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Introduction

NIST maintains a Coordinated Universal Time scale, called
UTC(NIST), that it distributes to industrial time users
through a wide range of activities.

These activities include remote calibrations at state-of-the-
art accuracy levels and free broadcast services that
synchronize many millions of clocks every day.




NIST’s involvement with atomic timekeeping spans more than 60 years

The world’s first atomic clock was built at NIST (NBS) in 1949
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» Based on the ammonia molecule, it was unveiled in January 1949.

» Well publicized, but it never worked well enough to be used as a standard or
reference. Its best reported uncertainty was about 2 x 10-8, which was not accurate
enough to replace the quartz oscillators then used as the national frequency
standard. But it provided a glimpse of what the future would bring ......



Seven Cesium Beam Primary Frequency Standards were built at
NBS/NIST




Cesium Primary Frequency Standards Designed at NBS/NIST

NBS-1 1952-1962 1959-1960 300 Hz 65 cm 1x10711 [44]
NBS-2 1959-1965 1960-1963 110 Hz 164 cm 8 X 10712 [44]
NBS-3 1959-1970 1963-1970 48 Hz 366 cm 5X 10713 [45]
NBS-4 1965-1990s NA * 130 Hz 52.4 cm 3 X 10713 [46]
NBS-5 1966-1974 1972-1974 45 Hz 374 cm 2 X 10713 [46]
NBS-6 1974-1993 1975-1993 26 Hz 374 cm 8 X 10714 [48]
NIST-7 1988-2001 1993-1998 62 Hz 155 cm 5 X 10715 [51]

Table 1. Summary of NIST cesium beam primary frequency standards, including the best
published accuracy number.

“ NA indicates that NBS-4 was used in conjunction with NBS-5 and NBS-6. but was never offi-
cially designated as a standalone NPEFS.




NIST-F1 Atomic Fountain Clock
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& A cesium fountain frequency
standard. The Sl second is defined
as the duration of 9,192,631,770

o periods of the radiation

hr:, 23 ... corresponding to the transition
«J ! - .
- between the two hyperfine levels of

Laser oo the ground state of the 133Cs atom.
& | = J
IE - Las;rl

Laserﬁ .

Current accuracy (uncertainty):
NIST-F1 oo 116
laser-cooled 22 LY

fountain « 26 trillionths of a second per day.

standard : .

“atomic e 1 second in 105 million years.
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Equivalent to measuring distance from earth to sun (1.5 x 102 m or 93
million miles) to uncertainty of about 45 xm (less than thickness of
human hair).




Improvements in Primary Frequency Standards at NBS/NIST
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UTC(NIST) Time Scale

The NIST Time Scale consists of an
ensemble of commercial clocks, currently
six hydrogen masers and four cesium beam
standards.
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The weighted average of these clocks
generates a continuous, real-time signal
from a high resolution frequency
synthesizer that is locked to a hydrogen
maser. Both 5 MHz (frequency) and 1 pps
(time) signals are generated.

The clock ensemble is periodically
calibrated using the NIST-F1 primary
standard.

UTC(NIST) is a real-time realization of
Coordinated Universal Time (UTC). The
true UTC is a post processed time scale
that is not available in real time. The BIPM’s
Circular-T document shows the difference
between UTC(NIST) and UTC at five-day
intervals.




BIPM Circular T (www.bipm.org)

CIRCULAR T 241 IS5N 1143-1393
2008 FEBRUARY 13, 17h UTC
BUREAU INTERNATICNAL DES POIDS ET MESURES

ORGANISATICN INTERGOUVERNEMENTALE DE LA CONVENTICN DU METRE

PRVILLON DE BRETEUIL F-92312 SEVRES CEDEX TEL. +33 1 45 07 70 70 FBX. 433 1 45 34 20 21 taifbipm.org
1 - Coordinated Universal Time UIC and its local realizations UIC(k). Computed walues of [UTIC-UIC (k)
and uncertainties walid for the period of this Circular. From 2006 January 1, Oh UTC, TAI-UTC = 33 s.

