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Abstract detection and stabilization are done in the radkgudency

Present and future fourth generation light soursash  (RF) domain. It offers the advantage of a systestare
as the Swiss FEL, are placing strict requirements ovithout re-tuning, high reliability and lower cd&f.
current CW reference clock transfer systems. Bbth t The Libera Sync 3 transfer system presented in this
added jitter and the long-term stability criterieed to be article is based on the CW modulation scheme.
in the range of a few femtoseconds. In order totriese
requirements, the existing Libera Sync CW transfer THEORY OF OPERATION
system has been redesigned. All of the aspecthef t Tanamiter Revanar
system design have been revised and improved, ffiemn
measuring methods and better evaluation of comgenel
to careful pre-design testing and simulation. Néerf
link topology, new approaches in thermal stabilmat &~
improved power supply distribution and interconieact
of carefully selected electrical and state-of-thieegtical
components has led to a significant reduction idead
jitter and excellent long-term stability of the ®m.
Measurements repeatedly show the jitter performdace
be below 6 fg, integrated over the frequency range oi
10 Hz to 10 MHz. Preliminary measurements of theglo Figure 1: Block diagram of the system
term stability place the system in the range oéw fens
of femtoseconds peak-to-peak of drift per day.

The figure above is a block diagram of the systbat t
shows the basic principle of operation. The sysism
INTRODUCTION Eomposed _of a_trans_mitter and a rece_iver_uni';smd
y two optical fiber links. The transmitter inpugsal is
Free Electron Lasers (FEL) require high performanc@e Cw RF reference clock signal coming from the@®M
synchronization throughout the entire machine; wtf®,  This signal modulates the 1550 nm optical cartiepugh
its performance may be degraded or even fail. BfYic an electro-optical modulator. The optical signalttien
this high performance synchronization system igp|it and fed into two separate paths. One of theass
composed of two key subsystems. One is the sourg@ng with the on-board control circuitry is usex fink
where a Reference Master Oscillator (RMO) is used. phase drift compensation and is partly reflectedkbat
frequency range spans from a few 100 MHz to a feyhe receiver side. The other path is used for tean the
GHz. It has high close-in spectral purity and exteé/ |ow-added jitter signal. In the receiver, both demit
stable frequency. The other extremely importanimelet  optical signals are demodulated back into the Rfado.
is the reference clock transfer system. Its go#d ieliver | the transmitter unit, the fiber drift compeneatiis
the reference signal to the users in either thécalpor  done by comparing the demodulated reflected signal
electrical domains while preserving initial refecerclock  phase with the phase of the input reference sigrta.
signal purity and stability. optical path compensation is provided using two
Typical requirements in terms of added jitter amkig-  principles. The slow changes are compensated bijngoo
term phase stability are below 10 fs for jitter dmlow or heating a fiber spool. The temperature of ther on
40 fs for phase stability per day [1]. For distaigeeater the spool is changed in the opposite direction fitben
that 100m, the use of optical fibers as a transomss temperature change on the optical path between the
media is recommended since they exhibit low inserti ransmitter and the receiver. Faster changes are
loss, are insusceptible to EM interference and a®mpensated by changing the laser source temperatur
reasonably inexpensive. Within the optical domawo  and thus the optical carrier wavelength. In thisnnea,
approac_hes are available. the optical path is artificially extended or shrubly
The first is a pulsed-based system that uses tRging advantage of the chromatic dispersion in the
Michelson interferometer to detect optical pathnd®s. interconnection fiber.
The benefit of this approach is excellent long-term To overcome optical limitations, two fibers are distne
stability. first one for the transfer of a low-noise signadathe

The other approach is based on a continuous waygcond one for the transfer of a low-drift refesignal.
(CW) modulation of an optical carrier in which pbas



This combination yields ultra-low added jitter almlv  detectors outputs, RF power levels, photodiodeectsy
drift. laser temperature, etc.).

Design approach and implementation RESULTS

In order to meet the tight performance requiremeats jjiter frequencies below 10 Hz are classified asdea
new development approach has been followegnq frequencies at or above 10 Hz as jitter [4]asleing
Theoretical knowledge with simulations has beefhese two parameters with a resolution of a few
combined with prototyping and measurements of thgmtoseconds proved to be a challenge. Special

individual components. Based on those results,refa measurement techniques along with specially deeelop
selection process has been commenced for bothies#ct equipment have been used.

and optical components. )
Vital subsystems, such as the power supply digtdbu Jitter performance

network, —control system, temperature stabilization, | our case, the added jitter has been measurefisat
mechanical layout and optics, have all been sulifect frequencies ranging from 10 Hz to 10 MHz. The fayur
prototyping, testing and tuning before being intéed pejow shows the added jitter measurement of therhib

The power supply subsystem proved to be as vital, a

it has been specially developed to provide a lousao

power rail for the RF circuitry especially the RF salo ] , ; ; il
amplifiers. o
The environmental conditions inside the box must b T T e

kept as constant as possible. In this context, & ne
temperature stabilization subsystem has been devise
which the temperature is kept stable to within Q@

The mechanical layout has been specifically desigae
facilitate the environmental stabilization systerside the £ i TR i
unit  while  simultaneously ensuring ease o
manufacturing.

