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A SAMPLED MASTER OSCILLATOR FOR THE PEP-IIl B FACTORY*
R. C. Tighé, SLAC, Stanford, CA

Abstract

. 2 ARCHITECTURE
A sampled phase-lockddop synchronizes the PEP-II B _ . _ _
Factory rings to their SLAC Linac injector. The injectionh® PEP-II Master Oscillatoresides inthe region 8
of both electrons and positrons into theparateings and pontrol room of the PEP-II ring. It takes linac RF as its
into their proper RF bucketequiresphase shifting the input and produces RF fannealit for use by the RF,
linac RF with respect tothe PEP ringsOne of every feedback, andtiming systems, see figure 1. The
three machine cycles provides the PEP ringiadisturbed QeS|gnat|on of master oscnlgtor is perhaps a misnomer as
referencewhile the other two thirds of the time theit actually slaves off of the linac RF.
reference isunusabledue tothe injection scheme. The The system consists of twsecond-order phase-locked
ring RF must be tunable about its nomifratjuency for 100ps (PLLs). The sampling first loopcreates a
machine physics use. Asampled phase-locketbop 59._5 MHz clock W|th a voltage controlled crystal
handlesthe task of synchronizing the PEP-Il RF to thé@scillator (VCXO). This 59.5 MHz serves as traference
linac while maintaininggood phasenoise. The input for the contmuoussecondlpop which pontrols a/oltage—_
reference issampled atl20 Hz and provides aring RF controlled surface acoustic wave oscillator (SAW) running

signal with less than 0.1° of rms phase jitter at 476 MHAt 476 MHz. The close-in phase noise of the crystain
after multiplication is better than the SAW oscillator’s

phase noise at lower frequencies.
1 REQUIREMENTS

The PEP-II master oscillator provides the RFerence for

DAC
the RF system [1], the beafieedbacksystems,tune Linacaze wz 1oz
Y (1] Y \a\ a 59.5 MHz

Control
System

monitor, and other timingneeds. The design criterion for
the tolerance on phaseoise was the collision point 1ok Yoo
offset.
During commissioning a tighteolerancewas found to
be imposed by the longitudinafeedback; so the 59.5 MHz L@ﬂ
performance specification has been driven by that. 100kHz SAW oer T eference
Ring RF with low phase jitter must be derived from the [ |
SLAC Linac drive signal which containfiducials and an —
interferometersignal. The task iscomplicated by the Figure 1. System Block Diagram

injection scheme which shifts the phase of the lidide

signal according tothe target ringand bucket of the  Most PLLs are continuous-time closed-loopfeedback
injection bunch. The phase reference is left undisturbed #9jstems. The nature of the PEPréferencedictates a
2.8 ms ofevery8.3 ms for locking the ring RF to the sampledfeedbacksystem. A low sampleate (120 Hz)
injection linac. restricts the available gain in the loop in order to maintain
In addition to the phase shifting mentioned abovestability. The loopbandwidth must be less than the
double-height, single-cycle fiducialare broadcast every Nyquist frequency of 60Hz. The ability totrack the
2.8 msfor machine timing use. A linamterferometer reference is therefore compromised. Fortunately the
signal is superimposed on the RF for phase lengtheference is fixed andhus only the lowestfrequency
stabilization. There is a 500 [_[EriOdWhen the bunch is behavior must benatched. The Cha”enge is kock with

in the linac when thenterferometerand fiducial are not such low bandwidth and produce clean RF for the rings_
present inorder toprovide unmodulated RFor the linac

klystrons. It isduring one of every three deseperiods
that the PEP-Il master oscillator samples the linac RF &1 The Use of Two Loops
phase locking.

The master oscillator must provide frequemegability,
smooth unlocking fortuning, and smooth locking for
maintaining beam.

The loop gain in the first PLL islefined bythree gain
terms and the loop filter chosen. The required tunamge
for machine physics and the sample rate defifrecauency
by which the open loop gain must kluced tounity for
stability of the sampled loop. In order to provide +10 kHz
of tuning range, the VCQGelectedhas 60 ppm tuning
sensitivity whichdefinesthe gain, Kvco(see figure 2).
The digital phase/frequency detectonas a gain of
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0.302V/rad. Thelivider ratio in thefeedback issettable
within a range specified byhe phase-lockedoop chip
chosen [2]. Using the notation of e.g. [3], the Iddier
is designed to providelaad-lag effecthat provides phase
margin to the loop.

The tuning rang@nd samplerate requireattenuation in

from the PLL circuitry for this reason. Fans for cooling
are in this second chassis as well.

A signal isolation problem with the layout of the
circuitry in the original desigtted to excess phase noise
on the ring RF. A small amount of thghase-shifted
reference was picked up on the clean intermediate

the loop in order to maintain stability. A better method tfrequency which was reproduced onthe output of the
preservesignal-to-noise quality is for the first loop tosecondPLL. This was fixed by separating the PLL

produce an intermediate frequenaltich is multiplied by
a second phase-lockedop. In this way, noanalog
attenuation, excessive component valuediader ratios
(which bring aboutadditionalnoise)areused. The key is

functions onto two circuit boards.

A secondimprovement was to use a highfeequency
crystal allowing for a smaller multiplication factt@ading
to lower overall phase noise. The noise floor of the

to produce a low phase noise intermediate frequency whictystal outside the first loop’sandwidth ismultiplied by
is multiplied, along with the phase noise, to 476 MHz bthe second loop within that loop’s bandwidth.

the second loop. The sample and hold operatimaduces
a 30° phaséag at 10 Hz, so imorder toachieveadequate
phase margin the loop bandwidth must be kept low.

