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fe & 37 TA(TL) » #3+% £ & UTCr i 4f ~ UTC * 4p 3 % UTC(TL) - 108 &
1-10 * UTC(TL) &4F**-5~5 ns 2z (M 5) > > # UTC(TL)EmAE ¥ E X £ &
BIFLHAONS Pz E R P

AUTC(TL)Ez 2> % »d > 2 a4 2 7 &R #4853 koot SR8
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KEHSUSF%HT - I DRI AR FEE AR PTB 2 2 ®OP % ~ &
P RS R(R6) - FATH Y AT BHEL UTC(TL)Z LA &7 4
GE S

1 usNo  27.16 0.698/32 0.022/14 0.543/50

B2 su 10183 0.849/12 -100 0.849/12
3 NTsC 7.9 0.809/08 0.061/24 0.248/32
A Nim 7438 0.545/13 0.051/07 0.372/20
8 nicT 6.986 0.677/07 0.080/28 0.200/35
e sp 528 0.494/10 0.021/16 0.203/26
7 T sa 1.080/04 0.025/04 0.553/08
g ptB 3973 0.780/05 0.000/01 0.497/08
9 NisT 3814 0.468/08 0.017/04 0.318/12
0N MIKE 3441 0.860/04 100 0.860/04
T F 2859 0.617/04 0.028/14 0.159/18
2N T 2544 0.808/03 0.030/04 0.363/07
N nv 2321 1.127/02 0.067/01 0.774/03
D NPl 1442 0.380/03 0.060/05 0.180/08
N IFAG 1415 0.564/02 0.072/04 0.236/06

%2 10810 & AR %z BTAHEE #1524 £ - i &
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(112)E#H 22 ACRE 55 BIPM) £ ka#Fiae FEUTC)2
F% R = B (TAI)
(L 78 7 2 R 108.01~108.12)

108-# & BIPM Circular T382(2019 NOVEMBER 07)% & F#4L ¢ » “7487T £ I
S8R R P AR PRI R SR R AT AT

CIRCULAR T 382 ISSN 1143-1393
2019 NOVEMBER 07, 15h UTC

BUREAU INTERNATIONAL DES POIDS ET MESURES
THE INTERGOVERNMENTAL ORGANIZATION ESTABLISHED BY THE METRE CONVENTION
PAVILLON DE BRETEUIL F-92312 SEVRES CEDEX TEL. +33 1 45 07 70 70 tai@bipm.org

The contents of the sections of BIPM Circular T are fully described in the document "Explanatory supplement to
BIPM Circular T"
available at ftp://ftp2.bipm.org/pub/tai/publication/notes/explanatory supplement v0.2.pdf

1 - Difference between UTC and its local realizations UTC(k) and corresponding uncertainties.
From 2017 January 1, Oh UTC, TAI-UTC = 37 s.

Date 2019 Oh UTC SEP 28 OCT 3 OCT & OCT 13 OCT 18 OCT 23 OCT 28 Uncertainty/ns
Notes

