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ABSTRACT

Modern estimation technigues are applied

to the problem of svnchronizing OMEGA VLF
signal transmissions from geographically-
remote transmitter stations. Each OMEGA
transmitter is controlled by its own bank

of four cesium beam atomic frequency stand-
ards. A synchronization computer program
SYNC2* -combines models of cesium clock error
dynamics with OMEGA phase timing measurements
to estimate and control inter-transmitter syn-
chronization offsets (both phase and phase
rate) to an accuracy on the order of 1 usec rms.

Auxiliary algorithms perform OMEGA phase mea~
surement preprocessing, including: compensation
for propagation anomalies, reciprocal path phase
differencing, automatic outlier rejection, dynam-
ic measurement-quality weighting, and time-
correlation modeling., Alternative timing measure-
ments (including: satellite/TV, Loran-C, and
portable clock) are utilized, as available, to
synchronize the entire transmitter system to
Coordinated Universal Time (UTC) as maintained

by the United States Naval Observatory (USNO).

Future plans for OMEGA synchronization include:
increased use of non-VLF propagation models, and
active participation by the Japanese Maritime

Safety Agency (JMSA) in Program SYNCZ2 operation.

*This program was developed at The Analytic
Sciences Corporation (TASC) for the U.S. Coast
Guard OMEGA Navigation System Operations Detail
(ONSOD) under Contract No. DOT-CG-23735-A,
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INTRODUCTION

OMEGA is a long-range, all-weather, radio navigation system
consisting of eight transmitter stations, strategically
located around the world. Each transmitter generates con-
tinuous-wave, phase-locked, very-~low-frequency (VLF) signals
between 10.2 and 13.6 kHz. OMEGA provides a unique combina=-
tion of worldwide navigation capability and bounded position
errors, typically on the order of 1 to 2 nm rms.

VLT signals propagate in a natural waveguide between the
earth's surface and the ionosphere, and maintain a nearly
linear relationship between signal phase and distance from
each transmitter. Phase difference measurements from pairs
of transmitters define earth-referenced hyperbolic lines-of-
position (LOPs) which are used for position determination.
Certain geophysical factors (e.g., variations in solar illu-
mination, geomagnetic field, and ground conductivity) tend
to distort this linear phase/distance relationship and,
thus, limit position accuracy. Models have been developed
[1] to partially compensate for VLF phase propagation varia-
tions, and tables of Predicted Propagation Corrections (PPCs)
have been computed [2] and published [3].

Use of phase differences for OMEGA navigation requires pre-
cise phase synchronization of signals from all OMEGA trans-
mitters. (A six microsecond synchronization offset between
two transmitters can result in a 1 nm position error.) The
phase of each OMEGA transmitter is controlled by its own
online cesium clock (and several backup clocks). A cesium
clock determines precise time intervals by counting oscilla-
tion periods of a cesium-beam atomic frequency standard. For
two clocks to be perfectly synchronized, their frequency
standards must match perfectly in both phase and frequency.
In general, there are small uncontrollable differences (on
the order of 0.03 to 0.3 usec/day) in the cesium frequencies
of different online clocks. These relative frequency off-
sets result in inter-transmitter phase (or timing) offsets
that can increase with time, if uncorrected.

To prevent uncontrolled time offset growth in the OMEGA sys-
tem, internal synchronization is accomplished by periodically
adjusting the epoch (i.e., time or phase) of each OMEGA
transmitter to the average epoch of all transmitters (Mean
OMEGA System Time). External synchronization, which is not
necessary for navigation, but is for iime dissemination, is
established by maintaining Mean OMEGA System Time at a known
constant offset from UTC as maintained by the U.S. Naval
Observatory (USNO).
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Transmitter phase (epoch) adjustments are computed weekly

by processing both internal and external timing measure-
ments. Internal measurements indicate the relative timing
offsets between pairs of OMEGA transmitters. External mea-
surements indicate the time offsets between individual trans-
mitters and UTC(USNO), and are currently available from four
independent sources: VLF phase monitored at USNO, satellite/
TV, Loran-C, and portable clock. Non-VLT measurements pro-
vide significantly increased accuracy over conventional VLF
techniques, but are not currently available on a regular
basis for all OMEGA transmitters.

This paper describes an integrated dynamic synchronization
process currently implemented as Computer Program SYNCZ.

