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Abstract

At NICT, Japan, research and developments for ttime and frequency standardare
performed by the Spae€&ime Standards Group. The objectives of this group are to establish
standards and eference of space and time as the fundamental basis for various fields of
activities in science, engineering, and social activities, and to provide easy access to these
foundations from wide range of communities.The recent activities and achievements tbe
group are reported in this paper.

1. INTRODUCTION

At National Institute of Information and Communications Technology (NICT) of Japan, research and
developments related with time and frequency are currently conducted by theT8pac&tandards Grqu

of the New Generation Network Research Centdihe objectives of this group are to establish standards
and reference of space and time as the fundamental basis for various fields of activities in science,
engineering, and social activities, and to pdevieasy access to these foundations from wide range of
communities. To carry out this concept, four research projects have been established in the Giwip.
Japan Standard Time Project is responsiblettergeneration and maintenance of higlality Jgpan
Standard Time (JST) and UTC (NICT), as well as dissemination of them by various methbds.
Atomic Frequency Standards Project is aiming to develop and operate primary frequency standard systems
and optical frequency standard systemis the Satellte Time Control Projectprecise time and frequency
transfer experiments between a grouefitrence clock and an atomic clock on the satellite such a8ETS

and the QuastZenith Satellite Systerare being developed The SpaceTime Measurement Project is
conducting research and development for precise time and frequency transfer and establishspetitdf
reference frame by using tweay satellite link methods, optical fiber transfer methods, and space geodetic
techniques.
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2. ATOMIC FREQUENCY STANDARDS

2.1. CESIuM PRIMARY FREQUENCY STANDARDS

The optically pumped cesium primary frequency standard (NDQY stopped operation in June 2006.
Instead of NICTO1, the cesium atomic fountain primary frequency standard MISH1 isnow in
operation (Figure 1) It has been used for TAl determination by BIPM since 2006, and obtained
international official recognition in September 20[a}. Its frequency uncertainty was reported in the
Circular T No. 249 (October 2008) as k.60,

We have introduced a Urarsity of Western Australia built CryogenBapphire Oscillator (CSO).
Synthesis chains based on the G8®e been assembled without degradation ofrégencystability of
the CSO. At present, the IGHz and 9.1925Hz signals, whose sherm stabilites arebetterthan 2x
10™at 1s, are available as references for frequency standafds

Figurel. Cesium atomic fountain primary frequency stand&di€C{T-CsFJ).

2.2. OPTICAL FREQUENCY STANDARDS

NICT is developing two kinds of opticaldguency standards.One usesa single ion trap technique of

“Oca’ (Figure 2) In June 2008, we reported the absolute frequency of clock transitiB@afwvith an
uncertaintylevel of 10™ for the first time in the world3,4], whose value is in good egement with the

result given bythe Innsbruck groujp]. At the 18thMeeting of the CCTF in June 2009et8,/,-°Ds),
transition of the“°’Ca was approvedfor inclusion in the list of recommended frequenciesThe
uncertainty of the frequency was adapfeom the results reported by NICT, and the absdieguency

value was adopted from the weighted mean of the values reported by University of Innsbruck and NICT.
Our pre?fnt best estimate of the absolute frequency was obtained in August 2009 wittettaénty of
1.2x10™.
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Figure 2. Optical frequency standard using an electric quadrupole transition in single,
lasercooled, trapped Caons.

The other is a Sr optical lattice clo{kigure 3) A two-stage magnetoptical trap of Sr atoms anche
final trap by opticalattice potentialhavebeensuccassful By using a preliminary stabilizedack laser
system the clock transition of’Sr atomswasobserved with a linewidth of.2 kHz (FWHM) in Octdber
2009. In theoretical researchthe possilility of a new clock usinga molecubr transition has been
suggestedb,7].

Figure 3. Emission of Sr atoms trapped ajaser cooling technique.
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2.3. OPTICAL MEASUREMENT AND TRANSMISSION TECHNIQUE

Two optical frequency comb systems originallweleped by using different lasers play an important role
in the evaluation of optical frequency standards urdterelopment Their frequency stabilities of 210
were confirmed by mutualomparison

3. TIME KEEPING

UTC (NICT), the bas of Japan Stndard Time, is a realization of an average timescale maam by
ensemble of 18 Cs atomic clocks at NICT headquartéige havefour hydrogen masers and one of them
is used as the source tife actual signal of UTQNICT). The currentgeneration system afapan
StandardTime started a regular operationin Felruary 2006 and has worked well since then [8].
UTC (NICT) has been synchronized with UTC almost within £20rsrequency stability of the timescale
becomes better biynproved timescale algorithii®]. We are going to link the Cs ensemble timescale
with NICT-CsF1 and make a sekliant timescale TANICT).

