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Abstract 

The Dl RC Front-end electronics chain for the BaBar 
experiment. is presented. Its aim is t.o measure t.o better 
than Ins the arri val time of Cerenkov photoelectrons, de­
tected in a 11,000 phototubes array and their amplitude 
spcc(.m . It mainly comprises 64-channel boards (DfB) 
equ ipped with eight ASIC VLSI full-custom Analog Chips, 
perform ing zero-cross discrimination with 2 m V t.hresh­
old and shaping, four ASIC VLSI full-custom Digital TDC 
chips, perform ing timing measurements with 500 ps bin­
ning a nd a readout logic selecting hits in the trigger win­
dow, and crate controller cards (DCC) serializing the data 
coli cted from up to 16 DFBs onto a 12 Gb/s optical link. 
Ext.ensive test results of the chips pre-production units will 
be presented, as well as system tests. 

1. INTRODUCTION 

T he Dine Sub-system of the BaBar Detector [1] is in­
t.ended to provide particle identification, part.icularly sep­
arate 11' and K mesons to better than three sigmas for mo­
ment.a between 0.15 and 4 GeV / c. Cerenkov photons are 
in ternally reflected in 144 quartz bars towards 10 ,752 pho­
tom ulti plier tubes (PMT). A water tank is used as leverage 
bet.ween the quartz bars ends and the photomultipliers. 
T he Cerenkov angles are deduced from the pat.tern cre­
a ted on the PMT wall. The momentum is measured in 
t.he BaBar D rift Chamber. The noise in the DIRC due to 
t.he PMT s themselves is estimated to 1 kHz, the PEP II 
machine noise is estimated to 30 kHz including a safety 
factor of ten; fo r an average BB event., 5.7 primary tracks 
hit Lh e DIRe and p roduce each 33 photoe\Not.rons to which 
m ll~t. be added six ext.ra hits from background generitt.ed by 
these t racks. An equivalent number of background phot.ons 
of t.he order of 200 is generated by secondary int.eract ions 
between t.he event tracks and t.he detector (most.ly Comp­
t.on scaLttering in the quartz). Therefore, phot.omul Li pli­
PIS with a Ins time resolution have been chosen, I.hat t.he 

Front-end electronics should not degrade significant.ly [2]. 
The Levell t.rigger is built from Drift. Chamber, Calorime­
ter , and Muons Det.ector flags. Its latency is 12 JiS, wit.h 
an uncertainty of 1 Jis. On recei pt of the Level 1 trigger, 
raw data are pulled from the Front-end elec tronics , after 
selection within the corresponding time-window Pipelin ­
ing is avoided using the accurat.e time informat.ion th.at. 
is provided by the DIRC Front-end chips . Therefore, the 
dat.aflow from the Front-end electronics t.o DAQ is reduced 
by a factor of ten . 

II. SYSTEM DESCRIPTION 

A full description of the syst.em is given in [:3J. The 
Front-end electronics, shown Figure I, is install ed very 
close t.o the detector, in order to save caNes and keep t.he 
required single electron sensitivil.y. It. is t.herefore highly 
int,egrat,ed . CMOS electronics is used wherever possible, 
housed in 192 DIRC Front-end Boards (DFB) Twelve Ff0nL­
end VME mechanics crates are linked to the dat.a acqui­
sition system by twelve BaBar st.a.nd:u d 1.2 Gbit./s opti ­
cal fibers . The 1 Gbit/s stream is paralleled in t.he 16-s10t 
crates at 595 MHz. Six readout modules [4] equipped with 
Power PC 604 chips process the DIRC dat.a for data-block 
building, detector calibration, and other purposes . Th e 
real-time com mands such as Levell accept, fast strobes, 
are dispatched t.hrough the BaBar Electronics unde r con­
trol of a Fast. Control Timing System honsed in t.he VME 

DAQ crat.es 

III. PHOTOMULTIPLIERS ELECT nONICS. 

The DIRe PMT base system colnprises print.ed (' ircllil. 
boards equipped wit.h surface mount.ed component.s allow­
ing t.o operat.e the phot.otubes around 1.1 1<V. BOilrc1s il rf' 
overcoat-ed wit.h an insulat.ing ('oating on bo\.h SIdes 
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A molded pla.'ltic bafie housing has been designed and 
/lilssed .the SLAC firp. requirements . A custom high volr,ilge 
small size connector has also been designed A distri bu tion 
board feeds 16 PMT channelfi. The planned base current 
IS 150 pA. 