The program emplovs a linear data-mixing filter that appro-
priately combines mathematical models of cesium clock error
dynamics with VLF and non-VLF timing measurements to esti-
mate and control transmitter radiated phase and phase-rate
offsets. The data-mixing filter has the inherent capability
of optimizing OMEGA synchronization by making the best possi-
ble use of all available information including quantitative
statistical descriptions of: cesium clock frequency uncer-
tainties, timing measurement uncertainties, and measurement
error time correlations. The discussion includes: cesium-
clock error modeling, measurement preprocessing, data-mixing
filter formulation, synchronization adjustments, program
input and output, and future plans for OMEGA synchronization.

Program SYNCZ2 is currently run each week by the U.S. Coast
Guard OMEGA Navigation System Operations Detail, and is used
to control OMEGA system synchronization to an accuracy on
the order of 1 usec rms. A block diagram of the overall
synchronization process is shown in Fig. 1.

R -22225
PHASE SHIFTER QOMEGA
ADJUSTMENT RADIATED
COMMANDS PHASE

UA ¢A
CESIUM CLOCK N = XMTR A
ERROR MODELS
DATA - MIXING MONITOR

FILTER . . . STATION
NETWORK

TIMING . . .
MEASUREMENT —

u
PREPROCESSING L R ils
]

PROGRAM SYNC2

TIMING MEASUREMENTS

Fig, 1 — Integrated Svnchronization Process
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CESIUM CLOCK ERROR DYNAMICS

Program SYNC2 employs cesium clock error models to extrapo-
late transmitter synchronization offsets (both phase and
phase rate) between times when synchronization measurements

are available. Ignoring, for a moment, any phase shifter
adjustments, the phase or time offset in usec of transmitter
I (I = A, B, ..., H) relative to Mean OMEGA System Time can

be represented by a standard cesium clock error model [4] at
time t__,, i.e.,

. - Ko
ol = [l ot o], [,

and the phase rate (cesium frequency) offset in ysec/day
relative to Mean OMEGA System Time 1is given by

. r f
5t ] - [6f ] o T ] (2)
[ o] .. raf T V1a]

where

w?Q = zero-mean, white gaussian sequence
corrupting the phase offset 8¢ caused
by uncorrelated fluctuations in clock
cesium frequency (phase rate)

wa = zero-mean, white gaussian sequence
corrupting the phase rate &f caused
by uncorrelated fluctuations in clock
cesium frequency rate (phase acceleration)

AT = computation interval (0.5 day)

Random fluctuations in clock cesium frequency result in a
random walk phase offset that grows proporgional to the
square root of time. The white sequence wrn, representing
this effeet in (1), is typically on the oréer of 0.019 usec
rms [4].

The white sequence w%Q in (2) produces a random walk fre-

quency offset, and is used to approximate long-term random
jumps in nominal cesium frequency as observed in empirical
clock data [5] and [6]. Each discrete jump in cesium fre-
gquency, of magnitude ASf occurring after an N-day interval,
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is approximated by a series of small Jjumps of magnitude
AST/2N occurring twice each day. The rms value of wa
appropriate for this approximation, is given by

=R
Cep = LEE(2N) (3)

For a typical frequency Jjump magnitude of 0.03 usec/day and
a typical interval between jumps of 15 days, (3) vields a
owe of 0.0055 usec/day. Since there is a lower bound on

the uncertainty in an estimate of a random walk process (7],
employing the white seqguence wfﬁ in the clock model effec-
tively prevents the data-mixing filter from becoming overly-
confident in the accuracy of its cesium freguency estimate.
Consequently, the filter is more responsive to any sudden
change in the synchronization measurement trend brought
about by a cesium frequency jump.

