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- 0.006 .in(".pi.T) + 0.007 coS(4*pi*T) 
where pi - 3.14159265 ..• and t i. the date in BeseeUan year •• 

TOT - TAl + 32.184 .econd. - A.1 + 32.150 .econds 
DUTl- (UTI-UTC) tran .. itted with tt.a aiqnal. 

- -0.2 aecond. beginning 9 Jun. 1994 at 0000 UTC 
Beginning 1 July 1993: 

TAI-UTC(BIPH) - 21.000 000 .econd. 
A.1(USNO)-UTC(USNO) - 21.034 311 7 .econds 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
* A positive leap .econd vill be introduc.d * 
• in UTC on 30 June 1994. * 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

U.S.N.O. DATA AND PREDICTIONS OF UT1-UTC AND POLAR MOTION 
T(PLOT) - UT1-UTC - .2811 + (HJD-49315) * .00226 
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OBSERVATIONS: 

NEOS VLBI Intenaives 
K3D UTI-UTC •••• 

49483.7962 
49485.7863 
49486.7837 

• 
-.123264 
-.127547 
-.129754 

a 
.000035 
.000030 
.000030 

P designates preliminary values based on pr.liminary pole poaitions 

NEOS VLBI 
K3D 

49490.253 

x 

.18678 

•••• Y •.•• UTI-UTC .. . 
.00010 .29495 .00007 -.137987 

•. e . 
a 

.000004 

VLBI fro. Jet propul.ion Laboratory 
K3D UTO-UTC •• d. Ba.e1ine 

(sec) (.ec) 
49490.010 -.14455 .00025 1463 
49493.850 -.14673 . 00005 1463 

DELFT UNIVERSITY OF TECHNOLOGY SLR 
KJD x m.e y m.e. .. 

49488.00 .18917 .00015 
49491. 00 .18758 .00018 

GLOBAL POSITIONING SYSTEM 
KJD x •• e 

49489.0 .18837 .00040 
49490.0 .18802 .00035 
49491. 0 .18171 .00033 
49492.0 .18141 .00023 
49493.0 .18110 .00024 
49494.0 .18617 .00027 
49495.0 .18646 .00029 

.30282 

.29641 
.00013 
.00014 

COMBINED SOLUTION 
Y 'III.e. 

" 
.29903 .00038 
.29698 .00041 
.29494 .00037 
.29289 .00036 
.29086 .00036 
.28882 .00038 
.28678 .00038 

COMBINED EARTH ORIENTATION PARAMETERS: 

IERS Rapid Service 
KJD x error y error UTI-UTC error 

" s s 
1994 lIay 17 49489 .18841 .00030 .29906 .00016 -.134186 .000076 

18 49490 .18816 .00032 .29700 .00018 -.137299 .000157 
19 49491 .18783 .00031 .29495 .00018 -.139949 .000165 
20 49492 .18748 .00031 .29290 .00017 -.142710 .000165 
21 49493 .18712 .00026 .29086 .00017 -.145522 .000167 
22 49494 .18617 .00024 .28882 .00018 -.148303 .000363 
23 49495 .18642 .00024 .28678 .00011 -.150911 .000440 

PREDICTIONS: 
The folloving formulas vill not reproduce the predictions given below, 
but eay be used to extend the predictions beyond the end of this table . 

x - .0210 - .0219 cos A + .0756 8in A + .1938 cos C -
Y - .3224 + .0121 cos A + .0331 sin A - .1141 cos C -

UT1-UTC - -.1024 - .00231 (HJD - 49495) - (UT2-UT1) 

2 

.1141 sin C 

.1938 sin C 

Figure 13. First two pages of IERS Bul/etin-A (issue of 26 May 1994), 
produced on a weekly basis at the IERS, Paris, France. 
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I - CoordInated Unl.ersal Time UTC- Computed •• lues or UTC-UTC(kl (1 1. 

(From 1993 July 1. Oh UTC . to 1994 July 1 . Oh UTC. TAI-UTC ~ 28 si 
(From 1994 July 1. Oh UTC . untIl (urther notIce. TAI-UTC = 29 si 

Date 1994 Oh UTC 
HJO 

Laboratory 

ADS (Borowlec) 
UL (Laurel) 
AUS (Canberra) 
BEV (Wlen) 
CAD (CagllarO 
CH (Bern) 
CRL (Tokyo) 
eSAO (Lfntong) 
e SIR (Pretoria) 
FT Z (oa rms tadt) 