Date 2007/08 Oh UTC DEC 30 JAN 4 JEH 8 JEN 14 JEN 19 JEN 24 JEM 29 Uncertainty/ns MNotes

MJD 54464 54469 54474 54479 54484 54489 54494 un uB u
Laboratory k [UTC-UTC (k) ]/ns
ROS (Borowiec) -8.7 -4.8 -14.9 7.3 -8.3 0.4 1.5 1.5 5.1 5.4 (1)
APL (Laurel) -28.0 -1g.2 -0.9 -3.6 4.0 7.0 6.9 1.5 5.1 5.3
RUS (Sydney) 128.0 124.8 126.1 1z23.% 130.4 1z21.% 106.9 1.5 5.1 5.3
BEV (Wien) -13.3 -23.5 -25.8 -32.8 -46.0 -61l.4 -60.7 1.5 5.1 5.3
BIM (Sofiya) -6008.1 -6014.7 -6014.8 -6005.6 -6004.5 -6007.4 -6011.1 2.0 7.1 7.4
BIRM (Beijing) -4357.6 - - - - - - - -
BY (Minsk) 233.9 .5 2z22.3 21z2.7 205.5 216.8 213.% 7.0 20.0 21.2
CaCQ (Cagliari) -1471.5 .9 -1490.8 -1499.8 -1533.3 -1552.2 -1552.9 1.5 7.1 7.2
CH (Bern) -18.7 -2 -17.2 -8.3 -0.2 1.6 -1.6 0.5 1.5 1.6
CHM (Queretarc) 23.9 -0 3.1 -9.4 -1%5.9 -2z.8 -32.4 5.0 5.1 7.1
CHMP (Panama) T3.7 T8.2 90.7 100.5 94.6 gg.2 85.0 3.0 5.1 6.0
DLR (Cberpfaffenhofen) -56.4 -57.0 -51.2 -52.8 -53.8 -49.1 -43.1 0.7 5.1 5.2
DTAG (Frankfurt/M) 213.5 200.2 1%94.8 198.4 1%6.8 z1z.z 213.5 4.0 0.0 10.8
EIM (Thessaloniki) - - -8.7 -5.7 -5.2 -1.5 2.5 3.0 20.0 20.3
HEO (Hong Kong) sl.z 88.0 79.7 76.0 71.4 77.8 TE.4 2.3 5.1 5.7
IFRG (Wettzell) -453.3 -439.4 -435.9 -432.1 -421.8 -411.5 -412.86 0.7 5.1 5.1
IGMA (Buenos Aires) - - - - - - - -
INPL (Jerusalem) - - - - - - - - - -
IT (Torinao) -3.0 -4.8 -4.0 -4.5 -Z.4 -0.8 -0.4 0.5 1.5 1.6
JAIC (Lintong) -g.2 -5.2 -7.2 -8.0 8.9 -7.8 -8.2 1.4 4.9 5.1
av (Ejeller) 5135.3 5251.3 539z2.5 5524.1 5670.1 5787.1 5893.8 5.0 20.0 20.8&
HKRIS (Dasjeon) -1z.7 -8.5 -6.3 -5.7 -11.7 -z.9 -14.8 7 5.1 5.1
LDS (Leeds) 4314.8 - - - - - - -
LT (Vilnius) 230.7 222.5 239.3 223.7 223.8 224.4 2z28.8 1.5 5.1 5.3
LV (Riga) 466.0 521.8 581.7 43.5 707.8 TE66.5 827.9 2.0 7.1 7.4
MIKE (Espoo) -106.8 -1z21.0 -11z.8 -108.7 -114.z2 -104.4 -120.3 4.9 19.8 20.4
MEEH (Budapest) - - -240.2 -427.8 -603.3 -782.2 -882.5 2.5 20.0 20.2
MSL (Lower Hutt) -250.0 -269.5 -283.7 -260.9 -213.6 -164.9 -124.0 1.0 20.0 20.0
HACQ (Mizuszawa) -67.2 -62.7 -51.9 -38.5 -24.5 -2.5 10.2 3.0 19.9 20.1
NWICT (Tokyo) -28.4 -27.4 -26.1 -27.0 -26.8 -27.4 -28.3 0.5 4.5 4.6
Date 2007/08 Oh UTC DEC 30 JAN 4 JRH 8 JEN 14 JEN 18 JEN 24 JEN 29 Uncertainty/ns MNotes

MJD 54464 54469 54474 54479 54484 54489 54494 un uB u

[UTC-UTC (k) 1 /ns

Laboratory k

NIM (Beijing . > . "
= 3 9 .0 .6 8.2 0 2.