MEASUREMENT PREPROCESSING

The basic internal synchronization measurement involves a
pair™® of transmitters each with an associated monitor sta-
tion. The associated monitor pair measures the VLF phase
delay in each direction along the "reciprocal propagation
path' between the transmitters as illustrated in Fig. 2.
The monitors are close to, but not collocated with, their
respective transmitters. Signals received at each monitor
from the two transmitters are used to generate phase differ-
ence measurements. At monitor j, which receives sighals
from transmitters I and J, the phase difference measurement
(I-J) is given by

4 J = - - 4}
S & R E I (4)
where
¢Ij = phase of transmitter I received at monitor j
¢Jj = phase of transmitter J received at monitor j

1l

£ .

i instrumentation error at monitor

*There are 28 possible transmitter pairs in an eight-
transmitter svstem.
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Fig. 2 — Typical Reciprocal Propagation Path

Compensation for Propagation Anomalies - The A¢%J in (4)

are corrected for propagation variations using a PPC value,
and compared to a nominal phase difference (proportional

to geodesic path length to the transmitters) to obtain an
observed synchronization offset between transmitters I anddJ:

OBSY

- J J o J
13 = 4¢3, + PPC NOM (5)

IJ IJ

The quantity OBS%J in (5) is called an "observed" offset
because it includes not only the actual synchronization
offset between I and J, but also instrumentation errors and
residual propagation errors (i.e., errors due to unpredicted
propagation variations). PPC errors are typically the domi-
nant error source with magnitudes on the order of 3 to 12
usec.

Reciprocal Path Phase Differencing - A significant portion
of the PPC error in (5) is independent of direction along
the path (i.e., the PPC error for propagation from trans-
mitter I to monitor j is approximately equal to the PPC
error for propagation from transmitter J to monitor i). This
fact can be used to advantage by differencing the two ob-
served synchronization offsets measured in each direction

to yield

-1 . i
z = (0BS 0BS1) (6)

IJ I1J

Direction-independent PPC errors (e.g., solar illumination
and ground conductivity) tend to cancel out in (86)*. The

*This technique was originally developed in [8].
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quantity zyy is a relative synchronization offset measure-
ment for transmitters I and J. It is shown in [9] that
Z1g is of the form

N

137 “Crg T Y (7)

where ¢ 1g the actual phase (or time) offsetr between
transmittérs I and J, and vyjy is a measurement error, typi-
cally on the order of 1.0 - 2.5 usec rms, which includes
only direction-dependent PPC errors and uncorrelated in-
Sstrumentation errors.

Qutlier Rejection - Program SYNC2 includes a comprehensive
algorithm designed tc detect and reject VLF measurement
outliers as described in Appendix A.

Measurement-Quality Weighting - SYNC2 includes a special
routine to estimate VLF measurement errors for use in speci-
fying measurement guglity in the data-mixing filter. Each
VLF measurement error is approximated by the rms "fit error”
between actual synchronization measurements and those pre-
dicted by SYNCZ models over each previous three-week period.
Specifically, the measurement fit error at time t, is de-
fined as™

Taz U= [z 1 - [2 7 (8)
L -

where the predicted measurement is
r = n
{ |

o~
= Ao
o -

z - | i 3 - !
| 134, L TIng, T oLTTIaly

]

(9)

—
!
i
i
1
i

and 5¢I( is the filter estimate of the internal phase (or
time) o%fset of transmitter I relative to Mean OMEGA System
Time. SYNCZ computes the rms fit error over the three-week
period prior to each dally measurement. and repeatedly up-
dates this statistic after each daily measurement is proc-
essed. The mean square fit error is used to define a mea-
surement nolse covariance matrix Ry which accounts for
measurement quality in the data-mixing filter.

*The overhat (") denotes an estimated parameter.
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Time-Correlation Modeling - VLF measurement errors are
generally correlated in time due to residual diurnal (daily)
and seasonal propagation variations not removed by published
PPCs. Analysis of empirical data [10] indicates that the
normalized autocorrelation function of the daily measure~
ment errors vyg in (7) can be approximated by an exponential
function of the form*

R (1) = E {v(t) V(t+T)}/E{V2(t)} ¥ exp(—lT}/To) (10)

where v is time shift in days, and 1, is determined from
empirical data. (A "best fit" is obtained for T4 % 2.5
davs.) From (10), the daily measurement error is modeled
as a first-order markov process:

v = exp (=2AT/1 ) [v ] + [ﬂ ] (11)
[ IJ]n+2 © 1J n IJ n

where AT = 0.5 day is the computation interval, and nyj is a
zero-mean, white, gaussian sequence representing the uncor-
related components of vijy. The variance of vy; is denoted
by 0% , and is approximated by the mean square value of the
measurement fit error over each previous three-week period.
The corresponding variance of N1g is computed as [7].

