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Abdract

The Timing, Trigger and Control Receiver ASIC (TTCrx) recaives
and digributes the dock, the trigger decision, and other synchronisetion
sgnds. Inthis paper, the effects of radiation on the chip, manufactured
in the 0.8 MM BICMOS DMILL technalogy, are discussad. The paper is
divided into three sections In the firg part, the architecture of the
dreuit is described, where we concentrate on the meeaures taken to
increase robuginess with respect to Sngle evertt upset (SEU) effedts In
the ssoond pat, we will presant messuraments of the drcuit
characteridics before and dfter irradiation with gammes and neutrons.
In the third part, we will then show messurements of sngle event
effects

|. INTRODUCTION

In the Timing, Trigger and Contral (TTC) sysem [1], the LHC
dock is trangmitted together with the firgt levd trigger and control
information over optical fibers usng a bi-phase mark encoding scheme
At therecaver Sde, the Sgnd is detected by a PIN-photodiode and fed
into the TTC recaver (TTCrx) ASIC, whee dock and daa ae
extracted and mede availdble to the connected detector dectronics If
the drcuit is deployed in aradiation environment two groups of effects,
i.e. longterm cumulaive effects on the one hand, and sSngle-evert
effects (SEEs) on the other hand, have to be invedigaed. While
cumuldive effects have an influence on the andog peformance
paramgers of the drcuit (in the case of the TTCrx: dock jitter and
dock deskewing lineerity), SEES leed to a momentary mdfunction of
thedevice

[l.  ARCHITECTURE

A block digram of the TTCrx IC is shown in Fg. 1 In the
Limiting Amplifier (LA), the signd from the PIN-diode is amplified
and converted to CMOS leves An internd phaselocked loop (PLL)
then recovers the dock and the serid data stream, which is then de-
multiplexed into two 40 Mhit/s channds, denoted A and B. While
channd A is resarved for the trigger Sgnd, chennd B contains datain
the foom of broadcas commends and individudly eddressed
commends. The origind dock signd goes into two independent dock
deskewing units, where the dock phase can be sdected with
progranmeble dday. The configuration and control regiders, the
counters, and the status register are linked together viaan internd bus,
which can be accessad viaan 12C interface [ 2].

I1l. DESGN MEASURESAGAINST SEU

In order to achieve robustness againg single event upsats (SEUS)
severd desgn measures were taken. The mgor difficulty proved to be

the limitation that the given package did not dlow adie Sze bigger than
5.2x5.2 nm Hencethe chip areawas very limited, forbidding extensve
measures such as the introduction of triple redundancy in dl dae
meachines. Regarding these limitations, the god was defined thet the
TTCrx should, on the long term, maintain operation without any sysem
interaction. It was therefore found crudid to protect the configuration
regiders, snce they contain vitd data such as the vdues of the bias
currents, the identification number, and the mode of operation of the
dreuit.

Asseenin Hg. 1, an SEU correction check machine is connected to
the regigtersviathe internd bus. Every bytein the configuration register
is protected with four Hamming check hits The eror correction
meachine cydicaly monitors the regigters, and corrects it within Imsin
cagethat an SEU has occurred. An SEU counter isincressad when abit
was corrected. This counter can beinterrogated viathe I°C bus.

In order to avoid that the chip gets suck in an undefined Sate, a
watchdog drcuit was added, which monitors the correct operation of
the dreuit. If the PLL should lose lock for more than 50ms an
automatic rexet is performed. While the configuration registers are then
loaded with default vaues, the register content of the control register
and thefine and coarse deskewing registers rermein unchanged.

V. CUMULATIVE EFFECTS DUE TO GAMMA AND
NEUTRON IRRADIATION

The following tests were made to assess the influence of neutron
and gammairradiation on two important andog paramaers dock jitter
and dock deskewing linesxity.

A Clock jitter

The chip was irradiated with a 10 keV gamma source, and long-
term jitter with respect to the dock reference of the TTC tranamitter
crate was messured as a function of the opticd input power. The data
sent on the link was ether the 0-1 idle pattern, or, in the second case,
random datain channd B combined with triggers with a 220 kHz rate
in channd A. All messurements were performed using a PGA package
for the TTCrx and a Honeywel/Lytd HFD 8005 photodiode.

