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THE FERMILAB DO MASTER CLOCK SYSTEM 1

C. Rotolo, M. Fachin, S. Chappa, M. Rauch, C. Needles, A. Dyer

Feami National Accelerator Laboratory
P.O. Box 500

Batavia, IL 60510

Sequencer module which uses PCLK and SYNC to establish
Abstract 1113 states per revolution corresponding to RF buckets. The

Sequencer derives 23 timingsignals from memorydatawhose
The Clock System provides bunch crossing related timing addresses con,es_nd to the 1113 states. With the memory

signals to various detector subsystems. Accelerator being accessed sequentially at the PELK rate, programmable
synchronization and monitoring as well as timing signal timing signals are _ that have one RF bucket (18.8 ns)
generation and distributionare discussed. The system is built resolution relative to any bunch. This mechanism has no
using three module types implemented in Eurostandard limitation as to bunch spacing or location so long as the
hardware with a VME communications interface. The first pattern is reproducedonce per revolution. A reference pulse
two types of modules are used to facilitate synchronization called BC_REF is produced for each anticipated bunch and
with the accelerator and to generate 23 timing signals that are compared to an input pulse (BC_INP) derived from a beam
programmablewith one RF bucket (18.8 ns) resolution and 1 pickup. The coincidence of these two signals is used to
ns accuracy. Fifty-four of the third module type are used to establish the absolute reference for the Clock and to monitor
distributethe timingsignals and two synchronous53 MHz and Clock performance. The 23 timing signals are referred to as
106 MHz clocks to various detectorsubsystems. Timing Lines (TL<0:22>). Those timing signals producedby

the Master Sequencer (MAS SEQ) are output to a custom
SYSTEM OVERVIEW backplane along with PCLK and MCLK for distribution to

Selector FanoutModules.

The DOClock System is an outgrowthof the clock system s._,
at CDF [1]. Although the DOClock has retained some of the
basic circuit concepts of the CDF Clock, its architecture is Tsmm Tm
significantly different and allows mach more flexibility in its _
operation and in the distribution of timing signals. A block r,c_m, __
diagram of the system is shown in Figure (1). The system is
housed in six 9U by 280 mm Eurostandardcrates plus three
NIM bins located in seven racks distributedthroughoutthe DO " " "
counting houses and platform. The system is built using three
module types called the Phase Coherent Clock (PCC), T_a-
Sequencer (SEQ), and Selector Fanout Module (SFI_ which nm,,m
respectively perform the functions of sync_n with the

accelerator, timing signal generation, and timing signal 3_oamc 2c..m_T,,,,_
distribution. The 53 MHz TevatronRF, which is, of course, pm,,,m P,.m_rm
coherent to the rotating bunches in the accelerator,oscillates
1113 times in the time it takes a bunch to make one

revolution around the ring (- 21 tta). A Wocessed version of c_m," Nms_m
the Tevam_ RFand a once-a-revolutionsync_tion pulse _.. am _ 36FA.CC...
from the acceleratorcalled TEV SYNC are input to the Phase Figure (1) - DOClock System Block Diagram
Coherent Clock module, The module produces a 53 MHz
clock called PCLKand a 106 MHz clock failed MCLK both of Most of the timing signals are distributed to detector
which arecoherentto TEV SYNC, and hence with the bunches subsystems with a two tiered approach, Selector Fanout
in the machine. Modules, located in the crate with the Sequencer called the

In addition to PCLK and MCLK, a once-a-revolution Clock crate, select timing signals and clocks from the
SYNC pulse is output from the Phase Coherent Clock to the backplane and output them to Selector Fanout Modules in

othercrates called fanout crates. One or more Selector Fanout
Modules in fanout crates can accept signals from the Clock

1 Worksupportedby the United States Departmentof Energy crate andother sources such as the DOTrigger Framework[2].
undercontractNo. DE-AC02-76CHO3000. These modules are then made to drive the input signals to
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selected timing lines on the backplane of the fanout crate, the reference over a very small range (10 ppm). These two
Addiuonal Selector Fanouts in the fanout crate can then each boards are well suited to the PCC's application since within
select and output four of these timing line signals with a limits they allow independent control over the phase and
maximum fanout of du'ee for output to various detector frequency of the output signal. The PCC receives the
subsystems. Beside the four selected timing signals, the Tevatron RF transported to DO over the CATV link which
Selector Fanout can output either MCLK or PCLK to the cannot be relied upon for its long term phase stability.
detector subsystem and accept a Busy signal from the However, its f_,,quencyis that of the real TevatronRF which
subsystem and route it back to the TriggerFramework. changes with energy"level of the machine and serves as the

