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1.0 INTRODUCTION

The possibility of using VLF signals for time transmissions became

evident when the received signal phase was found extremely stable over

long distances. Morgan and Baltzer, Fey and Looney, and Chi and Witt

were among the first to pioneer (in the early 1960's) the use of a dual-

frequency technique to transmit time on VLF carriers.

In 1965, National Bureau of Standards (NBS) (with NASA/GSFC's

support) had completed the modification of an experimental transmitter,

WWVL, to transmit at 10-second alternations, the dual VLF carriers at 20.0

and 20.5 kilohertz. The radiated power was relatively low, approximately

2 kilowatts. To reduce the frequency dispersion effect, the frequency sep-

aration was soon changed to 100 hertz at 19.9 and 10.0 kilohertz.

Between December 1966 and June 1968, NASA (with the cooperation

of NBS and RMS Engineering, Inc., and others) conducted several field tests

of time reception of WAVL transmissions, in its Space Tracking and Data-

Acquisition Network (STADAN). Portable crystal clocks and a cesium
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frequency standard were used during these trips to measure the propagation

delays. Because of the requirements for phase control of the two signals 5
at the transmitter and the phase stability of the receivers, it was soon

found that the cycle number identified at each receiving station varied be- 3
tween + 2 cycles, and could vary by as many as five cycles in some remote

sites. In the early 1960's, OMEGA stations at Hawaii and Forestport, New 3
York, were used to conduct lane-resolution studies using 200-, 500-,

1000-, and 2000-hertz frequency separations. In the late 1960's, the dual-

frequency time-transmission technique was tried in the OMEGA station,

Forestport, and also in Europe. Results of studies made on these tests |

convinced the experimenters that the technique was, indeed, sound and

feasible for implementation, if the instrumentation phase errors at the trans- |

mitters and in the receiver design is reduced sufficiently to allow positive

cycle identification, leaving only propagation error predominant. j

2.0 THEORY OF DUAL-FREQUENCY TIME TRANSMISSION |

Let to be the time of the emitted signals at the transmitter for F

and F2 and t be the received time of the signals relative to a clock at a

receiving site. Then

tr - to = Tp + Atc (la)

= t, +Atp +Atc (lb) I
= tP + At (ic)

where T = total propagation delay

tp = calculable propagation delay at a given time

Atp = propagation delay anomaly 3
Atc = clock difference £
At = Atp + Atc
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Equation (la) can also be written

T + Atc n-r + (ni 27 )

= nTa + (n2 + 27T )

where n, n 1, and n2 are integers

a =k Tb =AF k being an integer

1 ITI 2T= 2
Tb AF T-

AF = F1 - F2

1
T =--

1 F1

1= _'2 F2

A, 1 = phase difference of F 1

A 7 2 = phase difference of F2
local clock

relative to a local clock

relative to the same

From Equations (2a and (2b), one gets

A~61

ni 27T T2

n 2 + 27T

Subtracting 1 from both sides of the equation and multiplying by T 'one

gets
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Atk12
n, - n2 + 27T

A t2 
(n 2 + 27T ) Tr2

where A012 = +Aq1 - Ac2

Substituting Equation (3) into Equation (2b),

Tp + Atc =
it A412

in + 1- (n -n2 +y 2Ti} Ta

Rearranging Equation (4b), one gets

p l 2
n, - n2+ 27T

Tp + Atc - nT, =: F 

From Equation (4c), one can see that T and At are directly related to
P c

A412 and inversely related to AF.

3 .0 CYCLE IDENTIFICATION

Time is recovered from the identification of a particular cycle of a

carrier signal and the phase difference between the two received carrier
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signals. Therefore, it is important not only to know the cycle identification

but also At12 relation as a function of time.

The cycle identification is achieved with the knowledge of the propa-

gation path delay, T p. This propagation delay can also be measured directly

through the use of a portable clock.

Using Equations (1), (2), and (4), one gets

1 Att AO,1ni = - (t T)+ - (5a)

n2 = (tP - Ta) + T 2-7T (5b)

2 2 ~n2 k [Tfla) 2)(c
1 f~~~ ~~At ____ 2_= -(t -nkTb) + (Tb - ) (5d)

The first terms in the right-hand side of Equations (5) are constants

and the second terms are time-dependent due to such factors as the insta-

bility of the propagation medium and the clocks.

Neither n1 nor n2 can be determined independently by Equations

(5a) and (Sb) since A(t'1 and Aep 2 are time-dependent especially during sun-

rise and sunset hours and are also affected by the propagation disturbances.

Additionally, the propagation time-delay anomaly, A tp, is not known and

cannot be easily determined. For this reason, Equation (5c) or (Sd) is used.