MJID 58754 58759 58764 58769 58774 58779 58784 uA uB u
Laboratory k [UTC-UTC(k) ]/ns
AOS  (Borowiec) 2.8 5.2 6.6 8.2 9.0 9.1 9.0 0.3 4.2 4.2
APL (Laurel) 5.4 6.6 5.8 3.4 -0.1 -1.3 1.2 0.3 11.1 11.1
AUS  (Sydney) -287.9  -299.1  -308.1 -328.5 -331.9 -340.9 -353.9 0.3 6.5 6.5
BEV (Wien) -6.7 -20.2 -28.1 -24.5 -20.8 -20.2 -21.2 0.5 3.3 3.4
BIM (Sofiya) 11646.3 11688.4 11748.9 11752.3 11759.8 11799.5 11795.3 0.7 7.0 7.1
BIRM (Beijing) 1.8 -2.2 -6.3 -1.8 -4.0 -0.9 - 0.4 2.6 2.6
BOM (Skopje) -2573.2 -2591.1 -2610.3 -2620.7 -2645.2 -2668.0 -2678.0 1.5 8.4 8.6
BY  (Minsk) -1.1 -3.3 -2.2 -1.6 -1.2 -0.9 -1.8 1.5 12.2 12.3
CAO (Cagliari) - - - - - - -
CH (Bern-Wabern) 0.4 -1.3 -1.5 0 3.3 6.9 10.4 0.3 2.1 2.1
CNES (Toulouse) 5.6 1.6 1.5 1.1 1.3 0.9 0.5 0.3 2.8 2.8
CNM  (Queretaro) 3.4 3.5 8.2 7.2 -0.6 9.8 -1.9 2.5 11.2 11.5
CNMP (Panama) -8.9 -6.4 -3.7 5.4 8.1 11.0 -7.6 0.7 7.4 1.5
DFENT (Tunis) 12478.7 12695.9 12911.9 13105.7 13322.1 13515.1 13716.1 0.7 20.0 20.0
DLR (Oberpfaffenhofen) 1012.6 - - - - - - 0.7 3.4 3.5
DMDM (Belgrade) - - - - - -5.0 -3.7 0.3 3.3 3.4
DTAG (Frankfurt/M) -83.0 -82.7 -77.6 -79.4 -83.2 -89.1 -87.4 0.3 20.0 20.0
EIM (Thessaloniki) 9.8 4.9 8.2 10.8 -4.4 10.5 -2.3 3.0 11.2 11.6
ESTC (Noordwijk) 0.6 1.2 1.6 0.1 0.2 0.3 0.2 0.3 3.1 3.2
HKO (Hong Kong) 88.4 94.3 92.4 96.2 102.2 110.1 110.4 0.4 2.9 2.9
ICE (San Jose) -40.3 -36.5 -41.6 -52.0 -71.9 -81.1 -60.9 5.0 20.0 20.6
IDN (Serpong-Tangerang) 1405.8  1423.3  1443.5 1453.7 1451.6 1462.7 1483.3 0.7 2.7 2.8
IFAG (Wettzell) -914.3  -909.9 -889.9 -876.0 -862.3 -846.5 -817.8 0.3 5.2 5.2
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103.2

-79.9
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(H

2.6

2.6

2.5
118.3

4.6
180.4

0.8 4.3
181.1

171.6

2.2
167.9

5.0 20.0 20.6

2.0 20.0 20.1

-54.0 -61.7 -78.1 -83.4 -98.3 -71.3

-31.7

(Bogota D.C.)

INM

(2)

0.3 7.3 1.3

0.2
85.6

2.4 0.3 6.3
82.7 69.6

-0.5

-0.5

-5.0

INPL (Jerusalem)

2.5 20.0 20.2
0.3 20.0 20.0

95.2
-14.8

76.1

0.9

6.5

INTI (Buenos Aires)

-18.0

-16.4

-1.0

-3.1

2.0

5.1

INXE (Rio de Janeiro)

355.3 357.3 336.6 290.0 251.9 220.1 0.4 20.0 20.0
0.3

341.9

IPQ (Caparica)

1.5
2.8

1.5
2.7
4.2 4.2

4.8

4.4
3.8

-71.3

3.9
2.5
-1.0

3.7
2.1
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0.0
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0.3 3.2
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11.2
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Kz
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0.3 20.0 20.0
0.3

-6.7
958.7

-35.1 -24.2 2.3 20.4 16.0
945.4 949.4 950.2 966 .4

951.0

-21.3
930.7

LRTE (Sao Carlos)

LT

2.8

2.8
2.9

(Vilnius)

-12.1 -9.7 -10.1 -6.9 3.2 0.2 0.3 2.9

-17.1

LUX (Belvaux)

2.8

2.8

-173.1  -195.6  -224.0 -257.7 -285.5 -306.3 0.7

-146.9

MASM (Bayanzurkh)

MBM

(Podgorica)

1.3 0.9 0.3 4.6 4.6

0.9

0.7

1.2

1.6

2.2

MIKE (Espoo)

MKEH (Budapest)

MSL
MTC
NAO

1.5 20.0 20.1

403.3 409.3 415.6 420.2 411.5 421.6

412.5

(Lower Hutt)
(Makkah)

-7T14.1 0 -789.1 0 -793.8  -804.1  -817.7 -823.4 2.0 19.9 20.0
0.3

-766.6
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1.8 1.8
1.8 1.8
7.5 1.5
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5.7 3.7
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NIS

-1.6 -5.1 1.0 20.0 20.0
0.3

2.4
1.0

26.5 16.6 4.8
2.1
-1118.8

27.1

35.5

(Cairo)