IEN (Torlno) 
IFAG (Wettzell) 
IGMA (Buenos Aires) 
INPL (Jerusalem) 
JATC (Lfntong) 
~ RIS (Taejon) 
LDS (Leeds) 
MSL <Lower Hutt) 
HAOM (Mlzusawa) 
HAOT (Tokyo) 

HIM (Beljlng) 
NIST (Boulder) 
MMC (So(lya) 
HPL (Teddlngton) 
HPU (New-DelhI) (2) 
HRe (Otta .. a) 
HALM (Tsukuba) 
OMM (8udapest) 
ON BA (8uenos Aires) 
ONRJ (RIo de Janeiro) 

OP 
ORB 
PKNM 
PTS 
RC 
ROA 
seL 
SHT 
SO 
SU 

(Paris) 
(Bruulles ) 
(W.rsz .... ) 
(Braunsch .. el g) 
(Habana) 
(S.n Fernando) 
(Hong Kong) 
(Stockholm) 
(Shangha I) 
(Mostva) 

TL ((hung ' L t) 
TP (Prahal 
TUG (Grll) 

() 

US NO (Washington OC)(USNO MC) 
VSL (Oe1ft> 

Har 28 Apr 7 Apr 17 Apr 27 
49439 49449 49459 49469 

UTC-UTC(k) (UnIt· 1 mIcrosecond) 

-1.153 
1.249 
0.498 

-6.872 
1.929 
2.053 

-0.477 
·3.061 
0 . 040 

0.065 
·0 . 598 
·3.14 
·l.lJ5 
·1.891 
·0.276 
-0.282 
-0.434 
-1.436 
-0 . 661 

7.78 
-0.051 

0.119 
·3 . 12 
5.265 

-9.641 
6 . 489 
5 . 65 

· 13.877 

·0.047 
·1.673 
0 . 454 
2.748 

-2.36 
2 . 615 
0.034 
0 . 065 
2 . 14 

-3.375 

· 3 . 106 
· 1.147 
4 . 481 
0 . 045 
0.094 

-1.377 
1.181 
0.476 

- 7.066 
1. 921 
2.024 

-0.452 
- 2.924 
0.092 

0.103 
-0.515 
-3.14 
- 1. 280 
-1. 283 
-0.289 
-0 . 281 
-0.431 
-1.477 
·0 . 816 

7.81 
- 0.068 

0.116 
- 3.22 
5.367 

-9.937 
6 . 510 
5.57 

-0.029 
-1.712 
0 . 313 
2.153 

-3 . 00 
2.610 
0.101 
0 . 085 

-3.461 

-3.049 
-l.lJ5 
4 . 564 
0.051 
0.132 

- I. 520 
1.126 
0.441 

-7.233 
1.826 
2 . 010 

-0.407 
-2.865 
0 . 161 

0.131 
-0 . 569 
-3.lJ 
-1. 398 
-0 . 397 
-0 . 264 
-0 . 323 
-0 , 388 
-\.513 
- \. 035 

1 . 18 
-0 . 086 

0.114 

5.468 
- 10.233 

6 . 502 
5.10 

-0.010 
-I. 666 
0.241 
2.754 

-3 . 08 
2.632 
0.117 
0 . 086 
2.16 

-3.548 

-2.985 
-1.098 
4 . 643 
0.051 
0.166 

- I. 701 
1 . 061 
0 . 408 

- 7 .483 
1 .693 
2 .025 

- 0 .402 
· 2 .826 
0 .228 

0.177 
-0 . 522 
-3.15 
-\.474 
0 . 365 

·0.251 
· 0 . 356 
-0.346 
. 1. 539 
. \. 262 

7.80 
-0.094 

0.113 
- 3.18 
5.567 

- 10.521 
6.559 
5.48 

0.005 
-I. 755 
0 . 212 
2.712 

- 2.80 
2.637 
0.424 
0.061 
1.18 

-3.624 

· 2 . 914 
. 1. 069 
4.739 
0 . 057 
0.174 
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2 . InternattoncJl Atomic T1me TAl and local atomic time scales TA(k) , 

The followIng table gl.es the computed .alues o( TAI - TA(kl (11 _ 

Date 1994 Oh UTC 
HJO 

Laboratory 

Har 28 Apr 7 Apr 11 Apr 21 
49439 49449 49459 49469 

TAI·TA(k) (UnIt . 1 mlcrosecondl 

APl 
AUS 
CH 
CAL 
CSAO 
r 
INPl 
JATC 
KRIS 
HIM 
HISA 
HRC 
PT8 
RC 
SO 
SU 
USNO 

(Laurel) 
(Canberra) 
(Bernl 
(Tokyo) 
(Lf ntongl 
(Paris) 
(Jerusalem) 
(Lfntongl 
(Taejon) 
(8eljlng) 
(80ulder) (4) 
(Otta .. a) 
(Braunsch .. elg) 
(Habana) (3)(5) 
(ShanghaI) 
(Hoskva) (6) 
(WashIngton DC) (7) 

2 . 712 
- 50 . 849 
-75 . 231 
36 . 656 
14 . 992 

127 .851 

9.415 
·3.486 
-8.13 

-45111.238 
21. 334 

-360 . 652 
-325.85 

- 45.43 
27246.625 

-34695.858 

• Notes on sectIons I and 2 . 