IMT (Bangkok) -628.5 -657.0 -679.3 -706.8 -720.5 -757.5 1.
NIS (Cairo) 28.2 19.8 14.5 13.9 17.5 26.6 2.
NIST (Boulder) 0.9 1.3 0.6 -0.9 -1.9 -1.2 a.
IJ (Tsukuba) 20.6 22.9 21.6 2.4 16.7 15.6 0.
-241.1 -238.4 24.8 7.0 & 4 2.

NPL (Teddingtd

NPLI (New-Delhi) . .0 . . . . .
NRC (Cttawa) -69.4 -70.7 -70.9 -67.7 -64.1 -54.9 -59.5 .0 5.1 .9

NRL (Washington DC) - 72.9 34.0 34.5 106.2 119.0 129.8 0.7 5.1 5.2 (3)
NTSC (Lintong) 23.4 17.5 20.3 13.5 7.5 3.0 1.4 4.8 5



UTC - UTC(NIST)
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UTC(NIST) is compared internationally using many methods of
satellite-based time and frequency transfer

Global Navigation Satellite System (GNSS) Geostationary Satellite

GNSS L
Auamentation Communication
GPS |GLONASS| GALILEO |COMPASS %atellite satellite

Two-way Satellite Time
One-way, Common-view, All-in-view and Frequency Transfer
(TWSTFT)

Code, Carrier-phase Measurements




Two-Way Satellite Time and Frequency Transfer

dgyp
Q . The primary
A d. technique usgd by
dyg .0 TSBA W NIST to contribute to
o UTC.
d, dBS\\f\\ 3 NIST is involved in
= regular comparison
2 with 12 European
d?}’l dTB NMIs.
o TX . CLK, CLKg — TX / O NIST earth station
T uses a 3.7 m dish, and
> Ky band radio
RX . 1C e — RX equipment.
dp, dpp

Earth Station A Earth Station B



Common-View GPS Measurements

Common-view GPS is the easiest, most practical, and cost
effective way to compare two clocks at remote locations.

Satellite S

The common-view method involves a GPS satellite (S), and
two receiving sites (A and B). Each site has a GPS receiver, a
local time standard, and a time interval counter.

Measurements are made at sites A and B that compare the
received GPS signal to the local time standard.

Two data sets are recorded (one at each site):
0O ClockA-S
0 ClockB - S

The two data sets are then exchanged and subtracted from
each other to find the difference between Clocks A and B.
Delays that are common to both paths (ds, and dgg) cancel, but
delays that are not common to both paths contribute uncertainty
to the measurement. The equation for the measurement is:

(Clock A—S) — (Clock B — S) = (Clock A — Clock B) + (dg, — dgg)



Comparison of GPS and TWSTFT Time Transfer

UTC(NIST)-UTC(PTB)
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The SIM Network

SIM is the Interamerican Metrology
System, the RMO for North,
Central, and South America. The
SIM Network is an excellent
example of how NMlIs can establish
traceability through international
comparisons, even if they are not
involved in the BIPM key
comparisons.

Fourteen NMIs (light colored clocks
on the map) now participate. Two
more NMIs (dark colored clocks)
are expected to join the network in
2010. All of these labs
continuously compare their time
and frequency standards, 24 hours
per day, 7 days per week.



SIM Results are available on-line at: tf.nist.gov/sim

SIM Time Network

(real-time measurement results for the 10-minute period ending on 09-29-2009 at 2250 UTC)
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NIST Time Scale and Distribution

Two-way satellite time

4 Cesium Beam standards & frequency transfer

ogen Masers
AU - =

Measurement ystem

Calibrated by NIST-F1 International coordination of time
primary frequency standard and frequency: UTC, TAI, etc.



Remote Calibration Services
Remote calibration services satisfy the most demanding
industrial timing customers, including timing laboratories, ﬁ

research laboratories, and the telecommunications
Time Measurement and
Analysis Service

Industry.

Time Measurement and Analysis Service (TMAS)

» Direct comparison to to UTC(NIST) via Common-View GPS.
Based on technology of SIM Time Network.

e <15 ns uncertainty (k = 2).
 Real-time measurement results available via Internet.

Frequency Measurement and Analysis Service

* Full measurement system with continuous remote
monitoring by NIST through telephone lines.