The second Sequencer shown in Figure (I) is identified as reference input to the C-1OI0. The phase of the 106 MHz
the MUON SEQ and generates an additional set of 23 timing output is adjusted once each revolution by the Tevatron Sync
signals that are used exclusively by the Muon system. The pulse (TEV SYNC) which becomes the triggerinput to the C-
Muon Sequencer runs synchronously to the MasterSequencer 1000Phase Lock Bmxd.
because they both receive the same clock and synchronization The output frequency of the C-1000 (106 MHz) becomes
signals from the PCC. Although the Muon Sequencer resides MCLK thatis used by the CentralTrackingdetector systems.
in the Clock crate, its timing line outputs to the backplane are PCLK is the primaryclock frequencyof the Clock systemand
disabled and its outputs are taken from its front panel, is derived by dividing a version of MCL_ by two such thatit
However, another Sequencer generating zdditional timing is equal to the 53 MHz TevatronRF. SYNC OUT is produced
signals could reside in another crate with Selector Fanout once a revolution and is derived from a II 13 countdown of
Modules andoperatein parallelwith theClock crate. PCLK. Although the edges of SYNC OUT are derived from

PCLK, synchronism withTEV SYNC is insuredby presetting
PHASE COHERENT CLOCK MODULE (PCC) the countdown on each revolution in a transparentmanner.

The primaryoutput signals from the PCC are MCLK, PCLK,
The PCC is composed of two commercial PC boards and SYNC OUT andeach has a fanoutof threefor the purpose

manufactured by Berkeley Nucleonics Corporation (BNL") of driving multipleSequencers.
piggy backed on a single PC boardwhichcontainsinterface, The TEV SYNC inputto the PCC is derived from a
control and error monitor logic circuits. Figure (2) is a block Camac 279 module which receives the coded Tevatron Beam
diagram of the PCC. The BNC C-1000 Trigger Coherent Sync Clock O'VBS) fromthe acceleratorwhich is synchronous
Oscillator, shown as the Phase Lock Board in Figure (2), is to the Tevatron RF. The 279 module produces a
capable of producing a stable 106 MHz output frequency, fo, programmable once-a-revolution pulse, coherent to the
coherent with a random trigger inpuL However, by supplying bunches in the machine, that has a resolution of seven RF
a variable reference frequency to the BNC C-1010 FreqLock buckets. A programmable delay in the PCC called SYNC
Board,the coherent output frequencyof the C-1000 will rock DLY allows for the adjuslment of the phase of PCLK relative
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Figure (2) - PhaseCoherent Clock Block Diagram
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J to the bunches in the machine with a resolutionof 1 ns and a SYNC and TEV RF are enabled and the PCLK frequency
range of 16 ns. Adjustment of SYNC DLY will change the between TEV SYNC pulses tries to track TEV RF. Hence,
relativephase between all the uming signals produced by the one would expect the deviation in phaseover one revolutionto
Clock and the bunch crossings. A Sync Missing error is be less than in Sync-Lock mode. In practice, the required
produced whenever TEV SYNC is missing or slow, and a phase adjustment in Normal mode also has a maximum value
Sync Timing error is produced whenever TEV SYNC and of 500 ps at 1000 GeV and near I ns in the opposite direction
SYNC OUT are not coherent (+ 3 ns). When TEV SYNC is at 150 GeV. The reasons for this are not understood,but can
enabled to triggerthe C-lO00 Phase Lock Board, the output, be attribuledto the internalresponse behavior ofthe C-1000.
fo, drops out for 30 ns. After the drop out, fo restartsat the

same frequency that existed prior to the trigger, but with a _.._.. a,____.-_"t_cll_3ts"_ _01nm_coherentphase relationship to the trigger. A delayed version Phageof
of fo is inserted into the fo pulse stream to fill in the gap _ [_,'L,,....X-"""_ [..x-=l
causedby the drop out. As a result,a version of MCLKcalled reh_ve to
UDMCLK (undelayed MCLK) is created and appears TevmonRF

uninterrupted despite the trigger. When TEV SYNC is AT t Isrms t
disabled, fo runs continuosly and remains coherent with the _ TEVSYI_ 'f
most recent trigger. The phase of MCLK relative to PCLK is Time

adjustablewith a resolutionof I ns and a range of 16 ns using Figure (3) - PCLKPhas- Discontinuity at TEV SYNC
a programmabledelay called MCLKDLY.