The High Voltage System, in the e led.ronics hOllsp com­
prisf's 56 high voltage channels per sect.or , .~enl. to the' front.­
end t.hrough twelve 56-way high voltage cables . The voJt.­
ilge can be set between 1 kV and 1.6 kV. 

IV. ANALOG CHIP. 

The PMT signals are amplified, t.hresholdpd and plllsE' 
shaped by an 8-ciJanlle l analog chip [5,6] shown Pigurp 2 . 

1\ digit.al pulse (.inIPd with (.he peak of t.he inpul. pulse is 
Oll(.put. by a zpro-cross discriminat.or, as well il.S a pspudo­
gaussian pulse shaped at 80ns peaking time. Tile Analog 
C hip block-diagram is shown Figure 1 . 

A. Zero- Crossing Detection 

A time resolution better than 800 ps over an ampli­
t.ude range of 20 is achieved using the crossing of a zero 
levr>! from t. he differentiated input. pulse. In practice, in­
st.ead using two discriminat.ors , one for arming , the other 
for timing, it single hyst.E'resis comparator is IIsed, where 
the hysteresis is set equal t.o the t.hreshold. Therefore, the 
(.railing edge is synchronous with the zero-crossing of the 
input pulse. This edge is pulse-shaped as a 5ns digit.al pulse 
sent. to the TDC chip. A first amplificati on stilge, common 
t. r) all chil.nfle!s is implemented with a programmable gain. 
T he comparat.or hysteresis is kept. constant , the effechve 
t.hreshold bping obti'l.ined by changing the gain of the input. 
am plifier, correspond ing to a threshold between 1 and 10 
m V. T he deil.d time after a zero- crossing detedion is 80ns. 

R. PSf71,do-Gav,ssian Pulse Shaping 
A Cn.-n.c pu1:se shaper peaking at 80ns provides a 

m a.xi mum output proportiooill to the input charge . Ana­
log voltage gil.in is set between 2.5 and 25. A rnult.iplexer 
..clpct.s t.he channel to be out.put. towilrds the ADC . Use is 
llI ;]de of ICON active resistors [7] wherever high values are 
needed . The a nalog chip is manufactured by AMS (Aus­
t ria M ikro Systems) using a 1.2 p,m 2-poly 2-met.al CMOS 
process . T otal power is 200 mW. The chip area is 14 mm 2 

It. is housed in a 58 pin pacbge. 

C. Rrsults 
The Analog Chip tim e walk as a functi o n of t.he input. 

Jlllise amplitude i;:; sh owed Figure :1 . It. is less t.han ROO ps 
on an amplit.ude range of 20. 

V. DIGITAL CHIP 

Tl1e digital chip [8 ,9,10] is a 15-chann el TUC wit.1! 
!)()() ps binning input buffering anci select.ivp rpadout. of 

Figure 2 . Ba.Ba r DIRe Allalog ('hip. 
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t.he dat.a in time with the trigger. The digit.al chip block­
diagra.m is shown Figure 6 A binning of 500 ps has been 
chosen, wi th a full-scale of 32 J.1S in order to cope wi th a fi rst. 
level trigger latency of 12 JIS, or higher. The selective read­
out process extract.s data in time within a programmable 
window available at any time in an output FIFO. 

Sixteen channels have been integrated in a single 0.8 
pm CMOS mixed-design chip housed in a 68-pin package, 
manufactured by ATMEL-ES2. The die size is 36 0101 
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power less than 60 mW at 100 kHz average rat.e input on 
all chann~ls, and 60 MHz clock frequency. The Digital 
Chip is shown Figure 5. 