2.0
3.5
4.2
3.3

2.0
3.5
3.9
3.2

2.7

1.7
1.0

-1150.2

1.1
0.4
-1056.5

0.6 0.5

1.0
1.4

-968.9

NIST (Boulder)

0.3

0.8
-1085.2

0.4

-1033.6

0.9
-1006.9

NMIJ (Tsukuba)
NMLS (Sepang)

1.5
0.5

1.9

-1

2.6

2.4
0.2

1.5
-0.4

0.3
-1.7

-0.8

-0.9

(Teddington)

NPLI (New-Delhi)

NRC

NPL

2.7

0.3

1

-0.5

-0.3

1.6
-2.5

3.0

0.3 2.9

-3.3
-1.8

-7.4
-4.9

3.0 0.2 -9.3 -8.3

6.0
0.2

(Ottawa)

0.3 20.0 20.0

0.3

11.8 12.4

2.5

13.9

NRL (Washington DC)

NTSC (Lintong)

2.6

2.5

1.5

3.0

1.6

1.2

0.2

1.8

11.4

11.2
1.0 20.0 20.0

2.0
0.3

219.2 229.1 234.9 238.9 236.1 234.7

174.3

ONBA (Buenos Aires)

0.2

3.4
2.3

4.3

7.0
2.2

-1.0

-4.2

-3.9
1.5
1.0

20.4

ONRJ (Rio de Janeiro)

OP

1.5
3.1

1.5
3.1

2.3

-1

2.4
-1.3
5.9

2.3

1.9
-0.3

1.5
0.3

17.1

(Paris)

0.3

1

-0.8

-0.8

ORB (Bruxelles)

PL

2.8
0.6

2.8

0.3

-1.2

2.6
2.7

9.5

13.5

(Warszawa)

0.1 0.6

2.8
-2.6
-858.2

1.9

-2.3
-817.5

1.4 1.6
-2.4
-801.4

-2.0
-788.4

1.4

-0.7
-774.3

PTB (Braunschweig)
ROA (San Fernando)
SASO (Riyadh)

SCL
SG

1.7
3.0
3.0
2.7

1.7
3.0
2.9
2.7

-2.3 0.3
-841.4

-2.2
-828.7

0.4

-28.1 1.0
0.3

-27.7

-22.9

-18.3

-16.8

(Hong Kong)

15.8 22.8 27.5 25.8

9.4

4.1

(Singapore)

7.6

7.6
2.7
3.1
12.2

78.5 93.2 103.7 112.9 122.7 0.3
137.3

47.6

35.5

SIQ (Ljubljana)

SL

2.7

0.3

141.0

126.5

118.6

(Colombo)

3.2
12.3

16.8 14.7 9.9 12.0 10.0 0.3
-43.9 -42.2 -51.2

8.0

1.7

SMD  (Bruxelles)

SMU
SP

1.5
0.3

-55.6

(Bratislava)

(Boras)

1.5

1.4

3.7

3.5

3.0

2.7

1.5

1.2

1.6
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SU  (Moskva) 0.1 -0.3 0.7 0.7 0.9 1.4 1.5 0.7 1.7 1.8
TL  (Chung-Li) 0.6 0.7 0.8 0.9 1.3 1.7 1.6 0.3 1.8 1.8
TP (Praha) 14.3 17.0 20.3 23.7 28.7 35.6 30.5 0.3 4.2 4.2
UA  (Kharkov) -5.1 -11.6 -13.1 -18.7 -15.9 -10.4 -13.5 1.5 9.3 9.4
UAE (Abu Dhabi) 11.3 5.5 22.0 15.8 10.8 21.6 10.2 4.0 87 9.6
UME (Gebze-Kocaeli) -84.7 -113.8 -137.1 -157.3 -143.0 -117.7 -104.0 1.5 4.3 4.6
USNO (Washington DC) 2.6 2.4 2.4 2.6 1.7 1.4 0.4 0.2 1.0 1.1
VMI  (Ha Noi) -14.3 -14.1 -5.5 -10.9 -17.6 -21.4 -28.3 2.0 3.8 4.3
VSL  (Delft) 7.6 10.2 13.8 16.5 15.6 4.5 3.2 0.3 1.6 1.6
ZA  (Pretoria) 1.1 1.1 0.3 -15.2 -7.6 -1.1 1.4 0.3 2.7 2.7
(3)

- Notes on section 1:

(1) INCP : Apparent time step of UTC(INCP) of about -140 ns on MJD 58770.8.

