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ABSTRACT

This thesis is a study of the Omega navigation system as
currently iasplemented in the P-3C aircraft. The possibility
of using a microcomputer to solve the internal processing
functions is investigated. Data flow graphs were applied to
the velocity and navigation processing function in the Om=3a
system. These graphs assist=d in the development of the
PL/M code which implements the function. Th=2 four PL/M
subroutines that were written can compute the velocity and
navigation equations in sufficient time and witnh sufficient
accuracy to encourage additional researca into a
microcomputer implementation of the remaining internal

runctions of th2 Omega system.
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I. INTRODUCTION

This thesis examines the use of a microcomputer to solve
the internal processing functions of the current P-3C Update
Omega navigation system. Tne most 1important reason for
studying a wmicrocomputer ror the Omega navigation system 1is
that during an excessive system load in the P-3C aircraft,
the Omega signal processing is partially inhibited.
Operating in this inhibited mode appeared unnecessary in a
sophisticated system such as the P-3C incorporatszss,
especially with the existing technology of microprocessors
and distributed systems [Refs. 2,  and 3hs With a
microcomputer dedicated to Omega navigation processing, this
inhibited mode of operation could be eliminated and position

updating infcrmation could be available continuously.

The analysis of the existing veloéity and navigation
processing routine wutilizes the current equations in tne
published manual on the P-3C Update system <functional
description for Omega. The main tool for the analysis is
the data flow graphs of the existing equations. This gives

efficient and optimal PL/M code.

Secticn II of this thesis presents fundam=ntal
information applicable to the worldwide Omega navigation
system and the AN/ARN-99 (V) receiver-converter. Section III
introduces the various internal processing functions of the
system and presents a data flow grapn depicting the
parameters which apply to each of the functions. Section IV
presents the analysis of the velocity and navigation
processing routine with applicable data flow graphs.
Section V gives the conclusion of the study.
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IT. THEORY OF OMEZGA SYSTEM OPERATION

OMEGA is a worldwide, very low frequency (VLF), radio

navigation system which utilizes the radiation from =ignt

transmitting stations to provide global coverags to
aircraft, ships, land-vehicles, and submarines for accurate
and reliable positioning. Table I lists the presently

ct
0D
(o]

available transmitting stations with appropriate 1zt
designators, coordinates, and direction cosine values [Ref,
4]. The position o each transmitting station 1is shown in

Figure 1.

A. SISTEM PRINCIPLES

Each of the eight transmitting stations radiates
continuous, sinusoidal wave Dbursts at 10.2 kHz, 13.6 kHz,
and 11.3 kHz. These signals are phase locked and time
synchronized to Universal Time such that all three signals
start at zero valiue Wwith positive slope at 0000 hours
Greenwich Mean Time (GMT) and repeat at ten second irtervals
[Ref. 5]. Figure 2 depicts a standard ten second incterval

transmission pattern.

In order to understand the conplexity of the Omega
navigation system and the operations performed by the
receiver and the computer software functions, a simplified
view of the systems operation is presented first. Assume
some arbitrary transmitting station is radiating on one of
the three frequencies, and, at some distance d, a receiver

is acquiring the signal for future processing. The

T — - =
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STATION LOCATION LAT/LONG DIRECTION COSINE
A Norway 669 258 12.39" N SA1 = +#0.91551829
130 81 12.65" E SA2 = +0.39172334

SA3 = #£0,09153733

B Liberia 60 18" 19.39" N | SB1 = +0.98221041
100 39 a4.21" W SB2 = +0.98117517

SB3 = -0.16588382

(& Hawaii 2190 24¢ 16.90" N SC1 = +#0.36233281
1579 491 52.70" W = -0.36296865

SC3 = =-0.35162108

D N.Dakota 460 21 57.20" N SD1 = +0.72144222
980 2Q¢ 08.77" W SD2 = -0.10039077

SD3 = -0.68515398

E LaReunion 200 58t¢ 26.47" s SE1 = -0.35585299
Island S50 7 e Y25 B SE2 = +0.53214375

SE3 = +0.76823587

F Argentina 430 Q3¢ 2293 5 SF1 = -0.68022941
659 11¢ 217.60% SF2 = +0.30756230

SF3 = =-0.66535207

G Trinidad 100 y42¢ 06.20" N SG1 = +0.18449505
619 38" 20.30" W SG2 = +0.46637116

SG3 = -0.860uU486570

H Japan 34° 46* 53.26" N SH1 = +0.56547261
1299 27 12.49" E SH2 = =-0.52409936

SH3 = +0.63683039%

TABLE I. OMEGA Stations

;
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WP A

A A
TRANSAITTING RECEIVER
STATION

transmitted signal appears as a standard sinusoidal wave.
Q

Assuming no attenuation of the signal, a perfact wavzguide
formed oy the earth and the ionosphere for tne signal to
prcpagate through, no interfering carrier or noisas signal,
and the transmission traveling a*t the sp=ed or 1
rsceived signal would appear as a sinusoidal wave b

i
u

at the2 r=aceiver in time t by d/c, the time necessary focr ths
t

signal to travel distance 4 at the velocity of light c.
t 1
d/c
F(t) =0 t <0 R(t) =(0 0stsgd/c
SIN (wt) t20 SIN w(t-d/c) £>d/c
However, this 1ideal situat is rarely achieved. The

propagated signal is affacted by several factors described
in a subsequent section., Due to the repetitivs nature of
sinusoidal waves, the precise numper of wave lengths must pe
computed between the transmittsr and the raceiver. Also,
the absolute time t of the transmitter must be known. These

variables are calculated in *he combinational filter.

Position fixing with the wuse of O4E2GA signals is

accomplished by two nmethods. The first method utilizes
phase difference information between stations and the
resultant nyperbolic 1lines of position. The second method

uses circular lines of position obtained by measuring phase

with respsct to a stable freguency standard. The P-3C Om=2ga

12
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navigation system uses the circular 1lines of position or

rho-rho methcd to determine position fizes.