In these equations, the relative phase difference of the two VLF signals at

a receiving site is used in part to reduce the propagation effect on the sig-

nal phase of each received signal and to determine nI or n2 based on
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some a priori knowledge of nI - n2, especially if an estimate of the

propagation delay time can be made. |

4.0 AMBIGUITY RESOLUTION 3
Because of the sinusoidal nature of the time-transmission technique

used in the dual VLF transmissions, some ambiguous periods cannot be re- I
solved without additional transmission of coarse time or the use of other

techniques to resolve the ambiguity time. For clarity, we define the beat

period, Tb, as 1/AF, i.e., the time at which the phase of the two signals

at F1 and F are coincident. Then AF = F - F is the beat frequency.
2 1 2

The ambiguity period, Ta, is defined as the time at which the phase of the

two signals are not only coincident but also occurs at the positive-going
zero-crossing of the sinusoidal signals as shown in Figure 1 .

Let

Ta k 1 T 1 k 2 T 2 k Tb Q(6a)

I
where k is the integer number of cycles of F1 in Ta, k2 is the integer
number of cycles of F2 in T.' k is the integer number of cycles of AF |

in T. and Q, i.e.,

F1 F2 AF

Q k 1 k 2 (6b) I

is the largest common divisor of F1 and F2 . 5

* From Table 2, n - n2 = 0,1,2 ... k1 -k 2 . |
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kI
k2

( k 1 - k2 \ 1
2 T 2

(T2 - T I 1 1

V ) T 2 Ib

k2 T2 = (k1 - k 2 ) Tb k Tb (6 c)

Therefore

k = k -k

k = F
1 Q

F2

2 Q

(7 a)

(7b)

(7 c)

It should be mentioned here that the value of (nI -n2) in an ambiguity

period takes 1,2, .. . k. For a fixed location, (n I -n 2) does not change

with time if the frequency dispersion effect due to the propagation medium

is accounted for or is assumed to be small. This is also one reason for

selecting a small frequency separation between the two VLF carriers.

5 . 0 CYCLE WELLS

This concept was developed, in 1966, for grouping the cycle numbers

which cannot be uniquely determined from the dual VLF transmissions. Cycle

variation can be observed at a receiving site when the relative phase or dif-

ferential phase of the two emitted signals at the transmitter cannot be
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controlled to a constant value or zero; when the phase-difference measure-

ment in a receiver is nonlinear for the dual frequencies due to variations of

environmental conditions, signal amplitude, and antenna orientation; and

when there are large ionospheric disturbances causing large propagation

delay variations (anomalies). When the combined errors are larger

| than _ JT2 - r1 J, the cycle number can be in error by A n, when is time-

dependent.

an = fI T2T(a
I2 I

where 6(AO) is the combined phase errors mentioned above.

To account for these variations, the cycle determination from Equa-

I tions (5) is quantitized into cycle wells with a width (or diameter) equal to

the relative phase difference of one cycle of progagation for each signal,

i.e. , IT2 - 11 , and a wall thickness equal to the sum of the propagation

delay anomaly and the relative phase control of the two frequencies at the

transmitter, as shown in Figure 2.

1 H KAt + At 0 .7 2 -T1H

I CYCLE NO. m - 2 m - I m m +1 m + 2

Figure 2. Cycle-Well Concept for Dual VLF Time Determination
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6.0 TRANSMISSIONS AND RECEIVING REQUIREMENTS

Early in 1969, the U.S. Naval Observatory established an informal |

group, known as the OMEGA PTTI Advisory Group, to discuss details of the

use of the OMEGA navigation system for the simultaneous dissemination of I
precise time.

This Group, after careful consideration of all aspects of the problems, |

made the recommendation which was accepted by the OMEGA project office

in 1970. The recommendation was to implement the dual-frequency concept |

for time transmission in the OMEGA system. The frequency separation of

250 hertz was selected for minimum dispersion effect without placing too I
stringent phase-control requirements on the transmitters and receivers. The

locations of the eight OMEGA stations, which form a global navigation sys- I
tem, are shown in Table 1. The dual frequencies proposed for each OMEGA

station and the estimated date for beginning transmission are also given. I
Figure 3 shows the 10-second OMEGA transmission sequence for the

eight stations, labeled A to H. Three time segments are used for the trans-

mission of navigation frequencies and the remaining five are reserved for

time transmission and for transmission of intrasystem control data. The

three segments labeled F1 or F2 (F1 /F2 ) together with the two designated

time segments for F1 and F2 form a coding format which can be used to

transmit information at low rate. The present plan calls for 60 percent of

the time to transmit intrasystem control data. The remaining 40 percent is I
still available for potential users to transmit other data.