2.644 
-51.020 
-75.059 
37 . 065 
14.881 

128.221 
- 196 . 410 

10.044 
-3.219 
-8 . 68 

-45111.631 
21.436 

·360.641 
·326.53 

27246.539 
-34696.529 

2 . 589 
-51.106 
-14.894 
37 . 496 
14.803 

128.604 
- 198.459 

10.108 
-3 . 054 
-8 . 10 

·45112.029 
21. 537 

-360.646 
- 326.66 

- 45 . 40 
27246 . 452 

-34697.211 

2 . 524 
-51 . 213 
- 14 . 767 
37 . 948 
14.678 

128.987 
-200 . 492 

11. 488 
-2.811 
-8 . 66 

-45112.417 
21. 636 

- 360.6 28 
- 326 . 42 

· 45 . 81 
27246.376 

·34697 . 880 

(I) Values UTC-UTC(k1 and TAI-TA(k) are publi s hed .. Ithln I ns except 
for labora tor I es wh I ch are not 1 Inked th rough GPS common v I ews . 

(2) NPU. 

(3) RC 

HJO UTC-UTC( NPU I 

49419 -3 . 29 
49429 -3.03 

HJo UTC-UTC(RCI TAI-TA(RCI - 18 s 

H419 
49429 

· 2 . 18 
-2.54 

- 326 . 18 
-325.99 

(4) NIST. TA(NISAI desIgnates the scale AT! of NIST. 

(51 RC LIsted values ace TAI-TA(RC) - 18 seconds. 

(61 SU LIsted values are TAI-TA(SUI - 2.80 seconds. 

(7) USNO. TA(USHO) deSignates the scale Al(MEAN) of USNO . 

Figure 14. First two pages of Circular T (issue of 25 May 1994), produced on 
a monthly basis at the BIPM, Sevres, France. 
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DAILY TIME DIFFERENCES, SERIES 4, NO. 1426 (CONTINUED) 

MAY 

MAY 

GLOBAL PO~ITIONING SYSTEM (GPS) 
BLOCK I AND BLOCK 11 SATELLITES 

VALUES PRESENTED BELOW FOR NAVSTAR CPS SATELLITES ARE THE RESULT OF A LINEAR FIT 
THROUGH APPROXIMATELY 130 DATA POIN1'S REFERRED TO THE BEGINNING OF THE TRACKING 
PERIOD. TRACKING PERIODS START ON TRE KINUTE AND RANGE FROM TWO TO THIRTEEN KINO·rES . 

GPS TIME IS AHEAD OF UTe BY NINE SECONDS. UNIT - ONE NANOSECOND 

NAVSTAR 10 NAVSTAR 13 NAVSTAR 14 NAVSTAR 15 NAVSTAR 16 
PIUU2 PRN02 PRN14 PRN15 PRN16 

KJD KC-GPS GPS TIME KC-GPS GPS TIME KC-GPS OPS TIME KC-OPS OPS TIME KC-OPS OPS TIME 
22 49494 0 (2102) -96 (2005) -40 (2135) -7 (1901) 41 (0254) 
23 49495 -13 (2058) -17 (2001) -87 (2135) -16 (1857) -53 (0251) 
24 49496 -6 (2054) -52 (1957) 67 (2123) -9 (1853) -34 (0247) 
25 49497 -5 (2050) -8 (1953) -49 (2119) -15 (1849) 61 (0243) 
26 49498 2 (2046) -137 (1949) -29 (2115) -20 (1845) 17 (0239) 

27 49499 -1 (2042) -34 (1945) -27 (2111) -8 (1841) -71 (0235) 
28 49500 9 (2038) -7 (1941) -42 (2107) -5 (1837) 27 (0231) 
29 49501 -3 (2034) 38 (1937) -79 (2103) -5 (1833) 88 (0227) 
30 49502 0 (2030) 249 (1933) -12 (2059) -2 (1829) 10 (0223) 
31 49503 8 (2026) 0 (1930) 148 (2055) 4 (1825) · 109 (0219) 

