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Abstract

A sampled phase-locked loop synchronizes the PEP-II B Factory rings to their
SLAC Linac injector. The injection of both electrons and positrons into the
separate rings and into their proper rf buckets requires phase shifting the linac
rf with respect to the PEP rings. One of every three machine cycles provides
the PEP ring an undisturbed reference while the other two thirds of the time
the reference is unusable due to the injection scheme. The ring rf must be
tunable about its nominal frequency for machine physics use. A sampled phase-
locked loop handles the task of synchronizing the PEP-II rf to the linac while
maintaining good phase noise. The input reference is sampled at 120 Hz and
provides a ring rf signal with less than 0.1° of rms phase jitter at 476 MHz.
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Abstract

A sampled phase-lockddop synchronizes the PEP-II B 2 ARCHITECTURE

Factory rings to their SLAC Linac injector. The injectionThe PEP-II Master Oscillatoresides inthe region 8
of both electrons and positrons into theparateings and control room of the PEP-II ring. It takes linac RF as its
into their proper RF bucketsequiresphase shifting the input and produces RF fannedut 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 designation of master oscillator is perhapsianomer 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 nomifrabuency for l0ops (PLLs). The sampling first loopcreates a
machine physics use. Asampled phase-locketbop 59.5 MHz clock with a voltage controlled crystal
handlesthe task of synchronizing the PEP-Il RF to théscillator (VCXO). This 59.5 MHz serves as trederence
linac while maintaininggood phasenoise. Theinput for the continuousecondoop which controls aoltage-
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 Sy DAC
the RF system [1], the beafeedbacksystems, tune 1eon

Linac 476 MHz \
7 hY 59.5 MHz
monitor, and other timingheeds.The design criterion for - T‘ - > '>

the tolerance on phaseoise was the collisiorpoint 10kHz vexe
offset.
During commissioning a tighteolerancewas found to L
be imposed by the longitudinafeedback; so the sosure Ls@=[wr] [ s ——
performance specification has been driven by that. 100kHz saw e
Ring RF with low phase jitter must be derived from the 1

SLAC Linac drive signal which containgiducials and an L=

interferometersignal. The task iscomplicated by the
injection scheme which shifts the phase of the lidiae

signal according tothe target ringand bucket of the  \jost PLLs are continuous-time closed-loopfeedback
injection bunch. The phase reference is left undisturbed @yrstems. Thenature of the PEP-Ireferencedictates a
2.8 ms ofevery8.3 msfor 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 shiftingmentioned above, stapility. 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 machinetiming use. A linacinterferometer reference is therefore compromised. Fortunately the
signal is superimposed orthe RF for phase length reference is fixed andhus only the lowestirequency
stabilization. There is a 500 pmeriodwhen the bunch is penavior must benatched The challenge is téock with

present inorder toprovide unmodulated RFor the linac

klystrons. It isduring one ofevery three otheseperiods
that the PEP-II master oscillator samples the linac RF fér1 The Use of Two Loops
phase locking.

The master oscillator must provide frequemnggability,
smooth unlockingfor tuning, and smooth locking for
maintaining beam.

Figure 1. System Block Diagram

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 defifrecuency
by which the open loop gain must keluced tounity for
stability of the sampled loop. In order to provide +10 kHz
of tuning range, the VCQelectedhas 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 bythe phase-lockedoop chip
chosen [2]. Using the notation of e.g. [3], the Idier
is designed to provide laad-lag effecthat provides phase
margin to the loop.

The tuning range&nd samplerate requireattenuation in

from the PLL circuitryfor this reason. Fanfor cooling
are in this second chassis as well.

A signal isolation problem with the layout of the
circuitry in the originaldesignled to excess phase noise
on the ringRF. A small amount of thephase-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 frequenaftich is multiplied by
a second phase-lockeldop. In this way, noanalog
attenuationgxcessive component valuesdivider ratios
(which bring aboutadditionalnoise)areused. The key is
to producdow phase noiséntermediatefrequencywhich

functions onto two circuit boards.

A secondimprovement was to use a highfeequency
crystal allowing for a smaller multiplication fact@ading
to lower overall phasaoise. The noise floor of the
crystal 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 irorder toachieveadequate
phase margin the loop bandwidth must be kept low.

Kdiv |‘

T2.s+1 Kvco(s)
pf ——
Tls s

RFout

Figure 2. PLL Block Diagram

In a sampledsystem an antialiasing filter isised to

prevent out of band information aliasing into fleedback

loop. In this case the lowest bandwidth lowpass,

antialiasing filter that can besed isone whose rise time
must be shorcompared tothe time spanbetween the
phase-shifted reference atitk non-shiftedreference to the
loop. A low pass filter with 35 ps rise time ised. The
rise time of aproperantialiasing filterwould be nearly 6
ms andwould integrate unusableferencesignals along
with desired time portion of the reference.