The results can be seen in FHg. 2 (rms jitter) and FHg. 3 (pesk-to-
pesk jitter). The black curves show the prerad Studtion, where the
s0lid line corresponds to the idle pattern and the dotted line to random
daa The gray curves show the Stuation after an 8 Mrad gamma
irrediation. It is remarkable tha in the case of the idle pattern the
irredigted chip shows lower jitter for nearly the entire range of optical
input power. When random data is trangmitted, the irradiated chip
shows better paformance for high levds of opticd input power,
wheress jitter is higher for amdler power levds To explan these
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Fgurel: Block diagram of the TTCrx ASIC.

Hgures 4 and 5 digplay the corresponding meesuraments for the
case of a5x10" neutronslon irrediation, showing asinilar behavior.
reaults, the sgnd flow from the photodiode to the PLL in the TTCrx
chip, shown in Fg. 6, has to be conddered: Bath, the pre-amplifier
integrated with the photodiode and the on-chip Limiting Amplifier
(LA), can be modded as a low-pess filter, having a certain gain and
cut-off frequency. The sgnd is AC-coupled via coupling cgpaditor
Cap, thereby forming a high-pass filter together with the input
resgance R, of the LA. A (dnusoidd) Sgnd going through any filter

experiences afreguency-dependent dday
o=l W
w

with j (W) denating the phase response of the filter as a function of
frequency. In a smplified modd, the incoming biphese encoded
bitdream contains either 40 MHz or 80 MHz components (This
corresponds to a Seedy bitstream of either only zeroes or only ones)
The high-passfilter acts as a pre-emphasis filter and partialy equdizes
the dgnd dday difference gemming from the low-pass filter. By
choosing the coupling capaditance, thejitter behavior can be optimized.

The time congants of both the low-pass filter and the high-pess filter
change with irradiaion, in the former case, caused by a decrease in
bandwidth due to the degradation of the bipolar b, in the latter case due
to the changein theinput resgtance of the LA, thereby shifting the pole
of the HPF.
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Foure5: Pesk-pesk dodk jitter asafunction of opticd input power, in the
pre-rad case and after neutron irradiation.
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Fgure6: Input gnd path. Both the preamp and the Limiting Amplifier can
be modded as a low-pess filter. The coupling capacitance together with
theimput impedance formsahigh-passfilter.

B. Clock deskening lineerity

The influence of irradiation on the dock deskewing nonlinerity is
shown in FHgures 7 and 8 (doseup view). It can be veified thet the
norHinegrity does not subgtantidly degrade after gamma irradiation,
and gets dightly better after neutron irrediation. The results are
ummaizedin Teble L.

Tablel: Clock Deskewing norHinesity.
Condition Differentia NL Integral NL
s[pg | PP | s[pg | PPIpd
Pre-rad 48 324 74 326
Gamma 75 425 95 364
Neutrons 36 190 70 357
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Figure 7. Clock skewing non-linearity. The graph shows the messured dday
asafunction of programmed ddlay tap.

V. SNGLEEVENT EFFECTS

To invedigate SEU effects, the chip and the photodiode were
irradiated with heavy ions, protons and neutrons a the Cydone facility
a LowarHaNeuwe Bdgium The opedion of the drcuit was
continuoudy monitored by reading the whdle regiger file via the 12C
port, and logging whenever aregigter content changed dueto an SEU.
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Foure8: Deskewing norHinearity. Magnified grgph showing the messured
dday asafunction of programmed ddlay.

Getting sufficient gatidtics for SEU messurements is difficult in a
custom chip, snce nat al SEUs can be eesly detected, asisthe casein
a dedicated SEU test chip which eg. contains a long shift regiger. In
the TTCrx, the register file proved to be a useful source for satigtics.
There are 10 eight hit regigers, each having a 4 hit wide Hamming
check code, resulting in atotal of 120 Hip-flops Any changein one of
those regigters wes detected and corrected by the Hamming eror
correction mechine, thereby incrementing the SEU counter. Mogt SEUs
in the SEU counter itsdf were detected by nating thet the counter value
changed by avdue of 2" (n>=1). In addition, the 24 bits of the event
counter were monitored for SEUs

A FU Crosssection asfunction of partide LET

The chip was irradiated with various heavy ions of different LET.
Figure 9 shows the derived crosssection as a function of LET of a
DMILL flip-flop. Ftting a Webull curve resultsin athreshold LET of
a lest 7.5 MeV an/mg. This vaue is however pessimistic, because
due to the amdl number of registers accessble, the datidtics around
LETwisgarse