Of primary importance in utilizing the OMEGA VLF? signals
for the rho-rho method are the ability to detect and neas
the phase 0of a r=ceived signal, and the ability <+to predict
the phase of the signal. In ordsr to detect and n=2asure =he
phase of a received signal using the rho-rho aetiao
first process perform=d in the Omega navigation systen
rslate the 1int=2rnal clock ©0f the computer with t
transmission burst patt=arcn of the stations. This
synchronization process is descr
subs=gquent section. The ov=ra e
prcgram to know what st on and <frequency 1s being
o

a
processed at any internal syste time t. If all three
st

Zrequenci from all eignt ations could be receivs=d at any
point on the earth's surface, the +ten second rec=ption
pattern wculd appear as in Figure 3. For a more realistic
reception pattern, ~figure 4 depicts the three clcsest

transmitter stations to Hawaii, and Figure 5 represents the
a

signal pattern an aircraft would receive at Haw

Once synchronization is coapleted, the Onmeg

system ccmmences to process the receili hrougn
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v
various scftware rfilters in order to measurs th
filters «wnich process the received signal are composed of

three burst filters (ie. one for each frequeancy) and 24

tracking filters (ie. one for each of the tarse fraguencias
on each of the eight stations). The primary function cIi the

burst filters is to calculate the phase measurement and the

B N

phase variance for each frejuency and station received by
the receiver. The tracking filter, on receiving the phase
| measur=2ment and variance of the phase measurement from the
burst filter, utilizes ¢these values to acguire a more
accurate estimate of phase and phase variance over several

ten second time intervals.

1=
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The +tracking €ilter perforas two different updat2s on
i

the burst filter data. The first update is a time wupdate.
This wupdate 1s required because of the displacement of the
alrcrart receiver between succassive umeasurem=2nts of the
r2ceived signal. The time updat= procedurs projects the
last estimate of phase through time so that it reflects the

new position of the alircraft. These procedures are definad

as rate aiding and are dependent on v=alocity sourzcas

external to tae Omega system. In estimating the change in
h

position, it is possible to es+timate what the change should

h
"
T

be for a particular station and freg
pnase change 1s then added to tae last es
c

reate a new phase estimate.
PTRK(t) = PTRK(t-1) + [ ADDR(t) + ADERR(z-1)] * A=

where A ¢§Dx(t) 1s the phase rate which represent

rage rate of change of phase along the arc coanecting a
station and the aircrafc, and A OPERR(t-1) is the estinma

the error in the phase rate and is calculated i
measurement update section. The second updats 1is a
measurement update, and is performed every time the burst
filter supplies a measurement of phase and phase variance to
tae tracking filter. This measurement update procsdura
combines the rate aiding phase estimate from th2 trackiag
filter with the burst filter phase measurement to produce a
better estimate of the phase Dbased on the following

eguation.

¢ = ¢IJK - PTRK(t) + [ APDR(t) +A OERR(t) ] * (J.425)
where ¢ is defined to be the angular difference of phase.
The combinaticn of the phase measurement from the burst

filter ana the phase estimate from the tracking filter is a

weighted average, where the coefficients are computed using

17
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the phase variance from t

phase variance rrom the trac

+

$TRK (t) = OTRK (t-1)

-
2

where S = SIN ¢ and C = CO

Once the measurealent OL

sugplied to tne combination

with a
predicticn
predicted
reguireaent
£

technigue position fixi

oscillator with the +tran

in the combd
the

pha

accomplished
time diffzrance petween

the receiver oscillator

VLF

transmitted cver extremaly

signals
surface, because tney are

gquide formed by the surfacz
Due to the advantageous p
and
the signals is required pri
signals are unmodulated, on
time interval

of

OMEGA VLF signals are

sig
paase of the signal.

second

t2n
station teing received.
the

the
the

phase of a received

——— -

low attenuation ratss of

he burst filter (o 2¢JK) and tae

cking filter (o 209TRK).
ARCTAN (o0 20TRK = S)

((00 29JK + O 2PTEK)

*C_)

.

phase nas been calculated, it is

al filter for processing along

calibrated 1n the propagation

1)

Y12 measured and th

phase

P
e~

position xing, the last

r utilization of the rho-rho
ng is to synchroniz
smitter oscillator.

inational filter by computing

(u

transmitting station phas

Se.

+
-

OMEGA

P
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h

1
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ot
e
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o
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by
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h=2 earth's

o

o
@ o e

es

fo

Qo v

a}

ed through a natural wave

propagat

(o4

rope
VLF

the earth and the ioncspher=.

rties of high phase stability
of

these

no modulation

-~

signals,
or to> transmission. Because
ly their relative position in any
enables raceivers to identify the
primary iamportance in utilizing
the ability to detect and measurce
nal, and the ability

to predict

Several factors have an =ffect on
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the propagation of VLF signals and consequently the acility
of an airborne Omega system to receive and process the

signals fcr accurate positioning [Ref. 6]. Thes=2 factors
: ,

described 1in the section pertaining to propagation

e e e e it

The AN/ARN-99 receiver was de

e

lectronics Division of tae Northro
Hawthrone, California. It was designed fo
all

s eight transmit+ing stations and to provide a continuous
=

update of aircraft position. Th recsiver-convercer
installed in the P-3C consists of several modular ass=adblias
as shown in Figure 6. The antanna, composed of two oop