2 2
[GQJ] = [UIJ] 11 - exp (—4AT/TO)§ (12)

n n

EXTERNAL TIMING MEASUREMENTS

External timing measurements for synchronization to UTC(USNO)
are currently available for four of eight OMEGA transmitters.
OMSTAs Liberia, Trinidad and North Dakota are linked to UTC
by one-wayv VLF phase measurements; OMSTA Hawaii has been
linked via satellite/TV, Loran-C, and several portable clock
visits each year [11]. A Loran-C timing link between OMSTA
North Dakota and UTC is planned for the near future,

*The symbol E{+} denotes expected (or ensemble average)
value.
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An external synchronization measurement of UTC relative to
transmitter I (I = A B,.... H) is expressed in the form

Zp. = 0L hV (13)

where dopy is the actual external phase (or time) offset

of transmitter I, and vyy is the measurement error. For
filter mechanization, (13) is expressed in an equivalent
form in terms of the internal phase offset Soyn of trans-
mitter I (relative to Mean OMEGA System Time) and the external
offset <opg of UTC relative to Mean OMEGA System Time, 1.e.,

z = lg - & + v (14)

RI ‘R I RI

Internal and external measurement errors, as modeled 1in

the data-mixing filter are summarized in Table 1. External
VLF phase measurements are generally not as accurate as in-
ternal VLF measurements since the reciprocal path differenc-
ing technique in (6) cannot be employed for one-way propa-
gation. However, external VLF bias errors are dynamically
calibrated and removed by comparing them to more-accurate
non-VLF measurements when available. Non-VLF measurement
errors are discussed in detail in [11].

TABLE 1 SYNCHRONIZATION MEASUREMENT ERRORS

Synchronization RME Error
Measurement Type (usec)
Internal
VLF phase 1.0 - 2.5%
External
VLF phase 1.1 -~ 2.6*
Loran-C 0.21 or 0.28f
Satellite/TV 0.11 or 0.21°
Portable clock 0.07 or 0.19+

*Typical values dvonamically computed for
each daily measurement based on 3-week
rms fit error as defined in (8).

tAccuracies refiect dynamic and static
calibration, respectively, of the phase
sdvance belween each trapsmitter's
radiatecd =ignazl and its cnline cesium
clock.
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ESTIMATION

ALGORITHM

System State Equation - The clock error dynamics model in

(1) and (2) is expressed in a vector-matrix system state

equation for all eight OMEGA transmitters (A,B,...,H) at
time tp as
— - “ - - = 6 = -
£ aT o $¢pq Y0 Uy
R ¢
°¢BQ AT 6¢BQ L ug
) 0
¢
SPuq AT 54 YHo Uy
_HQ _HQ -8 _H
S%ral _ 0 AT S¢ra YRa o
- f
MAQ 1 chAQ Wag 0
0 o
$fpg 1 R B
4]
0 )
$1yq 1 Ty Yo o
T
6t 0 1 &t W 0
RQ RQ 'RQ
L A-1 n+1 -l L— nd bt j‘ L- J
(15)
or, more compactly®
= -+ +
En+1 CT;En ¥n By (16)

where ¢ is the state transition matrix, and the control vec-
tor up accounts for phase shifter adjustments applied to
each clock during the computation interval AT. The elements
S¢gpp and dfgp represent the external phase and frequency
offsets, respectively, of UTC relative to Mean OMEGA System
Time.

Measurement Equation - The internal synchronization measure-
ments in (7), and the external measurements in (14) are
combined as

*A bar beneath a symbol denotes a vector.
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n

(17)

Oor, more compactly as

zp * HEpEn Y I, (18)

The measurement mairix Hp has 18 columns and up to 37 rows,
depending on measurement availabilityv (typically, 16 are
available). If any measurement is not available at a par-

ticular sample time, the corresponding rows are deleted
from (17).




Measurement Constraint - The zero element in the measure-
ment vector zp in (17) represents an internal ''measurement
constraint’’ which is included for convenience to avoid a
singular measurement matrix. In general, for an N-transmitter
system, there are N(N-1)/2 different reciprocal paths

(see Fig. 2), but only N-1 paths provide independent
measurements. This can cause computational difficulty in
attempting to determine eight transmitter timing offsets
from only seven independent measurements. One approach to
this problem is to arbitrarily define the mean internal
timing offset (Mean OMEGA System Time) as zero, i.e.,

; H
¢Q=§ ;Z dé.. =0 (19)

Then, it is possible to define,.as an internal measurement
constraint, an "error-free'" measurement of Mean OMEGA Sys-
tem Time as

H
z=%£

. 8¢, =0 (20)

I=A
The measurement constraint in (20), used in conjunction
with seven independent measurements, allows a direct com-
putation* of eight internal timing offsets.