B. On-Chip Sngle Event Effects due to Protonsand
Neutrons

The chip was irradiated with 10" protons of an energy of 60 MeV.
While powering the chip with a supply voltage of 5.0 V, no eror was
detected. At a supply voltage of 3.3 V, the chip logt lock once
Asauming athreshold LET of 7.5 MeV ant/mg, atotdl fluence of 10+
60 MeV pratonsiant (which corresponds to the fluence found eg. in
the ATLAS sllicon tracker disk part), and a security factor of 10 leeds
to the numbers of particular erorsfor one deviceligedin Table 2.

When irrediating the chip with 1.2x10° neutrons/ent with an
energy of 60 MeV, no SEU was hoticed.

C. Sngle Event Effectsduetoirradiation of the
photodiode with Protons and Neutrons

In a second expeiment, a proton beam was directed on the PIN-
phatodiode. All messuraments were done using a HFD 8005 Lytd
diode packaged by Honeywedl, and an opticd signd with —21 dBm

input power. The result was that, due to the partides traversng the
photo diode, the chip loses lock with a probahility depending on the
incident angle of the beam and the input power of the opticd sgnd.
Thiscan be explained by direct ionizetion, as described in detall in Ref.
[4]. The charge which is generated by ionizing patides in the
photodiode causes an dectricd current which adds to the sgnd
produced by dectronthole generation due to photons. The PLL in the
TTCrx requires the Sgndl edges to occur within a* 3125 ns window
[3]. If atraverang patide generates enough charge on the diode, the
sgnd edgein the origind signa can be hidden, which everttudly leads
toalossof lock inthe PLL.

Table2:  Edimated number of SEU eventsfor atotd fluence of 10 60
MeV protons/on? and asecurity factor of 10.

Error description Totd events
Configuretion regigter (corrected) 87
Event counter 14
Bunch counter 7
PLL lossslock 35
6
7
1
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Fgure9:  Crosssection of aDMILL flip-flop asafunction of LET.

The crass section for the "loss of lock” event for various conditions
isshown in Figure 10. The three leftmogt bars correspond to the case of
a 60 MeV praton irradiation showing different incident angles of the
beam The maximum occurs & an angle of O degress with the diode
surface, in which case the pratons arive in the direction of the p-n
junction. With 30 MeV protons and an angle of O degrees no single
event effect was seen. This can be explained by the shidding effect of
thematd package

Therightmost bar shows the result for the case of aneutron beam at
an angle of 0 degress. It was verified in [4] that, unlike the proton case,
the upset rate does not show any angle dependency for neutrons, due to
the absence of direct ionization. Assuming atotd fluence of neutrons
with an energy > 20 MeV of 10%cnt, and an LHC beam time of



10° 5 this corresponds to one loss of lock event every 6000 seoonds,
and afdsetrigger a every 50000 seconds, which was conddered to be
too high. The messurements in [4] suggest that increasing the opticd
input power by 6 dB reduces these rates by a factor of 10. The design
was however modified in order to make the chip less susceptible to this
problem The PLL of the TTCrx now tolerates that an isolated edge of
the input sgnd is missing. The chip with this modification wes
submitted to fabrication in July 2000.
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Figure10: Crosssection of "lossof lock event for proton and neutron
irrediation for different energiesand angle.

VI. CONCLUSONS

In this paper we characterized the TTCrx with repect to both
cumulaive and sngle event radidtion efects. It was shown that
cumuletive effects change thejitter characteridtics of the dircuit dueto a
changein the frequency response of the sysem

Clock deskewing linearity was affected by both gammaand neutron
beams, where the former lead to a dight decrease in performance, the
latter to a dight improvement. The degradation was however within
reasonable bounds

Concerning Sngle event effects it was shown thet the chip itsdf is
rather insengtive to SEUs. In addition, the Hamming check mechine
successfully corrects occuring errorsin the configuration registers, such
thet they do nat change their vaue for along time It must however be
taken into account thet during aperiod of about Imsthese vaues can be
wrong (eg. the dock fine deskewing paramgters).

It was found that the biggest problem came from sngle event
effects on the photodiode meking the chip lose lock. A fix for this
problem wasincorporated into thefind chip design.
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