2
antennas fixed at right angles to each other and mount=2d ats
459 angles to the aircraft center line, is controlled by th
burst £filter function 1in the computer through the ant=anna
switching matrix. The three hesterodyne —receivers have 3JF
and IF sections for processing of the input signals. The

requirements for filtering the received signals in ti

o
({8
U
@®

sections are very stringent. The filtering 1in the RF
Ssection removes the RF image, including all <freguenciss in
the area of the harmonics of the local oscilliator. The
narrow band filtering in the IF section provides for the
rejection of interfering <carriers. In addition, limiters
are used for controlling the dynamic signal 1levels, and a
bandpass filter 1is used to remove the harmonics creatad by
the previcus limiters. The resultant output of the RF and
IF filtering sections leaves the fundamental fr=juency as a
sinusoid. This output is fed into a sine and cosiae
correlator which utilizes a square reference signal to
produce an output of two direct current signals. One dc
signal 1is proportional to the sine of the burst phase, and

the other dc signal is proportional to the cosine of the

9
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burst phase. Th
) 4

>se dc signals, which represent the measured
’ ¥

phase shift, =nter th2 anmalog to digital converter anrd are

transmitted to the computer section through the
receiver-converter/computer interface box. ae precision
frequency denerator provides for the reference signals and

2st signals necessary in the measuring of <the phase

t
difference of the receiver signal [R=2fs. 7, 81.
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II L. INIERNAL PROCESSING FUNCTIONS

The Omega navigation syst2m in the ?2-3C aircrait is one
of five navigation subsystems which comprise the avionics
navigation systen. The remaining subsystems, in their
priority of wuse, are a primary inertial, a secondary
inertial, a doppler radar, and an air data computer. Tae

se2lection and utilizatio

n of each subsystem is dependent on
the control of the Navigator/Comamunicator and on the
availability of the subsysten. A block diagraa of the
navijation subsysteas is shown in Figure 7.

A. OMEGA PROCESSING
The 1internal processing functions of tne Om=3a

n
navigation system are shown in Figure 8 [Ref. 4]. A more

dstailed description of tie internal processing
he

[ Y ®
n
=
&
G
¥
-
(o
=
w
F
0

pres=2nted in Figure 9 showing the pertin da

19

n

ot

betw=2en the functions.

1. Ipitialization

Initialization of the Omega navigation system begins

with the 1insertion of the date and time entries bty ta

®

Navigator/Coamunicator and subsequent activation oOf

ct

h

4]

initial o¢n top «condition or aark aircraft position. Tae
date and time entries are wused within the propagation
predicticn module to calcrlate an estimate of the phase

x
value derived from current aircraft position at the moa=nt

22
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of dipitialization. These phase values are used

to

inictialize the tracking filters. The variance values within

the combinational filter are also initialized at this tiame,

and the position matrix R,

navigation preccessing function, 1s initialized bas=zd

current aircraft latitude and longitude.

ng
termination of the initialization fuac
each restart. The main ob o)

n a
etermin= the sta tus ot Tk

(o}

module 1is to

receiver/converter, Additionally, hardware testin

a method of assuring proper operation

eguipment, The testing involves a series
validates the operation of <the input/o
between the

subtests, Which are described in greater 4
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ct
I
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are a ccmmunication subtest, a coaerence stat
Qmega output subtest, an Omega input subtest, a phase an

to digital subte
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subtest. An oscil r drift subtest, which is

as a lemented until
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3. Synchronization

Synchronization of the

a
receiver/converter and the ccmputar. T!
i

9
t, a phase coun*er subtest, and a RF/I
a =)

combinational filte

utilized in the velocity and

on

Omega navigation system %o

tne Omega transmission pattern is th2 most critical function

executed oy tne navigation system. By aligning itself wizh
the ten second interval transmission pattern, tae Omega
navigation set processes the correct VLF signal bursts in

26
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subseqguent routines. Synchronization 1s accomplished by
ariable lengyth transmission time intervals of
uencies and a differential correlation
technique. The first assumption made in the roatine is
that all e€ignt stations thnat are presently in operation are
operating on all three rfrequencies. £
t some randcam time, accepts from the receiver-converter a

a
ten secomnd interval of data composed of 100 sine and 130

cosine values over contiguous 100 wmillisecond 1intervals.
One hundred correlaticn coefficients are calculazed for the
frequency wunder consideration utilizing the

between short sum and long sum intervals and adding thess

differences over the eight count burst pattern.
d

izpicts the short sum and 1long sum intervals over a tan

second interval pattern, and the limits of the short and
lcng suas. The correlation coefficient foramula is given
below.

8 I+JU 2 ; I+30 2, I+JU+2 2, I+Ju+2 2
C(I)=Z Z L(X)] + Z 1 (K)| - Z X (K)| + ¥ (X)
J=1 K=I+JL K=I+JL K=I+JL-2 K=I+4JL-2

(£=1,100) JU=JL+1 JU=-JL+5
The wvalues X(X) and Y (K) are the sine and cosine values
respectively received from tne receiver-converter. Each of

the <confidence coefficients can be considered <o b2 a
measurement cf how well the received ten second bucst
pattern matches the transmitted burst pattern. The higher
the coefficient value, the greater confidence is associatad

o)

t

®

to the 1index number I being the starting point of

-3
®

transmitted burst pattern within 2+ 50 milliseconds. 1
ftour largest confidence coefficients are saved in descending

order of magnitude, along with their respective index number

&'y This index number is used in determining the starting
point of the ten second burst pattera. Various conditions

P
A B At R : b i o S . | ——
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r=lating to the four highest confidence coertficients and
o

raer o determine the Succes

or the failure of the synchronization attempt. If the
current confidence level fails, the next sequential
frejuency 1 utilizad to acgquire the next ten second
interval c¢f data. The synchronization routine continuses in

i
this mode until a successful synchronization occurs or until

28
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IThe burst filter routine coamences upon s
completicn of synchronization. This routine calcul
phase m2asurements and th2 wvariance of t
measurements for eacia station and frequency rec2ived by tnae
Om=ga navigation set. It also selects th n
inputs and test data for the Omega rec

synchronization with the transmitted bu

>
d

ccmputes the phase m2asureanent and its confidence
measurenent Dpased on the receiver phase differ=nce and tes<
data rrom the receiver. The equations are:
®JK = ARCTAN[ (XbJK)]- Q®OK + 9!
(YbJK)
g 2JK = QtRk * (Atd - QJK) + [ {(0.005) * (2m) ]2

2 * Atd * (QJK - QtK)

where @' 1is a phase correction (0° or 1809) added to the
received signal to account for error in reception, ®CK is
the phase angle offset for frequency K computed in the
calibration measurement, and XbJdK and VYbJK are burs
measurement sums corrected for phantom error.