NAVSTAR 17 NAVSTAR 18 NAVSTAR 19 NAVSTAR 20 NAVSTAR 21 
PRN17 PRN18 PRN19 PRN20 PRN21 

MJD KC-OPS OP!) TIKE KC-GPS OPS TIME KC-OPS GPS TIME KC-GPS GPS TIKE KC-GPS GPS TIKE 
22 49494 73 (0607) -9 (2327) 67 (1717) 18 (0954) 37 (0818) 
23 49495 -6 (0603) -11 (2323) 29 (1713) -10 (2351) 44 (0814) 
~4 49496 -28 (0559) 119 (2319) 81 (1709) -17 (2347) 4 (0810) 
25 49497 -2 (0555) 141 (2315) 97 (1705) 22 (2356) 6 (0806) 
26 49498 ·51 (0551) 1 (2311) -55 (1701) -5 (2339) 176 (0802) 

27 49499 20 (0547) 216 (2307) 70 (1657) 0 (2335) -85 (0758) 
28 49500 12 (0543) -5 (2303) 11 (1653) 16 (2331) 32 (0754 ) 
29 49501 26 (0540) -71 (2259) -61 (1649) 13 (2327) 69 (0750) 
30 49502 -59 (0540) 190 (2358) -25 (1645) 14 (2323) 91 (0746) 
31 49503 138 (0541) -30 (2354) 101 (1641) 29 (2332) 62 (0742) 

Figure 15. Second page of USNO Series 4 (issue No 1426), produced on a 
weekly basis at the USA, Washington, D.e., USA. 
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Conclusions 

In 1991, the International Astronomical Union clearly specified in terms of general relativity 
the framework within which time scales should be defined. A realization of Terrestrial Time, as 
explicitly mentioned in the IAU Resolution, is International Atomic Time, T AI, which is 
obtained from a combination of the readings of atomic clocks kept on the Earth. 

While T AI is the international reference for timing, many other time scales are regularly 
computed and used for scientific purposes. Besides keeping local representations of UTC, the 
laboratories which compute these scales have to design algorithms for the generation of free­
running and independent time scales based on data collected on site. Development of 
algorithms inevitably leads to a need to write an equation of definition, in the form of a 
weighted average, and to settle procedures for the determination of clock weight and the 
prediction of clock frequency. Many sophistications are possible, but the actual choices are 
guided by the purposes the time scale is intended to serve and by the noise affecting timing 
data. 

In 1993, world-wide most stable time scales reached stabilities better than 1 part in 1014 for 
averaging times of order several weeks. Achieved accuracies are limited by the accuracy of the 
best primary frequency standards, and are, at present, characterized by an uncertainty (1 er) of 
order 1 part in 1014. Improvements in performance are rapid: it is probable that accuracies of 
order some parts in 1016, for realization of the SI second, and several hundreds of 
picoseconds, for time comparisons, will be available in the year 2000. 

Though the second is defined in atomic terms and time scales are generated from atomic 
clocks, time retains its close relation with astronomy: the international reference time scale is 
the purely atomic T AI, but coherence with the Earth rotation has been maintained by the 
production of UTC. The 21th century may see the relation with astronomy again reinforced 
through the use of millisecond pulsars for monitoring the long-term stability ofT AI [Petit et al. 
1992]. 

Note 

Laboratory acronyms and locations can be found in Table 3, page 20 and 21 of the Annual 
Report of the BIPM Time Section, Volume 6, available on request from the BIPM, Pavillon de 
Breteuil, 92312 Sevres Cedex, France. 
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ANNEx I 

Random frequency instability of an oscillator, in the time domain, may be estimated by several 
sample variances. The recommended measure [Recommendation 538-2, CCIR 1992] is the 
two-sample standard deviation, which is the square root of the two-sample zero dead-time 
variance 0,/( T), also designated as Allan variance, defined as: 

(All) 

where ( ... ) denotes an infinite time average and where Yk can be estimated by: 

(AI.2) 

The terms Xk and Xk+ J are the time measurements, obtained from the comparison between two 
oscillators, at date tk and tk+J = tk+T, with k = 1, 2, 3, ... The term Yk is the average 
normalized frequency departure of one of the oscillator against the other one, estimated over 
the averaging time T. 

The fixed sampling rate is 11 T, it gives zero dead time between frequency measurements. In 
addition, it is supposed that the known systematic effects have been removed from the time 
measurements xk. 

Call 11 TO the initial sampling rate. One obtain a more efficient estimate of O'y( T) using what is 
called the "overlapping estimate". This is obtained through the following equation (for T ~ TO) : 

(AI.3) 

where N is the number of original time departure measurements spaced by TO and T = 11 TO. 

