i n~~-~ 6 1 3 c

s in~ 1-s in~~ 6 14 .c

(A-19 )

where

= a G , l 3 ~~,~~~~
C J l . ( ) - h(6~~1 1 0 2  6’j,10.2~

i a bi. - composite wavelength
V C l 3 .~ 10.2!

Phase- measurement error 6~ (j : 13.6 or 10.2) is given in

Sect .&ari A. 1 (Eq . A-fl). 
--

V Equation A -1 9 can be written in the form

Ax + (A -20)

A- 10 
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The minimum variance estimate of Ax is then given by

(H~~ ~
1H ) 1 H(

TR ,
_ 

A-21

where

~~~~ 

EI6G~ ~1~~ ’

:h.• ~.~ -v ,irianc e of .~~~~~~ . wh ich represents a lower bound for the

~~a i a r i . I r ~ce Ot p o s i t i o n  er ror  resu l t ing from a single set of

:~~ree composite phase measurements using the TR.ACOR 7620 algo-

it hm , ~s given by:

p a
T

~ c H c )~~
l 

~A-22)

The m a t rix 
~ 

can be ci. t ermi ned i t  a manner similar to the

method it ’. Section A .l and has two types of terms :

• Diagon al . E I t6 •
~~~~~1 2 I

• ~tt-d ia gona1, E {Ioø
~~~~~

) 1 6•i k c ~~
1 ’ J~ k

P1 a:~ -n a1 terms are given by:

E116.
1 1~~~1

2 } ‘~b
2 

E 11 6,~~ 1 0 2 (~~.t)1
2}

- 4b 2 E { f 6 • ~~~1 0 2 (~~2, t 2 )J I6•~~~10,2 (~~1.t 1) ) }
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4 2(a2 4 t a~~ )

‘ 2 (a 2 b 2 ) El

for ( .1 k) (A-23)

: r r ~~a s  Or, t.t ..gL1 sid e of ~~~ V . — ,1 are given by Eqs. A—1 4 ,
A- It - , A-1 7 . c i  i - d i a~~unai term s are equal to one-half

the i agon.a i terms :

V E 1 I” ~~~~ . j  
~~~~k

11 = A E ll o, 1 21 . j ~ (A-24)

h. fl, a : r ix ~ — ‘~ r i t  : a- n as  toil ~~~~~ Vç

a.

8 1 -c.

(A ’~25)bci j
where

h I  = f V { 1 ~~~~~$ J }

E fI 6.1~~~~) t â*1 k c H V  J ~
‘ k
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APPENDIX 1~
FREQUENCY CORRELAT ION OF O.~tEGA ERRORS

~~~~ ra ;-p .-Ttd iX presents the approach used to provide a

V s~~~:i~~t :ci ;-r .- (iict: on of the cross-frequency correlation between

:n’ :-r V ;.a~~a:.on med iu ii- indu ced random phases of 10.2 and 13.6
V 

~~~~~ V~r1~~-ga s :~:na~ s. both t~~e 10.2 and 13 . ( LHz signals are
, ‘~suate d to h~ radiated 1~y t h e ,- same omega transmitter and received