(2) INM
(3) ZA
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: Time step of UTC(INM) of -90 ns on MID 58780.75.
. Time step of UTC(ZA) of +22 ns on MJD 58766.56.
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(b) ATF2019 773 ¢ = v 2 & 11 7 30 p A2 E H B y%ed 2 F %k Tk v
# L 4= 2 & A (Chair of ATF Organizing Committee, ATF OC)& ATF OC
SR dd o X 3p TCTE & f i B4 fh > &1 5 ATF2019
Workshop #x 5 18 i # > » € RARAL 4o T #rn (£ 2) e

%’ﬁ?’ APERNRPERE €k A TV U BRI CERE R
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# 3 ATF2019 workshop § #34

Asia Pacific Workshop on Time and Frequency 2019 (ATF2019)

ICC International Convention Centre, Sydney, Australia
November 30, 2019

Opening (09:00-9:05)
Dr. Bruce Warrington, NMIA

Section-1 National Time Scale, Time and Frequency Transfer
Chair: Dr. Michael Wouters, NMIA (09:00~ 10:25)

09:05-09:25

1. Generation and performance of atomic time scale UTC(NIM)
A. Zhang, Y. Gao, Y. Wang, K. Liang, Z. Yang and W. Wang

09:25-09:45

2. Generation of UTC(K) with (UTCr-clock) data fitted to ARIMA model
Ho Seong Lee, Taeg Yong Kwon, Young Kyu Lee, Sung-hoon Yang, and
Dai-Hyuk Yu

09:45-10:05

3. Common-view with broadcast satellite signals

Tadahiro Gotoh, Toshihiro Kubo'oka, and Jun Amagai

10:05-10:25

4. Development of a new digital TWSTFT modem
Miho Fujieda, Ryo Tabuchi, and Tadahiro Gotoh

Coffee Break (10:25-10:55)

Section-I1 Time and Frequency Measurement
Chair: Dr. Dai-Hyuk Yu, KRISS (11:00~ 12:15)

10:55-11:15

1. Evaluation of the TAI scale interval using an optical clock
T. Ido, N. Nemitz, H. Hachisu, F. Nakagawa, T. Gotoh, and Y. Hanado
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11:15-11:35 | 2. Microwave Frequency Generation Using Er-doped fiber optical
frequency comb
Po-Cheng Chang and Chia-Shu Liao
11:35-11:55 | 3. High-accuracy miniaturized optical frequency synthesizer for reliable
frequency distribution
Jae Hoon Lee, Hyun-Gue Hong, Hansuek Lee, Jungwon Kim, Kyoungsik Yu,
and
Dai-Hyuk Yu
11:55-12:15 | 4. Development of Er-doped fiber optical frequency comb with a narrow
linewidth

Shiying Cao, Baike Lin, Fei Meng, Yige Lin, and Zhanjun Fang.

Lunch Break (12:15-13:30)

Section-111  Time and Frequency Standards
Chair: Dr. Tetsuya Ido, NICT (13:30~ 15:10)
13:30-13:50 | 1. Developments of a Cs fountain clock and an Yb optical clock at KRISS
Dai-Hyuk Yu, Won-Kyu Lee, Huidong Kim, Myoung-Sun Heo, Chang Yong
Park, Sang Eon Park, Sangmin Lee, Hyun-Gue Hong, Taeg Youg Kwon,
Sang-Bum Lee, Young-Ho Park, and Kurt Gibble
13:50-14:10 | 2. Developing the Second Sr Optical Clock at NIM
Tao Yang, Zhen Sun, Yige Lin, Qiang Wang, Ye Li, Baike Lin, Tianchu Li, and
Zhanjun Fang
14:10-14:30 | 3. Progress Report of the Ytterbium lon Clock in Thailand.
Piyaphat Phoonthong, Thaned Pruttivarasin, and Tara Chalermsongsak
14:30-14:50 | 4. Recent Progress of Optical Lattice Clocks at NMI1J
D. Akamatsu, T. Kobayashi, Y. HisaiB, T. Tanabe, H. Inaba, T. Suzuyama,
F. -L Hong, K .Hosaka, and M. Yasuda
14:50-15:10 | 5. The research progress of NIM6 Cs atomic fountain clock
Shaoyang Dai, Fang Fang, Chenwei Liang, Kun Liu, Nianfeng Liu, and
T.Li