To accoaplisn these calculations, each of the eignt
bursts and associated slots are divided into intervals of
time as shown in Pigure 11. The start burst and end burst
intervals are periods of time where the sine and cosin
are not used. Thesz2 intervalis are consider=d transient
periods c¢r waiting periods. During the burst interval, the
sine and cosine values received are used in the calculazion
of the phase measurement and variance of the pnase

measurem=nt. in the test interval, various measur<aents

30




are computed to improve the accuracy of the phase
measurement, and for the issuing of antenna selection and
C

i
est selection coamands. Referancs 4, pages 36 to 101,

.

t
describes in detail the computations involved in calculating
the phase ard the phase variance for each station and

frequency used by the Omega navigation system.

~
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5. Iracking Filters

Once the Dpurst filter processing has acquired a
phase neasurement and an estimate of the variance of the
phase measurement for a specific station and frequ=ncy,
these values are used as 1inputs to only on=2 of the 24
tracking filters. Each filter is similar in the processing
of the data, tut each is different in 1its computational
constants for the various frequencies and stations. A

simpiified description of a tracking filter is that it is

utilized tc acguire a better estimate of the phase
measurem=nt by averaging the outputs of the burst (filtar
OVEr successive ten second intervals. The tracking filter

n
routine, using the measured phase froa the burst filter and
an updated estimate of phase based wupon previonus
measurements and dead reckoning information, coabnin
measured and estimated phase and utilizes a weighted a
to compute a new phase estimate and phase variance estimate.
Alsc coomputed within the tracking filter is the varian
the estimate of the error in the phase rate of change due t
aircraft displacement in time. Once these three values are
computed for a particular station and freguency, a test |is
made to determine the accuracy of the phase measucr2ment. If
the variance of the phase measurement i1s less than or equail
to (0.06 m radians)?2, the pnase measuremen* is considered
accurate enougn for computations within the coabinational
filter. After three successive measurements and successful
tests, a flag is set indicating that the data is wvalid and
availaple, and the combinational filter reads the outputs
frcm the tracking filter. Once the outputs have been read,
the count of successive measurements 1s reset to zero, the
variances of the phase measurements are set to the
initialization values, and tae data valid and available flag

is cleared. If at any time in the tracking filter the

33
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variance cf the pnase measurement exceeds (0.0o 7r radians) 2,
the count of the successive measurements 1s reset to zero,

and the data valid and available flag is cleared.

(as
»
H
rt
o]
Qo
B

The input values to the combinational fil
the tracking filter are the refined estimates of phase
measurement, O®TRK, phase variance, o 20TRKK, and phase rate
variance, o 20E3R. The inputs from the propajation
predicticn routine are the estimates of phase, ¢PROP,
improved for propagation effects and phase variance,
o~ 2pPROP. Within the combinational £filter —routine, these
input values are statistically combined to provide the best
estimates of system position and velocity. The
combinaticnal filter routine provides for the <conversion
from phase tc geodetic coordinates (latitude and longitude),
and also determines the phase and frequency differences
between the receiver oscillator and the transmitted OMEGA
signal. Cnce the Omega receiver oscillator 1is <calibrated,
the Omega navigation system operates when oaly two
transmitting stations are accessible. In additiocn, the
combinational filter is used for lane determination through

the technique of multiple state vectors.

a. Description

The combinational filter is a Kalman filter.
Reference 4 describes the Kalman filter technigue to
filtering and prediction as a 1linear, recursive, minimum
variance filter. R. G. Brown and L. L. Hagerman [Ref. 9]
describe a Kalman filter as simply a means of estimating the
various states of a random process from a set of discrete

measurements having a known 1linear connection to these

34
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states. It was further noted 1in Ref. 10, tnat a Kalman
filter operates only on the system errors and not on total
gJuantities such as position and velocity. The basic concepts
involved are those of state, state transition, m=2asurement,
and optimal weighting ([Ref. 11]. The states of the
combinational filter are differentials of system variables
[ie. error in position (502 and 5$3), oscillator start time
(to) , rate of change in oscillator start time (Eo), and
error 1in velocity (6VC2 and SVCB)]. The following chart

describes the elements of the state vector X [6 x 1].

ELEMENT SYMBOLS MEANING
1 5¢2 Position error along the -R2 diracticn of

the systa2m position matrix R.

2 5@3 Position error aliong the -R3 directicn of
the system position matrix R.

3 Vo Time difference between the transmitting

station phase and the receiver oscillator

phase.
fo Time rate of change of t,.
Sve2 Error in the east component of velocity

wnich is error along the R2 direction of
the system position matrix R.

6 Sves Error in the north component of velocity
which is error along the R3 direction of

the system position matrix R.

The state of the system is described by the
solution of 1linear vector differential equations depicting
system error growth. The Kalman filter method 1linearly
combines the previous estimate of the state vector, X, with
a measurement to approach a minimum variance estimation.
This minimum variance estimate is then time updated until
the following measurement. The measurement calculation 1is
axplained by the following eguations.




*.‘._

Y = TRK - ¢PROP

where Y is the difference between the tracking filter phase
measurement and the propagation prediction phase estimate of

the phase neasurement.