RFin —_ T2.s+1 Kvco(s)
> > >
Tls s

/Rﬁf
T~

Figure 2. PLL Block Diagram

RFout

In a sampledsystem an antialiasing filter issed to
prevent out of band information aliasing into fieedback
loop. In this case the lowest bandwidth lowpass,

2.3 Additional Features

The ring RF must beapable ofrunning unlocked from
the linacreference tovary thefrequency ofthe rings for
machine physics. The lockingnd unlocking procedure
must be sufficiently smooth so that beam is not lost. To
enable unlocking, the system has a DAC wipabvides
the nominal voltage to the first VCO wrder to produce
the correct 476 MHz. The phase-lockedoop provides
correctionabout this DC value. Aradditional DAC is
provided to allow the control system thive the VCO in
the unlocked state.

The three clocks in the system (linaference and two
VCOs) are all monitored. Should any clock fail, the loop

antialiasing filter that can besed isone whose rise time Wil unlock and a flag is set in the PEP-II control system.

must be shortcompared tothe time spanbetween the
phase-shifted reference atitk non-shiftedreference to the

A lock indicator is providedfor the first loop. Analog
signals like the first loop’sraw phase error, the first

loop. A low pass filter with 35 ps rise time is used. ThEPOP’,S sampledand held phase error,and the second
rise time of aproperantialiasing filter would be nearly 6 YCO's tuning voltagearealso monitored in the control

ms andwould integrate unusableferencesignals along
with the desired portion of the reference.

2.2 Phase Noise Apportionment

Three distinct phase noise regions contribute to the out%lt

spectrum. The first loop tracks theferencephase noise
up to the extent of itbandwidth, definingthe close-in

phase noise of the master oscillator. T8ezondloop

tracks the first oscillator’s phase noise through saeond
loop’s bandwidth. Finally, above the second loop’s

bandwidththe noise isdue tothe final oscillator'sphase
noise. The SAW oscillator has a fairly Idvandwidth for
modulationandthereforethe secondloop’s bandwidth is
lower than would be desired from examining tpimum

bandwidth based on whetlee firstand seconascillator's

phase noises cross.

The low bandwidth of the first loop means that extee

must be taken to prevent noise froeachingthe first

oscillator since above 60 Hz there is mlisturbance
rejection. Any noisemparted onthe low frequencies of
the first loop are dutifullyreproduced bythe secondoop.

The DC power suppliesre placed in a separatbassis

system.

3 PERFORMANCE

1 Jitter Analysis

A phase noise spurious sideband of low modulaitidiex

produces phase jitter according to:
@ ms= 2£(f) ()

where £(f) isthe single-sideband phaseoise to carrier

ratio per Hz, usuallypresentedogarithmically in dBc/Hz

[4].

The largest spur is the one at the phase sdiét which
is -90 dBc/Hz. This produces only 0.0036° of phgiter.
The phase-shiftedinac referencdeaks onto thereference
to the second PLL and leads to this spur.

It is the integrated phase noise spectral density that
leads tothe bulk of the phase jitter. The relation for
finding the rms phase jitter for a givesingle-sideband
spectral density is:
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where fland f2 arethe startingand endingfrequencies of
interest, respectively. where w, is the synchrotrorfrequency, Q istlh /2,
Presently, the phase noise spectral density Y¥heretis the radiation damping time [3].
<-100 dBc/Hz at 300 Hzand is lower at higher Using this calculation with the phase noise density and
frequencies ashown in figure 3. The integration of thethe beam phase transfdunction indicates that the
spectrumleads t00.075° rms phase jitter on tfi&F. At Synchrotron resonance has a slight amplificagtfact on
476 MHz this is 0.44 ps of timing jitter. The noieor the phase noise transmitted to the beam.
of the spectrumanalyzer is comparable tthe spectrum
observedwhen measuring the master oscillatmutput.
The calculation istherefore aworst casevalue. As the ee
PEP-II bunch length is 1 cm or 5.7°, the rms jitte
equates to about 1.3% of the bunch length.
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Figure 4. RF Phase to Beam Phase Response

i st e ! Integrating the expression in equation (3) for the two
5;:3\44.1'364935 %w;miggpﬁrsz PEP-II beamdeads t00.099° rms jitter for the LER and
1601z 0.107° for the HER.
Figure 3. PEP-Il RF Spectrum Measurements in PEP-lbefore the modifications
described here (circuit separation, higher frequency VCXO)
The spectral density of the 59.5 MHz outputdifficult ~ indicatedlongitudinal beam motion of less than 0.3° in
to measure directly becausiee spectrumanalyzernoise eachring. Beforeimprovements to the layout, when the
floor is higher than that of the 59.5 MHz signal. This i€ffects ofthe phase shiftingverefelt, motion wasmore
confirmed bynoting that the 476 MHmeasurement has than adegree. It is believethat the twomodifications
essentia”y the samecharacteristics atthe h|ghe|’ should bring about further improvement to the levels
frequency, when it is expected to bedegraded by arrived atin this paper.
20*log(N), where N is 8 leading to a degradation of
18 dB. The twomeasuredspectraare comparable, for 4 CONCLUSION

example, at a 1 kHz offset, confirming that spectrurysing two phase-lockedoops in succession, the PEP-II

analyzerlimitations are being observedThe spectrum is Master Oscillator provides law jitter RF source for the
better than that of itseferencesince thereference is RF, timing, and feedback systems.
produced by multiplying a 8.5 MHz crystal to 476 MHz.
The specification for the present SLAC linac crystal is 5 REFERENCES
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