A. TDC Function 
The TDC section uses sixteen independent digital de­

Iny lines to digitize time with 500 ps binning [8]. A cali­
bration channel allows to tune the chip delays on the 60 
MHz reference clock, in order to cope with supply, tem­
perature and process variations. Coarse time is measured 
with a fast counter common to all channels, providing the 
J1 most significant bits. Double pulse resolution (equal to 
t,he cOllversion time) is 32 ns. 

R. lnput Buffering 
An int,ernal buffering is implemented with sixteen in ­

dependent four-deep dual-port channel FIFOs in order t.o 
store data before a reil.dout is requested, limiting the de­
t,ector dead-time to less than 0.1% at 100 kHz input. rate . 
Data stay there until the selective readout process de­
scribed below transfer them to a common Latency FIFO. 

C. Selective Readout 
T he selective readout process [9] extracts data from 

lite input FIFOs as soon as possible and builds a time­
orclered list stored in an intermediate FIFO during the 
Levpl I trigger latency. Data beginning to be candidate 
for iI possible incoming trigger are stored into an output 
rrFO, unt il they get out of the trigger resolution window. 
T herefore, at any time, the set of data in time with an 
incoming trigger is available in t.he output FIFO. A block­
diagram is shown Figure 9. In order to sort the input 
FIFO data compatible with the 100 kHz maximum random 
input rate with an acceptable dead-time, time has been 
sliced in 256 ns frames, within which the arithmetics is 
performed in parallel usi ng 15 comparators. In addition, 
possihle errors from the wrap-around of the ll-bit. coarse­
time count are avoided. 

D. A1easllrements 
T he tests performed on the prototype chips hilve shown 

that thp process uniformity within a chip allows t.o inte­
grat.e 16 channels on a single die, keeping integral linearity 
uncL r 100 ps RMS with the proposed calibration scheme. 
Figll J"f' 7 shows the different.ial linearity histogram for all 
channels of the preproduction run. An histogram of the 
s('l('ctive readout window showing a peak of events syn­
chroll ous wi th the trigger among random events is shown 

Figure 8. The calibration process has been found sta­
ble and transparent, no differences have beet; found in 
time measurements with or without the phase-lock run­
ning. Crosstalk between adj acent channels is less than l25 
ps, and power less than 60 m W at 100 kHz input rate A 
yield of 90 % has been obtained on t lw hundred measured 

parts. 

VL DIRC FRONT-EN D B OARD 

The DIRe: Front-end Board (Figure 11) processes 61 
PMTs inputs. It hOllses eight analog chips , four digital 
chips, one 8-bit flash ADC, and a set of F'PG As used for 
serial protocol encoding and decoding, multi-event buffers 
and control registers implementation, tests and diagnosti c 
functions. It is connected to a custom crate backplane, the 
Protocol Distribution Board (PDB), described in section 
VII through one single 96-pins connector interfacing clocks, 
serial data input and output lines and supplie . The gain 
of each channel is set on-board wit.hin 5% of t.he nominal 
value. A unique ground plane is used a,., a voltage rcferr llce 
for all input signals. Such a grounding scheme, combined 
with a copper shield hOllsing the analog chips and input. 
circtlitry, allows to operate thresholds down t.o 1 mV, t.h(' 
actual limit reachable on the analog chips t.est benches. 

The DFB receives either run-time commands (BaBar 
detector global commands) such as L1 trigger accept, read­
out and calibration strobes, clear multi-event buffers, syn­
chronization, and sub-system commands [11] used for ini­
tialization such as calibration control, threshold registers 
loading, trigger window loading, or hardware tests. 

A dedicated software has been wri tten that allows to 
build time and charge histograms and deri ve statistics for 
the 64 channels. 