* Frequency uncertainty w/respect to UTC(NIST) is
~2 x 1013 after 1 day of averaging.




Frequency Measurement &
Analysis Service

9 10 11 12 13

UTC Date & Time Bars Show Last 24 Hours Time Interval Measurements
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Feature

FMAS/TMAS Comparison

FMAS TMAS

5 1

1 Hz to 120 MHz 1 Hz only
Not Available 15 ns

2 x 1013 at 1 day

5x 1014 at 1 day

Telephone line

Internet

Daily printouts of phase plots,
monthly calibration report sent
via malil

Real-time reporting via Internet,
updated every 10 minutes

Phone and email support,
replacement parts shipped when
necessary via FedEx

Phone and email support,
replacement parts shipped when
necessary via FedEx




Time By Radio: WWV/WWVH
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Time by Radio: WWV/WWVH
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HF time signal stations
operate in the radio spectrum
from 3 to 30 MHz (often
known as shortwave). WWV
Is the shortwave station
operated by NIST from Fort
Collins, Colorado. lIts sister
station, WWVH, is located on
the island of Kauai in Hawaii.

Both stations broadcast on
2.5,5, 10, and 15 MHz, and
WWYV is also available on 20
MHz.

WWV and WWVH are best
known for their audio time
announcements. The exact
size of the radio audience is
unknown. About 2000 users
per day listen to the signals
by telephone through the
Telephone Time-of-Day
Service (TTDS).



remaining HF Time

Call Sign Location Frequencies Controlling NMI
(MH2z)
WWV Fort Collins, 2.5,5, 10, 15,20 | National Institute of Standards and
Colorado, Technology (NIST)
USA
WWVH Kauai, 2o 10S National Institute of Standards and
Hawaii, USA Technology (NIST)
BPM Lintong, 285 505 National Time Service Center (NTSC)
China
CHU Ottawa, 3.33,7.85, 14.67 | National Research Council (NRC)
Canada
HLA Taejon, Korea 5) Korean Research Institute of Standards

and Science (KRISS)




Time By Radio: WWVB




WWVB Radio Controlled Clocks

O Low frequency time
signal stations operate
at frequencies ranging
from about 40 to 80
KHz.

WWVB broadcasts on
60 kHz with 70 kW of
power from Fort
Collins, Colorado.

Between 50 and 100
million WWVB radio
controlled clocks are
believed to be In
operation.

Casio expects to sell 2
million WWVB
compatible
wristwatches in 20009.



LF Time Signal Stations

Call Sign Location Frequency Controlling NMI
(kHz)
WWVB Fort Collins, 60 National Institute of Standards and
Colorado, Technology (NIST)
USA
ERE Lintong, 68.5 National Time Service Center (NTSC)
China
BEE Mainflingen, s Physikalisch-Technische Bundesanstalt
Germany (PTB)
HBG Prangins, 75 Swiss Federal Office of Metrology and
Switzerland Accreditation (METAS)
Y Japan 40, 80 National Institute of Information and
Communications Technology (NICT)
MSF Rugby, United 60 National Physical Laboratory (NPL)
Kingdom
RBU Moscow, 66.67 Institute of Metrology for Time and
Russia Space (IMVP)




Internet Time Service (ITS)

U One of the world’s most popular time
distribution services. The ITS
synchronizes more than 100 million
computer clocks every day.

U 22 servers located around the United
States.

U Client software is built into common
operating systems: Windows XP and
Vista, Mac, Unix.
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. i Linitisg feap plng resgense from 448 to

Liniting lemp ping resposse from T8 fo
Limiting lcap ping resyonse rom 318 o
Liniting iemp ping " 99 1o
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Linitisg leay ping resposes

Next synchronization: 9/18/2009 at 3:25 PM

Synchronization can occur only when your computer is connected to the
Internet, Learn more about time synchronization in Help and Support
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Timing Requests Per Day

3,500,000,000

Internet Time Service (ITS)

3,000,000,000 -

2,500,000,000 -

2,000,000,000 -

1,500,000,000 -

= Daytime and Time Protocol
- Network Time Protocol (NTP)

—— Total Timing Requests

1,000,000,000 o

500,000,000 -

0

January-03

T T T T T
January-04 January-05 January-06 January-07 January-08

a Over 90% of ITS users

request time in NTP
format.