Coffee Break (15:10-15:30)

Section-1V  Time and Frequency Calibrations
Chair: Dr. Chia-Shu Liao, TL (15:30~ 17:10)

15:30-15:50

1. Calibration method for GPS-disciplined oscillators
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L. Marais, S. Quigg, and M. Wouters

15:50-16:10 | 2. Verifying stopwatches with the NMIA WebTimer
M. Wouters, L. Marais and S. Quigg,

16:10-16:30 | 3. Development of Multi-Channel Frequency Calibration System Based
on Dual Mixer Time Difference Measurement
Yue Zhang, Yuzhuo Wang, Aimin Zhang

16:30-16:50 | 4. Investigation of Differences in Calibration Results for Electronic
Clocks using the Time Base Method and the Totalize Method
Hau Wah Lai, Cho Man Tsui, Steven Shing Lung Yang, Kam Yuen Chan

16:50-17:10 | 5. An Operator Reaction Time-Free Stopwatch Calibrator
Manuel M. RUIZ

Closing Dr. Huang-Tien Lin, TL

90




z - BEALEH
(- ) TL E 99 S p e a5 2 BB 0§ & adel AT IR OE 2

BERLEFESY 2 0 T ? ETRLAFTRHFEFLRE]
TR 2 JET R Z BEE > B LMY R R R RIS % T AP
oo A8 S e, 4 Qe T HRT o

“
WF

—\

o

_,3

(C)AFFHFHTREIAPFFRAHIRIE FLAE L RERERY > £
%wﬁmﬁﬂfw&ﬁxﬁeib@23ﬂ4’Hh$+?f@§xw%
R R/EF P s ]
”%ﬁiﬁ%%é%°ﬁ%%%%$&%iﬁ$
A PRI R B % 2 i R o PRI % & 3R
FARA T XEMAE T E S
VREWE T2 PALAME L 2T R I
L rRREALETAP)RT 2 - 59 %3 BRI 7R P
BB H2 g o

¥ <~

Ay

%2

L\

M

A=

n

% ¥
H oo
a0
S

. =%
oW
A

i)

4

w3
W

AIN

=

‘ﬂ =M
44

X

En

it

o

JENTN

2

e

" s
= .
F& I3 -
RN COR -
%.S
X
K|
P

P
8
ok

C)REFERIZZR e s sMARERPELE AT ARELET %
ﬁiwﬁ%;Lﬂ+ﬂ}£ ]E]Kl-ﬂj}’{g\ B e —-go,.l—rﬁgg ;,;;:r;ﬁmr'

£
FoRE B g mAd 28k~ 7 I 4 PR L

It

(z) %4 CCTF TWSTFT pilot study 2 CCTF 4ph 1 %] %2> F 2 £ H1L %k
FHREIFPCPFEROY A G ITE2ARENEEEAS DER -

(I RFEEPEF 2 JRPBD B e SH BRI F WU TR 2452, 9
REARFFRES ST 2REFFRFEIRET 3 R BH R Tk
AR PAEL R U F AL g < R F o

G)%@1%E&?$3344~§$? BERT a4 U4l 2 AP
BLZ % 3E P iR

91



B o i
(=) ATa - F A RERA G
(=) EAFE (2 4Em ~ R P ) T2
(Z) g &% At i
(=) "R
(F) -8 o sa £ 2R PRAFFI A
() REMRIFBELRD A
(=) B3 &3¢ EHEL

92
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RERE LA FEE
3& o R (+ =) £ kN e
1. Transmission / reception frequency band:
70 MHz / 70 MHz
2. Number of transmitter channels: 2
physical channels
3. Number of receiver channels: 1 physical
and 4 logical
4. Pseudorandom code type: L2C (M)
Tl 5. Number of codes: 32 1200 1 | 1200

6. Chip rate: 1 Mcps

7. Data rate: 50 bps

8. Data frame period: 10 s

9. Carrier phase precision: < 1.7e-4 cycle
(loop-back test)

10. Code phase precision: < 0.5 ns
(loop-back test)
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reference) Ensembles
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reference)
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The Maintenance and New Technology Establishment of National

