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Abstract

SP Technical Research Institute of Sweden has since 2004 Ibeening a project with
the aim of performing time and frequency transfer using commercial asynchronous fiber
optical networks. The project is motivated by the need for an alternative and complementary
time transfer method on a national basis with the goal of reaching accuracy and stability
comparable to satellitdbhased methodsPrevious results using an OQ92/STM-64 10-Gb/s
packet wer SONET/SDH network show that time transfer accuracy of the order of a few
nanoseconds is possible on baselines exceeding 500 km [1]. The method is based on passive
listening on existing data traffic and the detection of certain bit sequences in the e
headers continuously transmitted by the network routeBy using tweway time transfer, it
is possible to estimate and compensate sggmmetricdelays in the optical fibers. The
method relies onthe fact that time-dependentresidual delaysare smdl or can be
compensated foand constant residual delaysan be calibrated.

This paper briefly revises the method and presents new results in comparison with the
GPS carrierphase technique, with focus on residual effealue to temperature variations
which havebeenshown to havea significant impact on thestability andaccuracy. It also
discusses hardware miniaturizationas well as new ideas for active time transfer using bit
sequence generators/transmitters in dedicated wavelength slots of thieabptetwork.
Finally, the use of a subset of the IEEEtandard 15882008 (Precise Time Protocol, PTP)
for data transport is briefly discussed.

INTRODUCTION

A novel methodfor time and frequencyransferby monitoringthe data bit streartransmitted m an
optical fiber has been developadd studiedsince 2004 by th&P Technical Bsearch Institute of
Sweden(see for instance[1-4]). The method is applicable to asynchronougransmission network,
but hasso far onlybeen studied in a network based SDH (Synchronous Digital Hierarchy
transmissiorusing packet over SONET/SDH STMb4, 10 (it/s between core IP routerdJnlike
previously described methodis-6], the present method is based on passive monitoringxisting
networks and require® dedicated bandwidth.

The motivation for the present work is to findusing existing infrastructuregan alternative and

complementary method to already establishecllgatbased methods such as GNSS (Global
Navigation Satellite Systemsincluding amongothers GPSsee for instance [7]), and TWSTFT
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(Two-Way Satellite Time and Frequency Transfege for instance [8]). The goal is to reachan
accuracy and stabilityomparabldo existing methods.

This paperbriefly revises the method and reports @tent progress, both concerning new time
transfer results and the development of new hardwatéhough departing from the philosophy of
passive monitoring,tialso discusses thpossible use of bit-sequence generators in dedicated
wavelength slotghat would be motivated at sites not equipped with core IP routers and SDH
transmission possibilitiesFinally, it also briefly discusses the use of a subset of the E&fdard
15882008 (Precise Time Protocol, PT& a higHevel protocol for transport aheasurement data

DESCRIPTION OF METHOD

SDH defineghe transmission aflata in nominally 12&s-long frameswhere each frame starts with
the identical sequence of A1 and A2 bytes that defines the beginning of a new frame (A1=11110110,
A2=00101000). At STM-64, this framestartsequence is 192 Altytes followed by 192 A2 bytes.
Briefly, in a network using the packet over SONET/SPHDS) technique, data packets are embedded
in SDH (or SONET) frames and transmitted between netaon routers locateak differentnodes in

the network. The fundamental concept of the descritiete transfemethod is to measutbe epoch
when thesdramestart sequensearetransmitted from a routeat one noddn combination with
measuringhe epochwhen the same sequess arriveat the receivingouterat a second node, with
both epochs measured relative to local clocks at each fidde.measurement is affected by the path
length of the optical fiber and variations in the corresponding time delayoasucteed in dme
transfer, i.e. the remote comparison of the two local claokssurements must be performed both for
the bit stream leaving the node, as well as the bit stream ardtthg node, i.e. in a twavay sense.
Figure 1shows schematicallgvo-way timetransferbetween two nodes in a networkour equations

of time interval measurementgeed to be combined.

The actualtransmissiomatefrom eachrouter isdependenon a local oscillator (OXO) implemented

in eachrouter. In the method(see Figure X the optical signal receivedrom each router is
transformednto an electrical signal using a phetxeiver. The electrical signalaes to the input of a
Header Recognizer (HR), which dyzes the bit stream and emits an electrical pulse at every
detecton of a framestart i.e. nominally every 12%us, but in practie dependent on the actual
frequency of the OCXQO Each time measuremerstccording tathe above is, thus relative to these
oscillators.

The method relies on the assumption that the diffeakepath delay and local equipment delays are
stable over time and that constant differential path delays can be calibrated. tbedactthat the
transmission delay in the path generally is longer thani &2&or instanceAT, in Figure 1), it is

implicit that each node does not measure relative to the same pulse within the same time frame
(usually 1 second). This implies that it would be necessary to keep track of each pulse, which is
difficult in the present implementation. Instead, the methdidsr@n the fact that the shdgrm

stability or the jitter of the local oscillators (OCXO) is small enough to be insignificant. In fact, the
jitter of the present oscillator is of the order of 30 ps, which is a factor of 2 less than the precision of
thetime-interval counters presently used.