2.2 Phase Noise Apportionment

Three distinct phase noise regions contribute to the out

spectrum. The first loogracks thereferencephase noise
up to the extent of itdandwidth, definingthe close-in

phase noise of the master oscillator. Tdezondloop

tracks the first oscillator’'s phase noise through sbeond
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 tdmimum

bandwidth based on whetiee firstand seconascillator's

phase noises cross.

The low bandwidth of the first loop means tleatra care

must be taken tgrevent noise fronreachingthe first

oscillator since above 60 Hthere is no disturbance
rejection. Any noisemparted onthe low frequencies of
the first loop are dutifullyreproduced bythe secondoop.

The DC powersuppliesare placed in aeparatechassis

2.3 Additional Features

The ring RF must beapable ofrunning unlocked from
the linacreference taallow the rings to run off nominal
frequency for machine physics. The locking and unlocking
procedure must be sufficiently smooth so that beam is not
lost. To enableunlocking, the system has a DA#hich
provides the nominal voltage to the first VCOdrder to
producethe correct 476 MHz. The phase-lockedloop
provides correctiorabout this DC value. Aradditional
DAC is provided to allow the control system ddve the
VCO in the unlocked state.

The three clocks in the system (linaderence and two
VCOs) are all monitored. Should any clock fail, the loop
will unlock and a flag is set in the PEP-Il conteyistem.

A lock indicator is providedfor the first loop. Analog

signals like the first loop’sraw phase error, the first
loop’s sampledand held phase error,and the second
VCO'’s tuning voltagearealso monitored in the control
system.

3 PERFORMANCE

MY Jitter Analysis

A phase noise spurious sideband of low modulaitidex
produces phase jitter according to:

Pme = 2L(F)

where L(f) is the single-sideband phas®ise to carrier
ratio perHz, usuallypresentedogarithmically in dBc/Hz
[4].

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

It is the integrated phas@oise spectral density that
leads tothe bulk of the phasgtter. The relation for
finding the rms phase jitter for a givesingle-sideband
spectral density is:

1)



2 f2
s = J2L (B @ @ = [ L (f)df €)

wg
(j278)* +2G% + g

where w, is the synchrotrorfrequency, Q istld /2,

where fland f2 areghe startingandendingfrequencies of wheret is the radiation damping time [5].
interest, respectively. Using this calculation with the phase noise density and

Presently, the phase noisespectral density is the beam phasdransfer function indicates that the
<-100 dBc/Hz at 300 Hzand is lower at higher synchrotron resonance haslght amplificationeffect on
frequencies ashown in figure 3. The integration of thethe phase noise transmitted to the beam.
spectrumleads t00.075° rms phase jitter on thF. At
476 MHz this is 0.44 ps of timing jitter. The noiieor
of the spectrumanalyzer is comparable tthe spectrum 20
observedwhen measuring the master oscillatmutput.
The calculation istherefore aworst casevalue. As the
PEP-II bunch length is 1 cm or 5.7°, the rms jitte  zo
equates to about 1.3% of the bunch length. : / \
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Figure 4. RF Phase to Beam Phase Response

Integrating the expression iaquation (3) forthe two
PEP-Il beamdeads t00.099° rms jitter for the LER and
0.107° for the HER.

Frog 475,90 3  Span

"r;?ﬂ "'H':'J L:: ::; Measurements in PEP-lbefore the modifications

B (25 described here (circuit separation, higher frequency VCXO)
Figure 3. PEP-Il RF Spectrum indicatedlongitudinal beammotion of less than 0.3° in

eachring. Beforeimprovements to the layout, when the
The spectral density of the 59.5 MHz outputdifficult  effects ofthe phase shiftingverefelt, motion wasmore
to measure directly becausiee spectrumanalyzernoise than adegree. It is believethat the twomodifications
floor is higher than that of the 59.5 MHz signal. This ishould bring aboutfurther improvement to the levels
confirmed bynoting that the 476 MHmeasurement has arrived at in this paper.
essentially the samecharacteristics atthe higher
frequency, when it is expected to bedegraded by 4 CONCLUSION

20*log(N), where N is 8 leading to alegradation of \ging twophase-lockedoops in succession, the PEP-II
18 dB. The two measuredspectraare comparable, for \jaster Oscillatoprovides alow jitter RF source for the
example, at a 1 kHz offset, confirming thspectrum RF, timing, and feedback systems.

analyzerlimitations are being observedThe spectrum is
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The rms beam motion is the integration of greduct of
the spectral density in Eq.&hdthe absolute value of the
beam phase transfdunction as shown in Eg. 3. and
plotted in figure 4,