Residual = Y - #*X(t-1)

where Residual (RES) is the difference batwee2n the
calculat=2d error in the nmneasureament, Y, and the systen
estimate of the error, #4*X(t-1). The state vector X(t-1) is
the previcus estimate of the sta*te vactor, and 8 (1 x 6] 1is

the measurement matrix described below.

ELEMENT EQUATIONS MEANING
3
1 EMER =* ZE R2J*SIJ EMER 1is the earths mean egua-
J=1 torial radius = 20925741.47 £t
K * SIN(DD) R2J and R3J are the =2lem=ants of

the R2 and R3 vectors of the

3 position matrix R.
2 EMER * ZE R3J*SIJ SIJd's (I=A,B,..,H) are the
J=1 elements of the station

K * SIN(OD) direction cosine values.
3 VL VL is the average prcocpagation
AK velocity, and AK (K=1,2,3) is
the wave lengths of the
frequencies 10.28,11.3, 13.6kHz

3
where ¢D = ARCCOS(ZER1J*SIJ) and the remaining elements of
J=1
M are zero. New, minimum variance, state vectors are

prcduced by using the following equations.




Xnew = Xold + b ¥ (RES)
where b [6 x 1] is the optimal weighting vector matrix.

This cptimal weighting vector, b, is establish=ad
by means of time propagation of sSystem error growth in
combination with information contained within the
measurement. The weighting is a function of the <covariance
matrix, P [6 x 6], of the difference between system error

state vector, X, and the averages stat= vector Xavg.
o L
P=E * [ (X - Xavg) * (X -~ Xavg) ]

where Z 1s the expected value of the difference between the
value of the difference between the value for the real state
vector X, if all conditions were known, 2nd the avsrage
state vector, Xavg. The following chart describes the

elements cf the covariance matrix P.

ELEMENT SYMEOLS MEANING
P11 c 202 The position variance for the positicn

error, 502, along the -R2 direction

P22 o 203 The position variance for the positicn
error, 863, along the -R3 direction

P33 o 2t, The variance of oscillator fphase offset

P4y a’zio The variance of oscillator drift rate

the error in the east

M,

P55 o 2VC2 The variance o
component of velocity &vc2

E66 o 2VC3 The variance of the error in the north
component of velocity &vcs

All remaining elements of the covariance matrix are zero.
The combinational filter effectively computas

optimal estimates of position and velocity along with the

remaining elements of a state vector. The filter uses an
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observation cf the difference between the phase of the
tracking filter and a value of the phase formulat=d on the
time updated position of the combinational filter. Based on
tnis measurement, the combinational filter derives estimates
of positicn errors, velocity errors, oscillator start time

and oscillator drift.

Eecause the Omega navigation system functions
with several distinct velocity sensors (ie. inertial,
doppler, or air data), a different mode of operation =exists
for the <ccambinational filter for each sensor. Each methnod
requires tne filter to estimate, predict, and control a
different set of system errors. Each set of system errors
conforms to the dead reckoning velocity source us=d for time

updating.

The combination of uncertainties 1in position
error and receiver oscillator start time produces a
vagueness of the number of wave lengths or lanes between tne
transmitting station and the receiver. This ambiguity occurs
primarily when the system is first imitialized. To find th
solution to this lane ambiguity, several estimates cf the
state vector, X(i) 's, are calculated by the filter. These
X(xy"s correspond to the different possible 1lanes or
integral values of phase measurement. ASs measurements are
acquired, cecrresponding to the three freguencies, the
uncertainity in oscillator start time, tg, 1is diminished.
Mecasurements from different stations tend to minimize the
position uncertainity. <the general effect is a reduction in
the number of state vector estimates, X(i)'s, that can be

considered logical estimates of the @most accurate state

vector wuntil only one <credible estimate remains. The
criterion for reasonableness is based on variance
considerations.
38
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b. Operation

There are three distinct operations identified
with the combinational filter routine.
1) Initialization

2) Time update

3) Measurement update

1]
’4
=)
}A
7S
'J
w
H

The initialization operation assigns th
values of variance to the covariance matrix P, sets the
elements cf the initial state vector to zero, and sets tnae

s

system driving noises as a function of the velocity

In the time update operation, both the state
vector X, and the covariance matrix P, are predicted from
the last update. The following equations are utilized 1in

the time update operacion.

dnew * xold
i
fnew * Pold * new + Nnew

Xnew

Pnew

The transition matrix § (6 x 6] mathematically exprasses t
propagaticn of errors across the time interval At since the
last update. The elements of the transition m@matrix

shcwn in the following chart.

[ =
1 0 0 At 0
0 1 0 0 at
0 0 1 At 0 0
0 0 0 0 0
0 0 0 1-gi*at 0
0 0 0 0 1-pivat

where @i (i=I,D, or A) signifies the inverse correlation

39



time of §vc2 and §vc3 for the velocity source mods utilized.
The transition matrix § furnishes the propagation of the
predicted elements of the state vector X and the covariance
matrix P acrcss the time interval A t. The variance effects
across this time interval are propagated by the additive
diagonal ncise matrix N {6 x 6]. The following chart d=spicts

the elements of the noise matrix N.

0 0 0 0 0 0
0 0 0 0 0 e
C 0 0 0 J 0
0 0 0 0 0 0
0 0 0 0 Bixo2ixAt 0
0 0 5 T 0 0 Bixo2i*at
- J
where @i 1is the 1inverse correlation time described

previously, and ¢ 2i is the variance of the velocity errors
(5VC2 and 5VC3) and is dependent on velocity source utiliz=d

(i=E,b, OF RA).

During the time update operation, th=2 amultiple
state vectors, X(i)'s, whilich exist until the correct lane
has been determined must also be time updated. The time
update equation for the state vector X must b= sequenced

through all state vectors.
X(i)new = Pnew * X (i)old FOE addl &

The covariance matrix time update equation is coamputed once,
because there 1is only one covariance matrix regardless of

the number of state vectors.