L3 e N i
L = Standard for Time and Frequency

3% %% [108-1403-05-05-01

HiEFEr |PETLEFETIR HEHEF (108& 17" 36
IR B2 5 Bl adFA (FEQ
A IR D FE A @27 % [|(03)424-4441
R
I A + 8 . Improving Two-Way Satellite Time and Frequency Transfer with
‘ Redundant Links for UTC Generation
Zhiheng Jiang Victor Zhang Thomas Parker
Gérard Petit A Dirk Piester
= 85 A Joseph Achkar
EBp ¢ % 3 R 108# 20 22 p ERETiF8 | #2157
f2 % 8 12 R W i

Two-Way Satellite Time and Frequency Transfer

Coordinated Universal Time
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Two-Way Satellite Time and Frequency Transfer (TWSTFT) is a primary technique for the
generation of Coordinated Universal Time (UTC). At present, more than 12 timing laboratories
around the world use SAtellite Time and Ranging Equipment (SATRET) modems in TWSTFT
operation and contribute data for the realization of UTC. The advantages of TWSTFT are its small
calibration uncertainty (< 1.0 ns if the link is calibrated with a TWSTFT mobile station) and its
long-term link stability. However, the precision of SATRE TWSTFT in the operational networks is
degraded by a daily variation pattern (diurnal) in the TWSTFT results. The diurnal with varying
amplitude appears virtually in all SATRE TWSTFT links. The observed peak-to-peak variation of
the diurnals can reach 2.0 ns in some cases. So far, studies on the sources of the diurnal have not
provided conclusive understanding of the diurnal’s dominant origin.

Therefore, efforts have been made to reduce the impact of the diurnal variation in TWSTFT for
UTC computation. The BIPM has been using the combination of SATRE TWSTFT results and
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GPS carrier-phase Precise Point Positioning solutions (GPSPPP) for UTC computation since 2010.
The combination adjusts the GPSPPP results to long-term averages of TWSTFT and is effectively
free from the diurnal variations because the GPSPPP results contain almost no diurnal. Lately, the
use of Software-Defined Radio receivers (SDR) in TWSTFT has shown one way of how to reduce
the diurnal variations by a factor of two to three in most of the inner-continental SATRE TWSTFT
links, and furthermore, how the short-term stability for all UTC SDR TWSTFT links can be
improved. In addition, there has been research on the full use of the redundancy in the TWSTFT
network to improve the TWSTFT link stability. Recent studies on evaluating indirect links
revealed that it is possible to apply a simplified procedure to use the redundancy, in a most
effective way, to reduce the diurnal variations in the Europe-to-Europe SATRE TWSTFT links by
a factor of two to three.