For the complete eight-transmitter system (with 28 possible
reciprocal paths), internal synchronization offsets can
theoretically be determined using relative phase measure-
ments from any seven independent paths. In the absence of
measurement and propagation prediction errors, the estima-
tion error using any seven independent paths would bhe zero.
However, since there are always residual measurement and
modeling errors, it is desirable to use redundant data from
as many paths as possible to minimize the effects of these
errors on syvstem synchronization.

A Priori Information ~ Implementation of the data-mixing
filter requires a priori information on: c¢clock cesium fre-
quency disturbances w, in (16), synchronization measure-
ment errors vp in (18), initial _state estimate Xp, and
initial state estimation error xp, i.e.,

*Alternative techniques involve the use of a ''pseudo-
inverse' matrix and produce identical results.
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o~ Fo T Zo (21)

Typically, the initial state estimates for the current week
are set equal to the final estimates from the previous week.
(For an unsynchronized transmitter, the initial estimates
are set to zero.) The remaining parameters, wp, Vp and Xq,
are described statistically in terms of the diagonal covari-
ance matrices:

Q= E{EDEE} (22)
R = E{Xnvn} (23)
Po = Egioig} (24)

The elements of Q, Rn and P. are given in Table 2.

0

TABLE 2 A PRIORI STATISTICS

Covariance Diagonal . .
Matrix Element Value Units
2 o -4 2
Q Ot 3.6 x 10 psec
U§¢ 0.3 x 1074 (usec/day)2
2 2
R T, 1 See Table 1 usec
n 1J ]
n
¢ 2 Pinal values -
P, [UIQ] from previous usec”
0 week”
2
of (usec/day)2
I0 0

*For an unsyn%hronized transmiiter, typical values
are 100 psec< phase uncertainty and 0.75 (usec/day)?
frequency uncertainty.
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Data-Mixing Filter - A linear dynamic estimation algorithm
for computing OMEGA synchronization offsets can be formu-
lated in terms of the basic system model defined in (16)
and (18). The resulting formulation is referred to as a
Kalman (data-mixing) filter [7] and is summarized in Fig. 3.
The diagonal elements of the covariance matrix Pp in Fig. 3
provide an indication of the uncertainty associated with
each synchronization estimate X,. Implementation of these
equations in Program SYNC2 is discussed in detail in [12].

Measurement Correlation - A necessary condition for imple-
mentation of the data-mixing filter in Fig. 3 is that the
measurement errors vn in (18) are uncorrelated in time (i.e.,
a white sequence). However, VLF measurement errors are, in
fact, time-correlated. This problem is circumvented by em-
ploying a measurement-differencing technique as outlined

in [13]. This technique produces differenced measurement
errors that are uncortrelated in time, and allows the result-
ing system model to be written in a form equivalent to that
defined in (16) and (18).

OPTIMAL ESTIMATE
o= ok o 4w . EXTRAPOLATION
BETWEEN MEASURE- (25)
MENTS
ot e e MEASUREMENT
X =% 7 Kn[gn - Hnin] UPDATE (26)
RS, Y -1
K_ = Pan[hnann + Rn] WEIGHTING (27)
ESTIMATION ERROR COVARIANCE
- .4+ T EXTRAPOLATION
P, = %P 4% *Q BETWEEN MEASURE- (28)
MENTS
+ —
pt = [I - K.H ]P MEASUREMENT
n nn{n UPDATE (29)

Fig.

3 — Data-Mixing Filter Formulation
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SYNCHRONIZATION ADJUSTMENTS

OMEGA synchronization control is physically implemented by
periodically adjusting the phase shifter of each transmit-
ter's online cesium clock. Two types of adjustments are

applied: =& weekly adjustment to correct for the phase (or
time) offset existing at the beginning of each week, and
a four-hour adjustment (i.e., applied every four hours) to

correct for expected phase drift (due to cesium frequency
offset) during the week.