The original Yi ( TO) can be combined to estimate a set of Y k (T) averaged over the time 1: 

1 k+n-l 

Yk =- LYi ' 
n i=k 

The "overlapping estimate" of O'y( T), given in (AI.3), can also be obtained from: 

J M-2n+l 

0; (T) = 2(M _ 211 + 1) f:1(Yk+n - Yk )2 , 

where M is the number of original frequency measurements of sample time TO (M = N-l) 

(AI A) 

(AI.S) 
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If dead time exists between the frequency departure measurements and this is ignored in 
computing (AJ. 1). it has been shown that the resu/ling stability values, which are no longer 
AlIan variances. will be biased, except for the white frequency noise. This bias has been 
studied and some tables for its correction published. 

An interesting feature of cry( 'f) is that its dependence with 'f gives an indication of the type of 
random noise affecting the clock signal. A plot of cry( 'f) versus r for a frequency standard 
typically shows a behaviour consisting of elements as shown in Fig. AI. 1. 

• The first part, with uy{ r) ~ rI, corresponds to a range of averaging times for which the 
white or fHcker phase noise is predominant. Alternative techniques are necessary (see 
below) to decide whether the oscillator is effectively perturbed by white phase noise or 
by flicker phase noise . 
• A second part, with cry( r) ~ r 112, corresponds to a range of averaging times for which 
the white frequency noise is predominant. 
• These rl and/or r 1l2 laws continue with increasing averaging time until the so-called 
flicker "floor" is reached, where cry( r) is independent of the averaging time r. This 
behaviour is found in almost all frequenc.y standards; its level depends on the particular 
frequency standard and is not fully understood in its physical basis. 
• Finally, the curve shows a deterioration of the stability with increasing averaging time, 
a predominant random walk of frequency leading to O'y( r) =:: r+ 1/2. 
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Figure AI.1: Characteristic plot of the AlIan standard deviation cry(lj. 
versus the averaging time To for random frequency fluctuations of an 
oscillator. 

The "modified Allan variance", Mod.cry{r), has been developed, which has the property of 
yielding different dependencies on 'f for white phase noise and flicker phase noise: these are 
respectively r 3/2 and rl. Using time departures Xj, the modified Allan variance is estimated 
using the foHowing equation: 

1 N -3n+l[n+ j-I ]2 
Mod.d2(r)= ? 2 L L(Xi+2n- 2xi+n+ x j) 1 

y 2 n (N - 3n+l) j=1 i=j 
(AI.6) 
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where N is the original number of time measurements spaced by '0, and, = n,o the sampling 
time of choice. 

The time instability in the time-domain for the above five power-law spectra may be measured 
using the second difference of adjacent time averages. This time variance is also relayed to 
Mod. uy( ,) through the following equation: 

2 2 Mod. cl-y ( ,) 
0-(,)= r 

x 3 
(AI.7) 

Two useful properties of the time variance are as follows: 
• ux( ,) is equal to the classical standard deviation of the time difference measurements 
for T = '0, in case of white phase noise. 
• ui ,) is equal to the standard deviation of the mean of the time difference 
measurements for ,= N,o (the data length), in case of white phase noise. 

Table AI.l gives the functional characteristics of five independent noise processes for 
frequency instability of oscillators. 

More infonnation about the characterization of random frequency instability, and about the 
calculation of the level of uncertainty affecting the estimates of the Allan variances can be 
found in the NIST Technical Note 1337, edited in 1990 by D.S. Sullivan, D.W. Allan, D.A. 
Howe and F.L. Walls, and in particular, in the paper "Time and Frequency (Time-Domain) 
Characterization, Estimation, and Prediction of Precision Clocks and Oscillators", by D.W. 
Allan, IEEE TrailS. Ultras. Ferro. Freq. Cont., UFFC-34, 1987, pp 647-654, also reproduced 
in the NIST Technical Note 1337 on pages TN-121 to TN-128. 
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Slope characteristics of log-log plot 

Noise process Time domain 

O"/(T) Modo"/(T) Oi(T) 

Jl v 11 

White phase -2 -3 -1 

Flicker phase -2 -2 0 

White frequency -1 -1 +1 

Flicker frequency 0 0 +2 

Random walk +1 +1 +3 
frequency 

Table Al.}: Characterization of noise processes for frequency 
illstability of oscillators. The coefficients f.J, v, and 17 correspond to 
dependencies of the AlIan variance, the modified AlIan variance, and 
the time variance according to the following expressions: 

u/(T) It:: rP, Modu/(T) It:: TV,ui(T) It:: r'l' 