After completion of the time update operation
and prior tc the measurement update operation, the
measurement residual, (RES), measurement wmatrix, M, and the

measur=2ment confidence scalar, C, are calculated for each

40
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tracking filter input. The measurement residual and
measurement matrix caiculations were previously =xplained in
the section describing the «combinational £filter. The
measarea=nt confidence scalar, C, is a measurement of noise

computed by the following =gquation.
C = o 2PPROP + o 2)QTRK

where ¢ 2¢PROP and o 20TRK are the variance of
the propagaticn prediction phase estimate and the tracking

filter phase measurement.

The measurement update operation involves the
generaticn of a linear, unbiased weighting vecter b, and
computation cf a new, ainimum variance, state vector X by

the formula listed below.
fnew = Xold + b * (RES)
To generate the optimum weighting vector, b, three

eXfpressicns are required.

1) the predicted measurement variance - H*P*MT
2) the measurement confidence scalar = C

3) the divergence control factor - € (epsilon)

The weilghting vector 1is calculated from the following

equations.

T
M*PxM + C

©
]

(e*n' +en’) /0

o
"

where Q is defined to be a scalar gquantity depicting the
lane variance, and € 1is a factor to prevent divergence of
the estimaticn process. Also updated in the measurement

update process 1is the <covariance matrix based on the

41

R s . e i — R —— -




el d

foliowing formula.

T
Pnew = Pold - b * M * Pold + € * M = bT

The retention of new state vectors 1s predicated on <the

testing c¢f the position elements in the state vector, and

the variance values in the covariance natrix.

7. Propagation P

151

2diction

In crier to erffectively resolve the aircraft
position frcm the phase information received, the phase
velocity cf the wave along the propagated path and tne
length of the fpath w@ust be known. Several factors or
effects create imperfections in tae wa}e Juide througa waich
the VLF signals propagate, The propagation prediction
function establishes the best estimate of phase and phase
variance taking into 3account tne factors listzd below which

effect the phase velocity of the propagated signals.

a. Diurpal Effects

The positionai changes of the sun over the earth
adjust the size and the shape of the ionosphere. The changs
of the wave guide through which the VLF signals propagate
causes a change in the velocities of the phase signal which
results in a difference in phase angle received at the Omega

receiver location.
b. Ground Conductivity

This factor takes 1into account the effect of
various mediums over wnich VLF signals travel. Water, which
is a near perfect conductor of VLF signals, does not greatly
affect the signals. Land, which is a less perfect conductor
of VLF signals, does affect the signals to a greater extent.

4?2
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Conductivity patterns have been measured and are predictable

[Ref. 6].
c. Earth's Magnetic Field

This factor affects both the attenuation rate
and the velccity of the signal. The phase shift on
rafracticn of the VLF signal off of the ionosphere depends
on the interaction of the signal with the electrons, and
this depends on the orientation of the magnetic field with
respect to the direction of propagation and on the magnitude
of the field [Ref. 12].

d. Latitude and Spheroicdal Effects

This factor takes into account the nonspherical
shape of the earth and th2 adjusted path of travel from <the

transmitting staticn to the Omega receiver.
e. Folar Cap Absorption (PCA)

VLF signals which pass over the Polar Cap
experience an abnormal rate of absorption during both day
and night. PCA produces large changes in VLF signal patterns

which can last for several days.
f. Sudden Ionospheric Disturbance (SID)

Sclar flares emanating on +the sun's surface
increase the 1ionization within the atmosphere. These SID's
cause large changes in the phase of VLF signals passing

through the area of activity.

Of the six rfactors which affect the propagation of
VLF signals, the first four are predictable and can be
compensated for algorithmically, while the last twc are
unpredictable and cannot be compensated for within an Omega

navigation systenm.

43




>

T S ——
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The velocity and navigation processing function 1is
divided into two routines in the Omega navigation system.
The velccity processing routine, wutilizing the current
navigaticnal source (ie. inertial, doppler, or air data),
calculates the velocities along the system axes frcm +he
available scurce velocities. These system axes velocities,
ccmbined 4ith the state vector corrections from the
combinaticnal filter, are supplied to the navigation routine
in order to update the Omega system position matrix and the

Omega aircraft latitude and longitude position.

A. VELOCITY PROCESSING

In the velocity processing routine, the aircraft current
true airspeed velocity (VTAS) and heading (ACHDG), the
current wind direction (D) and velocity (VW), and the
dopplers current velocity components along heading (VDA) and
across heading (VDC) are utilized to compute the valocities
in the North/South and East/West directicns from the
following equations.

VCN = VDA * COS (ACHDG) - VDC * SIN(ACHDG)
VDE = VDC * COS(ACHDG) + VDA * SIN(ACHDG)
VAN = VTAS* COS (ACHDG) + VW * COS (WD)
VAE = VFAS* SIN(ACHDG) + VW * SIN(WD)

where VDN and VDE signify doppler velocities Nortn/South and
East/West, and VAN and VAE signify air data velocities

uy
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North/South and East/West respectively. In cconstructing the
data flow graph of these egquations, it was self-evident that
some variables could be calculated, stored in @nmemory, and
retrieved from memory when they wer=2 reguired in later
calculations. Figure 12 depicts the data flow grapa for the
North/South and East/West coamputations. Implementing PL/M
code directly frcm this data flow graph was straight

forward.

On completion of the North/South and East/dest
velocities computations, a test 1s mnade in the velocity
processing functicn to determine if the navigation mode has
changed =since the last iteration orf the velccity function.
If an upgrade of the navigation mnmnode has occurred (ie.
doppler to inertial, or air data to doppler or inertial),
then the summations (DELVC2 and DELVC3) of tae <corrections
to the system velocity components from the coambinational
filter are set equal to z=2ro, and new velocities along the
system axes are calculated. Figure 13 depicts the
navigaticn mcde test and applicable equations for computing

the system axes velocities.