V *
V s:~:.-..itaneous1~’ at the same measurement site. The equation

for r h— cross- frequenc Y correlation coefficient is

~ ~e l-3 6~‘‘
~~~

‘

~~ ~~~~~~~~~ 2 ~S- 1) V

El (1 1€ - .~~~ 
( 1 3 6 ~

where

taO O -, is tt~C propagation-med ium-induced random
phase in the 10.2 kHz signals a

ta 
I S  th e prvpgation-medium- ]nduced random
;Vha se in the l ,~.6 k}1z signals .

At a given re ceiver location , t he pha se of a received

Omega (or VLF~ si gnal is a function of signal frequency, signal
V (i e transmitt er-to-receiver) path length , and propagation

medium properti e s along this path such as ground conductivity,

geomagnetl ( latitude , bearing angle and the (D-region ) iono-

sphere . The i onosphere properties vary significantly with the

solar zenith angle along the path . The primary source of propa-

gat ion-medium - induced random signal phase is the random temporal

p *The one-second delay between successive Omega bursts is
F negligible in this context.
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variations in the prop ert ies of the ionosphere along the p~ath .

Ther.-fore . the subsequent r.4rldom pha ’.e ana1~’si s considers 5a n l v

randon c t.a r . s n he i (To sph ~- ye prope’ rt 1 u s

At Vii , t hr  I)— reg i or~ i ttria ’sp ht re proper t i es art- ade —

q V ~~~~~~t . ~~~~~ V ch ar aett-ri ~~.-d . accor ding to wa it and Spies (Ref. 11 ) .

by two ;a.aram eur ’ s: th e ionosphe re- refl ec tion layer he ight . h ,

and t~~aC OflOStV t i e F i t . conduct ivit y grad ient, ~~~~. According to
V Ke l l s  ( b e : .  I.~~, each parameter an be assumed t o  be independ-

V 

.:.:lv var.a~~.e and char act er i zed by a Gaussian proba b ilit y

d is t r: b u t~ on. ‘The frequent ly-used values for the mean and

—.:andard dev iatio n of the ionospheric parameters are given in

~..b lt- ~~ (befs . i~ and I,- ), b r  both day paths (i.e., local-

noc -n  condi t ions .a I r’ri g the en t i r e  p a t h )  and night pat hs (com —
V ; ,• r , : ,a :’ p~. r ; a - s s  .

V
a~~~~~~~n g  the a - n t  i re  p a t h ) .  The mean va lues cor-

•V V,~ and o - , .L.e- t ‘‘ io nosphere.

.~~Ifl ~~ V~~~~e p~ a .Jsa ’s ‘ C
1 
(t = 10.2 or i V’ .6 kHz) .  required

-r cL’napu t i r g  h~ r .- q’ i .-n a  V Ci’ . a ss—c orrelation . Eq. B— I , are
c.h: ained tav emplo ying the commonly-used determini stic ~‘LF sig-

r-i.. propagat :nn p red ict ion model , known as IPP (Refs. 14 through

I ) , I r, t hes’— C t r ~. ;U I  a t  (a~~~ç the f l a f l  random part of the phase

V 

TABLE B-i
STATISTl~TS FOR I ONOSPHERIC MODEL PARAMETERS

CONDUCTIVITY
V 

-....,.,•‘.. PARAMETER GRADiENT
HEiGHT

STANDARD STANDARD
ILLIM INAT ION MEAN DEVIATION MEAN DEViATION

V 
Day 72 2 0 .3  0.05

Night 87 2 0 .5 0. 1

V B -2

V ~ V V ~ 

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~V V V V _ V V~~~~~~~~
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~s ds~-.UCi.~ted ~ .th ‘
f i O f l i i I ,. J l ~.rup.i~~.it lot  p ro p t- r t i e s  of  t h e

~-~~gra a l  p at h  . lssuII.xf lg a l u l a t  o i.o’ pht-i e . The random part of

t~~~~
V pr.a’- V -: ro ot r ’-r h .eiid , j s a~- ’,umed to be induced by spa—

~a i i V u n i t  r~ - ,  random changes in the- quiet i onosphere .

1r.t- ~~near~ zed e~~V ression for the random phase due to

~~~~ . .—sumcd random ,.en~~e of one standard deviation in the iono-

‘~~:ie:’~~c paranle :’-rs h and t~ ~s

~ 
‘

~~~ - 

a ’ ) • ~ ( t i  ,~~~ 
) — a, f~ •~~ 

)

= a’ h • ‘:
,
‘
~~ C’ (B 2)

(8-3)
= . 

‘-‘
-a

The phase o~ propagat ing signal is approximated by

V (h ,~~) = ~~~(
( L .~~~V) d • arg ~~f (h .~-) ] (8—4)

-
~~ he r e

(i-v/c )

f is the 1 r’-quer-.cv

C .s the Spe .d of light in free space

is t~~e signal phase veloc it
a-

d is th e signal path length

arg \
f is the argument (or phase) of the signa l

V excitation factor.

Comb .r .ing Eqs. B-2 and B-4 gives

I

_ _ _ _  V V V 

H
V V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ , -

~~~~~~



I a f~
c1h . o ~~

) J  d + b f (c h . c
~~

) (8-5) V

= 

~~r °h ~~~ (B~~’~

~~(argV\ f~ 
cs (arg\

f
)

- 
. = 

~ 
~~~~, 4 0 ( B — 7 )

~ s d a - : i - ’ -  ci t~v assumi ng constant i.e. , ur.~-

~~- - t a ’ ’  p f i e r~~C ;‘.aranae t e- r change !- aV o r  r regu ia r l t  i e - s  )
• .V~~~ V :~~~~~ r e  s~ gna1 p . t h  ~eng rh d . I f .  hn~ t-ve-r , the iono-

v ~1oe- -~ r , a t a-Nt end o-..- er th e ent ire signal

a ’ . ci a
~~~

. ~ V ’ ’ 4  should ~~a- ra-p1 ~iced by the act i~a1 irre gular—

_ t V  ~~~~~~~~~~~~~~~~~ ~~~~~~~ , r’ttc~~’ - t h~~ ~‘~~~~ t a t i o r ~ a a  tot ph.~se-
- , , - ~~~t , - . .  a I it - ; -  i i  a -d t’v 0. f t nt . : a- E U. ar t V

C 
- • - : ‘S  •- i~~~- . t~~e tr.a1,S1t! ~~~~t u !