The frequency locking rangeof the C-1010 in termsof the In Freq-Lockmode, TEV __vNCis disabledand TEV RF is
TevatronRF is 1.13 KHz and covers Tevatronenergies from enabled. PCLK is phase locked to the TEV RF and runs
150 GeV to I TeV. A rate detector monitors the TEV RF without the necessary phase adjustment on each revolution

because it tracks the TEV RF at ali Tevatron energies. IninputandproducesanRF Missingerrorifmorethanoneor
two pulsesaremissing,and theC-1010producesan RF ordertooperateinthismode,however,TEV SYNC would
Lockingerrorifitisunabletolockontoitsreferenceinput,periodicallyhavetobeenabledfora shorttimetoestablisha
WithTEV RF disabledandthereferenceinputtotheC-1010 consistentphaserelationshipbetweenPCLK andthebunches
removed,theC-1000 oscillatesat a fixedfreerunning inthemachine.Thiswouldbeaccomplishedbyplacingthe
frequencyfo= 106.20842MHz withanagingspecif'_,ationof PCC inNormalmode forasecondorsoapproximatelyevery

tenminutes.BecauseTEV SYNC doesnot_ggertheC-1000_0.2ppm/weekandtemperaturestabilityof+I ppm fromO to
50°C. ThePCLK freerunningfrequencyis53.10421MHz PhaseLockBoardinthismode,therelativephaseofPCLK
andcorrespondstoa Tevatronenergyofapproximately210 doesnotexhibitanydiscontinuityatTEV SYNC asitdoesin
GeV. Sync-LockandNormal modes. AlthoughTEV SYNC is

disabled from triggering the C-1000 in this mode, functions
MODE _[CJ_I_ _ENBL dependenton TEV SYNC suchasSyncTimingand Sync

Free-Ran 0 O Missing errormonitors remain operable. If a Sync Timing
Freq-Lock 0 1 error occurs, synchronizationmustbere-establishedinNormal

Sync-Lock 1 O mode.
Normal 1 1 Beside the constant phase, discontinuity in PCLK, an

Table (1) - PCC Modes of Operation additional randomdiscontinuity in the phase of PCLK occurs

The PCC has four modes of operation called Normal, at the same time due to jitter in the TEV SYNC signal from
Sync-Lock, Freq-Lock, and Free-Run and are controlled by the acceleratorof -,400 ps. Hence, in Normal and Sync-Lock
setting two control bits SYNC ENBL and RF ENBL as shown modes, the jitter in PCLK relative to a fixed bunch crossing
in Table (I). In Free-Runmode, both TEV SYNC and TEV from revolution to revolution will be -400 ps rms as shown
RF are disabled and the PCC free runs independent of the in Figure (3). In Freq-Lock mode, TEV SYNC is inhibited
acceleratorwith all its errormonitors disabled. In Sync-L,cr_ hem triggering the Phase Lock Board and hence, there is no
mode, only TEV SYNC is enabledand the f_equencyof PCLK random discon,,/nuity on every revolution. The phase of
in between TEV SYNC pulses is fixed at the free running PCLK relative to the Tevatron RF would remain constant
frequency. Since for energy levels other than 210 GeV the during the period that the PCC was in Freq-Lock mode, and
timebetweenTEV SYNC pulses changes, a fraction of a pulse change to a new constant value duringsubsequentFreq-Lock
more or less than I 113 is producedbetween "perfectly timed" periods.
TEV SYNC pulses. This fractionof a pulse is constant for a Although Freq-Lock mode minimizes jitter and eliminates
given energy level and has a maximum value of 500 ps which the PCLK phase discontinuity on each revolution, the current
is made up within a single cycle on each revolution near the precision requirements of the experiment do not merit the
time of TEV SYNC. The end result is that the phase of additional operating complexity of using Freq-Lock mode.
PCLK changes relative to the Tevatron RF throughout each The effects of discontinuity in the phase of PCLKexhibited in
revolution with an abrupt discontinuity near the time of TEV Normal and Sync-Lock modes are minimized by forcing the
SYNC as shown in Figure (3). In Normal mode, both TEV discontinuityto take piace between bunchcrossings when
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Figure(4) - SequencerBlock

acquisition is quiet. The jitter due to TEV SYNC in Normal signals. It is, however, monitored and output to the front
and Sync-Lock modes from revolution to revolution is non- panel and the backplaneas are the timing signals andPCLK.
systematic and small enough so as not to be a problem. The The 23 timing signals called timing lines are split into two
measuredjitter in PCLK at any fixed bucket in ali modes of groups. The first group of 12, TL<0:ll>, are referred to as
operation using a near perfect TEV SYNC and TEV RF as Static and are derived from the Static Data Memory. The
input is <100 ps rms. second groupof 11, TL<12:22> arereferredto as Dynamicand

arederived fromeither the GroupA or GroupB Dynamic Data
SEQUENCER MODULE (SEQ) Memories. In order to download the Next AddressMemoryor

the Static Data Memory, the Clock ON/OFF MUX must
Both the Master Sequencer and Muon Sequencer receive select the VME address which turns the Sequencer OFF,

