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Abstract

We have developed a means faccuratetime transfer using optical fibes and aim at the
synchronization of clocks located atféérent places on an institute campus with an overall
uncertainty of 100psor better Such an installationshall be used as a part of the infrastructure
connecting the ground station setups during forthcoming T2L2 and ACES experiments and the
local instdlations at thePTB time laboratos. Our target transmission length ikess than 1km.
To transfer time, a codedomainmultiple-access (CDMA) signal is used for modulation af
laser. Optical signals are exchanged in the tweay mode to cancel lonterm fiber length
variation. This is similar to the well known twavay satellite time and &guency transfer
(TWSTFT) scheme We discuss procedures for a proper calibration of sutitme transfer
through optical fiberslinks and show first promising resultsfan experimentusing a test loop
on the PTB campus with a length of Rm.

1. INTRODUCTION

During the lasfew years the transfer obtabilized optical carrierfrequency signals through optical fibers
has shown ultridow instabilities on distances up toore tha 100km[1]. Very promising results have
alsobeen reported for frequency transéistandard 1MHz signals[2] and of a 1.85Hz signal for rdio
astronomy applicationanodulated on optical carrief8]. Phase noise accumulated alotige
transmission pathwascancelled by using a rousidp signalin all examples The use of optical fibers has
the advantagef transmiting a signal with less loss armbtterisolaion from electrical noise, resulting in
a bater transfer stabilitghan feasil@ with rf cables

As an extension to previous setup® khave developed a means &mcuratetime transfer using optical
fibers We aim at the synchronization of clocks located at different placeRBTd@d #nstitute campus
Such an instadition shall lecomepart of the infrastructure connecting the ground station setups during
the forthcoming T2L34] and ACEY5] experimens withthe local installations of thigme laboratoy at

the PhysikalisciTechnische Bundesanstalt (PTB)Additionally, it was deied to move the PTB
TWSTFT ground stationsvhich are currently spread over the PTB campus, common locatioat a
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new site(seeFigure 1 and[6] for details) From late 2010 onwards the TWSTFT stationswill be

installedon top of a high buildingwhere free sight to all directionsawailable It is also planned to set

up the ACES ground terminals at this location when it becomes availabpecially for this project it is

necessary to establish a tiswale inan extremelyvell-known relationro UTC( PTB) i n a HAsat el
laboratory next to the time transfer equipment for calibration and nimgjtissues.
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Figurel. Aerialview of the Braunschweig PTB campusirrent optical fiber conection
to the ground station for TWSTFT to As@d future installations to connect the new site
for TWSTFT andadvanced time transfer techniques with the PTB time &doyr

Our target transrssion length idelow 1km. Some of theoptical signals are exchanged in the tway
mode to cancel lontermfiber length variatioa[7]. Such an approach was initiallygmosed by Kihara
and Imaka[8] in the framework of network synchronizatio®ur time transfer through optical fibers
(TTTOF) method is similar to the wdthown twoway satellite time and équency transfer (TWSTFT)
schemewhich already has proven its feasibility for higbcuracy clbrated time transfef9]. In both
casesgcodedomainmultiple-access (CDMA) gjinals areused in TTTOFfor the modulation ofthe laser
current.

In the following Section2, we introduce the basic concept and thpesdmental setup Thereafter in
Section3, the time transfer stability of the used system is aealyn detail In Section4, we discusshe
possibility for time transfer via djical fibersand reprt ontesting the independence of the time transfer
results from the optical fiber lengthA summary and an outlook to future experiments will be given in
Section 5.
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2. CONCEPT AND SETUP