- or r’ -~ e - i \ -e r .a~~ Ofl k - , -r ( . )  :t-Io

i f  t h ~~~
V 

~a-gu .ari t v  c - ’-- • - i s  ne i t he r  t he, trar .sn .i t t V T  to t t j a

rece iver - A~-su m~ ng that the- ionospheric irregu lar~ rv 0v-rs

t he -  e r t  ire pa th . t h a -  e q uat i o n  for  the cross-frequenc~’ correia-
V . c ier. t becomes a

= . ± — ~~~~~~
) 

~~~~~~~V~~;_  Ic 3.

° 
~10 .2~ 

“ “ ( a j 3 ~ d’ - Y —

ma- corre lation coefficient has beer. computed for

t ’ a t h  day  and ni g ht conditions over the four different propaga-

ti on pat h s ident i fi ed in Table 8-2. These paths here speci-

bical. v chosen to characteri ze the range of propagation path

~r~ p e r ries expected along the Omega signal paths of interest 
V

..n the Alaska ‘Y ukon region .

V 8-4
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1ABLE } . 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ PA1}l Pi~~> I ’ IV :K11I:S

V 
Gb(~i~’.L BEA }.iIN~. GEOMAGNETIC

~~)N91’C T I V 1T Y ANGLE LAT i TUDE
~~V \

’
~ ~~~~~~~ I V 

V ’~ 

— . 
(Ui~

-l ( )
~~ i t )  a, deg ) ( deg

U ‘.5

I I  0

i i i  l0~~ 0

-
~~~~~~

T~d Ia ’  ~~~ pru~ ents t n -  random phase term s , a 1 (Eq .

~~~~~~‘ )  and 
~ : ~~~~~~~~~ ~~~~ ~~0 ’ ’ r ~~~~~~~ to assumed random changes

- ) i~~- r •  - -- - ; V~~~.e :  i( ;oit .aii . ’ t r - s  (g i v e n  in Table B—I ) f o r
V t , Ot  , 

; 
a ; ’ ,, ~~.a - !, ,t  ~~. ~ i ( 1 ( T ~ 1 t . I i ~~ V — a t

O V _  -ah 3 . t kH’.. ~ r u  ~~a s ~ri Tat l e 8—3 .nch~ .~:e th at the

S i g ~ o t - . t he :  L o t - f t  I d a  : . t  . .e~~ c r  b~ , :s not al N-red when I

~~~~~~~~~~~ ~r - ’~n I0 . t (~ 13 ,t ~~~~:- - ~~~;s means that bot h term s in

t : a -  - uri c- t o: of t n .- co r r ~- h I t  I T  ~ f~~ i c i e - r t . ~~ ~
‘- —

~~~~~ . are

; - a ,’s~~t . V e . ~~~ . : t n t  t O  C~~~- t  a .  , a a a I i C i u t is  P( - !- V~~~t I \ u .  Further-

mo:’ a- - s i nc e , -  ~ ;s ss ran  .11d for d great e r thai ’ 100
t b -  res’u : t S  ~- ti i ’~ t i , a ;  : 1  s i g n a l  ~ a r ~~~t~~ d greater than 100

• t he rank: ‘ r i .  ;a has ~ - c-.: ba app roN i mat ed ~‘v

a 4 d (8-9)

:ABLE 8-3

::~~i:TL: :AL 1T~ O~ COEFFICIENTS a AND b
________________________________ f I

• ~ • $  ,•‘ -

T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -______

V ‘ io I’ ~
.4_

~
_ .._7 __

~V.1 
a • i ’  a. t • I C  C • I~ a. I • II’ i I • II a.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~, V 4 V~~~~~~
, _____

I F ”
~ -I C’~~ -3 : . a r ’ ’ .4 ‘ - I t ’  “ -~~ I . I 0~~

2 - I  .~~I C ’1 • I  ~~~~~~~ 
~~ i . I O ~~ 

V

V~~ V I f l ’ I . I(a
V
~ I~~ ~‘l ~~

•
~ ‘ c . t n ’ ’  .

~~ % .Jc ’ -l ~,. I (,

III - 1 ~.ir ’ V %. IC ’’ I ~~. I t V  
V 

~ C

I - l  .I r
4 1f 4 