Table 2 gives the pertinent data for cycle identification and ambiguity

resolution for the OMEGA time-transmission frequencies. The last column in

Table 2 gives the value of I | r2 -
T I | . These data are important for cycle

determination since an error of one cycle results if the combined errors (in 5
phase control at the transmitter, the propagation delay due to medium, and

phase stability and resolution in the receiver) exceed 1 ½ l
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Table 1

OMEGA Station Locations and Proposed Dual Frequencies for Time Transmission
and Intrasystem Data Communications

STATION STATION COORDINATES ** FREQUENCIES EST.COMPL.
DESIGNATION LATITUDE LONGITUDE F1/F 2 *(KHz) DATES

HAWAII C 21024'20.67"N 157049'47.75"W 11.55, 11.80 10 NOV 72

TRINIDAD B 10042'06.20"N 61038'20.30"W 12.00, 12.25 73

LA REUNION E % 160S 560E 12.05, 12.30 73

NORWAY A 66025'15.00"N 1309'10.00"E 12.10, 12.35 73

AUSTRALIA G SOUTHEASTERN REGION 12.75, 13.00 74

JAPAN (Tsushima Is.) H X 34038'N 129026'E 12.80, 13.05 73

N. DAKOTA D 46 021'57.20"N 98 020'08.77"W 12.85, 13.10 1 APR 72

ARGENTINA F 43003' 12.38"S 65011'28.50"W 12.90, 13.15 73

* F 1 is the frequency, which is

**Mercury data.

an integer multiple of 100 Hz, and F 2 is an integer multiple of 50 Hz.

1 An 1 - 1 5 , Ie! 1* , a 1

AD
Ln
Cn



A w | | A 10.2 13.6 11.33 F1 F, /F2 LF 1/F2U F1/F2 U F2

B

C 10.2 13.61 1 11 F F

D 

1.0 F2~

H _lF 
0.9+ 91.0+ 91.1+ 1- 1.2 9 2 1.1 /l 2 U U2 1.0i2

.2 .2 .2 .2 .2 .2 .2 .2

0.0 1.1 2.3 3.6 5.0 6.3 7.4 8.8 10.0
TIME IN SECONDS

Figure 3. 10-Second OMEGA Transmission Sequence for Stations A Through H
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Table 2

Pertinent Data for Cycle Identification and Ambiguity Resolution
for the OMEGA Time-Transmission Frequencies

STATION F1 F2 ~~~~~kk 2 T*'a T T 21/2 1T 2 - TiIST AT ION F. l F.> 2I k 1 2* ms (/bs) (4s) (2s)

A 12.100 12.350 242 247 |-5| 20 82.64 80.97 0.84

B 12.000 12.250 48 49 |-1l 4 83.33 81.63 0.85

C 11.800 11.550 236 231 5 20 84.74 86.58 0.91

D 13.100 12.850 262 257 5 20 76.33 77.82 0.74

E 12.300 12.050 246 241 5 20 81.30 82.98 0.84

F 12.900 13.150 258 263 |-5| 20 77.51 76.04 0.74

G 13.000 12.750 260 255 1 4 76.92 78.43 0.75

H 12.800 13.050 256 261 |-51 20 78.12 76.62 0.75

*The negative value of k =k - k 2 results if A F =F 1 - F2 < 0

ID

fl I I I T V �, LI � 't U -1
I I A I A I 5 5 I I J 11 I I



The phase of the dual frequencies for time transmissions relative to

a second tick at each of the eight potential OMEGA stations will be held 3
within 0.1 microsecond. The instrumentation phase error of the OMEGA

time receiver under normal operating conditions will be less than 0.2 micro 3
second. Using a simple arithmetic sum, the total phase instabilities con-

tributed by the transmitter and the receiver is one-third of the required phase |

stability, 2 I - T i j, for positive cycle identification. If propagation

delay anomaly does not exceed two-thirds of the required phase stability,

i.e., about 0.5 microsecond, then the cycle identification on a carrier fre-

quency of the OMEGA system can be uniquely determined. The resolution |

of the received time, under typical conditions, should be the phase stability

of a single VLF carrier, i.e., 1 to 2 microseconds. The OMEGA station 3
epoch, as a goal, is to be maintained within + 2.5 microseconds relative

to the January 1972 UTC scale, i.e., the OMEGA station epoch will not |

follow the leap second adjustments.

l
7.0 A PROPOSAL: "TO TEST THE CAPABILITY OF THE OMEGA

TIME-TRANSMISSION SYSTEM" 5
The Naval Electronics Laboratory Center, under NASA support, is

currently developing an OMEGA timing receiver. The receiver is designed £
especially to reduce problems associated with positive cycle determination.

The construction of the receiver is expected to be completed by April 1972.

Those activities who are interested in precise time synchronization on a

worldwide basis are invited to participate in the experiment or a field test 5
to determine the capability of the OMEGA time-transmission system. It is

hoped that enough receivers can be procured for placement at various loca- 5
tions such as one-half, one, one and one-half, and two times the average

distance between two OMEGA stations. Those who are interested in the |

participation of this test should contact Dr. Winkler, U.S. Naval Observa-

tory, or the authors of this paper. |

X
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