In order to save execution time in <the <caliculation of

the formulas and to simplify the PL/Y code, the functicas

(VAE * COS(SHDGA) + ViN = SIN (SHDGA))
(VAN * COS(SHDGA) - ViZ * SIN (SHDGA))

Wwere calculated prior to the navigation mode test. Figure 14
depicts the data flow graph for these two functions. After
successful computation of the above functions and tne
navigaticn mcde test, the corrected velocities (VC2 and VC3)
alcng the system axes are calculated and the resultant

values used in the navigation routine.
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B. NAVIGATICN PROCESSING

In <the navigyation processing routine, the Omega systenm
position matrix R [3 X 3] 4is initialized, the angular
rotations (DELT2 and DELT3) about the system axes are
calculated using the corrected velocities supplied by the
velccity processing routine and th2 state vector corrections
from the ccmbinational filter, tne system position matrix is
updated, and a new Omega aircraft latitude (OLATAC) and
longitud= (OLOMNAC) are calculated. The £flowchart of tne

navigaticn routine is shown in Figure 15.

The initialization of the Omega system position matrix R
occurs during The initialization function when the
Navigator/Communicator inserts the aircraft initial latitude
(OLATIN) and longitude (OLONIN). These wvaluss, with an
initial ccnaition that the system heading angle (SHDGA) 1is

zero, are ingut to the equations listed belcw.

R11 = SIN(CLATIN)
R12 = COS(CLATIN)
R13 = COS(OLATIN)
R21 = COS(OLATIN)
R22 = =SIN(OLONIN)
SIN(OLATIN)

= -SIN(CLCNIN)

R23 = COS(OLONIY)
SIN(CLATIN)

= COS(CLCNIN)

R31 = COS(OLATIN)

COS (OLONIN)
SIN(OLONIN)
SIN(SHDGA) = 0

COS(SHDGA) -
COS (OLONIN) * SIN (SHDGA)

COS5 (SHDGA) -
SIN(OLONIN) * SIN (SHDGA)

COS (SHDGA) = COS (OLATIN)
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R32 = SIN(OLONIN) * SIN(SHDGA) -
SIN(OLATIN) * COS(OLONIN) = COS (SHDGA)
= -SIN(CLATIN) * COS(OLONIN)
R33 = -COS(CLONIN) * SIN(SHDGA) -

SIN(CLATIN) * SIN(OLONIN) #* COS (SEDGaA)
-SIN(OLATIN) * SIN(OLONIN)

These nine equations represen* nine direction cosine valuss.
These values regresent the orientation of each of the three

system axss (R1, R2, and R3) in the earta's Iixed coordinate

frame. In constructing the data flow graph for the
initializaticn equations, the concepzt of minigizing

execution time prevailed, and as variabiss were ca
they were stcred in memory and retrievad as
required in later calculations., Figure 16 portrays the data

flcw graph for the initialization of th
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INITIALIZE
POSITION MATRIX
R

CALCULATE
ANGULAR ROTATIONS
NB2, B3

DO J = 1,3)

| CALCULATE

R(1,d),R(2,J),R(3,J)

i

CALCULATE
NE Y SYSTEM
HEADING ANGLE

CALCULATE SET
AJ=RIJ+R2J*A P3-RII*A D2 §02 , 603
2 2 TO ZERO
CALCULATE CALCULATE

2 2 NEW LATITUDE

B 1802) ;(Mm AND LONGITUDE

FIGURE I8 = NAVIGATION PROCESSING FLOWCHART
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After completing the indtialization phase, the

D

=)
o]

n calculates the angular rotations (BELT2

'
(@]

navigation fun

nct
and DELT3) alkout the system axes R2 and R3. The tollowing

=
I

2guations are used in calculating the angular rotatior

DELTZ = —{1 + EEC * (2 * R312 - R112) ] * VC3 % DTNav -
ZMER
2 * EEC * R21 * R31 % VC2 * DTNAV + 803
ZMER
DELT3 = [1 4 EEC * (2 * 2212 - R112) ] * VC2 * DINAV +
ZMER
2 * EEC * R21 * 331 % VC3 * DTNAV - &¢2

EMER

As in previous equations, converting to data flow grapas Wwas

acccemplished with the idea of wminimizirg ex=cuticn tiae.

Figure 17 is the data flow graph constructed

equations. Once the angular rotations are calculatad, tae
u

position matrix is updated based on the form
[(Rlnew = (kKlold + [$] * [R]old

wnere {¢®] is the rctation updat= matrix given below.

- (DELIZ22 + DELT 32) DELT3 =DELTZ
2
-DELT3 = (DELT3) DELT2 * DELT3
2 2
DELT?Z2 DELTZ2 * DELT3 - (DELTZ2)
2 2
L =

Simplificaticn of the position matrix update formula |is
-

accomplished utilizing the following eguaticns.
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Rli & R29 ® (DELT3 /£ 2) = (DELT2 / 2)

R3j *

[ (DELT2)2 + (DELT32)] /2

Tne position matrix update =2quations are then written in the
following format.

R1j = R1j - R1j # B + R2j * DELT3 - R3j * DELT2

R23 = RZj - DELT3 * A (])

R3j§ = R3j + DELT2 * a(])
Implementaticn of these egquations in a data flow graph is
d=2picted in Figure 138.

Cnce tke position matrix R 1is wupéated, the last
equations to calculate are for updating the system h<ading
angle and the aircraft new latitude and longictude. The
equations listed below update these three system variabl-zs.