~~~~~~ S 4 . I O~~~ - ‘  c. IC ’ -a S.I0~~ j S.I O~~~ 
~ • $ ( ~ V 7

• 
~~~~VJ

C I’ II~ f r * —q~.~~a p  ~~
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(a

a - V 2
~‘ I 0 .~~, i3 .~ - 2 V~~V V~~ V~~~ V 1 cb- 1 0)

d 1 0 3  a1 3 6  d
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~~~~~~~~~~ j :v .a~~e 1 V i’ige- r t h a n  :00 kit .

:~c t . ’ i Of l , the,. a r al v sis ;a rt sented her a - in ind~-

c~~: •-s  L i t  : h t -  c r~’ ’.s- I r e . q u e n c v  c o r r - l a :  ior. between 10.2 and

3. ~ ‘ ~~i.: s 1 r . a : ( l o r n  phase-s ~~ A l  -kska i~~ posit  ive and ap-

: 0 - .  n’’ t v  it n~ th th a, s i g~..a l pat h len g th and the random

:1 , 5 ’ , : • z : - .. .~ : i t  v 1 c - n a -, h ~re gr e -a r c r  t han 1 00 kit -
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C . :  :~~ic~~ ~~ :u~

C . 1 1 :, : . ~~~~ t i n

~~~• .  ~~~ :~~V : .  

~n:~!-gu n a . i ~~, a t  i~~ :- .t g. r ~thn a ,}-, t - f .  :7 )  cm-

;-~~‘vs .~ ( : :sc:~~t ’ - t  :me  ; 5 t  :o :  ~ i i t a - :  - ‘i’ s~ r.g a t rue a i r speed
- .~ t O t  a - i .~~ rut- r,~ .~~ : :g ri N- rma ~ ~-r • . g~ r i t hut propa—

V 
~~. a t  a S  .1 - tt- .sJ— re. ‘t.a-~’t ;~ ~ V i t ~~~~~ ’ t  o n  a I - .~5 :- t-~ cv c  a- . ~)r. a ~0 — s e c
c v c  . ~m.,- ~ ,* s ~~ s a: a -.. a - ,~ t 0 

~ ~~ 
fe t~. ~ - : 1 ur Iat es to

s v a -- t  c - n , . t e a  ,i r::-,~- :(-:. S sin~ ~~ s r  t o  that c’~ a K a lman
- r. t - . -  ~ t i S  a : ~ - .u : s i v ’  s t  ~n a t  - H&- ~ c- -.a -r , i t  i s

s::. e t h e  ~ :ci. , t a.- ga.n mat::x is not dependent on

• ~. ornpi. t a ~~t V~~~~~~I a a , t t - t  t o  -.ariance.

~ r r ~~r •
V~~~V V ~~~~, • ion s Vk b • V  ; rc — e T t - (  f a r  t h e  TR_ACO R 7f~20

r.- i .~~gat~~on 1. ~~~~~ ‘ :‘ . F v t r a : .  or mat ;e r  .. n t c ’  t h e  domair, ( R e f .
1 V~~ 

~~~ t r. ct .. :‘ac  a : s t .cs of ha ‘, t e rr. may be examined

an~ 1 V t  ,.‘ a . - v - .‘.. f l I CVt . g t t . ‘-  a : a -  s v - . or s .i~ - i  1 . dam p~ ng - and

S t a t ’  ‘:4r : - af- .e- c o l ~~n g . Th:s transform approach also permits

ar- a l v s s - :  :‘e s :- it:st ~ c~ 1 ‘ sponse c

~ 

the s y s t e m  r c a  Omega
;~~~ •~~

‘ .  ~~c urem~-r. e r r o r s .  T ha pc a~ er spc- c t r a l  dens i t y  matr ix ,

~~ tV ~~~Cn  ~s the trans form of  t t C V ’ •:rror c -r:’ -l atiori matrix , is
; V :.

~ V c , V .t
Cd ,-ar .a lv t ic a L’.- .

C. - F~~lt ~~r Error E~ uat io ns

The f:ite r equatic’-ns may be written in 10-sec differ-

“r . a- form as

- i

—- --‘-- - -
~~~