384



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

ATy
Router A N Router B
Py | Pg AT, Pg | Pa
Ca TIC TIC Cg
AC,,=C,-P, ACg,=Cg- P+ AT,
AC,5=C,-Po+ AT, ACgs=Cg - Py

2(C, - Cg) = (AC,, - ACg,) + (AC, 5 - ACg) + F(b)

F(t) is differential path delay + local equipment delays

Figure 1. Two-way time transfer between node A and nodBtaining router A and
router B, respectively.The electrical pulse fPis generated by a HR2] at node A.
This pulse is meaured relative to clock L£at node A using a timimterval counter
(TIC). The same pulse, when arriving at node B, is measured relative to glock C
Similarly, the pulse is measured at node B and node A, resulting in a total of four
equations thatare combinedinto an expression relating the two clocks A and B.
Function Ht) is the differential path delay\T - ATg) plus local equipment delays.

To implement the systerim a network each fiber is equipped with two passive fibetic power
splittersclose to the measurement systerid the transmitter, where the power level is high, 1% of
the light issplit-off to thephotoreceiver and at the receiving end, where the power level is 1085

is splitoff. The 11% added loss to the fiber transnaisswill decrease the power margin of the
system, but it is anticipated that all systems are implemented with a far higher maktin.
experimentperformed so far havaso validated this assumption.

RECENT RESULTS

TW-FIBER TIME LINK BETWEEN SP AND STUPI: HARDWARE

OneTW-fiber time link using the method described abdwas been maintained continuously for more
than 1 year between two laboratories in Swedé&h namely the national laboratory for time and
frequency in Sweden located at SP, Bp@sedenand the clockaboratoryat STUPI in Stockholm,
Sweden. The network distance between the laboratories is 560 Roth laboratories are equipped
with several atomic clockand maintairtime scales referenced fromHasers steered to UTC using
awxiliary equipment. The time scales are also continuously compé&redich otheusingGPS carrier
phaseequipment The TW-fiber link is implemented in the Swedish University Network called
OptoSUNET][9], whichis based on Dense Wavelength Division Muéxing (DWDM) with 56GHz
spacing and constructed in a star topology with a central hub, such that each node, cditaining
routers, across different baselines communicates with the central hub over a dedicated wavelength.

The setup of thénk is shown n detail in Figire2. Eachtime scale (represented by ClocktFAOG
and Clock B+ AOG in the figure)is connected téwo distribution circuitsat 5MHz and tpps. Five
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MHz is used as the time base for thae-interval counters (TICand Xpps is used athe reference
pulse from thdéime scaleshat starts the time interval measurersent
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Figure 2 TW-fiber link between two laboratories in Sweden at SP and STUPI and the
equipment as described in the text needed for anayo time transfer. The optica
link is compared to a link based on GPS carrier phase.

The photereceiver (O/E) is a 10GHz avalanche photodiode (APD) wittn integrated trans
impedance amplifier (TIA).lts sensitivity isup to 10 times better thahe sensitivity of the receivers
in the router. Since the system can operateaatery low power margin, the 10% available power is
sufficient. The HR is the device that continuously ameakythe bit stream transmitted over the fiber.
At 10 Ghit/s, it searches for the sequence of bit¢ tiefine the start of a new frapes described
above. Every time this sequence is detected, the HR emitsres Ziulse with a sharp slope (25 ps+ise
time), which stops the time interval measuremenifie HR is based on a Field Programmable Gate
Array (FPGA) platform, in combination with 1Gbit/s input and output @uits. Commercialtime-
interval countersvith a resolution of 10psare used.

TW-FIBER TIME LINK BETWEEN SPAND STUPI: TIME SCALE AND LINK COMPARISON

Figure 3 showghe time scale difi@nce [UTC(SP)Y STUPI_UTC] for almost 5 months in 2009,
calculated using th&W-fiber link shown in Figure Zndthe GPScarrierphase link as calculated by
the NRCan softwarésee for instance[10]; abbreviated GR8nk in the following). UTC (SP) isthe
national time scale of Sweden, the official UTC realization in Sweden arnyedataonthly to UTC by
the BIPM (International Bureau ¥fleights and MeasurespTUPI_UTC is steered to UT®utis not

an official UTC realization.Observations are availibevery5 minutes for the GP8nk and every 60
seconds for the TWiber link. The TWHiber link dataarethe single raw measurement taken every
minute and is not in any sense smoothed or aedragomeshortergapsin the TWiber link, due to
serviceand restart of the measurement systare also appareit the figure The GPSlink data are
calculatedn monthly batches so that dagundary jump®nly occur once per mamt The two time
series are aligneih the figureby adjusting the T\iber link to the results from the calibrated GPS
link.
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From the figureit is clearthat the two solutions are in good agreement in a-teng senselt is also
evident that thesolutionof the TW-fiber link is noisierin the shortterm andthat the two time sales
are steeredubstantidy relative to each otheboth of which can be seatsoin Figure 4 that shows
the modified Allan deviation of the two solutions
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Figure 3 Time scale difference between UTGSP) and STUPI_UTGQor almost5
months in 2009calculated by means of the Tber link and the GPSink, as
described in the textMJD is the Modified Julian Date.