SHDGA = AECTAN (R21 / R31)
OLATAC = ARCTAN [ (R11 * COS (SHDGA)) / B31]
OLONAC = ARCTAN (K13 / R12)
The data flow graph presented in Figure 19 depicts the

update of these system parameters.
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From the data flow graphs of the velocity and navigation
tunction,'fcu: PL/M floating point subroutines were written.
The subrcutines consist of an initialization (INITIALIZES3R)
routine for initializing the position matrix R, a velocity
processing (VELPROC) routine for computing the velocities
alcng the system axes, a navigation processing (NAVPROC)
routine for «calculating the angular rotations about the
system axes, and a new position (NEWPOS) routine for
updating the Fposition matrix R, aircraft syst=m heading
angle, and aircraft latitude and longitude. Bdased on the
arithmetic and/or trigonometric functions used 1n the data
flow graphs and an approximation of the time reguired to
execute each function, a preliminary estimate of tae tiae
rejuired to execute each subroutine was acquired. Utilizing
INTERP/80, which 1is the PORTRAN IV software simulation of
the INTEL 8080 CPU and is available on the IBM 360,/67, the
actual execution time of each prograa was acguired. The
following chart shows the number of arithmetic functions
used 1in each subroutine, tne estimated and actual execution
times 1in milliseconds of the subroutines, and the storage

utilized for each subroutine.

% ADD  SUB MULT DIV COSSIN AT AN
: (1.0-1.2) (1.5-2.0) (55.0-66.0) (35.0-40.0)
| INITIALIZESE O 0 4 0 2 0
i
: VELPROC 6 6 12 0 3 0
3 NAVPROC 3 3 1 0 0 0
; NEWPOS 10 9 18 3 1 3
&',
ESTIMATED ACTUAL STORAGE
_ TIME TIME (BYTES)
2 INITIALIZES$R 123.0 113.4 375
VELPROC 206.7 248.4 830
NAVPHROC 25.9 26.3 384
NEWPOS 22747 287.8 842
i 58
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From the last three subroutines, it is seen that the total
execution time of 562.5 milliseconds 1s between two and
one~half and three times as great as the 200 millisecond
time 1interval currently implemented in the P-3C. However,
because the COmega navigation display for Omega latitude and
longituds is updated every second, the w@microcomputer
subroutines are capable of providing an update in sufficient

time to be displayed on the Omega tableau.

In the simulated test case used to check the validity of
the subroutines, a navigation cycle time (DTNAV) of 1 sacond
was used in the computations. This 1 second tim= interval
allowed an aircraft traveling at 300 knots to be updated at
approximately every 506 feet. The wvelocity procsssiag
routine was able to calculate the velocities along the
system axes, using the PL/M floating point function, to four
digit accuracy (ie. from 000.0 feet per second to 9399.9 feat
per second). These velocities encompass the complete range

of the P-3C airspeed capabilities.

The calculations perrormed in the remaining subroutines
presented problems when using the PL/M floating point
functions. Eecause the functions utilize a 1¢ bit mantissa,
the exponent values have to be within a range of 216 when
adding or subtracting two numbers. Because the difference
between the <calculated angqular rotations about the system
axes and the direction cosine values in the position matrix
is not within this range, several angular rotations
calculated cver time had to be added together Lefore
updating of the position matrix R could be accomplished.
This is the major difficulty with the subroutines

implemented witn the present PL/M floating point routines.

: S
V- ~ - o, A - .
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Based on the subroutines implemented for the velocity
and navigation function, a microcomputer 1is <capactle cof
calculating the required system parameters in sufficient
time and with sufficient accuracy to provide reliable
position fixing information. Even with the microcomguters
primary disadvantage of slower execution time, the position
fixing inrormation <could pe displayed at on=2 second
intervals prcovided a floating point package which operated
with a mantissa of 24 bits could be acquired. Further
research of the remaining internal functions and the overall
effect they have on the velocity and navigation function 1is
encouraged. Particular attention should be focused cn the
state vector elements applied to tne velocity and navigation
equations, and their relevance to overall system operation

and update of positicn information.
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ivITIALIZATION OF POSITION MATRIX R

= SIN(LAT), R31 = COS(LAT)
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= COS(LAT) * SIN(LGNG)
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CECLARE

(Ay, Al, A2, A3) (3} BYTE,
(By E1y B2, B3) (3) BYTE,
(C, C1, C3, Dy C1) (3) BYTE,
(CELVCZ2, CeLVC3) (3) BYTE,
(VELE, VELN) (3) BYTE;
/%
B = CCS(AIRCRAFT HEACING)y A = SIN(AIRCRAFT HEACING)
*/
CALL CCSSIN (<.ACKHDGy «Bjy <A);
/=
5 = CCS(WIND DIRECTICN)y C = SIN(WIND DIRECTICN)
CALL CCSSIN (.WDy oDy .C)s
/
ﬁ = SIN(ACHDG) * vDC
CALL MULT (.A, .VDC, .Al);

= CCS{ACHDG) = VDA
LL MULT (<By VDA, «BLl);

= SIN(ACHDG) * VCA
LL MULT (.A, VDA, .A2);

= CCStACHDG) * VDC
LL MULT (.By «VDCy «B2);

= COS(ACHDC) = VDA - SIN(ACHDG) =* vDC
L SUB («Bly <Al, «VONJ;
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= COS(ACHDC) * VLCC + SIN(ACHDG) * VDA
LL ACC (.EZ, .AZ' .VDE,;

CCS(ACHDC) * VTAS
LL MULT (.By «VTAS, «33);

= SIN(ACHDG) * VTAS
LL MULT (.Ay «VTAS, .A3);
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= CCS(WC) * VW
LL MULT («Dy «VA, «01);

= SIN(WC) * VW
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CALL MULT (+4Co¢ oVWy +Cl)s

/%

!5N = CCS(ACHDCG) * VTAS + COS(WD) * VW
CALL ACD (+B3y «Dly <VAN);
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/*

V?E = SIN(ACHDCG) * VTAS + SIN(WD) * VW
*

CALL ACC (4A3, «Cl, «VAE);

/*
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CALL
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