4. PRECISE TIME AND FREQUENCY TRANSFER

4.1. GPS

NICT is collaboratingwith PTB to developa portable frequency standard systemnoposedof a pasive
hydrogen maser andduaklrequency GPS receivéhis year. PTB plans to use the GR&rrierphase
time transfer software developed by NICT for teystem[10]. NICT and PTB performed GPS receiver
calibration of both stations hysinga NICT Septatrio receiver from September 2D June 2008. The
P1/P2 bias of both receiveiswithin 1 ns with respect ta BIPM calibration result perfonedin April
2008.

A GPS software receiver based on a graphical processing unit has been develypreidhplementation

is unique with its with of the correlation function so that simple data handling in the spectral domain
bemme possible. Comparison with output from a commercial hardware receiver confirmed the
consistency and accuracy of our development.

4.2 TWSTFT [11]

NICT and major T&F institutes in the AsRacific region, such as NMIA in Australia, NTSC in China, TL
in Taipei, Taiwan,andKRISS in Koreaare cooperatively constructing a TWSTFT network in this region.
Time transfer is regularly performeand data/hour are reported to the BIPMNICT carried out
calibration trips by using a portable station between NICT KRIES in October2006 and NICT and
NMIJ in February 2007 We are planning to perform the calibratitips again since the dallite has
been changed fronCEAT-1B to IS8 in 2009.

A TWSTFT link between NICT and PTBas beerestablished bysinglS-4 satellite. The time transfer
is performedhourly and the data are also reported to the BIPNlhe TWSTFT linkbetween NICT and
USNO via VDB relay station was closed November 2006 because the link quality was verp@@plan
to restart the observatismwith a newrelay stationin Hawaii. NICT is developing a TWSTFT system
using dual Pseudo Random Noise (PRN) and testing itamititual satellite link.
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4.3. FREQUENCY TRANSFER USING OPTICAL FIBER [12]

An optical fiber RF dissemination system equipped with an active yttése compensation function has
been developed. A test experiment was successfully conducted on an urbacotelfiber link of length
114 km in Tokyo area. We have achieved transfer stabilityevel of 10*® at an averaging time of day
(Figure 4) We also performed the RF transfer over 204 knanrurban fiber link by cascading two
systems. It was verifiedthat the transfer stability degrades by the factfri@ the two-stage cascaded
system for the first time in the world.
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Figure 4 The fiber link used for the frequency transfer experiment and the achieved

frequency sthility.

As an application of ultrgtable frequency dissemination, aGHz sighal based omhe CSOwas
transferred through a 28n fiber and used as a microwave refereforean optical frequency comb.A
fractional frequency stability of an ultraarrow clock laser for a Géon optical frequency standard was
measured by the comb axd0™ at 1 s, which included both the laser stability and transferred reference
stability.

44. ETS-VIII

NICT is conducing a precise time and frequency transfer expemnt between a grounrdference clock
and an atomic clock on the satellite E§ $Engineering Test Satellitd). ETS8, whichwaslaunched in
late 2006, is a Japanese geostationary satellite equipped with d®siomfrequency standardsNICT
developedequipment to carry out twavay time transfewith the S-bandby usingboth code anaarrier
phase measurementThe precision of the code phase reaches fora 1-secondmeasuremerdnd that
of the carrier phase is of the order of'iéor 1 second, with is better than the traditional method by two
orders[13]. The stability of the onboard atomic clock was evaluated in an averaging tirseodnd.

45, QZSS

Japan has started a project of Quaiith Satlite System (QZSS) since 20@Bigure 5. QZSS will be
highly usefulas asupplement to the modernized GPS in urban cagod mountainous arsavith its
high visibility brought out by its inclined orbits.In this project, NICT is developing a time management
system[14]. By conducting tweway time transfer between the onboard clock and the elbttieground
station by usingt Ku-band link, the management of the QZSS system time, which links to(NIET), is
expected to achive nanosecond level.The proteflight model (PFM) of the onbodrequipment and the
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groundsystem has been developed’hree monitoring stations with TWSTFT and two time manasy#
stations are being built. The first satellite is planned to be launched in 2010.