The basic concegtor t he installatieondime théoreghesabrg fisal a
and distributiorof a reference frequency (MHz) and time scale (1PPS) thie remote site Both kinds

of signalsshould berelatedto thereferenceclock atP T B local time laboatory. In Figure2, the basic
setup is depictedThe reference équency isnodulated oran opticalcarriersignal by an electroptical
converter (E/Oandtrarsferred to the remote setuprougha single mode optical fiber At the remote
site, it istransformedand distributedoy an optoelectrical converter (O/E) and frequency distribution
amplifier (FDA), respectively We useOrtel 10382S Fiberoptic Transmitter and 10481S Fiberoptic
Receiverfor this purpose The laser wavelengthis nominally 1310 nm.  One output of the FDA
feedsa dvider (DIV) to provide 1PPS signaimd the connected pulse distribution amplifier (PD@ne
1PPS output of the PDA is defined as the remote reference time scé®. TiAitially, TA (2) has to be
synchronizedto TA (1) by a portable clock or by other suitable means In principle, the relation
between TA2) and TA(1) is fixed but affected by thedhy instabilities on the transfer patfihe delay
change due to temperature variationairspooled km optical fiber eg., was reportedo be about
30pgK/km [10]. The instabilityintroducedby the oneway frequency transfer ovenaptical fiber of
aboutonly 1 km, howeverjs small enougtior our targetsothatwe omitted for nowany phaseorrection
systemsn orderto ensure a simple andliable opegtional setup.
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Figure2. The setup A remote time scalé& generagd following a oneway frequency
transfer The time scale is monitored by a tm@y measurement system employing
modems usually used for TWSTFT (for detadise the text).

Instead we measure the difference between {2 andTA (1) usingTWSTFT modemgtype TimeTech
SATRE), which are widely usedn many time laboratories In operation the modems at each site
exchange binary phashift keyed (BPSK) signalsEach modentransmits a 701Hz signal modilated
with a 20 MCh/sBPSK sequence phase coherent to its refer@dcéi). In both modemsthe phase
offset betweenthe signalsentfrom the counterpart modeand thelocal referenceis measured by the
crosscorrelation methd. From these measurementise differenceTA (1)7 TA (2) can be computed
after suitable calilaion of the equipmennternal delays The signals from the modems are transformed
by using E/Os and O/Es of the same type as mentioned above, but witivdastengths of nominally
1550nm. Additionally we usedstandard telcommunication circulatorand isolators For clarity, the
isolators and alsodditional electrical amplifiers orteenuators are not displayed iretfigures throughout
this paper.
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We useadditional experimental equipmefior the characterizatiomf the time and frequency transfdn
Section 3 theinstability of both the onavay frequency transfer as well as the tway time transfeare
characterizedy using a phase comparator tygREMY A-CH VCH-312 and for tests a time interval
counter of type SRS SR620he measurement result thie twoway time transfeshould bendeperment
of the length of theoptical fiber between the two circulatarsAs discussed in &tion4, we areusing
different fiber lengthsn a labostory experimenti.e. atest loopusing a shorl5m fiber and a loop of
overall 2.2km length onthe PTB campus (seeigure 1) to verify this assumptian

3. FREQUENCY INSTABILITY

Theinstability of the transfer systewascharacterized using tHaboratorysetup as depicted Figure3.

Here we usé an optical fiber link of Zm buried in the PTB campus for the measuremésed-igurel).

A reference frequency frommydrogen maser H&?TB ID) is transferred from#n i | o ¢ @dft-band D A
of Figure3)t o t h e ofe (rghttamdef &igure3) via the 2km optical fiber test loop The phase
comparator is connected directly to both FD&sd measures the phase difference betweenwbe
frequency signalsThe twoway measumment hardwar@eeds DIVs after both FDAs to feed the modems
with 1PPS signalsHere thetime difference between the twiPPS ginals is measurebly the modems

We useda second &m fiber of the same buried cablasabove for the twavay meaarement systemA

test length of Zm allows a characterizatioof the future setup arealisticscenario
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Figure3. Setup to measure the instability of the -eveey fiber frequency transfer as well
as the instability of the twavay monitor measureents (both via the Bm optical fiber
outdoor test loop) by means of a phase comparator.