The svnchronization control task is complicated by communi-
cations delavs beiween the eight transmitter/monitor stations
and the OMEGA Data Procesging Center in Washington, D.C.
Additional delavs are introduced in data processing, result-
ing in a time lag of 40 hours between the last svnchroniza-
tion measurements taken each week and the application of new
weekly and four-hour adjustments. This lag can be signifi-
cant 1f the computed four-hour adiustment command for a
particular cesium clock changes significantly from one week
to the next. A special adjustment is made to compensate for
this effect as discussed below.

The weeklv adjustment for transmitter I(I = AB,....H) con--
sists of two basic components: an estimated external phase

offget (UTC-transmitter I) based on the latest available
measurements, and special compensation (if necessary) for
ten obsolete four-hour adjustments applied during the 40
hour lag discussed above. The four-hour adjustment for
transmitter I is simply the external frequency offset esti-

mate (UTC-transmitter I) in usec/4~hr.

SAMPLE OUTPUT

A typical time history of internal svnchronization measure-
ments print-plotted by Program SYNCZ i1s shown in Fig. 4.

Both 10.2 and 13.6 kHz reciprocal-path phase-difference
measurements of transmitter pair DG (north Dakota minus
Trinidad) are given for the period from 24 November 1975 to

5 January 1976. SYNC2 adjustment commands were used to
control system synchronization throughout this period. The
last three weeks of measurements in Fig. 4 have a standard
deviation on the order of 1 .sec and mean value on the

order of -1 usec. This -1 usec bias represents either a
measurement bias error, an actual phase offset between trans-
mitters D and G, or some combination of both. SYNC2 employs
the measurement fit error computation in (8) to account for
measurement bias errors (which, in this case, were -0.4 Lsec).
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Fig. 4 — Synchronization Measurements (North Dakota
Minus Trinidad)

A time history plot of synchronization offset estimates
(both phase and cesium frequency) computed for OMSTA North
Dakota (transmitter D) is shown in Fig. §. Estimates im-
mediately after each twice-daily measurement update are
shown for the same six-week period indicated in Fig. 4. The
abrupt change in the phase offset estimate from (-0.5 to

0.0 usec) on 26 November reflects a weekly phase shifter
adjustment. The abrupt change in the frequency offset esti-
mate (from 0.08 to -0.6 usec/day) on 15 December reflects a
replacement of the online clock for transmitter D by one of
its backup clocks. (Frequency offset estimates for backup
clocks are computed in a separate algorithm by least-squares
fit to online clock data.)

The rms uncertainties for the estimates in Fig. 5 are de-
rived from (28) and (29) and are plotted in Fig. 6. SYNC2
automatically increases the frequency offset uncertainty
to 0.2 usec whenever an online clock is replaced, as shown
in Fig. 6. 1In general, as more measurements are processed,
estimate uncertainties (both phase and cesium frequency)
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decay exponentially to non-zero steady-state values. (The
slight increase in phase uncertainty after 15 December, re-
sults from the large frequency offset uncertainty for the
new online clock.) The exponential decay rates depend on:
measurement accuracy, measurement interval, and measurement
error correlation. The steady~state values depend on mea-
surement accuracy and random fluctuations in clock cesium
frequency and frequency rate.

Figures 5 and 6 indicate that on 5 January 1976 the internal
phase offset for transmitter D was -0.3 0.6 usec relative
to Mean OMEGA System Time, and the transmitter online clock
had a natural phase drift rate (frequency offset) of -0.08
+0.06 usec/day relative to Mean OMEGA System Time. Based
on these estimates, the internal weekly adjustment was on
the order of 0.3 usec, and the four-hour adjustments for
the subsequent week were 0.01 usec.