Comparing the time
differences between the on-
board clocks, or between
the on-board clock and the
clock at the earth station.
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Figure5. Time transfer sstems at NICT.

4.6. VLBI

In the usual geodetic analysis using Very Long Baseline Interferometry (VLBI), clock offsets and their
rates of change at each station are precisely estimated with respect to a selected referencelktation.
averaged formal eor (1 sigma) of the clock offsets is typically about 20 picoseconds when analyzing
geodetic VLBI experiments which are regularly conducted by the International VLBI Service for Geodesy
and Astrometry (IVS). This precision is nearly one order better thémeo techniques like GPS or two

way satellite time transfer.We primarily evaluated the ability of VLBI frequency transfer by compaiting

with GPS carriephase frequency transferWe selected the two stations (Onsala, Wettzell) which belong
to IVS andthe International GNSS Service (IGS) networKhese two stations have in common that at
each site VLBI and GPS slethe hydrogen maser.VLBI is more stable at averaging periods longer than
10%s, as shown in Figuré. In addition, the VLBI frequency ansfer stability follows a 1/tau law very
closdy when averaging up to 1§ and it has reached abouk20"'s (20ps) at 1 s.

In order to evaluate a capability of VLBI fregncy transfer in more detailie are carrying out geodetic

VLBI experiments ging the KashimaKoganei baseline (about 11n). GPS measurements are also
simultaneously performed to compare with VLBI analysi$Ve plan to investigatéhe longerterm
stability of VLBI frequency transfer up tb week based on the experiment$n addtion, we are now
developing a compact and transportable VLBI system for providing reference baseline lengths to validate
surveying instruments such as GPS and EDM/e are going to asseafetherthe compact VLBI system

is feasible or not for the purposéprecise frequency transfer.
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Figure6. Modified Allan deviation (top) and Timgtandarddeviation (bottom) of VLBI
and GPS carrier phase results from an IVS session.

5. DISSEMINATION

5.1. STANDARD -FREQUENCY AND TIME -SIGNAL EMISSIONS

NICT provides the dissemination service of standfetjuency and timsignd via LF band, as shown in
Figure 7. The signals from the two LF stations, namely Ohtakag@ayaa station and Hagayama
station, cover whole JapanTable 1 shows the characteristics of fi@tions Both stations operate 24
hours a day A market of radiecontrolled watchsand clocls has been developed.

5.2. FREQUENCY CALIBRATION SYSTEM FOR TRACEABILITY

NICT have been conducting a frequency calibration service referenced tgNJTT). In order to fulfill

the requirements of global MRA, NICT have established a quality system for the frequency calibration
service, which was assembled by the accreditation btihwyNational Institute of Technology and
Evaluation. The conformity to ISO128 was certified at the end of March 200 he NITE (National
Institute of Technology and Evaluation) provided an accreditation of ISO/IEC 17025 to NICT on 31
January 2003, and also provided an accreditation of ISO/IEC 1fé025e frequency remote cal#ition
system to NICT on 2 May 200éhe BMC of the system i§ x 10™ since April 2007,
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Tablel. Characteristics of LF stations

Ohtakadoyayama | Haganeyama
Frequency| 40 kHz 60 kHz
E.LR.P 13 kW 23 kW
Antenna 250 m height 200 m height
Latitude 37°22'N 33°28'N
Longitude 140°51' E 130°11'E

Figure 7. LF time and frequency service stations in Japarhe values under the
distance (km) show the approximate strength calculated as the assumed electric field.

5.3. PuBLiIcC NETWORK TIME PROTOCOL SERVICE

NICT has been providing public Network Time Protocol (NTP) service since 2006 askigld
Programmable Gate Array (FPGAased NTP server which can accept NTP requests up to 1 million per
second. We have also devgbed a standlone NTP server which consists of a Linux controller unit
integratedwith the FPGA and the NTP server hardwar&he stanehlone NTP server started operation
2008, and warereceivng about100 million accesses per dag average

6. TRUSTED TIME STAMPING

An accreditdion program for timestamping services in Japan staredrelruary 2005. In this program,
the clock of the time-stampingserveris calibratedwithin the prescribedaccuracyand traceability to
UTC (NICT) for every time amp issued. The accuracy of the clock of the tis@amping server is
prescribed to be 1 second or better to UIMCT). NICT is the official time supplier for this
accreditation progranA new draft recommendation about the methods to pravidsgedtime source for
the timestamp authorities was proposed to the Study Group 7 (Science Services) of tReifiTU
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