The times series in Figure 3 is, according to Figure 4, affected by white phase noise up to about 30
minutes for the GPS link and upabout 1 hour for the TWiber link. The TWHfiber link also shows
a daily variation and the lorAgrm stability of both time series are affected by the steering of the two

time scales.

In order to see the potential of the Hier method, it is necessaty find a time series in which the
steering of the two time scales is minimddigure 5 shows such a period of about 20 days earlier in

2009 in which the time seriesereaf f ect e d

n

t he

l ong

term mor e

frequency drift. The TWHiber link is calculated in the same way as for FigureTBe carrier phase
GPSlink is also calculated in the same way except that the solutions are now in daily batches, as seen
in the figure as daboundary jumps, and data are available every 60 secdmcluded in Figure 5 is

also for comparison a solution of the standard GPBR311] between the two time scales.

Figure 6 shows the stability plot of the times series in Figure 5. Compared to Figure 4, the stability is
similar up to an averagintyme of about 1000 seconds. At longer averaging times, the stability data
are not affected by a steering of the time scales and reaches a level of abdtia22aMhours.
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Figure 4 Modified Allan deviation of the two time series shown inuig3.
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Figure 5 Time scale difference between UTSP) and STUPI_UTC for 20 days in
March 2009, calculated by means of the -fidér link and the GPS carrigshase and
P3 links as described in the texThe three time series are vertically offsatdtarity.
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Figure 6 Modified Allan deviation of the three time series shown in Figure 5.

Thereis still evidence for daily signatures in the Hilder link. This is depictedin the following
figures showing the difference between the methdedgure 7 shows the difference between the two
time series in Figure 3, i.e. the difference between thefibéY link and the carriephase GP3nk.

The RMSdifference over the almost 5 months of data is about 625 ps, including some clear
systematic differenseof several nanosecond®revious results show that the systematic differences
are correlated with temperature variatiamsl attempts have been done to correct the[4ata
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Figure 7 Methods difference of the two time series shown in Figure 3

Figure 8 shows a subset of the data in Figure 7 togetitertemperature data taken frooutside
sensos at SP(Boras), STUPI (Stockholmpand in Orebro, a city approximateialfway between SP
and STUPI Even though the correlation is evident, indeed, Tié-fiber link from SP to STUPI
should be affected by temperature variatiorssd@ and outsidboth laboratoriesas well asall along
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the link. For this particular time period, the temperature variatioasiailar at the three cities, but at
other occaions the mixture of temperature variation could be more comligxire 9 shows a graph
of each amplifier station in th@W-fiber link between SP and STUPIEach station contains
amplifiers anddispersion compensation fibers (DCF) of different leagtith no active temperature
control The temperature may differ as much as 10 degrees Celsius over thevlyiehrin turn
changs the time delay in the DCH4.2]. This paper will not analyze further the correlation of the
TW-fiber link time series with teperaturebut it is notedas in[4], thatone of the major err@ources

of the method is the significasffect due to temperature variations.
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Figure 8 Subset of the data shown in Figure 7 of the mdihddference of the two
time series shown inigure 3 (black curve), together with outside temperatiata

taken (see Figure 9) at SP in Boras (gyeahSTUPI in Stockholm (blugand in the

city of Orebro (red)

NEW EQUIPMENT

PRESENT SYSTEM

As a background to the next subsectidme equiprent presently usedt the nodes/stations a
combination ofcustommadeand offthe-shelf productg1]. Figure 10 is a picture of the equipment
needed at a single embde. The vertical space required is more than half ofiactBinstrumental
rack andexternal cables are needed to connect the differerd gfattie system, which is a source of
error and instability.
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Figure 9 The WDMnetwork between Stockholm and Boras isnajor part of the TWfiber link
between SP and STUPI. The network contais 10 stations withamplifiers and dispersion
compensation fibers of different length3he differential lengths at each station cause time delay
variations of a few nanoseconds due to unstable temperature condgitibasstations

Figure 10 The pesent system requires seveiatlividual pieces of equipment
connected by external cables at each ndtethe left) apersonal computer with
measurement hardware and softwatethe top; further belowtwo timeinterval
courters, dualchannel header recognitigflR) box, opticalto-electrical converters
and distribution units for frequency and time pulaeshe bottom(to the right)the
custommade HRcard generatesn electrical pulse each time it detedtse known
sequene of Al and A2 bytesand containsa Field Programmable Gatérray
(FPGA).
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