- - V’ ~~~~
— ------_-- - —-- - -—- - -
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1 0 10 0 rc (as(TH(k7
~
: )~~~

V x(k: ) 

~~ : 

~~~~~ 

~~~T 1  • 
~~~~~~~~~~~~~~~ ~~~k a~~~~~~~~~A I

V

I
Vr

J

i .
~
tS

~~~~
I I .) V

(C -il

) \(k~ ~) • - C ( ‘ (  ST ) )  I ( C ’ .~ )

4

-~n ’-: . ~: an~ ~l .~re th e - t i t i e :mme dia ra - 1~ ~‘ . - f r a -  and V~ f t e r

up t - .  t t a  I nt’orpi’rat t’d

~~~~~~~ .a ’
~ • e , s t i u a t  a-

f ~~~ . : V O~~. , ~~~:~~~~: a
\ 

. ~~~~~ 1
T (C—i )

:r - rad ;ans and radianc na - C , -aS approp rtate . and

(x) ;s t h a -  vt . t - i of nomina l Omega
- 

- a f l ” a a ’ 5 ~~ t a  pr ed i ct ior~s it  cycles

c he • or of Omega
cc-Iripo Sita - measurements

v :s the vector of Omega phase measure-
ment err cars

TH ~s t rue heading

TAS i c  true .-iirspeed in knots

K is the radius of the earth in nautical
‘

~ miles

T is the t ime interval , 10 sec.

C-2
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The form of the gain matrix K is

K P1 H(~~ R 1~~ 
iC- 4)

where P
1 

and R(
1 are fixed matrices. The measurement matrix

H can be used to approximate the difference between Omega pre-

di ctions and measurements :

z - •~~
( x )  H(s) (~ 

- x l (C-5)

including Andoyer-Lautbert e ll i p t i c i t y  corrections. (For sim-

pl i c i t y ,  the functional notation H(~~) is dropped hereafter and

only H is used .

By employing direct perturbation and combining the

above equations , it can be shown that the error equations are

Ax (kT) I I  - KHI { • A x ( k T - T )  -~‘ L~w (kT-T) 
-

+ G ~~ ( k T ) )  • K v (kT) C-6)

s.~here the t rue wind vector is

V I~~
I ND N . WINDE I

T (C-7)

the instrument error vector is

I~~TAS . ~Th)T (C-8)

Omega measurement error is described by v and the transition

matrix is

~~~~~~~ 

- 
_ 

_ 

- 

V±I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• (C-9)
0 0 1 0

0 0 0 1

wh ere - -

f -10 lAS sin (TH ) st-~,- ( LAT ) tan(LAT)/3600Re (C-10)

I
L I (C-il)

10 0 1 J V

and V

V cos~ Th) -TAS s in ( T H ) V

sin(TH ) sec (LAT) TAS cos(TH) sec(L,AT)

0 0

0 0

(C-12 )

Equat ..ons C-i throug h C-S are used in a direct simula-

tion of the TRACOR 7~’2O navigation algorithm . Equation C-6

provides the error formulation required to perform stat istical

V analyais of the filter.

C.1 .3 Transform Anal ysis

if the measure ment matrix H is held constant. Eq~ C-6

can be i-transformed (Ref. 19) and manipulated to yield

AX (z) Izi - (1 - KH)• )~ 1 (1 - z)(1 - )0~) 1. W(z)

• z(1 - KH) G ~~~z) 
+ z KV (z)j (C-13)

C-’-’
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Although H is geometry-dependent , it tends to change slowly at

modera te aircraft speeds . Consequently, this transform of the
“snapshot gives a good representation of error behavior, and

should yield considerable insigh t into system behavior for

other fl ight profiles.

The system characteristic function was calculated for

Inuv ik , assuming availabil ity of signals from station s A , C , D
V 

- and H; the result is

V 

c(z) - 3 . 1 7 z 3 + (3,64 -+ 0.04f)z’
~ - (1.76 + 0.04f)z

(0 .29  + 0 .0 4 f )

(C-l4)

At these latitudes

0.001

For I 0, syst em poles are found at

21 0 .35

22 = 0.96 V

z3 4  0.93 ± j 0.027

From this analysis it is possible to conclude
that

• The system is stable

• The 23.4 pole-pair gives rise to a
l ightly damped oscillation

• Maneuvers , which change the value of f
will not af fec t  system s tab i l i ty

• Manuev ers wi l l  move the poles , creating
tran sient errors .