A time history plot of external measurements (UTC minus
Hawaii) via Loran~C timing links is shown in Fig. 7. These
measurements indicate that OMSTA Hawail was synchronized to
UTC within an accuracy on the order of 1 usec for the period
13 September to 25 October 1976. External non-VLF measure-
ments (when available) provide an excellent means of check-
ing (as well as maintaining) synchronization accuracy of

the OMEGA system.
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FUTURE PLANS

Timing Measurements - Reciprocal VLF timing measurements in
(7) are generally accurate to a few usec when direction-
dependent propagation prediction errors are small. Opera-
tional experience has revealed two situations where these
errors are, in fact, significant: near the magnetic equator
and near the geographic poles. Recent portable clock mea-
surements [14] and [15] indicate propagation anomalies on
the order of 3-9 usec in some VLT measurements for OMSTA
Reunion (which is south of the magnetic equator). Polar-
path synchronization measurements involving OMSTA Norway are
significantly degraded in the spring and fall due to chang-
ing solar illumination conditions. In order to minimize
adverse effects of the above phenomena, future efforts re-
lated to OMEGA synchronization accuracy will most likely
follow two basic avenues: accuracy improvement via refine-
ment of existing VLF propagation prediction models [2], and
accuracy verification (and improvement) via increased use

of non-VLF timing links such as satellite/TV, Loran-C, and
portable clock measurements.

Leap Second Offset - Mean OMEGA System Time currently leads
UTC(USNO) by five seconds. Although operational procedures
do exist for inserting leap second timing adjustments at
each OMEGA transmitter, there are currently no plans to
eliminate this offset from UTC. OMEGA leap second offset
information is announced in ONSOD's Weekly Status Message
and on WWV.

JMSA Participation - At the September 1976 OMEGA Technical
Conference in Bergen, Norway, OMEGA Member nations supported
a resolution to transfer OMEGA svnchronization operations
from ONSOD to the Japanese Maritime Safetv Agency (JMSA).
JMSA has completed test runs of Program SYNCZ and is cur-
rently maintaining data files in parallel with ONSOD on a
weekly basis. After official transfer of Program SYNC2
operations to JMSA, ONSOD will maintaln paralliel data files
to ensure a2 smooth transition. In order to maintain svstem
synchronization to UTC(USNCO), JMSA will continue to use
UNSO data as the primary source of external timing measure-
ments.

SUMMARY

This paper describes the application of modern estimation
technigues to the problem of synchronizing the OMEGA radio
navigation system to an accuracy on the order of 1 usec rms.
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In order to achieve this accuracy, extensive preprocessing
is performed on VLF timing measurements to reduce the effects
of VLF propagation anomalies. The noisy, time-correlated
VLF measurements are then processed in a Kalman data-mixing
filter that appropriately combines them with cesium clock
error models to estimate OMEGA transmitter timing offsets
and compute timing adjustment commands. The synchroniza-
tion algorithm is mechanized in Computer Program SYNC2 which
was developed by The Analytic Sciences Corporation and im-
plemented in January 1975. Program SYNC2 is run each week
by the U.8. Coast Guard OMEGA Navigation System Operations
Detail to control both internal and external system synchro-
nization.

APPENDIX A VLF OUTLIER REJECTION

SYNCZ2 employs an automatic outlier rejection scheme to
identify and remove VLF measurements that are not '"statis-
tically representative' of the total data set. It is as-
sumed that, on the average, 95% of the measurements are
statistically representative and 5% are outliers. Prior to
applying an outlier rejection test, two distorting effects
are removed from the measurements: the effect of weekly
phase shifter adjustments, and any nongzero trend over the
previous six weeks. The resulfing data set is assumed to
be normally (gaussian) distributed about the trend line.

For normally distributed data, 95% of the measurements lie
within 1.96 standard deviations (1.96 o) of the trend line
[16]. Typically, the true ¢ of the data set can only be
approximated by a sample standard deviation &, and this
approximation is good only for large data.samples (i.e.,

30 or more measurements)., Frequently, however, due to trans-
mitter outages, monitor outages, or previously rejected

data, there may be significantly less than 30 daily VLF
measurements available for a particular transmitter-pair

in a given six-week period.

A more appropriate rejection criterion for this situation
is developed in [16] and [17] where it is shown that for n
normally distributed measurements, 95% lie within kG of the
trend line, where

T vn - 1

k =-
V@ -~ 2 + T2

, n > 3 (33)
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and T is the value of the Student's probability distribution
function for 0.05 level of significance and n-2 degrees of
freedom. As the number of daily measurements increases from
3 to a maximum of 42, k increases from 1.41 to 1.985 (k =
1.96 for n=—=x=),.

SYNC2 employs an iterative ks outlier rejectlon scheme that:
computes a six-week sample standard deviation ¢ about the
measurement trend line, rejects all measurements exceeding
k& from the trend line, and repeats this process until no
new outliers are found.
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