NTP refers to the
Network Time Protocol,
the most widely used
mechanism for time
distribution via the
Internet, defined by
the RFC-1305 standard.

The uncertainty is
usually about 50
milliseconds.

On peak traffic days,
the NIST NTP servers
handle more than 3
billion timing requests



National Web Clock (time.gov)

d Handles about 400,000 Right now, the official U.8S. time is:
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Automated Computer Time Service (ACTS)

TimeValidation
System (ATVS)

OATS COMPLIANT

Amano Time Validation System (ATVS)

T'he PEX-30K0xM Time Validation Unit and the PEX-COM Time Synchronization Soltware have
been specially designed by Amano in comphiance with the Order Audit Trasl Svstem (OATS) rules.

REQUIREMENT  OATS COMPLIANCE v ATYS SOLUTION

Imiprint formal * Y 2K compliance and prnis seoomnils v' 13580 18R] s

YYYY MAMDD HHMM 55 YYYYMMDD HHMM 55

Time = Time synchronization with Adomic time v 1538/62/28 16248 330 =

= scli-validation mark

= Relf-validation Time
F:'.Iu.'|||n||.-)’:||<l 1]

"-.:\Ih."‘lh'lllif'.'lI:-.lel froam W1ST*® an least onee et ||.|:.

Time devialion = Within 3 seconds deviation per day v » Less than 25 seconds
deviation per diy

MNational Institule of Standards and Techndogy (NIST ), Houlder. (00

The Automated Computer Time
Service that delivers time over
telephone lines.

ACTS synchronizes computer
clocks and standalone clocks
through ordinary telephone lines
using analog modems.

Not used for frequency. The time
uncertainty is about +/- 15
milliseconds.

Popularity has decreased due to
Internet NTP servers, but ACTS
still synchronizes about 5000
computer clocks per day.

Many ACTS customers are
brokerage houses involved in stock
market transactions.



Distributed UTC(NIST) Signals

Signal Time Frequency Notes Clocks
Source Uncertainty Uncertainty Synchronized or
(microseconds) (1 day) Measured Per Day
(estimated)
TMAS <0.015 5x 1014 Remote calibration service 10
for paying customers.
FMAS Not 2 x 1013 Remote calibration service 35
Applicable for paying customers
WWVB 100 1x 1012 Free Broadcast Service 50 to 100 million
WWV/WWVH 1000 1x 10° Free Broadcast Service 1 million
ACTS 5000 Not Free Broadcast Service 5000
Applicable
ITS 10000 Not Free Broadcast Service > 100 million
Applicable
TTDS 30000 Not Free Broadcast Service 2000
Applicable
Time.gov 200000 Not Free Broadcast Service 400,000
web clock Applicable




The Distribution of UTC(NIST)

Frequency Data NIST PRIMARY
FREQUENCY
STANDARD

INTERNATIONAL
ATOMIC TIME
SCALES (TAI, UTC)

Periodic f Calibrations

NIST ENSEMBLE OF

TTie Data ATOMIC OSCILLATORS

TA (NIST)

Leap 8 Seconds

Various OTHER
INTERNATIONAL
Satellite Links TIME SCALES

Remote Calibrations GPS Link
(FMAS and TMAS) UTC (NIST)

Comparisons made via common-view measurements and other methods

HF RADIO STATION HF RADIO STATION LF RADIO STATION AUTOMATED INTERNET TIME NIST.TIME.GOV
WWV WWVH WWVB COMPUTER TIME SERVICE (ITS) WEB SITE
(FT. COLLINS, CO) (KAUAL, HI) (FT. COLLINS, CO) SERVICE (ACTS) (MUTIPLE SERVERS)

AUDIO TIME SIGNALS
VIA TELEPHONE

2.5:5.10; 25,5, 60 kHz Telephone Internet Internet
15, 20 MHz 10, 15 MHz System



summary

The UTC(NIST) time scale is an important part of a world

Infrastructure of time and frequency that ensures traceabillity to the
International System of units (SI).

Establishing traceability provides evidence that measurements are
being made correctly.

Through its time scale and services, NIST:
[ synchronizes many millions of clocks each day

U helps the private and public sectors meet their legal and technical
time and frequency requirements

[ provides calibration services to paying industrial time users with
the most demanding requirements
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