In Figure4, the measurement results are depictBdth measurements (twway and phase comparator)
show similar results The ks datatwo-way measurementsxhibit significant phase nse due to the
modems which carbe effectively reduced by apyihg a 5minute averaging moving windote the data
The same process is applied to the phase comparator Hisear fits to both data sets have slopes
of -5.12:10° and -5.26-10°, respectiely, and thus agree wetb within 2:10"". We attribute the
observedielay drift to a vadtion of the optical length of the test fiber loolm a further stepthe residual
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phases of the-Bin data from the linear fits are commed §Figure4 botton). Both data sets show similar
long-term variations The double difference, suppressiag common mode instabilitiesf the oneway
frequency trader, i.e.those caused biyDAs, E/O, fiber,and O/E shows good agreement after about
MJD 551137. After this gooch, he overall phase variation is less tharp30
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Figure4: Top: Phase measurements betweenMHx reference and the frequency
trarsmitted throughthe 2 km optical fibertest loop Two-way opticaffiber time transfer
(blue) and phase comparator measurements.(rBdjtom Residuas tolinear fits to the
5-min moving average®f the two techniquegupper graph)and double difference
between both (lower graph).

93



41st Annual Precise Time and Time Interval (PTTI) Meeting

Thefrequencyinstability in terms of the modified Allan déation is depicted inFigure5. The instabitty

of the twoway transfer is 6-1% at an averaging time of 1 This is in good agreement with the noise
level one would expecfor this type of modem operated at ACh/s BPSK[11]. Phase noise is
dominantuntil averaging times of about 10Q sThe phase comparator measurements have significant
lower phase noise atslaveraging timegbut show the samexcess noise at averaging times of abouts500
as the tweway data In the bottomplot of Figure5, the masurement results using a short fiber oh 5
are apictedfor comparison They should represent the system performariickee oneway fiber transfer
andof thetwo-way monitor systemsWe can thus attribute theexcessnstability around a few hundreds
secondsn the left plotto the 2 km opticatfiber test loop The nodified Allan deviationof the double
difference is significantly lower than both the tway and phase comparator datdaving in mind the
cancellationof the commonmode noisethe doule difference represents the instabiliye to the
uncommon equipnmg, and it agrees well with the systenrisemancesshown in the lower pladf Figure

5.

As a summaryoneway frequency transfer via theken test loop optical fiber is possible at tf&'1level
after 10-s averagingand the tweway monitoring system shows an instability well below that value.

4. TIME ACCURACY

A prerequisite foaccuratecomparisons of remote time scales is the possibility for delay atadibvrof the

whole system Because the opticdiber lengthof the final setup is unknowia calibrationtest is needed

to ensure the independence of the setup from the length of the used~fbéhis purposewve connected

the modems to reference frequency and 1PPS from FDWsDIVs as illustrated in Figuré, and
changed the lengtbf thefibers. We chose two different fiber lengths (armSndoor fiber and the Bm

outdoor loop) andadditionally, we performed a switch off and on procedure of all involved equipment to
simulatethe anticipated transfaf the setup to the remote locatioifhe attenuation of the two optical

fibers was chosen to be at the same level to minimize the impact of receive power dependent delay
variations in the mdems.

The schedule we used is falows: 1) operation with 15 fiberfor 16 h 2) operation with Zm fiber
for 19 h 3) equipment power off for 2 h, and 4) operation withrilber for 40 h. The receive power in
both nodems was kept constanithin + 0.8dB. The results are depiaén Figure7. A delay change of
less than 4@s has been observed between the first and the last measurdtosvever, the observed
variation between the first and the last measurement is signifidarglyr than the statistical uncertainty
representedby the standard deviation of thesimeasurementdt is not clear presently if these variations
are due to powetlependendelay variations in the receive path of thed®ams oraredue to other effects
In thelower graphof Figure7, the twoway resuls after the equipment power dffpower on squence
are shown We attribute the apparent strong drift in the beginning of the data recordings to the heating up
process in the hardwaréut it also suggests a more detailed investigatioequipment chaacteristics
Nevertheless, a variation of less thanp4Ounder different experimental conditions is anpsing first
result and well below the aim of 1@8.
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Figure5. Top: Fractional frequencynstability of the tweway measurements (blue
squares) phase comparator measurements (red cycles), and double diffe(blaadk
diamonds) The phase comparator performarceéepicted as a red lin®ottont System

performances measured using a short fiber
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