VII DIRC CRATE CONTROLLER 

Twelve DIRC Crate Controllers (DCC) interface t.he 
Glink fiber optics coming from the six reaclout. modules in 
the DIRC DAQ VME crate to t.he DI RC Front-end cra ll's. 
The DCC comprises mainly the Glink interfaces, called 
DIRC Glink Boards, (DGB), and the DIRC Monitori ng 
Board (DMB) that manages DIRC Detector environment.al 
cont.rols such as High Voltage status, magnetic field sen­
sors, hygrometry, and temperat.ure of the Front-end erat,('s. 
It is interfaced to t.he system tlsing the CAN-bus standard 
adopted wit.hin BaBar. The OMS monit.ors also the st.at\lS 
of t.he Glink interface, and generates a digit.al pulse thaI. 
triggers the light pulser for the DIRC detect.or calibration. 
This pulse in synchronous with a Calibration strobe senl, 
by the Fast Control Distribution Systern of Ba Bar. nc :n 
and OM.B are connected together wit.h on-hoards connI'c­
tor. The POB backplane distributes the 60 Mil7, demul! i­
ple~ed bit stream from the 1.2 Gllz SPil t thro\lgh t.h(' fiher 
Opt.ICS to the fourt.een OFEs. Thp- DMB hO\lses also i\ PtJis<" 
generat.or used to calibrat.e the DIRe dpl.f'ci.or. 
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Pigure 12. Time Histogram from Single Photo-Electrons . 

A . DIRC Glink Board. 
The DGB (Figure 12) receives two fibers optics for con­

trol (Clink) and dat.a exchange (Dlink). It converts the 1.2 
Gbit/s stream into sixteen 60 MHz streams linked to the 
Front-end cards by point to point connexions. Synchro­
nization allows to perform time measurements with the 
req uired accuracy. Clock jitter measured at the end of a 
30 m fiber after clock recovery in the receiver chip is 124 ps 
RMS in presence of d ata exchange. The main components 
of t.he DGB are: 

-1 The Glink transmitter/receiver chips from Hewlett­
Packard, that perform multiplexing and demultiplexing 
fun ction, clock recovery, error detection, and link control. 

-2 The Optical tra nsmitt.er/ receiver from Finisar. 
-3 Two pipe-line registers, one for each data stream. 

B. DIRC Monitoring Board. 
The DMB includ es a microcontroller chip Motorola 

68 HC705X 32, the C AN bus interface, a pulse generator 
whose delay with respect to a global calibration strobe 
command is programmable with 500 ps steps, a nd t.h e sen­
sors for detector slow controls. 

C. Backplane. 
The Protocol Distribut.ion Board (PDB) is a 19 slots 

backplane, allowing to connect up to 16 DFB cards and 
the crate controller. The two remaining slots are used for 
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Figure 13. C harge Histogram from Single Photo-Elect rons . 

debugging purposes. Clocks are sent using ECL differential 
levels, data serial lines are standard TTL levels. 

VIII. RESULTS . 

Extensive tests with the actual DIRC PMTs and a 
LED light source tuned to generate single photons events 
have been performed with the full Front-end electronics 
chain . The analog chip time walk can be seen on Figure 3 
a.g a function of the input amplitude: after an initi al walk­
time of 2 ns very close to the threshold, a negligi ble effect. 
is obtained between 10 and 100 m V. The charge and time 
spectra shown on Figures 12 and 13 have been ob tained 
with a threshold set to 2 m V. A threshold of 1 m V can be 
used without digital to analog crosstalk or unstabi lities . 
A BaBaT run-time value of 3 mV is foreseen. Measure­
ments synchronous and asynchronous with respect t.o the 
LED pulse gave satisfactory results, both in accu racy a nd 
effi ciency. 

IX . CONCLUSION. 

T he DIRC Electronics Front-End C hain perfor ms sub­
nanosecond timing wit.h single photo-electron over 10,000 
channels. It makes use of two cust.om VLSJ chips, a sin­
gle comparator zero-c rossing discriminator, and a digit,al 
TDC . The TDC chip delays are locked on the 60 MHz 

http:transmitt.er


system clock. The discriminator chip integrates a pulse 
shaper used to build single photo-electron response of the 
photomultipliers during calibration runs. The digital chip 
illtegrates a selective readout of data compatible with an 
incoming Levell trigger reducing the dataflow by a fac­
tor of 10. Both chips can process input signals up to an 
100 kHz average rate. Chips are housed on a 54-channel 
board read by a Crate Controller connected to the Data 
Acquisition system using the Glink standard at 12 Gbit/s 
links. This complete electronic chain for 11,000 channels 
occupies a volume of about 1m3 and dissipates less than 5 
kW. 
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