PCLK, MCLK, and SYNC from the PCC and are_ in Selecting the NEXT ADDRESS mms the SequencerON. The
the saree manner, each producing 23 distinct timing signals Static Data Memory contains datacorrespondingto the Static
with a resolution of one RF bucket or PCLK cycle. The timing lines which are referred to as statically programmable
difference between them is thatthe Muon Sequencer's timing because the Sequencer must be turned off in orderto change
signals are output to its front panel only, and the Master them. The GroupA and GroupB Dynamic Data Memories are
Sequencer outputs its timing signals to the custom J3 functionally identical, and outputs from one or the other are
backplaneand its front paneL Figure (4) is a block diagram of selected for output to the Dynamic timing lines. The Mux
the Sequencer and shows four memory blocks called Next ahead of each memory separately determines whether that
Address Memory, Static Data Memory, Group_A Dynamic memory is ON and is sequencing by selecting the NEXT
Data Memory, and Group_BDynamic Data Memory. Each of ADDRESS, or is OFF by selecting VME. While one of the
the memories has a registered output that is updatedon each memories is ON outputting data to the timing lines, the other
PCLK cycle. With 12 bits of the Next Address Memory can be turnedOFF and downloaded with new datafor one or
pointing to the address of the next sequencer state, the more timing lines. Then by turning ON and selecting the
memories are cycled at the PCLK rate and their output data newly downloaded memory, timing signals can be changed on
become the timing signals. The memories in the Sequencer the fly without turning the Clock off. Hence, these timing
are4K deepand hence capableof a repeatcycle of 4,096 states, lines arecalled dynamicallyprogrammable.
However, a software limit of 1113 states is imposed to One of the control bits of the Next AddressMemory called
correspondto Tevatron RF buckets. Although MCLK is input BC_REF is programmedto "1"at each location corresponding
to Sequencer, it is not used in any manner to generate timing to the bucketnumber in which the bunch resides. The pulse
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thatisproducediscomparedtotheBC_INP pulsewhichis thecoincidenceofSY'NC_REFandtheSY'NCinput,
derivedfromabeampickuplocatedintheacceleratornearDO. Two paritybitscorrespondingtotheStaticandDynamic
The coincidence of these two pulses is used to establish the timing lines are written to the memories. A Parity error is
absolute referencefor the Clock. Theircontinued coincidence generated ff incorrectparity is detected at any buckeL Three
is monitored internal to the Sequencer to within ±3 ns to additional errormonitors detect whether any of the PCLK,
insure synchron_tion with the accelerator. A BC Phase error MCLK, or SYNC signals are missing or slow. These errors,
is generated whei:'anti-coincidence occurs on two successive along with those previously discussed, are latched upon their
revolutions to mc,nitorphase drift while being immune to occurrence andhence may not indicate the currentstatusof the
TEV SYNC jitter. Sequencer. However, the errorstatusof the Sequencer and the

Another contro_ bit of the Next Address Memory failed PCC will be monitored and cleared by the DO AJm'msand
SYNC_REF is prol;rammed to "1"at a single location and is Limits system on a regular basis.
compared to the S YNC input pulse once each revolution to Diagnostic fealares implemented on the Sequencer include:
verify synchronism. If the SYNC input is found not to occur front panel outputs of key signals, onboard LED display of
within the same b tcket as SYNC_REF, the Sequencer is timing line states, a Step Mode where VME cycles are
placed in a hold condition at the SYNC_REF bucketuntil the substitutedfor PCLK, and two frcmtpanel triggerpulses. The
next SYNC input occurs. In operation, the Sequencer goes in first, called BC_TRIG, is programmed as part of the Next
and out of the hold condition in the same bucket once each Address Memory independent of the timing lines, lt is
revolution in a manner transparent to the user. This intended to he used as a scope lac-trigger to monitor Bunch
mechanism forces SYNC_REF to automatically become Cmuing synchronization but can be used for otherpurposes.
aligned with the SYNC input. If synchronization is lost and The second front pe_'lelpulse, called the Programmable
the Sequencer is forced into the hold condition beyond one Trigger, is a once-a-revolution pulse thai can be programmed
PCLK cycle, a Sequencer Hold error is generated. However, through VME to occur at any bucket without disrupting the
recovery from a temporary loss of synchronization is operationof theClock.
automatic and occurs within one revolution. The position of
SYNC_REF can be progmnmed relative to other signals. SELECTORFANOUT MODULE (SFM)
Hence, it can he used to establish the timing of the outputs
relative to the SYNC input and the bunch crmsing to within The Selector Fanout Module (SFM) has the function of
one bucket. The Sequencercan also he made to Free-Run, in distributing Sequencer timing signals to various detector
which case the Sequencer continually recycles independentof systems. Figure (5) is a block diagramof the SFM and shows