C-S
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C.1.4 Power Spectral Density Analysis

Given a transfer function and power spectral densi-
ties of input disturbances , it is possible to calculate the
power spectral density (PSD) matrix of the error vector if the
processes are stationary (Ref. 20).

Under this assumption , t h e  PSD matrix of stat e e r ror  i s

P (s) [zi - ( 1-K H~ • I~~ [ I~t - 1 I ’  (I-Kil l LP~ (s) L (1-1(H )

(I - KJ-i ) GPm (S)C)tl_ KH ) + Izt KR (s)R1

tz I - (1 - KHa4~)~~ (C-iS)

where

sT

s is the Laplace transform variable

Pw(S
’
~ 

is th e wind PSD matrix

is th e instrument error PSI) m atr ix

R (s) is the Omega measurement error
PSD matrix

() indicates the complex conjugate of
a trans posed matrix

is a steady-state power spectral densit y and does not

reflec t the time-varying error covariance propagation charac-
teri ct ics.

C.2 TRACOR FILTER W i N D  RESPONSE

V 

C.2 .1 introduction

One factor contributing to position error is wind .
The impact of wind on position error covariance is difficult

C-6
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to determine since relatively little is known abou t wind cor-
relat ions in the Alaska/Yukon region .

Since the TRACOR filter carries state variables for
north and east wind , a constant wind would be accurately esti-
mated , but changing winds will induce transient errors . Since
the only observations of wind are from induced Omega position
error , these transients may decay slowly.

C.2 . 2 Winds in Alaska

Data  were analyzed for surface winds at Eielson AFB ,

near Fairbanks , Alaska (Ref. 18). the following were noted:

• The air was calm for 50% of the observa-
tions on a year-round basis

• Wind speed was less than 10 kt for 97%
of observations

• No observation was made of windspeed
greater than 34 kt

• Mean scalar wind speed was 2.4 kt.

However, the relation of surface winds to wind in the

upper air i s not ava ilable, and the t ime correlation of wind

speeds in different directions is unknown . As a result , the
contribution of wind to position error covariance is difficult

to determine .

C. 2 .3 Simulation of W ind Effects

In order to assess the impact of wind on position

err or , a number of simulations were run. The simulations
whose results results are depicted in Figs . C-] and C-2 used

V wind speeds o f 10 Mt and 50 kt , respectively. Other simula-
tion conditions were :
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V • initial position : 68°N, l34°W

• Zero ini tial wind

• True airspeed : 250 kt

• Signals from t ransmi tting stations A , C ,
D , and H assumed to be available V

• Perfec t reception and monitor correc-
tions assum ed

• ir - it ia l track: 1800

• At 2 m m ,  nor t h wind undergoes a step
change from 7t- r~ ‘ & th ~ appropr iate mag-
n m t ude

• At 20 mu ’., wind d :rect~~~r~ shifts to east

• Also at 2~~~
V m m ,  the air craft starts to

turn cloc kwise through 270° at 3°/sec

Figure C-I .ind C-1 show the same features predicted

by the transform analysi s- V;
rl r l ightly damped oscillation is

not a dominant feature of the system response . Some coupling

exists between north and east position errors. Also , note

that maximum radial positior- . errors occur at 6:50* and 22:40

flight time in both simulat ions - 2:50 and 2:40 aEter wind

shifts.

The difterence between the results of the two simula-

tions is in error magnit ude . The maximum position errors in-
duced by the wind errors are provided in Table C-i . Note that

for this range of wind magnitudes , the TRACOR 7620 response to

wind shifts is nearly linear.

Position errors induced by wind shift are importan t

but not critical . Maximum position errors of approximatel y

0.23 nm per 10 M t of wind step may be expected . Should wind

change moLe gradually, smaller maximum errors would be expec-

*(.jn:sec ) of simulation time .
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ted . While slowe r than for maneuver-induced error , transien t
dec0 -.~ still reduces position error to 10% of maximum within 10
mm of the wind shift.

TABLE C-i
POSITION ERRORS DLE TO 10 kt AND 50 Mt WINDS

10 kt W1~~ SO ~‘1ND

TIN! NORTH POSiT ION EAST ~‘O$ 1T1O ~ NOR Th I’0SlTIOP~ LAST POSITION
(sin s.c ) ERROR tna ) Lkh~’k tn. ERROR (n.) EI~RO~ (ne )

1V 2 - 00  0 0 0 0
0 ~~. O c ~~: 0 098

20 : 00 0 0080 0 0 0 1 0  -o ooio •0  0020

22 :4 0  -0 20 0 .2 ]  - I t- 1~~0
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