The methods of the combination of SATRE TWSTFT and GPSPPP as well as the indirect SATRE
TWSTFT links utilize the redundancy in the UTC time transfer network. The SDR TWSTFT can
largely reduce the diurnal in SATRE TWSTFT, but noticeable residual diurnal remains. In this
paper, we provide the analyses of using the combination of SDR TWSTFT and GPSPPP results, as
well as using the indirect SDR TWSTFT links. This paper concludes that the use of SDR
TWSTFT redundant links can further improve the stabilities of UTC TWSTFT links. In addition,
the use of SDR TWSTFT indirect links is a pure TWSTFT solution. The independence of the
TWSTFT results to GPS results can improve the robustness of UTC computation.
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We design and evaluate 2 new independent atomic timescales of TL to adapt the
composition change of the atomic clock ensemble from major cesium clocks into hydrogen
masers. In response of the affiliation of hydrogen maser ensemble (ens(hm)) and to keep the
phase accuracy of the 2 new timescales, the drift rate of each hydrogen maser is predicted
and removed according to the cesium clock ensemble (ens(cs)) and the short term frequency
jump of cesium clocks are corrected by ens(hm). The long term overlap Hadamard deviation
and short term overlap Allan deviation are used for filtering out the occasional outlier clock
data of hydrogen masers and cesium clocks separately. In the 250 days simulation test from
March to November 2018, both 2 new timescale displayed more stable and accurate
performance than the old TA(TL) timescale. Their modified Allan deviation could reach
below 1E-15 and the time deviation is less than 1 ns after the average time 60 days with
respect to TAI.
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This study analyzes the asymmetry effects of propagation delay measurements caused by the
relative velocity between a satellite and ground stations. We provide the derivation of the basic
equations for those asymmetry effects. In advanced TWSTFT techniques, such as dual
pseudo-random noise (DPN) codes and TWSTFT carrier phase, the phase is continuously tracked
and accumulated in measurements. Thus, the second-order terms for accumulated Doppler shift are
also discussed. Ideally, the results of TWSTFT should reflect only the asymmetry on bi-direction
propagation delays. Then, we compute the correction for two-way delay asymmetry, accumulated
Doppler shift difference, and Sagnac effect through the derived equations. The calculated results
are compared with the experimental TWSTFT data. The time deviations at the 12-hour averaging
time are reduced from 66 ps to 60 ps after applying the correction to the raw DPN TWSTFT data
in NICT-TL link.
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In this paper, we calculate the difference of carrier frequencies at remote stations with
considering the satellite motion and evaluate its impact on the TWSTFT data. The results show
that the diurnals in transatlantic TWSTFT links have a clear correlation with the difference of
fractional carrier Doppler frequencies between two stations. We also correct the diurnals with a
linear correlation coefficient of 1 ns/10”° between two-way time transfer data and fractional carrier
Doppler difference. The results show that time stabilities (TDEVS) at the 12h averaging time are
reduced from 234 ps to 106 ps for the NIST-PTB link as the corrections are applied. The possible
explanation is that the code and carrier tracking loops share the same correlators in receivers.
Whenever there are discrepancies of change rates between delay and carrier in a receiver, residual
error of a tracking loop may have an impact to the other.
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For more than 15 years, Two-Way Satellite Time and Frequency Transfer (TWSTFT) has been a main
technique used continuously and regularly in about 20 laboratories worldwide for the generation of
Coordinated Universal Time (UTC) and the results are published monthly in the BIPM KCDB
(CCTF-K001.UTC) and the BIPM Circular T. The technique relies on a protocol for transmitting and
receiving clock signals via a telecommunication satellite and using carrier frequencies in the Ku band.
For this purpose, SAtellite Time and Ranging Equipment (SATRE) modems, developed and marketed
by TimeTech GmbH, are being operated in the earth stations of the contributing laboratories. The
precision of TWSTFT as observed today is limited by an apparent daily variation pattern (diurnal) in
the TWSTFT results. In consequence, calibrations using a mobile TWSTFT station are usually limited
by the same effect. Recent developments of Software-Defined Radio (SDR) receivers for TWSTFT
have demonstrated superior performance in terms of stability [Metrologia 55 (2018) 685-698], and
thus the BIPM processes the SDR measurements of the TWSTFT link between LNE-SYRTE and PTB
as a UTC backup link since the end of 2017. However, the accuracy in time remains limited to date
because the SDR TWSTFT link is calibrated by alignment with the corresponding SATRE TWSTFT
link. In this paper we present the first calibration of an SDR TWSTFT link using a travelling SDR
receiver developed in LNE-SYRTE driven by a calibration software developed by LNE-SYRTE in
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collaboration with TL. This work is aimed to improve the calibration accuracy and thus the
uncertainty of operational time links, e.g. to improve the generation of UTC or the Galileo ground
segment timing infrastructure. At the colloquium, we will present in detail the calibration method
used, the calibration results and associated measurement uncertainties for the SDR TWSTFT link
between LNE-SYRTE and PTB.
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Significant progress has recently been made in the TWSTFT technique of comparing remote time
scales with the development of SDR receivers. The accuracy of the TWSTFT method depends on the
residual effects due to the incomplete reciprocity of the link (satellite delay difference, Sagnac
corrections, Up/Dn links difference, earth stations delay difference). Our efforts here focus on
determining, with the lowest uncertainty, the differential delay of the earth station equipped with SDR
receiver and monitoring its instability, both parameters having a significant contribution to the link
performance. We propose the use of an SMSS developed in LNE-SYRTE for earth station
characterization. Two-way measurement were carried out, for the first time, using two distinct
methods: Tx and Rx of two-way signals by a modem device (SATRE) and Rx of signals performed
partially by software, developed in collaboration with TL, using an SDR receiver. The preliminary
results are presented.
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Two-way satellite time and frequency transfer (TWSTFT) is one of the most accurate methods to
compare two frequency sources that are far apart. The binary shift code keying (BPSK) signal
synthesizing to the local frequency source will be generated by the time-transfer modem, and then
transmit through earth station transmitter. The modem can also demodulate the signal transmitting
from the counter-part station, and then get its time of arrival (TOA). To improve time comparison
uncertainty, the signal propagation uncertainty should be reduced and the accuracy of TOA
measurement should be ensured. TWSTFT is performed using the microwave communication on
physical layer through geostationary satellites. According to the symmetrical property, the
microwave signal propagation from an earth station to a satellite and is identical to that from the
satellite to the station. Taking this advantage, the TWSTFT can offer a precision of one nanosecond
for time comparison between two clocks over an intercontinental distance.