The RF amplifiers were tested and tuned in order |
achieve low noise and low phase noise, respectively

The layout of the fiber interconnections within the ) B
system is as symmetric as possible (temperaturédiym Figure 2: Integrated added jitter

drift compensation). Using one single instead ob twThe majority of the jitter is concentrated in thmwer
different fibers for drift stabilization guaranteesfrequency region between 10 Hz and 110 Hz. This has
independence from dispersion tolerances, as th&'das peen attributed to mechanical vibrations and thepling
emission wavelength is varied to correct the limeup of the 50 Hz frequency component present in the
delay. Rayleigh backscattering noise [3] increa®s environment at the time of the measurements. Tt to
low-frequency phase noise as well as the phasee noiftegrated jitter is slightly over 3.5 fs. This ia
floor in this bi-directional transmission. By rem@ the pre"minary measurement and can be Subject to (d']ﬂng

coherence of the reflected light, the first effeein be the final implementation of the system. However, dee
minimized. To diSpense with the added noise ﬂ(.mr, not expectasigniﬁcant degradation_

second uni-directional “low-noise” link, that is gue- .
locked to the first “low-drift’ link and *“cleaned”, Long-term phase stability
transmits the same signal but without backscaterir
noise. The stability of the “low-drift” link is faher
increased by operating photodiodes (out-of loop)oin ' ' 1
AM-to-PM conversion operating points and by staimilg
the optical power. Furthermore, the optical powes h
been chosen to be sufficiently large so that tisaltieg
shot noise limit enables achieving the envisagedseh
noise floor.

Following that, all of the electronics have beer
integrated onto a single printed circuit board (PQBus
allowing for better manageability and greatel
reproducibility.

Finally, the hardware platform is complemented véth : ! . - - / o 2
software control system that monitors over 120edént ’
parameters, from environmental data (temperature,
humidity and pressure) to electronics and optidsage
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Figure 3: Phase drift



Phase drift, like jitter, is the undesired variatiof the The use of temperature-compensated RF cables with
phase of an otherwise periodic signal. Howeversdhelow temperature coefficients in the range of a felimK
variations happen at much lower frequencies and aiemandatory [6].

regarded as a time variable phase offset in relatoan Phase drift in the optical fiber depends on linkgih,
initial arbitrary phase. In our case, the measurgna@s temperature and relative humidity variations, meatel
done over a period of 12 days. The following figurestress etc. Deviations of a few degrees in temperatnd
shows phase drift stability of the Libera Sync 8tptype some tens of a percentage in relative humidity can
in relation to a phase stable reference. contribute high phase drifts in the fiber link. Tberrent

The maximum peak-to-peak phase drift has bedribera Sync 3 prototype provides a phase compensati

measured at 88.7 fs while the average day-to-dageh range of approximately 360 ps. Therefore, if loigjahce
drift has been calculated to be around 30 fs with @peration is to be achieved, special care in datpdhe

standard deviation of 8.9 fs. fiber cable needs to be taken. Only loose typeimgbl
hni preserves the temperature coefficient of the sitjtzss
Measurement techniques optical fiber in the range of 40 ps/kmK. In casesvhich

In order to measure added jitter in the femtosecontie estimated phase drift of the optical path edsebe
range, a differential technique (saturated mixey heen phase compensation range of the Libera Sync 3jdbef
used. In this case, the reference signal is spit two phase stable optical fibers is mandatory [7].
branches. One is used as the reference signal Wigle Finally, the Libera Sync 3 provides a user intezféitat
other contains the device under test (DUT). If th® can be operated manually or remotely. Manual ofmerat
signals are driven in a quadrature phase relatiothex is done by accessing the front panel controls aleitl
mixer input ports, the resulting baseband outpuhe display, which is ideal for data examinatiom dink
difference signal is 0 V plus a small phase modutabf  tuning. Remote operation is done using SCPI comsand
the carrier, which is regarded as the residual @masse over a standard 10/100 Mbit Ethernet connectiorichvh
of the DUT. This residual phase noise is sampled aiis ideal for integration into the control system.
digitized by a signal source analyzer (SSA). Thieniis The current prototype works on a fixed frequency of
calculated by integrating the digitized phase noisapproximately 3GHz. Future upgrades include exténde
spectrum over the offset frequency range and igperation range and support for other frequencigs (
normalized to the original carrier frequency. Dé&spi GHz).
limitations induced by non-symmetries and non-litess
of the mixer, the resolution of the measurement loan CONCLUSION
estimated to be on the order of 0.1 fs [5]. The new Libera S 3t f i int t

Phase drift measurements have been performed by usi yne ranster system integrates a

. o : novel approach with state-of-the-art technologies,
a phase detector unit specifically designed fors thi
application. The detector unit has been built Hipfeing
the same design steps and implementing the sa
technology that has been used for the Libera Sync 3

ultimately providing outstanding performance, high
rrneeliability and reproducibility as well as easeusk.
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