its P2 I/O on the left, 1>3backplane connections on the top, control logic. In the latter case, they do not consume any
and P3 I/O on the right. SFMs are used for a variety of timing lines on the backplane,but otherSFMs in the crate can
functions in the system which use different sections of the not gain access to these signals. Four TL Selectors in each
module. In the Clock crate, SFMs only receive signals from module select timing signals from the backplaneto be output
the P3 backplane and drive them at their P3 I/O. In Fanout to P3 with a Differential ECL fanout of up to three and a Nim
crates, SFMs drive and receive signals at their P2 andP3 I/O, fanout of one. MCLK and PCLK are input to each module
in addition to driving and receiving signals at the P3 eitherof which can be selected and fanned out along with the
backplane. A group of SFMs along with the custom J3 timing signals. Each SFM has the ability to retime the
backplane can be thought of functioning as a crosspoint selected timing signals In'torto being output by latching them
switch. Up to foursignals can be input at the P2 connector of with a delayed version of PCLK having a resolution of I ns
each SFM and be made to drive specific bussed backplane and a range of 16 ns. This allows for the adjusnnent of the
timing lines in groups of four via the TL Router. Up to six phase of the timing line signals relative to the CLK (MCLK
such modules, each muting signals to specific timing lines on or PCLK)output.
the backplane, would put as many as 24 timing signals on the
bus. The TL Selector of each module is then capable of SOFTWARE
selecting up to four signals from any of the timing lines on
the backplane. These signals plus either of the two clock A PC based software package for controlling all three
signals, MCLK or PCLK, are duplicatedand output at the P3 module types is available for use in the laborawry using a PC
I/O. Thus, signals input at P2 on various boardscan be mixed to VME interface directly, or in the experimentalhall using a
and matched and output at the P3 I/O of other boards. PC to token ring interface and the DOcontrol system. The
Additionally, up to three Busy signals can be input at P3, program is called the DO Clock Control and Test Program
summed and routed via the BY Routerto one of five bussed (CT) [3] [4] andrequires theuse of an additimal programcalled
BY<0:4> lines on the backplane. The BY Selector from the the DOClock Timing Language Translator [5]. The translator
same or other SFMs can select any of the bussed BY lines and accepts an ASCI source file using specific syntax to describe
output the selected Busy signal at P2. the desiredbehavior of the timing fines andconverts it to a file

A front panel _emote switch determines the source thatcan be downloaded to the Sequencerwith the CT progrmn.
of data for module control register. In Remote, ali reg/sters Interactive control over ali three module types including
are readable and writeable from VME, whereas in Local the individual SFM by device name is implemented. Two
contents of these same registers aredeterminedby onboarddip additional PC based programs provide for auto testing of the
switches. The Local option permits SFMs, having constant Sequencerand the SFM.
configurations, to be operated in areas where VME is not VAX-based control software for the Phase Coherent Clock
available, and the Sequencer is implemented using a client/server model

SFMs located in the Clock crate will normally use only allowing access from multiple clients without interference [6].
the TL Selector and fanout portions of the circuit. The Users can be privileged or non-privileged and can reserve
Seqnencer resides in slot 7 of the Clock crateand drivestiming specific timing lines that no otheruse_ can alter. The program
lines, TL<0:22>, along the bussed J3 backplane to SFMs automatically executes the neces.uu'yVME commands to the
which can occupy any slots 8 thru20. The TL Selector of a Sequencer to modify timing lines. Modification of the static
given module selects signals from the backplane for timing fines requiresthatthe Clock be turnedoff and hence can
distribution through its P3 I/O to fanout crates o¢ directly to only be executedby privilegedusers.
detector systems. Actual outputs are takenfrom rearmounted
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