The software-defined radio (SDR) method provides more computational resources and more
flexible platform for digital signal processing (DSP) than existing analog modems. The key
components of the SDR are an analog-to-digital (A/D) sampler, a signal generator, and DSP
algorithms. The features that the A/D sampler has high sampling rate (50M samples per second) and
the samples have uniform sampling interval could improve the accuracy of TOA measurement. We
have developed a TWSTFT receiver based on SDR technique to measure TOA, and we have
conducted several clock comparison activities among several institutes with the SDR receiver. As
shown in Figure 1, the SDR receiver can provide higher precision than existing TWSTFT modem.
Based on some encouraging results, the clock comparison by using TWSTFT with SDR receivers
has been considered as an effective method for the UTC generation.
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Two-Way Satellite Time and Frequency Transfer (TWSTFT) is a primary technique for the
generation of Coordinated Universal Time (UTC). About 20 timing laboratories around the world
continuously operate TWSTFT using SAtellite Time and Ranging Equipment (SATRE{) modems
for remote time and frequency comparisons in this context. The precision of the SATRE TWSTFT
as observed today is limited by an apparent daily variation pattern (diurnal) in the TWSTFT results.
The observed peak-to-peak variation have been found as high as 2 ns in some cases. Investigations
into the origins of the diurnals have so far provided no complete understanding about the cause of
the diurnals. One major contributor to the diurnals, however, could be related to properties of the
receive part in the modem. In 2014 and 2015, it was demonstrated that bypassing the receive part
and the use of Software-Defined Radio (SDR) receivers in TWSTFT ground stations (SDR
TWSTFT) instead could considerably reduce the diurnals and also the measurement noise.

110




F IR £ (2)

18 RRFHEFHEZVERFSEHE A
F R £

PE e | Vv |2 apRREE e RE

) .. . |The Maintenance and New Technology Establishment of National Standard
- L ® .
for Time and Frequency

3% %% |108-1403-05-05-01

HiEFEr |PETEFETIR FHEHEF [108& 17 3 12 ¥
IR B2 5 Bl adF A (FER
A I3E A F A T
P>
S AR - S —— :
# < |2018 Group 2 GPS Calibration Trip Cal_ID: 1017-2018
F
B o8 ¢
ERDPY P £ % ®108£5% 200 |EAETAEE | ¥< 19F
2 % 9 2 PE AR & RfER W s |9
global positioning system
universal coordinated time
calibration
B 4 2e
PEAEL

TL coordinated a calibration trip for GPS time transfer equipment of two G2 laboratories RCM-LIPI
in Indonesia and MUSSD in Sri Lanka over nine months during 2018 and 2019. The GPS traveling
equipment TRVL was developed by NMIA and prepared by TL. The equipment was sent from TL,
circulated among RCM-LIPI and MUSSD, and finally back to TL for closure measurement.
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We provide the derivation of the equations for asymmetry effects due to the satellite

motion. Ideally, the results of TWSTFT (both for code and carrier-phase based methods) should
reflect only the tiny asymmetry on bi-direction propagation delays. Then, we compute the
correction for two-way delay asymmetry, accumulated Doppler shift difference, and Sagnac
effect through the derived equations. The calculated results are compared with the experimental
TWSTFT data. The time deviations at the 12-hour averaging time are reduced from 66 ps to 60
ps after applying the correction to the raw DPN TWSTFT data in NICT-TL link. In advanced
TWSTFT techniques, such as dual pseudo-random noise (DPN) codes and TWSTFT carrier
phase, the phase is continuously tracked and accumulated in measurements. However, due to
the difference of up/downlink frequencies, there are discrepancies between received code and
carrier frequencies. Some additional error may be caused by the Doppler sensitivities on TW
receivers. It is worth conducting further research on the impact of Doppler effects in the code

and carrier tracking loops of receivers.
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